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ABSTRACT: Copolymerizations of two monomers among silyl dienolates, CH2 =CR 1--CH = 
CH--OSi(CH3)iR 2 and silyl enolates CH2 = CH--OSi(CH3}iR 2 [R 1 = H, CH3 ; R 2 = CH3, C(CH3h] 
were examined under conditions suitable for aldol condensation-type group transfer polymerization 
(aldol-GTP). Structures of the copolymers were determined mainly by their 1 H NMR spectra and 
by partial desilylation. £-isomers of dienolates (R 1 = H) showed much higher copolymerizability 
than enolates, independent of R 2 substituent on silicon. Methyl substituent at 3-carbon (R 1 = CH3) 

enhanced the copolymerizability of silyl dienolate further. Z-dienolates could hardly react with 
£-isomers but gave rise to copolymerization with the enolate monomer. 1 : 1 Aldol-adducts of the 
above monomers with benzaldehyde were prepared. The adducts were effective initiators for 
aldol-GTP of other monomers. The results provided evidence for the existence of cross-propagation 
on aldol group transfer copolymerization. 
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Since aldol condensation-type group transfer 
polymerization (aldol-GTP) of t-butyldimeth
ylvinyloxysilane (VOTBDMS) was reported 1 

by Du Pont, it has been found an excellent 
method for the preparation of a poly(vinyl 
alcohol) unit with controlled molecular weight. 
Block copolymers1•2 and macromonomers3 

containing such units were prepared success
fully. 

Aldol-GTPs of 1-butadienyloxytrimethyl
silane (BdTMS) and its derivatives substi
tuted with methyl (MeBdTMS) or phenyl 
(PhBdTMS) groups at 3-position have been 
investigated. 4 - 10 It was found that ( 1) p
anisaldehyde as an initiator5 and zinc bromide 
(Zn Br 2) as a catalyst6 were most effective for 
the control of the molecular weights of poly
mers, (2) a polymerization mixture could be 
made homogeneous by using ZnBr 2 solution 
in a small amount of diethyl ether in toluene 
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even at - 78°C, where undesirable side 
reactions were almost extinguished, 7 (3) 
£-isomers of silyl dienolates could readily 
polymerize, while Z-isomers not at all under 
the same conditions9 and (4) the configuration 
around a double bond in silyl dienolate 
polymers was reflected by the conformation of 
monomers at the ground state. 10 Based on 
stereochemical and kinetic data, s- io we 
proposed a bicyclic transition state model for 
propagation of aldol-GTP. 

Systematical studies on copolymerization of 
two monomers among silyl dienolates and/or 
silyl enolates have not been examined yet. A 
comparison of reactivity ratios between the 
monomers under conditions suitable for 
aldol-GTP must lead to some useful discus
sions, which is in no way inferior to that based 
on stereochemical and kinetic data. In this 
paper, we deal with statistical copolymeriza-



Aldo! Group Transfer Copolymerizations of Silyl (Di)Enolates 

tions of several pairs of monomers among the 
following silyl enolates and dienolates and 
discuss the mechanism of aldol-GTP. 

VOTMS : R,Me 

VOTBDMS: R , tsu 

BdTMS : R1, H ; R2, Me 

MeBdTMS: R1, Me; R2, Me 

BdTBDMS: R1, H ; R2, tsu 

EXPERIMENT AL 

Monomer Syntheses 
VOTMS and VOTBDMS. According to the 

literature, 11 vinyloxylithium was prepared 
from THF and n-butyllithium at first, then 
VOTMS and VOTBDMS were synthesized by 
addition of the corresponding silyl chlorides, 
R(CH3)iSiCl. VOTMS: hp 58°C/65 mmHg; 
yield, 74%. VOTBDMS: hp 75°C; yield, 90%. 

E-BdTMS and E-MeBdTMS. These mono
mers were prepared in the same manner as 
described in the previous papers. 6 •9 E-BdTMS: 
hp 62°C/65 mmHg; yield, 65%. E-MeBdTMS: 
hp 73°C/75mmHg; yield, 74%. 

E-BdTBDMS. Under a nitrogen atmo
sphere, pure E-BdTMS (31.2g, 0.22mol) in 
300 ml of tetrahydrofuran (THF) was mixed 
with n-butyllithium (10 mo11- 1 in n-hexane, 
25 ml) at - 78°C. The mixture was stirred for 
1 h at - 78°C, warmed to ambient tempera
ture, and stirred for 2 h. A solution of t
butyldimethylchlorosilane (32.2 g, 0.21 mol) in 
100 ml of THF was added drop wise to the 
mixture. The reaction mixture was stirred for 
2 h at ambient temperature. The solvent was 
evaporated, and the crude product was distilled 
under reduced pressure to give 35.4 g of 
BdTBDMS: hp 52°C/5 mmHg; yield, 90%. 

Z-BdTMS and Z-BdTBDMS. The mono
mers were prepared from 2-phenyl-1,3-dioxa
cyclohept-5-ene according to the method in 
the literature. 12 Z-BdTMS: hp 64°C/75 mmHg; 
yield, 73%. Z-BdTBDMS: bp 42°C/3 mmHg; 
yield, 37%. 
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1: 1 A/dot-Adducts 
1 : 1 Aldol-adducts of benzaldehyde and 

monomers, BdTMS, MeBdTMS, BdTBDMS, 
and VOTBDMS, were prepared in the same 
manner as in the previous paper.9 

Other Materials 
Benzaldehyde and p-anisaldehyde were 

fractionally distilled under reduced pressure 
before use. ZnBr 2 was sublimed in vacuo and 
used as a 1.6 mol 1- 1 solution in diethyl ether 
distilled over sodium. Toluene and benzene 
were purified by the conventional method, 
dried over sodium in the presence of 
benzophenone, and distilled before use. 

