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ABSTRACT: 1-Silyloxy-1,3-dienes, i.e., 1-butadienyloxytrimethylsilane (BdTMS) or 1-butadienyloxytert
butyldimethylsilane (BdTBDMS) and unsaturated cyclic anhydrides, containing maleic anhydride (MAn), citraconic an
hydride (CAn), and itaconic anhydride (!An) were found to form charge transfer complexes (CTC) in benzene. Equilib
rium constants, K, of the complexes were calculated by the Benesi-Hildebrand equation using UV spectroscopy to be 0.4 
-1.0. Spontaneous copolymerizations of silyloxydienes with unsaturated cyclic anhydrides were established from 25 to 
75 mol% of BdTMS in the feed. All polymers obtained had molar composition of 50/50 irrespective of feed molar ratios. 
Interestingly, molar ratio of 1,4- and 3,4-addtion structure seems to be influenced by K of CTC. Desilylation and succes
sive lactonization of poly(BdTMS-alt-MAn) were conducted. Conversions of lactonization were beyond Flory's limit 
(86.5%) being nearly 100% due to intramolecular reactions of neighboring hydroxyl groups and cyclic anhydride in alter
nating copolymers. 
KEY WORDS Spontaneous Copolymerization / Charge Transfer Complex (CTC) / Alternating Copolymer/ Silyloxy-
diene / Unsaturated Cyclic Anhydride/ Desilylation / Lactonization / 

Most polymerization reactions require an initiator, 
catalyst, or high energy radiation, but there have often 
been reports on copolymerizations in the absence of 
added initiator. 1 Copolymerization of this type is based 
on a specific combination of one monomer with nu
cleophilic reactivity and another with high electrophilic
ity. 2 In some systems, copolymerization proceeds via 
radical mechanism, whereas in others a zwitterion is in
volved. Copolymerizations have been extensively re
searched by Saegusa3 and Hall.4 Ziwitteric character is 
favored by donors, such as alkoxy and dialkylamino 
groups, at the carbenium center and strong acceptors, 
such as two cyano groups, at the carbanion center. Di
radical character is favored by acceptor groups, such as 
diesters and cyano-esters, at the acceptor end, and aryl 
and vinyl groups as donors. Zwitterionic tetramethyl
enes initiate ionic homopolymerization, while diradical 
tetramethylenes initiate alternating copolymerization.4 

Homopolymerization of maleic anhydride (MAn) is diffi
cult but there is a vast survey about its copolymers in 
the literature. Most studies report the formation of alter
nating copolymers via a charge transfer complex (CTC) 
of the electron deficient MAn and electron rich comono
mer. 4-7 

Spontaneous copolymerizations of E-1-butadienyl
oxytrimethylsilane (BdTMS) or E-1-butadienyloxytert
butyldimethylsilane (BdTBDMS) with MAn, citraconic 
anhydride (CAn), and itaconic anhydride (IAn) were car
ried out. BdTMS and BdTBDMS are 1,3-dienes with hy
droxyl groups masked by silyl groups and strong elec
tron donating monomers. There are few data concerning 
the polymerization of BdTMS, but many applications of 
silyloxydienes in organic synthesis8 - 14 including synthe
sis of natural products, for example, anasamycin antibi
otic, awamycin,10 a derivative of an aphid pigment, qui-
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none A,11 and phosphatase inhibitor, dysidiole. 13 Al
though we succeeded in aldol-type group transfer polym
erization of BdTMS15 - 18 and hydrogenation of the poly
mer leading to completely alternating copolymer of eth
ylene and vinyl alcohol, 19 radical polymerization of 
BdTMS has not been reported except for our results on 
the copolymerization ofBdTMS with styrene and methyl 
methacrylate (MMA) in the presence of radical initia
tor. 20 In our preliminary experiments, homopolymeriza
tion of BdTMS did not occurr even in the presence of 
radical initiator. 15 However spontaneous copolymeriza
tion of BdTMS with cyclic anhydrides is expected to pro
ceed via spontaneous process and the higher alternating 
tendency of the copolymer should be obtained. 

ltaconic acid is present in some fungi (Aspergillus ter
reus, A. itaconicus, etc.). Commercially, itaconic acid is 
produced by cultivation of Aspergillus terreus with mo
lasses or glucose,21 and citraconic acid is derived from 
itaconic acid. Effective utilization of these natural re
sources as precursors for the production of new poly
meric materials is needed from the standpoint of envi
ronmental technology.22 Recently, we reported the syn
thesis of biodegradable polyesters by ring-opening co
polymerization of IAn or CAn with 1,2-epoxybutane23 or 
polycondensation ofCAn with ethylene glycol.24 

