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Chapter 1 
General introduction 

 
Background 
Various factors responsible for the polymer properties 
 Polymer materials exhibit tunable properties, including mechanical, thermal, electrical, and chemical 
properties. Polymer properties are determined by various structural parameters (Figure 1). Specifically, the 
structural parameters of the main and side chains, monomer sequences, chain length, and topology are 
characteristics of macromolecules, unlike small molecules. To obtain polymers with desired properties, 
polymerization protocols for simultaneous control of these structural parameters are in high demand. 
 A polymer chain is composed of a main chain and side chains. Various functional groups can be 
introduced into both the main and side chains. Polymerization mechanisms can be categorized into chain-
growth and step-growth polymerizations. In the case of vinyl monomers used for chain-growth polymerization, 
the polymerization proceeds through different mechanisms depending on the electronic or resonance 
contributions of substituents on the vinyl groups.1,2 The resulting polymers with carbon‒carbon bonds in the 
main chain are restricted to side chain functionalization. Unlike the case of vinyl polymerization, ring-opening 
polymerization of cyclic monomers permits the introduction of heteroatoms into the main chain of the polymer 
because the heteroatoms remain intact after the completion of the propagating reactions.3,4 Step-growth 
polymerization permits the generation of a polymer with various functional groups in the main chain. Novel 
organic reactions that have never been applied into polymer chemistry are utilized for step-growth 
polymerizations via successive reactions, resulting in polymers with structures differing from conventional 
polymers. 
 In polymerizations of two or more monomers, differences in monomer sequences, which are another 
structural parameter, arise from the reaction orders of the monomers.5-8 For example, block,9–14 random,15–17 
and alternating18–20 copolymers consisting of common monomer components exhibit distinct functions 
depending on the monomer sequences. An ultimate goal of synthetic polymer chemistry is to obtain polymers 
with defined monomer sequences comparable to natural macromolecules such as proteins and DNA.21,22 
Monomer sequences of natural macromolecules are completely defined, which contributes to the complicated 
and highly specific functions in living creatures. However, sequence-regulated polymerization using more than 
two kinds of monomers is usually challenging to be achieved. Novel polymerization systems allowing precise 
sequence control have been studied enthusiastically. 
 Control of the chain lengths and topologies of polymers has become feasible and is accompanied by 
the development of living polymerization.23–40 Polymer molecular weights (MWs) are controlled by living 
polymerizations with suitable monomer/initiator ratios. Various shapes, such as graft, macrocyclic, and star 
structures, can be synthesized using suitable monomers and initiators.41,42 For example, graft copolymers can 
form micelles with smaller aggregation numbers than linear block copolymers. This characteristic aggregation 
behavior permits precise control of the wettability on the surface.43,44 
   



Chapter 1 

2 

 
Figure 1. Various factors responsible for polymer properties. 
 
Polymerization procedure 
 In chain-growth polymerization (non-living polymerization), successive reactions of active species, 
which are generated from initiator molecules, continuously occur with monomer molecules until aborted by 
chain transfer or termination reactions; hence, relatively high-MW polymers are generated in the early stages 
of the polymerization (Figure 2 upper). A newly generated active species or another initiator molecule 
subsequently undergoes propagation until side reactions abort it. Therefore, the MWs of polymers obtained by 
non-living chain-growth polymerization are generally uncontrolled. To achieve control of the MWs and 
primary structures of polymers, various living polymerization systems have been devised in recent decades. 
Living polymerizations are free from side reactions and allow for quantitative initiation and even propagation 
of all propagating chains. A representative strategy for living polymerization is to construct an appropriate 
active-dormant equilibrium to keep the concentration of active species very low. For example, in 1984, 
Higashimura and coworkers reported the living cationic polymerization of isobutyl vinyl ether (IBVE) with 
an HI/I2 initiating system.31 Living polymerization proceeds via the reversible cleavage of carbon–iodine bonds. 
Subsequently, living cationic polymerizations via dormant-active equilibria were achieved with various 
initiating systems, such as a weak Lewis acid generating a nucleophilic counteranion, a strong Lewis acid/weak 
Lewis base combination, and a Lewis acid/tetraalkylammonium salt combination.33–37,45,46 
 To synthesize a linear polymer via step-growth polymerization, a bifunctional monomer must be used, 
unlike the case of chain-growth polymerization (Figure 2 lower). Polymerization starts from a reaction of two 
monomers to yield a dimer with two unreacted functional groups, which can subsequently react with a 
monomer, an oligomer, or a polymer. These reactions occur successively until deactivation of the functional 
groups. The successive reactions between monomer–monomer, monomer–oligomer (polymer), and oligomer 
(polymer)–oligomer (polymer) occur statistically; hence, the MW and MWD are usually uncontrollable in 
step-growth polymerizations.47 A polymer with a high MW is produced at the later stages because monomer–
monomer reactions preferentially occur in the early stage of polymerization. A characteristic of step-growth 
polymerization is that polymers with various functional groups in the main chain can be generated by applying 
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diverse organic reactions for bond formation. Polyesters, polyamides, and polyurethanes, which are essential 
materials used in our daily lives, are generally produced via step-growth polymerizations.48,49 Recent 
developments in step-growth polymerization include chain-growth condensation polymerization (CGCP) and 
multicomponent reaction-based sequence-regulated polymerization. CGCP compensates for the drawbacks of 
conventional step-growth condensation polymerizations, such as uncontrolled MW and broad MWD. CGCP 
has been achieved by activating polymer end groups in the following two ways:50,51 (i) reactivity enhancement 
of polymer end groups by resonance or inductive effects from substituents52,53 and (ii) intramolecular catalyst 
transfer through transmetalation and reductive elimination.54,55 On the other hand, various multicomponent 
reactions have been reported56,57 and gradually applied to polymer chemistry since the first multicomponent 
reaction was reported in 1850 by Strecker (amino acid syntheses via a three-component reaction involving 
amines, aldehydes, and cyanides).58–70 For example, multi-component polymerization (Passerini 
polymerization) has been used to produce ABCB-type sequence-regulated polymers.63 Various other 
multicomponent reactions are also applied to step-growth polymerization, which allows for precise monomer 
sequences and main-chain functionalization that are inaccessible with chain-growth polymerization.67–70 

 
Figure 2. The differences between chain-growth and step-growth polymerizations. 
 
Tandem polymerization 
 Tandem polymerization is a powerful tool for the syntheses of polymers with complicated structures 
via two or more simultaneously occurring reactions (Figure 3). Polymers produced with multiple reactions are 
obtained via a single-step operation in tandem polymerization, which is in contrast to conventional 
methodologies employing multiple steps consisting of polymerizations and isolations. Tandem 
polymerizations are classified as either orthogonal71–74 or non-orthogonal75–79 type. For example, Grubbs and 
coworkers devised an orthogonal tandem polymerization consisting of atom transfer radical polymerization 
and ring-opening metathesis polymerization (ROMP) in the presence of a dual functional initiator, resulted in 
a block copolymer of methyl methacrylate (MMA) and 1,5-cyclooctadiene.72 On the other hand, Kamigaito 
and coworkers synthesized a random poly(MA-co-VEs) by non-orthogonal-type, interconvertible radical and 
cationic copolymerization via reversible activation of a common dormant species.75,76 This type of polymers 
cannot be generated by multi-step cationic and radical polymerizations. As seen in this example, non-
orthogonal tandem polymerization effectively yields polymers inaccessible to conventional polymerization 
systems. 
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Figure 3. Advantages of tandem polymerization. 
 

Sequence-regulated polymers 
 The polymerization protocols used to control monomer sequences are roughly divided into the 
following three categories: iterative method, direct polymerization, and sequence-programmed monomer 
strategy (Figure 4). The iterative method employs step-by-step monomer addition.80–83 In general, the use of 
protecting groups allows for the suppression of sequence errors derived from successive reactions and other 
side reactions. Although the iterative method is the most reliable strategy, considerable time and effort are 
required due to the multiple steps, including deprotection and purification. Strategies for simplifying the 
isolation and purification steps have been investigated, as exemplified by the Merrifield peptide synthesis.84 
Direct copolymerization is the most practical method because the sequence-regulated polymer is obtained via 
a single-step operation.85–87 However, successful reports are very limited because the propagating species 
derived from each monomer must undergo a highly selective crossover reaction to a specific monomer. For 
example, Hsieh and Saegusa independently reported ABC-type sequence-regulated terpolymerization by 
adding a third monomer into alternating copolymerization systems.85,86 In the sequence-programmed monomer 
strategy, a reactive oligomer containing a periodic monomer sequences is synthesized and subsequently 
polymerized to yield polymers with periodic sequences.88–94 Although the preparations of such monomers 
require multiple steps consisting of iterative reactions, isolations, and purifications, a high-MW polymer with 
the desired monomer sequences can be obtained. For example, Kamigaito and coworkers reported that various 
sequence-regulated polymers were synthesized by radical polyaddition of sequence-programmed oligomers 
prepared in an iterative radical addition reaction.90–92 The obtained polymers have periodic sequences 
inaccessible to conventional radical polymerizations. In addition, simultaneous control of both monomer 
sequences and stereostructures was attained by ROMP using sequence-regulated cyclic oligomers.93,94 
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Figure 4. Various polymerization systems for sequence-regulated polymers. 
 
Organic reactions and polymerizations of aldehydes 
 The carbonyl group in an aldehyde is polarized because of the two lone electron pairs and the 
electronegativity of the oxygen atom; hence, aldehydes exhibit high reactivity toward various organic 
compounds.95 For example, the Prins reaction is an acid-mediated reaction of aldehydes and alkenes.96–98 The 
generally accepted reaction mechanism is described in Figure 5. After acid-promoted activation of the aldehyde, 
the reaction of the activated aldehyde and an alkene produces a carbocation, which can give 1,3-diols, allylic 
alcohols, and 1,3-dioxanes depending on the reaction conditions. In industry, the Prins reaction has been 
applied in syntheses of fragrance and flavor ingredients, such as isoprenol, indolarome, and nopol.99,100 
 The use of a novel organic reaction in polymer chemistry potentially leads to a novel polymerization 
system. The extremely high selectivities of organic reactions are important in generating a high-MW polymer. 
For example, the application of a Cu-catalyzed azide-alkyne cycloaddition (CuAAC) in polymer chemistry 
was achieved in the mid-2000s.101–104 After this breakthrough, many scientists utilized this reaction as a bond-
forming reaction, a cross-linking reaction, and a monomer synthesis.105–112 On the other hand, limited 
applications of the Prins reaction in polymer chemistry have been reported.113,114 

 

 
Figure 5. The mechanism of the Prins reaction and an example of the polymerization using an organic reaction.  
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Cationic copolymerization of vinyl ethers and conjugated aldehydes 
 Addition polymerizations of aldehydes with appropriate structures are sometimes feasible, although 
harsh conditions are required because of obstacles resulting from the generation of trioxane-type side products 
and depolymerization derived from the extremely low ceiling temperature. In particular, aromatic aldehydes 
do not undergo cationic homopolymerization,115 except for special types such as o-phthalaldehyde (OPA).116 
In contrast, cationic copolymerizations of VEs or styrenes with conjugated aldehydes, such as aromatic 
aldehydes and plant-derived aldehydes, have been developed via the elaborate design of the initiating 
systems.117–121 In these copolymerizations, the Lewis acid catalysts are responsible for the copolymerization 
behavior (Figure 6). Specifically, the alternating living cationic copolymerization proceeds with GaCl3, 
whereas EtAlCl2 facilitates a highly selective cyclotrimerization involving one VE and two aldehyde 
molecules. Various degradable polymers, such as dual stimuli-responsive polymers,122,123 polymers with 
degradable bonds introduced into specific positions,124 and 2:(1+1)-type sequence-defined polymers,125 were 
synthesized via copolymerizations of VEs and aldehydes. 
 

 
Figure 6. Controlled alternating copolymerization and cyclotrimerization of VE and aldehyde. 

Kunitake and coworkers homopolymerized OPA by cationic, anionic, and coordination mechanisms, 
which, unlike conjugated monoaldehydes, yielded high-MW polymers.116,126 The polymers obtained from 
cationic polymerization had cyclic structures.127,128 Furthermore, Aoshima and coworkers reported that OPA 

underwent cationic copolymerizations with various alkyl VEs and even with bulky E,E-disubstituted VEs 
(Figure 7 upper).129–131 In contrast, isophthalaldehyde and terephthalaldehyde, which contain two aldehyde 
moieties at the meta- and para-positions, act as bifunctional monomers to undergo cross-linking,124 
polyaddition,132–135 and polycondensation136 reactions (Figure 7 lower). 

 
Figure 7. Various (co)polymerization systems using phthalaldehyde derivatives. 
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Objective and Outline of This Thesis 
 The development of a polymerization protocol based on the cyclic acetal formation would potentially 
lead to polymers with periodic monomer sequences and/or specific units in the main chain, because the 
cyclotrimerization forms an ABA-type sequence-programmed cyclic acetal exhibiting both rigidity and 
reactivity toward acids. This thesis aims to construct a novel polymerization system utilizing the 
cyclotrimerization of one vinyl monomer and two aldehyde molecules. Initially, appropriate reaction 
conditions were investigated for the selective cyclotrimerization reactions. Based on the results, poly(cyclic 
acetal)s were synthesized with successive cyclotrimerization reactions. In addition, a tandem polymerization 
consisting of cyclotrimerization and the Tishchenko reaction was devised to yield polymers with cyclic acetal 
and ester moieties in the main chain. On the other hand, two types of sequence-programmed monomers were 
synthesized by cyclotrimerization. Sequence-programmed monomers were employed to synthesize polymers 
with periodic monomer sequences based on successive cyclotrimerization and concurrent cationic vinyl 
addition and ring-opening copolymerization. 
 This thesis consists of two parts. Part I (Chapters 2 and 3) describes successive cyclotrimerizations 
for polymers with specific structures in the main chain. In Part II (Chapters 4 and 5), ABAC- and ABCC-type 
periodic polymers are described, and these were synthesized by copolymerization of two different types of 
sequence-programmed monomers prepared by cyclotrimerizations (Figure 8). 
 

 
Figure 8. Objective and outline of this thesis. 
 
 In Chapter 2, a polyaddition via the cyclotrimerization of one VE and two conjugated aldehydes 
successfully proceeds under the optimized conditions based on the model reactions, yielding a polymer with 
cyclic acetal structures in the main chain (Figure 9). The use of less reactive or non-polymerizable vinyl 
monomers and the choice of adequate Lewis acid catalysts are demonstrated to be critical factors for efficient 
successive reactions. In addition, the obtained polymer exhibits selective acid-degradability and high glass-
transition temperatures based on the acid-lability and rigidity of the cyclic acetal structures.  
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Figure 9. Polyaddition via cyclotrimerization of vinyl monomers and dialdehydes. 
  
 Chapter 3 describes a novel tandem polymerization system consisting of cyclotrimerization and the 
Tishchenko reaction of VEs and dialdehydes using a catalyst mixture of EtAlCl2 and Al(OiPr)3 (Figure 10). 
The obtained polymers with cyclic acetal and ester structures in the main chain can be hydrolyzed under acidic 
and alkali conditions. The initial molar ratio of the catalyst mixture is highly responsible for the composition 
ratios of cyclic acetal and ester structures, which are generated by cyclotrimerization and the Tishchenko 
reaction, respectively. Moreover, the author employs transesterification reaction for three-component tandem 
polymerization with dicarboxylic acid ester as the third component, which results in a polymer with cyclic 
acetal and two different ester structures in the main chain. 

 
Figure 10. Tandem polymerization consisting of cyclotrimerization and the Tishchenko reaction. 
 
 In Chapter 4, ABAC-type periodic poly(cyclic acetal)s are generated via the sequence-programmed 
monomer synthesis and subsequent polyaddition reaction based on cyclotrimerizations (Figure 11). The use of 
1,1-diphenylethylene (DPE) is important for synthesizing the cyclic trimer in high yield because the successive 

cyclotrimerization and other side reactions are suppressed due to the steric hindrance of DPE. The obtained ABA-
type sequence-programmed cyclic trimer undergoes successive cyclotrimerization with VEs. The obtained 
ABAC-type periodic polymers have two different kinds of cyclic acetal structures as well as two phenyl rings and 

vinyl monomer-derived side chains that are alternately arranged. Such polymers exhibit two-step degradability 
under acidic conditions. 
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Figure 11. Synthesis of ABAC-type sequence periodic polymers via successive cyclotrimerization of 
sequence-programmed cyclic trimer and vinyl monomers. 
 
 In Chapter 5, the author investigates concurrent cationic vinyl addition and ring-opening 
copolymerization of VEs and the sequence-programmed cyclic trimers prepared from cyclotrimerization. 
Vinyl monomer and aldehyde units incorporated into cyclic trimers affect the occurrence of crossover reactions 
with VEs. Alternating-like cationic copolymerization is demonstrated to proceed when 2-nonenal-containing 
cyclic trimers are used under the optimized conditions. The structural analysis of the acid methanolysis product 
of the obtained polymer indicates that ABCC-type periodic sequences are mainly generated (Figure 12).  

 
Figure 12. Concurrent cationic vinyl addition and ring-opening copolymerization of sequence-programmed 
cyclic trimer and vinyl ethers. 
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Chapter 2 
Polyaddition of vinyl ethers and phthalaldehydes via successive cyclotrimerization reactions: selective 
model reactions and synthesis of acid-degradable linear poly(cyclic acetal)s 
 
Introduction 
 Polymers with functional groups in the main chain are of diverse interest because of their properties 
that are not exerted by vinyl monomer-derived polymers with carbon-carbon bonds in the main chain. A variety 
of general-purpose but highly functional polymers, such as polyesters, polyamides, and polyurethanes, are 
industrially produced via step-growth polymerization reactions, such as polyadditions and polycondensations. 
Recent studies have demonstrated that click reactions,1 such as azide-alkyne cycloadditions, thiol-ene 
additions, and Diels-Alder reactions, are also effective for the synthesis of polymers via step-growth 
polymerization.2–8 Moreover, multicomponent reactions, such as the Ugi reaction and Kabachnik-Fields 
reaction, have been recently employed for polymerizations to introduce new types of structures into the main 
chain.9–13 Extremely high efficiency and selectivity are important prerequisites to yield high-MW polymers via 
multicomponent reactions.  

 In the previous study in the Aoshima’s laboratory on the cationic alternating copolymerization of 
vinyl ethers (VEs) and conjugated aldehydes, a cyclic trimer consisting of one VE and two aldehyde units was 
generated with high selectivity under optimized conditions (Scheme 1).14–16 The alternating copolymerization 
preferentially proceeded in a controlled manner without generating cyclic trimers when GaCl3 was used as a 
Lewis acid catalyst in a nonpolar solvent such as toluene at –78 °C. However, the cyclic trimer was obtained 
as a byproduct using an inappropriate catalyst or solvent at higher temperatures. The substituents at the para-
position of the conjugated aldehydes influenced the yield of the byproduct. A cyclic trimer was exclusively 
yielded in the reaction of isobutyl VE (IBVE) and benzaldehyde (BzA) using EtAlCl2 as a catalyst in toluene. 

 

 
Scheme 1. The difference in the obtained products between two Lewis acids. 
 
 The selective cyclotrimerization reaction of vinyl compounds and conjugated aldehydes, known as 
the Prins cyclization,17 is highly attractive as a bond-forming reaction for step-growth polymerization. 
Specifically, the use of dialdehydes instead of monoaldehydes for the reaction with VEs is expected to yield a 
cyclic trimer with two unreacted aldehyde moieties. Thus, the remaining reactive sites of the cyclic trimer will 
undergo subsequent cyclotrimerization with a VE molecule and an aldehyde moiety of the dialdehyde 
monomer or another cyclic trimer. Successive cyclotrimerization reactions among the monomers and generated 
cyclic trimers are expected to generate linear polymers with cyclic acetal structures in the main chain in a step-
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growth manner. Due to acid lability of acetal moieties, obtained polymers are most likely degraded under 
acidic conditions. Moreover, various functional groups are potentially introduced into the side chains with the 
use of appropriate vinyl compounds. Additionally, the obtained poly(cyclic acetal)s are expected to have high 
glass transition temperatures (Tgs) and acid degradability. The rigid but degradable structure is highly attractive 
for use as functional materials. To the best of the author’s knowledge, however, synthesis of polymers via 
cyclotrimerization of dialdehyde and vinyl monomer has not been reported although there have been many 
examples of the synthesis of polyacetals via methods such as acetalization of dialdehydes and polyols or 
transacetalization of diacetals.18 
 In this chapter, the polyaddition reactions of VEs with isophthalaldehyde (IPA) or terephthalaldehyde 
(TPA) via cyclotrimerization were examined to synthesize polymers with cyclic acetal structures in the main 
chain (Scheme 2). The appropriate conditions for selective cyclotrimerization were first investigated with a 
model reaction using a monofunctional aldehyde. The polyaddition reaction was subsequently conducted under 
the established conditions. Various VEs and conjugated dialdehydes were also polymerized via 
cyclotrimerization. Moreover, reactions using styrene (St) derivatives instead of VEs were examined for the 
polyaddition with IPA via cyclotrimerization. 

