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ABSTRACT. A one-pot synthesis of ABC-type periodic terpolymers with controllable molecular 

weights was achieved via an elaborately designed method consisting of sequence-programmed 

cyclic monomer synthesis and living cationic copolymerization of this cyclic monomer with a 

vinyl monomer. In this method, a cyclic acetal generated by a selective and quantitative Lewis 

acid-catalyzed cyclodimerization reaction of an oxirane and a carbonyl compound was subjected 

to subsequent copolymerization without any isolation or purification. Alternating 

copolymerization of the cyclic acetal and vinyl ether (VE) proceeded, yielding an ABC-type 

periodic terpolymer composed of oxirane, a carbonyl compound, and VE. Interestingly, the 

copolymerization proceeded in a living manner, which allowed simultaneous control of the 

molecular weight, molecular weight distribution, and chain ends in addition to the periodic 

sequence. Moreover, the terpolymers could be degraded by acid due to the periodically located 

acetal moieties. The use of various monomers also produced ABC-type sequence terpolymers. 

ABC-b-ABD-type periodic block quaterpolymers were synthesized by the sequential addition of 

vinyl monomers during the living copolymerization. These results surely provide a simple and 

efficient approach for the design of monomer sequences, polymer lengths, and chain ends in 

synthetic polymers. 

 

Introduction 

Monomer sequences are important structural factors of polymers.1–4 Natural macromolecules 

such as peptides and proteins exhibit sophisticated functions due to their perfectly regulated 

monomer sequences. In synthetic polymers, various methods have been developed to control the 

monomer sequences. One of the most reliable strategies is iterative single unit monomer addition 
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(Scheme 1A), such as polypeptide synthesis with the Merrifield resin, although considerable time 

and effort are required to prepare long polymers.5–8 The polymerization of monomers containing 

a specific sequence (Scheme 1B) effectively produces sequence-regulated polymers;9–19 however, 

the preparation of sequence-incorporated monomers generally requires a multistep reaction and 

challenging purification steps and/or results in low yield. The direct chain-growth polymerization 

of several monomers (Scheme 1C) is the simplest approach, although extremely high selectivity 

during the propagation reactions is indispensable for sequence regulation.20–23 A simpler and more 

sophisticated method is desirable for facile access to sequence-controlled polymers. 

A promising strategy for facile synthesis of sequence-controlled polymers is a successive one-

pot process consisting of the synthesis of a sequence-incorporated monomer and subsequent 

polymerization with another monomer (Scheme 1D). A relevant and important study on the 

copolymerization of a sequence-incorporated monomer with another monomer describes the 

cycloaddition of an electron-deficient olefin and vinyl ether (VE) and the subsequent 

copolymerization of the cycloaddition product with oxirane,24,25 although this example is not a 

one-pot process and requires purification and isolation of the cycloaddition product before 

polymerization with oxirane. To achieve a one-pot method, quantitative synthesis of a sequence-

incorporated monomer without residual starting materials, the absence of byproducts, and the use 

of catalysts that do not disturb either the monomer synthesis or the polymerization are required. 
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Scheme 1. Schematic Illustration for (A), (B), (C) Synthesis of Sequence-Regulated Polymers 

and (D) the Method Designed in This Study: In situ Synthesis of a Sequence-Programmed 

Monomer and Subsequent Copolymerization with Another Monomer 

 

 

To satisfy these requirements, we devised a one-pot method that consists of the synthesis of a 

sequence-programmed cyclic acetal via selective cyclodimerization of oxirane and a carbonyl 

compound and the subsequent copolymerization of the cyclic acetal with a vinyl monomer. The 

cyclic acetal formation was reported to proceed from oxirane and acetone with the aid of a Lewis 

acid catalyst.26–29 In addition, in our previous study, a cyclic acetal was generated as a byproduct 

in the cationic terpolymerization of oxirane, ketone, and VE,23 which suggests that the cyclization 

reaction of oxirane and a carbonyl compound occurs even under the conditions required for 

cationic polymerization. The cationic copolymerization of cyclic acetals and vinyl monomers via 

the cationic mechanism was reported several decades ago.30,31 Recently, we reported the controlled 

cationic copolymerization of VEs and cyclic acetals using a carefully designed initiating system 

based on the living cationic polymerization of vinyl monomers.32 We also systematically 
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investigated the structural effects of cyclic acetals on copolymerization behavior.33 The elaborate 

design of reaction conditions that enable both the quantitative synthesis of a sequence-programmed 

cyclic acetal and the subsequent alternating copolymerization of the cyclic acetal with a vinyl 

monomer can potentially afford ABC-type periodic terpolymers by a one-pot method. 

In this study, we examined the one-pot synthesis of sequence-controlled terpolymers composed 

of oxiranes, carbonyl compounds, and vinyl monomers via the above-explained strategy (Scheme 

2). Suitable combinations of aldehydes or ketones with oxiranes underwent selective and 

quantitative cyclodimerization reactions and yielded cyclic acetals without any byproducts under 

appropriately designed conditions. The generated cyclic acetals were successively copolymerized 

with VEs or styrene derivatives in a living manner, which afforded ABC-type periodic terpolymers 

with controlled molecular weights (MWs), molecular weight distributions (MWDs), and chain end 

structures. Furthermore, the sequential addition of VEs with different substituents, such as chloride 

or acetoxy moieties, produced unique block polymers consisting of blocks with different ABC-

type periodic sequences. 
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Scheme 2. Synthesis of Sequence-Regulated Polymers via Selective Cyclodimerization of 