Attention has been also directed to the permeation 
and active transport of particular ions through mem
branes of synthetic polymers containing lactone struc
tures. 25 Such polymers can be synthesized by polymeriz
ing unsaturated lactone monomers or intramolecular re
action of two neighboring substituents on a copolymer 
chain so as to form ester bonds. However, unsaturated 
lactone monomers often show low polymerizabilities and 
substituents of simple copolymer are not always ar
ranged to favor intramolecular lactonization. Hirooka et 
al. reported the hydrolysis and lactonization of poly(bu
tyl vinyl ether-alt-methyl methacrylate) copolymer.26 

429 



A. T AKASU et al. 

However, the degree of lactonization did not exceed 
Flory's limit (86.5%)27 even in alternating copolymer. Af
ter desilylation, alternating copolymers obtained in this 
study always had one cyclic anhydride group and hy
droxyl group per repeating unit, separated from those in 
the neighboring units by spacer containing rigid double 
bonds. More effective intramolecular lactonization was 
promised in the specially-designed alternating copoly
mers, in which a pair of neighboring units should be 
kept apart by the third unit free from the intramolecular 
reaction. 28 

EXPERIMENTAL 

Materials 
Trimethylchlorosilane, MAn, CAn, and zinc chloride 

were purchased from Nacalai Tesque, Inc. (Kyoto, Ja
pan). tert-Butyldimethylchlorosilane (Tokyo Kasei 
Kogyo Co., Ltd., Tokyo) and n-butyllithium (n-BuLi) 
(Kanto Chemical Co., Inc, Tokyo) were obtained com
mercially. Itaconic anhydride (IAn) was kindly supplied 
by Iwata Chemical Co., Ltd. (Shizuoka, Japan). N
Phenylmaleimide (NPMI) was purchased from W ako 
Pure Chemicals (Osaka, Japan). HCI/1,4-dioxane (4 N) 
was obtained from Kokusan Chemical Works, Ltd. (To
kyo). CAn was purified by distillation under reduced 
pressure. MAn and IAn were purified by recrystalliza
tion from chloroform. Crotonaldehyde, trimethylchlo
rosilane, triethylamine, benzene, dimethyl sulfoxide 
(DMSO), N,N-dimethylformamide (DMF), chloroform 
(CHC13), methanol, n-hexane, and diethyl ether were 
conventionally purified by distillation. 

Measurement 
FT-IR spectra in KBr were recorded using a JASCO 

FT/IR-430 spectrometer and a 100% KBr disk was used 
as a reference. 1H and 13C NMR spectra were taken on a 
JEOL JNM-GX 400 (400 MHz for 1H) in CDC13 at room 
temperature. All chemical shifts were expressed as '5 
from tetramethylsilane (TMS). UV absorptions were 
measured with a JASCO V-550 UV/vis spectrometer at 
25°C. Number average molecular weight (M0 ) and poly
dispersity (Mw/M0 ) of the copolymers were determined 
by size-exclusion chromatography (SEC) calibrated with 
polystyrene standards using a system of Tosoh HLC 803 
D with a Tosoh Rl-8020 detector and Tosoh G 2000-, G 
3000-, G 4000-, and G5000-HXL columns (eluent: tetra
hydrofuran, temperature: 40°C). 

Preparation of 1-Butadienyloxytrimethylsilane (BdTMS) 
BdTMS was prepared according to Danishefsky's pro

cedure.8·9 Crotonaldehyde 200 mL (2.41 mol), triethyl
amine 400 mL (2.86 mol), zinc chloride 6.85 g (0.05 
mmol), and benzene 500 mL were added to a 2L three
necked flask under nitrogen atmosphere. To the mix
ture, trimethylchlorosilane 360 mL (2.83 mol) was 
added, and then was refluxed at 60°C for 70 h. After the 
reaction was complete, the reaction mixture was cooled 
to room temperature and filtered. The filtrate was dis
tilled (bp 6l 0C/65 mmHg) to give BdTMS, of which E
isomer (99%) could be isolated (200.4 gin 59% yield). 

430 

Preparation of E-1-Butadienyloxytert-butyldimethyl
silane (BdTBDMS) 

BdTBDMS was prepared by exchange reaction of the 
silyl group from BdTMS. BdTMS 38.5 mL (0.17 mol) was 
dissolved in 300 mL of THF in a 2L three-necked flask 
under nitrogen atmosphere and put into dry ice/metha
nol bath at -78°C. n-BuLi hexane solution (1.54 mol 
L -I) 160 mL (0.25 mol) was dropped into the solution 
and stirred at -78°C for 1 h and 27°C for 2 h. t
Butyldimethylchlorosilane 32.2 g (0.21 mol) in 100 mL 
THF solution was added to the mixture at 27°C and 
stirred for 2 h. THF and Me3SiBu were removed by 
evaporation and the reaction mixture was distilled un
der reduced pressure to give BdTBDMS as a E-isomer 
20.3 gin 65% yield (bp 57°C/7 mmHg). 

