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agreement with the chain-transfer constant (0.6). 
A variety of carbon acids has been shown to be effective 

as chain-transfer agents in GTP of MMA. Of the com- 
pounds studied, a-phenylpropionitrile and esters of phe- 
nylacetic acid are the most useful chain-transfer agents 
since they transfer efficiently and do not interfere with the 
activity of the anion catalysts used in the GTP process. 
The catalysts which are useful for GTP4 also catalyze the 
chain-transfer process. Although our studies do not pro- 
vide anv direct evidence on the mechanism of silicon- 
proton exchange in the chain-transfer process, this process 
appears to be related to the tetrabutylammonium fluoride 
catalyzed silylation of aldehydes and ketones with ethyl 
(trimethylsily1)acetate reported by Kuwajima and co- 
workers." The mechanism proposedllb for this process 
involves the reaction of fluoride with ethyl (trimethyl- 
sily1)acetate to form fluorotrimethylsilane and ester enolate 
which deprotonates the carbon acid. The resulting car- 
banion is then silylated by the fluorotrimethylsilane. We 
have no evidence to indicate whether, in the GTP chain- 
transfer process, a free enolate is an intermediate or 
whether an anion-activated silylenolate is the intermediate. 
Since the latter species has been proposed to be the re- 
active intermediate in the carbon-carbon bond-forming 
step of GTP2112 it seems reasonable that such an inter- 
mediate would have sufficient reactivity to undergo sili- 
con-proton exchange with a carbon acid in the chain- 
transfer process. Although indene and phenylacetonitrile 
are chain-transfer agents in GTP exhibiting large chain- 
transfer constants, they both lead to slow polymerizations 
of MMA probably as a result of coordination with catalyst, 
and indene, in addition, leads to poor conversion to 
polymer. Thus, the most attractive chain-transfer agents 
are a-phenylpropionitrile and the a-arylacetates. Although 
the literature does not provide pK, vzlues for all of the 
carbon acids that have been evaluated as GTP chain- 
transfer agents in this study, all of the compounds that 
have good or moderate activity as chain transfer agents 
probably have pK, (in DMSO) values of 25 or less.'" 
Aliphatic esters, such as isobutyrates, which are estimated 
to have pK,'s in excess of 25,13" are not chain-transfer 
agents in GTP. Other, more acidic compounds with pK, 
values below about 18, such as malonic esters, malono- 

nitrile, a diphenylacetonitrile, seem to produce termination 
of GTP for reasons not completely understood. 
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"Immortal" Polymerization of E-Caprolactone Initiated by 
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A B S T R A C T :  T h e  (5,10,15,20-tetrapheny1porphinato)alumin alkoxide-alcohol system is a n  excellent initiator 
for t h e  polymerization o f  6-caprolactone t o  give t h e  corresponding polyester having a narrow molecular weight 
distribution, without  t h e  formation o f  cyclic oligomers. T h e  number  o f  polymer molecules produced exceeded 
tha t  o f  a luminum porphyrin molecules, and t h e  reaction t h u s  has t h e  character o f  "immortal" polymerization. 
t-Caprolactone-ethylene oxide block copolymer w i t h  controlled chain lengths can also b e  synthesized.  

Introduction well-controlled molecular weight is very important in order 

Polycaprolactone is widely used for the production of to give a desired function polyurethanes. 
polyurethanes, and the synthesis of polycaprolactone with The polymerization of E-caprolactone can be brought 

about with various  initiator^,',^ but examples of living 
polymerization have been very limited. Teyssie and co- 

leave from Nippon Polyurethane Industry Co.. 1,td.. Yok- workers reported the living polymerization of E-caPro- 
ohama. .Japan. lactone catalyzed by soluble bimetallic p-oxoalkoxide, to 
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give a polymer with a narrow molecular weight distribu- 
t i ~ n . ~  In th i s  case, however, reequilibration a n d  degra- 
dat ion reactions t a k e  place competitively. A t  100% con- 
version, t h e  molecular weight of t h e  polymer reaches a n  
equi l ibr ium character ized b y  a t r imodal  distribution. 
Yamashita  a n d  co-workers showed t h a t  t h e  anionic po- 
lymerization of c-caprolactone with potassium or  lithium 
ter t -butoxide resul ts  i n  a living ring-chain equilibrium 
system, t h e  cyclic oligomers being produced by  back-biting 
degradat ion from t h e  initially formed linear  polymer^.^ 
T h u s ,  i t  has  been difficult t o  synthesize polycaprolactone 
with a narrow molecular weight distribution. 

