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Chapter 1 

General Introduction 

1. Background 

1.1 Catalyst Design for Organic Synthesis 
 Designing metal complex catalysts is one of the most effective strategies for the development of 

novel synthetic methods of various organic compounds with selectivity, activity, and atom economy in both 

industrial and academic fields. A great advantage of metal complex catalysts is that the electric and steric 

features of the catalytic environment can be tuned by combining various ligands and central metals. The 

fine-tuning of metal catalysts improves catalytic properties, such as the activity, regio-, chemo-, enantio-, 

and stereoselectivities, and scope of the applicable substrates and conditions.1–3 To develop new catalysts and 

metal-complex-catalyzed reactions, one needs to understand how metals and ligands influence reaction 

mechanisms and catalytic properties at the molecular level. 

 Asymmetric synthesis has been diligently studied in association with the development of metal 

complex catalysts for the synthesis of optically active compounds across a wide range of fields, including 

synthetic organic chemistry, medicinal chemistry, agricultural chemistry, and natural product chemistry.4 

Catalytic asymmetric synthesis has economic advantages, particularly on the industrial scale, because only a 

catalytic amount of a chiral source, such as an enzyme, chiral metal complex, and chiral organic molecule, is 

needed to produce considerable amounts of optically active compounds. Through tremendous research on the 

design of asymmetric catalysts, the following important core structures, which are called “privileged5,6 

ligands (catalysts)”, have been developed: such as BINAP,7 BINOL,8 salen complexes,9 BOX,10 DuPhos,11 

TADDOL12 (Figure 1). 

 

 

Figure 1. Selected privileged ligands and catalysts.  

 

 The catalysts with these privileged ligands are widely used for various asymmetric reactions. For 

example, BINAP, which was developed as an asymmetric hydrogenation catalyst (Rh-binap complex 

catalyst) by Noyori and co-workers in 1980s,13 has been demonstrated as an effective ligand of catalysts for 

asymmetric hydrofunctionalization (hydroboration, hydrosilylation, hydroacylation, and hydroamination), 
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alkene isomerization (allylamines and allylalcohols), Diels-Alder reaction, Heck reaction, aldol-type 

reactions, etc.14 The wide scope of applicable reactions demonstrates the importance of catalyst structures for 

asymmetric recognition ability. In addition, these structural features of privileged catalysts contribute to the 

strategic approach of catalyst design in various fields. 

 

1.2 Polymerization Catalysts 

 Catalysts used in polymerization reactions require not only sufficient activity, stability and 

tolerance for polar groups, and versatility but also precise control of the polymer structures, such as the 

molecular weight, molecular weight distribution, tacticity, comonomer sequence, and composition. These 

demands are potentially satisfied by tuning the catalytic properties of metal complex catalysts. Indeed, 

catalyst design has been studied systematically in coordination polymerization,15 radical polymerization,16–19 

and ring-opening metathesis polymerization (ROMP),20,21 which has provided high turnover frequencies, 

sufficient stereoselectivities, monomer versatility, and robustness under various conditions (e.g., in aqueous 

media). 

 Theoretical understanding of ligand-structure-catalytic property relationships and the catalytic 

reaction mechanisms is highly efficient for the design of well-defined polymer structures. Stereospecific 

polymerization of olefin derivatives demonstrated the importance of the catalytic site topology for 

stereoselectivity. In 1954, Natta discovered a catalyst to generate isotactic polypropylene,22 which opened 

the door for stereospecific polymerization. In particular, single-site polymerization catalysts, including 

metallocene catalysts, enable almost perfect stereocontrol, such as isotactic, syndiotactic, and hemiisotactic 

control, through the topological approach.23–30 Ewen’s symmetry rule properly explained the relationship 

between the catalyst symmetry and the stereoregularity of product polymers (Figure 2A).26,27 Subsequently, 

various post-metallocene catalysts,31–37 such as phenoxyimine-type catalysts, were developed to attain both 

stereocontrol and high activity (Figure 2B).38 An advantage of phenoxyimine-type catalysts is the 

accessibility of various structures by a simple condensation reaction of commercially available amines and 

salicylaldehyde derivatives. Moreover, recent developments of metal complex catalysts, such as α-diimine 

palladium catalysts (Brookhart type) and phosphine-sulfonato palladium catalysts (Drent type), have realized 

the copolymerization of polar monomers with olefin monomers. 31,37,39–41  
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Figure 2. (A) Ewen’s symmetry rules, and (B) highly reactive post-metallocene catalysts. 

 

  Lewis acid catalysts have been playing pivotal roles in various organic syntheses since the 19th 

century. Conventional Lewis acids, such as metal halides, have been extensively employed for fundamental 

organic reactions, including Friedel-Crafts, Diels-Alder, and aldol-type reactions, at the dawn of organic 

chemistry. Subsequently, tailored Lewis acid catalysts were developed in modern organic synthesis,42 which 

allowed for improved catalytic properties, such as reactivity, selectivity, and versatility. In addition, tailored 

chiral catalysts achieved Lewis-acid-mediated asymmetric syntheses. More recently, various artistic catalysts 

were designed based on new concepts, such as combined acid systems (Brønsted-acid-assisted Lewis acid, 

Lewis-acid-assisted Lewis acid, Lewis-acid-assisted Brønsted acids, and Brønsted-acid-assisted Brønsted 

acid systems) and bifunctional catalytic systems.43–45  

 Designing metal complex catalysts used as Lewis acid catalysts in cationic polymerization is 

expected to contribute to the improvement of activity and stereoselectivity; however, studies on catalyst 

design using various ligand frameworks have been limited to selected examples. The difficulty of catalyst 

design in cationic polymerization partly comes from the limitation of applicable metal catalysts (EtxAlCl3–x, 

SnCl4, TiCl4, ZnCl2, BCl3, etc.); however, recent studies have demonstrated that a wide variety of metal 

halides are efficient for living cationic polymerizations when combined with suitable additives.46 The narrow 

scope of ligands, which stems from the deactivation of strong electron-donating ligands by catalysts, is also 

responsible for this difficulty.47–49 A few successful examples of catalyst design include the stereoselective 

cationic polymerization of vinyl ether (VE) using titanium catalysts with aryloxy ligands [TiCl2(OAr)2].50 In 

addition, designed Lewis acid catalysts, such as metallocene-type catalysts and catalysts with extremely 

weakly coordinating counteranions, were efficient for the synthesis of polyisobutene with a very high 

molecular weight or highly reactive polyisobutylene with exo-olefin moieties at the chain ends.51 In these 

studies, the polymerization behavior was discussed focusing on the features of the counteranions because 

counteranions are highly responsible for the propagation reactions through interactions with the 

carbocationic chain ends.  
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1.3 Living Cationic Polymerization 

 Living polymerization, which consists of initiation and propagation reactions and is free from 

irreversible chain-transfer and termination reactions, is highly effective for the precise control of the 

molecular weight, molecular weight distribution, comonomer composition, microstructure, chain-end 

structure, and molecular architecture. Szwarc52 reported the first example of living polymerization in 1956 

for the anionic polymerization of styrene. After this breakthrough, various living polymerization systems 

have been achieved via diverse mechanisms, including ring-opening, cationic, radical, metathesis, and 

coordination mechanisms. Precise syntheses of various functional polymers with well-defined structures 

have also been extensively studied along with the increasing accessibility of living polymerization 

techniques.15-21,53–68 

 The dynamic equilibrium of dormant and active species is the key to achieving living 

polymerization, particularly in cationic and radical polymerizations. The first living cationic polymerization 

was achieved via the HI/I2 initiating system for the polymerization of isobutyl vinyl ether (IBVE) in 1984.69 

Subsequently, the tertiary ester/BCl3 system was developed for the living polymerization of isobutene in 

1986.70 Both of these systems attained the livingness by constructing an appropriate equilibrium between the 

covalent carbon-halogen bonds (dormant species) and the growing carbocations (active species). Living 

cationic polymerization via the dormant-active equilibrium was subsequently achieved by various initiating 

systems that employed suitably nucleophilic counteranions,71–75 weak Lewis bases,76–79 or 

tetraalkylammonium salts.47,48 

 The base-assisting system (Figure 3), which employs weak Lewis bases, such as esters and ethers 

as additives, is superior to other systems in terms of the diversity of the applicable monomers. In the 

base-assisting system, weak Lewis bases contribute to adjusting the Lewis acidity of the catalysts and 

stabilizing the growing carbocations. Recent studies using a wide variety of metal halides in the 

base-assisting cationic polymerization of IBVE46 and p-methoxystyrene91 demonstrated that the nature of the 

central metals, such as oxo- and chlorophilicities, and the structures of counteranions highly influenced the 

polymerization rates and controllability.46,90 Thus, a suitable initiating system can be designed with the use of 

appropriate Lewis acids and weak Lewis bases depending on the reactivity of the monomers used. Moreover, 

the base-assisting system will be very helpful for devising a rational strategy to develop novel complex 

catalysts based on the interaction between metal halides and heteroatoms. 
 

 

Figure 3. The base-assisting living cationic polymerization and metal species of metal halide catalysts used for the 
polymerization. 
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1.4 Design of Metal Complex Catalysts for the Cationic Polymerization of VE 

 The primary motivation for catalyst design in cationic polymerization was the improvement of 

the polymerization controllability. For example, the modification of TiCl4 by alkoxy or aryloxy groups 

generated TiCln(OR)4–n, which successfully functioned as catalysts for the controlled/living cationic 

polymerization of VEs,80–83 β-pinene,84,85 styrenes,86–88 and indene.89 The RO groups efficiently tune the 

electronic properties of the central Ti atom to exert appropriate Lewis acidity to TiCln(OR)4–n. The 

moderation of the Lewis acidity by alcohols was also efficient for the controlled polymerization of VEs 

using other metal halides, such as MoCl5 and NbCl5.90 Moreover, TiCl2(OAr)2 catalysts with proper aryloxy 

groups induced the stereospecific cationic polymerization of VEs most likely due to the generation of 

counteranions with appropriate steric bulkiness.50 

 Catalyst design in cationic polymerization is expected to be useful for expanding the scope of 

monomers, the development of environmentally benign catalytic systems, and stereocontrol. However, the 

systematic understanding of metal complex catalysts in cationic polymerization is insufficient because the 

scope of applicable ligands is very narrow. As mentioned above, relatively strong Lewis bases, such as 

amine/amide compounds, easily deactivate Lewis acid catalysts. Thus, previous studies of metal complex 

catalysts for VE polymerization have overcome this drawback through the elaborate design of ligands, 

additives, and reaction conditions. These are categorized into three groups as demonstrated below. 

(1) Cationic Metal Complex Catalysts and Their Precursors 

 The first group includes cationic metal complexes, which have a positive charge at the central 

metal and are generally activated by activators, such as B(C6F5)3 or methylaluminoxane (MAO), before 

polymerization (Figure 4).92–98 Baird92 reported that a combination of Cp*TiMe3 with a highly electrophilic 

borane, B(C6F5)3, generated a methyl-bridged compound, Cp*TiMe2(µ-Me)B(C6F5)3, which served as a 

[Cp*TiMe2]+ supply source. This cationic species functioned as an initiator not only for the polymerizations 

of ethylene,99,100 propylene,100 1-hexene,101 and styrene99 via the Ziegler-Natta process but also for the 

polymerizations of isobutene,102 VE,103 and styrene99 via a carbocationic mechanism. In the carbocationic 

mechanism, the polymerization was initiated from the cationic metal center or from protons generated from 

the hydrolysis of the complex and/or B(C6F5)3 by adventitious water. The propagation reaction occurred at 

the carbocationic chain ends accompanying counteranions such as [XB(C6F5)3]– (X = Me, OR, etc.). In this 

process, the metal complex did not directly affect the propagation step but was responsible only for the 

initiation step. However, Baird’s mechanism cannot fully explain the polymerization results using metal 

complexes categorized into this group, as exemplified by the isotactic polymerization of butyl VE by Ti 

complexes with tridentate amine ligands.93 The cationic complex systems have a great potential to construct 

polymerization reactions with unique features; however, the partial uncertainty makes it difficult to develop 

a strategic approach to designing novel complexes. 
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Figure 4. Cationic metal complex catalysts and their precursors used for cationic polymerization of VE. 

 

(2) Neutral Metal Complex Catalysts 

 Neutral metal complexes that have vacant sites and exhibit Lewis acidity are the most widely 

employed for living cationic polymerization among the three groups (Figure 5). Cationogens, which are 

compounds with carbon-hetero atom bonds, such as carbon-halogen or carbon-acetoxy bonds, are often used 

in combination with neutral metal complexes in the absence72–75 or presence of additives.76–79 Metal complex 

catalysts abstract the heteroatom from the cationogen to generate the initiating cationic species and a 

counteranion. Propagating chains also have carbon-heteroatom bonds, which are reversibly activated via the 

dormant-active equilibrium as explained above. Appropriate ligands such as alcohols and acetylacetone 

(acac) have been employed to generate catalysts such as TiCln(OR)4–n
80–83 and M(acac)n

104 (M = Zn, Sn, Al, 

etc.). These ligands suitably moderate the Lewis acidity of the central metals by tuning the catalytic 

environment. Stereoselective polymerization was also feasible with TiCl2(OAr)2,50 as described above. In 

addition, a facile method to generate metal complex catalysts in situ by mixing metal halides and ligand 

precursors, such as alcohols and acac, was constructed for the living cationic polymerization of VEs.90,105,106 

This method is highly expected to be useful for designing neutral metal complexes with a wide variety of 

ligands.   
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Figure 5. Neutral metal complex catalysts used for cationic polymerization of VE. 

 

(3) Ate Complexes and Their Precursors 

 Ate complexes, which have a negative charge at the central metal, are prepared through reactions 

between a cationic source such as a trityl halide or R3SiH and a neutral metal complex (Figure 6).107–110 

Polymerization is initiated from the cationic species generated from the cationic source. The metal species 

with a negative charge functions as a counteranion during polymerization. The electrostatic interactions 

between the growing carbocation and the ate complex likely affects the propagation reaction. In fact, the 

MWD of the obtained polymer was affected by the structures of niobium complexes.107 The initiating system 

using ate complexes is inherently different from the system using tetraalkylammonium salts47,48 because the 

anionic metal species, such as SnCl5
–, act as a Lewis acid catalyst in the latter system. 

 

 

Figure 6. Ate complexes and their precursors used for cationic polymerization of VE. 
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2. Objective and Outline of This Thesis 

 The objective of this thesis is to comprehensively examine the functions and properties of metal 

complex catalysts in cationic polymerization. Ligand frameworks, metal species, and reaction conditions 

need to be elaborately designed for controlled cationic polymerization. The base-assisting system that 

employs neutral metal complexes as Lewis acid catalysts is a prospective candidate for the design baseline in 

this study because various metal species are applicable in combination with weakly Lewis basic additives, 

such as esters and ethers.46 First, the author focuses on multidentate Schiff base ligands containing phenol 

moieties, e.g., salen and salphen ligands, because this framework is easy to synthesize and derivatize and has 

a relatively mild donating ability. For complex formation, a ligand and a metal halide is simply mixed in situ 

before polymerization because this method requires neither a purification process for the catalysts nor an 

initiator (hydrogen halides, which act as initiating species, are generated via the complexation).90,105,106 

Moreover, the author designs phenoxyimine-type ligands with a wide variety of substituents, particularly 

focusing on their electronic and steric features. The author also aims to explore the structure-property 

relationship in controlled/living cationic polymerization using metal complex catalysts with 

phenoxyimine-type ligands. 

 

 

Figure 7. Methodology adopted in this thesis. 

 

 This thesis consists of two parts (Figure 8): Part I (Chapters 2 and 3) describes the development 

of a new methodology of the in situ complexation of metal complex catalysts for living cationic 

polymerization. In part II (Chapters 3 and 4), the structure–property relationship in controlled cationic 

polymerization is investigated using metal complex catalysts generated from phenoxyimine ligands 

containing a variety of substituents. 
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Figure 8. Outline of this thesis. 

 

 Chapter 2 describes the construction of a new strategy for the preparation of metal complex 

catalysts (Figure 9). Tetradentate Schiff base ligands, salphen ligands, are employed in this chapter. The 

salphen complex is prepared in situ by simply mixing the ligand and a metal chloride. The in situ 

complexation method has a dual role: the readily prepared metal complex is used as a catalyst, and in situ 

generated hydrochloric acid is used as an initiator. A series of investigations using various metal chlorides 

indicated that a vacant site on the central metal is important to exert Lewis acidity and relatively oxophilic 

metal species, such as ZrCl4, are suitable for the controlled polymerization of VEs. 

 

 

Figure 9. Salphen ligand/MCln initiating system for cationic polymerization of IBVE. 

 

 Chapter 3 presents the systematic investigation on the design of metal complex catalysts using 

salen derivatives and metal chlorides (Figure 10). The choice of the ligand structure is expected to be 

important for controlling the catalyst function, such as the activity and stereoselectivity. The structural 

effects of the complex catalysts on the polymerization rates are compared between salen and salphen ligands. 
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This structural feature is also important for the design of metal complex catalysts with appropriate Lewis 

acidities using various metal chlorides. The effect of the ligand structures on the polymerization behavior is 

also investigated using salen derivatives. 

 

 

Figure 10. Salen and salphen ligands/MCln initiating system for cationic polymerization of IBVE. 

 

 Chapter 4 addresses the polymerization behavior using various ligand frameworks (Figure 11). 

Various bidentate ligand frameworks, such as phenoxyimine, pyridineimine, α-diimine, and diacetamide, are 

combined with ZrCl4 to prepare complexes used for the polymerization of IBVE. Phenoxyimine-type ligands 

are demonstrated to be superior to the others in terms of the controllability of the polymerization, catalyst 

solubility, catalytic activity, and ease of derivatization. In addition, the phenoxyimine complexes with 

various metal chlorides are prepared and used for the polymerization of various monomers under various 

conditions. 

 

 

Figure 11. Various bidentate ligands/ZrCl4 initiating system for cationic polymerization of IBVE. 

 

 In Chapter 5, the author investigated the structure–property relationships of the phenoxyimine 

ligands/MCln initiating systems (Figure 12). The substituent on the phenoxyimine ligand affects the catalytic 

properties particularly through the electron-donating and withdrawing effects. The Hammett substituent 

constant is suitably applied to estimate the catalytic properties. The apparent polymerization rate constants 
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and stereoselectivities were correlated to the Hammett substituent constant. 

 

 

Figure 12. Structure–property relationship between phenoxyimine ligands and catalytic activity or stereoselectivity. 
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Chapter 2 

In Situ and Readily Prepared Metal Catalysts and Initiator for Living 
Cationic Polymerization of Isobutyl Vinyl Ether: Dual-Purpose Salphen as 

a Ligand Framework for ZrCl4 and an Initiating Proton Source 

Introduction 

The expansion of the scope of substrates or monomers in organic reactions or polymerization is 

often sparked by the development of new metal catalysts with well-designed ligands. For example, various 

elaborately designed polymerization catalysts have enhanced tolerance towards polar groups and catalytic 

activity, widening the choice of polymerizable monomers in the field of olefin metathesis polymerization,1,2 

transition metal-catalyzed living radical polymerization or atom-transfer radical polymerization (ATRP),3–5 

and the coordination polymerization of polar vinyl monomers.6–8 This explosive growth in precise organic 

synthesis and polymerization can be attributed to the variable and/or controllable activity of metal complex 

catalysts with various carefully designed ligands. Their diverse activity is attained by tuning the electron 

density of the central metals and/or the redox potential of the complexes through the interaction of the 

designed ligands with the central metals. 

The rather limited scope of monomers in cationic polymerization for high polymers may be 

improved if well-defined metal catalysts with various ligands are available. A distinct opportunity for the 

utility of designed metal complexes as catalysts in cationic polymerization was shown by the recent 

development of initiating systems for base-assisting living cationic polymerization.9 These systems consist 

of a metal halide and an externally-added base, the interaction of which is a key to successful living 

polymerization.9 Among various combinations, an alcohol or acetylacetone with an appropriate metal halide 

permitted in situ ligand exchange, generating a real catalytic species inducing living polymerization.10,11 

These results encouraged the author to pursue the goal of designing metal complex catalysts for precise 

polymer synthesis using cationic polymerization. Despite the potency of metal complex catalysts, catalyst 

design using various ligands has been limited in cationic polymerization,9,12,13 although ligand design or in 

situ complex formation was demonstrated to be effective for achieving the stereoselective cationic 

polymerization of alkyl vinyl ethers14 or styrene derivatives.15,16 

The difficulty in the use of metal-complex catalysts for cationic polymerization lies in 

maintaining sufficient catalytic activity with a highly nucleophilic ligand and/or preventing the termination. 

In fact, the amount of nucleophilic additive is a decisive factor for controlled polymerization, particularly 

when an ammonium salt or an amine/amide compound is employed as the additive.17–19 The polymerization 

is readily inhibited by an excess of such relatively strong nucleophilic additives, even if their absolute 

concentration is very low. In addition, the previous study has showed that an alkoxy group on certain Lewis 
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acid catalysts dissociates from the central metal to react with the propagating carbocation.10 Hence, catalyst 

design to date in this field has focused on relatively simple compounds containing alkoxy or phenoxy 

groups.10,11,14,20 

To circumvent the abovementioned problems, the use of a Schiff base ligand would be effective 

because the chelating effect of the ligand is expected to suppress any ligand exchange reactions that may 

lead to the deactivation of the polymerization. Furthermore, a family of Schiff base ligands, known as one of 

the most useful ligands, can coordinate with many different metals,21,22 yielding catalysts capable of 

achieving a variety of synthetic transformations. In particular, various transition metals are available for 

complex formation with Schiff base ligands, which permits the precise tuning of catalytic activity23 based 

upon the unique properties of each transition metal. Another feature of the ligand is that the electronic and 

geometric characteristics of catalysts are readily adjusted22,24 because Schiff base ligands are prepared by a 

condensation reaction between aldehydes and amines with various substituents. In this study, therefore, the 

author examines catalyst design using a chelating Schiff base ligand for the cationic polymerization of a 

vinyl ether.  

