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Synthesis of End-Reactive Polymers with Controlled Molecular 
Weight by Metalloporphyrin Catalyst 

Tomokazu Yasuda, Takuzo Aida and Shohei Inoue 

Department of Synthetic Chemistry 
Faculty of Engineering 
University of Tokyo 
Hongo, Bunkyo-ku, Tokyo 113, Japan 

ABSTRACT 

a,  B ,  y, 6-Tetraphenylporphinatoaluminum carboxylate (TPPAlOCOR) 
and phenoxide (TPPAlOAr) bring about the polymerization of B-lactone 
and epoxide to give polymers with controlled chain length having a 
carboxylic ester or phenoxy group at the end of each polymer 
molecule. Acrylate (TPPAlOCOCH=CH2) and p-vinylphenoxide (TPPA1- 
OC6H!+CH=CH2(p)) as initiator give polyester o r  polyether macromer 
with narrow molecular weight distribution. 

INTRODUCTION 

Synthesis of end-reactive polymers with controlled molecular 

weight is of particular importance and interest in the design of 

polymeric materials of well-defined structure. 

Introduction of a reactive group to the terminal of a polymer 

molecule may be accomplished in principle either by the combination 

of the reactive group with the end of a polymer o r  by the initiation 

of polymerization of a monomer with initiator which carries the 

reactive group. Both procedures are very much dependent on the 
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1036 YASUDA, AIDA, AND INOUE 

efficiency of the reactions; the reaction involving polymer is usual- 

ly difficult to proceed quantitatively for the former, and the effi- 

ciency of initiator is not quantitative, except for the limited 

cases, for the latter. In the latter procedure, the reactive group 

should not participate in termination and chain transfer reactions, 

in order to control the chain length of the polymer formed, 

We have already reported that some aluminum porphyrins exhibit 

a quantitative efficiency as initiator f o r  the ring opening poly- 

merization of epoxide’) and B-lactone’) , to give living polyether 

and polyester with narrow molecular weight distribution, respective- 

l y .  

C6H5 
I 

I 
C6H5 

1 

TPPAIX 
- 

The molecular weight of the polymers may be controlled, for example, 

by changing the molar ratio of monomer to initiator. Since a, 8 ,  y, 

6-tetraphenylporphinatoaluminum carboxylate (TPPAlOCOR, 1; X = OCOR) 

also shows high efficiency as initiator in the polymerization of B- 

lactone3) and epoxide4), we intended to produce polyester and poly- 

ether having reactive end group derived from the axial ligand of the 

catalyst (for example, eq. 1). Initiation by tetraphenylporphina- 

toaluminum phenoxide (TPPAlOAr,  1; X = OAr) was also examined. 

?. 
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SYNTHESIS OF END-REACTIVE POLYMERS 1037 

0 

MATERIALS 

a, B, y, 6-Tetraphenylporphine (TPPH ) was synthesized from 2 

pyrrole and benzaldehyde in propionic acid and recrystallized from 

chloroform / methanol5). 

sulfuric acid and neutralized with sodium bicarbonate, was dried 

over calcium hydride in a nitrogen atmosphere. 

purified by refluxing over a mixture of potassium hydroxide and cal- 

cium hydride, and then fractionally distilled twice in a nitrogen 

atmosphere. 

calcium hydride, and then distilled under reduced pressure in a 

nitrogen atmosphere. p-Vinylphnol (supplied from Maruzen Oil Co., 

Ltd.) was purified by recrystallization from hexane and dried under 

reduced pressure in a nitrogen atmosphere at about 0°C.  Other car- 

boxylic acids and phenols were purified by usual procedures. 

Dichloromethane, washed with concentrated 

Propylene oxide was 

8-Propiolactone and @-butyrolactone were dried over 

MEASUREMENT 

Gel Permeation chromatography (GPC) was performed on a Toyo 

Soda Model HLC-802A gel permeation chromatograph equipped with a 

differential refractometer detector using tetrahydrofuran as the 

eluent; the flow rate: 1,l ml-min ; columns: 60 cm length with 

pore size 70008 - 30008 (two), 30008 (one) and 20008 (one). 

molecular weight and the molecular weight distribution were calcula- 

ted on the basis of the calibration curve obtained by using either 

-1 

The 
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1038 YASUDA, AIDA,  AND INOUE 

standard polypropylene glycols (PPG) for the lower molecular weight 

region and standard poly (ethylene oxide)s (PEO) f o r  the higher mole- 

cular weight region, or standard polystyrenes. Standard poly (ethy- 

lene oxide)s were obtained from Toyo Soda Manufacturing Co., Ltd.; 

in = 22000 (Mw/in = 1 . 1 4 ) ,  Mn = 39000 (iw/in = 1.03) and in = 72000 

(iw/Mn = 1.02) .  