Recently, we found  a luminum porphyrin,  such  a s  
(5,10,15,20-tetraphenylporphinato)aluminum chloride 
((TPP)AlCl, 1, X = Cl), t o  be  a n  excellent initiator for t h e  

ring-opening polymerization of epoxides t o  give polyethers 
of controlled molecular weight with narrow d i ~ t r i b u t i o n . ~  
In th i s  case, t h e  growing species of polymerization is t h e  
(porphinato)aluminum alkoxide 2, formed by  t h e  insertion 
of epoxide in to  t h e  A1-C1 bond  of t h e  initiator (eq 

R A 
I I 

(TPP)AICI + nCH-CH2 ( T P P ) A ~ + O C H C H ~ ~ C I  (1  ) 

1 . X  = C I  '0' 2 

Similarly, t h e  ring-opening polymerization of a p-lactone 
with (TPP)AlCl proceeds b y  a "living" process,' where t h e  
growing species is a (porphinato)aluminum carboxylate, 
t h e  p roduc t  of ring-opening of t h e  0-lactone a t  t h e  al- 
kyl-oxygen bond (eq 2).8 I n  con t ras t  t o  P-lactone, t-ca- 

prolactone does n o t  react  with (porphinato)aluminum 
chloride or  (porphinato)aluminum carboxylate, b u t  t h e  
polymerization is initiated b y  (porphinato)aluminum alk- 
oxide (1, X = OR'), which regenerates t h e  alkoxide 3, t h e  
product  of t h e  ring-opening a t  t h e  acyl-oxygen bond (eq 
3).9 

I n  t h e  course of studies on  t h e  reactivity of t h e  growing 
species i n  these  polymerizations, we have very recently 
found t h e  "immortal" polymerization of epoxide,1° where 
t h e  growing species is no t  "killedn even in t h e  presence of 
a protic compound such  a s  alcohol. T h e  a luminum por- 
phyrin-alcohol system gives a polymer of narrow molecular 
weight distribution with t h e  number of polymer molecules 
exceeding t h a t  of a luminum porphyrin molecules. 

These  interesting findings prompted  us  t o  examine t h e  
possibility of applying this excellent system t o  t h e  polym- 
erization of t-caprolactone, i n  order  t o  synthesize poly- 

caprolactone with well-controlled molecular weight a n d  
without  t h e  formation of t h e  cyclic oligomers. 

Experimental Section 
Materials. 5,10,15,20-Tetraphenylporphine (TPPH,) was 

synthesized from pyrrole and benzaldehyde in propionic acid and 
recrystallized from chlor~form/methanol .~~ Diethylaluminum 
chloride (Et2A1C1) and triethylaluminum (Et3Al) were distilled 
under reduced pressure in a nitrogen atmosphere. Dichloro- 
methane and chloroform were washed with concentrated sulfuric 
acid, neutralized with aqueous solution of sodium bicarbonate, 
dried over calcium chloride, and distilled over calcium hydride 
in a nitrogen atmosphere. t-Caprolactone was dried over calcium 
hydride and then distilled under reduced pressure in a nitrogen 
atmosphere. Epoxyethane (ethylene oxide), stirred with a mixture 
of potassium hydroxide and calcium hydride at room temperature, 
was degassed to remove air and then collected in a trap cooled 
at  the liquid nitrogen temperature (trap-to-trap method). 
Methanol was dried over calcium sulfate and distilled over 
magnesium treated with iodine under nitrogen atmosphere. 
Ethylene glycol, dried over potassium hydroxide, was distilled 
under reduced pressure in a nitrogen atmosphere over potassium 
hydroxide. 

Preparation of (Porphinato)aluminum Alkoxide from 
(TPP)AlCI and Epoxide. (TPP)AlCl (I? X = C1) was prepared 
by the reaction of Et,AlCl with TPPH, as described previously.5b 
TPPH, (1 mmol) was placed in a Pyrex tear-drop-type flask 
connected with a three-wzy stop cock and purged with dry ni- 
trogen. Dichloromethane (CH,C12, 20 mL) was introduced into 
this flask to dissolve TPPH,. To this solution was added Et2A1C1 
(about 0.15 mL (1.2 mmol), in 20% excess to TPPH2), and the 
reaction mixture was allowed to stand for about an hour with 
magnetic stirring under nitrogen atmosphere at room temperature. 
From the above reaction mixture, volatile materials were removed 
under reduced pressure to give (TPP)AlCl as a purple solid with 
a metallic luster. CH2C12 was in?roduced again to dissolve the 
(TPP)AlCl, and 1,2-epoxypropane (propylene oxide) (2 mmol) 
was added to this solution. After the mixture was stirred for 2 
days at room temperature, volatile materials were removed under 
reduced pressure to leave (TPP)Al(PO),Cl (2, R = CH3, n = 2), 
which was used as the initiator for polymerization. 

Preparation of (Porphinato)aluminum Alkoxide from 
(TPP)AlEt and Alcohol. (Tetrapheny1porphinato)aluminum 
ethyl ((TPP)AlEt, 1, X = C2H,) was prepared by the equimolar 
reaction of Et3A1 with TPPH, as described previou~ly. '~ A 
tear-drop-type flask fitted with a three-way stop cock containing 
TPPH, (1 mmol) was purged with dry nitrogen, CH2C12 (20 mL) 
was introduced into the flask, and Et3A1 (0.14 mL, 1 mmol) was 
added to the solution with stirring. After the reaction mixture 
was stirred at  room temperature for about an hour, the volatile 
materials were removed under reduced pressure, and CH2C12 (20 
mL) was introduced again into the flask to dissolve the product, 
(TPP)AlEt. 