Copo/ymerization 
A flask equipped with a stopcock was 

flame-dried in vacuo for about 2 min and then 
allowed to cool under nitrogen. The flask was 
charged with calculated amounts of p

anisaldehyde, toluene, and two monomers 
under nitrogen atmosphere, and capped with 
a septum. The mixture was cooled to 0°C and 
stirred for about 15 min. A calculated amount 
of ZnBr 2 solution in diethyl ether and toluene 
was rapidly added to the stirred mixture via a 
syringe through the septum cap. After an 
adequate period, a small amount of mixture of 
methanol and triethylamine (1: 1 v/v) was 
added to the reaction mixture. The reaction 
mixture was washed once with 5% aqueous 
sodium hydrogen carbonate solution and three 
times with water. The organic layer was dried 
over magnesium sulfate, filtered, and con
centrated in vacuo to give a product copolymer. 
The copolymer was further dried in vacuo for 
more than 3 days at ambient temperature. 
Conversion of monomers was determined by 
gravimetry of the product copolymer. A 
copolymer including BdTBDMS as a comono
mer was lyophilized more than three times to 
remove unchanged BdTBDMS. 

Polymer Reactions 
Desi/ylation. Desilylation of polymer with 
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trimethylsilyl and t-butyldimethylsilyl groups 
was done using THF-acetic acid-water ( 5 : 3 : 
1 ). A mixture of acetic acid and water was 
added dropwise into the polymer solution in 
THF with vigorous stirring. The mixture was 
stirred at ambient temperature for 20 h, and 
concentrated by evaporation. The product was 
reprecipitated three times from methanol 
solution with diethyl ether, and dried in vacuo 
to give a white powder. Only trimethylsilyl 
groups were desilylated, and t-butyldimethyl
silyl groups remained. 

Acetylation. The desilylated copolymer was 
dissolved in pyridine. Acetic anhydride was 
added dropwise to the solution at ambient 
temperature. The mixture was homogeneous 
throughout the reaction, -but turned brown. 
After 74 h, the mixture was concentrated by 
evaporation. The crude product was dissolved 
in benzene and lyophilized three times. A 
brown powder was obtained. 

Analyses 
1 H and 13C NMR spectra were recorded 

with a Varian XL-200 spectrometer in deutero
chloroform. Molecular weight and molecular 
weight distribution were determined by gel 
permiation chromatography (OPC) in THF 
eluent using a Tosoh HLC-803D equipped with 
a differential refractive index detector and four 

TSK gel columns, 05000-, 04000-, 03000-, 
02000-HXL, connected in series. Molecular 
weights were calibrated with standard poly
styrenes. 

RESULTS AND DISCUSSION 

Aldol-GTP using 1: 1 Aldo! Adducts as an 
Initiator 
In aldol-OTP of silyl dienolates or enolates, 

initiation and propagation are recognized as 
nucleophilic addition of the monomers to 
formyl group on an initiator and a polymer 
end, respectively. If two monomers give rise to 
copolymerization by way of aldol-OTP, the 
following conditions must be satisfied: (1) 
each monomer can react with the initiator to 
yield an l : l aldol-adduct; (2) the adduct 
has a formyl group and should work as the 
initiator for aldol-OTP of the comonomer. 

In preference to copolymerization experi
ments, l : 1 aldol-adducts of benzaldehyde 
with BdTMS, MeBdTMS, BdTBDMS, and 
VOTBDMS were prepared as shown in Scheme 
1, and used as the initiators for aldol-OTP of 
the above monomers. Only when benzaldehyde 
was used at five-fold concentration of mono
mer, 1 : l aldol-adducts could be isolated. 
Otherwise further addition of the monomer 
occurred to give an oligomer. The structures 

ZnBr2 
> 

CHO 

BclTMS : R1, H ; R2, Me 

MeBclTMS: R1, Me; R2, Me 

BclTBDMS: R1. H ; R2, tsu 

1:R\H;R2,Me 

2: R1,Me; R2,Me 

3 : R1, H ; R2, tsu 

36 

©-_CHO + ~Si-'8u 

VOTBDMS 

ZnBr2 r6l 
> ~CHO 

tsuMe2SiO 

4 
Scheme 1. 
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of 1: 1 aldol-adducts, 1-4, were confirmed by 
1 H and 13C NMR and IR spectra. The results 
are summarized in Table I. 

Aldol-GTP of the monomers, BdTMS, 
MeBdTMS, BdTBDMS, and VOTBDMS were 
carried out in the presence of 1 : 1 aldol
adducts, 1-4, as initiators. The results are 
summarized in Table II. It has already been 
noted that 1 could react with BdTMS itself to 
yield the homopolymer of BdTMS. Now it is 
clearly found that every l : 1 aldol-adduct can 

Table I. I : I Aldol-adducts of benzaldehyde with silyl 
dienolates• and VOTBDMS 

I : 1 Aldol-adduct 

Run Monomer Yieldb bp Configuration 

give rise to the aldol-GTP of not only 
monomers included in the adducts but also 
other monomers. This suggests that cross 
propagation units, e.g., MeBdTMS-tBdTMS 
and BdTMS---+MeBdTMS, exist if group 
transfer copolymerizations (aldol-coGTP) of 
these monomers are carried out. 

Code----------

Figure 1 shows 1 H NMR spectra of 3 and 
the VOTBDMS oligomer initiated with 3 (run 
9 in Table II). Peaks due to olefinic protons in 
3 appeared at 6.0--6.9 ppm, and the peaks 
disappeared completely in the oligomer spec
trum. A new olefinic peak due to 3 residue 
appeared at 5.2-5.4ppm. A singlet peak at 
9. 7 ppm was assigned to formyl proton of the 
propagating oligomer end. Formyl proton of 
3 was characterized by doublet at 9.5ppm. 
These changes indicate that the aldol-GTP of 
VOTBDMS was initiated with 3, as shown in 
Scheme 2. BdTMS 1 

2 MeBdTMS 2 

3 BdTBDMS 3 
4 VOTBDMS 4 

% °C/mmHg E: Z 

48 
18 
64 
67 

103/0.4 
106/0.2 
140/0.2 
104/0.6 

100: 0 
77:23 

100: 0 

• E-Isomers were used. 