As a first step toward catalyst design, an in situ complexation method is investigated for catalyst 

modification using a salphen ligand [N,N´-bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine, 1]. The 

salphen ligand, a tetradentate Schiff base ligand, is easily synthesized by the condensation of equivalent 

quantities of a specific salicylaldehyde and 1,2-phenylenediamine. A salphen complex is synthesized simply 

by mixing the ligand and a metal chloride in dichloromethane, and the resulting solution is directly added to 

a monomer solution in toluene. In addition, the ligand performs another role: during complex formation, HCl 

is generated and can function as a protonogen, or an initiator, for the cationic polymerization of a vinyl ether 

(VE) (Scheme 1). Furthermore, salphen derivatives with various substituents (ligands 2–6) are used for the 

cationic polymerization using the ligand/ZrCl4 initiating systems. The polymerization behavior likely 

depends on the electronic and steric properties of subsitituents and solubilities of the generated catalysts. 
 

 

Scheme 1. Cationic polymerizations using salphen ligands and metal chlorides.  
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Experimental 

Materials 

Isobutyl VE (IBVE; TCI; >99.0%), ethyl acetate (Wako; >99.5%), and heptane (Nacalai Tesque; 

>99.0%) were distilled twice over calcium hydride before use. Toluene (Wako; 99.5%) and dichloromethane 

(CH2Cl2, Wako; 99.9%) were dried using solvent purification columns (Glass Contour). The preparation of 

1-(isobutoxy)ethyl chloride [IBVE–HCl; CH3CH(OiBu)Cl] was accomplished via the addition reaction of 

IBVE with dry HCl, according to the reported method.25 Commercially available SnCl4 (Aldrich; 1.0 M 

solution in heptane), ZnCl2 (Aldrich; 1.0 M solution in diethyl ether), and TiCl4 (Aldrich; 1.0 M solution in 

dichloromethane) were used without further purification. An FeCl3 stock solution in diethyl ether was 

prepared from anhydrous FeCl3 (Aldrich; 99.99%). Stock solutions of AlCl3 and ZrCl4 in ethyl acetate were 

prepared from anhydrous AlCl3 (Aldrich; 99%) and ZrCl4 (Aldrich; 99.99%), respectively. All chemicals 

except dichloromethane and toluene were stored in brown ampules under dry nitrogen. 

 

Synthesis of Salphen Ligands 

N,N´-Bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine (1) 

The ligand was prepared using a similar method to that described in the literature.26 A methanol 

solution (3 ml) of 1,2-diaminobenzene (0.49 g, 4.55 mmol) was added to a methanol solution (15 ml) of 

3,5-di-tert-butylsalicylaldehyde (2.14 g, 9.12 mmol) while stirring under a nitrogen atmosphere at room 

temperature. The mixed solution was heated under reflux for 5 h, and the reaction mixture was then cooled to 

room temperature. After filtration, the solid fraction was washed twice with cold methanol and dried under 

reduced pressure. Furthermore, the product was purified by recrystallization from ethyl acetate. The ligand 

was obtained as a yellow solid (1.01 g, 21%). 1H NMR (500 MHz, CDCl3, 30 °C): δ 13.51 (2H, s, OH), 8.65 

(2H, s, N=CH), 7.44 (2H, m, CH-phenol), 7.31 (2H, m, CH-phenylene), 7.23 (2H, m, CH-phenylene), 7.21 

(2H, m, CH-phenol), 1.43, 1.32 (18H, s, tBu). 13C NMR (125 MHz, CDCl3, 30 °C): δ 164.7 (N=CH), 158.6 

(C–OH), 142.8 (ipso-phenylene), 140.3, 137.2, 118.4 (ipso-phenol), 128.2, 127.3, 126.8, 119.8 (phenol and 

phenylene), 35.1, 34.2 (CMe3), 31.5, 29.5 (CMe3). 

N,N´-Bis(3,5-di-tert-butylsalicylidene)-4-methyl-1,2-phenylenediamine (2) 

A procedure similar to 1 but with the use of 4-methyl-1,2-diaminobenzene and two equivalents of 

3,5-di-tert-butylsalicylaldehyde gave a yellow solid. 1H NMR (500 MHz, CDCl3, 30 ºC): δ 13.59 (1H, s, 

OH), 13.55 (1H, s, OH), 8.65 (2H, s, N=CH), 7.43 (2H, m, CH-Ph), 7. 20 (2H, m, CH-Ph), 7.16–7.10 (2H, m, 

CH-Ph), 7.04 (1H, s, CH-Ph), 2.42 (3H, s, CH3-Ph), 1.43 (18H, s, tBu), 1.32 (18H, s, tBu). 

N,N´-Bis(3,5-di-tert-butylsalicylidene)-4,5-dichloro-1,2-phenylenediamine (3) 

A procedure similar to 1 but with the use of 4,5-dichloro-1,2-diaminobenzene (0.78 g, 4.42 mmol) 

and 3,5-di-tert-butylsalicylaldehyde (2.07 g, 8.84 mmol) with a few drops of trifluoroacetic acid gave a 

yellow solid (1.03 g, 38%). 1H NMR (500 MHz, CDCl3, 30 ºC): δ 13.13 (2H, s, OH), 8.63 (2H, s, N=CH), 
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7.47 (2H, d, CH-Ph), 7. 34 (2H, s, CH-Ph), 7.22 (2H, d, CH-Ph), 1.42 (18H, s, tBu), 1.32 (18H, s, tBu). 

N,N´-Bis(5-tert-butylsalicylidene)-1,2-phenylenediamine (4) 

A procedure similar to 1 but with the use of 1,2-diaminobenzene (0.47 g, 4.37 mmol) and 

5-tert-butylsalicylaldehyde (1.56 g, 8.74 mmol) gave a crystalline orange solid. 1H NMR (500 MHz, CDCl3, 

30 °C): δ 12.81 (2H, s, OH), 8.63 (2H, s, N=CH), 7.41 (2H, m, CH-Ar), 7.35 (2H, m, CH-Ar), 7.32 (2H, m, 

CH-Ar), 7.22 (2H, m, CH-Ar), 6.98 (2H, m, CH-Ar), 1.31 (18H, s, tBu). 

3,5-Di-cumylsalicylaldehyde 

The aldehyde compound was prepared according to the literature procedure.27  1H NMR (500 

MHz, CDCl3, 30 ºC): δ 11.24 (1H, s, OH), 9.76 (1H, s, O=CH), 7.5–7.1 (12H, m, CH-Ph), 1.73 (6H, s, tBu), 

1.64 (6H, s, tBu). 

N,N´-Bis(3,5-di-cumylsalicylidene)-1,2-phenylenediamine (5) 

A procedure similar to 1 but with the use of 1,2-diaminobenzene and 3,5-di-cumyl- 

salicylaldehyde gave the ligand. 1H NMR (500 MHz, CDCl3, 30 ºC): δ 12.97 (2H, s, OH), 8.44 (2H, s, 

N=CH), 7.3–7.0 (28H, m, CH-Ph), 1.70 (24H, s, tBu). 

N,N´-Bis(3-methoxysalicylidene)-1,2-phenylenediamine (6) 

A procedure similar to 1 but with the use of 1,2-diaminobenzene (0.56 g, 5.14 mmol) and 

3-methoxysalicylaldehyde (1.57 g, 10.3 mmol) gave an orange solid (0.67 g, 41%). 1H NMR (500 MHz, 

CDCl3, 30 °C): δ 13.12 (2H, s, OH), 8.62 (2H, s, N=CH), 7.33 (2H, m, CH-Ar), 7.19 (2H, m, CH-Ar), 6.96–

7.02 (4H, m, CH-Ar), 6.86 (2H, m, CH-Ar), 3.89 (6H, s, OMe). 

 

Polymerization Procedure 

The following is a typical polymerization procedure. A glass tube equipped with a three-way 

stopcock was dried using a heat gun (Ishizaki; PJ-206A; blow temperature approximately 450 °C) under dry 

nitrogen for 10 min before use. Toluene (3.30 ml), heptane (0.25 ml), ethyl acetate (0.45 ml), and IBVE 

(0.50 ml) were added successively into the tube using dry syringes. In another tube, a metal chloride solution 

was added to a salphen ligand in dichloromethane/ethyl acetate (9/1 v/v), and the solution was kept at 0 °C 

for at least 30 min to achieve quantitative complexation. The polymerization was initiated by the addition of 

the complex solution (0.50 ml; 50 mM) to the monomer solution at the polymerization temperature. The 

reaction was terminated by the addition of methanol containing a small amount of aqueous ammonia solution. 

The quenched reaction mixture was diluted with hexane and washed successively with dilute hydrochloric 

acid, aqueous NaOH solution, and water. The organic layer was evaporated under reduced pressure at 50 °C 

to remove the remaining volatile compounds. The product was dried in vacuo for at least 6 h at room 

temperature. The monomer conversion was determined by gas chromatography (column packing material: 

PEG-20M-Uniport B; GL Sciences Inc.) using heptane as an internal standard. 
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Characterization 

The molecular weight distribution (MWD) of the polymers was measured by gel permeation 

chromatography (GPC) in chloroform at 40 °C with polystyrene gel columns [TSKgel GMHHR–M × 2 or 3 

(exclusion limit molecular weight = 4 × 106; based size = 5 µm; column size = 7.8 mm I.D. × 300 mm); flow 

rate = 1.0 mL/min] connected to a Tosoh DP-8020 pump, a CO-8020 column oven, a UV-8020 ultraviolet 

detector, and an RI-8020 refractive-index detector. The number-average molecular weight (Mn) and 

polydispersity ratio [weight-average molecular weight/number-average molecular weight (Mw/Mn)] were 

calculated from the chromatographs with respect to 16 polystyrene standards (Tosoh; Mn = 577–1.09 × 106, 

Mw/Mn ≤ 1.1). The 1H and 13C NMR spectra of the obtained polymers were recorded in CDCl3 at 30 ºC using 

a JEOL JNM-ECA 500 spectrometer (500.16 MHz for 1H and 125.77 MHz for 13C) and a JEOL JNM-ECA 

400 spectrometer (399.78 MHz for 1H and 100.53 MHz for 13C). 

 

Results and Discussion 

 The polymerization was conducted in toluene using an as-prepared salphen complex solution, 

obtained simply by mixing equivalent amounts of a metal chloride and 1 at 0 °C in the presence of ethyl 

acetate in dichloromethane. The advantage of this method over a common, previously reported method22 is 

the greatly facilitated synthetic procedure without purification and the in situ generation of toxic HCl as a 

proton source, as observed with the systems using alcohol or acetylacetone in conjunction with metal 

chlorides.10,11  

The choice of metal halide was crucial for achieving controlled polymerization. Among the metal 

halides examined, ZrCl4 combined with the ligand catalyzed the polymerization in the best-controlled 

manner (Table 1, entry 1). The reaction proceeded quantitatively at a moderate rate28 in a homogeneous 

system in the presence of ethyl acetate as an added base29 in toluene at 0 °C. The obtained polymers had 

narrow MWDs, which shifted toward higher molecular weight regime with increasing monomer conversion. 

It is noteworthy that their Mn values increased linearly with the conversion along the theoretical line 

calculated using the molar ratio of IBVE to the phenoxy groups in 130,31 (Figure 1). These results also 

 

Table 1. Cationic polymerization of IBVE using MCln and 1a 

entry MCln time conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 ZrCl4 18.5 h   98 7.6 7.3 1.15 66 
2 SnCl4 20 min 94 7.3 10.5 1.37 65 
3 FeCl3 5 s   90 7.0 11.5 1.57 61 
4 ZnCl2 6 h   97 7.5 17.3 1.94 60 
5 TiCl4 168 h   12 0.9 n.d. n.d. n.d. 
6 AlCl3 430 h   2 0.2 n.d. n.d. n.d. 

a [IBVE]0 = 0.76 M, [MCln]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC. 
b Determined by gas chromatography. c Based on the amounts of 1.30 d Determined by GPC (polystyrene standards). e 
Determined by 13C NMR analysis (see Figure 5 for the spectra). 
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Figure 1. (A) Time–conversion curves for the polymerization, (B) Mn (dotted line: calculated Mn) and Mw/Mn and (C) 
MWD curves for poly(IBVE)s obtained using the 1/MCln initiating systems ([IBVE]0 = 0.76 M, [MCln]0 = 5.0 mM, [1]0 
= 5.0 mM (circle) or 7.5 mM (square), [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC). 
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Figure 2. 1H NMR spectrum of poly(IBVE) obtained using the 1/ZrCl4 initiating system ([IBVE]0 = 0.76 M, [ZrCl4]0 = 
5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC; 500 MHz in CDCl3 at 30 ºC; 
signal integral ratio: a/g = 3.00/1.02). 

 

indicate the quantitative formation of the metal complex from the mixture of 1 and ZrCl4 along with a 

protonogen to initiate polymerization (Scheme 1). 1H NMR analysis of the product polymer also showed the 

complete suppression of undesired side reactions32,33 during the polymerization (Figure 2). 

 Several common metal chloride catalysts induced uncontrolled or no polymerization (Table 1, 

entries 2–6). The combination of SnCl4, FeCl3, or ZnCl2 with 1 induced uncontrolled polymerization. The 

GPC profiles of the products obtained with these metal chlorides had broad MWDs with noticeable tailing 

(Figure 1). The Mn values of the polymers obtained from the 1/SnCl4 and ZnCl2 systems increased linearly, 

although they were higher than the calculated values. The higher Mn values likely result from a smaller 

proton source concentration (HCl) due to insufficient complex formation. The tailing of the MWDs also 

suggests the occurrence of termination/transfer reactions caused by the unreacted ligand molecules. In sharp 

contrast, no polymerization occurred for the combination of 1 with TiCl4 or AlCl3. The inactivity is 

attributable to the absence of vacant sites that exhibit Lewis acidity on the central metals, as opposed to the 

Zr-salphen complexes [1–ZrCl2], which have a labile coordination (a vacant) site because of their ability to 

form seven-coordinate structures34–38 (Scheme 2). Therefore, metal chlorides can be classified into three 

groups according to their polymerization behavior: catalysts inducing living/controlled polymerization 

mediated by living/long-lived species (ZrCl4); uncontrolled polymerization (SnCl4, FeCl3, and ZnCl2); and 

no reaction (TiCl4 and AlCl3). 
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Scheme 2. Polymerization mechanism of IBVE using the 1/ZrCl4 initiating system. 

 

 To confirm the living nature of the polymerization with the 1/ZrCl4 initiating system, a monomer 

addition experiment was conducted under the optimized conditions. As shown in Figure 3, after the addition 

of a fresh feed of the monomer, the MWD of the products shifted toward the higher molecular weight region 

with no original polymer remaining. A linear increase in the Mn values against the monomer conversion was 

also confirmed. Moreover, the 1H NMR spectra of these polymers showed the quantitative generation of the 

terminal acetal group39 and undetectable undesired side reactions32,33 (Figure 4) These results demonstrate 

the progression of living polymerization using the complex prepared in situ from 1 and ZrCl4. 

 

 

Figure. 3. (A) Time–conversion curves for the polymerization, (B) Mn (calculated Mn, dotted line) and Mw/Mn and (C) 
MWD curves for poly(IBVE)s obtained using the 1/ZrCl4 initiating system ([IBVE]0 = [IBVE]added = 0.76 M, [ZrCl4]0 = 
5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC). 
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Figure 4. 1H NMR spectrum of poly(IBVE) obtained using the 1/ZrCl4 initiating system ([IBVE]0 = [IBVE]added = 0.76 
M, [ZrCl4]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC; 500 MHz in 
CDCl3 at 30 ºC; signal integral ratio: a/g = 3.00/1.03). 

 

 The stereoregularity of the product polymers was determined from the signals of the methylene 

carbons of the main chains in the 13C NMR spectra recorded in CDCl3 (Figure 5). The meso dyad values of 

the polymer prepared with the examined the 1/MCln systems ranged from 60 to 66%, which is a range 

similar to the range obtained using simple metal halides as catalysts (61–67%).14,40 These results indicate that 

the direction of the insertion of the monomer molecules to the propagating carbocation is not affected by the 

steric hindrance around the catalysts produced by the salphen framework employed in the present study. 

 

 

Figure 5. 13C NMR spectra of poly(IBVE)s obtained using the 1/MCln initiating systems ([IBVE]0 = 0.76 M, [MCln]0 = 
5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol % in toluene at 0 ºC; 125 MHz for ZrCl4, FeCl3 and 
ZnCl2 and 100 MHz for SnCl4 in CDCl3 at 30 ºC). 
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 Table 2 summarizes the polymerization results under various conditions, demonstrating the 

importance of temperature and the polarity of the solvent. The polymerization using this initiating system in 

toluene was examined at various temperatures (Table 2, entries 1–5). The polymerizations proceeded 

successfully even at higher temperatures (entries 1–3, 0–60 ºC), producing polymers with relatively narrow 

MWDs. The Mn values of the polymers obtained at 0 and 30 °C were in agreement with the theoretical ones. 

In contrast, the polymers obtained at 60 °C had Mn values slightly lower than their calculated ones (Figure 6). 

The polymer obtained at high temperatures, particularly at 60 °C, had a small amount of irregular structures 

originating from an undesired reaction, i.e., the dealcoholization of the side chain, which was confirmed by 
1H NMR (Figure 7). The polymerization reactions at low temperatures (entries 4 and 5, –30 and –78 °C) 

yielded polymers with broad MWDs and Mn values that were higher than the theoretical ones. The linear 

first–order plots for the polymerization at –30 °C indicate that the reaction proceeded at a constant rate 

(Figure 8C). Thus, the broadening of the MWDs was not attributable to undesired side reactions, but instead, 

to slow initiation reaction kinetics. The polymerization in dichloromethane, a polar solvent,41 at 0 °C 

proceeded at a much higher rate than in toluene, similar to polymerizations with other common catalysts. 

The reaction quantitatively yielded a polymer with a unimodal but slightly broader MWD (entry 6, Figure 9). 

The results obtained under various conditions demonstrate that the polymerization in toluene at 0 °C is the 

most suitable for the 1/ZrCl4 system. 
 

Table 2. Cationic polymerization of IBVE using the 1/ZrCl4 initiating systems under various conditionsa 

entry temp (ºC) time (h) conv (%)c Mn × 10-3 (calcd)d Mn × 10-3 (obs)e Mw/Mn
e meso dyad (%)f 

1  60 2.5 94 7.2 5.0 1.18 59 
2 30 7 99 7.6 7.4 1.16 62 
3 0 18.5 98 7.6 7.3 1.15 66 
4 –30 98 96 7.4 8.9 1.37 70 
5 –78 1410 59 1.5 3.2 1.49 75 
6b 0 2 82 6.3 7.3 1.26 61 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM for entries 1–4 and 6, 15 mM for entry 5, [1]0 = 5.0 mM for entries 1–4 and 6, 
15 mM for entry 5, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC. b In dichloromethane. c Determined 
by gas chromatography. d Based on the amounts of 1.30 e Determined by GPC (polystyrene standards). f Determined by 
13C NMR analysis (see Figure 10 for the spectra). 
 

 

Figure 6. (A) Time–conversion curves for the polymerization, (B) Mn (dotted line: calculated Mn) and Mw/Mn and (C) 
MWD curves for poly(IBVE)s obtained using the 1/ZrCl4 initiating systems at 0, 30, or 60 ºC ([IBVE]0 = 0.76 M, 
[ZrCl4]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene). 
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Figure 7. 1H NMR spectra of poly(IBVE)s obtained using the 1/ZrCl4 initiating systems at 0, 30, or 60 ºC ([IBVE]0 = 
0.76 M, [ZrCl4]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol % in toluene; 500 MHz in 
CDCl3 at 30 ºC). 

 

 

Figure 8. (A) Time–conversion curves, (B) Mn (dotted line: calculated line) and Mw/Mn for poly(IBVE)s, and (C) 
ln([M]0/[M])–time plots for the polymerization using the 1/ZrCl4 initiating systems at –30 or –78 ºC ([IBVE]0 = 0.76 M, 
[ZrCl4]0 = 5.0 or 15 mM, [1]0 = 5.0 or 15 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene). 
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Figure 9. (A) Time–conversion curves for the polymerization and (B) Mn (dotted line: calculated line) and Mw/Mn for 
poly(IBVE)s obtained using the 1/ZrCl4 initiating system in toluene or dichloromethane ([IBVE]0 = 0.76 M, [ZrCl4]0 = 
5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% at 0 ºC). 

 

 

Figure 10. 13C NMR spectra of poly(IBVE)s obtained using the 1/ZrCl4 initiating systems ([IBVE]0 = 0.76 M, [ZrCl4]0 
= 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol % in toluene at various conditions; 125 MHz in 
CDCl3 at 30 ºC). 

 

 The author examined the cationic polymerization of IBVE using an isolated salphen complex to 

confirm the occurrence of a quantitative and fast initiating reaction in the 1/ZrCl4 system (Figure 11). After 

the salphen complex was generated by mixing the 1 and ZrCl4 in dichloromethane, similar to the method 

described above, the solvents were evaporated under reduced pressure (Figure 12). The dried salphen 

complex was used as a polymerization catalyst without further purification. Because the HCl generated 

during the complex formation was also removed during solvent evaporation, the adduct of IBVE with HCl 

(IBVE–HCl) was used as a cationogen for polymerization. The cationic polymerization of IBVE using the 

isolated catalyst proceeded in a controlled manner in the presence of ethyl acetate in toluene at 0 ºC (Figure 

11). Although the polymerization rate with the isolated salphen complex system was slower than that with 
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the one prepared in situ,42 the obtained polymers were similar in molecular weight and MWD to the products 

prepared with the in situ prepared salphen complex. In addition, the reaction without IBVE–HCl resulted in 

very slow polymerization (Figure 11), suggesting that HCl was removed during the catalyst isolation process. 