(Tetraphenylporphinato)aluminum methoxide (1, X = OMe, 
(TPP)AlOMe) was prepared by the reaction of (TPP)AlEt with 
methanol. To  a CH2C1, solution of (TPP)AlEt (1 mmol) was 
added methanol (10 mL) at  room temperature, and the reaction 
mixture was allowed to stand for 3 days with magnetic stirring. 
After completion of the reaction, the color of the solution turned 
to reddish purple from greenish purple characteristic of 
(TPP)AIEt. The solvent and unreacted methanol were removed 
under reduced pressure to give (TPP)AlOMe as a purple solid. 

The reaction of ethylene glycol with (TPP)AlEt was carried 
out by stirring the mixture in CH2C12 for 3 days a t  room tem- 
perature. After completion of the reaction, the color of the solution 
turned to reddish purple from greenish purple, similarly to the 
above. The solvent was removed under reduced pressure at  room 
temperature, and the residue was used as the initiator system. 

Polymerization. When the initiator was (TPP)Al(PO),Cl (2, 
R = CH,, n = 2) or (TPP)AlOMe (I ,  X = OMe), methanol was 
introduced by syringe into the flask containing the initiator, 
followed by c-caprolactone. The mixture was kept at a constant 
temperature with magnetic stirring. After a prescribed time, a 
small amount of the reaction mixture was removed from the flask 
by syringe in a nitrogen stream and was dissolved in deuteriated 
chloroform (CDC13) or tetrahydrofuran. The conversion of 
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Figure 1. Time-conversion curve for the polymerization of e- 
caprolactone (CL) with the (TPP)Al(PO),Cl (2, R = CH3, n = 
2)-MeOH system at room temperature in CH2Cl2. [CL],/ 
[MeOH]o/[(TPP)Al(PO)2C1]0 = 200/9/1; [(TPP)Al(PO),Cl]o = 
16.7 mmo1.L-'. 

t-caprolactone was calculated from the intensities of the signals 
due to the -OCO(CH,),- unit and t-caprolactone remained un- 
reacted in the 'H NMR spectrum of the reaction mixture. The 
insoluble fraction in tetrahydrofuran (initiator residue) was filtered 
off by using a Teflon filter with pore size of 0.45 pm, and the 
solution was subjected to GPC analysis in order to determine the 
molecular weight and molecular weight distribution. In case of 
polymerization in the presence of ethylene glycol, the monomer 
was directly introduced into the initiator system (the reaction 
product from (TPP)AlEt and an excess of ethylene glycol) by 
syringe. 

Isolation of Polycaprolactone. For example, to the chlo- 
roform solution (5 mL) containing 1 g of ;he polymerization 
mixture at 100% conversion (Mn = 7000, Mw/Mn = 1.19) was 
added 500 mL of methanol, followed by 10 mL of 10% methanolic 
hydrochloric acid. The resulting precipitate was washed with a 
large amount of methanol until the filtrate became colorless. The 
residue was dissolved in chloroform, and the solution was evap- 
orated to dryness to leave polycaprolactone as a white powder 
in almost quantitative recovery. No change was observed for the 
molecular weight (M,) and the distribution (M,/M,) during these 
treatments. 

Measurements. 'H and 13C NMR spectra were measured in 
deuteriated chloroform by using a Hitachi R-40 spectrometer and 
a JEOL PS 100 spectrometer operating at  90 and 25.03 MHz, 
respectively. The chemical shift was determined with respect to 
tetramethylsilane (6 0) for ' NMR and to CDC13 (6 77.102) for 
13C NMR. Gel permeation chromatography (GPC) was performed 
on a Toyo Soda Model HLC-802A gel permeation chromatograph 
equipped with a differential refractometer detector using tetra- 
hydrofuran as eluent: flow rate, 1.0 mL.min-'; columns, 60 cm 
long with pore size 7000-3000 A (two), 3000 A (one), and 2000 
A (one). The molecular weight and the molecular weight dis- 
tribution were estimated on the basis of the calibration curve 
obtained by using standard poly(ethy1ene oxides) for the higher 
molecular weight region and standard poly(propy1ene glycols) for 
the lower molecular weight region. Standard poly(ethy1ene oxides) 
were obtained from Toyo Soda Manufact_uring Co., Lt.: Mn = 
22000 (A&./&&, = 1.14); Mn = 39000 (Mw/Mn = 1.03); Mn = 72000 
(Mw/Mn = 1.02). Standard poly(propy1ene glycols) were-obtained 
from Lion Fat & Oil Co., Ltd.: Mn = 1000 and 2000 ( M ,  /Mn - 
1). 