Oxiranes and Carbonyl Compounds and Subsequent Controlled Cationic Copolymerization 

with Vinyl Monomers (upper). Monomers Used in This Study (lower) 

 

 

EXPERIMENTAL SECTION 

Materials. Epichlorohydrin (ECH; TCI; >99.0%), ethyl glycidyl ether (EGE; TCI; >98.0%), 

styrene oxide (SO; Aldrich; 97.0%), p-methoxybenzaldehyde (pMeOBzA; Nacalai Tesque; 

≥99.0%), benzaldehyde (BzA; Wako; >98.0%), and (1R)-(–)-myrtenal (myrtenal; Aldrich; 

≥97.0%) were distilled twice over calcium hydride under reduced pressure. Mesityl oxide (Nacalai 

Tesque; ≥96.0%), isobutylene oxide (IBO; TCI; >97.0%), and ethyl acetate (Wako; >99.5%) were 

distilled twice over calcium hydride. 2-Chloroethyl VE (CEVE; TCI; >97.0%), p-methylstyrene 

(pMeSt; Aldrich; 96.0%), and isobutyl VE (IBVE; TCI; >99.0%) were washed with 10% sodium 

hydroxide solution and then water and distilled twice over calcium hydride under reduced (CEVE 

and pMeSt) or atmospheric (IBVE) pressure, respectively. 2-Acetoxyethyl VE (AcOVE) was 

synthesized by the substitution reaction of CEVE with sodium acetate and then distilled twice over 
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calcium hydride under reduced pressure.34 2,4-Dimethoxybenzaldehyde (dMeOBzA; TCI; 

>98.0%) was recrystallized from hexane and dried in vacuo. SnCl4 (Sigma-Aldrich; 1.0 M solution 

in heptane), TiCl4 (Sigma-Aldrich; 1.0 M solution in toluene), methanol (Nacalai Tesque; ≥99.8%), 

3-buten-1-ol (TCI; >98.0%), ammonia water (Nacalai Tesque), triethylamine (Wako; >99.0%), 

1,2-dimethoxyethane (Nacalai Tesque; ≥99.0%), hydrochloric acid (Nacalai Tesque; 35–37%), 

trifluoroacetic acid (Nacalai Tesque; ≥99.0%), sodium hydroxide (Nacalai Tesque; ≥97.0%), 

In(OTf)3 (Sigma-Aldrich), potassium tert-butoxide (Wako; >85.0%), sodium iodide (Wako; 

>99.5%), N,N-dimethylformamide (Nacalai Tesque; >99.5%), and toluene (Nacalai Tesque; 

≥99.5%) were used without further purification. Stock solutions of FeCl3 in diethyl ether and GaCl3 

in hexane were prepared from FeCl3 (Sigma-Aldrich; 99.99%) and GaCl3 (Sigma-Aldrich; 

>99.999%), respectively. Dichloromethane (Wako; superdehydrated) was dried by passage 

through solvent purification columns (Glass Contour). 

Synthesis of Cyclic Acetals via Selective Cyclodimerization. A typical reaction for the 

cyclodimerization of an oxirane and a carbonyl compound is as follows. A glass tube equipped 

with a three-way stopcock was dried using a heat gun (Ishizaki, PJ-206A; the air temperature was 

approximately 450 °C) under dry nitrogen. Dichloromethane and pMeOBzA were added into the 

tube using dry syringes. After cooling the solution to 0 °C, a solution of SnCl4 (containing a small 

amount of heptane) in dichloromethane kept at 0 °C was added to the tube. The reaction was 

initiated by dropwise addition of a solution of ECH in dichloromethane (2 M). After 24 h, the 

reaction was terminated with methanol containing a small amount of an aqueous ammonia solution. 

Monomer conversion and the amount of cyclic acetal generated were determined by 1H NMR 

spectroscopy of the quenched mixture. The quenched solution was diluted with dichloromethane 

and washed with water. The volatiles were then removed under reduced pressure to yield a 
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colorless cyclic acetal (see the Supporting Information for spectroscopic analysis of cyclic acetals). 

In the case of the one-pot process for the synthesis of a terpolymer, the reaction mixture was 

subjected to subsequent copolymerization with a vinyl monomer without quenching by methanol, 

as described below. 

Polymerization Procedure. The following is a typical procedure for the copolymerization of a 

cyclic acetal and a vinyl monomer by a one-pot method. The glass tube containing the reaction 

mixture for cyclic acetal synthesis (explained above) was cooled at –96 °C. The polymerization 

was started by sequentially adding ethyl acetate, CEVE, and a solution of SnCl4 in 

dichloromethane to the tube. After a predetermined interval, the polymerization was terminated 

with methanol or 3-buten-1-ol containing a small amount of aqueous ammonia or triethylamine, 

respectively. The quenched reaction mixture was diluted with dichloromethane and then washed 

with water. The volatiles were evaporated under reduced pressure at 50 °C. The residual cyclic 

acetal was removed by reprecipitation with methanol to yield a terpolymer. Monomer conversion 

was determined by 1H NMR spectroscopy of the quenched reaction mixture using heptane as an 

internal standard. 

Acid Hydrolysis. Acid hydrolysis of the obtained polymers was conducted with 0.50 M HCl (aq.) 

in 1,2-dimethoxyethane (sample: 0.5 wt%) at room temperature for 3 h. The quenched mixture 

was diluted with dichloromethane and washed with an aqueous sodium hydroxide solution and 

then water. The volatiles were removed at room temperature and atmospheric pressure. 