These results support the hypothesis that the 1/ZrCl4 initiating system, prepared in situ, led to quantitative 

complexation and a successive initiating reaction from the generated HCl. 

 

 

Figure 11. (A) Time–conversion curves for the polymerization and (B) Mn (dotted line: calculated Mn) and Mw/Mn for 
poly(IBVE)s obtained using the isolated 1–ZrCl2 complex (square and triangle) or the 1/ZrCl4 initiating system (circle) 
([IBVE]0 = 0.76 M, [1–ZrCl2]0 = 5.0 mM (square and triangle) or [ZrCl4]0 = [1]0 = 5.0 mM (circle), [IBVE–HCl]0 = 0 
mM (circle and triangle) or 10 mM (square), [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol % at 0 ºC). 

 

 

Figure 12. 1H NMR spectrum of the isolated 1–ZrCl2 complex by evaporation {a, a’ and a” shows a signal of the 
methine proton of N=CH, b, b’ and b” shows a signal of the phenyl protons, and c, c’ and c” shows a signal of the 
protons of tBu groups: signals of a, b and c are likely assigned to a trans isomer of 1–ZrCl2 complex, signals of a’, b’ 
and c’ are likely assigned to a α-cis isomer of 1–ZrCl2 complex, and signals of a”, b” and c” are likely assigned to an 
H2O-coordinating 1–ZrCl2 complex37,43 }. 
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Cationic polymerization of IBVE with substituted salphen ligands/ZrCl4 systems 

 A precise design of catalysts through tuning of the electronic properties and the structure is 

expected to allow for elaborate control of polymerization reactions.20,44 To examine the effects of the 

electronic properties on the polymerization behavior, salphen derivatives with different arylene groups were 

used for cationic polymerization by the in situ method (Table 3). The polymerizations of IBVE were 

conducted using ligands with 4-methyl (2) or 4,5-chloro (3) groups on the arylene group in conjunction with 

ZrCl4 in the presence of ethyl acetate in toluene at 0 ºC. Both systems generated soluble catalysts upon 

mixing with ZrCl4. The polymerizations proceeded smoothly to yield polymers with Mn values close to the 

theoretical ones. Thus, the substituted salphen ligands were also effective for the polymerization reaction via 

the in situ complexation method.  

 The observed polymerization rates for the three salphen ligands exhibited a trend different from 

that expected based on the electronic properties. The chloro-substituted ligand (3) was expected to result in 

an increase in the polymerization rate due to electron-withdrawing effects that could potentially decrease the 

electron density on the central metal. However, the polymerization rate with the 3/ZrCl4 system was slower 

than that for the systems with 1 or 2. Zr–salphen complexes have six bonds, with two nitrogen and two 

oxygen atoms from the salphen ligand and two chlorine atoms. A seventh bond is formed through the 

coordination of a basic species to the labile coordination site, which is responsible for the Lewis acidic 

catalytic activity.34–38 In the polymerization reaction, the association-dissociation equilibrium of ethyl acetate, 

used as a weak Lewis base, competes with the abstraction of the chloride anion from the growing chain end. 

The balance between the coordination of the two species is likely responsible for the difference in the 

experimental and expected trends of the polymerization rates. Another possible explanation is that the ratios 

of the two isomers (trans and α-cis types) of 1–ZrCl2 complexes made the difference in the polymerization 

rates. 

 
Table 3. Cationic polymerization of IBVE using ZrCl4 and the salphen ligands with substituted phenylene groupsa 

 

entry ligand time (h) conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d 

1 1 18.5 98 7.6 7.3 1.15 
2 2 18 99 7.6 7.3 1.23 
3 3 48 92 7.1 5.9 1.31 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 
0 ºC. b Determined by gas chromatography. c Based on the amounts of ligands. d Determined by GPC (polystyrene 
standards).  

 

 



In Situ and Readily Prepared Metal Catalysts and Initiator for Living Cationic Polymerization of Isobutyl Vinyl Ether: 
Dual-Purpose Salphen as a Ligand Framework for ZrCl4 and an Initiating Proton Source 

 33 

 The polymerization behavior when salphen complexes were used as catalysts was affected by the 

solubility of the complexes. The substituents at the R1 and R2 positions of the salphen ligands were found to 

be responsible for the solubility of the generated complexes. The polymerization proceeded in transparent 

solutions when 1 and 5 were used, whereas heterogeneous mixtures were generated from 4 and 6. 

Interestingly, the polymerizations of IBVE still proceeded in the heterogeneous systems. However, 

quantitative comparison of the polymerization rates between the homogeneous and heterogeneous systems is 

difficult because of the difference in the effective concentrations of the catalysts. In the case of the 4/ZrCl4 

initiating system, the polymerization solution gradually became homogeneous. This fact likely suggests that 

the 4–Zr complex is soluble, but the intermediate state consisting of HCl and the complex possesses low 

solubility. 13C NMR analysis of the polymers obtained using various ligands/ZrCl4 initiating systems showed 

almost no relationship between the catalytic structure and tacticity (m ~ 64–66%).   

 
Table 4. Cationic polymerization of IBVE using ZrCl4 and the salphen ligands with substituted salicyl groupsa 

 

entry ligand time 
(h) conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn

d meso dyad (%)e catalytic 
solution 

1 1 18.5 98 7.6 7.3 1.15 66 transparent 
2 4 117 98 7.5 7.6 1.39 64 heterogeneous 
3 5 48 74 5.7 6.8 1.28 64 transparent 
4 6 72 87 6.7 3.6 1.79 65 heterogeneous 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 
0 ºC. b Determined by gas chromatography. c Based on the amounts of ligands. d Determined by GPC (polystyrene 
standards). e Determined by 13C NMR analysis. 
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Conclusion 

 A readily synthesized metal complex catalyst with a designed ligand was demonstrated to allow 

for the controlled cationic polymerization of IBVE. A salphen complex, synthesized in situ by mixing a 

ligand 1 with a metal chloride, was used for the polymerization. The difference in polymerization behaviour 

among metal chlorides correlated with the chemical affinity of the central metal, the existence of labile 

coordination sites, and the Lewis acidity. ZrCl4 is the best choice as the catalyst precursor because of an 

appropriate oxophilicity and a vacant site for exhibition of Lewis acidity. The as-prepared 1/ZrCl4 complex 

induced the living cationic polymerization of IBVE in the presence of ethyl acetate as an added base in 

toluene at 0 °C. The use of tetradentate Schiff base ligands, which are easily tunable electronically and 

sterically, is expected to expand the available synthetic strategies for the precise control of cationic 

polymerization reactions, such as the adjustment of the catalytic activity and stereoselectivity of the catalyst. 

In addition, ligands with various substituents (ligands 2–6) were also employed in the polymerization in 

conjunction with ZrCl4. The electronic properties derived from the substituents likely affected the catalytic 

activity. 
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29. An “added base” is a weak Lewis base that is used for living/controlled cationic polymerization. A 
weak Lewis base such as ethyl acetate, 1,4-dioxane, and THF controls the polymerization through 
its interaction with a Lewis acid catalyst, the propagating carbocation, and/or the counteranion. 

30. The generated HCl during complex formation was employed as a protonogen, or an initiator, for 
the cationic polymerization of a vinyl ether. Hence, the theoretical Mn values were calculated 
based on the concentration of the generated HCl ([HCl]theoretical = 2 × [1]0 = 10 mM except for entry 
5 or 30 mM for entry 5 in Table 2). 
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ligand possibly reacted with the propagating carbocation but the resulting structure, the acetal 
chain end having the ligand, was not detected on the 1H NMR spectra of the products (Figure 2). 
In the reactions using SnCl4 and ZnCl2, ligand molecules that remained due to insufficient 
complex formation would have also reacted with the propagating chains, but a direct proof was not 
obtained similarly. The catalytic solutions for SnCl4, FeCl3, and TiCl4 (entries 2, 3 and 5 in Table 
1) afforded heterogeneous systems, and therefore, the polymerizations were conducted using 
partially soluble catalysts. The heterogeneity indicated that the complex formation was not 
quantitative or that several types of complexes were generated. 
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as β-proton elimination, dealcoholization, and the generation of aldehyde groups at chain ends33, 
which was confirmed by 1H NMR (Figures 2 and 4). 
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Chapter 3 

Salen-Type Ligand/MCln Initiating Systems for the Controlled Cationic 
Polymerization of Isobutyl Vinyl Ether: Effects of the Ligand Framework 

Introduction 
The properties of a metal complex catalyst, which consists of a metal and a ligand, are determined 

by the metal–ligand bonding interactions, which allows for the modulation of the electronic properties of the 

metal and the influence of the steric environment. An appropriate combination of a metal with a ligand 

framework improves the catalytic properties, while an inappropriate metal-ligand combination induces 

undesired results, such as deactivation of the complex catalyst. Thus, tailoring the ligand framework to the 

metal species is highly important for the design of metal complex catalysts with sufficient stabilities and 

desirable catalytic properties. 

 Salen-type ligands have various advantages due to their easily tunable electronic and 

stereochemical properties, such as their coordination geometries and conformations. The ligand frameworks 

are obtained from the condensation of salicylaldehyde derivatives with diamines in high yield. The electronic 

and stereochemical properties of salen ligands can be easily and elaborately tuned because these starting 

materials are commercially available or can be obtained from simple synthetic procedures. Moreover, chiral 

salen complexes, which are categorized as privileged catalysts,1 are widely used as catalysts in various 

enantioselective reactions.2 The availability of chiral salen complexes as asymmetric catalysts was first 

reported by Jacobsen and Katsuki. These researchers independently developed chiral salen-Mn(III) complex 

catalysts for the enantioselective epoxidation of unfunctionalized olefins.3,4  

 In cationic polymerization, Lewis acid catalysts play a pivotal role in the precise synthesis of 

well-defined polymers with controlled molecular weights, narrow molecular weight distributions, end 

functionality, and controlled tacticity. Indeed, controlled/living cationic polymerization has been established 

with many initiating systems through the adjustment of the Lewis acidity of the catalysts by using additives 

such as weak Lewis bases and tetraalkylammonium halides.5 Fine tuning of the electronic properties of the 

central Ti atom was proven to be effective for performing controlled/living cationic polymerization using 

TiCln(OR)4–n as the catalyst.6 Furthermore, alcohol or acetylacetone efficiently react with appropriate metal 

halides to allow for in situ ligand exchange reactions, generating real catalytic species that induce living 

polymerization.7 More interestingly, the ligand design of soluble complex catalysts, such as TiCl2(OAr)2 and 

transition metal complexes with tridentate ligands,8,9 was demonstrated to be effective for stereospecific 

cationic polymerization.  

 As described in Chapter 2, the in situ complexation method was established in the cationic 

polymerization of isobutyl vinyl ether (IBVE) using salphen complex catalysts that were generated from 
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reactions between salphen ligands and ZrCl4.10 This method enables the facile preparation of metal complex 

catalysts without purification. In addition, since the initiation reaction occurs with the in situ generated 

hydrochloric acid, there is no need for the troublesome preparation of the conventional harmful initiators, 

such as vinyl ether-hydrogen halide adducts. The choice of metal chloride is also crucial in the controlled 

cationic polymerizations that use salphen/MCln initiating systems. Among the various metal chlorides (MCln; 

M = Zr, Sn, Fe, Zn, Ti, and Al), ZrCl4 was superior to all the others. The type of MCln species that can be 

utilized in the in situ complexation method likely depends on the properties of the ligand framework, such as 

the electronic and steric features. Thus, the design of suitable ligand structures is expected to greatly 

contribute to the diversification of metal complex catalysts and impart a variety of characteristics in the 

controlled cationic polymerization.  

 In this chapter, several salen-type ligands are designed to widen the scope of applicable metal 

chlorides available for the in situ complexation method and to develop polymerization catalysts with 

discriminating features (Figure 1). First, a salen ligand possessing a cyclohexenyl group (1) is used in 

conjunction with various metal chlorides in the cationic polymerization of IBVE. Polymerization with the 

1/ZrCl4 initiating system proceeds in a living manner, although the rate is slower than that when salphen 

ligand 2 is used. Interestingly, a wider variety of metal chlorides is applicable in the controlled 

polymerization when 1 is used as the ligand that when ligand 2 is used. Furthermore, salen derivatives with 

defferent substituents (ligands 3, 4) are used for the cationic polymerization using the ligand/ZrCl4 initiating 

systems. 

 

 

Figure 1. Structures of salen and salen-type ligands used in this chapter.  
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Experimental 

Materials 

 Stock solutions of GaCl3 in hexane and HfCl4 in ethyl acetate were prepared from anhydrous 

GaCl3 (Aldrich; >99.999%) and anhydrous HfCl4 (Strem; >99.9%), respectively. Salen ligands 

[(R,R)-(–)-N,N´-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine (1) (Aldrich; 98%) and 

(R,R)-(–)-N,N´-bis(3-(1-piperidinylmethyl)-5-tert-butylsalicylidene)-1,2-cyclohexanediamine (4) (Aldrich; 

97%)] were used as received. Other materials were prepared and used as described in Chapter 2.  

 

Synthesis of Ligands  

(R,R)-(–)-N,N´-Bis(3-ethoxysalicylidene)-1,2-cyclohexanediamine (3) 

A procedure similar to that described in Chapter 2 but with the use of 

(1R,2R)-(–)-1,2-diaminocyclohexane and two equivalents of 3-ethoxysalicylaldehyde gave the ligand. 1H 

NMR (500 MHz, CDCl3, 30 ºC): � 8.23 (2H, s, N=CH), 6.85 (2H, m, CH-Ph), 6.77 (2H, m, CH-Ph), 6.70 

(2H, m, CH-Ph), 4.07 (4H, m, OCH2CH3), 3.29 (2H, m, CH-N), 1.94 (2H, m, CH2), 1.87 (2H, m, CH2), 1.70 

(2H, m, CH2), 1.49 (2H, m, CH2), 1.46 (6H, m, OCH2CH3). 

 

Polymerization Procedure 

 Cationic polymerization reactions were conducted in a manner similar to that described in Chapter 

2. 

 

Characterization 

The MWDs of the polymers were determined in a manner similar to that described in Chapter 2 

with polystyrene gel columns [Tosoh; TSKgel G-4000HXL, G-3000HXL, and G-2000HXL (exclusion limit 

molecular weight = 4 × 105, 6 × 104, and 1 × 104, respectively; bead size = 5 µm; column size = 7.8 mm i.d. 

× 300 mm), TSKgel MultiporeHXL-M × 3 (exclusion limit molecular weight = 2 × 106; bead size = 5 µm; 

column size = 7.8 mm i.d. × 300 mm), or TSKgel GMHHR-M × 3 or 2 (exclusion limit molecular weight = 4 

× 106; bead size = 5 µm; column size = 7.8 mm i.d. × 300 mm); flow rate = 1.0 mL/min]. NMR spectra were 

measured as described in Chapter 2. 
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Results and Discussion 

Cationic polymerization of IBVE with salen ligand (1)/MCln initiating systems 

Cationic polymerization of IBVE was examined via the in situ complexation method using a salen 

ligand [(R,R)-(–)-N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine, 1] and ZrCl4. Ligand 1 has 

a cyclohexenyl group in its backbone; hence, the corresponding salen complex is expected to have a catalytic 

environment different from that of a complex formed from salphen (2), which is the phenylene counterpart. 

The polymerization using the 1/ZrCl4 initiating system was conducted in the presence of ethyl acetate in 

toluene at 0 ºC. Ligand 1 and ZrCl4 were first mixed in toluene, generating a transparent yellow solution. The 

catalyst solution was added to a solution containing monomer, which triggered the polymerization reaction. 

As shown in Figure 2A (open symbols), the polymerization proceeded smoothly, reaching approximately 

90% conversion of IBVE in 150 h. The Mn values of the obtained polymers increased linearly with the 

monomer conversion (Figure 2B), indicating that the polymerization proceeded in a controlled manner. The 

Mn values of the polymers were slightly larger than the values calculated based on the concentration of the 

phenoxy group in the salen ligand. In addition, 1H NMR analysis of the obtained polymer revealed that the 

signals assigned to the structures derived from side reactions were negligible (Figure 3).12 

 

 

Figure 2. (A) Time–conversion curves of the polymerization, (B) Mn (dotted line: calculated line) and Mw/Mn values of 
obtained polymers, and (C) the MWD curve of the poly(IBVE) obtained using the 1 or 2/ZrCl4 initiating system 
([IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 
0 ºC).  
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Figure 3. 1H NMR spectrum of the poly(IBVE) obtained using the 1/ZrCl4 initiating system ([IBVE]0 = 0.76 M, 
[ZrCl4]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC; 500 MHz in CDCl3 
at 30 ºC; signal integral ratio: a/g = 3.00/0.98).  

 

The livingness of the polymerization performed with the 1/ZrCl4 initiating system was confirmed 

through a monomer addition experiment. The first stage of polymerization was conducted under the same 

conditions as those demonstrated above. When the monomer conversion reached 84%, a fresh feed of IBVE 

was added to the polymerization solution. As shown in Figure 4C, the signal in the MWD curve shifted 

toward the higher MW regime after the addition while maintaining a relatively narrow MWD. In addition, 

the Mn values of the products obtained increased linearly with the conversion (Figure 4B). These results 

indicate that the polymerization proceeded in a living manner. 

 

 

Figure 4. (A) Time–conversion curve of the polymerization, (B) Mn (dotted line: calculated line) and Mw/Mn values, 
and (C) MWD curves of poly(IBVE)s obtained in the monomer addition experiment using the 1/ZrCl4 initiating system 
([IBVE]0 = [IBVE]added = 0.76 M, [ZrCl4]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in 
toluene at 0 ºC). 
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The polymerization results obtained above indicate that the introduction of a cyclohexenyl group 

into the ligand instead of a phenylene group resulted in the deceleration of the polymerization reaction 

(Figure 2; Table 1, entries 1 and 2). The polymerization rate observed with the salen complex was 

approximately 10 times slower than that with the salphen complex (Figure 2A). An enhancement of the 

electron-donating character of the central metal of a catalyst typically decreases the Lewis acidity and 

decelerates the cationic polymerization rate. On the basis of the Hammett substituent constants,13 an alkyl 

substituent possesses a stronger electron-donating ability than a phenyl group. Therefore, the lower Lewis 

acidity of the salen complex (1–ZrCl2) compared to that of the salphen complex (2–ZrCl2) most likely 

resulted from the electron-donating effect of the cyclohexenyl group. On the other hand, the difference 

between the possible isomers of 1–ZrCl2 and 2–ZrCl2 complexes may also affect the polymerization rate.14,15 

The in situ complexation method with ligand 1 was effective for the controlled polymerization of 

IBVE when FeCl3 was employed as the metal chloride instead of ZrCl4 (entry 3 in Table 1). The 

polymerization with the 1/FeCl3 system proceeded at a very fast rate, reaching quantitative conversion in 30 

min, although an induction period was observed. The induction period possibly stemmed from the slow 

initiation reaction of a species generated from 1 and FeCl3. The Mn values of the product polymers were 

close to the calculated values, and the MWDs were very narrow. These results indicate the occurrence of 

controlled cationic polymerization with the 1/FeCl3 system, which is in sharp contrast to the uncontrolled 

reaction with the salphen counterpart (entry 4). The electron-donating ability of the cyclohexenyl group 

and/or the structure of the complex generated from 1 was likely responsible for the controlled reaction when 

FeCl3 was used.  

The polymerizations performed with other metal chlorides (MCln: M = Ti, Hf, Sn, Al, Ga, or Zn) 

were obviously different from those with ZrCl4 and FeCl3. The polymerization behavior of the in situ 

complexation method with the salen ligand was classified into the following four groups: controlled 

polymerization (ZrCl4 and FeCl3); partly controlled polymerization (ZnCl2 and HfCl4); uncontrolled 

polymerization (SnCl4 and GaCl3); and no reaction (TiCl4 and AlCl3) (Table 1, Figure 5). The 

polymerization of IBVE with the 1/ZnCl2 system produced polymers with Mn values close to the calculated 

values. However, the MWDs of the polymers were broad, indicating the occurrence of a slow initiation 

reaction. Comparison of the Mn values of the polymers obtained using the 1/ZnCl2 and 2/ZnCl2 systems 

showed that the salen system exhibited a higher initiation efficiency than did the salphen system. Slow 

initiation also occurred in the 1/HfCl4 system, resulting in broad MWDs and Mn values that was close to the 

theoretical values. On the other hand, polymerization using the 1/SnCl4 and GaCl3 systems generated 

polymers with Mn values higher than the theoretical values. In the 1/GaCl3 system, the MWDs of the 

obtained polymers shifted to the higher MW region, which indicates the production of long-lived species. 

Unlike the above cases, no polymerization occurred for the combination of 1 with TiCl4 or AlCl3.  
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Table 1. Cationic polymerization of IBVE using MCln with 1 and 2a 

 

entry MCln ligand time conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 ZrCl4 1 153 h 89 6.8 7.9 1.24 65 
2  2 18.5 h 98 7.6 7.3 1.15 66 
3 FeCl3 1 30 min 99 7.6 8.3 1.11 62 
4  2 5 s 90 7.0 11.5 1.57 61 
5 HfCl4 1 240 h 89 6.8 7.0 1.88 64 
6 ZnCl2 1 2 h 94 7.3 8.8 1.61 62 
7  2 6 h 97 7.5 17.3 1.94 60 
8 SnCl4 1 6 h 96 7.4 12.8 1.51 65 
9  2 20 min 94 7.3 10.5 1.37 65 

10 GaCl3 1 0.5 h 80 6.2 13.2 1.62 62 
11 TiCl4 1 504 h 8 0.6 n.d. n.d. n.d. 
12  2 168 h 12 0.9 n.d. n.d. n.d. 
13 AlCl3 1 360 h 7 0.5 n.d. n.d. n.d. 
14  2 430 h 2 0.2 n.d. n.d. n.d. 

a [IBVE]0 = 0.76 M, [MCln]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 
0 ºC. b Determined by gas chromatography. c Based on the amounts of 1 or 2. d Determined by GPC (polystyrene 
standards). e Determined by 13C NMR analysis. 