Molecular weights of the oligomers (runs 
1-9 in Table 11) agreed with those calculated 
based on the living behavior of the polymeriza
tion. However, the control of molecular weight 
was not good in the case of 4 as an initiator h Isolated yield. 

Table II. Aldol-GTP by use of I : I aldol-adduct as an initiator" 

Time Yield M. Mwc 
Run Initiator Monomerh 

h % GPCC NMRd Calcd0 M. 

I 1 MeBdTMS 2.0 66 770 990 870 1.27 
2 I BdTBDMS 3.0 66 1300 1300 1250 1.34 
3 1 VOTBDMS 2.0 91 890 840 880 1.22 
4 2 BdTMS 3.5 87 1220 1500 1280 1.25 
5 2 BdTBDMS 2.5 76 910 1270 1050 1.27 
6 2 VOTBDMS 2.0 68 910 980 1030 1.16 
7 3 BdTMS 2.0 84 1060 950 1000 1.21 
8 3 MeBdTMS 1.8 52 720 790 780 1.19 
9 3 VOTBDMS 1.0 59 910 850 850 1.16 

10 4 BdTMS 2.5 74 2100 1690 890 1.85 
11 4 MeBdTMS 2.5 62 1500 1460 840 2.25 
12 4 BdTBDMS 2.5 77 2400 2690 1110 3.60 

• Carried out in the presence of ZnBr 2 (1.6 mol 1- 1 solution in diethyl ether) in toluene at 0°C: [Monomer ] 0 , 

l.0moll- 1 ; [Initiator] 0 , 167mmoll- 1 ; [ZnBr2] 0 , 56mmoll- 1 . 

b £-Isomers of BdTMS, MeBdTMS, and BdTBDMS were used. 
c Determined by GPC and calibrated by standard polystyrenes. 
d Determined by end group analysis. 
• Calculated from (mol wt of initiator)+ (mol wt of monomer) x 6 x Yield/JOO. 
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(a) 

11 
,, 

ils 1 4 

~23456 
~yHCH2CH=CHCHO 

? 7 8 
SiMe2tBu 

5 
2 3 

--i ------- i t - JJ __ I 
,'\ ____ _ 

8 7 

I I I ' " I I " ' ' I ' I ' ,I ' ' " I ' I II I II I I I " I t I ' II ' I II ' I I ' ' ' II ' ' ' 

10 

(b) 

8 6 4 2 0 

©- 23,--4--,5 67 89 1110 
CHCH2CH=CHCH--+CH2CH-l::-CH2CHO -- 'I-. 
I I I n I 

1 ? ? ? 
SiMe2tBu SiMe2 teu SiMe2 tBu 6i1 I 

- 10 11 

Iii 
9 3 , 1 1 

I ,I 4 2 7 - , , ' . 11:1' 

'! I ! ,\, \ ' I ' 
1
, ! ,ii 

_Ji ___ _,'1,'-_)u'1~1~ U \v0 'V 11.. 
,,1,,,,1,,,,1,,,,,,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,, 
10 8 6 4 2 0 

Chemical Shift / 6 ppm 

Figure 1. 1H NMR spectra of (a) 3 and (b) oligomer of 
VOTBDMS initiated with 3. 

~CHCH2CH=CHCH + CH2=CH ZnBr-2 
~I II I 

0 0 0 
I I 

SiMe2tBu SiMe2tBu 
3 VOTBDMS 

~CHCH2CH=CHCHCH2CH ZnBr-2 
~I I II 

0 0 0 n VOTBDMS 
I I 

SiMe2tBu SiMe2tBu 

~CHCH2CH=CHC~CH2CH_l__CH2CH 
I I~ I Tr, II 

0 0 0 0 
I I I 

SiMe2tBu SiMe2tBu SiMe2tBu 

Scheme 2. 

(runs 10-12) compared with three other 
initiators, 1-3. Unchanged 4 was detected in 
the 1 H NMR spectrum and GPC profile of the 
reaction mixture in runs 10----12. Although 4 
showed incomplete initiating ability for the 
aldol-GTP of silyl dienolates, the resulting 
adducts of 4 with the dienolate monomers 
must be conjugated aldehydes which can be 
followed by rapid propagation. Similar results 
were obtained in our previous study on the 
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m1tiating ability of various aldehydes. 5 No 
polymerization commenced by 4 at - 78°C, 
while aldol-GTP with 1-3 proceeded after a 
somewhat long time even at - 78°C. These 
initiations with 1--4 are just models for 
cross propagations in aldol-coGTP. There
fore, poor copolymerizability of VOTBDMS 
can be predicted on aldol-coGTP with dieno
late comonomers, BdTMS, MeBdTMS, and 
BdTBDMS. 

Conditions of Aldol-CoGTP 
To get significant data from aldol-coGTP, it 

is necessary to set experimental conditions 
carefully. Since the aldol-GTP proceeds in a 
living manner, the degree of polymerization is 
in proportion to conversion of feed monomer. 
The degree of polymerization must be high 
( 30) enough to treat copolymer composition 
statistically. Thus, the theoretical degree of 
polymerization at 100% conversion was set at 
300, and polymerization time was adjusted so 
as to become about l 0% conversion by way 
of trial and error. The extended Kelen-Tiidos 
method 13 must be useful to determine 
reactivity ratios, r 1 and r 2 , even if the monomer 
conversions were somewhat over 10%. Po
lymerization temperature at - 78°C was pre
ferred in the aldol-GTP of silyl dienolate 
monomers to avoid undesirable side reactions 
by which termination occurs. 7 However, the 
aldol-GTP of silyl enolate monomers, VOTMS 
and VOTBDMS, did not proceed at - 78°C. 
Thus aldol-coGTP was carried out at 0°C. On 
the basis of our previous studies, 5 - 7 p

anisaldehyde and ZnBr 2 solution in diethyl 
ether were selected as the initiator and Lewis 
acid catalyst, respectively. Benzaldehyde was 
also used as an initiator in some experiments. 