 

Scheme 2. Polyaddition via cyclotrimerization of vinyl monomers and dialdehydes (compounds shown in 
squares are monomers used in this study). 
 

Experimental Section 

Materials  
 2-Chloroethyl VE (CEVE; TCI, >97.0%) was washed with a 10% aqueous sodium hydroxide solution 

and then water and was distilled twice under reduced pressure over calcium hydride. IBVE (TCI, >99.0%) and 

isopropyl VE (IPVE; Wako, >97.0%) were washed with a 10% aqueous sodium hydroxide solution and then water 

and were distilled twice over calcium hydride. p-Methoxystyrene (pMOS; Wako, >97.0%), p-methylstyrene 

(pMeSt; TCI, >96.0%), St (Wako, >99.0%), 1,1-diphenylethylene (DPE; TCI, >98.0%), and BzA (Wako, >98.0%) 

were distilled twice over calcium hydride under reduced pressure. IPA (TCI, >98%) and TPA (Nacalai Tesque, 

>98%) were recrystallized from heptane and dichloromethane/hexane, respectively; vacuum dried for more than 3 

h; and then dried by azeotropy with toluene. Ethyl 2-methyl-1-propenyl ether (EMPE) was prepared from 

isobutyraldehyde diethyl acetal (TCI, >95.0%) according to a previous report19 and then distilled twice over Na 
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before use. Tetrahydrofuran (THF; Wako, >99.5%) was distilled over calcium hydride and then lithium aluminum 

hydride. Ethyl acetate was distilled twice over calcium hydride. Commercially available EtAlCl2 (Wako, 1.0 M 

solution in hexane) and SnCl4 (Aldrich, 1.0 M solution in dichloromethane) were used without further purification. 

For GaCl3, a stock solution in hexane was prepared from anhydrous GaCl3 (Aldrich, >99.999%). For InCl3, a stock 

solution in ethyl acetate was prepared from anhydrous InCl3 (Strem, 99.999%). Dichloromethane (Wako, 99.0%) 

was dried by passage through solvent purification columns (Glass Counter). Hydrochloric acid (Nacalai Tesque) 

and 1,2-dimethoxyethane (Nacalai Tesque) for acid hydrolysis were used as received. All the chemicals except for 

dichloromethane, hydrochloric acid, and 1,2-dimethoxyethane were stored in brown ampules. 

 

Polymerization procedure  
 The following describes a typical polymerization procedure. A glass tube equipped with a three-way 
stopcock was dried using a heat gun (Ishizaki; PJ-206A; blow temperature of ~450 °C) under dry nitrogen. 
Dichloromethane, THF, CEVE, and IPA were added successively into the tube using dry syringes. The 
polymerization was started by the addition of a prechilled EtAlCl2 solution (500 mM) in 
dichloromethane/hexane. After 4 h, the reaction was terminated with methanol containing a small amount of 
an aqueous ammonia solution. The quenched mixture was diluted with dichloromethane and washed with 
water. The volatiles were then removed under reduced pressure at 50 °C to yield the polymer. The monomer 
conversion was determined by proton nuclear magnetic resonance (1H NMR) analysis (for IPA and TPA) and 
gas chromatography (column packing material: PEG-20M-Uniport HP for CEVE, IBVE, IPVE, and EMPE; 
GL Sciences Inc.) using hexane as an internal standard. Specifically, the conversion of IPA was calculated 
based on the integral ratios of the peaks at 3.5–4.3, 5.6–6.4, and 10 ppm in the 1H NMR spectrum and the 
CEVE conversion determined by gas chromatography in the case of the polymerization of CEVE and IPA. 
The conversion of the formyl group was calculated from the integral ratios of the peaks at 5.6–6.4 and 10 ppm 
in the 1H NMR spectrum and the conversion of IPA. 
 
Acid hydrolysis 
 The acid hydrolysis of the polymers was conducted with 0.5 M aq. HCl in 1,2-dimethoxyethane at 
60 °C for 4 h. The quenched mixture was diluted with dichloromethane and successively washed with an 
aqueous sodium hydroxide solution and water. The volatiles were removed under atmospheric pressure at room 
temperature for several days or under reduced pressure for several hours. 
 

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 

(exclusive limit molecular weight = 4 × 106; bead size = 5 Pm; column size = 7.8 mm I.D. × 300 mm); flow 
rate = 1.0 mL min-1] 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 weight-average molecular weight (Mw) and the 
polydispersity ratio (weight-average molecular weight/number-average molecular weight [Mw/Mn]) were 
calculated from the chromatograms with respect to 16 polystyrene standards (Tosoh; Mn = 577–1.09 × 106, 

Mw/Mn d 1.1). NMR spectra were recorded using a JEOL JNM-ECA 500 (500.16 MHz for 1H and 125.77 MHz 
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for 13C) spectrometer. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) spectra were recorded using a Shimadzu/Kratos AXIMA-CFR spectrometer (linear mode; voltage: 
20 kV; pressure < 1.9 × 10–3 Pa) with dithranol as a matrix and sodium trifluoroacetate as an ion source. 
Electrospray ionization mass spectrometry (ESI-MS) spectra were recorded using an LTQ Orbitrap XL 
spectrometer (Thermo Scientific). Differential scanning calorimetry (DSC) was conducted with an EXSTAR-
6000 calorimeter (Seiko Instruments Inc.). Thermal gravimetric analysis (TGA) was conducted with an STA 
6000 apparatus (PerkinElmer Co.) 
 

Results and Discussion 
Cyclotrimerization of BzA and VEs in dichloromethane using Lewis acids   

 To achieve an efficient polyaddition reaction, the cyclotrimerization of one VE and two aldehyde 
units must proceed with high selectivity in a suitable solvent for polymerizations (dichloromethane). Thus, a 
model reaction was first conducted using BzA, a conjugated monoaldehyde, and various VEs in conjunction 
with a Lewis acid catalyst in the presence of THF in dichloromethane at 0 °C (Table 1). Among several VEs 
examined, CEVE underwent highly selective cyclotrimerization with BzA when EtAlCl2 was used as a catalyst 
(entry 1 in Table 1). 
 

Table 1. Cyclotrimerization of BzA and various VEs using Lewis acid catalystsa 

a [BzA]0 = 0.50 (entries 1–6, 9, and 10), 0.20 (entries 7 and 8), or 0.40 (entry 11) M, [vinyl monomer]0 = 0.50 
(entries 1–6, 9, and 10), 0.20 (entries 7 and 8), or 0.40 (entry 11) M, [Lewis acid]0 = 50 (entries 1–3 and 7), 
2.0 (entries 4 and 6), 5.0 (entries 5, 8, 9, and 10), or 10 (entry 11) mM, [THF] = 1.0 (entries 1–3) or 0 (entries 
4–11) M, in dichloromethane at 0 (entries 1–10) or –78 (entry 11) ºC. b Determined by gas chromatography 
and 1H NMR analysis of products. c Estimated by 1H NMR analysis of the obtained products. d The ratio of a 
cyclic trimer consisting of one VE and two BzA, a cyclic trimer consisting of two VE and two BzA, and other 
byproducts were 35/<27/>38 (entry 2) and 44/<9/>47 (entry 3). See Figures S2 and S3 for the detail. 
 

    conv (%)b  

entry catalyst vinyl monomer time 
vinyl 

monomer 
BzA 

cyclic trimer/ 
byproductc 

1 EtAlCl2 CEVE 1 h 46 >99 >99/~0 

2  IBVE 1 h 96 >99 35/65d 

3  IPVE 3 min >99 >99 44/56d 

4 GaCl3 CEVE 3 min >99 95 53/47 

5 InCl3 CEVE 4 h 25 2 3/97 

6 SnCl4 CEVE 3 min 5 2 17/83 

7 EtAlCl2 pMeSt 1 h 14 0 0/100 

8 GaCl3 pMeSt 4 h 85 27 4/96 

9  St 4 h 31 8 13/87 

10  DPE 72 h 15 28 85/15 

11  DPE (–78 ºC) 24 h 36 73 >99/~0 
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 The GPC curve of the product (Figure 1A) showed a unimodal peak with a very narrow MWD in the 
low-MW region. Moreover, 1H NMR (Figure 2A) and ESI-MS (Figure 1B) analyses revealed that a cyclic 
trimer consisting of one CEVE and two BzA units was exclusively produced. The product was composed of 
diastereomers as confirmed by the appearance of four singlet peaks at 5.7–6.3ppm (peaks 2; 6.29, 6.25, 5.74, 
and 5.73 ppm), although all the signals could not be assigned to the diastereomers.20 Unlike the case of CEVE, 
the reactions using IBVE or IPVE as a VE monomer generated byproducts, such as a VE homopolymer and a 
cyclic trimer consisting of two VE units and one aldehyde unit (entries 2 and 3 in Table 1), which was indicated 
by 1H NMR and ESI-MS (Figure S1–S3) analyses. These undesired reactions likely occurred due to the higher 
reactivity of the two VEs than that of CEVE. 
 

 

Figure 1. (A) MWD curve and (B) ESI-MS spectrum of the product obtained by the cyclotrimerization of 
CEVE and BzA ([CEVE]0 = 0.50 M, [BzA]0 = 0.50 M, [EtAlCl2]0 = 50 mM, [THF] = 1.0 M, in 
dichloromethane at 0 ºC; entry 1 in Table 1; * Contamination. The same signal was detected when solvents 
were analyzed). 
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Figure 2. 1H NMR spectra of (A) the product obtained in the model reaction using CEVE and BzA (entry 1 in 
Table 1), (B) the product obtained by polyaddition of CEVE and IPA (entry 1 in Table 2), (C) its hydrolysis 
product, (D) CEVE monomer, and (E) IPA monomer (in CDCl3 at 30 ºC; * solvents, residual monomer, or 
byproducts; number written in green: integral ratio). The assignments of the hydrolysis products are partly 
based on references 22 and 23. 
 
 An appropriate Lewis acid catalyst was also very important for the selective cyclotrimerization 
reaction. When GaCl3, InCl3, or SnCl4 was used instead of EtAlCl2, VE homopolymerization preferentially 
occurred, resulting in a decreased selectivity (entries 4-6). The first step of the cyclotrimerization reaction 
appears to be the coordination of the Lewis acid catalyst to the carbonyl oxygen of the aldehyde (Scheme 3). 
The generated carbocation reacts with a VE molecule and subsequently with an aldehyde, producing a 
carbocation that reacts with the oxygen atom coordinated by the Lewis acid catalyst to yield a cyclic trimer. 
Therefore, EtAlCl2, which is a Lewis acid catalyst that exerts both a strong affinity for carbonyl groups and a 
low activity in cationic polymerization,21 was chosen for the selective cyclotrimerization reaction. 
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Scheme 3. Postulated mechanism of cyclotrimerization.  

 
Polyaddition via the cyclotrimerization of CEVE and IPA 
 Based on the results of the model reaction, the polyaddition of CEVE and IPA, which contains two 
aldehyde units at the meta positions, was conducted using EtAlCl2 as a Lewis acid catalyst in the presence of 
THF in dichloromethane at 0 °C. As shown in Figure 3A, both monomers were smoothly consumed to reach 
nearly quantitative conversion in 4 h, which resulted in the generation of a polymer with a unimodal MWD 

(Mw = 2.2 u 103, Mw/Mn = 1.77; entry 1 in Table 2). Additionally, the MWD peaks of the products shifted to 
the high-MW region as the monomer conversion increased (Figure 3C). The upward increase in the Mw values 
in the latter stages of the polymerization (Figure 3B) suggests that the polymerization reaction proceeded by a 
step-growth mechanism. Theoretically, the MW potentially increases when the monomer conversion is 
increased. In addition, the conversion of the formyl group in IPA was lower than the IPA conversion but higher 
than the half of the IPA conversion, which indicates that monomer–monomer, monomer–oligomer (polymer), 
and oligomer (polymer)–oligomer (polymer) reactions occurred statistically. This is because both the 
conversion values will agree when chain-growth propagation occurs, while the conversion of the formyl group 
will be the half of the IPA conversion in ideal step-growth propagation. 
 

Table 2. Polyaddition of various VEs and dialdehydesa 

entry VE dialdehyde time 
conv (%)b 

Mw u 10–3 c Mw/Mn
c cyclic trimerization/ 

side reactiond 
VE dialdehyde 

1 CEVE IPA 4 h 96 95 2.2 1.77 90/10 

2  TPA 4 h 90 85 3.6 2.39 87/13 

3 IBVE IPA 1 h >99 95 1.7 2.09 63/37 

4 IPVE IPA 15 min >99 84 1.0 1.75 42/58 

5 EMPE IPA 4 h >99 >99 3.1 2.21 95/5 
a [VE]0 = 0.50 M, [dialdehyde]0 = 0.50 M, [EtAlCl2]0 = 50 mM, [THF] = 1.0 M (entries 1–4) or [ethyl acetate] 
= 1.0 M (entry 5), in dichloromethane at 0 ºC. b Determined by gas chromatography and 1H NMR analysis of 
products. c Determined by GPC (polystyrene standards). d Determined by 1H NMR analysis. 
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Figure 3. (A) Time–conversion curves of polyaddition of CEVE and IPA, (B) Mw values, and (C) MWD curves 
of the obtained products ([IPA]0 = 0.50 M, [CEVE]0 = 0.50 M, [CEVE]added = 0.25 M for the bottom curve in 
(C), [EtAlCl2]0 = 50 mM, [THF] = 1.0 M, in dichloromethane at 0 ºC; entry 1 in Table 2). 

 
 The 1H NMR spectrum of the obtained polymer (Figure 2B) exhibited peaks assigned to cyclic acetal 
structures, which indicated that the polyaddition reaction successfully proceeded via the successive 
cyclotrimerization. The peaks were assigned by comparing the spectra of the polymer of CEVE and IPA and 
the model cyclic trimer of CEVE and BzA. For example, the peaks at 5.7 and 6.3 ppm were assigned to the 
protons of cyclic acetal structures. These acetal peaks appeared at different positions because the products 
were composed of a mixture of diastereomers. The integral ratios of all the peaks supported that a polymer 
with cyclic acetal structures in the main chain was obtained. Additionally, the number-average degree of 
polymerization was determined to be 10 from the peak integral ratio of the methine protons of the cyclic acetal 
structures (peak 10) and the aldehyde protons (peak 8) at the polymer chain ends. This value was consistent 
with the MW estimated from GPC using polystyrene calibration. It should be noted here that the 1H NMR 
spectra indicates the signals due to the remaining aldehyde moiety at the polymer chain ends. Indeed, MWD 
curves of the products shifted to the high-MW region when the subsequent polyaddition proceeded by the 
sequential addition of a fresh supply of CEVE monomer at the later stages of the polymerization (the bottom 
curve in Figure 3C) 
 MALDI-TOF-MS analysis of the product also confirmed that the polymerization occurred via the 
cyclotrimerization reactions (Figure 4). A single series of peaks were mainly observed at constant intervals of 
m/z = 240, which corresponds to the mass value of CEVE and IPA units. Furthermore, the m/z values of the 

series are consistent with the mass values of the structures with an D- and Z-ends derived from an O=CH-C6H5 
moieties. 
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Figure 4. MALDI–TOF–MS spectrum of the polymer obtained by polyaddition via cyclotrimerization of 
CEVE and IPA {polymerization conditions: [CEVE]0 = 0.50 M, [IPA]0 = 0.50 M, [EtAlCl2]0 = 50 mM, [THF] 

= 1.0 M, in dichloromethane at 0 ºC; Mw(GPC) = 1.8 u 103}. 
 

 The polymerization mechanisms are explained as follows. First, the cyclotrimerization of one VE 
and two IPA molecules starts through the coordination of the Lewis acid catalyst to the carbonyl oxygen in a 
manner similar to the model reaction demonstrated above (Scheme 3). Unlike the cyclic trimer obtained using 
BzA, however, the cyclic trimer consisting of one VE and two IPA units has two remaining aldehyde moieties. 
Thus, the cyclotrimerization subsequently occurs through the aldehyde moiety of the cyclic trimer, a VE, and 
the aldehyde moiety of either an IPA monomer, another cyclic trimer, or a poly(cyclic trimer). As an example, 
the reaction through an IPA monomer, a VE monomer, and the aldehyde moiety at the chain end of a poly(cyclic 
trimer) is shown in Scheme 4. Such cyclotrimerization reactions continuously occur to produce a polymer with 
cyclic acetal structures in the main chain until all VE monomers are consumed. The formation of a 
thermodynamically stable six-membered cyclic acetal structure is likely the driving force of the 
cyclotrimerization. Indeed, the polyaddition proceeded at a relative high temperature (0 °C) unlike the case of 
the cationic alternating copolymerization of VEs and conjugate aldehydes. The latter polymerization must be 
conducted at a low temperature, such as –78 °C, due to the low ceiling temperature associated with the stability 
of the linear acetal structures in the main chain. 
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Scheme 4. Plausible reaction mechanism for the polyaddition of CEVE and IPA using a Lewis acid catalyst. 
 

 The polymer of CEVE and IPA is susceptible to acid due to the acid lability of the acetal structures 
in the main chain, while this polymer is stable under neutral or basic conditions. Indeed, the polymer was 
hydrolyzed under acidic conditions because of the degradation of the cyclic acetal structures (Scheme 5). After 
hydrolysis, the MWD curve clearly shifted to the low-MW region (the purple curve in Figure 3C). The 1H 
NMR spectrum of the hydrolysis product (Figure 2C) contained sharp peaks assigned to the structures of IPA 
and conjugated dialdehydes that have two extra carbon atoms between the benzene ring and the aldehyde 
moiety.22,23 Decomposition products derived from CEVE moieties were most likely removed during the 
purification procedure. 

 

Scheme 5. One possible pathway of acid hydrolysis reaction of the polymer. 
 

Polyaddition via the cyclotrimerization of various VEs and dialdehydes 
 The polyaddition behavior was significantly affected by the reactivity of the VEs. A highly reactive 
VE was unsuitable for the efficient polyaddition via exclusive cyclotrimerization in dichloromethane. When 
IBVE or IPVE, which are more reactive than CEVE, were used for the polymerization with IPA, both 
cyclotrimerization and VE homopolymerization occurred to yield complicated mixtures (entries 3 and 4 in 
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Table 2; Figure S2 and S3). Additionally, the cyclotrimerization of two VE monomers and one IPA monomer 
occurred in an analogous manner to the model reaction, which generated a cyclic acetal structure with one 
aldehyde moiety. This undesired structure functioned not as a monomer but as a terminator in the polyaddition 
because no aldehyde moieties remained after the cyclic acetal structure with one aldehyde moiety had been 
consumed via cyclotrimerization. 
 VE monomers with low reactivities were indispensable for polyaddition reactions to occur without 

undesired reactions, such as homopolymerization of the VEs. Notably, EMPE, which is a E,E-dimethyl VE 
that does not homopolymerize24,25 nor copolymerize with aromatic aldehydes,16 was found to undergo the 
polyaddition with IPA via cyclotrimerization. Both EMPE and IPA were smoothly consumed, yielding a 
polymer with cyclic acetal structures in the main chain, under conditions similar to those for the polyaddition 
using CEVE (entry 5 in Table 2; Figure 5). The formation of a six-membered cyclic acetal structure with two 
aldehyde moieties likely compensated for the steric repulsion derived from the dimethyl groups. To the best of 
the author’s knowledge, this is the first example of a polymerization using EMPE as a monomer. 
 TPA, the para-disubstituted counterpart of IPA, was also successfully polymerized with CEVE via 
cyclotrimerization. The polyaddition using TPA generated a polymer with cyclic acetal structures in the main 
chain (entry 2 in Table 2) under conditions similar to those for IPA. Polyaddition of TPA with EMPE also 
proceeded successfully, which yielded a product similar to that obtained by the polymerization of IPA and 
EMPE. 
 