Methanolysis. The polymer (30 mg) was dissolved in dichloromethane (3 mL), and then 

methanolysis was initiated by the addition of In(OTf)3 (50 mg) in methanol (3 mL) at 50 °C. After 
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3 h, the reaction was quenched by aqueous sodium hydroxide solution, and the mixture was washed 

with water. The volatiles were removed under reduced pressure to yield a methanolysis product. 

Formation of Vinyl Acetal Structure by Elimination of HCl. The polymer (15 mg) was 

dissolved in N,N-dimethylformamide (2 mL). Potassium tert-butoxide (50 mg) and sodium iodide 

(65 mg) were added to the reactor, and the reaction mixture was stirred for 16 h at room 

temperature. The reaction mixture was then diluted with toluene and washed with water. The 

volatiles were removed under reduced pressure. 

Characterization. The MWD of the obtained polymer was measured by gel permeation 

chromatography (GPC) in chloroform at 40 °C with polystyrene gel columns [TSKgel GMHHR-M 

× 2 (exclusion limit MW = 4 × 106; bead size = 5 µm; column size = 7.8 mm i.d. × 300 mm); flow 

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

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

the polydispersity ratio (weight-average MW/number-average MW [Mw/Mn]) were calculated 

from the chromatographs based on 16 polystyrene standards (Tosoh; Mn = 5.0 × 102–1.09 × 106, 

Mw/Mn < 1.2). The absolute Mn values were determined with a GPC system composed of a 

Viscotek VE 1122 pump, polystyrene gel columns (TSKgel GMHHR-M × 2; flow rate = 0.7 

mL/min), and a Viscotek TDA 305 triple detector [refractive index, laser light scattering (λ = 670 

nm; 90° RALS and 7° LALS), and differential pressure viscometer] in tetrahydrofuran. NMR 

spectra were recorded by means of a JEOL JNM-ECA 500 spectrometer (500.16 MHz for 1H and 

125.77 MHz for 13C) in chloroform-d at 30 °C. Electrospray ionization mass spectra (ESI-MS) 

were recorded using an LTQ Orbitrap XL (Thermo Scientific) spectrometer. The thermal 

properties of the polymers were examined with a Shimadzu DSC-60 Plus differential scanning 
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calorimeter for differential scanning calorimetry (DSC) analysis and PerkinElmer STA 6000 for 

thermal gravimetric analysis (TGA). 

RESULTS AND DISCUSSION 

Selective and Quantitative Synthesis of Sequence-Programmed Cyclic Acetal. To 

synthesize sequence-regulated monomers, the cyclodimerization reaction of various oxiranes and 

carbonyl compounds was examined using SnCl4 as a Lewis acid in dichloromethane at 0 °C. SnCl4 

was used because this Lewis acid is highly effective for the living cationic polymerization of 

various VEs and styrene derivatives.35 During the cyclodimerization reaction, complete 

consumption of both oxirane and carbonyl compounds is required because residual oxirane and 

carbonyl compounds would potentially react with VE during the subsequent cationic 

copolymerization.36,37 

Very high selectivity was attained in the cyclodimerization of epichlorohydrin (ECH) with 

various aromatic aldehydes or conjugated ketones, among various combinations of monomers. The 

reactions effectively proceeded with almost complete consumption of both monomers, resulting 

in cyclic acetals consisting of ECH and a carbonyl compound (entries 1–5 in Table 1). In the case 

of p-methoxybenzaldehyde (pMeOBzA; entry 1 in Table 1), the 1H NMR spectrum of the reaction 

mixture (Figure 1; see Figure S1 for 13C NMR), which was recorded after quenching with an excess 

amount of methanol, exhibited peaks attributed to a cyclic acetal (98%) and a very small amount 

of residual pMeOBzA (2%; this resulted from the experimental error when using equimolar 

amounts of pMeOBzA and ECH), while no peaks attributed to residual ECH and undesired 

products, such as oxirane homopolymer, were observed. Similar results were obtained with 2,4-

dimthoxybenzaldehyde (dMeOBzA; entry 2) and benzaldehyde (BzA; entry 3), which are more 
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and less reactive aromatic aldehydes than pMeOBzA, respectively. Moreover, the acyclic 

conjugated aldehyde (1R)-(–)-myrtenal (myrtenal; entry 4) and the conjugated ketone mesityl 

oxide (entry 5) also underwent an efficient cyclodimerization reaction with ECH.38 However, the 

use of acetone resulted in the incomplete generation of a cyclic acetal and the partial formation of 

an ECH oligomer (entry 6), probably due to the smaller nucleophilicity of acetone than the 

conjugated aldehydes and ketones. 