 

 

Figure 5. MWD curves of poly(IBVE)s obtained using the 1/ZrCl4 initiating system ([IBVE]0 = 0.76 M, [MCln]0 = 5.0 
mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC).  
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 1H NMR analysis of complexation and polymerization by the isolated complex 

 1H NMR analyses of the ligand alone, a mixture of the ligand and ZrCl4, and a polymerization 

solution indicated the progress of complex formation, initiation, and polymerization (Figure 6). The 

spectrum of the solution containing 1 and ethyl acetate (Figure 6A) had signals corresponding to the imino 

(8.2 ppm) and aryl (7.2 and 6.9 ppm) protons at low magnetic fields. The addition of ZrCl4 to 1 resulted in 

the appearance of complicated signals, indicating the occurrence of a reaction between 1 and ZrCl4. In 

particular, several signals, which are likely assignable to the imino protons of the protonated nitrogen atom 

species (-CH=N(H)-), appeared at 8–12 ppm.16 The complicated spectrum suggests that the salen framework 

was in several conformational states at this stage.14 The addition of IBVE to the 1/ZrCl4 solution resulted in 

the disappearance of several signals (Figure 6C) likely because the consumption of HCl in the initiation 

reaction transformed several states of the salen framework in the equilibrium to the rigid complex state. The 

signal assigned to the methine proton at the propagating C–Cl ends (5.8ppm) also indicates that the 

polymerization began via the mechanism involving HCl formation in the exchange reaction between the 

chloride anion and phenoxy group of the metal chloride and ligand 1, respectively. 
 

 

Figure 6. 1H NMR spectra of (A) a ligand 1, (B) the mixture of 1 and ZrCl4 and (C) polymerization solutions using the 
1/ZrCl4 initiating system ([IBVE]0 = 0 or 0.38 M, [ZrCl4]0 = 0 or 25 mM, [1]0 = 0 or 25 mM, [ethyl acetate] = 1.0 M; 
500 MHz in CD2Cl2 at 30 ºC). 
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A 1–ZrCl2 complex isolated by recrystallization exhibited a catalytic activity similar to that of the 

complex generated in situ in the 1/ZrCl4 system in the polymerization of IBVE. The salen complex was 

prepared by the reaction of 1 and ZrCl4 in a manner similar to the in situ method and subsequently 

recrystallized from the solution by the addition of hexane as a poor solvent. The crystalline products were 

isolated by filtration, washed, and then dried under reduced pressure. The isolated 1–ZrCl2 complex was 

used for the cationic polymerization of IBVE in conjunction with IBVE–HCl as a cationogen under the same 

conditions as those used for the polymerization by the in situ method. The polymerization proceeded at the 

same rate as that of the in situ generated system (Figure 7). In addition, the Mn values of the product 

polymers increased linearly with the conversion, although the values were slightly smaller than the 

theoretical values. Residual HCl in the isolated complex may be responsible for the lower values. The results 

obtained by using the isolated complex suggests that the 1–ZrCl2 complex is generated, even by the in situ 

generated method. 
 

 

Figure 7. (A) Time–conversion curve of the polymerization, (B) Mn (dotted line: calculated line) and Mw/Mn values, 
and (C) MWD curves of poly(IBVE) obtained using the 1–ZrCl2 complex ([IBVE]0 = 0.76 M, [IBVE-HCl]0 = 10 mM, 
[1–ZrCl2]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC). 
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Cationic polymerization of IBVE with substituted salen ligands/ZrCl4 systems 

 Salen derivatives with different substituents on the phenoxy groups were investigated in 

polymerization by the in situ method. Dichloromethane was used as the solvent instead of toluene because of 

the low solubility of the derivatives in toluene and/or the low catalytic activity of the complexes formed 

(Table 2). The polymerizations of IBVE were conducted using the substituted salen ligand/ZrCl4 systems in 

the presence of ethyl acetate at 0 ºC. Even in the polar solvent, the 3/ZrCl4 system generated precipitates. 

The polymerization proceeded slowly, reaching quantitative conversion in 99 h (entry 2). The rate was much 

slower than that with the 1/ZrCl4 system (entry 1). In addition, no polymerization occurred for the 

combination of ZrCl4 and 4, a salen possessing a piperidinyl group. The strong nucleophilic group likely 

suppressed the polymerization reaction through deactivation of the catalyst, reaction with the propagating 

carbocation, or inhibition of the initiation reaction. 

 
Table 2. Cationic polymerization of IBVE using ZrCl4 and salen ligands with substituted salicyl groupsa 

 

entry ligand time (h) conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d catalytic solution 

1 1 1.5 78 6.0 5.7 1.73 transparent 
2 3 99 100 7.6 5.1 1.38 heterogeneous 
3 4 216 0 - - - transparent 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 0.10 M, [heptane] = 5.0 vol% in 
dichloromethane at 0 ºC. b Determined by gas chromatography. c Based on the amounts of ligands. d Determined by 
GPC (polystyrene standards). 

 

Conclusion 

 The controlled cationic polymerization of IBVE was achieved by using the 1/ZrCl4 initiating 

system in the presence of ethyl acetate in toluene at 0 ºC. Comparison of the 1/ZrCl4 and 2/ZrCl4 systems 

indicated that the complex structure was crucial for the catalytic activity. The polymerization performed with 

the salen system proceeded at an approximately ten times slower rate than that of the salphen system. 

However, ligand 1 provided an appropriate catalytic environment for Fe species and catalyzed the controlled 

polymerization of IBVE, which is in contrast to the 2/FeCl3 initiating system. In addition, salen-type ligands 

with different substituents were also employed in the polymerization in conjunction with ZrCl4.  
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Chapter 4 

Appropriate Ligand Frameworks for Various Polymerization Systems 

Introduction 

The construction of metal complexes that provide effective catalytic environments through the 

design of ligands has contributed to the development of catalysts with various activities, the precise control 

of polymer structures, and the expansion of the monomer scope. In particular, the electronic features of the 

central metal and the steric demands of the metal coordination sphere can be carefully tuned using ligands 

with suitable electronic and steric properties. Indeed, extensive studies of ligand design for olefin 

polymerizations have allowed the precise synthesis of polymers with controlled molecular weights, degrees 

of branching, and tacticity; resulting in a remarkable improvement in the catalytic activity and broadening 

the scope of polymerizable monomers such as polar monomers.1–3 Transition metal-catalyzed living radical 

polymerizations or ATRP using metal complexes with suitable redox potentials are excellent examples of 

reactions achieved through careful ligand design.4–7 

In cationic polymerizations, the screening of ligand frameworks is expected to be helpful not only 

for elucidating the relationship between the structures and catalytic properties of metal complex catalysts but 

also for the development of new catalysts with attractive properties such as remarkably high reactivity and 

stereoselectivity. General criteria for ligand design are needed to achieve desirable catalytic activities. A few 

successful examples of ligand design in cationic polymerization include Ti(OR)nCl4–n for living 

polymerizations in the absence of additives;8,9 alcohols and acac/MCln initiating system for living 

polymerizations;10,11 and TiCl2(OAr)2 catalysts and aminodiolate-based titanium catalysts for stereoselective 

polymerizations.12,13 However, the relationship between ligand structures and catalytic properties has not 

been sufficiently elucidated in the field of cationic polymerization. The limitations of ligand designs, which 

stem from the deactivation of catalysts or propagating carbocations by strong electron-donating ligands,14–16 

has prevented the development of criteria for ligand design in cationic polymerization. A methodical 

approach to catalyst design is expected to help elucidate the structure–reactivity relationship in cationic 

polymerization catalysts.   

In this chapter, the author aims to conduct ligand screening for the design of catalysts that exhibit 

characteristic cationic polymerization activities. Salphen- and salen-type ligands are demonstrated to be 

effective for living cationic polymerization of vinyl ethers (VEs) in Chapters 2 and 3. Thus, bidentate 

[N,O]-type phenoxyimine ligands (1, 9–16), which have similar structures to salphen- or salen-type 

tetradentate [O,N,N,O] chelating ligands, are examined as a ligand framework for catalyst modifications. 

Moreover, [O,O]-type salicylate derivatives (2, 3) and [N,N]-type pyridineimine ligands (7) are designed 

based on phenoxyimine ligands. Diacetamide derivatives (4–6), which have structures similar to 
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acetylacetone,11 are also employed as [O,O]-type ligands. In addition, a bidentate [N,N]-type α-diimine (8) is 

used as a typical pyridineimine ligand for comparison. These ligand frameworks with oxygen and/or 

nitrogen atoms as coordination sites are screened in combination with ZrCl4 via in situ complexation for 

cationic polymerization of IBVE. 

 

 

Figure 1. Structures of various ligand frameworks related to this chapter.  

 

Experimental 

Materials 

Isopropyl VE (IPVE; Wako; 97.0+%) and ethyl VE (EVE; TCI; >98.0%) were washed with 10% 

aqueous sodium hydroxide solution, followed by water, and then distilled twice over calcium hydride.�  

p-Methoxystyrene (pMOS; Wako; >97.0%) was dried over sodium sulfate overnight and distilled twice over 

calcium hydride under reduced pressure. Succinimide (TCI; >98.0%), diacetamide (TCI; >98.0%), 

bistrifluoroacetamide (TCI; >98.0%), (1R,2S)-1-(3,5-di-tert-butylsalicylideneamino)-2-indanol (Aldrich; 

97%) and 3,5-di-tert-butylsalicylaldehyde (Aldrich; 99%) were used as received. 3,5-Di-tert-butyl- 

salicylicacid (Aldrich; 97%), and salicylideneaniline (Aldrich; 97%) were recrystallized from hexane. Other 

materials were prepared and used as described in Chapters 2 and 3.  

 

Synthesis  

N-Phenyl-3,5-di-tert-butylsalicylideneamine (1) 

Aniline (0.94g, 101 mmol) was added to a methanol solution of 3,5-di-tert-butylsalicylaldehyde 

(2.37 g, 101 mmol) while stirring under a nitrogen atmosphere at room temperature. The mixed solution was 
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refluxed for 6 h, and the reaction mixture was then cooled to room temperature. After filtration, the solid 

fraction was washed with cold methanol and dried under reduced pressure. Furthermore, the obtained solid 

was purified by recrystallization from hexane to mainly remove residual methanol. The crystalline orange 

solid was filtered and then dried under reduced pressure (2.25 g, 72.7 mmol, 72% yield). 1H NMR (500 MHz, 

CDCl3, 30 °C): δ 13.68 (1H, s, OH), 8.63 (1H, s, N=CH), 7.46 (1H, d, J = 2.9 Hz, CH-phenol), 7.42–7.38 

(2H, m, CH-aniline), 7.30–7.23 (3H, m, CH-aniline), 7.22 (1H, d, J = 2.4 Hz, CH-phenol), 1.48, 1.33 (9H 

each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 163.8 (N=CH), 158.3 (C-OH), 148.8 (ipso-aniline), 

140.6, 137.0, 118.3 (ipso-phenol), 128.0, 126.8 (phenol), 129.3, 126.5, 121.2 (aniline), 35.1, 34.2 (C(CH3)3), 

31.5, 29.5 (C(CH3)3). 

N-(4-Hydroxyphenyl)-pyridineamine 

A procedure similar to that described for ligand 1 but with the use of 4-hydroxyaniline (0.80 g, 

49.9 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.17 g, 49.9 mmol) gave a yellow solid. (1.11 g, 29.4 mmol, 

59% yield). 1H NMR (500 MHz, DMSO-d6, 30 °C): δ 9.61 (1H, s, OH), 8.69 (1H, m, CH-pyridine), 8.60 

(1H, s, N=CH), 8.12 (1H, m, CH-pyridine), 7.92 (1H, m, CH-pyridine), 7.48 (1H, m, CH-pyridine), 7.30 (2H, 

m, CH-phenol), 6.83 (2H, m, CH-phenol). 

N-(4-Hexadecanoxyphenyl)-pyridineamine (7) 

N-(4-Hydroxyphenyl)-pyridineamine (0.92 g, 4.63 mmol), 1-bromohexadecane (1.42 g, 4.64 

mmol), KOH (0.31 g, 5.47 mmol) and NaI (about 10 mg) were mixed in DMF (20 ml). The mixture was 

stirred at 70 ºC overnight. After solvent was evaporated, the obtained black oil was dissolved in CH2Cl2 and 

then washed several times with 0.10 M NaOH aq. and water. The organic layer was dried over magnesium 

sulfate. After filtration, the solvent was evaporated. The product was recrystallized from hexane (1.14 g, 2.70 

mmol, 58%yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 8.70 (1H, m, CH-pyridine), 8.63 (1H, s, N=CH), 

8.19 (1H, m, CH-pyridine), 7.80 (1H, m, CH-pyridine), 7.36–7.30 (3H, m, CH-pyridine and CH-phenol), 

6.94 (2H, m, CH-phenol), 3.98 (2H, t, OCH2), 1.80 (2H, m, OCH2CH2), 1.50–1.20 (26H, m, CH2), 0.88 (3H, 

t, CH3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 158.1 (N=CH), 158.6, 143.5 (ipso-aniline), 155.0 

(ipso-pyridine), 149.6, 121.6, 124.7, 136.6 (pyridine), 115.1, 122.7 (aniline), 68.3 (OCH2), 31.9 (OCH2CH2), 

29.7, 29.6, 29.4, 29.3, 26.1 (CH2), 22.7 (CH2CH3), 14.1 (CH2CH3). 

N, N´-Bis-(2,6-diisopropylphenyl)-2,3-butanediimine (8) 

A procedure similar to that described for ligand 1 but with the use of diacetyl (0.41 g, 4.79 mmol) 

and 2,6-di-isopropylaniline (1.70 g, 9.60 mmol) gave a yellow solid (0.68 g, 1.69 mmol, 35% yield). 1H 

NMR (400 MHz, CDCl3, 30 °C): δ 6.20–6.07 (6H, m, CH-aryl), 1.73 (4H, m, CH(CH3)2), 1.08 (6H, s, 

CCH3), 0.20 (24H, m, CH(CH3)2). 13C NMR (100 MHz, CDCl3, 30 °C): 13C NMR (100 MHz, CDCl3, 30 °C): 

δ 168.2 (N=CH), 146.2, 135.1 (ipso-aniline), 123.0, 123.7 (aniline), 28.5 (CH(CH3)2), 23.0, 22.7 (CH(CH3)2), 

16.6 (CCH3). 
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N-Cyclohexyl-3,5-di-tert-butylsalicylideneamine (9) 

A procedure similar to that described for ligand 1 but with the use of cyclohexylamine (0.50 g, 

5.04 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.18 g, 5.03 mmol) gave a yellow solid (1.32 g, 4.18 mmol, 

83% yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 14.02 (1H, s, OH), 8.37 (1H, s, N=CH), 7.36 (1H, d, J = 

2.5 Hz, CH-phenol), 7.07 (1H, d, J = 2.5 Hz, CH-phenol), 2.00–1.25 (10H, m, CH2-cyclohexane), 1.45, 1.30 

(9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 163.3 (N=CH), 158.3 (C-OH), 139.8, 136.7, 

118.0 (ipso-phenol), 126.5, 125.7 (phenol), 67.6, 34.4, 25.6, 24.5 (cyclohexane), 35.0, 34.1 (C(CH3)3), 31.5, 

29.5 (C(CH3)3). 

N-Hydroxyethyl-3,5-di-tert-butylsalicylideneamine (10) 

A procedure similar to that described for ligand 1 but with the use of ethanolamine (0.31 g, 4.99 

mmol) and 3,5-di-tert-butylsalicylaldehyde (1.19 g, 5.08 mmol) gave a yellow solid (0.78 g, 2.82 mmol, 

57% yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 13.53 (1H, s, OH), 8.42 (1H, s, N=CH), 7.39 (1H, d, J = 

3.0 Hz, CH-phenol), 7.11 (1H, d, J = 3.0 Hz, CH-phenol), 3.93 (2H, q, OCH2), 3.75 (2H, t, NCH2), 1.44, 

1.31 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 168.1 (N=CH), 158.0 (C-OH), 140.2, 

136.7, 117.8 (ipso-phenol), 127.1, 126.1 (phenol), 61.8 (NCH2), 62.3 (CH2-OH), 35.0, 34.1 (C(CH3)3), 31.5, 

29.4 (C(CH3)3). 

N-Methoxyethyl-3,5-di-tert-butylsalicylideneamine (12) 

A procedure similar to that described for ligand 1 but with the use of 2-methoxyethylamine (0.38 

g, 5.06 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.18 g, 5.02 mmol) gave a yellow solid (1.36 g, 4.66 

mmol, 93% yield). 1H NMR (400 MHz, CDCl3, 30 °C): δ 13.70 (1H, s, OH), 8.37 (1H, s, N=CH), 7.37 (1H, 

d, J = 2.8 Hz, CH-phenol), 7.08 (1H, d, J = 2.4 Hz, CH-phenol), 3.75 (2H, t, CH2), 3.67 (2H, t, CH2), 3.31 

(3H, s, OCH3) 1.44, 1.30 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 167.4 (N=CH), 158.1 

(C-OH), 140.0, 136.6, 117.9 (ipso-phenol), 126.9, 126.0 (phenol), 72.0 (OCH2), 59.0, 59.1 (NCH2 and 

OCH3), 35.0, 34.1 (C(CH3)3), 31.5, 29.5 (C(CH3)3). 

N-Tetrahydrofurfuryl-3,5-di-tert-butylsalicylideneamine (13) 

A procedure similar to that described for ligand 1 but with the use of tetrahydrofurfurylamine 

(0.51 g, 5.04 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.18 g, 5.04 mmol) gave an oil. After filtration, the 

oil was dried under reduced pressure (0.84 g, 2.65 mmol, 53% yield). 1H NMR (400 MHz, CDCl3, 30 °C): δ 

13.71 (1H, s, OH), 8.37 (1H, s, N=CH), 7.37 (1H, d, J = 2.4 Hz, CH-phenol), 7.09 (1H, d, J = 2.4 Hz, 

CH-phenol), 3.75 (1H, m, OCH), 3.90–3.72 (2H, m, OCH2), 3.68 (2H, m, NCH2) 2.11–1.70 (4H, m, 

CH2-furfulyl), 1.44, 1.30 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 167.4 (N=CH), 158.2 

(C-OH), 139.9, 136.6, 117.9 (ipso-phenol), 126.9, 126.0 (phenol), 78.2 (OCH), 68.4 (OCH2), 63.6 (NCH2), 

35.0, 34.1 (C(CH3)3), 31.5, 29.4 (C(CH3)3), 29.3, 25.8 (CH2-furfuryl). 

N-Phenyl-3-methoxysalicylideneamine (15) 

A procedure similar to that described for ligand 1 but with the use of aniline (0.47 g, 5.05 mmol) 
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and 3-methoxysalicylaldehyde (0.77 g, 5.04 mmol) gave an orange crystal (0.54 g, 2.36 mmol, 47% yield). 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.66 (1H, s, OH), 8.63 (1H, s, N=CH), 7.42 (1H, m, CH-aryl), 7.31–

7.26 (3H, m, CH-aryl), 7.04–6.97 (2H, m, CH-aryl), 6.88 (1H, t, CH-phenol), 3.94 (3H, s, OCH3). 13C NMR 

(100 MHz, CDCl3, 30 °C): δ 162.6 (N=CH), 151.5 (C-OH), 148.6 (ipso-aniline), 148.2, 119.2 (ipso-phenol), 

129.4, 121.2 (aniline), 127.0, 125.5, 103.8, 97.9 (aniline and phenol), 56.2 (OCH3). 

N-Phenyl-4-diethylaminosalicylideneamine (16) 

A procedure similar to that described for ligand 1 but with the use of aniline (0.47 g, 5.05 mmol) 

and 4-(diethylamino)salicylaldehyde (0.97 g, 5.03 mmol) gave an orange solid (0.99 g, 3.71 mmol, 74% 

yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 13.79 (1H, s, OH), 8.42 (1H, s, N=CH), 7.37 (2H, m, CH-aryl), 

7.25–7.12 (4H, m, CH-aryl), 6.25 (1H, dd, J = 2.0, 8.5 Hz, CH-phenol), 6.19 (1H, d, J = 2.0 Hz, CH-phenol), 

3.41 (4H, q, CH2CH3), 1.21 (6H, t, CH2CH3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 160.5 (N=CH), 164.3 

(C-OH), 148.9 (ipso-aniline), 151.9, 109.2 (ipso-phenol), 129.3, 120.8 (aniline), 133.7, 125.5, 103.8, 97.9 

(aniline and phenol), 44.6 (CH2CH3), 12.7 (CH2CH3). 

N-(2,6-Di-methylphenyl)- 3,5-di-tert-butylsalicylidene-amine (17) 

A procedure similar to that described for ligand 1 but with the use of 2,6-di-methylaniline (0.61 g, 

5.06 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.18 g, 5.05 mmol) gave a yellow solid (0.36 g, 1.08 mmol, 

21% yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 13.43 (1H, s, OH), 8.33 (1H, s, N=CH), 7.48 (1H, d, J = 

2.4 Hz, CH-phenol), 7.14 (1H, d, J = 2.4 Hz, CH-phenol), 7.08 (2H, m, CH-aniline), 7.00 (1H, m, 

CH-aniline), 2.21 (6H, s, Ar-CH3), 1.49, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 

167.7 (N=CH), 158.4 (C-OH), 148.4 (ipso-aniline), 140.4, 128.5, 137.2, 117.8 (ipso-phenol), 128.0, 126.6 

(phenol), 128.3, 124.7 (aniline), 35.2, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3), 18.6 (Ar-CH3). 