 
Figure 5. (A) MWD curve and (B) 1H NMR spectrum (in CDCl3 at 30 ºC) of the product obtained by the 
polyaddition of EMPE and IPA (entry 5 in Table 2; [EMPE]0 = 0.50 M, [IPA]0 = 0.50 M, [EtAlCl2]0 = 50 mM, 
[ethyl acetate] = 1.0 M, in dichloromethane at 0 ºC; * solvent, residual monomer, or water; number written in 
green: integral ratio). 
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Cyclotrimerization of St derivatives and BzA 
 St derivatives can undergo cyclotrimerizations with conjugated aldehydes in a manner similar to VEs. 
To explore the polyaddition reactions using St derivatives, model reactions were conducted using BzA and 
various St derivatives. pMOS, a highly reactive St derivative in cationic polymerization because of the large 
electron-donating ability of the p-methoxy group, was first employed for the reaction with BzA. However, 
only a homopolymer of pMOS was obtained from the reactions using various Lewis acid catalysts in 
dichloromethane, as confirmed by 1H NMR analysis. For pMeSt, which is less reactive than pMOS, no cyclic 
trimers were obtained using EtAlCl2 (entry 7 in Table 1), the most suitable Lewis acid catalyst for the 
cyclotrimerization of VEs and BzA. In contrast, the reaction using GaCl3 produced a mixture composed of a 
pMeSt homopolymer and a cyclic trimer of one pMeSt and two BzA units (entry 8 in Table 1). Moreover, St, 
which has a lower reactivity than pMeSt, underwent cyclotrimerization in a higher ratio (entry 9 in Table 1). 
 The above results indicate that less reactive St derivatives are efficient for the cyclotrimerization with 
conjugated aldehydes. In fact, DPE, which is not homopolymerized by any polymerization mechanisms, was 
demonstrated to be highly efficient for the selective cyclotrimerization. The product obtained from the reaction 
with BzA at 0 ºC exhibited a unimodal, very sharp peak in the low-MW region on the MWD curve (entry 10 
in Table 1). However, 1H NMR analysis suggested that 1,1,3,5,5-pentaphenylpenta-1,4-diene was partly 
generated as a byproduct. This compound was reported to be generated from DPE and BzA under acidic 
conditions.26,27 Importantly, this side reaction was suppressed when the reaction of DPE and BzA was 
conducted at –78 ºC (entry 11 in Table 1). 1H NMR and ESI-MS analyses (Figure 6B and C) suggested that a 
cyclic trimer consisting of one DPE and two BzA units was generated quantitatively (cyclotrimerization/side 
reaction = 100/0).  

 
Figure 6. 1H NMR spectra of the products obtained by (A) polyaddition of DPE and IPA (entry 3 in Table 3) 
and (B) the model reaction using DPE and BzA (entry 11 in Table 1) and (C) ESI-MS spectrum of cyclic trimer 
of DPE and BzA (in CDCl3 at 30 ºC; * solvents, residual monomer, etc.; number written in green: integral 
ratio). 
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Polyaddition via the cyclotrimerization of DPE and IPA 
 Based on the model reactions demonstrated above, the polyaddition of DPE and IPA was conducted 
using GaCl3 as a Lewis acid catalyst in dichloromethane. At 0 ºC, only oligomers were obtained (entry 1 in 
Table 3) because a similar side reaction to that in the cyclotrimerization of DPE and BzA occurred and/or the 
reaction likely had a relatively low ceiling temperature derived from the steric repulsion of DPE. Thus, the 
polymerization was carried out at a lower temperature (entries 2 and 3). As a result, the reaction at –78 °C 

successfully proceeded via cyclotrimerization and produced a polymer (entry 3 in Table 3; Mw = 2.3 u 103, 
Mw/Mn = 1.65). The MWD peaks of the products shifted to the higher-MW region as the monomer conversion 
increased (Figure 7A). The 1H NMR spectrum of the obtained polymer (Figure 6A) contained peaks assigned 
to polymers with cyclic acetal structures in the main chain, which was also supported by the comparison with 
the spectrum of a cyclic trimer of DPE and BzA (Figure 6B). The degree of polymerization was calculated to 
be approximately 8 from peaks 36 and 37. TPA was also employed for the copolymerization with DPE instead 
of IPA. The copolymerization proceeded via cyclotrimerization (entry 4 in Table 3), which afforded a polymer 

with an Mw value as high as 9.1u 103 (Figure 7B). 
 

Table 3. Polyaddition via cyclotrimerization of DPE and IPA using GaCl3
a 

entry 
DPE 

dialdehydes (M) temp. 
(ºC) time (h) 

conv (%) b 

Mw u 10-3 c Mw /Mn 
c 

(M) DPE IPA 

1 0.40 IPA 0.40 0 96 49 86 0.4 1.05 

2 0.40 IPA 0.40 –30 24 77 >99 1.3 1.43 

3 0.40 IPA 0.20 –78 72 50 >99 2.3 1.65 

4 0.40 TPA 0.20 –78 96 46 99 9.1 2.47 
a [GaCl3]0 = 5.0 (entries 1–3) or 10 (entry 4) mM, in dichloromethane. b Determined by 1H NMR analysis of 
products. c Determined by GPC (polystyrene standards). 
 

 
Figure 7. MWD curves of the products obtained by polyaddition via cyclotrimerization of DPE with (A) IPA 
or (B) TPA (entries 3 and 4 in Table 3). 
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Thermal properties of the polymers 
 The poly(cyclic acetal)s obtained by the cyclotrimerization of vinyl monomers and dialdehydes 
exhibited superior thermal properties to the polyacetals produced by the alternating copolymerization of VEs 
and conjugated aldehydes (Table 4). DSC measurements revealed that Tg of poly(CEVE-co-IPA) was 56 °C 
(entry 1 in Table 4), which is higher than that of alternating poly(CEVE-alt-BzA)16 (38 °C; entry 4). The higher 
Tg value was likely due to the cyclic acetal structures in the main chain. Furthermore, poly(DPE-co-IPA) had 
a very high Tg (193 °C; entry 2) likely because of the phenyl rings on the cyclic acetal structures. The 5% 
weight loss temperature (T5%) value of poly(DPE-co-IPA) was also higher than those of poly(CEVE-co-IPA) 
and poly(CEVE-alt-BzA). Moreover, poly(DPE-co-TPA) had higher Tg value than poly(DPE-co-IPA), 
probably due to the symmetrical structures (entry 3). 
 

Table 4. Tg and T5% values of polymers with cyclic or acyclic acetal in the main chain 

entry polymer Mw u 10–3 Mw/Mn Tg (ºC)a T5% (ºC)b 

1 poly(CEVE-co-IPA) 3.3 1.92 56 192 

2 poly(DPE-co-IPA) 2.3 1.42 193 309 

3 poly(DPE-co-TPA) 7.9 2.65 262 304 

4c poly(CEVE-alt-BzA) 17.4 1.16 38 237 

a The heating and cooling rates were 10 ºC/min. The Tg values were determined by the second heating scan. b 
The 5% weight-loss temperature determined by TGA. c Reference 16. 
 

Conclusion 
 A polymer with cyclic acetal structures in the main chain was successfully produced via the 
successive cyclotrimerization of two conjugated dialdehydes and one vinyl monomer using a Lewis acid 
catalyst. The use of a suitable Lewis acid catalyst and vinyl monomers with appropriate reactivities was critical 
for the selective cyclotrimerization without homopolymerization reactions of vinyl monomers. The poly(cyclic 
acetal)s obtained via the cyclotrimerization reactions exhibited acid degradability and good thermal properties 
compared to alternating poly(CEVE-alt-BzA). Particularly, poly(DPE-co-IPA) and poly(DPE-co-TPA), which 
have three aromatic rings in each repeating unit, exhibited very high Tg values. 
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Supporting Information 

 

Figure S1. (A) MWD curve and (B) ESI-MS spectrum of the product obtained by the reaction of IBVE and 
BzA (entry 2 in Table 1). 
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Figure S2. 1H NMR spectra of (A) the product obtained by the cyclotrimerization of BzA and IBVE (entry 2 
in Table 1), (B) the product obtained by polymerization of IPA and IBVE (entry 3 in Table 2), and (C) IBVE 
homopolymer (* solvent, residual monomer, water, etc.; number written in green: integral ratio).  
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Figure S3. 1H NMR spectra of (A) the product obtained by the cyclotrimerization of BzA and IPVE (entry 3 
in Table 1), (B) the product obtained by polymerization of IPA and IPVE (entry 4 in Table 2), and (C) IPVE 
homopolymer (* solvent, residual monomer, or water; number written in green: integral ratio). 

 
Notes for Figures S2 and S3: 
The ratios of a cyclic trimer consisting of two BzA and one VE, a cyclic trimer consisting of one BzA and two 
VE, and other byproducts, which are listed in Table 1, were calculated from the integral ratios of peaks 47, 48, 
50, 53, 54, 55, and 74 for IBVE (Figure S2) and peaks 76, 77, 79, 81, 82, 83 and 100 for IPVE (Figure S3). 
The ratio of products other than the cyclic trimers was standardized based on the number of IPVE units (e.g., 
the ratio is 1/1/8 when equal amounts of a cyclic trimer consisting of two BzA and one VE, a cyclic trimer 
consisting of one BzA and two VE, and a homopolymer composed of 8 units of IPVE are generated). 
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Chapter 3 
Tandem polymerization consisting of cyclotrimerization and the Tishchenko reaction: synthesis of acid- 
and alkali-degradable polymers with cyclic acetal and ester structures in the main chain 
 

Introduction 
 A selective organic reaction is an indispensable tool for the synthesis of polymers with functional 
groups in the main chain via polyadditions and polycondensations. These polymers exert valuable 
functionalities that cannot be achieved by vinyl polymers with only carbon–carbon bonds in the main chain. 
For example, polyesters, polyamides, and polyurethanes, which play important roles in both dairy life and 
industries, are generally produced via step-growth polymerization reactions. Specifically, the utilization of 
novel organic reactions for a polymerization protocol enables the generation of a polymer inaccessible by 
conventional synthetic approaches. In fact, multicomponent reactions, such as the Ugi reaction and the 
Kabachnik–Fields reaction,1-5 and tandem reactions have been recently applied in polymer chemistry as bond-
forming reactions.6-11 An important key to obtaining a high molecular weight (MW) polymer is the 
enhancement of the selectivity of the reactions.  

 An advantage of tandem polymerization is that a complicated and well-defined polymer, which is 
difficult to obtain by other methods, is available via direct and simplified synthetic preparation without the 
additional time and yield losses associated with isolation and purification. A fundamental strategy for the 
construction of a tandem polymerization system is to design a catalyst that can simultaneously activate multiple 
reactions.12-14 A synthetic approach using a tandem catalyst can combine polymerization reactions, such as 
insertion polymerization, radical polymerization, and cationic polymerization, and organic chemistry, such as 
Cu-catalyzed azide-alkyne cycloaddition and Diels-Alder reaction.15-18 Specifically, when two different 
reactions occur through the same intermediate to form a polymer backbone, a polymer with different structures 
in the main chain is generated.8-10 

 For the construction of a novel tandem polymerization system,19-21 the author has focused on Prins-
type cycloaddition and the Tishchenko reaction, which are reactions involving aldehydes that yield a cyclic 
acetal and an ester, respectively.22-28 These reactions have been individually employed as bond-forming 
reactions for polymer synthesis because these reactions proceed with high selectivity under appropriate 
conditions (Scheme 1 (i)).29-33 Both reactions occur via the same intermediate that is generated by the 
coordination of a catalyst with an aldehyde. Therefore, the author anticipated that an appropriate catalyst 
system could permit the simultaneous occurrences of these two reactions and allow for the incorporation of 
both cyclic acetal and ester structures into one polymer chain (Scheme 1 (ii)) 
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Scheme 1. Tandem polymerization consisting of cyclotrimerization and Tishchenko reaction using VEs and 
dialdehydes as monomers. 
 

 In Chapter 2 of this thesis, the author reported a novel polyaddition reaction of vinyl ethers (VEs) 
and bifunctional aldehydes via successive cyclotrimerization using EtAlCl2 as the catalyst (Scheme 2(i)). 1,1-
diphenylethylene also underwent polyaddition with isophthalaldehyde (IPA), yielding a polymer with a high 
glass transition temperature (193 ºC) and acid degradability.26 

 

 
Scheme 2. Postulated mechanisms of cyclotrimerization and the Tishchenko reaction using EtAlCl2 and 
Al(OiPr)3. 
 

 The Tishchenko reaction involves the dimerization reaction of two aldehydes to yield an ester through 
an atom economical route. A plausible mechanism of the Tishchenko reaction was suggested by Ogata and 
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Kawasaki.26 In this model (Scheme 2(ii)), the initiation step involves the coordination of a catalyst with an 
aldehyde molecule and the subsequent generation of an aldehyde-derived alkoxide-bonded Al catalyst (Al–
OCH2R) by transfer of the alkoxide ligand of the original catalyst along with the elimination of the 
corresponding ester. Subsequently, this catalyst coordinates with another aldehyde to transfer an alkoxide 
group on the Al catalyst to the carbonyl carbon of the aldehyde coordinated to the catalyst. Finally, a hydrogen 
atom on the carbon atom, which was originally the carbonyl carbon, transfers to a newly coordinated aldehyde, 
resulting in the generation of an ester and an aluminum alkoxide. Although the Tishchenko reaction has been 
employed in polymer chemistry as a bond-forming reaction,27-33 a termination reaction,37 and monomer 
synthesis,38 there are no reports on the tandem polymerization consisting of the Tishchenko reaction and other 
organic reactions as far as the author knows. 
 In this study, the author aimed to develop a novel tandem polymerization system consisting of the 
two aforementioned reactions of aldehydes. Firstly, a model reaction was conducted with benzaldehyde (BzA) 
instead of bifunctional aldehydes to optimize reaction conditions. Based on the results of the model reaction, 
the tandem polymerization of bifunctional conjugated aldehydes and 2-chloroethyl VE (CEVE) was conducted, 
which resulted in polymers with cyclic acetal and ester structures in the main chain. Moreover, the author 
conducted three-component tandem polymerization by adding diethyl fumarate (DEF) as the third monomer 
that underwent transesterification reactions with Al-bonded alkoxy groups at polymer chain ends.39 The 
thermal properties of the obtained polymers were tunable by the design of the backbone structures, such as the 
composition ratios of cyclic acetal to ester.  
 
Experimental Section 
Materials  
 DEF (TCI, >98.0%) and diisopropyl fumarate (DiPF; TCI, >98.0%) were distilled twice over calcium 
hydride under reduced pressure. IPA (TCI, >98.0%) and terephthalaldehyde (TPA; Nacalai Tesque, >98.0%) 
were recrystallized from n-hexane/toluene (1/1 v/v), vacuum dried for more than 3 h, and then dried by 
azeotropy with toluene. Commercially available Al(OiPr)3 (Nacalai Tesque, >98.0%), Al(OPh)3 (Sigma–
Aldrich, >99.9%), and Al(OtBu)3 (TCI, >98.0%) were used as received. DEF and DiPF were stored in brown 
ampules. Other materials were prepared and used as described in Chapter 2. 
 
Polymerization procedure 
 The following is a description of the typical polymerization procedure. A glass tube equipped with a 
three-way stopcock was dried using a heat gun (Ishizaki; PJ-206A; blow temperature of ~450 ºC) under dry 
nitrogen. IPA was added into the tube in an N2-filled globe box (DBO-1B; MIWA MFG Co., Ltd.). 
Dichloromethane and CEVE were sequentially added to this tube using dry syringes. Al(OiPr)3 was added into 
another tube in the N2-filled globe box. To this tube, dichloromethane and an EtAlCl2 solution were 
sequentially added by using dry syringes, and the mixture was kept at 0 ºC for at least 10 min. The 
polymerization was initiated by adding the catalyst mixture solution to the monomer solution at 0 ºC. After a 
predetermined time, the reaction was terminated by the addition of 1-propanol containing a small amount of 
aqueous ammonia. The quenched mixture was washed with water. Then, the volatiles were removed under 
reduced pressure at 50 ºC to yield a polymer. The monomer and formyl group conversions were determined 
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by 1H NMR analysis of the quenched reaction mixture using n-hexane as an internal standard.  

 

Acid or alkali hydrolysis 
 Acid or alkali hydrolysis of the polymer was conducted with 1 M HCl (aq) or sodium hydroxide, 
respectively, in mixture of 1,2-dimethoxyethane/water at 60 ºC for 4 or 8 h. The quenched mixture was diluted 
with dichloromethane and successively washed with an aqueous sodium hydroxide solution (only for acid 
hydrolysis) and water. The volatiles were removed under atmospheric pressure at room temperature.   

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

chromatography (GPC) in chloroform at 40 ºC with two polystyrene gel columns [TSKgel GMHHR-M u 2 
(exclusive limit molecular weight = 4 u 106; bead size = 5 μm; column size = 7.8 mm I.D. u 300 mm); flow 
rate = 1.0 mL min-1] connected to a JASCO PU-4580 pump, a Tosoh CO-8020 column oven, a UV-8020 
ultraviolet detector, and an RI-8020 refractive index detector. Differential scanning calorimetry (DSC) was 
conducted with a Shimadzu DSC-60 Plus differential scanning calorimeter. Mw, Mw/Mn, 1H NMR spectra, and 
ESI-MS spectra were obtained in a manner similar to that described in Chapter 2. 

Results and Discussion 
Tandem reaction of CEVE and BzA in dichloromethane using various Lewis acid catalysts  

 First, appropriate conditions for tandem polymerization were investigated in a model reaction using 
BzA instead of a bifunctional aldehyde. The reaction of CEVE and BzA was conducted with EtAlCl2 and/or 
Al(OiPr)3 as catalysts in dichloromethane at 0 ºC. Only cyclotrimerization and CEVE homopolymerization 
(Scheme 2(i)) occurred when EtAlCl2 was used (entry 1 in Table 1), yielding a cyclic trimer consisting of one 
CEVE and two BzA, which was supported by 1H NMR spectrum of the obtained product (Figure 1B; 
compound I obtained in the reaction under the different condition from entry 1 in Table 1; a mixture of 
diastereomers).40 In contrast, only the Tishchenko reaction (Scheme 2(ii)) occurred with Al(OiPr)3 alone, even 
in the presence of both monomers (entry 2 in Table 1), which yielded benzyl benzoate (see Figure 1C for the 

1H NMR spectrum of the obtained product; compound II). 

Table 1. Tandem reaction of CEVE and BzAa 
     conv. (%) b ratio of productsc 

entry 
EtAlCl2 

(mM) 

metal 

alkoxide 
(mM) time CEVE BzA  

cyclotrim-

erization 

Tishchenko  

reaction 

VE homo- 

polymerization 

linear acetal 

generation 

1 50 Al(OiPr)3 0 10 min >99 95 88 ‒ 12 ‒ 

2 0  100 72 h 0 22 ‒ >99 ~0 ‒ 

3 30  10 168 h 88 96 74 18 2 6 

4 30  20 144 h 3 73 ‒ 91 ‒ 9 

5 30 Al(OtBu)3 20 72 h 47 61 58 23 9 10 

6 30 Al(OPh)3 20 4 h 40 60 30 13 14 43 
a [CEVE]0 = 0.50 M, [BzA]0 = 1.0 M, in dichloromethane at 0 ºC. b Determined by 1H NMR analysis of 
quenched reaction mixtures. c Estimated by 1H NMR analysis of the obtained products. 
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 Both cyclotrimerization and the Tishchenko reaction simultaneously occurred when 30 mM EtAlCl2 
and 10 mM Al(OiPr)3 were used as a catalyst mixture (entry 3 in Table 1). A GPC curve of the obtained product 
showed two sharp peaks in the low-MW region, which indicated that the polymerization of CEVE, a 
cationically homopolymerizable monomer, did not occur. In the 1H NMR spectrum of the obtained product 
(Figure 1A), peaks for both the cyclic acetal and the ester were observed. The total proportion of the two 
desirable products was 92%, and small amounts (6%) of two linear acetals (compounds Ⅲ and Ⅳ in Figure 1) 
were also produced via side reactions (vide infra).  

 

Figure 1. 1H NMR spectra of the products obtained in the model reactions of CEVE and BzA with (A) both 
EtAlCl2 and Al(OiPr)3 (entry 3 in Table 1), (B) EtAlCl2 alone ([CEVE]0 = 0.50 M, [BzA]0 = 1.0 M, [EtAlCl2]0 
= 50 mM, [THF] = 1.0 M, in dichloromethane at 0 ºC), and (C) Al(OiPr)3 alone (entry 2 in Table 1) (in CDCl3 
at 30 ºC; * CHCl3, water, or TMS). 
 