Block Copolymerization. The prepolymer of ethylene oxide 
was prepared by the polymerization of ethylene oxide with 
(TPP)AlCl or with the reaction product from (TPP)AlEt and an 
excess of 2,2-bis(4-hydroxypheny1)propane (bisphenol A). 
Ethylene oxide was introduced to the initiator system by a 
trap-to-trap method.5b After a definite time, unreacted ethylene 
oxide and solvent was removed under reduced pressure, and 
t-caprolactone was added to the prepolymer thus formed. Sub- 
sequent procedures were the same as described above for the 
homopolymerization. 

R e s u l t s  a n d  Di scuss ion  

Polymer iza t ion  of t -Caprolac tone  w i t h  t h e  ( T P P ) -  
Al(PO),CI (2, R = CH,, n = 2)-MeOH Sys t em.  Since 

55 60 65 count ( I )  

14000 2500 700 M i  

Figure 2. GPC curve of the reaction mixture in the polymeri- 
zation of e-caprolactone (CL) with the (TPP)Al(PO),Cl (2, R = 
CH,, n = 2)-MeOH system; for reaction conditions, see Figure 
1. 

Conversion in % 

Figure 3. Polymerization of t-caprolactone (CL) with the (TP- 
P)Al(PO)&l (2, R = C_H3,_n = 2)-MeOH system. Relationship 
between Mn (0) or Mw/Mn (0)  and conversion; for reaction 
conditions, see Figure 1. 

(porphinato)aluminum chloride ((TPP)AlCl, 1, X = Cl), 
though effective for the  polymerization of epoxide and 
B-lactone. does not react with t-ca~rolactone. (TPP)AlCl 
;as convkrted to  a n  alkoxide by t h e  reactid; with 2 M 
equiv of 1,2-epoxypropane (propylene oxide, PO)  (eq 1). 

By using the living oligomer (TPP)A1(P0)2C1 (2, n = 2) 
thus obtained a s  initiator, t he  polymerization of c-capro- 
lactone (CL) in t he  presence of methanol was examined. 
The  time-conversion curve for the polymerization with the 
(TPP)A1(P0)2C1-methanol system is shown in Figure I, 
where t he  initial molar ratios of c-caprolactone and 
methanol to (TPP)Al(PO),Cl were 200 and 9, respectively. 
T h e  polymerization gradually proceeded a t  room tem- 
perature until t he  added monomer was completely con- 
sumed. T h e  gel permeation chromatogram (GPC) of the  
polymer obtained a t  100% conversion showed the  char- 
acteristics of narrow molecular weight distribution as in- - 
dicated by the ratio of the weight-average molecular weight 
t o  t he  number-average molecular weight close t o  one 
(Mw/Mn = 1.08, Mn = 2300) (Figure 2). T h e  number- 
average molecular weight (Mn) of t he  polymer increased 
linearly with conversion, keeping the  molecular weight 
distribution narrow (Mw/Mn = 1.06-1.12) (Figure 3). The  
concomitant formation of oligomer was excluded by the 
absence of the corresponding peak in the lower molecular 
weight region of the  GPC chromatogram of the reaction 
mixture throughout t he  polymerization. 
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Table I 
Polymerization of c-Caprolactone (CL) with the (TPP)Al(PO),Cl (2, R = CH,, n = 2)-MeOH Systemn 

run [MeOHlo/ [All, [Cl]o/ [All, time, h conv, % Mnb Mwb/Mn N ~ c / N ~ ~  

"At room temperature without solvent. *M,, and Mw/M, were estimated by GPC. 'Ratio of the number of polymer molecules (N,) to the 
number of aluminum atoms (N,,). CH2Cl,. "Addition of 400 equiv of monomer to run 5 after 100% conversion. f At 50 O C .  

In the presence of methanol, a polymer with narrow 
molecular weight distribution was obtained at  any molar 
ratio of methanol to initiator and that of monomer to 
initiator (runs 2-8 in Table I). Furthermore, the number 
of polymer molecules (N,) is almost equal to the sum of 
the numbers of the molecules of initiator (NA1) and 
methanol. This indicates that the polymer chains grow 
not only from (TPP)Al(PO),Cl but also from the added 
methanol. In this system, (TPP)Al(PO),Cl (2, R = CH,, 
n = 2), a (porphinato)aluminum alkoxide, exchanges with 
methanol rapidly and reversibly1° (eq 4). (TPP)AlOMe 
(1, X = OMe) thus formed also initiates the polymerization 
of t-caprolactone (eq 6), similarly to 2 (R = CH,, n = 2) 
(eq 5). The growing species of the polymerization of t- 

caprolactone is a (porphinato)aluminum alkoxide (eq 3, 
5, and 6), and it exchanges rapidly and reversibly with 
methanol and any other alcohols such as 4 in the system 
(eq 7). Narrow molecular weight distribution of the 

( T P P ) A I C O & H C H ~ ~ C I  + MeOH * 
2 ,  R = CH3, n = 2 

Me 
I 

(TPP)AI-OMe + H f  OCHCH2-CI ( 4 )  

I 
3,  OR' = (0-CH-CH2$CI 

I T P P I A I - O M e  + r ( C c y  - 
L c=o 

( T P P ) A I + O + C H ~ + J C ~ O M ~  ( 6 )  
I I 
0 

3 ,  OR' = OMe 

product indicates that the exchange reactions are much 
faster than the propagation reaction. 