Copolymerization of BdTMS with MAn 
A typical experimental procedure is as follows. In a 

dry glass tube, a mixture of0.20 g (1.43 mmol) ofBdTMS 
and 0.429 g (4.37 mmol) of MAn were dissolved in 4.8 
mL benzene at room temperature under nitrogen atmos
phere. The mixture were frozen and the tube was sealed 
under vacuum. Polymerization was carried out at 60°C 
for 8 h. After the reaction, the mixture was poured into 
n-hexane, and the supernatant was removed by decanta
tion. After reprecipitation from CHC13 solution into n
hexane as a non-solvent, the polymeric material was col
lected and dried in vacuo to give 0.10 g (15.5% yield, Run 
1 in Table II). 

IR (KBr disk) 2959 ( vc-H), 1858, 1781 [ Vc=o(cyclic an
hydride)], 1657 [Vctt=CH (cis)], 1226 (vc-o-c), 1080cm-1 

( Vsi-o). 
1H NMR (CDC13, 1.0 wt%, 27°C, TMS) '5 6.64-6.26 

[CH=CHOSi(CH3)s], 5.93-5.41 [CH=CHCHOSi
(CH3)s], 4.79 [CH=CHOSi(CH3)s], 4.69-4.48 [CH= 
CHCHOSi(CH3)s], 3.26 [CH2CHCH=CHOSi(CH3)s], 
2.97 (CHC=O), 2.79-2.45 [CH2CH=CHCHOSi(CH3)3], 
1.79-1.45 [CH2CHCH=CHOSi(CH3)s], 0.19 [CH= 
CHOSi(CH3)3], 0.07 ppm [CH=CHCHOSi(CH3)s]. 

13C NMR (CDC13, 5.0 wt%, 27°C, TMS) '5 173.4-170.2 
(C=O), 146.4-143.6 [CH=CHOSi(CH3)sl, 134.5 [CH= 
CHCHOSi(CHs)3], 126.8 [CH=CHCHOSi(CH3)s], 105.5 
[CH=CHOSi(CH3)s], 72.2, 70.8 [CH=CHCHOSi(CH3)s], 
52.3 (CHC=O), 44.5 [CH2CH=CHCHOSi(CH3)s], 40.2 
(CHC=O), 36.9 [CH2CHCH=CHOSi(CH3)s], 33.3 [CH2-
CHCH=CHOSi(CH3)s], 1.9, 1.3 [CH=CHOSi(CH3)s], 
0.8, -0.6 ppm [CH=CHCHOSi(CH3)s]. 

Copolymerization of BdTMS with CAn 
The method of preparation was similar to that for the 

copolymerization ofBdTMS and MAn. Yield, 25.9% (Run 
3 in Table III). 

IR (KBr disk) 2958 ( Vc-H), 1851, 1783 [( vc=o(cyclic an
hydride)], 1659 [Vctt=CH (cis)], 1218 (vc-o-c), 1087 cm- 1 

( Vsi-o). 
1H NMR (CDC13, 1.0 wt%, 27°C, TMS) '5 6.26 [CH= 

CHOSi(CH3)s], 6.00-5.40 [CH=CHCHOSi(CH3)s], 4.67 
[CH=CHOSi(CH3)s], 4.37 [CH=CHCHOSi(CH3)s], 2.92 
[CH2CHCH=CHOSi(CH3)s], 2.62 (CHC=O), 2.38 [CH2-

CH=CHCHOSi(CH3)s], 1.48 [CH2CHCH=CHOSi
(CH3)s], 1.39 (CH3C), 0.17 [CH=CHOSi(CH3)3], 0.07 
ppm [CH=CHCHOSi(CH3)s]. 

13C NMR (CDC13, 5.0 wt%, 27°C, TMS) '5 175.4 (CHC 
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=O), 170.3 (CC =O), 145.3 [CH=CHOSi(CH3)3], 137.7 
[CH= CHCHOSi(CH3hl, 125.4 [CH= CHCHOSi(CH3hl, 
107.5 [CH=CHOSi(CH3hl, 71.5 [CH=CHCHOSi
(CH3hl, 57.3, 55.1 (CHC=O), 48.1 (CC=O), 42.7 [CHr 
CH=CHCHOSi(CH3hl, 33.5 [CH2CHCH=CHOSi
(CH3hl, 29.1 [CH2CHCH=CHOSi(CH3)3], 19.4, 15.5 
(CCH3), 0.4, 0, -0.6 ppm [OSi(CH3h]. 