 The ratios and alkoxy ligand types of the catalysts combined with EtAlCl2 are important for selective 
reactions. An increase in the concentration of Al(OiPr)3 from 10 mM to 20 mM completely inhibited 
cyclotrimerization (entry 4 in Table 1). When different aluminum alkoxides were used (entries 5 and 6 in Table 
1), the tandem reaction also proceeded. However, unlike the case with Al(OiPr)3, other linear acetals were 
partly formed as side products by transfers of the alkoxide ligands, which were confirmed by ESI-MS and 1H 

NMR analyses of the obtained products. 
 The 1H NMR spectrum of a catalyst mixture of EtAlCl2 and Al(OiPr)3 suggested that aluminum 
haloalkoxides were likely generated by ligand exchange reactions of chlorine atoms of EtAlCl2 and isopropoxy 
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groups of Al(OiPr)3 (Figure 2). The aluminum haloalkoxides most likely exhibited appropriate catalytic 
activity for both cyclotrimerization and the Tishchenko reaction without interfering with each other due to 
their sufficient Lewis acidity for the generation of a carbocation and the ability to act as an alkoxide transfer 
agent. 
 

 
Figure 2. 1H NMR spectra of (A) Al(OiPr)3 and (B) the mixture of an equimolar amount of EtAlCl2 and 
Al(OiPr)3 (in CDCl3 at 30 ºC; L: other ligands; hex: n-hexane).  
 
 The two linear acetal side products (compounds Ⅲ and Ⅳ in Figure 1A) were likely generated by 
the mechanisms shown in Scheme 3. A BzA molecule activated by the Al catalyst reacts with CEVE (path (a)) 
and another BzA (path (b)). The subsequent reaction of the Al-coordinated oxygen atom with the carbocation 
results in the cyclotrimerization (path (c); compound Ⅰ), whereas the intramolecular hydride transfer results in 
a linear acetal consisting of one CEVE and two BzAs (path (d); compound III). The other linear acetal (path 
(g); compound IV) is produced by the reaction of 1-propanol, which was used as a quencher, with a carbocation 
derived from the undesired hydride transfer after the reaction of one BzA and one CEVE (paths (e) and (f)) 
(Scheme 3).  

 
Scheme 3. Possible pathways of generation of two linear acetals ([Al]: aluminum haloalkoxide, such as 
Al(OR)nCl2-n and Al(OR)mCl3-m; dormant species with a covalent bond, such as a carbon–chlorine bond, 
generated from carbocations are ignored) 
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Tandem polymerization of CEVE or IBVE and IPA 
 Based on the results of the model reactions, the reaction of CEVE and IPA, which contains two 
aldehyde units at the meta positions, was examined using a catalyst mixture consisting of EtAlCl2 and Al(OiPr)3 
in dichloromethane at 0 ºC (entry 3 in Table 2). The appropriate catalyst mixture promoted both 

cyclotrimerization and Tishchenko reactions, resulting in a polymer of Mw = 3.5 u 103. As shown in Figure 3A, 
IPA was almost completely consumed during the early stage of polymerization, whereas CEVE conversion 
plateaued at approximately 30% in 4 h. Even after both monomer consumptions plateaued via the reactions 
between monomers, the formyl groups, which exist at the oligomer and polymer chain ends, were gradually 
consumed (square symbols in Figure 3A) by the Tishchenko reactions between oligomers and polymers. The 
Mw values of the products exponentially increased along with the consumption of the formyl group for the 
tandem polymerization in the later stage (Figure 3B), which indicated that the polymerization proceeded in a 
step-growth manner. The MWD curves shifted to a higher-MW region even after the consumption of both 
monomers reached plateaus (Figure 3C), which also suggested that the Tishchenko reaction between the formyl 
groups of the polymer chains mainly occurred in the later stage.41 

 

Table 2. Tandem polymerization of VEs and IPAa  

   catalyst 

(mM) 
 conv. 

(%) b 
  ratio of productsd 

entry VE Ald. 
EtAlCl2 

/Al(OiPr)3 

time 

(h) 
VE Ald. 

Mw u 
10–3 c 

Mw/Mn 
c 
cyclotrim-

erization 

Tishchenko  

reaction 

VE 

polym-

erization 

linear 

acetal 

generation 

1 CEVE IPA 30/0 4 >99 >99 1.2 1.87 96 – 4 – 

2   0/100 144 ~0 >99 0.7 2.90 – >99 ~0 ~0 

3   30/10 144 33 >99 3.5 4.11 21 69 5 5 

4   40/10 144 88 >99 3.5 3.48 33 50 11 6 

5   45/10 144 96 >99 3.5 3.74 49 38 6 7 

6 IBVE IPA 30/10 128 >99 >99 3.0 2.34 28 28 41 3 
a [VE]0 = 0.50 M, [IPA]0 = 0.70 M, in dichloromethane at 0 ºC. b Determined by 1H NMR analysis of quenched 
reaction mixtures. c Determined by GPC (polystyrene standards). d Estimated by 1H NMR analysis of the 
obtained polymers. 



Chapter 3 

40 

 

Figure 3. (A) Time–conversion curves of the tandem polymerization of CEVE and IPA, (B) Mw values [the 
formyl conversions for polymerization were calculated from the total amounts of remained formyl groups and 
the hydroxy groups converted from formyl groups (vide infra)], and (C) MWD curves of the obtained polymers 
(The data correspond to entry 3 in Table 2; [CEVE]0 = 0.50 M, [IPA]0 = 0.70 M, [EtAlCl2]0 = 30 mM, 
[Al(OiPr)3]0 = 10 mM, in dichloromethane at 0 ºC). 
 
 The 1H NMR spectrum of the obtained polymer (Figure 4A) indicated that the polymer was generated 
by both cyclotrimerization and the Tishchenko reaction. The spectrum had peaks with similar chemical shifts 
to those of the compounds obtained in the model reaction. For example, the peaks at 5.7–6.3 ppm (peak 2) 
were assigned to the methine proton adjacent to two oxygen atoms of cyclic acetal structures [see Figure 4B 
for 1H NMR spectrum of poly(cyclic acetal)]. In addition, ester peaks emerged at 5.4 ppm (peak 9), which was 
consistent with the poly(ester) produced by the successive Tishchenko reaction of IPA (Figure 4C). The 
remaining aldehyde ends were most likely converted into alcohol moieties, which could be generated by 
Meerwein-Ponndorf-Verley (MPV) reduction of the aldehyde ends after the addition of excess 1-propanol as 
the quencher (Scheme S1).42-44 This reaction rarely operated during the polymerization because of the absence 
of a proton source except for adventitious water and impurity iPrOH. The amount of the converted hydroxy 
groups, which was used for the calculation of formyl conversion shown in Figure 3, was determined from the 
integral ratio of the methylene proton adjacent to a hydroxy group (peak 27) in the 1H NMR spectrum of the 
quenched reaction mixture.45 Weak peaks of the methylene groups of the linear acetal side products were 
observed at 3.4 ppm (peaks 13 and 19). 
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Figure 4. 1H NMR spectra of the products obtained by the tandem polymerization of CEVE and IPA with (A) 
both EtAlCl2 and Al(OiPr)3 (entry 3 in Table 2; after purification by reprecipitation in n-hexane), (B) EtAlCl2 
alone [Mw(GPC) = 2.3 × 103, Mw/Mn(GPC) = 1.62; [CEVE]0 = 0.50 M, [IPA]0 = 0.50 M, [EtAlCl2]0 = 50 mM, 
[THF] = 1.0 M, in dichloromethane at 0 ºC; after purification by reprecipitation in methanol], and (C) Al(OiPr)3 
alone [Mw(GPC) = 1.0 × 103, Mw/Mn(GPC) = 2.37; [IPA]0 = 0.50 M, [Al(OiPr)3]0 = 100 mM in dichloromethane 
at 0 ºC] (in CDCl3 at 30 ºC; * solvents, residual monomer, water, grease, or TMS). 
 

 The ESI-MS spectrum also supported the generation of a polymer with both cyclic acetal and ester 
structures in the main chain (Figure 5). Peaks with m/z values consistent with the x units of CEVE and y units 
of IPA (y > x + 1) were observed, which suggests that both cyclic acetal and ester structures were incorporated 
into one polymer chain. For example, a peak with an m/z value corresponding to a structure of one CEVE unit 
and three IPA units was observed, which indicates that an oligomer composed of one cyclic acetal and one 
ester structures was generated during the polymerization.  
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Figure 5. ESI-MS spectrum of the product obtained by the tandem polymerization of CEVE and IPA 

[Mw(GPC) = 0.5 u 103, Mw/Mn(GPC) = 1.66; [CEVE]0 = 0.50 M, [IPA]0 = 0.70 M, [EtAlCl2]0 = 30 mM, 
[Al(OiPr)3]0 = 10 mM, in dichloromethane at 0 ºC for 4 h]. 
 

 A plausible mechanism of the tandem polymerization is shown in Scheme 4. The polymerization is 
initiated by the coordination of the catalyst with an aldehyde monomer. Subsequently, either cyclotrimerization 
or the Tishchenko reaction between monomers proceeds with the aluminum haloalkoxides. The obtained cyclic 
trimer and ester have two reactive aldehyde moieties (Ald’ in Scheme 4). These products react with other 
aldehyde moieties of either an IPA monomer, a cyclic trimer, an ester, an oligomer, or a polymer via 
cyclotrimerization or via the Tishchenko reaction. For example, if an ester undergoes the cyclotrimerization 
with a VE and an aldehyde monomer, an oligomer consisting of one cyclic acetal and one ester structures is 
obtained. The successive reactions result in a polymer with cyclic acetal and ester structures in the main chain.  
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Scheme 4. Tandem polymerization consisting of cyclotrimerization and the Tishchenko reaction using VEs 
and dialdehydes as monomers ([Al]: aluminum haloalkoxide, such as Al(OR)nCl2-n and Al(OR)mCl3-m; Ald: 
dialdehyde (IPA or TPA); aldehydes coordinated with the aluminum catalyst could undergo cyclotrimerization). 
 
 The resulting polymer was hydrolyzed under acidic or alkaline conditions because of the degradation 
of the cyclic acetal and ester structures, respectively. Importantly, different products were obtained depending 
on the degradation conditions because ester and acetal moieties remained intact under acidic and alkaline 
conditions, respectively. After acid or alkali hydrolysis, the MWD curve shifted into the lower-MW region in 
relation to the original polymer (the purple and green curves in Figure 6A). Selective degradation was 
confirmed by 1H NMR analysis of the hydrolysis products. After acid hydrolysis, the peaks assigned to the 
cyclic acetal structures completely disappeared and instead peaks assignable to a cinnamaldehyde moiety 
emerged at 6.8 and 9.7 ppm (Figure 6C).46,47 On the other hand, the ester structures disappeared, and peaks for 
methylene protons (peak 27) adjacent to the alcohol moieties emerged after alkali hydrolysis (Figure 6D). 
These results indicated that the obtained polymer had both cyclic acetal and ester structures in one polymer 
chain. 
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Figure 6. (A) MWD curves of the obtained polymer by the tandem polymerization (black) and its acid (purple) 
or alkali (green) hydrolysis products and 1H NMR spectra of (B) the obtained polymer (the same spectrum as 
that shown in Figure 4A) and its (C) acid or (D) alkali hydrolysis product (entry 3 in Table 2; in CDCl3 at 30 
ºC; * solvents, residual monomer, water, or TMS). 
 

 The composition of the backbone constructed with the cyclic acetal and ester was controlled by 
adjusting the initial catalyst molar ratio because the kinetics of the cyclotrimerization and the Tishchenko 
reaction could be tunable (entries 3–5 in Table 2). For example, the Tishchenko reaction preferentially occurred 
with 30 mM EtAlCl2 and 10 mM Al(OiPr)3, yielding a polymer consisting of approximately 21% cyclic acetal 
and 69% ester structures (entry 3 in Table 2). In contrast, the polymer obtained with 40 mM EtAlCl2 and 10 
mM Al(OiPr)3 was composed of approximately 33% cyclic acetal and 50% ester structures (entry 4 in Table 
2). Finally, the polymer with a larger amount of cyclic acetal than ester was obtained with 45 mM EtAlCl2 and 
10 mM Al(OiPr)3 (entry 5 in Table 2). The cyclic acetal structures became more frequently generated as the 
molar ratio of EtAlCl2 increased. 

 The reactivity of VE was important for selective tandem polymerization. Isobutyl VE (IBVE), which 
has a higher reactivity than that of CEVE, underwent the tandem polymerization with IPA (entry 6 in Table 2). 
Unlike CEVE, however, IBVE preferentially underwent side reactions, such as VE homopolymerization. 
Consequently, the low reactive vinyl monomer is favorable for tandem polymerization as in the case of the 
polyaddition by cyclotrimerization (Chapter 2).29  
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Tandem polymerization of CEVE and TPA 
 To obtain higher-MW polymers, the effects of the initial molar concentrations of both monomers 
were investigated in the tandem polymerization of CEVE and IPA. However, the MWs of the polymers were 

comparable (Mw = 3–4 u 103) irrespective of the concentrations. The catalyst ratios were also ineffective for 
obtaining high-MW polymers as demonstrated above (entries 4 and 5 in Table 2). Notable amounts of low-
MW oligomers, which are likely cyclic oligomers, were produced in any cases (see Figures S1 and S2 for the 
1H NMR spectrum of the low-MW fraction separated by preparative GPC). The author anticipated that the 
suppression of the oligomer formation potentially led to higher-MW products. 
 

Table 3. Tandem polymerization of CEVE and TPAa 

  catalyst 

(mM) 
 conv. (%) b     side reactiond 

entry 
TPA 

(M) 

EtAlCl2/ 

Al(OiPr)3 

time 

(h) 
VE TPA 

Mw u 
10-3 c 

Mw/ 

Mn
 c 

cyclotrim-

erizationd 

Tishchenko  

reactiond 

vinyl 

polymeri-

zation 

linear 

acetali-

zation 

1 0.20 30/10 360 50 >99 2.6 2.48 19 20 48 12 

2 0.50 30/10 360 46 >99 5.1 3.20 12 67 13 8 

3 0.70 30/10 168 47 >99 3.5 3.06 15 69 9 7 

4 0.90 30/10 360 77 >99 6.7 4.13 19 65 10 6 

5 0.90 40/10 360 88 >99 6.2 3.75 26 58 11 5 
a [CEVE]0 = 0.50 (entries 1–3), 0.49 (entry 4), or 0.52 (entry 5) M, in dichloromethane at 0 ºC. b Determined 
by 1H NMR analysis of quenched reaction mixtures. c Determined by GPC (polystyrene standards). d Estimated 
by 1H NMR analysis of the obtained polymers. 
 

 The two formyl groups at the meta positions of IPA would be responsible for the cyclic oligomer 
generation; hence, the tandem polymerization was conducted with TPA, which contains two aldehyde units at 
the para positions, instead of IPA for the purpose of suppressing the intramolecular cyclization (Table 3). The 
polymerization proceeded well and yielded polymers with almost the same compositions of cyclic acetal and 
ester structures as those of the poly(CEVE-co-IPA)s obtained under the same conditions (entry 3 in Table 3). 
Interestingly, the obtained poly(CEVE-co-TPA)s had higher-MWs (entries 2–5 in Table 3) than those of 
poly(CEVE-co-IPA)s (entries 3–5 in Table 2), likely because of the decrease in cyclic oligomers (Figure 7A). 

Polymers with Mw values as high as 6–7 u 103 were obtained with 0.90 M TPA at a long polymerization time 
(360 h; entries 4 and 5 in Table 3; black curve in Figure 7B). These polymers were hydrolyzed under acidic or 
alkaline conditions (purple and green curves in Figure 7B).  
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Figure 7. MWD curves of the polymers obtained by the tandem polymerization of CEVE and TPA (black) and 
its acid (purple) or alkali (green) hydrolysis product [entries (A) 3 and (B) 4 in Table 3]. 
 

Three-component tandem polymerization 
 To suppress VE homopolymerization during the tandem polymerization, ethyl acetate was used as a 
weak Lewis base;48,49 however, the MW of the obtained polymer was lower than that obtained in the absence 
of ethyl acetate. The transesterification between ethyl acetate and the polymer chain ends, which was supported 
by the model reaction of CEVE and BzA in the presence of ethyl acetate (Figure S3), was likely responsible 
for the lower MW. An aldehyde-derived alkoxy group on the Al center reacted with an ethyl acetate molecule 
that was coordinated with the same Al center, resulting in an acetate ester and ethanol.50-53  

 From these results, the author devised a strategy to employ the transesterification for three-
component tandem polymerization with DEF as the third component (Scheme 5). If the transesterification 
proceeds without interfering with both the cyclotrimerization and the Tishchenko reaction, the three-
component tandem polymerization using CEVE, IPA, and DEF would be feasible to yield a polymer consisting 
of cyclic acetal and two different ester structures in the main chain. 
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Scheme 5. Three-component tandem polymerization of VEs, dialdehydes, and dicarboxylic acid esters [Al]: 
Al(OR)nCl2-n; Ald: dialdehyde (IPA or TPA); see Scheme S1 for the liberation of a DEF-derived aldehyde and 
regeneration of a dialdehyde-derived Al alkoxide).  
 
 The three-component tandem polymerization of IPA, CEVE, and DEF was conducted under 
conditions similar to those used for the tandem polymerization by the cyclotrimerization and the Tishchenko 
reaction (entry 2 in Table 4). All three monomers were partly consumed in the polymerization (Figure 8A), 

which resulted in the generation of a polymer of Mw = 1.5 u 103 (Figure 8B). The 1H NMR spectrum of the 
product (Figure 9A) showed peaks assigned to the cyclic acetal and ester structures at the same chemical shifts 
as those of the polymer obtained by the tandem polymerization of CEVE and IPA (Figure 4A). In addition, the 
olefin structure derived from DEF was confirmed by the peak at 6.8 ppm (peaks 31 and 34 in Figure 9A). This 
chemical shift was consistent with that of the olefin proton of a DEF monomer (peak 45 in Figure 9B). From 
these results, the three-component tandem polymerization was demonstrated to occur successfully via 
cyclotrimerization, the Tishchenko reaction, and transesterification.54,55 The initial concentrations of monomer 
and catalyst affected the frequency of each reaction. In addition, polymers obtained with TPA had higher MWs 
than those obtained with IPA (entries 5 and 6 in Table 4) as in the case of the polymerization in the absence of 
DEF. However, the MWs of the polymers obtained by the three-component tandem polymerization were 
relatively low because DEF was equivalent to a chain transfer agent. More specifically, the transesterification 
between a polymer chain end and a DEF molecule generated an ethoxy unit, which produced a new polymer 
chain. These results were consistent with those in the model reaction of BzA, CEVE, and DEF (Figure 
S4). When DiPF, which potentially releases iPrOH by transesterification, was used as the third component, 
transesterification did not occur at all. 
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Table 4. Three-component tandem polymerization of CEVE, dialdehydes, and DEFa 
     conv. (%)b   ratio of products 

entry dialdehyde  (M) 
DEF 

(M) 

time 

(h) 
CEVE dialdehyde DEF 

Mw x 

10–3 c 

Mw/ 

Mn
c 

cyclotri-

merizationd 

Tishchenko  

reactiond 

transester-

ificationd 
othersd 

1 IPA 0.70 0.20 96 32 >99 46 1.7 2.23 11 75 5 9 

2  0.70 0.40 96 35 >99 38 1.5 1.99 9 74 8 9 

3  0.70 0.60 96 25 >99 39 1.4 1.85 8 72 10 10 

4  0.50 0.40 143 58 >99 52 1.2 1.81 17 60 14 9 

5 TPA 0.70 0.40 144 25 >99 46 1.8 1.94 17 64 6 13 

6  0.50 0.40 144 44 >99 47 1.5 1.79 9 66 11 14 
a [CEVE]0 = 0.50 (entries 1–3), 0.48 (entry 4), 0.51 (entry 5), or 0.49 (entry 6) M, [EtAlCl2]0 = 30 mM, 
[Al(OiPr)3]0 = 10 mM, in dichloromethane at 0 ºC. b Determined by 1H NMR analysis of quenched reaction 
mixtures. c Determined by GPC (polystyrene standards). d Estimated by 1H NMR analysis of the obtained 
polymers. 
 

