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1. Introdution

Because of their excellent biodegradability, ali-
phatic polyesters such as poly(3-hydroxybutyrate)
(P3HB)) have given a bright prospect for the in-
dustrial and biomedical applications as biodegra-
dable polymers. These ployesters are usually syn-
thesized by bacterial fermentation process as well
as by chemical process based on the ring-opening
polymerization of various lactone monomers. In
the fermentation process, however, polymer com-

position, molecular weight and higher order struc-
ture of the polymer are not easily controlled. It
has also been pointed out that the processability
of the bacterial polymers was too poor to obtain
high quality materiais. So, development of a new
synthetic method for preparing the alopathic poly-
esters has been desired. In this paper we report
on the copolymerization of 4-membered B-butyro-
lactone(BBL)and a 5-membered y-butyrolactone
(yBL) or y-valerolactone(yVL) by catalysis of bo-
ron trifluoride etherate(BF; * OEt,) to give novel
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derivatives of P(3HB) which consist of 3-hydroxy-
butyrate(3HB), 4-hydroxybutyrate(4HB), and 4-
hydroxyvalerate(4HV) units.

2. Experimental

2.1. Materials

[R]-BBL and [R1-yVL ([alD=+31.1°) were
supplied by Takasago Co. YBL and{RS]-BBL were
purchased from Nakarai Tesque. They were puri-
fied by distillation on CaH, at reduced pressure.
BF, - OEt, was purified by distillation. The other
reagents were commercially available and were

used without further purification.
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2.2. Measurements

4 and ®C NMR spectra (internal reference ® 1
vol% solution of TMS in CDCl;) were measured
at 200MHz and 50.3MHz, respectively, on a Varian
XL-200 spectrometer(Japan). *C™'H COSY spect-
rum was recorded at 300MHz on a GE QE 300MHz
instrument. The number-average molecular weight
(Mn) and molecular weight distribution(Mw/Mn)
were determined by gel permeation chromatogra-
phy (GPC). The analyzer was composed of a Shi-
mazu LC-10A pump, a Shodex RI DE-31RI detec-
tor, a Shimazu C-R7A chromatopac data processor,
a Shodex DEGAS KT-16 degassor, and a Sugai
R-620 column oven. A Combination of two polysty-
rene gel columns of TSK and gel G4000Hs(7.5mm
LD X300mm, each) were used with chloroform

286 / BEREMTEEE $8% $H452(1996. 11

ol

as the eluent at 35C. The molecular weight was
calibrated according to polystyrene standards. The
specific optical rotation was measured on a Union
PM-101 high-sensitive auto polariscope under an
incident beam of sodium D-ray for a sample solu-
tion(0.9g/dl) in acetone or chloroform at 25C.

2.3 Copolymerization of BBL with YBL or
yVL.

Both of the monomers were charged in a glass
reactor at a predetermined feed ratio, and 1mol%
of a catalyst was added to it. The reaction system
was kept stirred at room temperature under a nit-
rogen atmosphere for 7days it gives a very viscous
product. It was then dissolved in a chloroform,
reprecipitated into 10ml of an diethyl ether/n-he-
xane(1 : 1 in volume) mixture, and dried in vacuo.

3. Results and Discussion

3.1 Copolymerization of BL and yBL

The Copolymerization of [RS]-BBL and 8BL was
examined by various catalysts, cationic, anionic and
coordinated. The Copolymerization took place only
by catalysis of BF; - OEta, in a bulk mixture of
the monomers at room temperature(Eq.(1)). The
'H NMR spectrum of the copolymer obtained at
a YBL to BBL feed ratio of 1 1 showed the signals
due to the methylene groups 4HB units at 8172.5—
173ppm. These results suggested the formation
of P(3HB-co-4HB). Typical results of the copoly-
merization are summarized in Table 1. With inc-
reasing the feed ratio of YBL, the copolymers com-
position yield decreased less than 24% at high
vBL to BBL ratios. The molecular weight was in
the range of 1700-3700 in the present conditions.