N-(4-Trifluoromethylphenyl)-3,5-di-tert-butylsalicylideneamine (19) 

A procedure similar to that described for ligand 1 but with the use of 4-trifluoromethylaniline 

(0.80 g, 49.9 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.17 g, 49.9 mmol) gave a yellow solid (1.11 g, 

29.4 mmol, 59% yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 13.30 (1H, s, OH), 8.63 (1H, s, N=CH), 7.66 

(2H, d, J = 8.6 Hz, CH-aniline), 7.50 (1H, d, J = 2.6 Hz, CH-phenol), 7.34 (2H, d, J = 8.3 Hz, CH-aniline), 

7.24 (1H, d, J = 2.4 Hz, CH-phenol), 1.48, 1.34 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): 

δ 165.5 (N=CH), 158.4 (C-OH), 151.8 (ipso-aniline), 140.9, 137.2, 118.0 (ipso-phenol), 128.9, 127.2 

(phenol), 128.3 (q, J = 32.4 Hz, ipso-aniline), 126.6 (q, J = 3.8 Hz, aniline), 121.5 (aniline), 124.2 (q, J = 

270.3 Hz, CF3) 35.1, 34.2 (C(CH3)3),, 31.4, 29.4 (C(CH3)3). 

N-(Pentafluorophenyl)- 3,5-di-tert-butylsalicylideneamine (20) 

A procedure similar to that described for ligand 1 but with the use of pentafluoroaniline (0.85 g, 

4.63 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.18 g, 5.04 mmol) gave a solid (0.15 g, 0.37 mmol, 8% 

yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 12.70 (1H, s, OH), 8.81 (1H, s, N=CH), 7.54 (1H, d, J = 2.3 Hz, 

CH-phenol), 7.19 (1H, d, J = 2.4 Hz, CH-phenol), 1.47, 1.33 (9H each, s, C(CH3)3). 
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N-(4-Methoxyphenyl)-3,5-di-tert-butylsalicylideneamine (21) 

A procedure similar to that described for ligand 1 but with the use of 4-methoxyaniline (0.62 g, 

50.2 mmol) and 3,5-di-tert-butylsalicylaldehyde (1.18 g, 50.2 mmol) gave a yellow solid (1.17 g, 34.5 mmol, 

69% yield). 1H NMR (500 MHz, CDCl3, 30 °C): δ 13.82 (1H, s, OH), 8.61 (1H, s, N=CH), 7.43 (1H, d, J = 

2.1 Hz, CH-phenol), 7.26 (2H, d, J = 8.9 Hz, CH-aniline), 7.20 (1H, d, J = 2.7 Hz, CH-phenol), 6.93 (2H, d, 

J = 8.9 Hz, CH-aniline), 3.82 (3H, s, OCH3), 1.48, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): δ 161.8 (N=CH), 158.1 (C-OH), 158.6, 141.7 (ipso-aniline), 140.5, 136.9, 118.5 (ipso-phenol), 127.5, 

126.5 (phenol), 114.6, 122.2 (aniline), 55.5 (OCH3), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3). 

 

Polymerization Procedure 

Cationic polymerization reactions were conducted in a similar manner to that described in Chapter 

2. 

 

Bulk polymerization of IBVE 

A ZrCl4 solution in dichloromethane was added to a ligand in dichloromethane, and the solution 

was then kept at 0 °C for at least 30 min to achieve quantitative complexation. The solvent of the resulting 

solution was evaporated under reduced pressure and then dried for 3 h. The polymerization was started by 

the addition of a monomer into a tube containing the solid catalyst without any solvents. The reaction was 

terminated by the addition of methanol containing a small amount of aqueous ammonia solution. The 

quenched reaction mixture was diluted with hexane and then washed with water. The volatile materials were 

then removed under reduced pressure. 

 

Characterization 

 The MWD and NMR spectra of the polymers were determined as described in Chapters 2 and 3. 

  



Appropriate Ligand Frameworks for Various Polymerization Systems 

 57 

Results and Discussion 

Cationic polymerization of IBVE using various ligand frameworks/ZrCl4 initiating systems 

Cationic polymerization of IBVE was examined via in situ complexation using ZrCl4 and an 

N-phenyl phenoxyimine ligand (1), which is an [N,O]-type chelating ligand, in the presence of ethyl acetate 

in toluene at 0 °C (Table 1, entry 1). The catalyst was prepared in situ by adding ZrCl4 to a solution of 1 in 

the presence of ethyl acetate in toluene/CH2Cl2 (4/5 v/v). To start the polymerization, the resulting 

transparent yellow solution was injected to a solution containing the monomer. The polymerization using the 

1/ZrCl4 initiating system proceeded smoothly and reached a high conversion of IBVE (Figure 2A). The Mn 

values of the obtained polymers increased linearly with increasing monomer conversion. The polymers had 

relatively narrow molecular weight distributions (Figure 2B). Moreover, the first-order plot exhibited a linear 

increase (Figure 2A), indicating that the concentration of the propagating species was constant during 

polymerization. These results indicate that the polymerization proceeded in a highly controlled manner. 

However, the Mn values were lower than the calculated values (Table 1, entry 1), which indicates that excess 

amounts of initiation reactions occurred from protic impurities such as adventitious water. 

 

 

Figure 2. (A) Time–conversion curves and ln([M]0/[M])–time plots of the polymerization, and (B) Mn and Mw/Mn 
values of poly(IBVE)s obtained using the 1/ZrCl4 initiating system ([IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [1]0 = 5.0 
mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC).  

 

Cationic polymerizations of IBVE using [O,O]-type ligands (2–6) and ZrCl4 were conducted 

under similar conditions to those used for the polymerization using the [N,O]-type ligands. The results were 

categorized into the following two groups: ligands that functioned as proton donors (2, 3, and 6) and aprotic 

(4 and 5) (Table 1, entries 2–6). The 2 or 3/ZrCl4 systems initiated the reaction via the in situ-generated HCl. 

The cationic polymerizations then proceeded in a controlled manner and yielded polymers with Mn values 

corresponding to the amounts of hydroxy groups (including both the phenol moiety and the carboxylic 

group) (Table 1, entries 2 and 3). In the case of the diacetamide derivatives (4–6), the acidity of the N–H 
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Table 1. Cationic polymerization of IBVE using ZrCl4 and various ligand frameworksa 

 

entry ligand [ethyl acetate] 
(M) 

time 
(h) 

conv 
(%)b 

Mn × 10-3 

(calcd)c 
Mn × 10-3 

(obs)d Mw/Mn
d meso dyad 

(%)e 
catalytic 
solution 

1 1 1.0 144 94 14.5 7.6 1.17 63 transparent 
2 2 1.0 47 98 15.0 9.8 1.26 65 transparent 
3 3 1.0 22 96 7.4g 5.0 1.70 64 transparent 
4 4 1.0 8 84 12.9 23.7 1.13 – transparent 
5 5 0.1 6 89 13.7 30.4 1.13 – heterogeneous 
6 6 1.0 22 96 14.6 9.7 1.18 65h transparent 
7f 7 0.1 144 98 15.1 7.3 1.38 65 heterogeneous 
8f 8 1.0 7 97 14.9 7.2 1.14 66 transparent 
9 – 1.0 22 98 –  20.6 1.13 66 transparent 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at 0 ºC. b Determined by 
gas chromatography. c Based on the amounts of ligands or IBVE–HCl. d Determined by GPC (polystyrene standards). e 
Determined by 13C NMR analysis. f [IBVE–HCl]0 = 5.0 mM.  g Based on the amounts of hydroxy groups ([HCl]theoretical 
= 2 × [3]0 = 10 mM). h The value of the polymer obtained at a different polymerization time: time = 4 h, conv. = 44%, 
Mn = 3.8 × 103. 

 

bond was a key factor for initiating the reaction through the in situ-generated HCl.18 In comparison with the 

polymerization using ZrCl4 without a cation donor (Table 1, entry 9), ligand 6, which has an electron- 

withdrawing group (CF3), was found to function as a cation donor, while ligands 4 and 5, which do not have 

electron-withdrawing groups, were completely ineffective as a proton source (Table 1, entries 4–6). Thus, a 

phenol-type ligand framework, such as those of 1–3 and relatively acidic diacetamide compounds such as 6, 

were served as proton sources in the in situ complexation method. 

Bidentate [N,N]–type ligands (7 and 8) were also found to function efficiently, although the use of 

a protic ligand was required for the controlled cationic polymerization of IBVE (Table 1, entries 7 and 8). 

Ligands 7 and 8 did not possess protons that can be liberated through complexation with a metal chloride; 

hence, IBVE–HCl was used as the proton source in the polymerization. The mixture of ZrCl4 and 7 became a 

heterogeneous system and induced an IBVE polymerization reaction that proceeded slowly. The 

combination of ZrCl4 and 8 generated a transparent deep red solution. The red color gradually disappeared 

after the addition of the complex solution to a solution containing IBVE and ethyl acetate, which indicates 

that the state of the complex derived from ZrCl4 and 8 changed when it initiated the reaction. Moreover, the 

polymerization using 8 proceeded at a relatively high rate. The neutral ligand and metal chloride form an 

association-dissociation equilibrium; hence, free ZrCl4 likely catalyzed the polymerization instead of the 

poorly soluble catalyst complex generated from ZrCl4 and 7 or the low-activity catalyst complex generated 

from ZrCl4 and 8. The selection of a metal with a high affinity for a nitrogen is likely important for using 

[N,N]-type ligand frameworks. 
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Cationic polymerization of IBVE using [N,O]-type phenoxyimine ligands/ZrCl4 initiating 

systems 

Polymerization behavior using [N,O]-type phenoxyimine ligands (9–16) was found to depend on 

the substituents attached to the phenol moiety. The mixtures of ZrCl4 and [N,O]-type phenoxyimine ligands 

possessing tBu groups on the phenol moiety (9–13) in toluene were transparent, while ligands with no 

substituent (14) or methoxy (15) or NEt2 groups (16) generated precipitates in the presence of ZrCl4. 

Controlled cationic polymerizations proceeded when 9–13, phenoxyimines possessing tBu groups on the 

phenol moiety, were used in conjunction with ZrCl4 as the metal chloride (entries 1–5 in Table 2). In contrast, 

the use of phenoxyimine ligands with other substituents on the phenol moiety (14–16) resulted in 

uncontrolled polymerizations (entries 6–8). The solubility of the generated complexes was most likely 

responsible for the differences in their ability to control the reaction.  

The substituents on the N atom also affected the polymerization reactions. The polymerization 

using an N-alkyl substituted ligand, 9, instead of the N-aryl analog, 1, is also effective for the polymerization 

via in situ complexation. In contrast, polymerizations using tridentate dianionic ligands, namely, 10 and 11, 

produced polymers with Mn values lower than those of the polymers obtained using the 1/ZrCl4 system 

(Table 2, entries 2 and 3). The results indicate that the hydroxy groups of 10 and 11 most likely functioned as 

proton donors. In addition, tridentate monoanionic ligands with an ether pendant, namely, 12 and 13, exerted 

significant deceleration effects (Table 2, entries 4 and 5). The polymerizations using these ligands proceeded 

at rates that were less than one sixth that of using 9, which was likely due to the hemilability of the ether 

pendant of the ligands. Thus, [N,O]-type ligands with substituents that enhance solubility, reactivity, and 

quantitative initiation efficiency (Figure 3) were demonstrated to be useful for the controlled cationic 

polymerization using in situ complexation. 13C NMR analysis of the obtained polymers, however, indicated a 

negligible difference in stereoselectivity. 
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Table 2. Cationic polymerization of IBVE using ZrCl4 and various [N,O]-type ligandsa 

 

entry ligand time 
(h) 

conv 
(%)b 

Mn × 10-3 

(calcd)c 
Mn × 10-3 

(obs)d Mw/Mn
d meso dyad 

(%)e 
catalytic 
solution 

1 9 48 96 14.7 8.4 1.12 62 transparent 
2 10 70 96 7.4f 5.5 1.20 65 transparent 
3 11 144 94 7.2f 3.8 1.39 61 transparent 
4 12 220 91 13.9 9.4 1.15 64 transparent 
5 13 648 97 14.9 8.5 1.25 65 transparent 
6 14 120 90 13.8 7.2 1.58 65 heterogeneous 
7 15 72 94 14.5 4.6 1.55 65 heterogeneous 
8 16 480 91 14.0 14.0 1.52 66 heterogeneous 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 
0 ºC. b Determined by gas chromatography. c Based on the amounts of phenoxyimine ligands. d Determined by GPC 
(polystyrene standards). e Determined by 13C NMR analysis. f Based on the amounts of hydroxy groups ([HCl]theoretical = 
2 × [ligand]0 = 10 mM). 

 

 

Figure 3. Summary of the polymerizations of IBVE using various ligand frameworks/ZrCl4 initiating systems. 
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Investigation of appropriate combinations of N-phenyl phenoxyimine ligand and metal 

chlorides for controlled cationic polymerizations of IBVE 

The use of ZrCl4 as a metal chloride was indispensable for the controlled polymerization using 

N-phenyl phenoxyimine ligand in the presence of ethyl acetate, which was confirmed by the reactions using 

other metal chlorides (MCln: M = Ga, Zn, Ti, or Al). Transparent catalytic solutions were obtained from the 

combinations of 1 and various metal chlorides. Polymerization proceeded with the 1/GaCl3 and ZnCl2 

systems in the presence of ethyl acetate in toluene at 0 °C; however, the obtained polymers had broad 

MWDs (Table 3, entries 2 and 3). In addition, the Mn values of the polymers obtained from the 1/ZnCl2 

systems were higher than the calculated values. The higher Mn values were likely the result of a lower proton 

source concentration (HCl) due to insufficient complex formation. Moreover, polymerization was extremely 

slow when TiCl4 or AlCl3 were used as the metal chlorides (Table 3, entries 4 and 6), indicating that 

complexes generated from 1 and TiCl4 or AlCl3 likely have very low catalytic activities. The large amount of 

ethyl acetate present in the mixture likely suppressed the activity of these Lewis acids. Indeed, the 1/TiCl4 

system in the absence of ethyl acetate induced fast polymerization of IBVE although the polymerization 

proceeded in an uncontrolled manner (Table 5, entry 5). The polymerization using the 1/TiCl4 system is 

described below. 

To examine the livingness of the polymerization, a monomer addition experiment was conducted 

using the 1/ZrCl4 initiating system. A fresh batch of IBVE was added into the polymerization solution when 

the monomer conversion reached 84%. The freshly added IBVE was smoothly polymerized to produce 

polymers with molecular weights that increased linearly with increasing monomer conversion (Figure 4). 

However, the MWD curves became broader slightly as the polymerization proceeded. These results indicate 

that the polymerization proceeded in a controlled manner. 

 
Table 3. Cationic polymerization of IBVE using MCln and 1a 

 

entry MCln time conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 ZrCl4 144 h 94 14.5 7.6 1.17 63 
2 GaCl3 5 min 98 15.0 14.5 2.47 62 
3 ZnCl2 25 h 96 14.7 33.6 2.10 62 
4 TiCl4 360 h 14 2.2 1.4 2.28 – 
5f  3 h 100 15.3 9.0 5.16 65 
6 AlCl3 408 h 17 2.7 1.8 2.87 59 

a [IBVE]0 = 0.76 M, [MCln]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC. 
b Determined by gas chromatography. c Based on the amounts of 1. d Determined by GPC (polystyrene standards). e 
Determined by 13C NMR analysis. f Without ethyl acetate. 
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Figure 4. (A) Time–conversion curves for the polymerization, (B) Mn and Mw/Mn values, and (C) MWD curves for 
poly(IBVE)s obtained in the monomer-addition experiment using the 1/ZrCl4 initiating system ([IBVE]0 = [IBVE]added = 
0.76 M, [ZrCl4]0 = 5.0 mM, [1]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol.% in toluene at 0 ºC). 

 

The complex formation, initiation, and polymerization reaction using the 1/ZrCl4 system was 

examined by 1H NMR spectroscopy (Figure 5). The spectrum of the solution containing 1 and ethyl acetate 

(Figure 5A) had signals attributable to the phenolic (13.9 ppm), imino (8.2 ppm), and aryl (7.5 and 6.9–7.2 

ppm) protons. The addition of ZrCl4 to 1 resulted in the appearance of two signals at approximately 11.7 and 

10.3 ppm and a change in the chemical shifts of the signals of the aromatic region, indicating the occurrence 

of a reaction between 1 and ZrCl4. The newly generated signals can likely be assigned to the imino protons 

(-CH=N(H)-, 10.3 ppm) and the protic species associated with the nitrogen atom (-CH=N(H)-, 11.7 ppm),19 

which indicates that an intermediate complex was generated in the mixture of 1 and ZrCl4. The subsequent 

addition of IBVE to the 1/ZrCl4 solution resulted in the disappearance of these two signals (Figure 5C) 

probably because of the consumption of HCl in the initiation reaction pushed the complex formation to 

completion (Scheme 1A). The presence of the signal from the methine proton of the propagating -CH(OR)–

Cl ends (5.8 ppm) also indicates that the polymerization started via an in situ complexation mechanism. 
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Figure 5. 1H NMR spectra (signals of the protons of the imino and aryl groups) of (A) ligand 1, (B) the mixture of 1 
and ZrCl4 and (C) a polymerization solution using the 1/ZrCl4 initiating system (in toluene-d8 at 0 ºC, 500 MHz; [1]0 = 
25 mM, [ethyl acetate] = 1.0 M, [ZrCl4]0 = 0 or 25 mM, [IBVE]0 = 0 or 0.38 M). 

 

 

Scheme 1. (A) In situ complexation between 1 and ZrCl4 and initiation reaction with IBVE and (B) the polymerization 
mechanism of IBVE using the 1/ZrCl4 initiating system. 
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N-Phenyl phenoxyimine ligand/MCln systems in the absence of ethyl acetate 

To expand the scope of applicable metal species for controlled cationic polymerization using in 

situ complexation, polymerizations using the 1/MCln systems were examined in the absence of ethyl acetate. 

The polymerizations of IBVE were conducted in the absence of Lewis basic additives at –78 °C because the 

activities of the catalysts were suppressed in the presence of ethyl acetate. The polymerization using the 

1/TiCl4 initiating system proceeded smoothly and reached more than 90% conversion of IBVE (Figure 6A). 

The Mn values of the obtained polymers increased linearly with increasing monomer conversion, indicating 

that the polymerization proceeded in a controlled manner (Figure 6B). The Mn values of the polymers were 

approximately twice the values calculated based on the concentration of the phenolic hydrogen atoms of the 

ligand (Table 4, entry 1). In addition, the change in the 1/TiCl4 concentration corresponded to a change in the 

Mn values of the obtained polymers, indicating that the protic species generated in situ from 1/TiCl4 initiated 

the reaction (Table 4, entry 2, Figure 6B). The 1/TiCl4 initiating system produced a polymer with a very 

narrow MWD, while the IBVE–HCl/TiCl4 system gave a polymer with a broad MWD (Table 4, entry 3, 

Figure 6C) under the similar conditions. Thus, the coordination of the ligand on the Ti species suitably 

moderated the Lewis acidity of the central metal, causing the well-controlled cationic polymerization.  

 

 

Figure 6. (A) Time–conversion curves of the polymerization, (B) Mn and Mw/Mn values, and (C) MWD curves of 
poly(IBVE)s obtained using the 1/TiCl4 initiating system or the IBVE–HCl/TiCl4 system ([IBVE]0 = 0.76 M, [1]0 = 
[TiCl4]0 = 5.0 or 10 mM or [IBVE–HCl]0 = [TiCl4]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at –78 ºC). 
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In contrast to the 1/TiCl4 initiating system, in the absence of ethyl acetate, the 1/MCln initiating 

systems with various metal chlorides (MCln: M = Zr, Hf, Sn, Ga, Zn) induced uncontrolled polymerization of 

IBVE (Table 4, entries 4–8). In the cases of ZrCl4 and HfCl4, their complexations with 1 in the absence of 

ethyl acetate in toluene generated yellow suspensions. Thus, ethyl acetate most likely functions not only as a 

reagent that moderates the Lewis acidity of the catalyst but also as a regent that assists the solubility of the 

catalyst. The polymerization of IBVE using the suspensions proceeded in an uncontrolled manner and 

produced polymers with Mn values much larger than the calculated values and broad MWDs. A 1/SnCl4 

mixture also generated a slightly turbid catalytic solution. The Mn values of the obtained polymers using the 

1/SnCl4 system increased linearly with increasing the monomer conversion. However, the Mn values were 

much larger than the values calculated based on the amount of 1, indicating that the polymerization occurred 

with a very low initiation efficiency. Unlike the above cases, the 1/GaCl3 and ZnCl2 mixtures became 

transparent catalytic solutions. The 1/GaCl3 system led to uncontrolled polymerization and produced a 

polymer with a considerably high peak molecular weight (Mpt = 2.0 × 105). The polymerization using the 

1/ZnCl2 system proceeded very slowly. No significant change was observed in shapes of the MWD curves of 

the polymers obtained at different conversions. 

The complex generated from TiCl4 exhibited different stereoselectivity compared to those of other 

metal chlorides. 13C NMR analyses of the polymers obtained using the 1/MCln systems, except for the 

1/TiCl4, system exhibited almost the same meso dyad values (Table 4, entries 4–8, m = 68–74%). In contrast, 

the 1/TiCl4 initiating system produced polymers with low meso dyad values (m = 59%). The results indicate 

that the complex derived from 1/TiCl4 generated a propagating carbocation–counteranion pair that form 

preferably racemo dyads. 
 