Lion Fat & Oil Co., Ltd.; Mn = 1000 and 2000 (:w/Gn = 1.0).  

dard polystyrenes were obtained from Toyo Soda Manufacturing Co., 

Ltd. ; in = 300 (iw/%n = 1.2) , in = 2800 (Mw/in = 1.05),  in = 6200 

(iw/Mn = 1.04)  , En = 16700 (Ew/En = 1.02) ,  %n = 107000 (iwiw/in = 

1.01) and i n  = 420000 (kw/Mn = 1.05). 

Standard polypropylene glycols were obtained from 

Stan- 

1 The H-NMR spectrum was measured in deuterated chloroform in a 

sealed tube in a nitrogen atmosphere, using a J E O L  Type 4H-A spectro- 

meter operating at 100 MHz. 

mer was performed in deutrated chloroform in a capped tube using a 

JEOL PFT-100 spectrometer. The spectrum pattern was recorded in a 

JEOL data terminal, Model SILENT 700 ASR connected to a spectrometer 

at 25.03 MHz. 

13C{1H1 - NMR measurement on the poly- 

METHODS 

The Equimolar Reaction between Tetraphenylporphinatoaluminum Ethyl 
and Carboxylic Acid or Phenol. 

a, a ,  y ,  6-Tetraphenylporphinatroaluminurn ethyl ( T P P A l E t ,  1 - ; 
X = C H ) was obtained by the reaction between TPPH2 and triethyl- 2 5  

aluminum ( E t  A l )  as described previously . The tear drop type flask 

equipped with a three way cock containing TPPH2 (0.6147 g, 1 mmol) 

6 )  
3 
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SYNTHESIS OF END-REACTIVE POLYMERS 1039 

was purged by dry nitrogen, CH C1 2 2  
flask using syringe, and then Et A (0.14 ml, 1 mmol) was added to 3 
the solution at room temperature w th syringe. After the reaction 

mixture was kept for about an hour, the volatile materials were re- 

moved off under reduced pressure, and CH C1 (20 ml) was introduced 

into the flask to dissolve the product, TPPAlEt. To this solution, 

propionic acid (0.07 ml, 1 mmol), for example, was added at room 

temperature with magnetic stirring, where rapid reaction was ob- 

(20 ml) was introduced in the 

2 2  

served by the dissapearance of 'H-NMR signals due to ethyl group of 

TPPAlEt. 

After the completion of the reaction, the color of the solution 

turned to purple from green color of TPPAlEt. 

were removed under reduced pressure from the above reaction mixture 

to give a purple solid. Then 20 ml of CH C1 was added to dissolve 

the product and this solution was used as the catalyst. 

The reaction mixture was allowed to stand overnight. 

The volatile materials 

2 2  

Polymerization 

To the catalyst solution, P-propiolactone, for example, was in- 

troduced by syringe with a definite initial molar ratio of the mono- 

mer to the catalyst ([Mon.]o/[Cat.]a), and the mixture was kept at 

room temperature with magnetic stirring. After a definite time, a 

large excess of methanol was added to the reaction mixture to stop 

the polymerization, and then volatile materials (residual monomer, 

solvent and methanol) were removed under reduced pressure. The con- 

version was calculated either from the amount of the residue by sub- 

tracting the amount of the catalyst o r  from the signal intensity of 

'H-NMR spectrum of the reaction mixture. In order to determine the 
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1040 YASUDA, AIDA, AND INOUE 

molecular weight and molecular weight distribution, a part of the 

obtained polymer was dissolved in tetrahydrofuran, insoluble part 

(the catalyst residue) was filtered off using a Teflon filter with 

pore size 0.45pm, and the solution was subjected to the GPC analy- 

sis, 

RESULTS AND DISCUSSION 

Reaction Product between Tetraphenylporphinatoaluminum Ethyl and 
Carboxylic Acid. 