Copolymerization of BdTMS with !An 
The method of preparation was similar to that for the 

copolymerization. Yield, 13.6% (Run 1 in Table IV). 
IR (KBr disk) 2957 ( Vc-H), 1854, 1779 [ Vc=o(cyclic an

hydride)], 1660 (Vctt=cH), 1227 (vc-o-c) 1096cm-1 

( Vsi-o). 
1H NMR (CDC13, 1.0 wt%, 27°C, TMS) 8 6.33-5.96 

[CH=CHOSi(CH3hl, 5.57-5.26 [CH=CHCHOSi
(CH3hl, 4.38 [CH=CHOSi(CH3)3], 4.23 [CH=CHCHOSi
(CH3hl, 3.25 [CH2CHCH=CHOSi(CH3hl, 3.23-2.69 
(CH2C=O), 2.69-2.12 [CH2CH=CHCHOSi(CH3hl, 
2.03-1.43 [CH2CHCH=CHOSi(CH3h, CH2C], 0.18 
[CH2CHCH=CHOSi(CH3hl, 0.03 ppm [CH=CHCHOSi
(CH3h]. 

Desilylation and Lactonization of Poly(BdTMS-alt-MAn) 
(Ia) 

Poly(BdTMS-alt-MAn) (la) 200 mg (0.83 mmol) was 
dissolved in 30 mL 1,4-dioxane. To the solution, 0.3 mL 
(1.2 mmol) of 4 N HCl/1,4-dioxane was added and 
stirred for 3 h at room temperature. As the reaction pro
ceeded, a white precipitate was observed. The precipi
tate was collected and purified by reprecipitation from 
DMSO to chloroform three times to give polymeric mate
rials 97 mg (70%). 

IR (KBr disk) 3432 (vo-H), 2928 (vc-H), 1860 [vc=o(cy
clic anhydride)], 1779 [vc=o(r-lactone and cyclic anhy
dride)], 1723, 1636 [ vc=o(carboxylic acid)], 1218 

(Vc-o-c), 978 [8H-C=C-H(trans)], 754cm- 1 [8H-C=C-H 
(cis)]. 

1H NMR (DMSO-d6, 1.0 wt%, 27°C, TMS) 8 9.73-9.50 
(CH2CH=O), 6.00-5.73 (CH2CH=CHCH), 5.73-5.40 
(CH2CH=CHCH), 5.26 (COOR), 5.03 (CH2CH= 
CHCH), 3.26 (CHCOOH), 3.11 [CH2CH=O, CHCO(cy
clic anhydride)], 2.26-1.40 ppm (CH2CH=CHCH, CH2 
CHCH2, CH2CHCH2). 

RESULTS AND DISCUSSION 

Charge Transfer Complex (CTC) Formation 
Mixing of BdTMS and acceptor monomer including 

MAn, CAn, IAn, and NPMI in benzene led to an immedi
ate yellow color development, considered due to forma
tion of a charge transfer complex (CTC). The probable 
equilibrium between the two monomers and CTC would 
be 

K 
BdTMS+A ¢. CTC (1) 

(A: unsaturated cyclic anhydride) 

At [BdTMS] 0>>[A]0, the classical Benesi-Hildebrand 
method29 is useful to determine the equilibrium constant 
(K). Observed absorbance at a given wavelength (d) is 
thus related to K by eq 2. 

Polym. J., Vol. 33, No. 5, 2001 

Table I. Formation of the charge transfer complex (CTC) of 1-
butadienyloxytrimethylsilane (BdTMS) with acceptor monomersa 

Acceptor monomer Q b e b k' E' 

MAn 0.23 2.25 0.44 172.5 
CAn 0.87 1.75 0.96 107.4 
IAn 2.50 0.88 0.59 58.1 
NPMI 1.26 1.69 <0.01 

a Solv., benzene; temp., 25°C. b Data from ref30. ' Binding 
constant and extinction coefficient of the CTC, determined by lN 
measurement using Benesi-Hidebrand relationship. 

Where [BdTMS]0 and [Alo are initial concentrations of 
BdTMS and acceptor monomer, respectively.Lis the op
tical path length and E is extinction coefficient of CTC at 
a given wavelength. Since the charge transfer band of 
the complex appears in the same region where both 
monomers themselves are absorbed, it is difficult to use 
the peak maximum of CTC to determine K of the CTC. 
Therefore, measurements were carried out at 340 nm for 
MAn-BdTMS, 375 nm for CAn-BdTMS, and 309 nm for 
IAn-BdTMS, respectively, though monomers showed 
weak absorptions in this range. Plots of [Alo/d us. 1/ 
[BdTMS] 0 yielded a straight line except for NPMI, from 
which it may be deduced that BdTMS and cyclic anhy
drides form 1 : 1 complexes. K obtained from the plots 
are listed with Q and e30 of the acceptor monomers in 
Table I. K and E were 0.44 and 172.5 for MAn, 0.96 and 
107.4 for CAn, and 0.59 and 58.1 for IAn, respectively. 
Equilibrium constants for these pairs were from 0.1-
1.0, which were classified to groups of spontaneous alter
nating copolymerization near/at room temperature re
ported by Yamashita et al.31 