Table 4. Cationic polymerization of IBVE using MCln and 1 in the absence of ethyl acetatea 

 

entry MCln time conv 
(%)b 

Mn × 10-3 

(calcd)c 
Mn × 10-3 

(obs)d Mw/Mn
d meso dyad 

(%)e catalytic solution 

1 TiCl4 7 h 94 14.5 29.9 1.11  59 transparent 
2   50 min 94 7.3 15.2 1.05 62 transparent 
3f  1 min 96 14.8 14.8 2.00 72 transparent 
4 ZrCl4

g 72 h 44 6.7 39.7 2.21  74 suspension 
5 HfCl4

g 29 h 78 11.9 37.9 2.15  74 suspension  
6 SnCl4 20 min 90 13.9 55.7  1.24  74 thin turbidity 
7 GaCl3 24 h 92 14.1 27.4 9.16  72 transparent 
8 ZnCl2 360 h 37 5.7 28.5 1.88  68 transparent 

a [IBVE]0 = 0.76 M, [MCln]0 = 5.0 mM for entries 1 and 3–8 or 10 mM for entry 2, [1]0 = 5.0 mM for entries 1 and 4–8 
or 10 mM for entry 2, [heptane] = 5.0 vol% in toluene at –78 ºC. b Determined by gas chromatography. c Based on the 
amounts of 1. d Determined by GPC (polystyrene standards). e Determined by 13C NMR analysis. f [IBVE–HCl]0 = 5.0 
mM. g Solid metal chloride was directly mixed with a ligand. 
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Cationic polymerization of various monomers using N-aryl phenoxyimine ligands/ZrCl4 

systems 

To confirm the monomer versatility of the 1/ZrCl4 initiating system, polymerizations of EVE and 

IPVE were conducted in the presence of ethyl acetate in toluene at 0 °C. The polymerizations of EVE and 

IPVE using the 1/ZrCl4 initiating system proceeded smoothly in similar manners to that of the 

polymerization of IBVE, indicating the occurrence of efficient initiation reactions via in situ complexation. 

These results indicated that the 1/ZrCl4 initiating system is effective for the controlled polymerization of 

various VE derivatives. 

The polymerization behavior of pMOS using the ligand/ZrCl4 initiating system was significantly 

affected by the ligand structure (Table 5, entries 4–7). The polymerization of pMOS using the 1/ZrCl4 

system proceeded smoothly, however, a polymer with a bimodal MWD was obtained (Figure 7). The main 

peak, in the lower MW region, was sharp and shifted to a higher MW as the reaction proceeded, which 

indicates that living propagation species were somehow generated. The higher MW portion, which had a 

broader MWD, was likely generated at an earlier stage of the polymerization, suggesting the occurrence of 

undesired initiation reactions. Therefore, a small portion of IBVE, a monomer more reactive than pMOS, 

was used for the polymerization of pMOS using the 1/ZrCl4 system to promote smooth initiation reactions. 

As expected, the formation of the high-MW portion was significantly suppressed, resulting in a polymer with 

a narrow MWD. Unlike in the reaction using 1, a negligible amount of uncontrolled portion with a large MW 

was generated in the polymerization using the 17/ZrCl4 system even in the absence of IBVE. This result 

indicates that the occurrence of the undesired reaction in the initiation step is affected by the ligand structure. 

The polymerization using the salphen (18)/ZrCl4 initiating system did not reach high monomer conversion in 

168 h, confirming that a low-activity and/or bulky catalyst complex is detrimental for the polymerization of 

pMOS. 

 

 

Figure 7. MWD curves for poly(pMOS)s obtained with various ligands/ZrCl4 initiating systems ([pMOS]0 = 0.38 M, 
[ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 0.10 M, [heptane] = 5.0 vol% in toluene at 0 ºC). 
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Table 5. Cationic polymerization of IBVE using ZrCl4 and various ligandsa 

 

entry monomer ligand [ethyl acetate] 
(M) 

time 
(h) 

conv 
(%)b 

Mn × 10-3 

(calcd)c 
Mn × 10-3 

(obs)d Mw/Mn
d 

1 IBVE 1 1.0 144 92 14.1 7.2 1.13 
2 EVE 1 1.0 52 93 10.5 6.7 1.30 
3 IPVE 1 1.0 9 94 12.4 8.3 1.34 
4 pMOS 1 0.10 216 87 8.8 5.2 4.26 
5e  1 0.10 600 85 8.6 6.8 1.31 
6  17 0.10 72 91 9.2 6.1 1.35 
7  18 0.10 168 36 1.8 2.1 2.92 

a [Monomer]0 = 0.76–0.79 M for VE or 0.38 M for pMOS, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 
vol% in toluene at 0 ºC. b Determined by gas chromatography. c Based on the amounts of ligands. d Determined by GPC 
(polystyrene standards). e [IBVE]0 = 50 mM. 

 

Copolymerization of IBVE and pMOS proceeded successfully using the phenoxyimine/ZrCl4 

initiating system in a controlled, domino-type manner (Figure 8).20 The copolymerization reactions were 

conducted using the substituted phenoxyimines (1, 17, 19, and 20)/ZrCl4 initiating systems in the presence of 

ethyl acetate in toluene at 0 °C. The MWDs of the obtained polymers were monomodal but relatively broad 

(Mw/Mn = 1.36–1.63). The relationship between the content of pMOS in the copolymer and the conversion of 

IBVE is shown in Figure 8. In all case, the pMOS contents were relatively low until the conversion of IBVE 

reached over 70–80%, indicating the occurrence of a domino-type reaction. The plots of 1 and 17 exhibited 

similar trends to those of the IBVE–HCl/ZrCl4 system, which suggests that these ligands had a negligible 

effect on the monomer selectivity of the copolymerization. In contrast, the IBVE selectivities achieved using 

19 and 20 were slightly lower than those of the above cases. The environment around the propagating 

carbocation and the counteranion generated from these ligands may be responsible for the decreased IBVE 

selectivity, although the details are unclear. 
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Figure 8. The ratio of pMOS units in the products obtained in the copolymerization of IBVE and pMOS using the 
phenoxyimine ligands/ZrCl4 initiating systems ([IBVE]0 = [pMOS]0 = 0.50 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 0 or 5.0 
mM, [IBVE–HCl]0 = 0 or 5.0 mM, [ethyl acetate] = 0.10 M, [heptane] = 5.0 vol% in toluene at 0 ºC). 

 

Bulk polymerization of IBVE using N-aryl phenoxyimine ligands/ZrCl4 systems 

A metal–ligand bonding interaction, which directly tunes a Lewis acidity of a central metal, can 

be effective for a controlled bulk polymerization. Bulk polymerization of IBVE using an isolated 1/ZrCl4 

catalyst was demonstrated to proceed in a controlled manner (Table 6). The isolated complex was 

synthesized from 1 and ZrCl4 by an in situ complexation and subsequent evaporation of the solvents under 

reduced pressure. The polymerization was conducted by the addition of a monomer into a tube containing 

the solid catalyst in the absence of solvent. The bulk polymerization using the catalyst generated from 

1/ZrCl4 proceeded smoothly and reached quantitative conversion in 15 h. The obtained polymer had a very 

large MW and a relatively narrow MWD (Figure 9A; Mw/Mn ~ 1.26 for a main peak). In sharp contrast, 

negligible polymerization occurred with the isolated catalyst generated from salphen-type 18 and ZrCl4 by a 

method similar to that used with 1. The difference likely comes from the presence of HCl in the isolated 

catalysts. The dried catalyst from 1/ZrCl4 may be isolated as the protonated species (Figure 5B), whereas the 

in situ-generated HCl in 18/ZrCl4 was almost completely removed by drying under reduced pressure. The 

advantage of the complex generated from 1 was demonstrated by a reference experiment using the IBVE–

HCl/ZrCl4 system under similar conditions. The reaction generated a polymer with a broad MWD (Figure 

9D; Mw/Mn = 1.92). The moderation of the Lewis acidity of the metal species via the metal–ligand bonding 

interaction is likely responsible for the controlled polymerization achieved using 1. 

The electronic properties of the complex can be tuned through the introduction of substituents, 

which is useful for adjusting the catalytic activity in bulk polymerizations. The polymerization using the 

catalyst generated from the p-MeO-substituted ligand/ZrCl4 system, which had relatively moderate Lewis 

acidity due to the electron-donating effect of the MeO group, proceeded at a moderate rate and generated a 

well-defined polymer (Table 6, Figure 9C). In contrast, the introduction of an electron-withdrawing group to 

the ligand led to uncontrolled polymerization. A catalyst generated from CF3 group-substituted ligand 19 
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exhibited very high catalytic activity. The conversion reached approximately 90% in 5 min. The obtained 

polymer contained a high-MW portion as a leading peak (Figure 9B). The uncontrolled composition was 

likely due to uncontrolled reactions that resulted from the heat of the reaction from a very high 

polymerization rate under bulk conditions. Indeed, the generation of bubbles, which were likely from partial 

evaporation of the monomer due to the rapid temperature increase, was visually confirmed. Thus, the 

appropriate moderation of the catalytic activity was effective for controlled bulk polymerizations. 

 
Table 6. Cationic polymerization of IBVE using various ligands/ZrCl4 systems under bulk conditionsa 

 

entry ligand 
(initiator) time conv 

(%)b 
Mn × 10-4 

(calcd)c 
Mn × 10-4 

(obs)d Mw/Mn
d Mn × 10-4 

(main)d 
Mw/Mn 
(main)d 

1 1 15 h 99 15.2 6.4 1.65 6.5 1.26 
2 18 528 h 10 0.8 0.4 8.30 - - 
3 19 5 min 88 13.6 3.3 4.36 2.8 2.16 
4 21 12 h 95 14.6 7.7 1.20 - - 
5e IBVE–HCl 2.5 min 74 5.1 3.0 1.92 - - 

a [IBVE]0/[complex]0 = 7.6 M/0.005 M at 0 ºC. b Determined by gas chromatography. c Based on the amounts of 
ligands. d Determined by GPC (polystyrene standards). e [IBVE]0 = 6.9 M, [IBVE–HCl]0 = 10 mM, [ZrCl4]0 = 5.0 mM, 
[ethyl acetate] = 100 mM, CH2Cl2: 10 vol% at 0 ºC.  

 

 

Figure 9. MWD curves for poly(IBVE)s obtained using the ligands/ZrCl4 initiating systems (A–C: [IBVE]0/[complex]0 
= 7.6 M/0.005 M at 0 ºC. D: [IBVE]0 = 6.9 M, [IBVE–HCl]0 = 10 mM, [ZrCl4]0 = 5.0 mM, [ethyl acetate] = 100 mM, 
CH2Cl2: 10 vol% at 0 ºC).  
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Conclusion 

Various ligand frameworks were screened to identify an appropriate ligand scaffold for cationic 

polymerizations. The [N,O]-type phenoxyimine ligands were useful for modifying metal chloride catalysts. 

Notably, tBu group-substituted phenoxyimine ligand/ZrCl4 initiating systems induced well-controlled 

cationic polymerizations of IBVE in the presence of ethyl acetate in toluene at 0 °C. 1H NMR analysis 

indicated that the mixture of ligand 1 and ZrCl4 formed a protonated intermediate species. The completion of 

complex formation and initiation of the reaction was achieved by the consumption of HCl through the 

addition of a monomer to the reaction mixture. The 1/TiCl4 initiating system was also effective for the 

polymerization of IBVE in the absence of ethyl acetate in toluene at –78 °C. Polymerization results using 1 

and various metal chlorides indicated that ZrCl4 and TiCl4 were appropriate for the controlled cationic 

polymerization of IBVE. In addition, the phenoxyimine ligands/ZrCl4 initiating systems were also effective 

for controlled polymerization of pMOS, a styrene derivative less reactive than alkyl VEs. The reaction 

proceeded in a controlled manner when a ligand with an appropriate structure was used. The bulk 

polymerization using isolated catalysts also produced polymers with narrow MWDs, particularly with the 

use of a ligand with an electron-donating group.  
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Chapter 5 

Structure–Property Relationship of Phenoxyimine Ligands/MCln Initiating 
Systems for Cationic Polymerizations of Vinyl Ether 

Introduction 

Correlation analyses such as linear free energy relationship (LFER)1 and quantitative structure–

activity relationship (QSAR)2 studies have been widely used for predicting the properties of substrates and 

quantitatively estimating their various parameters, including their reactivities, physical (spectroscopic) 

properties, reaction constants, and biological activities, in fields such as organic chemistry, physical 

chemistry, and biochemistry. In organic chemistry, LFERs describe the relationships between resultant data, 

such as equilibrium data, rate constants, or excitation energies, and a variety of perturbations, such as the 

presence of substituents on a substrate, reaction solvents, and reaction species. LFERs are very useful for 

systematically understanding and quantitatively evaluating a chemical reaction and have been extensively 

employed to elucidate reaction mechanisms.3–5  

The Hammett equation, which is an example of an LFER, gives the relationship between the 

chemical structure and the reactivity of the aromatic rings. 1a,6 The Hammett substituent constant σ, which is 

established based on the ionization constants of substituted benzoic acids, quantifies the 

electron-donating/withdrawing ability of a substituent.1a The substituent constant is composed of both 

inductive and resonance effects. The contribution from the inductive effect depends on the electronegativity 

difference regardless of the nature of the reaction, while the contribution from the resonance effect depends 

on the type of reaction. Thus, σ + and σ – values were proposed to account for the enhanced resonance effects 

of p-positioned electron-donating and electron-withdrawing substituents, which stabilize positive and 

negative charges, respectively, on an aromatic ring. Hammett-type analyses using these substituent constants 

are highly effective for both elucidating reaction mechanisms and predicting reaction rates and equilibria. 

A phenoxyimine ligand, which has advantages due to its easily tunable electronic and 

stereochemical properties, has been extensively investigated for olefin polymerization catalysts.7 

Phenoxyimine ligands are obtained from the condensation of salicylaldehyde derivatives with amines in high 

yield. The starting materials for preparing these ligands are commercially available or can be obtained from 

simple synthetic procedures. As olefin polymerization catalysts, phenoxyimine complexes have practical 

ligand frameworks. The accessibility of various structures in phenoxyimine complexes results in several 

advantages, including good stability of complexes, catalytic activity, and stereoregularity of the obtained 

polymers. 

In Chapter 4, the N-phenyl phenoxyimine ligand/ZrCl4 or TiCl4 initiating systems were shown to 

induce the controlled cationic polymerization of isobutyl vinyl ether (IBVE) under appropriate conditions. In 
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this chapter, the substituent effects of phenoxyimine ligands on cationic polymerization behaviors are 

investigated using the N-aryl phenoxyimine ligands with various substituents on the aniline moiety. 

Accordingly, the author aims to examine the relationship between the electronic properties and the catalytic 

activities in cationic polymerizations of various phenoxyimine ligands (Figure 1). In cationic 

polymerizations, a complex catalyst catalyzes the cleavage of the carbon–halogen bonds (a C–Cl bond in this 

study) at the initiating and propagating ends to generate a carbocationic species and a counteranion. 

Hammett analysis is expected to provide information on the electronic effects of the ligands on the 

polymerization behavior. Specifically, a complex catalyst is converted to a negatively charged counteranion 

through the abstraction of a heteroatom from the propagating chain ends. Thus, analysis using ligands with a 

series of substituents will likely result in a Hammett plot with a positive slope. In addition, the o-substituents 

on the phenoxyimine ligands are expected to provide catalytic environments that are different from those of 

p- and m-substituted analogs in terms of their electronic and steric features due to the steric repulsion around 

the imino moiety.  

 

 

Figure 1. Structure–property relationship of cationic polymerization catalysts. 
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Experimental 

Materials 

Materials were prepared and used as described in Chapters 2–4.  
 
Synthesis  

General procedure  

All materials were prepared using the following procedure. An aniline derivative was added to a 

methanol solution with an equivalent amount of 3,5-di-tert-butylsalicylaldehyde and a few drops of formic 

acid while stirring under a nitrogen atmosphere at room temperature. The solution was heated under reflux 

for at least 6 h, and the reaction mixture was then cooled to room temperature. After filtration, the solid was 

washed with cold methanol and dried under reduced pressure. The product was then purified by 

recrystallization from hexane or dichloromethane. The solid was filtered and washed and then dried under 

reduced pressure. 

N-(4-Nitrophenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.07 (1H, s, OH), 8.65 (1H, s, N=CH), 8.29 (2H, d, J = 

9.0 Hz, CH-aniline), 7.53 (1H, d, J = 2.4 Hz, CH-phenol), 7.37 (2H, d, J = 9.0 Hz, CH-aniline), 7.26 (1H, d, 

J = 2.3 Hz, CH-phenol), 1.48, 1.34 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 166.4 

(N=CH), 158.6 (C-OH), 154.4, 145.9 (ipso-aniline), 141.2, 137.4, 117.9 (ipso-phenol), 129.5, 127.4 (phenol), 

125.2, 121.8 (aniline), 35.1, 34.2 (C(CH3)3), 31.4, 29.4 (C(CH3)3). 

Mehyl-4-[(3,5-di-tert-butylsalicylidene)amino]benzoate 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.39 (1H, s, OH), 8.65 (1H, s, N=CH), 8.09 (2H, d, J = 

8.2 Hz, CH-aniline), 7.49 (1H, d, J = 2.7 Hz, CH-phenol), 7.30 (2H, d, J = 8.6 Hz, CH-aniline), 7.24 (1H, d, 

J = 2.6 Hz, CH-phenol), 3.92 (3H, s, CO2CH3) 1.48, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): 166.6 (CO2CH3), 165.2 (N=CH), 158.5 (C-OH), 152.5, 128.0 (ipso-aniline), 140.7, 137.2, 118.1 

(ipso-phenol), 128.8, 127.1 (phenol), 131.0, 121.1 (aniline), 52.1 (CO2CH3) 35.1, 34.2 (C(CH3)3), 31.4, 29.4 

(C(CH3)3). 

N-(4-Chlorophenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.46 (1H, s, OH), 8.60 (1H, s, N=CH), 7.47 (1H, d, J = 

2.7 Hz, CH-phenol), 7.36 (2H, d, J = 8.7 Hz, CH-aniline), 7.23–7.19 (3H, m, CH-aryl), 1.48, 1.33 (9H each, 

s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 164.1 (N=CH), 158.3 (C-OH), 147.3, 132.1 

(ipso-aniline), 140.8, 137.1, 118.2 (ipso-phenol), 128.4, 126.9 (phenol), 129.5, 122.4 (aniline), 35.1, 34.2 

(C(CH3)3), 31.5, 29.4 (C(CH3)3). 

N-(4-Mehylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.79 (1H, s, OH), 8.63 (1H, s, N=CH), 7.44 (1H, d, J = 

2.4 Hz, CH-phenol), 7.22–7.18 (5H, m, CH-aryl), 2.37 (3H, s, Ar-CH3), 1.48, 1.33 (9H each, s, tBu). 13C 

NMR (100 MHz, CDCl3, 30 °C): δ 162.9 (N=CH), 158.2 (C-OH), 146.2, 136.4 (ipso-aniline), 140.5, 136.9, 
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118.4 (ipso-phenol), 127.8, 126.6 (phenol), 129.9, 121.0 (aniline), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3), 

21.0 (ArCH3). 

N-(4-tert-Buthylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.80 (1H, s, OH), 8.64 (1H, s, N=CH), 7.45 (1H, d, J = 

2.7 Hz, CH-phenol), 7.42 (2H, d, J = 8.9 Hz, CH-aniline), 7.23 (2H, d, J = 8.7 Hz, CH-aniline), 7.21 (1H, d, 

J = 2.7 Hz, CH-phenol), 1.48, 1.34, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 163.0 

(N=CH), 158.3 (C-OH), 146.1, 149.8 (ipso-aniline), 140.5, 137.0, 118.4 (ipso-phenol), 127.8, 126.7 (phenol), 

126.2, 120.8 (aniline), 35.1, 34.6, 34.2 (C(CH3)3), 31.5, 31.4, 29.5 (C(CH3)3). 

N-(3-Nitrophenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.13 (1H, s, OH), 8.70 (1H, s, N=CH), 8.15–8.10 (2H, m, 

CH-aniline), 7.63–7.56 (2H, m, CH-aniline), 7.52 (1H, d, J = 2.3 Hz, CH-phenol), 7.27 (1H, d, J = 2.4 Hz, 

CH-phenol), 1.48, 1.34 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 166.1 (N=CH), 158.5 

(C-OH), 150.1, 149.2 (ipso-aniline), 141.1, 137.3, 117.9 (ipso-phenol), 129.2, 127.4 (phenol), 130.2, 127.9, 

121.0, 115.6 (aniline), 35.2, 34.2 (C(CH3)3), 31.4, 29.4 (C(CH3)3). 

N-(3-Chlorophenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.36 (1H, s, OH), 8.61 (1H, s, N=CH), 7.48 (1H, d, J = 

2.6 Hz, CH-phenol), 7.32 (1H, t, J = 7.9 Hz, CH-aniline), 7.28 (1H, t, J = 1.9 Hz, CH-aniline), 7.24–7.21 

(2H, m, CH-aniline and CH-phenol), 7.16 (1H, dd, J = 1.0, 6.9 Hz, CH-aniline), 1.48, 1.33 (9H each, s, 

C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 164.8 (N=CH), 158.4 (C-OH), 150.1, 135.0 (ipso-aniline), 

140.8, 137.1, 118.1 (ipso-phenol), 128.5, 127.1 (phenol), 130.3, 126.4, 121.2, 119.7 (aniline), 35.1, 34.2 

(C(CH3)3), 31.5, 29.4 (C(CH3)3). 

N-(3-Mehylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.74 (1H, s, OH), 8.63 (1H, s, N=CH), 7.45 (1H, d, J = 

2.4 Hz, CH-phenol), 7.28 (1H, t, J = 7.7 Hz, CH-aniline), 7.22 (1H, d, J = 2.4 Hz, CH-phenol), 7.13–7.04 

(3H, m, CH-aniline), 2.39 (3H, s, Ar-CH3), 1.48, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): δ 163.5 (N=CH), 158.3 (C-OH), 148.7, 139.2 (ipso-aniline), 140.5, 137.0, 118.4 (ipso-phenol), 127.9, 

126.8 (phenol), 129.1, 127.3, 122.0, 118.1 (aniline), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3), 21.4 

(Ar-CH3). 