When 400 M equiv of epoxyethane with respect to alu- 
minum porphyrin was added to the system at  100% con- 
version of the polymerization of t-caprolactone (CL) by the 
(TPP)A1(PO)2C1-methanol (MeOH) system ([CL],/ 
[(TPP)A1(PO),C1]o/ [MeOH], = 200/1/9), the polymeri- 
zation of epoxyethane ensued at  room temperature up to 
50% conversion in 8 days. The number-average molecular 

weight (Mn) of the polymer increased from 2390 to 2740, 
although the ratios Mw/Mn and Np/NA1 remaind almost 
unchanged from 1.12 to 1.17 and from 9.6 to 11.5, re- 
spectively. This observation demonstrates the formation 
of a block copolymer of t-caprolactone and epoxyethane 
with quantitative efficiency. 

Thus, the polymerization of t-caprolactone with the 
(TPP)Al(PO),Cl-methanol system is of an "immortaln 
nature, similarly to the polymerization of epoxide. 

The Polymerization of t-Caprolactone by the 
(TPP)AlOMe (1, X = 0Me)-MeOH System. The po- 
lymerization of t-caprolactone was examined with 
(TPP)AlOMe prepared from (TPP)AlEt and methanol, in 
order to obtain the polymer with homogeneous end groups, 
since the end groups of the polymer synthesized by the 
(TPP)Al(PO),Cl-MeOH system are considered to be either 
chlorine or methyl ester (eq 5 and 6). 

The polymerization of t-caprolactone initiated by 
(TPP)AlOMe proceeded more slowly than that initiated 
by (TPP)Al(PO),Cl, but the polymer obtained was char- 
acterized by a narrow molecular weight distribution; for 
example, after 13 days at 50 OC without solvent, conversion 
was 97%, Mn = 2 100, Mw/Mn = 1.12, where the initial 
molar ratios of t-caprolactone and methanol to (TPP)- 
AlOMe were 200 and 9, respectively. The number of 
polymer molecules was almost equal to the sum of the 
numbers of the molecules of initiator and methanol 
(Np/N, = 10.7). The 13C NMR spectrum of this mixture 
showed a signal due to the CH,O- terminal at 6 62.2. The 
number-average degree of polymerization, 20.0, as esti- 
mated from the intensity ratio of this signal and that due 
to the methylene carbon attached to the oxygen atom in 
the repeating unit (-C0,C-, F 64.1), was in good agreement 
with the observed value by GPC, 18.4. Thus, the polym- 
erization of t-caprolactone with the (TPP)AlOCH,-MeOH 
system also proceeds with immortal nature from all the 
molecules of (TPP)AlOCH, and MeOH. 

Polymerization of c-Caprolactone with the (TPP)- 
AlEt (I, X = Et)-Ethylene Glycol System. The syn- 
thesis of bifunctional polycaprolactone with narrow mo- 
lecular weight distribution was attempted by the immortal 
polymerization of t-caprolactone using ethylene glycol (EG) 
as an alcohol. In practice, (TPP)AlEt was reacted with 
an excess, prescribed amount of ethylene glycol, and the 
product was added to the monomer to bring about the 
polymerization. 

The relationships between conversion and Mn or Mw/M,, 
are shown in Figure 4, where the initial molar ratios of 
t-caprolactone and ethylene glycol to (TPP)AlEt were 200 
and 10, respectively, at 50 OC without solvent. Similarly 
to the polymerization initiated by (TP)A1(P0)2C1 or 
(TPP)AlOMe in the presence of methanol, the number- 
average molecular weight (Mn) increased linearly with 
conversion, keeping the molecular weight distribution 
narrow. 
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Table I1 
Polymerization of e-Caprolactone (CL) with the (TPP)AIEt (1,  X = Et)-Ethylene Glycol (EG) System" 

run [EGlo/ [All, [CLlo/ [All, time, days 

"At 50 "C without solvent. bMW/M, were estimated by GPC. 'Rat 
num atoms (NAI) .  dAt 100 OC. 

Conversion in '1. 

Figure 4. Polymerization of t-caprolactone (CL) with the 
(TPP)ALEt (1, X = EQ-ethylene glycol (EG) system. Relationship 
between Mn (0) or M,/M,, (@) and conversion. [CLJo/[EGl0/ 
[(TPP)AlEt], = 200/10/1. at 50 OC without solvent. 

The results of the polymerization at  various molar ratios 
of ethylene glycol to (TPP)AlEt are summarized in Table 
11. The polymers obtained were of narrow molecular 
weight distribution a t  any molar ratio, a t  a higher tem- 
perature such as 100 "C as well (run 4). The calculated 
number of polymer molecules (Np/NA1), assuming that the 
polymer chains grow from both hydroxyl groups of 
ethylene glycol, was almost equal to the number of 
ethylene glycol molecules ([EG],/ [(TPP)AlEt],). 