Flame-drying of glass apparatus and suffi
cient drying of the reagents should be done 
thoroughly to avoid undesired hydrolysis of 
the monomer. Otherwise, some aldehyde will 
be produced from the monomer in the reaction 
mixture and the degree of polymerization may 
decrease to less the theoretical value. 
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Effects of structure features of the monomers 
on their reactivity toward the aldol-GTP may 
be understood through copolymerization of the 
following comonomer pairs. 

(1) Effects of organosilyl groups (t-bu
tyldimethylsilyl and trimethylsilyl groups): 
VOTBDMS-VOTMS, BdTBDMS-BdTMS. 

(2) Differences between silyl enolate and 
silyl dienolate monomers: VOTBDMS
BdTBDMS, VOTMS-BdTMS. 

(3) Effects of 3-substituent of silyl dieno
late monomers: BdTMS-MeBdTMS. 

(4) Differences in geometry of silyl dieno
late monomers: E-BdTBDMS-Z-BdTBDMS, 
E-BdTMS-Z-BdTMS. 
In the experiments on (1 H3), £-isomers were 
used as silyl dienolate monomers. 

Effects of Organosilyl Groups in Aldol-CoGTP 
At first, the effects of organosilyl groups, 

t-butyldimethylsilyl (TBDMS) and trimethyl
silyl (TMS) groups, on the aldol-coGTP were 
investigated for VOTBDMS-VOTMS or 
BdTBDMS-BdTMS. The results are sum
marized in Table III. Figures 2 and 3 show the 
1 H NMR spectra of the copolymers obtained 
in runs 11 and 3, respectively. Signals of poly
(BdTBDMS) agreed in chemical shifts with 
those of poly(BdTMS) except for methyl 
signals due to TBDMS and TMS groups. 
Therefore, the signals of copolymer overlapped 
regardless of BdTBDMS or BdTMS units in 
Figure 2. The same situation holds also for 
Figure 3. Copolymer compositions were 
calculated from signal intensities of TBDMS 
and TMS groups. Figure 4 shows copolymer 

Table III. Aldol-coGTP of VOTBDMS-VOTMS and BdTBDMS-BdTMS at 0°c• 

Monomer feed Time Yield Copolymer 
Run 

mo!% ofM 1 min % mo!% ofM 1 M/x10- 3 Mw/M/ 

VOTBDMS(M 1)-VOTMS(M 2)' 

I 89.4 15 12.2 89 2.1 1.64 
2 74.6 12 10.5 74 2.0 1.60 
3 SO.I 9 7.9 47 1.4 1.59 
4 24.9 15 9.3 22 1.7 1.61 
5 10.2 20 8.3 9 1.3 1.51 

BdTBDMS(M 1}-BdTMS(M2)° 
6 90.3 5 IS.I 93 5.5 1.69 
7 83.6 5 9.5 86 6.5 1.57 
8 74.9 3.5 34.0 76 15.2 1.76 
9 49.9 3 15.4 49 7.1 1.41 

10 24.7 3 13.2 18 3.4 2.14 
11 9.8 3 10.8 10 2.5 1.61 

BdTBDMS(M 1)-BdTMS(M 2)d 

12 83.3 3.0 86 1.0 1.45 
13 49.9 3 23.3 53 4.3 1.70 
14 24.7 3 26.0 19 3.8 1.89 
15 9.8 2.5 20.8 13 3.6 1.84 

• Carried out with p-anisaldehyde (runs 1-5 and 12-15) or benzaldehyde (runs 6--11) as an initiator in the 
presence of ZnBr2 (l.6moll- 1 solution in diethyl ether): ([M 1] 0 +[M2 ] 0), l.0moll- 1; [p-anisaldehyde]0 , 

3.3mmol- 1; [ZnBr2] 0 , 3.3mmol- 1. 

b Determined by GPC and calibrated by standard polystyrenes. 
' Carried out in toluene. 
d Carried out in CH 2Cl 2 • 
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1 

3 
2 ,---, 4 

+CH2CH=CHCH+n. 
I 
0 
I 

SiMe2R 9 10 11 12 
-CH2CH=CHCHO 

R=Me, tau 

SiMe 

,,,,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,, 

10 8 6 4 2 0 
Chemical Shift / 8 ppm 

Figure 2. 1 H NMR spectrum of copolymer of BdTBDMS 
and BdTMS (run 11 in Table III). 

l-©-4 56 78 
CHaO O CH-+CH2CH-):-CH2CHO 

I I n 
2 3 0 0 

I I 
SiMe2R SiMe2R 

R=Me, tau 

1 

8 

,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,,,,1,1,1\1111!1111 
10 8 6 4 2 0 

Chemical Shift / 8 ppm 

Figure 3. 1 H NMR spectrum of copolymer ofVOTBDMS 
and VOTMS (run 3 Table III). 

composition diagrams in aldol-coGTP of 
VOTBDMS-VOTMS (runs 1-5 in Table III) 
and BdTBDMS-BdTMS (runs 6-11). Both 
curves apply to ideal copolymerization. The 
TMS or TBDMS group in the monomer does 

40 

100 
';J!. 

c/ 0 80 E 
'--._ /. I.. 