 
Figure 8. (A) Time–conversion curves of the three-component tandem polymerization and (B) MWD curves 
of the obtained products (entry 2 in Table 4; [CEVE]0 = 0.50 M, [IPA]0 = 0.70 M, [DEF]0 = 0.40 M, [EtAlCl2]0 
= 30 mM, [Al(OiPr)3]0 = 10 mM, in dichloromethane at 0 ºC). 
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Figure 9. 1H NMR spectra of (A) the polymer obtained by the three-component tandem polymerization using 
CEVE, IPA, and DEF [entry 2 in Table 4; Mw(GPC) = 1.8 × 103, Mw/Mn(GPC) = 2.07; after purification by 
reprecipitation in n-hexane] and (B) DEF monomer (in CDCl3 at 30 ºC; * CHCl3; hex: n-hexane). 

Thermal properties of the polymers 

 DSC measurements were conducted to examine the thermal properties of the obtained polymers 
containing various structures in the main chain. The glass transition temperature (Tg) of the obtained polymers 
was dependent on the backbone structures. Polymers consisting of higher ratios of the cyclic acetal structures 
exhibited higher Tg values, likely because of the rigidity of the structures (entries 2 and 3 in Table 5). 
Furthermore, the polymer obtained by the three-component tandem polymerization had a very low Tg (18 ºC; 
entry 5 in Table 5), likely because of the flexible fumarate structures. Moreover, poly(CEVE-co-TPA) (entry 
4 in Table 5) had a higher Tg value than that of poly(CEVE-co-IPA) at comparable ratios of the cyclic acetal to 
ester moieties, probably due to the symmetrical nature of the structure, as in the case of the poly(imide)s with 
meta and para isomers.56  

Table 5. Tg values of polymers with cyclic acetal and/or ester in the main chaina 

entry polymerb  
composition 

Mw u 10–3 d Mw/Mn 
d Tg (ºC) 

cyclic acetalc esterc 

1 Poly(CEVE-co-IPA) 100 0 3.3 1.92 56 

2  55 45 3.9 3.04 51 

3  25 75 4.4 3.62 37 

4 Poly(CEVE-co-TPA) 23 77 3.7 2.54 60 

5 Poly(CEVE-co-IPA-co-DEF) 23 77 1.8 2.07 18 
a The heating and cooling rates were 10 ºC min−1. The Tg values were determined by the second heating scan. 
b After purification by reprecipitation in methanol or n-hexane. c Estimated by 1H NMR analysis of the obtained 
polymers after purification by reprecipitation in methanol or n-hexane. d Determined by GPC (polystyrene 
standards). 
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Conclusion 
 Tandem polymerization consisting of cyclotrimerization and the Tishchenko reaction successfully 
proceeded using the catalyst mixture of EtAlCl2 and Al(OiPr)3. The cyclotrimerization was a side reaction in 
the cationic polymerization of VEs and aldehydes, while the cyclotrimerization was effectively used as a bond-
forming reaction for producing polymers with cyclic acetal structures in the main chain. The obtained polymers 
with cyclic acetal and ester structures in the main chain were hydrolyzed under acidic or alkaline conditions. 
The composition ratios of cyclic acetal to ester structures were tuned by an initial catalyst molar ratio of 
EtAlCl2 and Al(OiPr)3. Interestingly, higher-MW polymers were obtained when TPA was used instead of IPA 
probably due to the decrease in cyclic oligomerization. Moreover, the three-component tandem polymerization 
of CEVE, IPA, and DEF yielded a polymer with cyclic acetal and two different ester structures in the main 
chain by transesterification reaction with DEF in addition to cyclotrimerization and Tishchenko reaction. The 
results obtained in this study will contribute to both the development of novel orthogonal tandem 
polymerization reactions consisting of different organic reactions as bond-forming reactions and the 
production of degradable polymers by different stimuli.  
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Supporting Information 

 
Scheme S1. A postulated mechanism of the transformation of a formyl group into a hydroxy group after 
termination reaction (the MPV reduction). 
 

 
Figure S1. MWD curves of the obtained polymer (dashed line) by the tandem polymerization of CEVE and 
IPA and the low-MW fraction separated by preparative GPC (solid line) ([CEVE]0 = 0.50 M, [IPA]0 = 0.70 M, 
[EtAlCl2]0 = 30 mM, [Al(OiPr)3]0 = 10 mM, in dichloromethane at 0 ºC; a different sample from those shown 
in entry 3 in Table 2).  
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Figure S2. 1H NMR spectra of (A) the obtained polymer and (B) the low-MW fraction separated by preparative 
GPC (in CDCl3 at 30 ºC; ([CEVE]0 = 0.50 M, [IPA]0 = 0.70 M, [EtAlCl2]0 = 30 mM, [Al(OiPr)3]0 = 10 mM, 
in dichloromethane at 0 ºC; a different sample from those shown in entry 3 in Table 2; * solvents, residual 
monomer, water, grease, or TMS).  

 
Note for Figure S2. In Figure S2B, the peaks of the remaining aldehyde and hydroxy moieties at polymer 
chain ends (peaks 11 and 27) are very small considering the MW determined by GPC. This result indicates 
that low molecular weight oligomers most likely had cyclic structures.  

 

 
Figure S3. 1H NMR spectrum of the product obtained by the tandem reaction of CEVE and BzA in the presence 
of ethyl acetate (in CDCl3 at 30 ºC; [CEVE]0 = 0.50 M, [BzA]0 = 1.0 M, [ethyl acetate]0 = 1.0 M, [EtAlCl2]0 
= 30 mM, [Al(OiPr)3]0 = 10 mM, in dichloromethane at 0 ºC; * residual monomer, CHCl3, or TMS).  
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Figure S4. 1H NMR spectrum of the product obtained in the model reaction of CEVE, BzA, and DEF (in 
CDCl3 at 30 ºC; [CEVE]0 = 0.50 M, [BzA]0 = 1.0 M, [DEF]0 = 0.40 M, [EtAlCl2]0 = 30 mM, [Al(OiPr)3]0 = 
10 mM, in dichloromethane at 0 ºC * CHCl3, residual monomer, or TMS; DEF: diethyl fumarate). 
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Chapter 4 

Two-step degradable ABAC-type periodic poly(cyclic acetal)s synthesized by sequence-programmed 

monomer formation and subsequent polyaddition based on cyclotrimerization of one vinyl monomer 

and two aldehydes 

 
Introduction 

 Monomer sequences greatly affect the functions and/or physical properties of polymers; for example, 
perfectly controlled monomer sequences in natural macromolecules, such as proteins and DNA, result in 
sophisticated functions.1–6 Precisely controlling monomer sequences is a highly challenging goal in synthetic 
polymer chemistry, although a lower level of control, such as an alternating sequence, has been achieved by 
many studies.7–10 In radical copolymerization, alternating copolymers are accessible by the copolymerizations 

of a pair of nonhomopolymerizable monomers, such as maleic anhydrides and D-olefins.8–10 The Aoshima’s 
laboratory reported the alternating cationic copolymerization of vinyl ethers (VEs) and conjugated 
aldehydes,11–14 the latter of which are nonhomopolymerizable due to the low ceiling temperature, such as 
benzaldehyde (BzA; –160 ºC).15 Alternating copolymers of VEs and conjugated aldehydes have acid-
degradable acetal structures, which are derived from the crossover reaction from a VE to an aldehyde, in the 
main chain. As seen in the above examples, chain-growth polymerization is effective for alternating copolymer 
synthesis from two kinds of monomers. However, chain-growth polymerization is usually unsuitable for 
sequence regulation with more than two kinds of monomers (e.g., ABC- and ABAC-type periodic sequences) 
because a high selectivity is necessary for the addition reactions of each monomer with a specific propagating 
species.16–18 Unlike chain-growth polymerization, step-growth polymerization based on selective 
multicomponent reactions is very suitable for synthesizing polymers with special monomer sequences.19–21 For 
example, ABCB-type periodic terpolymers have been obtained by Passerini three-component 
polymerization.22,23 In addition, ABAC-type periodic polymers have been synthesized by the chemoselective 
synthesis of polyurethanes using bis(six-membered cyclic carbonate) and two different diamines.24 Successful 
reports on ABAC-type periodic polymerization are very limited. 

 The author has reported the synthesis of polymers with cyclic acetal structures in the main chain by 
the step-growth type, successive cyclotrimerization of VEs and dialdehydes in Chapter 2 of this thesis.25 This 
polymerization starts via the generation of a cyclic trimer from a VE and two dialdehydes. The cyclic trimer 
contains two aldehyde moieties; hence, subsequent reactions proceed via cyclotrimerizations of a VE with 
dialdehydes as well as the cyclic trimers, oligo(cyclic trimer)s, and poly(cyclic trimer)s, resulting in an 
alternating copolymer of VE and dialdehyde. 
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Scheme 1. ABAC-type sequence-regulated poly(cyclic acetal)s using various vinyl monomers and 
dialdehydes.  
 
 In this study, the author devised a strategy to synthesize polymers with ABAC-type periodic 
sequences based on the cyclotrimerization of vinyl monomers and dialdehydes. If a cyclic trimer is selectively 
obtained without generating oligo(cyclic trimer)s (step 1 in Scheme 1), ABAC-type periodic polymers can be 
obtained by the subsequent cyclotrimerizations of the cyclic trimer with a different vinyl monomer from that 
used for the cyclic trimer synthesis (step 2 in Scheme 1). An essential requirement for efficient synthesizing a 
cyclic trimer is suppressing the successive cyclotrimerization and vinyl homopolymerization. Selecting an 
appropriate vinyl monomer, which effects the steric hindrance and electronic property of a resulting cyclic 
acetal structure, is probably essential for achieving single cyclotrimerization with high selectivity. 
Cyclotrimerization is initiated by the coordination of a catalyst with an aldehyde molecule, which provokes 
the reaction of the activated carbonyl carbon and a vinyl monomer.26–28 The generated carbocation reacts with 
another aldehyde molecule, producing a carbocation. This carbocation subsequently reacts with the oxygen 
atom coordinated with the catalyst to yield a cyclic trimer. Considering this mechanism, styrene (St) 
derivatives with low reactivity and/or large steric hindrance may be promising as monomers for selective 
cyclotrimerization with dialdehydes. 

The synthesis of ABAC-type periodic polymer was examined by performing a procedure that 
involved screening suitable monomers for selective cyclic trimer formation and subsequent polymerization of 
the cyclic trimer with a vinyl monomer. Various VEs and St derivatives were reacted, and 1,1-dipheylethylene 
(DPE) was found to be suitable for highly selective cyclotrimerization with isophthalaldehyde (IPA) as a result. 
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The obtained cyclic trimer consisting of DPE and IPA was subsequently copolymerized with VEs via 
cyclotrimerization, which resulted in polymers with ABAC-type periodic sequences. Interestingly, the 
copolymers exhibited two-step acid degradation behavior due to the difference in acid degradability between 
DPE- and VE-derived cyclic acetal structures. In addition, the copolymers exhibited high glass transition 
temperatures (Tgs) because of the rigidity of the cyclic acetal structures in the main chain. 
 

Experimental Section 

Materials  

 1,4-Dioxane (Nacalai Tesque; 99.5%) was distilled over calcium hydride and then lithium aluminum 

hydride. D-Methylstyrene (DMeSt; Nacalai Tesque, >98.0%) was distilled twice over calcium hydride under 
reduced pressure. Other materials were prepared and used as described in Chapter 2. 
 
Synthesis of the sequenced-programmed cyclic trimer 

 The following is a description of the typical reaction procedure. A glass tube equipped with a three-
way stopcock was dried using a heat gun (Ishizaki; PJ-206A; blow temperature of ~450 °C) under dry 
nitrogen. IPA was added to the tube in an N2-filled glove box (DBO-1B; MIWA MFG Co., Ltd). 
Dichloromethane and DPE were sequentially added to this tube using dry syringes. The reaction was initiated 

by the addition of a prechilled GaCl3 solution (5.0 u 10 mM) in dichloromethane/n-hexane. After a 
predetermined time, the reaction was terminated by adding water that contained a small amount of ammonia. 
The quenched mixture was washed with water. Then, the volatile compounds were removed under reduced 
pressure at 50 °C. The crude product was purified by silica gel column chromatography (toluene/ethyl acetate 
(10/1 v/v)). When the obtained product contained significant fractions of impurities., it was recrystallized with 
n-hexane and toluene (white solid; melting point = 170–178 ºC). 
 
Polymerization procedure 

 The following is a description of the typical polymerization procedure. A glass tube equipped with a 
three-way stopcock was dried using a heat gun under dry nitrogen. A solution of a cyclic trimer consisting of 
DPE and dialdehydes in dichloromethane was added to the tube using a dry syringe. This cyclic trimer was 
dried via azeotropic method using toluene for approximately 6 h. Dichloromethane, 1,4-dioxane, and 2-
chloroethyl VE (CEVE) were sequentially added to this tube using dry syringes. The polymerization was 

initiated by adding a prechilled EtAlCl2 solution (5.0 u 102 mM) in dichloromethane/hexane. After a 
predetermined time, the reaction was terminated by adding a methanol solution that contained a small amount 
of aqueous ammonia. The quenched mixture was washed with water. Then, the volatile compounds were 
removed under reduced pressure at 50 °C to yield a polymer. The conversions of monomer and formyl group 
were determined by 1H NMR analysis of the quenched reaction mixture using n-hexane, pyridine, or THF as 
an internal standard. 
 

Acid hydrolysis 

 Acid hydrolysis of the polymer was conducted with 0.9 M HCl (aq) in 1,2-dimethoxyethane at 30 or 
60 °C for a predetermined time. The quenched mixture was diluted with dichloromethane and successively 
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washed with an aqueous sodium hydroxide solution and water. The volatiles were removed under atmospheric 
pressure at room temperature.  
 
Characterization  

 Thermogravimetric analysis (TGA) was conducted with a HITACHI NEXTA STA300. Mw, Mw/Mn, 
1H NMR spectra, ESI-MS spectra, and differential scanning calorimetry (DSC) data were obtained in a manner 
similar to that described in preceding chapters. 

Results and Discussion 

Synthesis of sequence-programmed cyclic trimers with two unreacted aldehyde moieties 
 Cyclotrimerization using various vinyl monomers and IPA (step 1 in Scheme 1) was conducted to 
obtain cyclic trimers with high selectivity. First, the cyclotrimerization of CEVE or isobutyl VE (IBVE) with 
IPA was conducted using EtAlCl2 as a Lewis acid catalyst at 0 °C (entries 1 and 2 in Table 1). Chapter 2 
demonstrated that CEVE was effective for polymerization via successive cyclotrimerization when the 
concentrations of CEVE and IPA were equal.25 In the present experiments, the concentration of IPA was twice 
that of CEVE to both promote the cyclotrimerization of one CEVE and two IPA molecules and suppress the 
successive trimerizations. However, the products contained both cyclic trimers and noticeable amounts of 
oligomers [the number-average degree of polymerization (DPn) = 1.5 (CEVE) or 1.9 (IBVE)] (see Figure S1 
for the molecular weight distribution (MWD) curves of the obtained oligomers). The results indicate that the 
successive cyclotrimerization of the resulting cyclic trimers was suppressed, probably because the VE-derived 
cyclic trimer exhibited comparable reactivity to that of IPA. 

Table 1. Synthesis of cyclic trimers using various vinyl monomers and dialdehydes a 

       conv. (%) b     

entry 
vinyl 

monomer 
(M) 

dialde-
hyde 

(M) 
temp. 
(ºC) 

time 
(h) 

vinyl 
monomer 

dialde-
hyde 

Mw u 
10–3 c 

Mw/Mn
 c 

cyclic trimer 
formation/ 

polymerization/ 
others d 

DPn
 d 

1 CEVE 0.15 IPA 0.30 0 4 60 49 0.5 1.43 n.d. e 1.5 
2 IBVE 0.15 IPA 0.30 0 1 >99 53 0.7 1.49 n.d. e 1.9 
3 DPE 0.15 IPA 0.30 –78 72 >99 56 1.6 1.36 8/91/1 3.2 
4  0.15  0.30 0 24 70 58 0.4 1.23 63/31/6 1.2 
5  0.20  0.30 0 24 54 57 0.4 1.20 54/38/8 1.3 
6 DPE 0.20 TPA 0.30 0 24 51 54 0.5 1.27 40/55/5 1.3 

a [EtAlCl2]0 = 50 (entries 1 and 2) or 0 (entries 3–6) M, [GaCl3]0 = 0 (entries 1 and 2), 10 (entry 3), or 5.0 
(entries 4–6) M, [THF] = 1.0 (entries 1 and 2) or 0 (entries 3–6) M, in dichloromethane. b Determined by 1H 
NMR analysis of the quenched reaction mixtures (entries 1–3) or obtained products (entries 4–6). c Determined 
by gel permeation chromatography (GPC) (polystyrene standards). d Estimated by 1H NMR analysis of the 
obtained products. The ratio of products other than the cyclic trimers was standardized based on the number 
of DPE units. e Not determined because the peaks of the cyclic trimer overlapped with those of other products 
derived from successive cyclotrimerization. 
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 The author next focused on St derivatives instead of VEs. To optimize the reaction conditions, model 

reactions were conducted using p-methylstyrene (pMeSt), DMeSt, and DPE as St derivatives in conjunction 
with BzA as a conjugated monoaldehyde in the presence of various Lewis acid catalysts, such as EtAlCl2, 
Bi(OTf)3, and GaCl3 . As a result, DPE underwent selective cyclotrimerization with BzA when GaCl3, which 
exhibited strong acidity compared to that of EtAlCl2, was used as a Lewis acid catalyst at –78 °C. 
 Based on the model reactions, the synthesis of cyclic trimers was conducted using DPE and IPA 
under the optimized conditions. However, the reaction of DPE and IPA with GaCl3 at –78 °C resulted in 

polymer (oligomer) formation (Mw = 1.6 u 103; entry 3 in Table 1 and Figure 1A) rather than a selective 
generation of cyclic trimer. In contrast, the cyclic trimer was selectively generated at 0 °C because of the large 
steric hindrance of the two phenyl rings, resulting in cyclic trimer formation/polymerization by successive 
trimerization/other reactions ratios of 63/31/6 (entry 4 in Table 1). When terephthalaldehyde (TPA), a para-
disubstituted dialdehyde, was used instead of IPA, the cyclic timer was also produced, but the yield of the 
cyclic trimer decreased, likely because successive cyclotrimerization frequently occurred (entry 6 in Table 1).  
 

 

Figure 1. MWD curves of the obtained products after cyclotrimerization of DPE and IPA (black) at (A) –78 
(entry 3 in Table 1) or (B) 0 (entry 5 in Table 1) ºC and the cyclic trimer separated by silica gel column 
chromatography and recrystallization (orange). (C) 1H NMR spectrum of the separated cyclic trimer (in CDCl3 
at 30 ºC; * CHCl3). 
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 The MWD curves of the obtained products using DPE and IPA at 0 ºC showed multimodal peaks in 
the low-MW region (black curve in Figure 1B; entry 5 in Table 1 as an example). The largest peak was assigned 
to the cyclic trimer, while the higher-MW peaks were due to oligomers resulting from successive 
cyclotrimerizations. The cyclic trimer was successfully separated by silica gel column chromatography (orange 
curve in Figure 1B). The isolation of the pure cyclic trimer was confirmed by 1H NMR analysis (Figure 1C). 
The integral ratios of the aldehyde peak (peak 1) and the peak of the acetal methine proton (peak 3) were 
accurately 2.0, which indicated that an oligomer and other side products were completely removed. 
 
ABAC-type periodic polymerization of CEVE and a cyclic trimer consisting of DPE–IPA or DPE–TPA 

 The above-obtained cyclic trimers are regarded as ABA-type sequence-programmed cyclic acetal 
monomers consisting of two dialdehydes (unit A) and one DPE (unit B). This cyclic trimer possesses two 
unreacted aldehyde moieties. The remaining reactive sites potentially undergo successive cyclotrimerization 
with VEs or St derivatives (unit C) and thus result in ABAC-type periodic poly(cyclic acetal)s (Scheme 2). 
ABAC-type polymers have two different kinds of cyclic acetal structures as well as two phenyl rings and vinyl 
monomer-derived side chains that are alternately arranged. Such polymers show the potential to exhibit 
characteristic degradability and good thermal properties because of the acid degradability and rigidity of cyclic 
acetal structures. 
  

 

Scheme 2. Successive cyclotrimerization of the sequence programmed cyclic trimer and vinyl monomers. 
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Table 2. ABAC-type sequence-regulated polymerization of VEs and the cyclic trimers a 

        conv. (%) b    

entry 
vinyl 

monomer 
(M) cyclic trimer 

cyclic trimer 

(M) 

temp. 