N-(3-Methoxyphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.64 (1H, s, OH), 8.63 (1H, s, N=CH), 7.46 (1H, d, J = 

2.7 Hz, CH-phenol), 7.30 (1H, t, J = 7.7 Hz, CH-aniline), 7.22 (1H, d, J = 2.6 Hz, CH-phenol), 6.89–6.79 

(3H, m, CH-aniline), 3.84 (3H, s, OCH3), 1.48, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): δ 163.9 (N=CH), 158.3 (C-OH), 160.5, 150.1 (ipso-aniline), 140.6, 137.0, 118.3 (ipso-phenol), 128.1, 

126.9 (phenol), 130.1, 113.2, 112.5, 107.0 (aniline), 55.4 (OCH3), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 

(C(CH3)3). 
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N-(3-Phenylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.69 (1H, s, OH), 8.70 (1H, s, N=CH), 7.65–7.61 (2H, m, 

CH-aryl), 7.52–7.42 (6H, m, CH-aryl), 7.36 (1H, tt, J = 7.4, 1.1 Hz, CH-aryl), 7.26 (1H, dt, J = 7.0, 1.9 Hz, 

CH-aryl), 7.24 (1H, d, J = 2.4 Hz, CH-aryl), 1.49, 1.34 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): δ 164.0 (N=CH), 158.3 (C-OH), 149.2, 142.6 (ipso-aniline), 140.6 (ipso-phenol and ipso-phenyl), 

137.0, 118.3 (ipso-phenol), 130.3, 126.4, 121.2, 119.7 (aniline), 128.8, 127.6, 127.2 (phenyl), 128.1, 126.9 

(phenol), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3). 

N-(3,5-Nitrophenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 12.71 (1H, s, OH), 8.92 (1H, t, J = 3.0 Hz, CH-aniline), 

8.78 (1H, s, N=CH), 8.45 (2H, d, J = 2.1 Hz, CH-aniline), 7.58 (1H, d, J = 2.4 Hz, CH-phenol), 7.31 (1H, d, 

J = 2.4 Hz, CH-phenol), 1.48, 1.35 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 167.9 

(N=CH), 158.8 (C-OH), 151.4, 149.3 (ipso-aniline), 141.7, 137.7, 117.6 (ipso-phenol), 130.5, 127.9 (phenol), 

121.6, 115.8 (aniline), 35.2, 34.3 (C(CH3)3), 31.4, 29.4 (C(CH3)3). 

N-(3,5-Trifluoromethylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 12.99 (1H, s, OH), 8.69 (1H, s, N=CH), 7.77 (1H, s, 

CH-aniline), 7.71 (2H, s, CH-aniline), 7.53 (1H, d, J = 2.4 Hz, CH-phenol), 7.27 (1H, d, J = 2.4 Hz, 

CH-phenol), 1.48, 1.34 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): 13C NMR (100 MHz, 

CDCl3, 30 °C): δ 166.6 (N=CH), 158.6 (C-OH), 150.4 (ipso-aniline), 133.0 (q, J = 33.4 Hz, ipso-aniline), 

141.3, 137.5, 117.9 (ipso-phenol), 129.6, 127.5 (phenol), 123.1 (q, J = 271 Hz, CF3), 121.5 (d, J = 2.9 Hz, 

aniline), 119.8 (m, J = 33.4 Hz, aniline), 35.2, 34.3 (C(CH3)3), 31.4, 29.4 (C(CH3)3). 

N-(3,5-Chlorophenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.08 (1H, s, OH), 8.60 (1H, s, N=CH), 7.50 (1H, d, J = 

2.5 Hz, CH-phenol), 7.25 (1H, t, J = 1.8 Hz, CH-aniline), 7.22 (1H, d, J = 2.4 Hz, CH-phenol), 7.18 (2H, d, J 

= 1.8 Hz, CH-aniline), 1.47, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 165.7 

(N=CH), 158.4 (C-OH), 150.8, 135.6 (ipso-aniline), 141.0, 137.3, 117.9 (ipso-phenol), 129.1, 127.3 (phenol), 

126.3, 120.0 (aniline), 35.1, 34.2 (C(CH3)3), 31.4, 29.4 (C(CH3)3). 

N-(3,5-mehyl-phenyl)-3,5-di-tert-butyl-salicylidene-amine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.80 (1H, s, OH), 8.63 (1H, s, N=CH), 7.44 (1H, d, J = 

2.4 Hz, CH-phenol), 7.21 (1H, d, J = 2.4 Hz, CH-phenol), 6.94–6.89 (3H, m, CH-aniline), 2.35 (6H, s, 

Ar-CH3), 1.48, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 163.3 (N=CH), 158.3 

(C-OH), 148.6, 139.0 (ipso-aniline), 140.4, 137.0, 118.4 (ipso-phenol), 127.8, 126.7 (phenol), 128.3, 118.9 

(aniline), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3). 

N-(3,5-Methoxyphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.59 (1H, s, OH), 8.62 (1H, s, N=CH), 7.46 (1H, d, J = 

2.4 Hz, CH-phenol), 7.21 (1H, d, J = 2.4 Hz, CH-phenol), 6.45 (2H, d, J = 2.3 Hz, CH-aniline), 6.38 (1H, t, J 
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= 2.2 Hz, CH-aniline), 3.82 (6H, s, OCH3), 1.48, 1.33 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): δ 164.0 (N=CH), 158.3 (C-OH), 161.4, 150.8 (ipso-aniline), 140.6, 137.0, 118.2 (ipso-phenol), 128.2, 

126.9 (phenol), 99.5, 98.9 (aniline), 55.5 (OCH3), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3). 

N-(3,5-tert-Butylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.88 (1H, s, OH), 8.64 (1H, s, N=CH), 7.45 (1H, d, J = 

2.5 Hz, CH-phenol), 6.34 (1H, t, J = 1.7 Hz, CH-aniline), 7.24 (1H, d, J = 2.1 Hz, CH-phenol), 7.12 (2H, d, J 

= 1.7 Hz, CH-aniline), 1.49, 1.34 (9H each, s, C(CH3)3), 1.37 (18H, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): δ 163.1 (N=CH), 158.3 (C-OH), 152.1, 148.2 (ipso-aniline), 140.5, 136.9, 118.4 (ipso-phenol), 127.7, 

126.7 (phenol), 120.7, 115.5 (aniline), 35.1, 35.0, 34.2 (C(CH3)3), 31.5, 31.5, 29.5 (C(CH3)3). 

N-(2-Methylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 13.73 (1H, s, OH), 8.56 (1H, s, N=CH), 7.47 (1H, d, J = 

2.4 Hz, CH-phenol), 7.27–7.21 (3H, m, CH-phenol and CH-aniline), 7.16 (1H, m, CH-aniline), 7.07 (1H, d, 

J = 7.9 Hz, CH-aniline), 2.40 (3H, s, Ar-CH3), 1.49, 1.34 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 

30 °C): δ 163.5 (N=CH), 158.4 (C-OH), 147.3, 132.2 (ipso-aniline), 140.5, 137.0, 118.5 (ipso-phenol), 127.9, 

126.7 (phenol), 130.6, 126.9, 126.4, 118.0 (aniline), 35.1, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3), 18.2 

(Ar-CH3). 

N-(2-iso-Propylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.58 (1H, s, OH), 8.55 (1H, s, N=CH), 7.47 (1H, d, J = 

2.4 Hz, CH-phenol), 7.38–7.31 (1H, m, CH-aniline), 7.29–7.18 (3H, m, CH-phenol and CH-aniline), 7.06–

6.98 (1H, m, CH-aniline), 3.46 (1H, m, Ar-CH), 1.49, 1.34 (9H each, s, C(CH3)3), 1.26 (6H, s, CHCH3). 13C 

NMR (100 MHz, CDCl3, 30 °C): δ 164.0 (N=CH), 158.2 (C-OH), 147.3, 142.2 (ipso-aniline), 140.5, 137.0, 

118.6 (ipso-phenol), 127.9, 126.8 (phenol), 126.8, 126.7, 125.7, 118.6 (aniline), 35.2, 34.2 (C(CH3)3), 31.5, 

29.5 (C(CH3)3), 28.2 (CH(CH3)2), 23.2 (CH(CH3)2). 

N-(2-Phenylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.09 (1H, s, OH), 8.60 (1H, s, N=CH), 7.50–7.10 (11H, m, 

CH-aryl), 1.38, 1.32 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 164.0 (N=CH), 158.2 

(C-OH), 146.7, 136.6 (ipso-aniline), 140.3, 137.0, 118.4 (ipso-phenol), 139.2 (ipso-phenyl), 130.5, 129.8, 

128.0 (phenyl), 127.9, 126.7 (phenol), 128.5, 127.1, 126.6, 118.9 (aniline), 35.1, 34.1 (C(CH3)3), 31.5, 29.3 

(C(CH3)3). 

N-(2,6-Di-iso-propylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (400 MHz, CDCl3, 30 °C): δ 13.43 (1H, s, OH), 8.29 (1H, s, N=CH), 7.50 (1H, d, J = 

2.5 Hz, CH-phenol), 7.21–7.12 (4H, m, CH-phenol and CH-aniline), 3.02 (2H, m, Ar-CH), 1.50, 1.34 (9H 

each, s, C(CH3)3), 1.18 (12H, s, CHCH3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 167.5 (N=CH), 158.4 

(C-OH), 146.4, 138.9 (ipso-aniline), 140.5, 137.2, 117.7 (ipso-phenol), 128.1, 126.6 (phenol), 123.2, 125.2 

(aniline), 35.2, 34.2 (C(CH3)3), 31.5, 29.5 (C(CH3)3), 28.0 (CH(CH3)2), 23.6 (CH(CH3)2). 
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N-(2,4,6-Triphenylphenyl)-3,5-di-tert-butylsalicylideneamine 
1H NMR (500 MHz, CDCl3, 30 °C): δ 12.89 (1H, s, OH), 7.95 (1H, s, N=CH), 7.72–7.62 (4H, m, 

CH-aryl), 7.49–7.39 (6H, m, CH-aryl), 7.38–7.29 (6H, m, CH-aryl), 7.28–7.21 (2H, m, CH-aryl), 6.56 (1H, d, 

J = 2.4 Hz, CH-phenol), 1.37, 1.19 (9H each, s, C(CH3)3). 13C NMR (100 MHz, CDCl3, 30 °C): δ 169.2 

(N=CH), 158.1 (C-OH), 140.2, 136.5, 117.9 (ipso-phenol), 139.8, 138.3 (ipso-aniline and ipso-phenyl), 

139.7, 135.6, 129.9, 128.9, 128.8, 128.3, 127.8, 127.4, 127.0,126.9, 126.4 (aryl), 35.0, 34.0 (C(CH3)3), 31.3, 

29.3 (C(CH3)3). 
 
Polymerization Procedure 

Cationic polymerization reactions were conducted in a similar manner to that described in Chapter 

2. 
 
Characterization 

The MWD and NMR spectra of the polymers were determined as described in Chapters 2 and 3. 
 

Results and Discussion 

1. The relationship between the electronic properties and the catalytic properties of the p- or 

m-substituted phenyl phenoxyimine ligand/MCln systems  

To examine the relationships between the Hammett substituent constants and the properties of the 

phenoxyimine ligands, 1H NMR analyses were conducted with a series of ligands having a p- or 

m-substituted phenyl moiety. The 1H NMR signals of the protons were observed at approximately 13–14 

ppm, which is significantly downfield of the phenol OH group due to the intramolecular interactions of the 

protons with the imino nitrogen atom.8,9 1H NMR analyses of the ligands showed that the chemical shifts of 

the phenolic protons of the ligands depended on the substituents on the anilinic moieties. A plot of the 

chemical shifts against the Hammett substituent constants (σ values) showed a linear relationship (Figure 

2),9,10 which indicated that the electric properties of the ligand framework follow the Hammett equation. 
 

 

Figure 2. 1H NMR chemical shift values of the phenolic OH protons of the p- or m-substituted phenyl phenoxyimine 
ligands (500 MHz in CDCl3 at 30 ºC). 
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1.1 The catalytic activities of the ligands/ZrCl4 systems 

The polymerization of IBVE using initiating systems consisting of ZrCl4 and phenoxyimine 

ligands with a p- or m-substituted phenyl ring was found to proceed in a controlled manner regardless of the 

substituents attached (Table 1). In Chapter 4, the author have demonstrated that the N-phenyl phenoxyimine 

ligand/ZrCl4 initiating system is effective for the controlled cationic polymerization of IBVE in the presence 

of ethyl acetate in toluene at 0 °C (Table 1, entry 5). Various N-aryl phenoxyimine ligands possessing p- or 

m-substituents were used for cationic polymerizations under the same conditions. The catalytic solutions 

were obtained by mixing ZrCl4 and the phenoxyimine ligands. Heterogeneous catalytic solutions were 

obtained in some cases. After the polymerization was started, however, the polymerization solutions became 

homogeneous in the early stage of the polymerization (within 3% conversion).11 In all cases, the 

polymerizations using the complex catalysts proceeded smoothly and reached over 90% conversion. The 

polymerization rates depended on the substituents; the reactions using ligands with electron-withdrawing 

groups, such as CF3, proceeded faster, while those using ligands with electron-donating groups, such as MeO, 

proceeded slower (Figure 3A). The Mn values of the obtained polymers increased linearly with the 

conversion and reached similar values (Table 1, Figure 3B). The MWD curves were relatively narrow, 

indicating that the polymerizations proceeded in a controlled manner regardless of the ligand used in the 

initiating system.  
 

 

Figure 3. (A) Time–conversion curves of the polymerization and (B) Mn and Mw/Mn values of the polymers obtained 
using the p-substituted phenyl phenoxyimine ligands/ZrCl4 initiating systems ([IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, 
[ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC).  
 

The apparent rate constants (kapp), which were determined from the first-order plots of the 

polymerization reactions using the phenoxyimine ligands, were dependent on the substituents on the anilinic 

moieties (Figure 4). The all first-order plots were linear. (Figure 4A). The apparent rate constants were 

calculated from the slope of the plots (kapp = [ln(M0/M)]/[reaction time (h)]). The complexes with an 

electron-withdrawing group on the phenoxyimine ligand had larger kapp values than those with 

electron-donating groups, most likely because the Lewis acidity of the complexes was enhanced by the  
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Table 1. Cationic polymerization of IBVE using ZrCl4 and the p- or m-substituted phenyl phenoxyimine ligandsa 

 

entry substituent σ value time (h) conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 p-NO2 0.78 24 96 14.7 8.1 1.41  65 
2 p-CF3 0.54 40 98 15.0 8.8 1.26 64 
3 p-COOMe 0.39 50 94 14.5 7.6 1.31 64 
4 p-Cl 0.23 54 92 14.1 7.9 1.13 63 
5 H 0 144 94 14.4 7.9 1.14 62 
6 p-Me –0.17 70 95 14.6 9.8 1.21  65 
7 p-tBu −0.20 88 93 14.3 9.3 1.23 65 
8 p-OMe −0.27 120 91 14.0 8.7 1.11 63 
9 m-NO2 0.71 18 96 14.7 6.6 1.33  66 

10 m-Cl 0.37 48 98 15.0 9.5 1.21 65 
11 m-OMe 0.12 148 92 14.1 8.3 1.16 64 
12 m-Ph 0.06 216 95 14.6 6.4 1.21  64 
13 m-Me –0.07 80 93 14.4 6.7 1.74  65 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 
0 ºC. b Determined by gas chromatography. c Based on the amounts of phenoxyimines. d Determined by GPC 
(polystyrene standards). e Determined by 13C NMR analysis. 
 
electron-withdrawing effects of the ligand. A plot of the σ values versus the log(kR,app/kH,app) values (where 

kR,app and kH,app are the apparent rate constants of the polymerization using phenoxyimine ligands with R- or 

no substituents on the phenyl group, respectively) showed a curve with a positive slope. The non-linearity of 

the plot indicates that factors other than the electronic properties of the phenoxyimine ligands affect the 

polymerization behavior. 
 

 

Figure 4. (A) ln([M]0/[M])–time plots and (B) log(kR,app/kH,app)–Hammett substituent constant plot for the 
polymerization using the p- or m-substituted phenyl phenoxyimine ligands/ZrCl4 initiating systems ([IBVE]0 = 0.76 M, 
[ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC).  
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The Lewis acid–base interactions between the catalysts and ethyl acetate are likely one of the 

factors responsible for the non-linearity of the relationship between the Hammett constants and the apparent 

rate constants. The 1H NMR analyses of the polymerization reaction in CDCl3 at 0 °C (Figure 5) indicated 

that the catalyst complex and ethyl acetate were in a dissociation (A)-association (B) equilibrium state. The 

methylene signal of free ethyl acetate was observed at approximately 4.0 ppm, while a signal attributable to 

the ethyl acetate molecule interacting with a metal complex appeared at 4.6 ppm. From the ratio of the 

integrals of the imino signal of the catalyst complex and the signal of the ethyl acetate, the ratio of the free 

catalyst complex (A) and the associated catalyst complex (B) was found to change depending on the ligand 

structure. Specifically, the proportion of the associated form (B) was higher when ligands with more 

electron-donating character were used, indicating that stronger Lewis acid catalysts interacted more 

efficiently with ethyl acetate. The A/B ratio probably affects the polymerization rate because the free catalyst 

complex (A) and the associated catalyst complex (B) have one and zero vacant coordination sites, 

respectively. Thus, the difference in the degree of interaction with ethyl acetate among the ligands most 

likely contributed to the non-linearity of the Hammett plot.  

 

  

Figure 5. 1H NMR spectra of ethyl acetate (methylene signal: a) with the p- or m-substituted phenyl phenoxyimine 
complexes ([IBVE]0 = 0.38 M, [ZrCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [ethyl acetate] = 1.0 M in CDCl3 at 0 ºC). 
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1.2 The catalytic activities of the ligands/TiCl4 systems 

The relationship between the structure of the catalyst and the catalytic activity was investigated in 

the absence of a Lewis base because the relationship was most likely affected by the interactions of the 

catalyst with a Lewis base such as ethyl acetate, as shown above. In Chapter 4, the polymerization of IBVE 

using the N-phenyl phenoxyimine ligand/TiCl4 initiating system was demonstrated to proceed in a controlled 

manner in the absence of a weak Lewis base (Table 2, entry 5) at –78 ºC. Thus, the polymerization was 

examined using phenoxyimine ligands with various substituents under similar conditions. In each case, the 

TiCl4 and ligand mixture was transparent. Interestingly, the polymerization of IBVE proceeded in a 

controlled manner when ligands with any substituents other than a p-COOMe group were used (Table 2). 

The polymerizations proceeded smoothly and reached high conversions. Moreover, the Mn values of the 

obtained polymers increased linearly with the conversion although the values were larger than those 

calculated from the amount of ligand. The ineffectiveness of the p-COOMe-substituted ligand potentially 

resulted from the suppression of the Lewis acidity of the metal center by the ester group. 

The Hammett plot of the phenoxyimine ligands/TiCl4 initiating systems showed a linear 

relationship with a positive slope (Figure 6), which was in sharp contrast to the case of the ZrCl4 analogs in 

the presence of ethyl acetate. The first-order plots of the polymerizations were linear except for the reaction 

using the m-Ph-substituted ligand (Figure 6A). The Hammett plot of the σ values versus the log(kR,app/kH,app)  

 
Table 2. Cationic polymerization of IBVE using TiCl4 and the p- or m-substituted phenyl phenoxyimine ligandsa 

 

entry substituent σ value time (h) conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 p-NO2 0.78 0.3 83 12.7 27.7 1.24 71 
2 p-CF3 0.54 0.8 96 14.8 30.2 1.07 64 
3 p-COOMe 0.39 240 16 2.5 –  – – 
4 p-Cl 0.23 1.7 89 13.7 29.5 1.05 60 
5 H 0 7 94 14.5 29.9 1.11 59 
6 p-Me –0.17 21 99 15.2 27.0 1.09 56 
7 p-tBu −0.20 19 97 14.9 28.0 1.17 62 
8 p-OMe −0.27 20 96 14.7 27.6 1.14 55 
9 m-NO2 0.71 0.3 83 12.8 29.6 1.30 72 

10 m-Cl 0.37 1.5 94 14.4 28.9 1.12 65 
11 m-OMe 0.12 7 91 14.1 27.5 1.13 63 
12 m-Ph 0.06 10 80 12.3 20.3 1.30  64 
13 m-Me –0.07 19 99 15.2 30.4 1.13 62 

a [IBVE]0 = 0.76 M, [TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at 0 ºC. b Determined by 
gas chromatography. c Based on the amounts of phenoxyimines. d Determined by GPC (polystyrene standards). e 
Determined by 13C NMR analysis. 
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Figure 6. (A) ln([M]0/[M])–time plots and (B) log(kR,app/kH,app)–Hammett substituent constant plot for the 
polymerization using the p- or m-substituted phenyl phenoxyimine ligands/TiCl4 initiating systems ([IBVE]0 = 0.76 M, 
[TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at –78 ºC). 

 

values of the ligands/TiCl4 initiating systems, as determined from the first-order plots, showed a linear 

relationship, although the m-Ph- and m-OMe-substituted ligands deviated from the linear relationship (Figure 

6B). The linear relationship clearly indicated that the catalytic activity of the complexes was monotonically 

related to the electron-withdrawing and electron-donating effects of the substituent on the ligand. In addition, 

the Hammett σ + and σ – values exhibited more dispersed relationships with the log(kR,app/kH,app) values 

(Figure 7) than the σ values, which indicated that the catalytic activities of the phenoxyimine ligands/TiCl4 

systems were controlled mainly by inductive effects. 

 

 

Figure 7. (A) log(kR,app/kH,app)–σ + value and (B) log(kR,app/kH,app)–σ – value plot for the polymerization using the p- or 
m-substituted phenyl phenoxyimine ligands/TiCl4 initiating systems ([IBVE]0 = 0.76 M, [TiCl4]0 = 5.0 mM, [ligand]0 = 
5.0 mM, [heptane] = 5.0 vol% in toluene at –78 ºC). 
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1.3 The stereoselectivities in the ligands/TiCl4 systems 

The steric and electronic properties of a counteranion are the dominant factors influencing the 

polymerization behaviors through the ionic interactions between the counteranion and the propagating 

carbocation. The stereoregularity of a cationic polymerization can also be affected by the properties of the 

counteranions. Indeed, the counteranion generated from the phenoxyimine complexes with various electronic 

properties affected the tacticity of the obtained polymers. The 13C NMR analyses indicated that the meso 

dyad contents of the polymers produced with the phenoxyimine ligands/TiCl4 initiating systems ranged from 

55 to 71% (Table 2). 