60 a, 
E 
>, 

/ 0 
40 C. 

0 u 
.£ 20 
... 

::E 
00 20 40 60 80 100 

M1 in Monomern/mol% 

Figure 4. Copolymer composition diagrams in aldol
coG TP: 0, VOTBDMS(M,)-VOTMS(M 2 ); e, 
BdTBDMS(M 1}-BdTMS(M2). 

not bring about significant difference in 
copolymerizability. 

In spite of a different organosilyl group, 13C 
chemical shifts of BdTBDMS and BdTMS 
were almost the same, i.e., C 1 , 145.8; C2 , 114.6; 
C3 , 133.8; C4 , 112.3 for BdTBDMS: C1 , 145.2; 
C2 , 114.9; C3 , 133.8; C4 , 112.5 ppm for BdTMS 
(chemical shifts are based on 77.5 ppm of 
CDC13). Thus there is little difference in the 
nucleophilicity of monomers at C4 toward the 
cationic propagating center. The structure of 
the propagating polymer end may be important 
to determine copolymerizability. However, the 
same propagating end was formed regardless 
of the incoming monomers as shown in Scheme 
3. Therefore the above results should be 
explained only by the reactivity of incoming 
monomers. Among processes involved in 
aldol-GTP, transfer of an organosilyl group 
from the incoming monomer to the formyl 
oxygen of the propagating polymer end is 
absolutely required. If this process should be 
a rate-determining step in aldol-GTP, the 
reactivity of incoming monomers should be 

BdTMS or 
BdTBDMS 

-------J..cH2CH=CHCH~ -----
"-------7 II I ZnBr2 

~_9_J 

~CH2CH=CHCH~CH2CH=CHCH I "-------7 II I 

OSiMe2R ~_Q_J 
R=Me or tsu 

Scheme 3. 
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influenced directly by the organosilyl group, 
probably by its different size. However, such 
an assumption is shown invalid by the above 
results. A possible reaction path will be 
discussed later. 

Aldol-coGTP of BdTBDMS and BdTMS 
was carried out in CH2Cl2 instead of toluene 
(runs 12-15 in Table III). The mole fraction 
of BdTBDMS in the copolymer was close to 
that of BdTBDMS in the feed. Ideal 
copolymerization was observed in CH2Cl2 as 
well as in toluene. Although aldol-GTP has 
been recognized as a kind of cationic po
lymerization, the solvent had little influence 
on aldol-coGTP. This assured us that the same 

active species was induced from both mono
mers in the same way. The use of p
anisaldehyde instead of benzaldehyde resulted 
in ideal copolymerization. This is reasonable 
in aldol-GTP because the initiator contributes 
only to the initiation and cannot be responsible 
for competitive propagations between the 
monomers. 

Differences between Silyl Eno/ate and Si/yl 
Dienolate Monomers 
Aldol-coGTP of the silyl dienolate mono

mer (BdTBDMS or BdTMS) and silyl enolate 
monomer (VOTBDMS or VOTMS) were 
carried out. The results are summarized m 

Table IV. Aldol-coGTP between silyl dienolate and silyl enolate in toluene at 0°c• 

Monomer feed Time Yield Copolymer 
Run 

mo!% ofM 1 mm % mo!% ofM 1 M/x 10- 3 Mw/M/ 

BdTBDMS(M 1)-VOTBDMS(M2 ) 

I 74.9 2.5 8.8 97 3.0 2.00 
2 49.9 3 6.2 93 2.4 1.83 
3 35.0 3 11.4 85 4.1 1.87 
4 24.9 7 12.1 73 3.6 1.82 
5 9.9 7 10.4 34 3.5 2.06 

BdTBDMS(M 1)-VOTMS(M2) 

6 74.5 3 14.6 95 4.8 2.00 
7 SO.I 3 IO.I 90 3.6 2.00 
8 35.1 5 12.8 79 3.1 1.86 
9 24.9 6.5 12.3 64 2.4 1.72 

10 10.0 19 13.7 22 2.7 1.63 

BdTMS(M 1)-VOTBDMS(M2) 

II 75.0 2.5 8.8 96 1.4 1.72 
12 50.2 10 8.2 89 1.5 1.46 
13 35.0 10 17.1 77 2.7 1.79 
14 25.6 12 15.0 67 2.6 1.78 
15 10.2 12 13.8 31 1.9 1.73 

BdTMS(M 1)-VOTMS(M2) 

16 74.6 1.5 13.6 95 3.9 1.8 
17 50.3 7 18.7 87 3.9 1.8 
18 34.6 7 13.3 71 3.5 1.7 
19 24.6 9 11.4 56 2.7 1.7 
20 10.3 10 8.5 26 2.1 1.5 

• Carried out with p-anisaldehyde as an initiator in the presence of ZnBr2 (1.6 mo! I- 1 solution in diethyl ether): 
([M 1] 0 +[M 2] 0), 1.0moll- 1 ; [p-anisaldehyde]0 , 3.3mmoll- 1; [ZnBr2] 0 , 3.3mmoll- 1 . 

h Determined by GPC and calibrated by standard polystyrenes. 
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Table IV. Figure 5 shows the 1 H · NMR spec
trum of the copolymer obtained in run 5 in 
Table IV as a typical example. Copolymer 
compositions were calculated from signal 
intensities of No. 5, 6, 9, and 12 in Figure 5. 
Figure 6 shows copolymer composition dia
grams in aldol-coGTP of the silyl dienolate 
and enolate monomers. According to the ex
tended Kelen-Tiidos method, 13 the reactivity 
ratio in aldol-coGTP of BdTBDMS(M 1)