Table 1. Selective Cyclodimerization of Various Oxiranes and Carbonyl Compoundsa 

   conv (%)b  

entry oxirane carbonyl oxirane carbonyl CE(%)c 

1 ECH pMeOBzA 100 98 >99 
2  dMeOBzA 100 99 >99 
3  BzA 100 99 >99 
4  myrtenal 100 97 >99 
5  mesityl 

oxide 
100 98 >99 

6  acetone 90 97 72 
7 EGE pMeOBzA 100 68 64 
8  dMeOBzA 100 94 98 
9 SO pMeOBzA 100 82 83 

10  dMeOBzA 87 70 71 
11 IBO pMeOBzA 100 75 78 
12  dMeOBzA 100 83 88 

a [oxirane]0 = 0.50 (except for entry 8) or 1.0 (entry 8) M, [carbonyl compound]0 = 0.50 (except 
for entry 8) or 1.0 (entry 8) M, [SnCl4]0 = 20 (entries 1, 2, 7, and 9–12) or 5.0 (entries 3–6, and 8) 
mM in dichloromethane at 0 ºC (except for entries 9 and 10) or –78 ºC (entries 9 and 10) for 24 h. 
b Determined by 1H NMR analysis. c Cyclization efficiency: the ratio of the generated cyclic acetal 
to the feeds of oxiranes ([cyclic]/[oxirane]0) determined by 1H NMR analysis. 
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Figure 1. 1H NMR spectra of the reaction mixture quenched by methanol (upper; entry 1 in Table 

1), ECH monomer (middle), and pMeOBzA monomer (lower). In CDCl3 at 30 ºC. * CHCl3 and 

water. † heptane. 

 

Oxiranes other than ECH also generated cyclic acetals when combined with appropriate 

carbonyl compounds, although the selectivity was inferior to that of ECH. The reaction of ethyl 

glycidyl ether (EGE) and dMeOBzA produced a cyclic acetal without any byproducts (entry 8 in 

Table 1). However, when pMeOBzA was used, the selectivity of the cyclodimerization reaction 

was relatively low because the oligomerization of EGE also occurred (entry 7). The selective 

cyclodimerization of EGE and pMeOBzA proceeded when the amount of pMeOBzA was twice 

that of EGE (entry 1 in Table S1). The cyclodimerization of pMeOBzA with styrene oxide (SO), 

which generates a benzyl-type carbocation by a ring-opening reaction, effectively proceeded at a 

lower temperature (–78 °C), although a slight amount of SO oligomer was also produced (entry 9 

in Table 1, entry 3 in Table S1). In the case of isobutylene oxide (IBO), which generates a tertiary 

carbocation by the ring-opening reaction, IBO oligomers containing a homodimer were partly 
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generated at an equimolar feed of both monomers (entries 11 and 12 in Table 1). When an excess 

of pMeOBzA (2 equiv. with respect to SO or 4 equiv. with respect to IBO) was charged, selective 

cyclodimerization proceeded successfully (entries 2 and 4 in Table S1). The ESI-MS spectra of 

the obtained products also corroborated the generation of the corresponding cyclic acetals 

(“Characterization of Cyclic Acetals” in the Supporting Information). As demonstrated here, 

various oxiranes were used for cyclodimerization; however, equimolar amounts of both oxirane 

and carbonyl compounds need to be used because residual monomers disturb the sequence control 

of the subsequent copolymerization. 

An appropriate choice of a Lewis acid catalyst is important for the efficient cyclodimerization 

reaction (Table S2). Among the various Lewis acids examined, SnCl4 was superior in terms of 

activity and selectivity in the cyclodimerization reaction of SO and BzA. Lewis acids such as FeCl3, 

TiCl4, and GaCl3 did not result in complete consumption of SO (Table S2). These differences 

probably stemmed from the difference in the interaction between the Lewis acids and BzA, partly 

arising from the difference in oxophilicity of the Lewis acids.36,39 

Synthesis of an ABC-Type Periodic Terpolymer: Controlled Cationic Copolymerization 

of a Sequence-Programmed Cyclic Acetal and a Vinyl Monomer. Cationic copolymerization 

of the above-obtained cyclic acetal and CEVE was subsequently conducted to synthesize an ABC-

type sequence-regulated terpolymer with an initiating system that is effective for the controlled 

cationic copolymerization of CEVE and cyclic acetals (entries 1 and 2 in Table 2; Figure 2).32,40 

First, the selective cyclodimerization of ECH and pMeOBzA was performed as explained above 

(at higher concentrations of monomers than those in Table 1; Table S3). After cooling the reaction 

solution to –96 °C, without any purification processes, ethyl acetate, CEVE, and SnCl4 were added 

to the solution. Ethyl acetate was used as a Lewis basic additive to suppress side reactions such as 
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chain transfer reactions during cationic polymerization.35 The additional SnCl4 was used to 

compensate for the deficiency of the catalytic activity at lower temperatures. Milder reaction 

conditions, such as higher temperatures and lower catalyst loading, would be feasible by tuning 

reaction conditions, such as the amount of ethyl acetate. The copolymerization proceeded with the 

consumption of both monomers, yielding a polymer with a unimodal MWD (Figure 2A and 2C).41 

Interestingly, the MWD curves of the terpolymers shifted to the high-MW region as 

copolymerization proceeded, indicating the generation of long-lived species (Figure 2C). The Mn 

values measured by GPC with polystyrene standards (circle symbols in Figure 2B) or light-

scattering detectors (square symbols) were consistent with the values calculated from the 

conversion of both monomers and the amounts of the first portion of SnCl4 (5.0 mM), which also 

suggests propagation in a living manner. Livingness of the copolymerization is slightly inferior to 

that of the homopolymerization of CEVE under similar conditions, as indicated by the slight 

broadening of MWDs of the high MW terpolymers. The broadening probably resulted from the 

additional initiation from the cyclic acetal via the interaction with SnCl4. Polymers with higher 

MWs are potentially obtained by the increase in the feed of oxiranes, carbonyl compounds, and 

vinyl monomers. 
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Table 2. Controlled Cationic Copolymerization of Sequence-Programmed Cyclic Acetals and 