Copolymerization of BdTMS or BdTBDMS with MAn 
Copolymerization ofBdTMS and MAn was carried out 

at 60°C for 8 h. The copolymerization proceeded homoge
neously in all cases (Table II). Polymer yields were 2.9-
22.9%. Polymer was analyzed by 1H, 13C NMR and IR 
spectra. In every case, compositions of BdTMS and MAn 
units in poly(BdTMS-alt-MAn) (la) were 50/50, deter
mined by 1H NMR intensity of the peak at 0.19 and 0.07 
ppm [-OSi(CH3h] and peak at 2.97 ppm (CHCH=O). 
Analysis of 1H and 13C NMR spectra revealed that not 
only 1,4- but also 3,4- addition of BdTMS occur in the 
course of copolymerization. The peaks at 6.64-6.26 and 
4.79 ppm in the 1H NMR spectrum and 146.4-143.6 
and 105.5 ppm in 13C NMR spectrum (Figure 1) should 
be ascribed to the 3,4-addition structure. 1H NMR spec
tra distinguished the methyl protons ascribed to silyl 
group in 3,4-addition structure from those in the 1,4-
addition structure, which appeared at 0.19 ppm and 0.07 
ppm, respectively. The peaks were used to estimate 1,4-
and 3,4-addition structures. If interaction between the 
monomers causes the alternating copolymerization, the 
microstructure of the BdTMS unit in this copolymer 
must be rich in cis 1,4-addition structure, because the 
charge-transfer type of interaction is the strongest in the 
case of cis overlapping through the transition state, 
similar to that in the Diels-Alder reaction of butadi
ene.32 In the copolymerization ofbutadiene and MAn re-
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Run 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

CH2=CH-CH=CH 

I 
OR 

BdTMS, R=Si(CH3)3 

BdTBDMS, R=Si(t-Bu)(CH3)i 

A. T AKASU et al. 

+ 

in benzene, 60"C 
-f CH2-CH=CH-r-1-CH2-r-r-,r+ 

OR CH= CH ~c'--.... /c~o 

1,4-Addition 
(61-65%) 

I o 
OR 

3,4-Addition 
(35-39%) 

Poly(BdTMS-a/t-MAn) (la), R=Si(CH3)3 

Poly(BdTBDMS-a/t-MAn) (lb), R=Si(t-Bu)(CH3)i 

Scheme 1. Spontaneous copolymerization ofBdTMS or BdTBDMS with MAn. 

Table II. Copolymerizations of silyloxydienes with maleic anhydride (MAn)" 

[diene]0 / [MAn]/ 
Yield 

Mn'X 10- 4 
[diene] / [MAnt [1,4-Addition] / [3,4-Addition]' 

Monomer MwlM/ 
mo!% mo!% mo!% 

BdTMS 25/75 15.5 3.29 2.6 50/50 64/36 
BdTMS 37/63 21.8 4.13 2.6 51/49 61/39 
BdTMS 50/50 22.9 9.64 2.2 50/50 63/37 
BdTMS 62/38 4.8 4.70 2.5 52/48 65/35 
BdTMS 75/25 2.9 - f - f 52/48 61/39 

- - - - - - - - - - - - - - - --------------------------------------------------------------------------------------------- ----------------------------------------· 
BdTBDMS 25/75 5.2 18.8 1.7 50/50 64/36 
BdTBDMS 37/63 8.0 28.4 1.7 51/49 64/36 
BdTBDMS 50/50 12.0 52.1 1.7 51/49 63/37 
BdTBDMS 62/38 6.1 43.3 2.1 52/48 63/37 
BdTBDMS 75/25 3.2 34.7 2.0 52/48 65/35 

a [dieneJo+ [MAn] 0 = 1.2 mo! L -,; solv., benzene; temp., 60°C; time, 8 h. b Feed molar ratio of silyoxydiene to MAn. 'Determined by SEC 
in THF (polystyrene standards). a Molar ratio of silyoxydiente and MAn unit in polymer, determined by 1H NMR in CDCl3. e Molar ratio 
of 1,4-addition unit to 3,4-addition unit in the polymer, determined by 1H NMR in CDCl3 . r Insoluble in THF. 

( 1 2 3 4 16 7 11 12 + 
\CH2-CH=CH-1H- -CH2-r-r-\ n 

0Si(CH3)3 CH= CH / 
s Is 9 13 o 5 10 

OSi(CH3l3 
10 

CDCla 

13 

200 160 120 80 40 0 

J(ppm) 

Figure 1. 13C NMR spectrum ofpoly(BdTMS-alt-MAn) (la) in CDCl3 (27°C, 100 MHz). 
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ported by Yamashita et al., cis 1,4-addition structure 
was predominant (ca. 90%) relative to trans 1,4-
structure. 31 In the IR spectra of copolymer la, only a 
strong peak at 1657 ( VH-C=c-H) was observed, indicating 
that the polymers mostly consist of cis 1,4-structure be
cause the peak of trans 1,4-structure may appear at 
1675. These results strongly suggested that alternating 
copolymerization of BdTMS and MAn took place via the 
CTC complex. 