VOTBDMS(M2) was determined as r 1 = 11.3 

1 

13 
-CHO 

SitBu 

7,111 SiMe 

f :v 
i1 I 

! ·I I Llbl 11· 61/12 
I i I r, 

9 r w'1, ·11~\~~l 
10 8 6 4 2 0 

Chemical Shift / 6 ppm 

Figure 5. 1HNMRspectrumofcopolymerofBdTBDMS 
and VOTBDMS (run 5 in Table IV). 
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E 
>, 
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Figure 6. Copolymer composition diagrams in aldol
coGTP: e, BdTBDMS(M 1)-VOTBDMS(M 2); (), 
BdTMS(M 1)-VOTMS(M 2); ®, BdTBDMS(M 1)

VOTMS(M2); 0, BdTMS(M 1}-VOTBDMS(M2). 
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and r2 =0.16. Similarly, (r1 , r2 ) values for 
BdTBDMS(M 1)-VOTMS(M 2), BdTMS(M 1)

VOTBDMS(M2), and BdTMS(M 1)-VOTMS
(M2) pairs were calculated as (8.88, 0.33), 
(8.73, 0.22), and (8.30, 0.43), respectively. 
Taking account of the rather few data and 
experimental error, these values could be 
regarded as almost the same. The copolymeriz
ability of the silyl dienolate monomer was 
obviously superior to that of the silyl enolate 
monomer. This seems that the length of 
conjugated system of the monomer determines 
its copolymerizability. Silyl dienolate mono
mers possess the longer conjugated n system 
than the enolate monomers. When an incom
ing monomer is the silyl dienolate and its 
nucleophilic addition to the propagating 
formyl cation takes place, positive charge can 
be delocalized on the conjugated system. 
However, in the case of silyl enolate as the 
incoming monomer, such delocalization can
not occur. Consequently, the activation energy 
of the propagation of silyl dienolate monomers 
must be lower than that of enolate monomers. 
Differences in organosilyl groups (TBDMS 
and TMS) were not very important to 
determine copolymerizability. 

Effects of 3-Substituent of Silyl Dienolate 
Monomer 
Aldol-coGTP of the silyl dienolate mono

mer having methyl group at 3-carbon and 
unsubstituted dienolate monomer, name
ly MeBdTMS--BdTBDMS or MeBdTMS
BdTMS, was carried out, and the results are 
summarized in Table V. Since homopolymer
ization of MeBdTMS was considerably slow, 
twice the molar amounts of ZnBr 2 were used. 
However, MeBdTMS was more easily in
corporated in the resulting copolymer than 
BdTBDMS or BdTMS. Figure 7 shows 
copolymer composition diagrams in aldol
coGTP of MeBdTMS(M 1)-BdTBDMS(M2) 

and MeBdTMS(M 1)-BdTMS(M 2). Evalua
tion of reactivity ratios by the extended 
Kelen-Tiidos method 13 showed in r 1 = l .4 and 
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Table V. Aldol-coGTP of MeBdTMS with BdTBDMS or BdTMS in toluene at 0°C• 

Monomer feed Time Yield Copolymer 
Run 

mo!% ofM 1 min % mo!% ofM 1 M/x 10- 3 Mw/M/ 

MeBdTMS(M 1)-BdTBDMS(M2 ) 

1 75.1 10.0 10.4 79 0.8 1.67 
2 50.2 3.0 9.5 67 1.2 1.80 
3 35.6 1.5 13.0 52 2.6 1.50 
4 25.1 0.5 9.7 39 2.4 1.46 
5 10.7 1.0 5.4 17 1.7 1.62 

MeBdTMS(M 1)-BdTMS(M2) 

6 75.4 3.0 7.4 85 1.1 1.69 
7 49.9 3.0 15.3 72 2.9 1.67 
8 35.7 1.0 14.3 58 2.7 1.65 
9 25.1 0.8 15.2 49 2.8 1.72 

10 9.5 0.8 11.5 19 1.7 1.81 

• Carried out with p-anisaldehyde as an initiator in the presence of ZnBr2 (1.6mol l- 1 solution in diethyl ether): 
([M 1] 0 +[M 2] 0 ), 1.0moll- 1 ; [p-anisaldehyde] 0 , 3.3mmoll- 1 ; [ZnBr2 ] 0 , 6.7mmoll- 1 . 

b Determined by GPC and calibrated by standard polystyrenes. 
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Figure 7. Copolymer composition diagrams in aldol
coGTP: 0, MeBdTMS(M 1)-BdTBDMS(M 2 ); e, 
MeBdTMS(M 1)-BdTMS(M2). 

r 2 =0.42 for the former pair, and r 1 =2.0 and 
r 2 = 0.29 for the latter pair. The higher 
copolymerizability of MeBdTMS than unsub
stituted silyl dienolate monomers, BdTBDMS 
and BdTMS, may be attributed to hyperconju
gation effect of the methyl substituent. 

The presence of a cross-propagated dyad in 
the copolymers has been predicted confidently 
using the initiators 1-3. Here we note some 
other evidence confirming that the products are 
the copolymers in practice and not a mixture 
of each homopolymer. The product polymer 
obtained by aldol-coGTP of BdTBDMS and 
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MeBdTMS was treated with THF-acetic 
acid-water (5: 3: 1) to cause desilylation of 
only TMS groups. If the product polymer 
should be a mixture of each homopolymer, the 
products after desilylation may be separated 
into soluble and insoluble portions in metha
nol. However, no insoluble homopolymer of 
BdTBDMS was obtained. Thus, the product 
polymer is a copolymer. Figure 8a shows the 
expanded 1 H NMR spectrum of the siloxy
methine region ( 4.0-4.6 ppm) of the polymer 
obtained in run 3 in Table V (containing 
52mol% MeBdTMS unit). The siloxymethine 
signal was split into four peaks. The chemical 
shift of the peak at the highest magnetic field 
(I in Figure 8a) was in agreement with that of 
siloxymethine proton of BdTBDMS homo
polymer, while the chemical shift of the peak 
at the lowest magnetic field (4 in Figure 8a) 
was in agreement with that of MeBdTMS 
homopolymer. The inner two peaks (2 and 3) 
did not appear in the spectrum of any 
homopolymer. The presence of the peaks 
absent in each homopolyrner suggests that the 
product is a copolymer, not a mixture of 
homopolymers. The splitting of the siloxy-
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4 1 
-CH2CH=CHCH--CH2CH=CHCH-