Vinyl Monomersa 

     conv (%)b   units per blockd 
entry oxirane carbonyl vinyl time cyclic vinyl Mn×10-3c Mw/Mn

c oxirane carbony
l 

vinyl 
1 ECH pMeOBzA CEVE 15 min 8 32 5.4 1.26 1.0 1.05 1.05 
2    50 min 25 95 12.4 1.51 1.0 1.00 1.05 
3  dMeOBzA  50 min 13 49 4.3 1.19 1.0 1.01 1.09 
4  BzA  24 h 12 42 5.3 1.69 1.0 1.07 1.20 
5  myrtenal  40 min 24 99 9.5 1.54 1.0 1.00 1.24 
6  mesityl oxide  24 h 1 68 2.1 1.21 1.0 1.0 4.1 
7 ECH pMeOBzA AcOVE 30 min 24 81 12.8 1.43 1.0 1.00 1.03 
8   IBVE 46 h 9 73 15.7 1.71 1.0 0.99 2.1 
9   pMeSt 93 h 6 68 3.0 1.18 1.0 1.0 3.4 
10 EGE pMeOBzA pMeSt 96 h 30 76 2.4 1.19 1.0 1.0 4.8 
11 IBO pMeOBzA pMeSt 96 h 36 38 2.3 1.15 1.0 1.0 13 

a Reaction conditions for the synthesis of cyclic acetals: [oxirane]0 = 1.0 (entries 1–9), 0.50 (entry 
10), or 0.25 (entry 11) M; [carbonyl compound]0 = 1.0 M; [SnCl4]0 = 5.0 (entries 1–8) or 20 (entries 
9–11) mM; in dichloromethane at 0 °C for 24 h. Polymerization conditions: [cyclic acetal]0 = 1.0 
(entries 1–9), 0.50 (entry 10), or 0.25 (entry 11) M; [vinyl monomer]add = 0.25 (entries 1–9) or 
0.50 (entries 10 and 11) M; [ethyl acetate]add = 0.25 (entries 1, 2, 5, and 7) or 1.0 (entry 8) M; 
[SnCl4]add = 10 (entries 1–5 and 7), 20 (entry 6), or 5.0 (entry 8) mM; [EtSO3H]add = 10 mM (entries 
10 and 11); in dichloromethane at –96 (entries 1, 2, 5, 7, and 8), –78 (entries 3, 4, and 6), or 0 
(entries 9–11) ºC. b Determined by 1H NMR analysis. c Determined by GPC (polystyrene 
standards). d Evaluated by 1H NMR analysis. 
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Figure 2. (A) Time–conversion curves for the copolymerization of CEVE and the cyclic acetal 

synthesized by the selective cyclodimerization of ECH and pMeOBzA (circle) and the average 

number of monomer units per chain (square; calculated from 1H NMR analysis and MW values 

measured by GPC analysis), (B) the Mn (open) determined by GPC (circle; polystyrene standards, 

square; light-scattering detector) or NMR (triangle; from the main chain and the ω-ends) and 

Mw/Mn (filled) values of the polymers, and (C) MWD curves of poly(CEVE-co-cyclic acetal)s 

(black) and acid hydrolysis products (purple). Hydrolysis conditions: 0.50 M HCl in 1,2-

dimethoxyethane (0.5 wt% polymer) at room temperature for 3 h. The data correspond to entries 

1 and 2 in Table 2. 

 

The 1H NMR analysis of the obtained terpolymers indicated the occurrence of extremely 

frequent crossover reactions between CEVE and the cyclic acetal (Figure 3A; Figures S2–S5 for 

13C and 2D NMR spectra). Peaks assigned to acetal and sec-benzyl ether structures, which were 

generated by the crossover reaction from CEVE to the cyclic acetal and from the cyclic acetal to 

CEVE, respectively, were detected (peaks 9 and 4). Moreover, a peak attributed to an aromatic 

acetal was not observed at 5–6 ppm, indicating that homopropagation of the cyclic acetal did not 

occur. The absence of homopropagation is consistent with the result that the homopolymerization 

of the cyclic acetal did not proceed under the same conditions (Table S4, [cyclic acetal]0 = 1.0 M). 

From the integral ratios of the aromatic peaks (peaks 5 and 6), the peaks of acetal and sec-benzyl 

ether (peaks 9 and 4), and the peaks of the CEVE-derived methylene group in the main chain (peak 

8), the average number of ECH, pMeOBzA, and CEVE units per block was estimated to be 1.0, 

1.05, 1.05, respectively (entry 1 in Table 2), suggesting that the copolymerization of CEVE and the 

cyclic acetal occurred in an alternating manner; thus, the terpolymer has ABC-type periodic 



 17 

sequences. The terpolymers obtained at different degrees of monomer conversion also had similar 

ABC-type periodic sequences (entries 1 and 2 in Table 2; Figure 2). 

 

Figure 3. 1H NMR spectra of (A) ECH–pMeOBzA–CEVE terpolymer (entry 1 in Table 2) and 

(B) its hydrolysis product. In CDCl3 at 30 ºC. * CHCl3 and water. 