(ºC) 
time 

vinyl 

monomer 

cyclic 

trimer 

Mw 

u 10-3 c 

Mw/ 

Mn
 c 

cyclotrim-

erization/ 

others d 

1 CEVE 0.50 DPE–IPA 0.50 0 24 h 26 71 0.9 1.28 64/36 

2  0.20 DPE–IPA 0.20 –78 24 h 94 >99 7.5 2.84 97/3 

3 IBVE 0.20 DPE–IPA 0.20 –78 15 min >99 >99 5.7 2.50 93/7 

4 αMeSt 0.30 DPE–IPA 0.30 –40 196 h 56 98 1.2 1.16 80/20 

5 CEVE 0.20 DPE–TPA 0.20 –78 24 h 88 >99 7.5 2.19 94/6 
a [EtAlCl2]0 = 50 (entries 1–3 and 5) or 0 (entry 4) mM, [Bi(OTf)3]0 = 0 (entries 1–3 and 5) or 10 (entry 4) mM, 
[THF] = 1.0 (entry 1), 0 (entries 2, 3, and 5), or 0.54 (entry 4) M, [1,4-dioxane] = 0 (entries 1 and 4) or 1.0 
(entries 2, 3, and 5) M, in dichloromethane. b Determined by 1H NMR analysis of the quenched reaction 
mixtures. c Determined by GPC (polystyrene standards). d Estimated by 1H NMR analysis of the obtained 
products after purification by reprecipitation in methanol. 
 
 First, the cyclotrimerization of CEVE and the cyclic trimer consisting of DPE and IPA was conducted 
with EtAlCl2 in the presence of THF in dichloromethane at 0 °C (entry 1 in Table 2). These conditions were 
the most suitable for the polyaddition of CEVE and IPA in Chapter 2.25 The cyclotrimerization somehow 
selectively proceeded; however, VE homopolymerization also occurred as a side reaction (selectivity of 

cyclotrimerization: 64%), and the conversion was low, resulting in oligomers of Mw = 0.9 u 103. To promote 
cyclotrimerization, the polymerization temperature was lowered to –78 °C (entry 2 in Table 2), which was 
inspired by the unsuppressed cyclotrimerization of DPE and IPA at low temperatures (vide supra, entry 3 in 
Table 1). Compared to THF, 1,4-dioxane is a weaker Lewis base;29,30 thus, 1,4-dioxane was used instead of 
THF. Under these conditions, cyclotrimerization was obviously promoted, resulting in a polymer with an Mw 

of 7.5 u 103. Moreover, the selectivity of the cyclotrimerization was improved to 97%.31 
 The time course of the polymerization was investigated, as shown in Figure 2. Both monomers were 
smoothly consumed to reach near quantitative conversion in 24 h (Figure 2A). The remaining aldehyde 
moieties (square symbols in Figure 2A), which were present in the monomer, oligomer, and polymer, were 
gradually consumed even after the cyclic trimer was completely consumed, which indicated that reactions 
between oligomers (polymers) and oligomers (polymers) mainly occurred at the later stage of polymerization. 
Importantly, the polymerization proceeded in a step-growth manner, which was supported by an exponential 
increase in the Mw values in the later stage of polymerization (Figure 2B). Furthermore, the MWD curves 
shifted to the higher-MW region as the monomer conversion increased (Figure 2C).  
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Figure 2. (A) Time–conversion curves of the polymerization of CEVE and the cyclic trimer consisting of DPE 
and IPA, (B) Mw values, and (C) MWD curves of the obtained polymers (entry 2 in Table 2; [CEVE]0 = 0.20 
M, [cyclic trimer (DPE–IPA)]0 = 0.20 M, [EtAlCl2]0 = 50 mM, [1,4-dioxane] = 1.0 M, in dichloromethane at 
–78 ºC; † unreacted cyclic trimer). 
 
 The 1H NMR spectrum of the obtained polymer (Figure 3A) indicated that the obtained polymer was 
generated by successive cyclotrimerization. The spectrum contained peaks with similar chemical shifts to those 
of both poly(DPE-co-IPA) (Figure 3B) and poly(CEVE-co-IPA) (Figure 3C). For example, the peaks at 5.9 
ppm (peak 2) were assigned to the methine proton adjacent to two oxygen atoms of the cyclic acetal structures 
consisting of DPE. The diastereotopic methylene protons (peak 4) of the cyclic acetal structures exhibited 
peaks at 2.4 and 3.0 ppm. The acetal methine and diastereotopic methylene protons of the CEVE-derived cyclic 
acetal structures exhibited peaks at 5.7–6.3 ppm (peak 7) and 1.8–2.6 ppm (peak 9), respectively. Additionally, 
the peaks of the CEVE side chains (peaks 11 and 12) emerged at 3.5–4.3 ppm. These results were also 
confirmed by the 13C NMR spectra of the three polymers. Furthermore, the number average degree of 
polymerization (DPn) was determined to be 17 from the peak integral ratio of the methine protons of cyclic 
acetal structures (peaks 2 and 7) and the chain end protons of the aldehyde moieties [peak 14; the methoxy 
peak (peak 17) converted from aldehyde moieties by the reaction with methanol quencher was also used]. The 
experimental integral ratios of all the peaks were relatively consistent with the theoretical values calculated 
from the estimated DPn value (17), which supported that the ABAC-type periodic poly(cyclic acetal) was 
successfully obtained. In addition, the ESI-MS spectrum (Figure S2) contained a series of peaks with constant 
intervals of m/z = 554, which agrees with the total molar mass of one CEVE and one cyclic trimer. 
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Figure 3. 1H NMR spectra of (A) the polymer obtained by the copolymerization of CEVE and the cyclic trimer 
consisting of DPE and IPA (entry 2 in Table 2), (B) poly(DPE-co-IPA) [Mw(GPC) = 2.2 × 103, Mw/Mn(GPC) 
= 1.51; [DPE]0 = 0.40 M, [IPA]0 = 0.20 M, [GaCl3]0 = 10 mM, in dichloromethane at –78 ºC; after purification 
by reprecipitation in methanol], and (C) poly(CEVE-co-IPA) [Mw(GPC) = 2.3 × 103, Mw/Mn(GPC) = 1.62; 
[CEVE]0 = 0.50 M, [IPA]0 = 0.50 M, [EtAlCl2]0 = 50 mM, [THF] = 1.0 M, in dichloromethane at 0 ºC; after 
purification by reprecipitation in methanol] (in CDCl3 at 30 ºC; * CHCl3, dichloromethane, or others; numbers 
written in orange parentheses: the observed integral ratio; numbers written in orange square brackets: the 
theoretical integral ratios of the ABAC-type sequence-regulated polymer with a DPn value of 17). 
 

When IBVE, a more reactive VE than CEVE, was used for copolymerization, the MW of the obtained 
polymer decreased due to the decreased selectivity of cyclotrimerization (entry 3 in Table 2). In contrast to 
CEVE, the highly reactive VE preferentially underwent homopolymerization. αMeSt underwent 

copolymerization with the cyclic trimer; however, a low-MW oligomer (Mw = 1.2 u 103) was obtained rather 
than a polymer, likely because of the steric hindrance of the methyl substituent on the α-carbon (entry 4 in 
Table 2). Furthermore, the cyclic trimer consisting of DPE and TPA was found to undergo successive 
cyclotrimerization with CEVE under the same conditions as those for the cyclic trimer that contained DPE and 
IPA (entry 5 in Table 2). The MWD curve and 1H and 13C NMR spectra indicated that the obtained polymer 
exhibited an MW and structure similar to those obtained from its IPA counterpart. 
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ABAC-type periodic polymer synthesis from EMPE and cyclic trimers 

 The above result suggested that a low reactive VE was important for suppressing side reactions, such 
as VE homopolymerization. The author anticipated that ethyl 2-methyl-1-propenyl ether (EMPE), which is a 

E,E-dimethyl VE that does not homopolymerize or copolymerize with aromatic aldehydes,14,32,33 may undergo 
more selective cyclotrimerization with cyclic trimers than that of CEVE. Therefore, copolymerization of 
EMPE and the cyclic trimer consisting of DPE and IPA was conducted under the same conditions as those for 
copolymerization with CEVE (entry 1 in Table 3). The copolymerization successfully proceeded (Figure 4A), 
which resulted in a polymer with a higher MW than that obtained with the CEVE counterpart (Figure 4B). 1H 
NMR analysis (Figure 4C) indicated that the polymer contained ABAC-type periodic sequences consisting of 
EMPE, DPE, and IPA, which was also supported by the 1H NMR spectra of poly(DPE-co-IPA) and 
poly(EMPE-co-IPA) (Figure 4D and E). The selective reaction with EMPE is consistent with a previous study 
on the successive cyclotrimerization of EMPE and bifunctional conjugated aldehydes (Chapter 2).25 A polymer 

of Mw = 14.3 u 103 was obtained at the EMPE concentration = 0.30 M (entry 3 in Table 3). In addition, the 
copolymerization of EMPE and a cyclic trimer consisting of DPE and TPA was conducted under the same 
conditions as those for the synthesis of poly(EMPE-co-DPE-co-IPA) (entry 4 in Table 3), which resulted in a 

polymer of Mw = 17.1 u 103 [see Figure 5 for the MWD curve and 1H NMR spectrum of poly(EMPE-co-DPE-
co-TPA)]. The generation of the higher-MW polymer is likely attributed to the suppression of intramolecular 
cyclization as in the case of on the tandem polymerization consisting of cyclotrimerization and the Tishchenko 
reaction (Chapter 3).34  
 
Table 3. ABAC-type sequence regulated polymerization of EMPE and the cyclic trimers a 

       conv. (%) b    

entry 
EMPE 

(M) 
cyclic trimer 

cyclic 

trimer 

(M) 

temp. 

(ºC) 

time 

(h) 
EMPE 

cyclic 

trimer 

Mw 

u 10-3 c 

Mw/ 

Mn
 c 

cyclotrimerization/ 

othersd 

1 0.20 DPE–IPA 0.20 –78 24 >99 >99 9.3 2.78 >99/~0 

2 0.20 DPE–IPA 0.20 –100 24 98 97 8.3 2.52 >99/~0 

3 0.30 DPE–IPA 0.20 –78 24 77 >99 14.3 2.86 90/10 

4 0.20 DPE–TPA 0.20 –78 24 98 >99 17.1 2.88 >99/~0 

a [EtAlCl2]0 = 50 (entries 1, 2, and 4) or 54 (entry 3) mM, [1,4-dioxane] = 1.0 (entries 1, 2, and 4) or 0.98 (entry 
3) M, in dichloromethane. b Determined by 1H NMR analysis of the quenched reaction mixtures. c Determined 
by GPC (polystyrene standards). d Estimated by 1H NMR analysis of the obtained products after purification 
by reprecipitation in methanol. 
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Figure 4. (A) Mw values, (B) MWD curves, and 1H NMR spectra (after purification by reprecipitation in 
methanol) of the polymers obtained by the successive cyclotrimerization of (C) EMPE and the cyclic trimer 
(entry 1 in Table 3; after purification by reprecipitation in methanol), (D) DPE and IPA (the same 1H NMR 
spectrum as that shown in Figure 3B), and (E) EMPE and IPA [Mw(GPC) = 3.7 × 103, Mw/Mn(GPC) = 1.37; 
[EMPE]0 = 0.50 M, [IPA]0 = 0.50 M, [EtAlCl2]0 = 50 mM, [THF] = 1.0 M, in dichloromethane at 0 ºC; after 
purification by reprecipitation in methanol] (in CDCl3 at 30 ºC; * CHCl3, dichloromethane, water, or others; 
numbers written in orange parentheses: the observed integral ratio; numbers written in orange square brackets: 
the theoretical integral ratio of the ABAC-type periodic polymer; † unreacted cyclic trimer). 
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Figure 5. (A) MWD curve and (B) 1H NMR spectrum (after purification by reprecipitation in methanol) of 
the polymer obtained by the copolymerization of EMPE and the cyclic trimer consisting of DPE and TPA 
(entry 4 in Table 3; in CDCl3 at 30 ºC; * CHCl3, dichloromethane, water, or others; numbers written in orange 
parentheses: the observed integral ratio; numbers written in orange square brackets: the theoretical integral 
ratio of the ABAC-type periodic polymer).  
 
Degradation behavior of the obtained polymers 

 The ABAC-type periodic terpolymers obtained above contain cyclic acetal structures that are 
degraded under acidic conditions. An acid hydrolysis experiment of the polymer obtained from CEVE, DPE, 
and IPA (Figure 6A; compound I) was conducted with 0.9 M HCl in 1,2-dimethoxyethane at 60 °C. After 15 
min, the polymer peak disappeared, and instead, a sharp peak emerged in the low-MW region in the MWD 
curve (B in Figure 6(i)). 1H NMR analysis revealed that the cyclic acetal structures derived from CEVE were 
selectively degraded, while the cyclic trimer structures derived from DPE remained intact, which was also 
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supported by the ESI-MS spectrum (Figure S3). This selective degradation was confirmed by the 
disappearance of some key peaks, such as the peaks assignable to the CEVE-derived side chain methylenes 
(peaks 11 and 12), and the emergence of peaks assignable to a cyclic acetal compound consisting of a DPE 
unit and a cinnamaldehyde-type moiety.35,36 For example, the sharp peaks assigned to the methine protons 
(peaks 17 and 18) and the methylene proton (peak 19) on a cyclic acetal ring, a formyl group (peak 13), and 
two extra carbon atoms on the extended conjugation system (peaks 14 and 15) were observed (B in Figure 
6(ii); compound II). 
 More interestingly, the above product, which was obtained by acid hydrolysis for 15 min, was further 
degraded after a prolonged reaction time (24 h). The two peaks observed in GPC analysis (C in Figure 6(i)) 
were assignable to compounds III and IV, which were suggested by the 1H NMR spectrum (C in Figure 6(ii)). 
Compound III is an allyl alcohol-type compound derived from an acid-mediated cleavage of compound II. 
Compound IV contains DPE and conjugated dialdehydes. DPE was derived from the depolymerization of 
compound III. Conjugated dialdehydes were derived from the degradation of compounds II and III. This 
degradation behavior was characteristic of the ABAC-type periodic polymer that contained two kinds of cyclic 
acetal structures in the main chain. Indeed, a polymer synthesized by the copolymerization of CEVE and 
oligo(DPE-co-IPA), which had average DPE–IPA/CEVE–IPA units of 4.4/1.0, was hydrolyzed into oligomers, 
which corresponded to the oligo(DPE-co-IPA) used as the monomer, in a short time. 
 

 
Figure 6. (i) MWD curves and (ii) 1H NMR spectra of (A) poly(CEVE-co-DPE-co-IPA) after purification by 
reprecipitation in methanol (the same 1H NMR spectrum as that shown in Figure 3A) and its acid hydrolysis 
products for (B) 15 min or (C) 24 h [in CDCl3 at 30 ºC; * CHCl3, 1,2-dimethoxyethane, or others; entry 2 in 
Table 2; acid hydrolysis conditions: 0.9 M HCl in 1,2-dimethoxyethane, approximately 0.9 wt% polymer; 
examples of the structures (compound I–IV) were drawn (the other products were illustrated in Scheme S1)].  
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 The solid and dashed lines in Figure 7 show the ratios of residual cyclic acetal structures at different 
hydrolysis times at 60 and 30 ºC, respectively. In acid hydrolysis at 60 ºC, the CEVE-derived cyclic acetal 
structures were quantitatively degraded in 15 min (blue circles and solid line), whereas the DPE-derived 
structures were very slowly degraded and were almost completely degraded in 24 h (green circles and solid 
line). These results were consistent with the significant difference in the degradation rates of poly(CEVE-co-
IPA) and poly(DPE-co-IPA) (green and blue triangles, respectively, in Figure S4). Interestingly, the difference 
in degradability was greatly magnified at 30 °C (dashed line in Figure 7). The CEVE-derived cyclic acetal 
structures were completely degraded in 9 h (blue circles), while 96% of the DPE-derived cyclic acetal 
structures remained undegraded (green circles).  

 

 

Figure 7. The ratios of residual cyclic acetal structures in acid hydrolysis of the ABAC-type periodic polymer 
(entry 2 in Table 2; green circle: DPE-derived unit; blue circle: CEVE-derived unit) at 60 (solid line) and 30 
(dashed line) ºC (conditions: 0.9 M HCl in 1,2-dimethoxyethane, approximately 0.9 wt% polymer). The values 
were estimated by 1H NMR spectra. The polymers were used after purification by reprecipitation in methanol. 
 
 The substituents on the cyclic acetal structures were responsible for the difference in the degradation 
rates. Specifically, the CEVE-derived cyclic acetal structures show an exocyclic acetal structure, which is 
probably responsible for the enhanced acid lability. In contrast, the two bulky phenyl rings retarded the 
degradation of the DPE-derived cyclic acetal structures. In addition, poly(EMPE-co-DPE-co-IPA) also 
exhibited two-step degradation behavior under conditions similar to those for the acid hydrolysis of 
poly(CEVE-co-DPE-co-IPA) at 60 °C (see Figure S5 for the ratio of residual cyclic acetal structures in acid 
hydrolysis of poly(EMPE-co-DPE-co-IPA)).37,38  
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Thermal properties of the ABAC-type periodic polymers 

 DSC analysis of the obtained ABAC-type periodic polymers detected single Tg values, which is 

consistent with the sequences being periodic rather than blocky (Table 4 and Figure 8A). The Tg values were 

related to the ratio of DPE units, likely due to the rigidity of the two phenyl rings (entries 1–3 in Table 4 and 

Figure 8A). For example, poly(DPE-co-IPA), poly(CEVE-co-DPE-co-IPA), and poly(CEVE-co-IPA) 

exhibited Tg values of 218, 164, and 66 °C, respectively (entries 2, 1, and 3 in Table 4). Additionally, the 

obtained ABAC-type periodic polymer containing EMPE as unit C exhibited a much higher Tg (210 °C; entry 

4 in Table 4) than that of the CEVE counterpart (164 °C) due to the E,E-dimethyl moieties of EMPE. Utilizing 

TPA instead of IPA also resulted in higher Tg values (entries 6 and 7 in Table 4). The Tg value (264 ºC: entry 

7 in Table 4) of poly(EMPE-co-DPE-co-TPA) was comparable to poly(DPE-co-TPA). Furthermore, 

poly(EMPE-co-DPE-co-TPA) of Mw = 17.2 u 103 had the highest Tg value (above 300 ºC; Tg cannot be 

observed below this temperature; entry 8 in Table 4). 

 The 5% weight loss temperature (T5%) exhibited trends similar to those of Tg (Figure 8B). For 

example, the T5%s of poly(DPE-co-IPA) (288 °C, entry 2 in Table 4), poly(CEVE-co-DPE-co-IPA) (237 °C, 

entry 1 in Table 4), and poly(CEVE-co-IPA) (211 °C, entry 3 in Table 4) decreased in this order. Poly(EMPE-

co-DPE-co-IPA) exhibited a higher T5% (280 °C, entry 4 in Table 4) than that of its CEVE counterpart, although 

poly(EMPE-co-IPA) was superior (307 °C, entry 5 in Table 4) to the corresponding ABAC-type periodic 

terpolymer. Polymers with TPA units exhibited higher T5% values (entries 6–9 in Table 4) than that of their 

IPA counterparts. In particular, poly(EMPE-co-DPE-co-TPA) exhibited the highest T5% value (345 ºC) (entry 

7 in Table 4) among the polymer examined. 

 

Table 4. Tg and T5% values of polymers with cyclic acetal structures in the main chain 

entry polymer a Mw u 10–3 Mw/Mn Tg (ºC) b T5% (ºC) c 

1 poly(CEVE-co-DPE-co-IPA) 8.1 2.66 164 237 

2 poly(DPE-co-IPA) 3.0 1.65 218 288 

3 poly(CEVE-co-IPA) 3.9 2.60 66 211 

4 poly(EMPE-co-DPE-co-IPA) 10.0 2.44 210 280 

5 poly(EMPE-co-IPA) 3.7 1.37 154 307 

6 poly(CEVE-co-DPE-co-TPA) 8.0 2.01 170 263 

7 poly(EMPE-co-DPE-co-TPA) 8.9 1.73 264 345 

8  17.2 3.03 – d 339 

9 poly(DPE-co-TPA) 7.7 2.21 262 304 
a After purification by reprecipitation in methanol. b The heating and cooling rates were 10 (entries 1–7 and 9) 

or 20 (entry 8) °C min−1. The Tg values were determined by the second heating scan. c The 5% weight-loss 

temperature determined by thermogravimetric analysis (TGA). d The Tg was not observed below 300 ºC, which 

suggests that the polymer has a Tg value above 300 ºC. 
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Figure 8. (A) DSC thermograms and (B) TGA analysis of poly(CEVE-co-DPE-co-IPA), poly(EMPE-co-DPE-
co-IPA), poly(EMPE-co-DPE-co-TPA), poly(DPE-co-IPA), poly(CEVE-co-IPA), and poly(EMPE-co-IPA) 
(the samples listed in Table 4). 
 