I I 
OTBDMS OR 

yHa 2 
-CH2C=CHCH--CH2CH=CHCH-

I I 
OTBDMS OR 

3 yH3 
-CH2CH=CHCH--CH2C=CHCH-

I I 
OTMS OR 

CH3 4 CH3 
I I 

-CH2C=CHCH--CH2C=CHCH-
I I 

4.6 4.4 4.2 4.0 
Chemical Shift/ 6 ppm 

OTMS OR 

R; TBDMS or- TMS 

Figure 8. 1H NMR spectra of siloxymethine region of (a) copolymer of MeBdTMS and BdTBDMS 
and (b) acetylated copolymer. 

methine proton was due to the dyad sequences 
of MeBdTMS and BdTBDMS units. The 
polymer was treated with THF-acetic acid
water, and reacted with acetic anhydride in 
pyridine, converting its hydroxy group to 
acetoxy group. Figure 8b shows the 1 H NMR 
spectrum of the siloxymethine region of the 
acetylated polymer. In comparison with the 
spectrum of the original polymer in Figure 8a, 
two peaks at higher field (1 and 2 in Figure 8a) 
did not change, and two other peaks at lower 
field (3 and 4) disappeared. Consequently, the 
two peaks at higher field in Figure 8a are due 
to t-butyldimethylsiloxymethine protons, and 
the two other peaks at lower field are due to 
trimethylsiloxymethine protons. In aldol-GTP, 
the silyl group in a certain monomeric unit in 
the product polymer is transferred from the 
next monomeric unit. Thus, the four split peaks 
can be assigned to the siloxymethine protons 
in the four dyad sequences as shown in Figure 
8. Such spectroscopic and chemical evidence 
can be noted also for other copolymers having 
TBDMS and TMS groups. 

Differences in Geometry of Silyl Dienolate 
Monomer 
Remarkable differences between E- and 

44 

Z-isomers of silyl dienolates have been noted 
in homopolymerization via aldol-GTP proc
ess. 9 Although copolymerization of both 
isomers is desired to estimate reactivity directly, 
this may result in vague data because of 
probable trace amounts of Z-isomer in
corporated in the (co)polymer and structural 
resemblance of both units. There is no 
considerable difference between TMS and 
TBDMS derivatives of £-monomer, and thus 
Z-BdTBDMS instead of Z-BdTMS may be 
used. The TBDMS group will be detected 
clearly by 1 H NMR, even if a small amount 
of Z-BdTBDMS is incorporated in the 
polymers. Thus aldol-coGTP of E-BdTMS-Z
BdTBDMS and VOTBDMS-Z-BdTMS was 
carried out and the results are summarized in 
Table VI. In aldol-coGTP of a mixture of 
E-BdTMS and Z-BdTBDMS (runs 1-5), the 
polymer could hardly be obtained. A sharp 
signal due to TBDMS group was found at 
0.9 ppm in the 1 H NMR spectrum of the 
polymer obtained in run I, suggesting that 
Z-BdTBDMS could slightly be polymerized 
under given conditions. However, it is doubtful 
whether Z-BdTBDMS reacted with a propa
gating end in the same manner as E-BdTMS. 

Contrary to our expectation, aldol-coGTP 
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Table VI. Aldol-coGTP of E-BdTMS-Z-BdTBDMS and VOTBDMS-Z-BdTMS in toluene at 0°c• 

Monomer feed Time Yield Copolymer 
Run 

mo!% ofM 1 h % mo!% ofM 1 M_"x 10- 3 Mw/M_" 

E-BdTMS(M 1)--Z-BdTBDMS(M2) 

I 74.7 0.1 6.5 96 1.6 1.77 
2 49.8 0.5 trace 
3 25.6 9.0 none 
4 16.5 4.5 none 
5 10.3 4.5 none 

VOTBDMS(M 1)-Z-BdTMS(M 2) 

6 89.7 0.25 8.6 93 2.0 1.97 
7 74.7 0.5 7.6 86 1.6 1.77 
8 49.8 1.0 9.4 69 1.8 1.82 
9 35.3 2.0 7.4 57 1.3 1.77 

10 25.3 11.0 5.0 53 0.8 1.61 

• Carried out with p-anisaldehyde as an initiator in the presence of ZnBr2 (l.6moll- 1 solution in diethyl ether): 
([M 1] 0 + [M 2] 0), l.0moll- 1 ; [p-anisaldehyde] 0 , 3.3 mmoll- 1 ; [ZnBr2] 0 , 3.3 mmoll- 1 . 

b Determined by GPC and calibrated by standard polystyrenes. 
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Figure 9. Copolymer composition diagram m aldol
coGTP of VOTBDMS(M 1)-Z-BdTMS(M 2). 

of VOTBDMS and Z-BdTMS (runs 6-10 in 
Table VI) gave copolymers. As the content of 
Z-BdTMS in monomer feed increased, the 
content of Z-BdTMS unit in the polymer 
gradually approached ca. 50mol%, as depicted 
in Figure 9. However, the polymerization rate 
became slower and the molecular weight of 
the polymers tended to lower. This is often 
observed for copolymerization in which one of 
the comonomers could not give rise to homo
polymerization. Consequently, Z-BdTMS 
could react with only the VOTBDMS end of 
the copolymer. The copolymer must have an 
almost alternating structure. 
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The structure of the copolymer from 
VOTBDMS and Z-BdTMS was essentially the . 
same as that of VOTBDMS and E-BdTMS. 
It seems proper that s-trans form is the 
predominant form in Z-BdTMS. Evidence for 
the presence of cross-propagation was obtain
ed by the 1 H NMR spectra of the product 
polymers. Signals coinciding with the TBDMS 
group of E-BdTBDMS homopolymer were 
found in the spectra. Nevertheless, Z-BdTMS 
was used as a comonomer. This suggests that 
the TBDMS group is transferred from the 
incoming VOTBDMS to the Z-BdTMS end, 
as shown in Scheme 4. 