 

The ABC-type periodic sequences derived from alternating copolymerization were also 

corroborated by acid hydrolysis of the obtained terpolymers. In the 1H NMR spectrum of the 

hydrolysis product, peaks assigned to p-methoxycinnamaldehyde, which was derived from one 

CEVE unit and one pMeOBzA unit, were exclusively observed (Figure 3B). This compound was 

generated via acid hydrolysis of the acid-labile acetal and sec-benzyl ether structures of the ECH–
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pMeOBzA–CEVE–ECH sequence and the subsequent dehydration reaction (Scheme 3A). 3-

Chloro-1,2-propanediol and 2-chloroethanol, which are derived from the ECH and CEVE units, 

respectively, were most likely removed during purification. Importantly, other possible hydrolysis 

products, such as compounds derived from two or more CEVE units, were not observed in the 1H 

NMR spectrum (Scheme 3B; see Figure S23 in the case of compounds derived from VE units 

observed after hydrolysis), which indicates the negligible occurrence of CEVE homopropagation 

during alternating copolymerization. The very sharp peaks in the low-MW region of the MWD 

curves of the hydrolysis products also suggest the ABC-type periodic sequences of the original 

terpolymer (Figure 2C, purple). In addition, the methanolysis result of the terpolymer was 

consistent with the periodic sequences consisting of ECH, pMeOBzA, and CEVE (Figures S6–

S8). 

Scheme 3. Possible Mechanism of Acid Hydrolysis of the Terpolymers with ABC-Type 

Periodic Sequences 
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The livingness of the copolymerization was confirmed by the incorporation of a quencher into 

the chain ends and the monomer-addition experiment. In the 1H NMR spectrum (Figure 3A), the 

peaks at 2.3, 5.1, and 5.8 ppm (peaks 14–17) were assigned to the ω-end structure derived from 3-

buten-1-ol, which was used as a quencher.42 The Mn value calculated from the integral ratio of the 

peaks of the main chain to those of the ω-end (5.8 × 103; Figure 2B triangle) was comparable to 

both the theoretical value based on the conversion of both monomers (5.1 × 103) and the value 

measured by GPC analysis (5.4 × 103; Figure 2B open circle, Figure 2C upper). This result suggests 

that copolymerization proceeded in a highly controlled manner via an appropriate dormant-active 

equilibrium at the propagating chain ends. Moreover, when the second portion of CEVE was added 

to the reaction mixture after almost complete consumption of the first portion of CEVE 

(conversion = 95%), the unimodal MWD curve shifted smoothly to the high-MW region without 

any tailings (Figure S9), indicating the occurrence of living polymerization. 

The copolymerization mechanism is summarized in Scheme 4. Successful regulation of the 

ABC-type periodic sequence was achieved as a result of the nonhomopolymerizability of the cyclic 

acetal and the frequent crossover reactions from VE to cyclic acetal. A cyclic acetal adds to the 

VE-derived propagating carbocation to form an oxonium ion (Scheme 4a), which is subsequently 

converted to a carbocation via a ring-opening reaction (Scheme 4b). The selective scission of an 

acetal moiety rather than an ether moiety during the ring-opening reaction occurs because an 

alkoxy-adjacent carbocation is more stable than an alkyl-adjacent carbocation.43,44 At the cyclic 

acetal-derived propagating end, the homopropagation of cyclic acetals did not proceed (Scheme 
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4e), which is consistent with the nonhomopolymerizability of 2-aryl-1,3-dioxolanes under the 

adopted conditions (Table S4).45 The instability of an aromatic acetal structure in the main chain, 

which results from the homopropagation of the cyclic acetal, may be responsible for the 

nonhomopolymerizability. Therefore, the selective addition of VE to the cyclic acetal-derived 

propagating end proceeds (Scheme 4c), exclusively generating an oxirane–carbonyl–VE sequence. 

The acid hydrolysis of the obtained terpolymer (Figure 3B) also suggested an ABC-type periodic 

sequence, as explained above. The frequent crossover reactions from VE to cyclic acetal (Scheme 

4a), which is also consistent with the copolymerization of VEs and 2-aryl-1,3-dioxolanes,46 most 

likely stem from the higher reactivity of the cyclic acetal than of CEVE and the efficient occurrence 

of the ring-opening reaction. The monomer reactivity ratios determined by the Kelen–Tüdõs 

method also supported the frequent occurrence of crossover reactions (Figure S10 and Table S5; 

M1 = CEVE, M2 = cyclic acetal consisting of ECH and pMeOBzA).47,48 An r1 value of less than 1 

(r1 = 0.41) and an r2 value of approximately zero (r2 = 0.03) indicate the favorable crossover from 

VE to cyclic acetal (Scheme 4a) over the homopropagation (Scheme 4d) and the 

nonhomopolymerizability of the cyclic acetal (Scheme 4e), respectively. To completely suppress 

the homopropagation of CEVE (Scheme 4d), the charged amount of CEVE was one-fourth the 

amount of cyclic acetal (Figure 2), resulting in alternating copolymerization. The initiation 

reaction most likely occurs via ring opening of the cyclic acetal with the first portion of SnCl4 in 

a manner similar to the acetal-initiated living cationic polymerization of VEs or styrene 

derivatives.49–53 The reaction of CEVE with the cyclic acetal-derived carbocation generates the 

CEVE-derived propagating end, which is followed by smooth propagation reactions as explained 

above (Scheme S1). The living copolymerization most likely proceeded via a dormant-active 
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equilibrium consisting of the reversible activation of carbon–chlorine bonds at the propagating 

ends in a similar manner to the living cationic polymerization of vinyl monomers.32,40 

 

Scheme 4. Copolymerization Mechanisms (Counteranions are omitted; R1 = CH2Cl, R2 = 

C6H4OCH3, R = CH2CH2Cl) 

 

 