Spontaneous copolymerization of BdTBDMS with 
MAn was also carried out under the same experimental 
conditions to investigate the effect of the silyl group 
(Run 6-10 in Table II). The yields of lb were 5.2-
12.0%, indicating a maximun yield at the feed molar ra
tio of 50/50. The molar ratios of BdTBDMS and MAn 
units in the copolymer were always 50/ 50 irrespective of 
feed molar ratios. Mns were more than 5 times as those 
of the corresponding alternating copolymer la unexpect
edly. The tert-butyldimethylsilyl group influenced the 
solubility of the copolymer as well as polymerizability. 
While alternating copolymer la with more than 1.0 X 105 

of Mn was insoluble in THF and diethyl ether, alternat
ing copolymers lb with 2.0 X 105-5.0 X 105 of Mn were 
soluble in both solvents. The higher Mn of poly 
(BdTBDMS-alt-MAn) (lb) may be due to the higher 
flexibility of main chain in organic solvents. 

Copolymerization of BdTMS with CAn 
Copolymerization of BdTMS and CAn occurred spon

taneously and gave the poly(BdTMS-alt-CAn) (2) under 
the same conditions as for the copolymerization of 
BdTMS with MAn. The results are summarized in Table 

CH2=CH-CH=CH 

I + 
OR 

BdTMS, R=Si(CH3lJ 

in benzene. 60'C 

III. The compositions ofBdTMS and CAn in copolymer 2 
([BdTMS]/[CAn]) determined from 1H NMR intensity 
ratio of peak at 0.17, 0.07 ppm [OSi(CH3)s] and peak at 
1.39 ppm (CH3C) were almost 50/50 regardless of mono
mer feed ratio. Examination of 1H and 13C NMR spectra 
revealed the 3,4-addition as well as 1,4-addition. The 
1,4-addition structure determined by 1H NMR intensity 
ratio of peak at 0.17 ppm [CH=CHOSi(CH3)3] and 0.07 
ppm [CH=CHCHOSi(CH3)3] was 74-78%, higher than 
that of copolymer la (Table II). Yields were 4.5-25.9%. 
The relationship of yield and [BdTMS]/[CAn] with mo
lar ratio ofBdTMS in the feed as well as that in the case 
of MAn seems to be the same as for usual charge trans
fer copolymerization,3- 7 in which a maximum rate of po
lymerization ·was observed at 50/50 monomer feed ratio 
and [BdTMS]/[CAn] in the copolymer was almost 50/50 
in the whole range of molar ratios of BdTMS in the feed 
(Figure 2). Molecular weights obtained from SEC meas
urement were 2.31 X 104- 13.40 X 104, which showed 
maximum values at the feed molar ratio ([BdTMS]o/ 
[CAn]0) of 50/50. Mw!Mns were 2.0-2.8 irrespective of 
the feed monomer ratio. These results strongly show 
that the participation of the CTC must be assumed in 
the polymerization. 

Copolymerization of BdTMS with !An 
Copolymerization of BdTMS and IAn was carried out 

under the same condition as that for the copolymeriza
tion of BdTMS with MAn or CAn (Table IV). The compo
sition of copolymer 3 was 50/ 50 irrespective of the feed 
molar ratio. Copolymer composition was estimated by 
the 1H NMR peak ratio of peaks at 0.18 ppm [CH2CHCH 

Citraconic Anhydride (CAn) 

Poly(BdTMS-alt-CAn) (2), R=Si(CH3h 

Scheme 2. Spontaneous copolymerization ofBdTMS with CAn. 

Run 

1 
2 
3 
4 
5 

Table III. Copolymerization of 1-butadienyloxytrirnethylsilane (BdTMS) with citraconic anhydride (CAn)" 

[BdTMS] 0 /[CAn] 0b 

25/75 
37/63 
50/50 
62/38 
75/25 

Yield [BdTMSJ / [CAnt (1,4-Addition] / (3,4-Addition]° 
Mn'Xl0- 4 Mw/Mn' 

mol% 

13.0 
19.7 
25.9 
10.6 

4.5 

2.31 
3.00 

13.4 
4.35 
4.26 

2.0 
2.7 
2.8 
2.1 
2.3 

mol% mol% 

53/47 78/22 
55/45 75/25 
54/46 76/24 
54/46 78/22 
51/49 74/26 

a [BdTMS] 0+ [CAn] 0 =1.2 mo! L -i; solv., benzene; temp., 60°C; time, 8 h. b Feed molar ratio of BdTMS to CAn. 'Determined by SEC in 
THF (polystyrene standards). d Molar ratio of BdTMS and CAn unit in polymer, determined by 1H NMR in CDC13. ' Molar ratio of 1,4-
addition unit to 3,4-addition unit in the polymer, determined by 1H NMR in CDCl3. 
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=CHOSi(CH3)a] and 0.03 ppm [CH2CH=CHCHOSi
(CH3)a] and peaks at 2.03-1.43 ppm [CH2CHCH= 
CHOSi(CH3)3, CH2Cl. 