Figure 1 shows the monomer-copolymer compo-
sition curves, where the open and closed marks
denote the plots at high(>50% )and low(ca. 10%)
conversions, respectively. This shows that both the
copolymer compositions were comparable with each
other. The curves approximately agreed with an
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Table 1. Results of copolymerization of yBL and BBL with BF; - OEt, as a catalysts®

Run Feed ratio Unit ratio® Yield
Mn X 10* Mw/Mn®

No. yBL/BBL 4HV/3HB (%)

1 10/90 10.4/89.6 88.7 291 1.63

2 20/80 17.6/824 88.2 2.00 1.30

3 35/65 29.2/70.8 91.3 2.56 1.60

4 50/50 39.0/61.0 66.3 2.80 141

5 65/35 43.4/56.6 554 3.64 1.67

6 80/20 47.5/52.5 25.1 1.77 1.28

7 90/10 56.1/43.9 24.3 1.81 1.70

*Polymerized in bulk by 1.0mol% of BF;- OEt, under nitrogen at room temperature for 7days.

*Determined by 'H NMR.
‘Determined by GPC(chloroform eluent).
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Fig. 1 Monomer-copolymer compositior cur-
ves for the bulk copolymerization of
BBL and yBL by BF; - OEt; under N;
at room temperature.
@ low conversion(ca 10%)
O high conversion(>50%)

azeotrope line at the yBL ratio below 0.3, but devia-
ted from the line at the higher yBL ratio. This result
suggested a tendency that a random copolymer was
produced at the lower YBL ratio and that the 4HB
composition decreased at the higher yBL ratio.

The monomer reactivity ratios were calculated

by Lewis-Mayo method. The values obtained were
0.58(rPBL) and 0.48(ryBL), respectively. Analysis
of the expanded carbonyl signals revealed that
these chemically synthesized copolymers have hi-
gher compositions of the alternating diad of 4HB-
3HB than the corresponding copolymers that were
biologically synthesized by Doi et al'’.

The copolymerization of YBL and [R]-BBL was
also carried out to give the identical results. The
copolymer obtained at an [R]-BBL feed ratio of
0.8 was subjected to methanolysis under acidic co-
nditions'”. The specific rotations of this reaction
product was found to be almost the methanolysis
product of a monomer mixture of [(R]-BBL and
vBL in the same ratio with copolymer composition.
It was therefore considered that the stereochemis-
try of the BBL was preserved during the copolyme-
rization.

Analysis of 'H-'H COSY NMR spectrum revea-
led that the copolymer possesses a secondary hyd-
roxyl group in its terminal. This finding suggested
that the propagating species of the hydroxyl group

on which the monomers are added successively.

3.2 Copolymerization of BBL and [RI-BVL

Table 2 shows the typical results of the copoly-
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Table 2. Results of copolymerization of yVL and BBL with BF; -

Sk

OEt; as a catalysts®

Run Feed ratio Unit ratio® Yield B
MnX10™* Mw/Mn* Lade™
No. vVL/BBL 4HV/3HB (%)
1 10/90 11.5/88.5 85.6 2.80 1.65 31
2 20/80 22.1/77.9 73.3 3.55 1.62 6.6
3 30/70 26.3/73.7 94.7 2.02 1.64 6.7
4 33/67 24.4/75.6 54.8 3.77 1.54 -
5 50/50 33.9/66.1 57.2 4.25 1.61 79
6 70/30 32.2/67.8 42.2 221 1.60 7.3
7 80/20 34.4/65.6 184 118 147 10.1
8 90/10 33.3/66.7 9.4 0.84 1.28 74

“Polymerized in bulk by 1.0mol% of BF; - OEt; under nitrogen at room temperature for 7days.

*Determined by 'H NMR. ‘Determined by GPC(chloroform eluent). 9In acetone(0.9g/dl).

*[R,S]-yVL monomer was used.

merization at different feed ratios. Similarly to the
former examples, the copolymer yield decreased
with increasing the [R]-yVL to BBL feed ratio.
The copolymer composition of 4HV increased to
34-40% and leveled off even if the yVL ratio was
increased more than 0.5.