The microstructures of the ABC-type periodic terpolymer were investigated with a focus on the 

ring-opening mode of the cyclic acetal. The cyclodimerization reaction of an oxirane and a 

carbonyl compound generates a 2,4-disubstituted asymmetric cyclic acetal via the a-scission or b-

scission of an oxirane (Scheme S2). During copolymerization, the asymmetric cyclic acetal reacts 

with a VE-derived propagating species via the reaction of the oxygen atom at the 1-position or that 

at the 3-position, resulting in different microstructures (Scheme 5). The ratio of the two 

microstructures in the main chain was determined by the transformation of the VE–ECH sequence 

into vinyl acetal (i) and divinyl acetal (ii) structures with tBuOK (Scheme 6). The (i)/(ii) ratio was 
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calculated to be 64/36 by 13C NMR (Figure S12) and 63/37 by 1H NMR (Figure S11; see Figures 

S13–15 for the 2D NMR spectra), which indicates that the reaction of the cyclic acetal at the 1-

position was preferential over that at the 3-position probably due to the less steric hindrance around 

the 1-position (Scheme 5). The main chains of the obtained terpolymers were not cleaved by the 

transformation under the basic conditions. 

Scheme 5. The Addition Mode of the Cyclic Acetal in the Copolymerization with a VE 

(Counteranions are omitted) 

 

Scheme 6. Determination of Microstructure Distribution by Elimination Reaction (R = 

C6H4OCH3) 

 

 

The one-pot synthesis of the ABC-type terpolymer demonstrated above exhibited adequate 

controllability in terms of sequences and MWs, even when compared with the polymerization of 

an isolated cyclic acetal and CEVE, whereas this method was obviously superior to the direct 
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terpolymerization of ECH, pMeOBzA, and CEVE. The cationic copolymerization of CEVE and 

the cyclic acetal that was isolated and purified after the cyclodimerization reaction of ECH and 

pMeOBzA resulted in an ABC-type periodic terpolymer with similar degrees of sequence and MW 

control (Figure S16). In contrast, the direct cationic terpolymerization of ECH, pMeOBzA, and 

CEVE did not proceed under the same conditions as those used for the copolymerization of the 

cyclic acetal and CEVE (entries 2 and 3 in Table S6), likely because the Lewis basicities of the 

ECH and pMeOBzA monomers suppressed the catalytic activity of SnCl4 at –96 °C. At a higher 

temperature (0 °C), terpolymerization proceeded; however, both ECH and pMeOBzA reacted with 

the CEVE-derived propagating species, resulting in a statistical sequence rather than an ABC-type 

periodic sequence (entry 1 in Table S6, Figure S17). These results indicate that the selective 

synthesis of the sequence-incorporated monomer is significantly important for the sequence 

regulation of the terpolymer. 

The use of other monomers was also effective for the synthesis of ABC-type periodic 

terpolymers. When dMeOBzA was used instead of pMeOBzA, frequent crossover reactions 

between CEVE and the cyclic acetals generated quantitatively from ECH and dMeOBzA occurred, 

yielding ABC-type periodic terpolymers (entry 3 in Table 2; Figure S18; ECH/dMeOBzA/CEVE 

= 1.0/1.01/1.09 units per block). The use of BzA or myrtenal-derived cyclic acetal also generated 

ABC-type sequence-controlled terpolymers, although CEVE homosequences were partly 

generated (entries 4 and 5 in Table 2; Figures S19 and S20; ECH/BzA/CEVE = 1.0/1.07/1.20 units 

per block, ECH/myrtenal/CEVE = 1.0/1.00/1.24 units per block). In the case of mesityl oxide, 

however, the number of CEVE units per block was obviously large (entry 6 in Table 2; Figure 

S21; ECH/mesityl oxide/CEVE = 1.0/1.0/4.1 units per block). The difference in the substituents 
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at the 2-position of cyclic acetals most likely affected the efficiency of the crossover reaction from 

VEs to cyclic acetals. 

The difference in vinyl monomers mainly affected the length of vinyl monomer units. The use 

of 2-acetoxyethyl VE (AcOVE), which has an electron-withdrawing ester group and exhibits 

reactivity comparable to that of CEVE, also generated an ABC-type periodic terpolymer by 

copolymerization with ECH- and pMeOBzA-derived cyclic acetals (entry 7 in Table 2; Figure 

S22; ECH/pMeOBzA/AcOVE = 1.0/1.00/1.03 units per block). In addition, the Mn values 

corresponded to the calculated values, indicating the livingness of the copolymerization (Figure 

4). Copolymerization with isobutyl VE (IBVE), which is a more reactive VE than CEVE, resulted 

in a terpolymer containing a larger number of IBVE units per block (entry 8 in Table 2; Figure 

S23; ECH/pMeOBzA/IBVE = 1.0/0.99/2.1 units per block). These results indicate that the use of 

VEs with low reactivity is important for the construction of ABC-type periodic sequences. The 

copolymerization of p-methylstyrene (pMeSt), which exhibits a smaller reactivity than CEVE,54 

and the cyclic acetal resulted in a terpolymer with several pMeSt units per block (entry 9 in Table 

2; Figure S24; ECH/pMeOBzA/pMeSt = 1.0/1.0/3.4 units per block), which probably stemmed 

from the difference in the reactivity of the carbocations derived from pMeSt and VEs. The longer 

reaction time was required for the copolymerization with less reactive pMeSt. Faster 

polymerization is possibly achieved by tuning reaction conditions (e.g., higher reaction 

temperatures, larger amounts of the catalyst, etc.) without losing controllability. Interestingly, in 

the case of pMeSt, terpolymers with ABC-type sequences were successfully generated even when 

an excess amount of pMeOBzA was charged for the selective cyclodimerization with EGE or IBO. 