Conclusion 

 Cyclotrimerization of vinyl monomers and sequence-programmed cyclic trimers bearing two 
unreacted aldehyde moieties was successfully performed with ABAC-type periodic polymerizations. This 
cyclic trimer was generated by the selective cyclic trimer formation of DPE and dialdehydes. DPE was 
effective in suppressing the successive cyclotrimerization and vinyl homopolymerization reactions due to 
steric hindrance. The obtained cyclic trimer underwent successive cyclotrimerization with various vinyl 
monomers. In particular, copolymerization with EMPE proceeded quantitatively. The obtained ABAC-type 
periodic polymers exhibited two-step degradation behavior under acidic conditions. In the first step, VE-
derived cyclic acetal structures were selectively hydrolyzed into cyclic trimers consisting of DPE and 
dialdehydes. These products were further degraded for prolonged reaction time as the second-step. DSC and 
TGA measurements supported that the obtained polymer possessed good thermal properties, which were 
derived from the cyclic acetal structures. 
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Supporting Information 

 

 
Figure S1. MWD curves of the products obtained by the cyclotrimerization of (A) CEVE or (B) IBVE with 
IPA (entries 1 and 2 in Table 1). 
 

 

Figure S2. ESI-MS spectrum of the polymer obtained by the copolymerization of CEVE and the cyclic trimer 
consisting of DPE and IPA (entry 2 in Table 2; after reprecipitation in methanol; Mw(GPC) = 2.3 × 103, 
Mw/Mn(GPC) = 1.59; [CEVE]0 = 0.20 M, [cyclic trimer (DPE–IPA)]0 = 0.20 M, [EtAlCl2]0 = 50 mM, [1,4-
dioxane]0 = 1.0 M, in dichloromethane at –78 °C for 1 h). 
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Figure S3. ESI-MS spectrum of the product obtained by the acid hydrolysis of poly(CEVE-co-DPE-co-IPA) 
(acid hydrolysis for 15 min). 
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Scheme S1. The possible structures of poly(CEVE-co-DPE-co-IPA) and its hydrolysis products. 



Two-step degradable ABAC-type periodic poly(cyclic acetal)s synthesized by sequence-programmed monomer 
formation and subsequent polyaddition based on cyclotrimerization of one vinyl monomer and two aldehydes 

77 

 

Figure S4. The ratio of residual cyclic acetal structures in acid hydrolysis of poly(DPE-co-IPA) (green 
triangle; Mw(GPC) = 3.6 × 103, Mw/Mn(GPC) = 2.01; [DPE]0 = 0.40 M, [IPA]0 = 0.20 M, [GaCl3]0 = 10 mM, 
in dichloromethane at –78 ºC; conditions: 0.9 M HCl in 1,2-dimethoxyethane, approximately 0.8 wt% polymer 
at 60 ºC) and poly(CEVE-co-IPA) (blue triangle; Mw(GPC) = 3.9 × 103, Mw/Mn(GPC) = 2.60; [CEVE]0 = 0.50 
M, [IPA]0 = 0.50 M, [EtAlCl2]0 = 50 mM, [THF] = 1.0 M, in dichloromethane at 0 ºC; conditions: 0.9 M HCl 
in 1,2-dimethoxyethane, approximately 1 wt% polymer at 60 ºC). The values were estimated from the 1H NMR 
spectra. The polymers were used after purification by reprecipitation in methanol. 
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Figure S5. The ratio of residual cyclic acetal structures in acid hydrolysis of poly(EMPE-co-DPE-co-IPA) 
(entry 1 in Table 3; green square: DPE-derived unit; blue square: EMPE-derived unit; conditions: 0.9 M HCl 
in 1,2-dimethoxyethane, approximately 0.9 wt% polymer at 60 ºC). The values were estimated from the 1H 
NMR spectra. The polymer was used after purification by reprecipitation in methanol. 

 
 

 
Scheme S2. The plausible mechanism of the acid hydrolysis of poly(EMPE-co-DPE-co-IPA). 
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Chapter 5 
Alternating cationic copolymerization of vinyl ethers and sequence-programmed cyclic trimer 

consisting of one vinyl ether and two aldehydes for ABCC-type periodic terpolymer 

 
Introduction 
 Ring-opening polymerization is a powerful tool for introducing heteroatoms into the main chain.1–3 
Various functional polymers, such as polyesters, polyamides, polyurethanes, and polycarbonates, are available 
through the ring-opening polymerizations of corresponding cyclic monomers under mild conditions.4–10 In 
addition, the copolymerizations of cyclic and other types of monomers,11–28 which polymerize by different 
mechanisms through generating different types of propagating species, have great potential for yielding 
polymers with unprecedented structures inaccessible by traditional copolymerization. These polymerization 
systems permit the incorporation of two or more kinds of functional groups into the polymer main chain, 
resulting in polymers with characteristic properties, such as degradability and crystallinity. The persistence 
and structural integrity characteristics of vinyl polymers cause the accumulation of plastic waste in the 
environment; hence, vinyl-addition and ring-opening polymerization, which can introduce the labile bonds 
into the main chains of vinyl polymers, is of great interest. Examples of copolymerization reactions consisting 
of vinyl-addition and ring-opening polymerization include radical copolymerizations of methyl methacrylates 

and cyclic ketene acetals11–17 and anionic copolymerizations of methyl methacrylates and H-caprolactone.20 
However, very few studies have achieved these copolymerizations due to the difficulty in realizing crossover 
reactions between different types of monomers, which produce different types of propagating species. 
 The structures of active chain ends derived from vinyl monomers and cyclic monomers are highly 
important for successful copolymerization by frequent crossover reactions. During cationic copolymerization, 
oxonium ions, which are active species of oxygen-containing cyclic monomers, do not react with vinyl 
monomers. Therefore, carbocation generation by ring-opening reactions of oxonium ions is indispensable for 
copolymerizing vinyl monomers and oxygen-containing cyclic monomers by crossover reactions.21–23 For 
example, ring-opening reactions of cyclic acetals generate alkoxy-adjacent carbocations that are structurally 
similar to vinyl ether (VE)-derived carbocations. The cationic copolymerization processes of vinyl monomers 
and cyclic acetals were reported several decades ago.24,25 The Aoshima's group has conducted systematic 
studies of the effects of the ring members and substituents of cyclic acetals on copolymerization behaviors.26–

28 Additionally, a one-pot synthesis of ABC-type periodic terpolymers has been achieved by AB-type 
sequence-programmed cyclic acetal synthesis and subsequent alternating cationic copolymerization with VEs 
(unit C).29 
 In this chapter, a novel system for sequence-regulated polymer synthesis was developed based on 
sequence-incorporated monomer synthesis and alternating cationic copolymerization (Scheme 1). The author 
focused on cyclic trimers consisting of one vinyl monomer and two aldehydes, which were generated by side 
reactions during the cationic alternating copolymerizations of vinyl monomers and conjugated aldehydes. 30–33 
These cyclic trimers are regarded as cyclic acetal monomers with structures that are similar to 2-methyl-1,3-
dioxane (MDOX). Thus, cyclic trimers potentially undergo cationic copolymerization with vinyl monomers. 
According to a systematic investigation of monomer structures, alternating cationic copolymerization were 
shown to proceed when 2-nonenal (NNE)-containing cyclic trimers were used under optimized conditions. 
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The alternating copolymer potentially has three different monomer sequence types—ABCC,34,35 ACCB, and 
ACBC—due to three possible ring-opening modes. The monomer sequences of the obtained polymers could 
been determined by structurally analyzing acid methanolysis products. The results indicated that ABCC- and 
ACBC-type periodic sequences were obtained via ring-opening reactions of cyclic trimers. The ratios of the 
two types of sequences were affected by polymerization conditions. Specifically, ABCC-type periodic 
sequences were mainly generated by copolymerizing 2-chloroehtyl VE (CEVE) and a cyclic trimer consisting 
of isobutyl VE (IBVE) and NNE without added bases (ABCC-type ratio = 83 %). 
 

 
Scheme 1. Synthesis of ABCC-type periodic terpolymer via cationic copolymerization of VEs and cyclic 
trimers. 
 

Experiment 
Materials 

 NNE (TCI, > 95.0%) was distilled over calcium hydride twice under reduced pressure before use. 
Other materials were prepared and used as described in Chapter 2. 
 
Sequenced programmed cyclic trimer synthesis 

 Cyclic trimers other than those of VEs and NNEs were synthesized in a manner similar to that 
described in Chapter 2. When the obtained product contained a significant amount of impurities, the crude 
product was purified by silica gel column chromatography [n-hexane/ethyl acetate (EA)]. During the 
cyclotrimerizations of VEs and NNE, the second portion of VEs was added to the reaction mixture at a 
predetermined time to increase NNE conversion. For example, the cyclotrimerizations of NNE and isopropyl 
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VE (IPVE) were conducted by the following steps. Toluene (17.4 mL), tetrahydrofuran (THF; 2.4 mL) as an 
added base, IPVE (1.7 mL), and NNE (4.1 mL) were charged successively into a glass tube by using dry 
syringes. The reaction was initiated by adding a prechilled EtAlCl2 solution in n-hexane/toluene (500 mM; 3.0 
mL) at 0 °C. Then, 1.7 mL of IPVE was added at a predetermined interval (10 min). The reaction was 
terminated by adding water with a small amount of aqueous ammonia (approximately 10 mL; 0.3wt%). The 
quenched reaction mixture was diluted with dichloromethane and washed with water. The organic layer was 
evaporated under reduced pressure to remove the remaining volatiles. The crude product was purified by silica 
gel column chromatography (n-hexane/EA = 22/1 v/v; final yield = 32%). 
 
Polymerization procedure 

 The following is a description of the typical polymerization procedure. A glass tube equipped with a 
three-way stopcock was dried using a heat gun under dry nitrogen. A cyclic trimer solution consisting of VEs 
and aldehydes in toluene was added to the tube using a dry syringe. This cyclic trimer was dried via an 
azeotropic method using toluene for approximately 6 h. Toluene, n-hexane, 1,4-dioxane (1,4-DO), and CEVE 
were sequentially added to this tube using dry syringes. This solution was cooled at 0 °C in advance; a 
prechilled 40 mM EtSO3H solution in toluene was added to this solution using a dry syringe. The tube was 
then placed in a cooling bath set at –78 °C, 10 min after adding EtSO3H. The reaction was initiated by adding 
a prechilled Lewis acid solution. The reaction mixture was terminated with methanol containing a small 
amount of aqueous ammonia. The quenched mixture was washed with water. Then, volatile compounds were 
removed under reduced pressure at 50 °C to yield a polymer. The monomer conversions were determined by 
1H NMR analyses of the quenched reaction mixtures using pyridine as an internal standard. 
 
Acid methanolysis of product copolymers 

 The acid methanolysis of the polymers was conducted with 0.5 M aq. HCl in methanol at room 
temperature for 2 h. Other procedures were conducted in a manner similar to that in hydrolysis. 
 
Characterization 

 The molecular weight distributions (MWDs), 1H and 13C NMR spectra, and ESI–MS spectra were 
obtained in manners similar to those described in the preceding chapters. 
 
Results and Discussion 

Selective cyclotrimerizations of various vinyl monomers and aldehydes 

 Cyclotrimerizations of various vinyl monomers and aldehydes were conducted to obtain cyclic 
trimers bearing various structures (Scheme 2). The electronic and steric environments around the carbocations 
generated via ring-opening reactions of cyclic trimers were tunable by the types of vinyl monomers and 
aldehydes incorporated into cyclic trimers (Table 1). First, a cyclic trimer consisting of IBVE and 
benzaldehyde (BzA) was produced using EtAlCl2 as a Lewis acid catalyst with 1,4-DO at –78 °C (entry 1 in 
Table 1). A cyclic trimer was generated quantitatively, as in the case of the previous study on the cationic 
alternating copolymerizations of IBVE and BzA.30,31 NNE, which is a linear conjugated aldehyde, underwent 
relatively selective cyclotrimerizations with VEs (yields of cyclic trimers = 33–53%; entries 2–4 in Table 1) 
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to yield a cyclic trimer; a 3,4-dihydro-2H-pyran derivative and a VE homopolymer were obtained as side 
products (Figure S1). The cyclic trimer was isolated by silica gel column chromatography (Figure S2). The 
reactions of styrene (St) derivatives, such as p-methylstyrene (pMeSt) and 1,1-diphenylethylene (DPE) (entries 
5 and 6 in Table 1), were examined. The cyclotrimerizations of St derivatives and BzA were promoted by 
GaCl3, unlike the highly selective cyclotrimerizations of VEs and BzA by EtAlCl2. For pMeSt, the 
concentration of BzA was set approximately a fifth of that of pMeSt to promote cyclotrimerization and 
suppress pMeSt homopolymerization. However, the yield of the cyclic trimer was lower than in the cases with 
VEs (entry 5 in Table 1). In contrast, DPE was demonstrated to be efficient for selective cyclotrimerization 
(cyclotrimerization/side reaction = >99/~0) (entry 6 in Table 1). The cyclotrimerization reactions of various 
vinyl monomers, including St derivatives, and BzA were described in Chapter 2. 
 

   
Scheme 2. Cyclotrimerization of various vinyl monomers and conjugated aldehydes. 
 
Table 1. Cyclotrimerization of various vinyl monomers and aldehydes a 

        conv.(%) b  

entry 
vinyl 

monomer 
(M) Ald (M) catalyst (mM) time vinyl monomer Ald 

conv. for 
cyclic trimer c 

1 IBVE 0.50 BzA 1.0 EtAlCl2 20 24 h 95 >99 92 

2 IBVE 0.50 NNE 1.0 EtAlCl2 50 4 h >99 76 53 

3 CEVE 0.50 NNE 1.0 EtAlCl2 50 24 h >99 73 42 

4 IPVE 0.50 NNE 1.0 EtAlCl2 50 10 min >99 62 33 

5 pMeSt 0.19 BzA 1.0 Bi(OTf)3 5.0 48 h >99 15 21 

6 DPE 0.50 BzA 1.0 GaCl3 5.0 168 h 92 92 >99 
a [THF] = 0 (entries 1 and 6), 1.0 (entries 2–4), or 0.58 (entry 5) M, [1,4-DO] = 1.0 (entry 1) or 0 (entries 2–
6) M, in toluene (entry 1) or dichloromethane (entries 2–6), at –78 (entries 1 and 6) or 0 (entries 2–5) ºC. 
b,c Determined by 1H NMR analysis of quenched reaction mixtures. 
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Cationic copolymerization of CEVE and various cyclic trimers 

 The cyclic trimer consisting of IBVE and BzA was employed in a cationic copolymerization with 
CEVE using an initiating system suited for controlled alternating copolymerizations of various VEs and 
conjugated aldehydes (Scheme 3A).30–33 Both CEVE and the cyclic trimer were consumed in a reaction using 
GaCl3 as a Lewis acid catalyst in conjunction with EtSO3H with 1,4-DO in toluene at –78 °C. A product of Mn 

= 1.1 u 103 was obtained under these conditions (entry 1 in Table 2). 1H NMR analysis of the polymer revealed 
that the cyclic trimer was introduced into the main chain by crossover reactions. However, the average numbers 
of CEVE/cyclic trimer units per block were about 25/1.0 (these values are based on the assumption that CEVE 
homopolymer chains are not generated), suggesting that CEVE homopropagation reactions preferentially 
occurred during copolymerization. To suppress CEVE homopropagation reactions, the initial concentration of 
the cyclic trimer was set twice that of CEVE. The 1H NMR analysis of the obtained polymer indicated that the 
amount of the incorporated cyclic trimer increased. However, the result of the acid methanolysis of the 
obtained polymer indicated unsuccessful copolymerization. The peak top of the MWD curve did not shift to 
the lower-MW region after methanolysis (Figure 1A). If copolymerization is successful, acid-labile acetal 
structures would be generated in the main chain of a copolymer. The results revealed that CEVE homopolymer 
chains, which did not have acid-degradable units, were predominantly produced during copolymerization 
(Figure 1A). Furthermore, the cyclic trimers consisting of BzA and St derivatives did not copolymerize with 
CEVE likely because of the steric hindrance around the cyclic acetal structures, and instead, CEVE 
homopolymers were obtained (entries 3 and 4 in Table 2). These results indicated that cyclic trimers consisting 
of BzA and vinyl monomers would not be suitable for copolymerization with CEVE. 
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Scheme 3. Cationic copolymerization of CEVE with (A) various cyclic trimers and (B) cyclic trimers 
consisting of VEs and BzA or NNE. 
 
Table 2. Cationic copolymerization of CEVE and various cyclic trimers a 

     conv. (%) b   units per block d 

entry 
CEVE 

(M) 
cyclic trimer (M) time catalyst CEVE 

cyclic 
trimer 

Mn u 10-3 c Mw/Mn
 c CEVE 

cyclic 
trimer 

1 0.50 IBVE–BzA 0.50 70 h GaCl3 37 11 1.1 1.48 (25) e (1.0) e  
2 0.40 IBVE–BzA 0.80 24 h GaCl3 72 7 2.1 1.51 (11) e (1.0) e 
3 0.20 pMeSt–BzA 0.20 30 sec TiCl4/SnCl4 74 2 5.5 1.07 45 1.0 
4 0.20 DPE–BzA 0.20 5 min TiCl4/SnCl4 >99 0 4.2 1.09 n.d. f n.d. f 

5 0.39 IBVE–NNE 0.40 25 h GaCl3 52 21 2.5 1.59 6.1 1.0 
a [EtSO3H]0 = 4.0 (entries 1, 2, and 5) or 0 (entries 3 and 4) mM, [IBEA]0 = 0 (entries 1, 2, and 5) or 4.0 (entries 
3 and 4) mM, [GaCl3]0 = 4.0 (entry 1), 10 (entries 2 and 5), or 0 (entries 3 and 4) mM, [TiCl4]0 = 0 (entries 1, 
2, and 5) or 4.0 (entries 3 and 4) mM, [SnCl4]0 = 0 (entries 1, 2, and 5) or 20 (entries 3 and 4) mM, [1,4-DO] 
= 1.0 (entries 1 and 2), 0 (entries 3 and 4), or 0.47 (entry 5) M, [EA] = 0 (entries 1, 2, and 5) or 20 (entries 3 
and 4) mM, in toluene (entries 1, 2, and 5) or toluene/dichloromethane (9/1 v/v; entries 3 and 4) at –78 ºC.    
b Determined by 1H NMR analysis of quenched reaction mixtures. c Determined by GPC (polystyrene 
standards). d Estimated by 1H NMR analysis of the obtained products. e Estimated by the 1H NMR spectrum of 
the obtained product. However, the MWD curve of the acid methanolysis product indicated that CEVE 
homopolymers were predominantly produced (Figure 1A). f Not determined due to negligible crossover 
reactions. 
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Figure 1. MWD curves of the polymers obtained by the cationic copolymerization of CEVE and various cyclic 
trimers (black line; after purification by preparative GPC; entries 2 and 5 in Table 2 and entries 5 and 7 in 
Table 3), and their acid methanolysis products (purple line).  
 