The system from (TPP)AlEt and an excess of ethylene 
glycol is a mixture of two types of aluminum porphyrin 
and ethylene glycol, I and 11. Rapid exchanges among I, 

11, and ethylene glycol take place, to result in the uniform 
growth of polymer chains from both ends of ethylene 
glycol. 

Ethylene Oxide-c-Caprolactone Block Co- 
polymerization with the (TPP)AlCl (1 ,  X = C1)- 
Methanol System. Block copolymerization of t-capro- 
lactone with the prepolymer of ethylene oxide having an 
alkoxide living end was attempted in order to synthesize 
a block copolymer consisting of well-controlled poly- 
ester-polyether sequences. 

As the first step of the copolymerization, the prepolymer 
was prepared by the immortal polymerization of ethylene 
oxide with the (TPP)AlCl-MeOH system1' at  room tem- 
perature without solvent, where the initial molar ratios of 
ethylene oxide and methanol to (TPP)AlCl were 200 and 
9, respectively. After 24 h, the prepolyme_r wa_s formed 
with narrow molecular weight distribution (M,/M,, = 1.05, 
Mn = 960) a t  100% conversion. 

When t-caprolactone was added to this prepolyrner with 
the initial molar ratio to (TPP)AlCl of 200, the lactone 
reacted to 100% conversion after 4 days at  50 O C .  The 

conv, % Mnb MWbj riin Npel NAI 
49 10400 1.18 1.1 

;io of the number of polymer molecules (N,) to the number of alumi- 

515 do 615 elution 
count(i) 

14000 2500 700 Mi 

Figure 5. GPC at a c-caprolactone-ethylene oxide block co- 
polymer and the corresponding prepolymer of ethylene oxide, with 
the (TPP)AlCl (I ,  X = C1)-methanol system: (a) Prepolymer, 
[EO]o/[MeOH]o/[(TPP)AICl]o = 200/9/1; at 100% conversion, 
Mn = 960; M,/M, = 1.05. (b) Block copolymer, [CL],,/ 
[(TPP)AlCll0 = 2_00/1; at 100% conversion, Mn = 3800, MW/Mn 
= 1.20; Mn and M,/Mn as estimated by GPC. 

GPC elution curve of the reaction mixture obtained after 
the completion of the second stage of polymerization 
clearly shifted toward a higher molecular weight region, 
retaining the narrow molecular weight distribution (Mw/Mn 
= 1.20, M ,  = 3800). Furthermore, neither the peak cor- 
responding to the prepolymer of ethylene oxide nor that 
corresponding to the homopolymer (and oligomer) of t- 
caprolactone was observed (Figure 5 ) .  

Thus, the immortal nature of the polymerization of 
ethylene oxide with the (TPP)AlCl-CH,OH system is 
successfully followed by the polymerization of t-capro- 
lactone a t  the subsequent stage, to give the corresponding 
AB-type block copolymer with narrow molecular weight 
distribution. 

Ethylene Oxide-t-Caprolactone Block Co- 
polymerization with the (TPP)AlEt (1, X = Et)-Bis- 
phenol A System. Synthesis of a bifunctional ABA-type 
block copolymer from t-caprolactone and ethylene oxide 
was attempted by using the (TPP)AlEt-bisphenol A sys- 
tem. 

The reaction between (TPP)AlEt and a phenol gives a 
(porphinato)aluminum phenoxide,13 which does not initiate 
the polymerization of t-caprolactone but initiates the po- 
lymerization of epoxide to give a (porphinato)aluminum 
alkoxide as the growing speciesg 

As the first step of the block copolymerization, the 
prepolymer (Mn = 1400, Mw/Mn = 1.05 (GPC)) was pre- 
pared by the immortal polymerization of ethylene oxide 
with the (TPP)AlEt-bisphenol A system, where the initial 
molar ratios of ethylene oxide and bisphenol A to 
(TPP)AlEt were 200 and 5, respectively; reaction time 24 
h, conversion -- 100%. To this prepolymer, t-caprolactone 
was introduced with the initial molar ratio to (TPP)AlEt 



Macromolecules, Vol. 20, No. 12, 1987 Polymerization of t-Caprolactone 2987 

of 200. After 33 days, ccaprolactone reacted to  64% 
conversion a t  50 O C .  The GPC chromatogram of the re- 
action mixture (Figure 6) showed the absence of the pre- 
polymer and of the homopolymer or oligomer of t-capro- 
laclone, while a unimodal, sharp elution curve corre- 
sponding to the block copolymer was observed in the 
higher molecr .:r weight region than that of the prepolymer 
(Mn = 4800, a/&&, = 1.09). The results for other initial 
molar ratios of bisphenol A to  (TPP)AIEt are summarized 
in Table 111. The number of the polymer molecules 
(Np/NAI), calculated by assuming that the polymer chains 
grow from both hydroxyl groups of bisphenol A, was almost 
equal to the number of bisphenol A molecules ([BPA],/ 
J(TPP)AlEtlo). 