The Hammett plot of the substituent constants versus the logarithm of the meso/racemo ratio 

[log(Pm/Pr)] show the correlation between the stereoselectivity and the electronic properties of the 

counteranion (Figure 8). The plots of the σ values and the log(Pm/Pr) values were fitted with two different 

curves depending on the substituent positions, except in the case of the p-tBu-substituted ligand. The results 

indicated that the substituent effects, or the electronic properties of counteranions, affected the tacticity of 

the obtained polymers. Moreover, the plots of the m-substituents shows a curve that fits larger Pm/Pr ratios 

than that of the p-substituted analogs. The differences in the positions of the substituents correspond to the 

difference in the steric hindrance of the counteranions, which affects the stereoregularity. Interestingly, the 

Hammett plot of the σ – values  versus the log(Pm/Pr) values for the p-substituents showed a linear 

correlation (Figure 8B). This is probably because a negatively charged counteranion is affected more heavily 

by resonance effects than a neutral catalyst complex. 

The meso dyad contents decreased as the electron-donating effects of the ligands increased 

(Figure 8). According to the model proposed earlier,12 the steric repulsion between the counteranion and the 

incoming monomer and/or the tightness of the growing ion pair determine the stereoregularity of a cationic 

polymerization. Based on the model, the author expected that an electron-rich catalyst complex would 

generate an isotactic polymer due to the tight interaction between the counteranion and the carbocation; 

however, the Hammett plot showed the opposite trend. Specifically, the polymerization using a ligand with a 

p-NO2 group, a strongly electron-withdrawing group, generated a polymer with a similar meso content to the 

polymer obtained with the IBVE–HCl/TiCl4 initiating system (m = 72%), and the meso content decreased as 

the electron-donating nature increased. 
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Figure 8. Correlation between meso dyad ratios of the obtained polymers and (A) σ or (B) σ – values ([IBVE]0 = 0.76 
M, [TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at –78 ºC). 

 

The substituent effects of the N-aryl phenoxyimine ligands with m,m-disubstituted phenyl 

moieties on the tacticity of the obtained polymers exhibited a similar trend to those of the monosubstituted 

ligands (Table 3). Cationic polymerizations of IBVE using m,m-disubstituted ligand/TiCl4 initiating systems 

proceeded in a controlled manner in toluene at –78 °C. The polymers obtained using ligands with strong 

electron-withdrawing groups, such as NO2, CF3, and Cl groups, showed slightly broader MWDs (Table 3, 

entries 1–3). The tacticity of the polymers generated using the m,m-disubstituted ligands showed a similar 

trend to what was seen with monosubstituted ligands; the low meso dyad contents were exhibited by the 

introduction of an electron-donating group onto the ligands. Furthermore, the meso dyad contents of the 

polymers produced with the m,m-disubstituted ligands were slightly larger than those prepared using the 

corresponding m-monosubstituted ligands potentially due to the additive nature of the substituent constants. 

 
Table 3. Cationic polymerization of IBVE using TiCl4 and the m,m-disubstituted phenyl phenoxyimine ligandsa 

 

entry substituent time (h) conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 NO2 0.1 95 14.6 34.7 1.49 75 
2 CF3 0.1 90 13.8 29.3 1.67 73 
3 Cl 0.15 89 13.7 27.4 1.40 73 
4 OMe 48 80 12.3 16.3 1.25 64 
5 Me 76 98 15.1 17.8 1.16 63 
6 tBu 50 96 14.7 17.9 1.23 66 

a [IBVE]0 = 0.76 M, [TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at –78 ºC. b Determined by 
gas chromatography. c Based on the amounts of phenoxyimines. d Determined by GPC (polystyrene standards). e 
Determined by 13C NMR analysis. 
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2. The relationship between the steric properties and the catalytic properties of the 

o-substituted phenyl phenoxyimine ligand/MCln systems 

2.1 The catalytic activity of ligands/ZrCl4 systems 

o-Substituted phenyl phenoxyimine ligands may exhibit behavior different from that of p- or 

m-substituted ligands due to increased steric hindrance. To examine the o-substituent effects on the 

polymerization behavior, cationic polymerizations of IBVE using the o-substituted ligands/ZrCl4 initiating 

systems were conducted via in situ complexation in the presence of ethyl acetate in toluene at 0 °C (Table 4). 

The polymerization using the 2-MePh-substituted ligand proceeded smoothly and reached high conversion of 

IBVE. The Mn values of the obtained polymers increased linearly with increasing monomer conversion 

(Figure 9A). In addition, the 2-MePh/TiCl4 concentration corresponded to the Mn values of the obtained 

polymers, indicating that the cationogen generated in situ from 2-MePh and TiCl4 initiated the reaction 

(Figure 9A). Moreover, the first-order plot was linear (Figure 9B), indicating that the concentration of the 

propagating species was constant during the polymerization. These results indicate that the polymerization 

proceeded in a highly controlled manner. 

The large number of o-substituents caused the fast polymerization (Table 4, Figure 9B). Cationic 

polymerizations of IBVE using o-mono- and o,o-disubstituted ligands with alkyl or phenyl groups and ZrCl4 

were conducted under similar conditions (Table 4, entries 3–7). The polymerizations proceeded in a 

controlled manner regardless of the ligands used. An alkyl group generally functions as an electron-donating 

group; hence, the introduction of an alkyl group to a ligand may decelerate the reaction. However, the 

introduction of o-substituents accelerated the polymerization reaction. Moreover, the o,o-disubstituted 

ligands accelerated the reactions more than their o-monosubstituted counterparts. The acceleration effects are  

 
Table 4. Cationic polymerization of IBVE using ZrCl4 and the o-substituted phenyl phenoxyimine ligandsa 

 

entry R time (h) conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d 

1 2-MePh 48 95 14.6 10.6 1.17 
2  4 89 6.9 6.9 1.27 
3 2-iPrPh 96 94 14.5 8.7 1.23 
4 � 2-PhenylPh 96 92 14.2 6.3 1.30 
5 2,6-Me2Ph 28 97 14.9 9.2 1.13 
6 2,6-iPr2Ph 35 98 15.1 12.2 1.13 
7 2,4,6-Ph3Ph 21 94 14.4 13.2 1.28 
8 C6F5 4 92 14.1 12.7 1.36 

a [IBVE]0 = 0.76 M, [ZrCl4]0 = 5.0 mM for entries 1, 3–8, 10 mM for entry 2, [ligand]0 = 5.0 mM for entries 1, 3–8, 10 
mM for entry 2, [ethyl acetate] = 1.0 M, [heptane] = 5.0 vol% in toluene at 0 ºC. b Determined by gas chromatography. c 
Based on the amounts of phenoxyimines. d Determined by GPC (polystyrene standards). 
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likely caused by the rotation of the C–N bond of the ligand.13 The structural change is probably responsible 

for the acceleration effects through the steric and/or electronic change to the active site environment. In 

addition, cationic polymerization using a ligand with a C6F5 group, which is expected to exhibit 

dual-acceleration effects through both electronic and steric properties, proceeded at a rate that was 

approximately 25 times higher than that of its unsubstituted counterpart (Ph). 

 

 

Figure 9. (A) Mn (calculated Mn, dotted line) and Mw/Mn and (B) ln([M]0/[M])–time plots for the polymerization using 
the o-substituted phenyl phenoxyimine ligands/ZrCl4 initiating systems. 

 

2.2 The stereoselectivity in the polymerization of different VEs with ligands/TiCl4 systems 

To examine the effects of o-substituents on the tacticities of the obtained polymers, cationic 

polymerizations of VEs were conducted using the o-substituted phenyl phenoxyimine ligand/TiCl4 initiating 

systems (Table 5). First, cationic polymerizations of IBVE were examined in toluene at –78 °C (Table 5). 

Unlike when ZrCl4 was used, the polymerization using TiCl4 was conducted in the absence of a weak Lewis 

base. The polymerization behavior considerably depended on the ligand structure (Table 5). The 

polymerization of IBVE using a 2-MePh- or 2-iPrPh-substituted ligand (Table 5, entries 2, 3) proceeded at a 

slightly faster rate than the reaction using an unsubstituted ligand (Table 5, entries 1), which is similar to 

what was observed with the o-substituted ligand/ZrCl4 initiating systems. In contrast, polymerization was 

significantly decelerated when 2-PhenylPh-, 2,6-Me2Ph-, and 2,4,6-Ph3Ph-substituted ligands were used 

(Table 5, entries 4, 5 and 7). The steric hindrance of these ligands may be responsible for the deceleration 

effects, although the polymerization using a 2,6-iPr2Ph-substituted ligand proceeded smoothly at a moderate 

rate. 13C NMR analyses indicated that the meso dyad contents of the obtained polymers decreased as the size 

and number of o-substituents decreased (m = 59–74%). However, comparing the polymers generated using 

the IBVE–HCl/TiCl4 system (m = 72%) suggested that larger substituents had smaller effects on the tacticity. 

Specifically, the unsubstituted ligand (Table 5, entry 1) was the most favorable for the racemo formation 

among the ligands examined in Table 5. 
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Table 5. Cationic polymerization of IBVE using TiCl4 and the o-substituted phenyl phenoxyimine ligandsa 

 

entry R time conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 Ph 7 h 94 14.5 29.9 1.11 59 
2 2-MePh 4 h 96 14.8 25.3 1.29 64 
3 2-iPrPh 5 h 91 14.0 21.1 1.44 67 
4 2-PhenylPh 42 h 47 5.3 3.5 1.52 70 
5 2,6-Me2Ph 240 h 30 4.7 7.4 9.72 70 
6 2,6-iPr2Ph 19 h 97 14.9 12.3 1.88 72 
7 2,4,6-Ph3Ph 168 h 64 9.9 41.6 5.33 74 
8f no ligand 1 min 96 14.8 14.8 2.00 72 

a [IBVE]0 = 0.76 M, [TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at –78 ºC. b Determined by 
gas chromatography. c Based on the amounts of phenoxyimines. d Determined by GPC (polystyrene standards). e 
Determined by 13C NMR analysis. f [IBVE–HCl]0 = 5.0 mM. 

 

The polymerizations of EVE and IPVE using the o-substituted ligand/TiCl4 initiating systems 

were also significantly affected by the substituents on the ligands. The 2,6-Me2Ph-substituted ligand/TiCl4 

initiating system produced poly(EVE)s and poly(IPVE)s with relatively narrow MWDs (Table 6, entries 2, 

6). The unsubstituted ligand (Ph)/TiCl4 initiating system produced polymers with MWDs narrower than 

those of the polymers obtained using the 2,6-Me2Ph-substituted ligand/TiCl4 initiating system (Figure 10). In 

both cases, the Mn values of the obtained poly(EVE) and poly(IPVE) increased linearly with increasing 

 
Table 6. Cationic polymerization of VEs using TiCl4 and the o-substituted phenyl phenoxyimine ligandsa 

 

entry monomer R time conv (%)b Mn × 10-3 (calcd)c Mn × 10-3 (obs)d Mw/Mn
d meso dyad (%)e 

1 EVE Ph 3 h 96 10.8 23.1 1.07 73 
2  2,6-Me2Ph 168 h 98 11.1 18.1 1.14 79 
3  2,4,6-Ph3Ph 528 h 0 0 –  – – 
4f  no ligand 72 h 49 5.5 4.8 1.40 76 
5 IPVE Ph 2 min 92 12.1 25.9 1.11 60g 
6  2,6-Me2Ph 2 h 98 13.0 33.6 1.60 60g 
7  2,4,6-Ph3Ph 1.5 h 97 12.9 18.6 16.1 81g 
8f  no ligand 30 s 100 13.2 30.9 5.04 82g 

a [VE]0 = 0.76–78 M, [TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM, [heptane] = 5.0 vol% in toluene at –78 ºC. b Determined 
by gas chromatography. c Based on the amounts of phenoxyimines. d Determined by GPC (polystyrene standards). e 
Determined by 13C NMR analysis. f [IBVE–HCl]0 = 5.0 mM. g Caluculated from the triad values: m = mm + (1/2) mr 
and r = rr + (1/2) mr.14  

TiCl4 (Lewis acid)

Initiating reaction
    and cationic polymn.

N
R

OHtBu

tBu

OiBun
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monomer conversion, indicating that the polymerization proceeded in a controlled manner. The Mn values 

were approximately twice those calculated based on the concentration of the phenolic OH hydrogen atoms of 

the ligands in both cases, which was also observed for the polymerization of IBVE. Notably, the MWDs of 

the poly(EVE) and poly(IPVE) were narrower than those of the polymers obtained using the IBVE�

HCl/TiCl4 initiating system (Figure 10). Thus, the ligand–metal interaction suitably moderated the Lewis 

acidity of the central metal, triggering the cationic polymerization of VEs in a well-controlled manner. In 

sharp contrast, the 2,4,6-Ph3Ph/TiCl4 initiating system led to uncontrolled polymerization of IPVE in a 

manner similar to what was seen with IBVE. Moreover, no polymer was obtained from EVE when using the 

2,4,6-Ph3Ph system. The steric hindrance of the complex was likely responsible for the uncontrolled 

propagation reaction and the interruption of the propagating reaction. 

 

 

Figure 10. MWD curves for poly(VE)s obtained using the o-substituted phenyl phenoxyimine ligands/TiCl4 initiating 
systems ([VE]0 = 0.76–0.78 M, [TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM in toluene at –78 ºC). 
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13C NMR analyses of the polymers indicated that the effects of the structures of the ligands on the 

tacticities of the obtained polymers were highly depend on the VE side chains (Figure 11). The poly(IPVE)s 

obtained with the Ph and 2,6-Me2Ph/TiCl4 initiating systems, which proceeded in controlled manners, had 

notably lower meso contents (m ~ 60%; calculated from the mm and mr triad contents) than did the polymers 

obtained using the 2,4,6-Ph3Ph and IBVE–HCl/TiCl4 initiating systems (m ~ 82%). This trend is similar to 

the case of the poly(IBVE)s. In contrast, the tacticities of the poly(EVE)s showed small differences 

regardless of the ligand used. The polymers had meso dyad contents of 73–79%. The smaller side chains of 

EVE relative to those of IBVE and IPVE are most likely responsible for the smaller effects of the ligand 

structure on the tacticity. 

 

 

Figure 11. 13C NMR spectra of poly(VE)s obtained with the o-substituted phenyl phenoxyimine ligands/TiCl4 initiating 
systems ([VE]0 = 0.76–0.78 M, [TiCl4]0 = 5.0 mM, [ligand]0 = 5.0 mM in toluene at –78 ºC; 100 MHz in CDCl3 or 125 
MHz in CCl4/C6D6 (9/1 v/v) at 30 ºC). 
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Conclusion 

The substituent effects of various phenoxyimine ligands on the polymerization behavior of the 

resulting complexes were investigated using the ligand/ZrCl4 or TiCl4 initiating systems by an in situ 

complexation method. In particularly, a linear correlation between the σ values and the log(kR,app/kH,app) 

values was observed in the polymerization using the p- or m-substituted phenyl phenoxyimine ligands/TiCl4 

initiating systems. This indicated that the electron-withdrawing and donating effects of the substituents 

directly affected the catalytic activity based on the Lewis acidity of the phenoxyimine complexes. Moreover, 

the introduction of an electron-donating group onto the ligands decreased the meso dyad values of the 

obtained polymers. The tight interaction between the electron-donating group-substituted counteranion and 

the carbocation may cause the racemo formation to be favored. In addition, the Hammett plot of the σ –

 versus the log(Pm/Pr) for p-substituents showed a linear correlation, indicating that the negatively charged 

counteranion was affected by the enhanced resonance effects of the substituent. 

The o-substituted ligands exhibited polymerization behavior that was different from that of the p- 

and m-substituted ligands. The polymerizations using the o-substituted ligand/ZrCl4 initiating systems 

proceeded faster when ligands with larger numbers of o-substituents were used. In addition, the 

polymerization of VEs using ligands with bulky substituents, such as a 2,4,6-Ph3Ph-substituted ligand, 

proceeded in an uncontrolled manner (IBVE and IPVE) or did not proceed at all (EVE), depending on the 

structures of the VEs. o-Substituents likely affected the counteranion–carbocation interaction through 

structural changes caused by the rotation of the C–N bond. 
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Chapter 6 

Summary 

Designing metal complex catalysts is a powerful tool for the development of novel synthetic 

methods of various organic compounds with extraordinary selectivity, activity, and atom economy in both 

industrial and academic fields. To improve a catalytic property, optimize a complex structure, and develop 

new catalysts and metal-complex-catalyzed reactions, one needs to understand how metals and ligands 

influence reaction mechanisms and catalytic properties at the molecular level. However, studies of catalyst 

design using various ligand frameworks have been limited to selected examples in the field of cationic 

polymerization. The systematic understanding and useful design criteria of metal complex catalysts is 

insufficient in this field. Thus, the author focused on a systematic understanding of the fundamental aspect of 

how catalytic structure determines catalytic property and polymerization behavior in cationic polymerization. 

The objective of this thesis is to comprehensively examine the functions and properties of metal complex 

catalysts in cationic polymerization.  

 

Part I described the establishment of a new methodology of the in situ complexation of metal 

complex catalysts for living cationic polymerization. In addition, the influences of the central metals on 

catalytic activities and polymerization behaviors were investigated using the in situ complexation method 

with the combinations of salen-type ligands and various metal chlorides. 

Chapter 2 presented the construction of a new methodology for the preparation of metal complex 

catalysts using various metal chlorides and salphen ligands, which were tetradentate ligands possessing two 

phenol moieties. The in situ complexation method, which was based on ligand exchange reaction, had a dual 

role: the readily prepared metal complex was used as a catalyst, and in situ generated hydrochloric acid was 

used as an initiator. A series of investigations using various metal chlorides indicated that a vacant site on the 

central metal of a complex catalyst was important to exert Lewis acidity. In addition, relatively oxophilic 

metal species were suitable for the fast and quantitative initiation reaction. Particularly, the salphen/ZrCl4 

initiating system induced the living cationic polymerization of IBVE through quantitative initiation reaction. 

Furthermore, the usability of salphen ligand frameworks was confirmed by the occurrence of controlled 

cationic polymerization using the combinations of ligands with various substituents and ZrCl4. 

Chapter 3 described the structural effect of ligands on the catalytic property and the scope of 

metal chlorides available for the in situ complexation method. The polymerization performed with the salen 

system proceeded at an approximately ten times smaller rate than that of the salphen system. Moreover, salen 

ligands had a potential to provide an appropriate catalytic environment for a wider variety of metal species 

than salphen ligands. Indeed, FeCl3, a metal chloride that was not suited for the initiating system using 
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salphen ligands, efficiently generated a metal complex catalyst via the complexation with salen ligands and 

produced polymers with narrow MWDs. Thus, tailoring the ligand framework to the metal species was 

highly important for the design of metal complex catalysts with sufficient stabilities and desirable catalytic 

properties. 

 

In part II, the author demonstrated the ligand screening using various bidentate ligand frameworks 

for investigating appropriate ligands for controlled cationic polymerization. The relationship between the 

catalytic structure and the catalytic property in controlled cationic polymerization was also investigated 

using the Hammett equation under optimized conditions.  

Chapter 4 addressed the screening for finding an appropriate ligand scaffold in cationic 

polymerization. The results of the polymerizations using various ligands/ZrCl4 initiating systems indicated 

the usefulness of the [N,O]-type phenoxyimine ligand frameworks, which had a similar structure with a 

salen-type ligand. In particular, the N-aryl phenoxyimine ligand with tBu groups on the phenol moiety was 

effective in terms of the controllability of the polymerization, catalyst solubility, catalytic activity, and ease 

of derivatization. The optimization of reaction conditions led to the expansion of the applicable metal species 

for controlled cationic polymerization. In addition, the phenoxyimine/ZrCl4 systems were effective for the 

controlled polymerization of various monomers including St derivatives. The easily tunable electronic 

properties and stereochemical properties were also useful for the controlled bulk polymerization. 

 

In Chapter 5, the author investigated the catalytic structure–property relationships of the 

phenoxyimine complexes by the Hammett correlation. In cationic polymerization, catalyst and counteranion 

were responsible for polymerization behaviors, such as polymerization rate and stereoselectivity. Theoretical 

understanding of the ligand structure-catalytic property relationships and the catalytic reaction mechanisms 

was highly efficient for the development of functional catalysts. Correlation analyses of the series of 

experiments indicated that the substituents on the N-aryl phenoxyimine ligands affected the polymerization 

rate and stereoselectivity. Moreover, a linear correlation was observed between the Hammett substituent 

constants and the polymerization rates. In addition, the tacticity of product polymers also correlated to the 

Hammett substituent constants. The tight interaction between the electron-donating group-substituted 

counteranion and the carbocation possibly induced a racemo-favored route. In contrast, the polymerization 

behavior using o-substituted ligands exhibited a trend different from those using p- or m-substituted ligands. 

The structural change, which was caused by the rotation of the C–N bonding, most likely triggered the 

acceleration effect. 

 

In conclusion, this thesis described the development of a new methodology of the in situ 

complexation of metal complex catalysts for living cationic polymerization and the catalytic 
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structure-property relationship based on the substituent effect in controlled cationic polymerization. 

Tailoring the ligand framework to the metal species was highly important for the design of metal complex 

catalysts with sufficient stabilities and appropriate Lewis acidities. Specifically, both the electronic and steric 

properties of complex catalysts and counteranions were closely related to the catalytic activity and the 

stereoselectivity, most likely due to the ionic interaction between counteranion and propagation carbocation. 

The author hopes that the research conducted in this thesis will be a clue for an elaborate design of a metal 

complex catalyst with advanced features. 
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