 Unlike BzA-containing cyclic trimers, NNE-containing cyclic trimers were highly effective for 
copolymerization with CEVE (Scheme 3B and entry 5 in Table 2). The concurrent cationic vinyl-addition and 
ring-opening copolymerization processes of CEVE and the cyclic trimer, which consisted of IBVE and NNE, 
were conducted under conditions similar to those used for the cationic copolymerizations of CEVE and the 

IBVE–BzA cyclic trimer, yielding a polymer of Mn = 2.5 u 103 (entry 5 in Table 2). The introduction of the 
cyclic trimer derived from crossover reactions was confirmed by 1H NMR analysis of the obtained polymer 
(Figure 2). The olefin structures derived from NNE were assigned to the peaks at 5.0–5.8 ppm (peaks 15 and 
16). The peaks at 4.2–5.0 ppm (peaks 6, 9, 21, and 23) were attributed to the acetal structures generated by the 
crossover reaction from CEVE to the cyclic trimer. From the integral ratios of the olefin moiety and CEVE 
homosequences (peaks 2, 3, and 4), the average numbers of CEVE and the cyclic trimer units per block were 
estimated to be 6.1 and 1.0, respectively, indicating that the cyclic trimer consisting of IBVE and NNE 
underwent frequent crossover reactions with CEVE, differing from the IBVE–BzA cyclic trimer. The absence 
of cyclic trimer homopropagation was assumed from the result that the homopolymerization of the cyclic 
trimer did not proceed under the same conditions as those for copolymerization. In addition, the MWD curve 
obviously shifted to the lower-MW region after acid methanolysis (Figure 1B, left), indicating that acid-labile 
acetal moieties were incorporated into all the polymer chains by successful copolymerization. The Mn value 
of the acid methanolysis product was consistent with the average numbers of CEVE and cyclic trimer units 
per block, as shown above. 
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Figure 2. 1H NMR spectrum of the polymer obtained by the copolymerization of CEVE and the cyclic trimer 
consisting of IBVE and NNE [entry 5 in Table 2; after purification by preparative GPC; in CDCl3 at 30 ºC;   
* water, grease, TMS, or others; the structures derived from crossover reactions were determined by 1H NMR 
and ESI-MS spectra of the methanolysis product of the alternating-like polymer of CEVE and the IBVE–NNE 
cyclic trimer (vide infra)]. 
 
Cationic copolymerizations of CEVE and cyclic trimers of VEs and NNE under various conditions 

 To achieve ABCC-, ACCB-, or ACBC-type periodic sequences by alternating copolymerizations of 
CEVE and the cyclic trimer, appropriate reaction conditions were investigated; there was a particular focus on 
solvents, VE units incorporated into cyclic trimers, and monomer concentrations. Initially, the cationic 
copolymerizations of CEVE and the IBVE–NNE cyclic trimer were conducted in a mixture of toluene/n-
hexane (6/4 v/v; entry 1 in Table 3; Figure 3). The 1H NMR spectrum of the obtained polymer indicated that 
the average numbers of CEVE and cyclic trimer units per block were estimated to be 4.0 and 1.0; these results 
suggested that the crossover reactions occurred more frequently in the mixed solvent than in toluene alone 
(entry 5 in Table 2). The kinds of VEs incorporated into cyclic trimers affected copolymerization behaviors. 
The frequencies of crossover reactions increased when the cyclic trimer consisting of NNE and IPVE, a more 
reactive VE than IBVE, was used (entry 5 in Table 3). A polymer with shorter CEVE blocks (CEVE/cyclic 
trimer = 4.4/1.0; entry 5 in Table 3) than the IBVE–NNE counterpart (CEVE/cyclic trimer = 6.1/1.0; entry 5 
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in Table 2) was obtained. However, the use of the CEVE–NNE cyclic trimer resulted in copolymerization with 
less frequent crossover reactions (CEVE/cyclic trimer = 6.3/1.0; entry 7 in Table 3). These results indicated 
that the use of cyclic trimers containing more reactive VEs was suitable for crossover reactions with CEVE. 
 
Table 3. Cationic copolymerization of CEVE and cyclic trimer consisting of VEs and NNE a 

a [EtSO3H]0 = 4.0 (entries 1–5 and 7) and 2.0 (entry 6) mM, [GaCl3]0 = 10 mM, at –78 ºC. b Determined by 1H 
NMR analysis of quenched reaction mixtures. c Determined by GPC (polystyrene standards). d Estimated by 
1H NMR analysis of the obtained products after purification by preparative GPC. e Determined by 1H NMR 
analysis of the acid methanolysis products. 
 

 
Figure 3. (A) Time-conversion curves of the cationic copolymerization of CEVE and the cyclic trimer 
consisting of IBVE and NNE and (B) MWD curves of the obtained polymers (dashed line), portions after 
purification by preparative GPC (solid line), and their acid methanolysis products (purple line) (entry 1 in 
Table 3). 

       conv. (%) b   units per block d  

entry CEVE 
(M) 

cyclic 
trimer (M) additives (mM) 

toluene/ 
hexane 
(v/v) 

time CEVE cyclic 
trimer 

Mn 
u 10-3 c 

Mw/ 
Mn

 c CEVE cyclic 
trimer 

ABCC/ 
ACBC 
ratio e 

1 0.40 IBVE– 
NNE 0.40 1,4-DO 2.0 u 102 6/4 144 h 92 27 3.7 1.51 4.0 1.0 – 

2 0.20 IBVE– 
NNE 1.0 – 6/4 1 min 92 20 4.3 1.41 1.7 1.0 86/14 

3 0.10 IBVE– 
NNE 1.0 – 6/4 10 min >99 23 4.2 1.52 1.07 1.0 83/17 

4 0.10 IBVE– 
NNE 1.0 EA 20 6/4 30 min >99 23 3.0 1.50 1.03 1.0 74/26 

5 0.40 IPVE– 
NNE 0.40 1,4-DO 4.7 u 102 10/0 25 h 43 8 1.6 1.76 4.4 1.0 – 

6 0.049 IPVE– 
NNE 0.50 – 6/4 5 min 61 7 2.0 1.61 1.04 1.0 40/60 

7 0.41 CEVE– 
NNE 0.40 1,4-DO 4.7 u 102 10/0 96 h 60 20 3.5 1.63 6.3 1.0 – 
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 For a cyclic trimer, the copolymerization at a higher initial concentration than that of a VE drastically 

promoted the crossover reactions. A polymer of Mn = 4.3 u 103 was obtained in the copolymerization at 
CEVE/IBVE–NNE cyclic trimer concentrations of 0.20 M/1.0 M (entry 2 in Table 3; black dashed line in 
Figure 4A). In the 1H NMR spectrum of the obtained polymer (Figure 5), the peak intensities of the structures 
derived from VE-to-cyclic trimer crossover reactions (peaks 2, 5, 17, and 19) were obviously larger than those 
obtained at equal concentrations of CEVE and the cyclic trimer (Figures 2 and 5). The integral ratio indicated 
that the average numbers of CEVE and cyclic trimer units per block were estimated to be 1.7 and 1.0, 

respectively. The acid methanolysis of this polymer produced a compound of Mn = 0.5 u 103 (the purple line 
in Figure 4A). The generation of the low-MW product after acid methanolysis indicated that acetal moieties 
were introduced into the main chain by frequent crossover reactions. 
 

 

Figure 4. (A) MWD curves of the obtained polymer by the cationic copolymerization of CEVE and the cyclic 
trimer consisting of IBVE and NNE (dashed line), a portion after purification by preparative GPC (solid line), 
and its acid methanolysis product (purple line) and (B) the ESI-MS spectrum of the acid methanolysis product 
(entry 2 in Table 3). 
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Figure 5. 1H NMR spectra of the polymer obtained by the cationic copolymerization of CEVE and the cyclic 
trimer consisting of IBVE and NNE and its acid methanolysis product (entry 2 in Table 3; after purification 
by preparative GPC; in CDCl3 at 30 ºC; * water; structures of ABCC- and ACBC-type sequences derived from 
alternating propagation reactions are shown. Non-periodic structures, such as AABCC- and AAABCC-type 
sequences, containing CEVE homosequences also exist (labels 21–24 are used for CEVE homosequences).  
 
 Structural analysis of the methanolysis product obtained above revealed the ring-opening mode of 
the cyclic trimer. The possible reaction mechanisms of the copolymerization are summarized in Scheme 4. 
Adding a cyclic acetal to the VE-derived carbocation formed an oxonium ion. Two possible oxonium ions 
were generated by the reaction of the oxygen atom at the 1-position or 3-position of the cyclic acetal. An 
oxonium ion was subsequently converted to a carbocation via a ring-opening reaction. The oxonium ion 
derived from the reaction of the oxygen atom at the 1-position had two acetal moieties; hence, two different 
carbocations were generated through paths (i) and (ii). The other possible oxonium ion afforded different 
carbocations through path (iii). Therefore, three different monomer sequences—ABCC-, ACCB-, and ACBC-
type—were potentially generated through different addition and cleavage modes. Methanolysis products had 
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structures corresponding to the constitutional repeating units of the original polymers as a result of the cleavage 
of the acetal moieties; this phenomenon was very useful to reveal the ring-opening mode. Indeed, the ESI–MS 
analysis of the methanolysis product (Figure 4B) detected peaks assigned to the structures composed of four 
monomer units (CEVE/IBVE/NNE = 1/1/2; a circle symbol with n = 0; two VE side chains were converted 
into methoxy moieties by transacetalization with methanol) or two monomer units (NNE/CEVE or IBVE = 
1/1; a square symbol with n = 0; a VE side chain was converted into a methoxy moiety). The other peaks 
(CEVE/IBVE/NNE = 2 or 3/1/2 (circle symbols with n = 1 or 2) and NNE/CEVE = 1/2 (a square symbol with 
n = 1)) were derived from blocks with CEVE homosequences. The result suggested that the cyclic acetal 
underwent a ring-opening reaction by the modes shown by paths (i) and (iii) in Scheme 4. Possible products 
derived from the other mode (path (ii) in Scheme 4) were not observed in the ESI–MS analysis. 
 ABCC- and ACBC-type sequence generations were consistent with the 1H and 13C NMR spectra of 
the methanolysis product (Figure 5 lower and Figure S3). For example, peaks at 3.8 ppm (peak 28) and 4.5 
ppm (peak 26) of the 1H NMR spectrum were assigned to the two allyl methine protons adjacent to the oxygen 
atom and the two acetal methine protons, respectively, of the methanolysis product from the ABCC-type 
monomer sequences. In addition, the hydroxy, hydroxy-adjacent methine, and acetal peaks assigned to the 
product from ACBC-type monomer sequences emerged at 2.6, 4.25, and 4.6 ppm (peaks 34, 35, and 37). These 
assignments were confirmed by analysis of the 1H–1H correlation spectroscopy (COSY) NMR spectrum 
(Figure S4). The ABCC-type/ACBC-type ratio was calculated to be 86/14 by the integral ratios of two allyl 
methine protons adjacent to the oxygen atom and hydroxy-adjacent methine proton of each methanolysis 
product (peaks 28 and 35). 

 
Scheme 4. The reaction pathway of the generation of the different sequence-regulated polymers (AM: acid 
methanolysis). 
 
 Alternating-like cationic copolymerizations were found to proceed when the concentration of the 
cyclic trimer was set tenth that of CEVE due to the suppression of CEVE homopropagation (entries 3, 4, and 
6 in Table 3). Moreover, the composition ratios of the ABCC-type to ACBC-type monomer sequences were 
tuned by the polymerization conditions. For example, the ACBC-type monomer sequences were preferentially 
generated with EA; hence the selectivity of generation of ABCC-type monomer sequences decreased (ABCC-
type ratio = 74%; entry 4 in Table 3). An alternating polymer with comparable amounts of the ACBC- and 
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ABCC-type monomer sequences was obtained while copolymerizing CEVE and the IPVE–NNE cyclic trimer 
(entry 6 in Table 3). In addition, the alternating cationic copolymerization of CEVE and the IBVE–NNE cyclic 
trimer at –78 ºC, which was the most suitable polymerization temperature (Table S1), afforded a polymer with 

a relatively high ABCC-type ratio (ABCC-type ratio = 83%; entry 3 in Table 3; Mn = 4.2 u 103 (the black solid 
line in Figure 6A)), The average numbers of CEVE and the cyclic trimer units per block calculated by the 1H 
NMR spectrum of this polymer were 1.05 and 1.0, respectively, indicating the occurrence of alternating 
copolymerization. The unimodal MWD curve of the high-MW portion separated by preparative GPC shifted 
to the low-MW region after acid methanolysis (the purple line in Figure 6A). In the ESI–MS spectrum of the 
acid methanolysis product (Figure 6B), the major peak had an m/z value (465.3547) corresponding to the 
structure with four monomer units derived from the ABCC-type monomer sequences. Interestingly, the peaks 
derived from two or more CEVE units were extremely small; these results corroborated that ABCC-type 
periodic sequences were mainly generated. 
 

 
Figure 6. (A) MWD curves of the polymer obtained by the cationic copolymerization of CEVE and the cyclic 
trimer consisting of IBVE and NNE (dashed line), a portion after purification by preparative GPC (solid line), 
and its acid methanolysis product (purple line) and (B) the ESI-MS spectrum of the acid methanolysis product 
(entry 3 in Table 3). 
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Conclusion 

 The alternating copolymerizations of CEVE and the NNE-containing cyclic trimer were 
demonstrated to proceed under optimized conditions. Among the three possible sequences—ABCC-, ACCB-, 
and ACBC-type—in the polymer chain, the ABCC- and ACBC-type sequences were selectively generated, 
which was revealed by the structural analysis of the acid methanolysis product of the obtained polymer. 
Moreover, the ABCC-type periodic sequences were preferentially generated during the copolymerizations of 
CEVE and a cyclic trimer consisting of IBVE and NNE without added bases (ABCC-type ratio = 83%).  
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Supporting Information 
 

 

Figure S1. 1H NMR spectrum of the product obtained by the cyclotrimerization of IBVE and NNE (entry 2 in 

Table 1; in CDCl3 at 30 ºC; * water or another). 

 

 
Figure S2. 1H NMR spectrum of the cyclic trimer consisting of IBVE and NNE after purificiation by column 

chromatography (in CDCl3 at 30 ºC)  
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Figure S3. 13C and DEPT 135 NMR spectra of the acid methanolysis product of the polymer obtained by the 
copolymerization of CEVE and the cyclic trimer (IBVE–NNE) (entry 2 in Table 3; in CDCl3 at 30 ºC; * CDCl3). 
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Figure S4. 1H–1H COSY spectrum of the acid methanolysis product of the obtained polymer by the 
copolymerization of CEVE and the cyclic trimer (IBVE–NNE) (entry 2 in Table 3; in CDCl3 at 30 ºC). 
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Table S1. Cationic copolymerization of CEVE and cyclic trimer consisting of IBVE and NNE a 

    solvent 

(v/v) 
 conv. (%) b   units per block d  

entry 
CEVE 

(M) 

cyclic 

trimer 
(M) 

temp. 

(ºC) 

toluene/ 

hexane 

time 

(min) 
CEVE 

cyclic 

trimer 

Mn 

u 10-3 c 

Mw/ 

Mn
 c 

CEVE 
cyclic 

trimer 

ABCC/ 
ACBC 
ratio e  

1 0.10 
IBVE– 

NNE 
1.0 –40 6/4 5 >99 19 1.3 1.41 1.00 1.0 67/33  

2 0.10 
IBVE– 

NNE 
1.0 –60 6/4 5 >99 10 2.5 1.52 1.07 1.0 79/21  

3 0.051 
IBVE– 

NNE  
0.51  –100 9/1 30 >99 15 3.6  1.68  1.00  1.0  67/33  

a [EtSO3H]0 = 4.0 (entries 1 and 2) or 2.0 (entry 3) mM, [GaCl3]0 = 10 mM, at –78 ºC. b Determined by 1H 
NMR analysis of quenched reaction mixtures. c Determined by GPC (polystyrene standards). d Estimated by 
1H NMR analysis of the obtained products after purification by preparative GPC. e Determined by 1H NMR 
analysis of the acid methanolysis products. 
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Chapter 6 

Summary 

Introducing organic reactions into polymer chemistry potentially leads to novel polymerization 

systems. However, such polymerization systems are challenging to construct because of the requirement for 

the extremely high selectivity of organic reactions. The objective of this thesis was to develop strategies for 

the synthesis of polymers with specific structures and/or sequences in the main chain by selective organic 

reactions. The cyclotrimerization of one vinyl monomer and two aldehyde molecules, which had been reported 

as the side reaction in cationic alternating copolymerization of vinyl ethers (VEs) and conjugated aldehydes, 

was employed as the key reaction for both bond-forming reaction and sequence-programmed monomer 

synthesis. 

 

Part I described the syntheses of copolymers containing specific structures in the main chain by 

polyaddition reactions based on the cyclotrimerization of vinyl monomers and dialdehydes. Poly(cyclic 

acetal)s and polymers with both cyclic acetal and ester structures in the main chain were synthesized via 

successive cyclotrimerization and tandem polymerization consisting of cyclotrimerization and the Tishchenko 

reaction, respectively.  

In Chapter 2, model reactions using a series of Lewis acid catalysts and vinyl monomers were 

examined in the cyclotrimerization with benzaldehyde as a monofunctional conjugated aldehyde for the 

construction of appropriate reaction conditions. Based on these results of this model reactions, the polyaddition 

reactions of low reactive or nonhomopolymerizable vinyl monomers, such as 2-chloroethyl VE (CEVE), 

ethyl 2-methyl-1-propenyl ether, and 1,1-diphenylethylene (DPE), with dialdehydes were conducted to yield 

polymers with cyclic acetal structures in the main chain. The obtained polymers exhibited acid degradability 

due to the cyclic acetal structures in the main chain. In addition, the polymers obtained by the copolymerization 

of DPE and isophthalaldehyde or terephthalaldehyde had very high Tg due to the rigid structures.  

Chapter 3 focused on the Tishchenko reaction, which is the reaction of two aldehydes into an ester, 

to establish a novel tandem polymerization system. First, model reactions of the tandem reaction consisting of 

cyclotrimerization and the Tishchenko reaction were conducted as in the case of Chapter 2. As a result of 

systematic investigation, the ratios and alkoxy ligand types of EtAlCl2/Al(OiPr)3 catalysts were found to be 

important for selective tandem reactions. Tandem polymerization consisting of cyclotrimerization and the 

Tishchenko reaction successfully proceeded under the optimized conditions, which resulted in acid- and alkali-

degradable polymers with cyclic acetal and ester structures in the main chain. Furthermore, three-component 

tandem polymerization was demonstrated to proceed by adding diethyl fumarate as the third monomer that 

underwent transesterification reactions with Al-bonded alkoxy groups at polymer chain ends.  

Part II dealt with the periodic polymer synthesis by sequential polymerization consisting of the 

sequence-programmed cyclic trimer formation and subsequent polymerization. ABAC- and ABCC-type 
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periodic sequences were attained by the successive cyclotrimerization and the cationic copolymerization, 

respectively, of the cyclic trimers and vinyl monomers.  

In Chapter 4, ABAC-type periodic poly(cyclic acetal)s were synthesized via a combination of 

sequence-programmed cyclic trimer formation and the successive cyclotrimerization of the cyclic trimer with 

VEs. An ABA-type sequence-programmed cyclic trimer containing two unreacted aldehyde moieties was 

selectively generated in high yield using DPE (unit B) and dialdehyde (unit A) because the successive 

cyclotrimerization and other reactions were suppressed due to the steric hindrance of DPE. This cyclic trimer 

underwent the successive cyclotrimerization with other VEs (unit C). As a result, ABAC-type periodic 

poly(cyclic acetal)s with alternately arranged two phenyl rings and VE-derived side chains were obtained. 

ABAC-type periodic polymers underwent two-step degradation under acidic conditions. In the first step, the 

VE-derived cyclic acetal structures were selectively hydrolyzed. The remained cyclic trimer consisting of DPE 

and dialdehydes was further degraded for a prolonged reaction time. Furthermore, the obtained polymer 

exhibited good thermal properties, which were derived from the cyclic acetal structures and the two phenyl 

rings. 

In Chapter 5, concurrent cationic vinyl-addition and ring-opening copolymerization of CEVE and 

BCC-type sequence-programmed cyclic trimers were examined. Alternating copolymers were obtained under 

the optimized conditions. Furthermore, the control of three different monomer sequences—ABCC-, ACCB-, 

and ACBC-type—due to three possible ring-opening modes was examined. Among the three types, the ABCC-

type periodic sequence was preferentially generated in the copolymerization of CEVE and the cyclic trimer 

consisting of isobutyl VE and 2-nonenal (ABCC-type ratio = 83%), which was revealed by the structural 

analysis of the acid methanolysis product of the obtained polymer. 

 

In conclusion, the author developed novel approaches for the synthesis of polymers with specific 

main chain structures and/or monomer sequences based on cyclotrimerization of one VE and two aldehyde 

molecules. The monomer sequences and functional group in the main chain were demonstrated to affect the 

degradation behavior and thermal properties. The results obtained in this thesis will contribute to the 

development of polyaddition reactions and periodic polymer synthesis based on highly selective organic 

reactions. The author believes that the research in this thesis will be a clue for precise control of primary 

structures of synthetic polymers by introducing novel organic reactions into polymer chemistry.  
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