The number-average molecular weight (a,) of the block 
copolymer inc_reas_ed linearly with the progress of the re- 
action, while M,/M, remained almost constant (1.06-1.07) 
a t  any conversion, as shown in Figure 7. Thus, the chain 
lengths of polyether and polyester in the block copolymer 
of ethylene oxide and e-caprolactone could be controlled 
respectively by the molar ratios of the first and the second 
monomers to  bisphenol A. 

Table I11 
Block Copolymerization of c-Caprolactone (CL) with the Living Prepolymer of Ethylene Oxide (EO) Initiated by the 

(TPP)AlEt (1, X = Et)-Bisphenol A (BPA) System4 
run [BPAJ0/[Al],, [EO]o/[Al]o A?: / [CL]o/[A1]o time, days conv, % Mnb Mwb/Mn N p C / N ~  - 
1 5 200 1400 1.05 200 23 64 4800 1.09 5.1 
2 10 200 800 1.03 200 15 7 1 2500 1.07 11.0 
3 20 200 430 1.05 200 9 70 930 1.08 31.5 

OAt 50 O C  without solvent. bMn and K I M n  as estimated by CPC. 'Ratio of the number of copolymer molecules (N,) to the number of 
aluminum atoms (NAI). 

Conclusion 
The  polymerization of t-caprolactone initiated by 

(5,10,15,20-tetrapheny1porphinato)aluminum alkoxide in 
the presence of alcohols, such as methanol and ethylene 
glycol, proceeds with an  immortal nature to give poly(e- 
caprolactone) with narrow molecular weight distribution 
and with the number of molecules more than that  of 
catalyst molecules. The  successive immortal polymeriza- 
t i o n ~  of ethylene oxide and 6-caprolactone give the corre- 
sponding block copolymer of well-defind block sequences 
with 100% efficiency. The concomitant formation of cyclic 
oligomer does not take place, indicating the essential 

difficulty in intra- and intermolecular attacks of the 
(porphinato)aluminum alkoxide to the ester group in the 
polymer chain because of the large, rigid porphyrin ring. 

In the absence of alcohol, the molecular weight distri- 
bution of the product tended to be a little broader (for 
example, run 1 in Table I). GPC peaks were generally 
unimodal and narrow but exhibited a tail in the higher and 
lower molecular weight sides of the peak. Thus, the 
presence of alcohol is considered to  affect the rates of 
initiation and/or propagation reactions, by the effect on 
the reactivities of aluminum porphyrin and/or the lactone, 
although details remain yet unknown. 
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Registry No. 1, 71102-37-9; 1 (X = C2Hs), 63256-30-4; 1 (X 
= OMe), 66945-43-5; 2 (R = Me, n = 2), 99559-92-9; I, 110661-57-9; 
11, 110661-58-0; BPA, 80-05-7; MeOH, 67-56-1; c-caprolactone, 
502-44-3; poly(c-caprolactone) (homopolymer), 24980-41-4; poly- 
(c-caprolectone) (SRU), 25248-42-4; (c-caprolactone)(ethylene 
oxide) (block copolymer), 107596-21-4. 
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14000 2500 700 Mi Figure 7. Block copolymerization of a-caprolactone from the 

Figure 6. GPC of a c-caprolactone-ethylene oxide block co- prepolymer of ethylene oxide with the (TPP)AlEt (1, X = 
polymer and the corresponding prepolymer of cthylene oxide, with Et)_bisphenol A (BPA) system. Relationship between Mn (0) 
the (TPP)AlEt (1, X = Et)-bisphenol A (BPA) system: (a) or Mw/Mn (e) of the block copolymer and conversion. Prepolymer, 
Prepolymer, ~EO]o/[BPAJo/[(TPP)AIEtl~ = 200/5/1; at 100% [EO]p/[BPA]o/[(TPP)AIEt]o = 200/10/1; at_100% conversion, 
conversion, Mn = 1400, Mw/M,, = 1.05. (b) Block copolyme_r, (0) Mn = 800, (8) Mw/Mn = 1.03, an or Mw/Mn as estimated by 
[CL]o/[(pP)ALE_t]o =-200; at 74% conversion, Mn = 4800; Mw/Mn GPC. [EO],/ [BPA]o/[(TPP)AIEt]o = 2001 1011; [CLl0/ 
= 1.09, Mn and Mw/Mn as estimated by GPC. [(TPP)AlEtlo = 200, at 50 OC without solvent. 
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ABSTRACT: Copolyesters of 3-hydroxybutyrate (B) and 3-hydroxyvalerate (V) are isolated from Alcaligenes 
eutrophus HI6 grown in nitrogen-free culture media containing the sodium salts of acetate and propionate. 
The content of V units in the copolyesters increases with increasing mole fraction of propionate to acetate 
in the culture medium. The copolyester is formed even when propionate is used as the sole carbon source, 
and the content of V units increases up to 45 mol % with increasing concentration of propionate in the medium. 
The biosynthetic pathway of the copolyester is investigated by using [I-13C]acetate, [2-13C]acetate, and 
[l-13C]propionate as carbon sources. The use of 13C-labeled acetate and propionate results in the formation 
of copolyesters specifically labeled with 13C. 