Unreacted pMeOBzA did not disturb the subsequent copolymerization (entries 10 and 11 in Table 

2; Figures S25 and S26; EGE/pMeOBzA/pMeSt = 1.0/1.0/4.8 units per block, 
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IBO/pMeOBzA/pMeSt = 1.0/1.0/13 units per block. See the caption of Table 2 or entries 1 and 4 

in Table S1 for the reaction conditions for the synthesis of cyclic acetals). Indeed, during the 

copolymerization of pMeSt and pMeOBzA under similar conditions, negligible crossover 

reactions occurred between pMeSt and pMeOBzA (Figure S27). 

 

Figure 4. (A) Mn (open) and Mw/Mn (filled) values (by GPC) of the copolymers obtained and (B) 

MWD curves of poly(AcOVE-co-cyclic acetal)s (black) and acid hydrolysis products (purple). 

The data correspond to entry 7 in Table 2. 

 

Synthesis of a Block Quaterpolymer with Periodic Sequences. The livingness of the 

copolymerization was effective for the synthesis of block polymers consisting of blocks with 

different ABC-type periodic sequences, such as an ABC-b-ABD quaterpolymer, by a one-pot 

process (Figure S28). The alternating cationic copolymerization of the ECH- and pMeOBzA-

derived cyclic acetal with CEVE was conducted using four equivalents of the cyclic acetal with 

respect to CEVE (Figure S28 upper; CEVE/ECH/pMeOBzA = 1.03/1.0/1.01 units per block). At 

the late stage of copolymerization, a fresh portion of AcOVE was added to the reaction mixture, 

which triggered the subsequent copolymerization of AcOVE and the residual cyclic acetal. The 

sequential monomer addition afforded a high-MW polymer via frequent crossover reactions 

between AcOVE and the cyclic acetal (Figure S28 lower; CEVE/ECH/pMeOBzA/AcOVE = 
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1.03/1.0/1.00/1.33 units per block), resulting in a block polymer consisting of blocks with ECH–

pMeOBzA–CEVE and ECH–pMeOBzA–AcOVE periodic sequences.  

Thermal Properties of an ABC-Type Periodic Terpolymer. The thermal properties of the 

ECH–pMeOBzA–CEVE terpolymers with different sequences were examined by DSC analysis 

(Figure 5). The glass transition temperature (Tg) of the ABC-type periodic terpolymer (Tg = –3 °C; 

Figure 5A; see Figure S29 for TGA) was lower than that of the statistical terpolymer (Tg = 9 °C; 

Figure 5C). The ABC-type periodic monomer sequences probably affected the lower Tg value than 

that of the statistical sequences. In copolymerization of two kinds of monomers, the differences of 

Tg between alternating and statistical sequences were reported in several past studies.55–58 However, 

whether alternating copolymers exhibit higher or lower Tg than statistical copolymers depends on 

the combinations of monomers. Further investigation is needed to clarify the Tg difference in the 

present study. Interestingly, the Tg of the ABCn-type sequence-controlled terpolymer containing 

CEVE homosequences (Tg = –2 °C; Figure 5B) was comparable to that of the ABC-type periodic-

sequence terpolymer, which suggests that regular incorporation rather than statistical incorporation 

of the three monomers in the order of ECH, pMeOBzA, and CEVE into polymer chains also 

affected the thermal properties. 
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Figure 5. DSC thermogram of the ECH–pMeOBzA–CEVE terpolymers with (A) ABC-type 

periodic sequences (entry 1 in Table S5), (B) ABCn-type sequences with CEVE homosequences 

(entry 4 in Table S5), and (C) statistical sequences (Figure S17) (the second heating scan; heating 

rate: 10 ºC/min). 

 

CONCLUSION 

A one-pot strategy consisting of the quantitative synthesis of a sequence-programmed monomer 

and the subsequent copolymerization reaction was developed using oxiranes, carbonyl compounds, 

and vinyl monomers as monomers. The selective cyclodimerization reaction of oxiranes and 

carbonyl compounds quantitatively produced sequence-programmed cyclic acetals, even when 

both monomers were charged in equimolar amounts. The subsequent cationic copolymerization 

with vinyl monomers proceeded in an alternating manner to give terpolymers with an ABC-type 

periodic monomer sequence. Moreover, the livingness of the copolymerization enabled the 

simultaneous control of the MW, MWD, and chain end structures. The sequential addition of vinyl 

monomers yielded unique ABC-b-ABD-type quaterpolymers. The use of oxiranes with sufficient 

reactivity and low tendency to homocyclization, aldehydes with an electron-donating group, and 

VEs with low reactivity is of great importance for the selective cyclodimerization and alternating 

polymerization reactions. This strategy is expected to provide a concept for the simple conversion 

of various types of commercially available monomers, such as vinyl, cyclic, and carbonyl 

monomers, into ter- or quaterpolymers with a high degree of sequence and MW control. Further 

progress in both the efficient synthesis of sequence-programmed monomers and the occurrence of 

exclusive crossover reactions between different types of monomers will contribute to the 
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construction of polymers with unique properties from various types of monomers and to the 

development of novel technologies with sequence-controlled polymers. 
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