-CHCH2CH=CHCH 
I II 
OTMS 0 

Polymer end derived 

from Z-BdTMS 

+ CH2=yH 
OTBDMS 

VOTBDMS 

-yHCH2CH=CHyH-CH2fiH 

OTMS OTBDMS 0 

BdTBDMS unit 

Scheme 4. 

Mechanism of Aldol-GTP 
Two possible propagation mechanisms for 
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a, -nH + ZnBr-2 -9H 0 
O O-ZnBr2 

I+ Monomer 

Scheme 5. 

the aldol-GTP of silyl dienolates have been 
proposed on the basis of kinetic8 and 
stereochemical9 •10 investigations, as shown in 
Scheme 5. One is a "stepwise" mechanism, and 
the other is a "concerted" mechanism. The 
bicyclic transition state (A) or (B) is regarded 
as important from the standpoint of the 
stereochemistry of the resulting polymers. 

The present copolymerization data indicate 
that transfer of organosilyl group from the 
incoming monomer onto formyl oxygen of 
the polymer end is not an important step 
determining the propagation rate of aldol
GTP. This implies that (1) in the stepwise 
mechanism, the rate-determining step of prop
agation is the carbon-carbon bond forma
tion between monomer and formyl carboca
tion in the propagating end, and that (2) 
in the concerted mechanism, almost the same 
activation energy for transition state (B) is 
required regardless of the different organosilyl 
groups. It seems that the stepwise mecha
nism is preferred to the concerted one. How
ever, it is still ambiguous which mechanism is 
more applicable, since the organosilyl group 
was placed outside the cyclic structure in (B) 
as well as (A) and therefore it could not play 
an important role. The rate-determining step 
is, as a whole, .a nucleophilic addition of the 
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incoming monomer to formyl cation produced 
by coordination with ZnBr2 • 

The reciprocals of monomer reactivity ratios 
(l/r1 , BdTMS as M 1) were the following order: 
MeBdTMS(l/r 1 = 3.4) > BdTBDMS(l. l) 
BdTMS(l .O) > VOTMS(0.12) VOTBDMS
(0.1 l)»Z-BdTMS and Z-BdTBDMS(~0). 
Figure 10 shows schematic potential energy 
changes along the reaction coordinate for
propagation in aldol-coGTP, mainly using a 
model in which BdTMS and VOTMS competi
tively added to the BdTMS unit as the polymer 
end, i.e., ix,P-unsaturated aldehyde. Activation 
of the BdTMS end by ZnBr2 (from a to c) 
must be smooth in comparison with that of a 
VOTMS end, i.e., saturated aldehyde (from 
a* to c*) because of allylic resonance in its 
cationic form. Peaks d and d* represent transi
tion states of nucleophilic addition of each 
monomer to the activated polymer end, and 
troughs e and e* represent propagation inter
mediates after forming new carbon-carbon 
bonds. The potential energy level of the 
intermediate e must be lower than that of 
e*, because the positive charge in e can be 
delocalized on the allylic structure. In the case 
of propagation of MeBdTMS, the corres
ponding intermediate is further stabilized by 
hyperconjugation of methyl substituent. Sta
bilities of the transition states d and d* paral
lel stabilities of the intermediates e and e*, 
respectively. Thus the activation energy for 
nucleophilic -addition of BdTMS (from c to d) 
would be smaller than that for nucleophilic ad
dition of VOTMS (from c to d*). Peaks f and 
f* represent transition states of the "group 
transfer" process. Their activation energies 
must be fairly small in comparison with those 
of the rate-determining step (c-+d and c-+d*). 
The activation energies for the "group trans
fer" processes (e-+f and e*-+f*) scarcely 
depend on different organosilyl groups of the 
monomers because no significant effect of the 
organosilyl · group on copolymerization was 
observed. Dotted curves in Figure 10 represent 
propagations of BdTBDMS and VOTBDMS. 
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Stepwise Mechanism 
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Figure 10. Relative potential energy changes for propagations of (1) BdTMS and (2) VOTMS from 
a,P-unsaturated formyl group in a polymer end. Dotted curves are tentatively drawn for propagations of 
BdTBDMS and VOTBDMS. 

The lowest polymerizability of Z-monomer is 
attributed to the difficulty in forming the 
transition state f of the "group transfer" 
process. Troughs g and g* correspond to 

new propagating polymer ends having a,/3-
unsaturated and saturated formyl groups, 
respectively. The former must be much more 
stabilized by allylic resonance. 
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In the concerted mechanism, nucleophilic 
addition and transfer of organosilyl group 
proceed all at once through the transition state 
(B). Therefore, the polymerizability of each 
monomer may be explained by the stability of 
g and g*. It seems reasonable to assume that 
dienyl skeleton of BdTMS is stereochemically 
advantageous to form state (B). 9 The potential 
energy level of state (B) must be lower than 
that of (B)*, because the positive charge in (B) 
can be delocalized on the conjugated system. 
In the cases of propagations ofBdTBDMS and 
VOTBDMS (dotted curves), potential energy 
levels of the transition states are almost the 
same as the cases of BdTMS and VOTMS, 
respectively. 
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