Introduction 
Optically active poly(3-hydroxybutyrate) accumulates 

in a variety of bacteria and  functions as a source of energy 
and  carbon supply for t he  bacteriaal T h e  biological 
function of poly(3-hydroxybutyrate) is similar t o  t h a t  of 
glycogen in mammals and starch in plants. Recently, the  
copolyester of 3-hydroxybutyrate (B) and  3-hydroxy- 
valerate (V) has been isolated from Alcaligenes eutrophus 
grown in a culture medium containing glucose and  pro- 
p i ~ n a t e . ~  This  bacterial copolyester has attracted indus- 
trial attention as a possible candidate for large-scale bio- 
technological production, since t he  copolyester is envi- 
ronmentally degradable thermoplastic and  has good me- 
chanical properties, comparable t o  commercial thermo- 
plastics such as isotactic polypropylene and poly(ethy1ene 
t e r e ~ h t h a l a t e ) . ~  T h e  impact strength, flexural modulus, 
and melting temperature have been shown to  be regulated 
by the  content of V units in the  copo lye~ te r .~ ,~  It has been 
shown that t he  bacterial copolyester has a statistically 
random distribution of B and V  unit^.^,^ Marchessault e t  
al.5 found t h a t  t he  copolyester exhibits the  unusual phe- 
nomenone of isodimorphism. 

In this paper we report results on the biosynthesis of the 
copolyester in Alcaligenes eutrophus H I 6  from acetate and 
propionate. I n  addition, we determine the  biosynthetic 
pathway of copolyester formation by using [l-13C]acetate, 
[2-13C]acetate, and  [l-13C]propionate as carbon sources. 

Experimental Section 
Polyester Biosynthesis. Samples of the polyesters were 

isolated from Alcaligenes eutrophus HI6 (ATCC 17699). The 
strain H16 was maintained on nutrient agar slants at 4 OC by 
monthly subculture. The bacteria were first grown at 30 OC in 
the nutrient-rich medium (100 cm3) containing 10 g/dm3 of yeast 
extract, 10 g/dm3 of polypeptone, 5 g/dm3 of meat extract, and 
5 g/dm3 of (NH,),SO,. The cells were harvested after 24 h, 
corresponding to the end of exponential growth, and washed with 
water. Under these culture conditions the accumulation of po- 
lyesters in the cells was not observed. To promote polyester 
synthesis, 0.20-0.15-g quantities of the washed cells were trans- 
ferred into a nitrogen-free mineral medium6 (100 cm3) containing 

CH3COONa and CH,CH,COONa. The cells were cultivated in 
this medium (pH 7.0) for 48 h at  30 OC, harvested by centrifu- 
gation, washed with acetone, and finally dried under vacuum at  
room temperature. Polyesters were extracted from the dried cells 
with hot chloroform in a Soxhlet apparatus and purified by re- 
precipitation with hexane. 

NMR Analysis. The 'H and 13C NMR analyses of the poly- 
ester samples were carried out on a JEOL GX-500 spectrometer. 
The 500-MHz 'H NMR spectra were recorded at 27 OC on a CDCl, 
solution of the polyester at  a concentration of 0.01 g/cm3 with 
a 45' pulse (3.5 ~ s ) ,  6.0-s pulse repetition, 7000-Hz spectral width, 
32K data points, and 100-400 accumulations. The proton-de- 
coupled 125-MHz 13C NMR spectra were recorded at  27 OC on 
a CDC13 solution of the polyester at a concentration of 0.02-0.05 
g/cm3 with a 45" pulse (10 /IS), 5.0-s pulse repetition, 25000-Hz 
spectral width, 64K data points, and 1000-5000 accumulations. 
Tetramethylsilane (Me&, b 0) was used as an internal chemical 
shift standard. 

Results and Discussion 
Biosynthesis of Copolyesters. Table I lists the results 

of t he  biosynthesis of polyesters from CH3COONa and 
CH3CH2COONa by A. eutrophus H16. The  lH NMR 
spectra of all copolyesters showed tha t  the  polymers con- 
tained the  two monomeric units B and V as 

5 7 n 3  

T h e  mole fractions of t he  two monomeric units, FB and  
Fv, were determined from the lH NMR spectra, based on 
the intensity ratio of the  doublet resonance a t  1.274 ppm 
of the (B4) methyl protons t o  the triplet resonance a t  0.894 
ppm of the  (V5) methyl  proton^.^ 

Poly(3-hydroxybutyrate) (PHB) was obtained when 
acetate was used a s  a carbon source, and  the  polymer 
content in dry cells increased with the  concentration of 
acetate in t he  culture medium. Copolyesters of B and V 
units are produced in the presence of acetate and  pro- 

0024-9297/87/2220-2988$01.50/0 O 1987 American Chemical Society 


	ma001780028.tiff
	ma001780029.tiff
	ma001780030.tiff
	ma001780031.tiff
	ma001780032.tiff
	ma001780033.tif
	ma001780034.tiff