BdTMS copolymerized with IAn to give the copolymer 
rich in cis-1,4 structure by IR measurement. In the spec
trum, a remarkable peak was observed at 1660 
( VH-C=c-H), which corresponded to cis carbon-carbon 
double bonds. These results show that the participation 
of the CTC must be assumed in the polymerization. 
Yields and Mn obtained from SEC measurement were 
4.5-25.9% and 1.84 X 104-6.94 X 104, respectively. 
Yield and Mn were maximum at the feed ratio 

30 100 

25 
80 

OJ 
Q. 
-i 

l 20 s: 
(/) 

60 5· 
't:J (') -.; D 0 ·s:. 't:J 

:;; 15 0 
'< 

E 3 
40 

Ql 
0 
a. N 

10 3 
0 
;g 

20 
5 

0 0 
0 20 40 60 80 100 

BdTMS in feed (mo!%) 

Figure 2. Effects of monomer feed ratio on the polymer yield (0) 
and copolymer composition (0) in the copolymerization of BdTMS 
and CAn in benzene. 

CH2=CH-CH=CH 
I + 
OR 

([BdTMS] 0 /[IAnlo) of 50/50, as noted for the copolymeri
zation of BdTMS with MAn or CAn (Tables II or III). 
However, peaks ascribed to methyl protons (1.34 ppm) 
and methine protons (2.62 ppm) of CAn unit were ob
served in the 1H NMR spectra, indicating isomerization 
from IAn unit into CAn unit. Molar ratios of IAn unit to 
CAn unit estimated from a peak intensity ratio of peak 
at 1.34 ppm (CH3 of CAn unit) and peak at 3.23-2.69 
ppm (CCH2 of IAn unit) are summarized in Table IV. 
Unexpectedly, 31-50% isomerization was induced ex
cept for [BdTMS]o/[IAnlo of 25/75 (Run 1 in Table IV), 
in which isomerization hardly occurred ([IAn]/[CAn] = 
95/5). 

The ratios of 1,4- and 3,4-addition structure in the 
polymers were 66/34-74/26. The addition of the co
polymer obtained by the spontaneous copolymerization 
in this experimental condition seemed to be affected by 
K of CTC, i.e., binding constant of donor monomer 
(BdTMS) and acceptor monomer. The higher K was, the 
greater 1,4-addition was. In the copolymerization of 
BdTMS with CAn (K =0.96), 1,4-addition was 74-78% 
in copolymer 2, while for copolymer la derived from 
BdTMS and MAn (K =0.44), 61-65% and copolymer 3 
consisting BdTMS and IAn (K=0.59), 66-74%. This 
was supported by preliminary results of copolymeriza
tion of BdTMS with NPMI under similar conditions 
([BdTMS] 0 /[NPMI]o=50/50), in which these monomers 
did not form CTC and the poly(BdTMS-co-NPMI) ob
tained in the presence of radical initiator (yield, 26%) 
showed only 38% 1,4-addition. 

Desilylation and Successive Lactonization of Poly
(BdTMS-alt-MAn) (la) 

As the desilylation of la proceeded, a white powder 

BdTMS, R~ Si(CH3)J ltaconic Anhydride (IAn) 

Run 

1 
2 
3 
4 
5 

-------f CH2-CH= CH-cl H-1-cH,-C, H--CHC/H2 c" =O 1-c/H- c\1~ 
in benzene. 60'C y ) 

OR yH = CH \ / d"'c'----. /c~o n 

Table IV. 

[BdTMS]0 / [1An] 0b 

25/75 
37/63 
50/50 
62/38 
75/25 

iJR f-O O 
0 

Poly(BdTMS-alt-!An) (3), R~ Si(CH3)J 

Scheme 3. Spontaneous copolymerization ofBdTMS with IAn. 

Copolymerization of 1-butadienyloxytrimethylsilane (BdTMS) with itaconic anhydride (IAn)" 

Yield 
Mn'X 10-4 

[BdTMS] / [IAn]ct [1,4-Addition] / [3,4-Additionl" 
Mw/Mn' 

mo!% mo!% mo!% 

13.6 1.87 3.0 49/51 66/34 
14.8 2.68 2.7 50/50 66/34 
15.4 6.94 1.9 52/48 67/33 
14.8 4.58 1.7 49/51 66/34 