Figure 2 shows a typical '"H NMR spectrum of
the copolymer which was obtained by the catalysis
of BF; - OEt,at a [R]-yVL to [RS]-BBL feed ratio
of 111, as compared with that of the homo-PHB
synthesized by [RSJ-BBL with a ZnEt,-H,O catal-
yst®*®_ The signals due to 4HV unit can be clearly
detected at 51.23, 1.86, 2.32 and 4.93 ppm besides
the two signals due to 3HB units. Their signal
assignments are involved in this Figure.

Figure 3 shows the C NMR spectrum of the
same coplymer together with the signal assignme-
nts. While the carbon signals due to 3HB unit are
shown at 820, 30, 70 and 172ppm. The methyl car-
bon signals of both 3HB and 4HV units were supe-
rimposed, but separated by ¥C-'H COSY spectros-
copy. These results supported the formation of P(3
HB-co-4HV), that has never been produced by fer-
mentation.
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Fig. 2 '"H NMR spectrum of (a) P([RS]-3
HB) and (b) the chemically synthesi-
zed P(3HB-co-4HV).

Figure 4 shows the monomer-copolymer compo-
sition curves. The curves at low(closed) and high

(open) conversions were different at high yVL
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3 “C NMR spectrum of the chemically
synthesized P(3HB-c0-4HV) (at a YVL
to BBL feed ratio of 1: 1)
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Fig. 4 Monomer-copolymer compositior cur-
ves for the bulk copolymerization of
BBL and yVL by BF; - OEt, under N,
at room temperature.
B low conversion(ca 10%)
[J high conversion() 50%)

to BBL feed ratio. Since the copolymerization of
vyVL is thought to be highly induced after the poly-
merization of BBL proceeded in some degree,yVL
any react much faster with the propagating species
with an enough chain length than with short initia-

ting species which is still unknown.

3.3 Copolymerization in the presence of
hydroxyl compounds

The copolymerization of BBL with yVL was
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carried out in the presence of lauryl alcohol(LA)
and ethylene glycol(EG)'. The 'H NMR spectra
of the resultant copolymers showed the presence
of the terminal lauryl ester group and the internal
(oxyethylene)oxy unit, respectively. This result
is another support for the polymerization mecha-
nism that the hydroxyl terminal reacts with the
monomers activated by the catalyst.

Since the copolymer prepared in the presence
of EG has a struture shown in the Eq. (2),it can
be utilized a telechelic polymer. In the present
study, 2a and 2b were reacted with e-caprolactone
by the action of triethylalminym catalyst to give
the triblock copolymers 3a and 3b'.

HO- (R")¢- (R?)y— OCHoCH,0- (R"),- (R?),— OH

2a; R=3HB, R®=4HB
2b ; R=3HB, R2=4aHy @
CH.Cly
r.t.. 3h
in N\
?lEtg
O—(R")- (R?),~ OCH,CH,0- (R"),- (R?),— ?
AlEt,

+ e-caprolactone

,— (COCH 5CH»CHLCHoCH50) r—
O (R"),- (R2),—~ OCH,CH,0- (R"),- (R’)Y—j
~ (OCH CH4CH,CH,CHLCO)

n

3a: A=3HB R?=4HB
3b ; R=3HB, R?=4HV

4. conclusions

It was found that the 5-membered lactones such
as YBL and yVL can be copolymerized with a 4-
membered lactone BBL with BF® - OEt*as a catal-
yst. The stereochemistry of both the monomers
was retained in the copolymer, but their molecular
weight did not become large enough at the present
reaction of the hydroxyl terminal and the mono-
mers, the copolymer prepared in the presence of
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such a diol as EG was found to be a telecheilic
polymer with hydroxyl terminals for preparing va-
rious block copolymers. Therefore, the copolyme-
rization conditions should be improved in order
to obtain high polymers, and telechelic copolymers

with highly-regulated structure.
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