7.0 1.84 2.9 49/51 74/26 

[IAn] / [CAn] r 

mo!% 

95/5 
69/31 
56/44 
50/50 
63/37 

"[BdTMS] 0 + [1An] 0 = 1.2 mo! L -i; solv., benzene; temp., 60°C; time, 8 h. b Feed molar of BdTMS to IAn. 'Determined by SEC in THF 
(polystyrene standards). d Molar ratio of BdTMS to IAn unit in polymer, determined by 1H NMR in CDCl3 • e Molar ratio of 1,4-addition 
unit to 3,4-addition unit in polymer, determined by 1H NMR in CDCl3. rMolar ratio oflAn unit to CAn unit in the polymer, determined by 
1H NMR in CDCl3. 
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Poly(BdTMS-a/t-MAn) (ta) 

COOH 

desilylation 
HCI / I, 4-dioxane 

I t /CH"-. --+ 
~-- CH2 -CH =cH- C\ r-CH2-1H 

o-c~ CH-CH n 

r-Iactone O 
in 1,4-dioxane, 25'C 

\ ( !OOH + 
~-------- \CH2-CH=CH-1H-1H-CH-CH2-1H n 

0--C:-,_ CH-CH 
"o II 

,B-lactone O 

Scheme 4. Desilylation and lactonization ofpoly(BdTMS-alt-MAn) (la). 

was precipitated. The precipitate was insoluble in water 
and other common solvents expect for DMSO and hot 
DMF. Although intermolecular reactions were possible, 
they may result in extensive gelation and the polymer 
obtained may not be soluble in solvents. This experimen
tal conditions, it was considered that an itramolecular 
reaction takes place predominantly. 1H NMR measure
ments in DMSO-d6 revealed the formation of lactone 
ring in the main chain clearly. The peak due to the silyl 
group (0.19 and 0.07 ppm) disappeared completely, and 
a sharp peak due to oxymethine protons in the five
membered lactone (Scheme 4) appeared at 5.03 ppm. 
There are two possible lactone structures, /3- or y
lactones by intramolecular reactions (Scheme 4). y
Hydroxyl acid cyclizes to stable y-lactone by heating, 
whereas /3-lactone formation is difficult. In the IR spec
trum, absorbance ascribed to carbonyl stretching was ob
served at 1779 cm -I (Figure 3) which should be assigned 
not to that of /3-lactone (1825-1820 cm- 1) but that of y
lactone (1780-1760cm- 1). The hydroxyl group pro
duced by the desilylation thus attacks the neighboring 
cyclic anhydride group intramolecularly, causing its con
version to a five-membered lactone unit. The conversion 
of lactonization determined by 1H NMR peak intensity 
ratio (at 6.00-5.40 ppm and at 5.26, 5.03 ppm) often ex
ceeded 86.5% (Flory's limit27 ) and was nearly 100%. The 
high reactivity might be due to the alternating copoly
mer la containing always one cyclic anhydride group, 
i.e., two carbonyl group, and hydroxyl group per the re
peating unit after desilylation. The pair groups are sepa
rated from the neighboring pair units by a spacer con
taining rigid double bonds. It is considered that the lac
tonization may be affected by configuration or conforma
tion of la. As shown theoretically in preceding papers,28 

near 100% conversion of intramolecular reactions in co
polymer consisting of two alternating units, A-D1, A-D2, 

is possible, when A-D2 could not bring about any reac
tion. Thus, the copolymers la in this paper can be re
garded as a profitable model for a "specially-designed al
ternating copolymer".28 

IR analysis of la after desilylation clarified the geo
metrical structure of the silyloxy diene unit in the co
polymer la quantitatively according to the same method 
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Wavenumber (cm-1) 

Figure 3. IR spectrum of poly (BdTMS-alt-MAn) (la) after 
desilylation (KBr disk). 

for the copolymer consisting ofbutadiene and maleic an
hydride33 using Morero's extinction coefficient.34 From 
the peak ratio at 978 cm -I [oH-C=C-H (trans)) and at 754 
cm -I [oH-C=C-H (cis )), the 1,4-cis structure was deter
mined to be 91 %. Before desilylation, peaks overlapped 
with those ascribed to silyl groups ( Vsi-o). The results 
support the spontaneous copolymerization of BdTMS 
andMAn. 

CONCLUSION 

1-Silyloxy-1,3-dienes, BdTMS and BdTBDMS, were 
copolymerized with unsaturated cyclic anhydrides 
(MAn, CAn, and IAn) without any initiator in benzene. 
The copolymers with almost a 1: 1 molar ratio of the cy
clic anhydrides and silyloxydiene were obtained in a 
wide range of feed compositions. Binding constant K of 
CTC influenced the addition form of the silyloxydiene 
unit in the alternating copolymer, which may lead to 
structural regulation of the polymer by intermolecular 
interactions between monomers. Desilylation and lac
tonization of poly(BdTMS-alt-MAn) (la) revealed that 
alternating copolymer la was a model polymer, in which 
the conversion of lactonization exceeded Flory's limit 
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(86.5%) at nearly 100%. 
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