The equimolar reaction between tetraphenylporphinatoaluminum 

ethyl (TPPAlEt) and carboxylic acid proceeds in several minutes at 

room temperature to give a porphinatoaluminum carboxylate (TPPAlOCOR 

1, X = OCOR) (eq. 2 ) .  
N 

1 In the 

acetic acid, for example, a singlet signal due to TPPAlOCOCH group 

strongly influenced by the large magnetic effect of the porhyrin 

ring was observed at such a high magnetic field as -1.4ppm. The 

intensity ratio of the signal due to acetate methyl (-l.lppm, 3.OH) 

to that due t o  pyrrole groups of the porphyrin (9.lppm, 8.OH) was in 

good agreement with the calculated value. 

signals due to methyl and methylene groups of TPPAlE at -3.6ppm 

and -6 .hppm were not observed (Fig. 1.). 

H-NMR spectrum of the reaction mixture from TPPAlEt and 

3 - 

On the other hand, the 

Reaction Product between Tetraphenylporphinatoaluminum Ethyl and 
Phenol. 

The equimolar reaction between tetraphenylporphinatoaluminum 

ethyl (TPPAlEt) and phenol proceeds in several hours at room 
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FIGURE 1. 
ween TPPAlEt  and CH COOH i n  CDC13. 

'H-NMR spectrum of t h e  equimolar r eac t ion  mixture  bet-  

3 

1 temperature. I n  t h e  H-NMR spectrum of t h e  r e a c t i o n  mixture ,  the  

s i g n a l s  due t o  e t h y l  group of TPPAlEt were found t o  d isappear  

(Fig. 2 . ) .  Ins tead ,  new s i g n a l s  were observed a t  2 . 7  ppm (a)  and a t  

6.0 ppm (b) ,  which a r e  ass igned t o  t h e  protons of o r tho  p o s i t i o n  

and of metalpara  pos i t i on ,  r e spec t ive ly ,  of phenoxy group a t tached  

t o  aluminum porphyrin,  l oca t ed  a t  unusual ly  high magnetic f i e l d .  

The i n t e n s i t y  r a t i o  of the  s i g n a l s  (a)  ( 2 . 7  ppm, 2.OH) and (b) (6.0 

ppm, 3,OH) t o  t h a t  f o r  py r ro l e  groups of t h e  porphyrin (9.1 ppm, 

8H)  w a s  i n  good agreement wi th  t h e  ca l cu la t ed  value.  Thus, t h e  

formation of tetraphenylporphinatoaluminum phenoxide (TPPAlOAr; 

1, X = OC H ) was confirmed. - 6 5  

Polymerizat ion of @-Lactone Catalysed by Tetraphenylporphinato-  

aluminum Carboxylate. 

Aluminum porphyrins  having var ious  carboxyla te  groups as a x i a l  

l i gand ,  prepared from t h e  r e a c t i o n  between TPPAlEt and va r ious  
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P 

I 

I/ b 

I 
I ! 

9 8 j 6 5 4 3 2 - 3  -4 - 5 - 6  .7 
(PPm) 

FIGURE 2. 
TPPAlEr and phenol in CDC13.  

'H-AMR spectrum of the equimolar reaction mixture between 

carboxylic acids, were examined as the catalyst for the polymeriza- 

tion of 8-propiolactone and 8-butyrolactone. Obtained polymer was 

characterized by the narrow molecular weight distribution (Table 1). 

Thus, various end groups originating from the carboxylate group in 

the catalyst could be introduced to polyester with well-controlled 

chain length. In the case of using acrylic acid, synthesis of 

polyester macromer with well-controlled molecular weight having a 

vinyl group at the end of the polymer chain is expected. 

to prove the exsistence of vinyl group, obtained polymer was sub- 

jected to I3C-NMR spectroscopy (Fig. 3) after reprecipitation from 

chloroform/n-hexane to remove residual acrylic acid, if any. 

Signals A (168.8 ppm), F (67.2 ppm), G (40.2 ppm) and H (19.3 ppm) 

are assigned to carbonyl, methine, methylene and methyl groups of 

poly (P-butyrolactone) unit3), while signal C (164.7 ppm) is 

In order 
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H H 
C G  FH3 A G  CH3 B E  D 

Al~O-$-CH2-CH~O-$-CH2-CH-)O-$-CH=CH2 
,; 0 0 F n O  
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160 140 120 100 80 60 40 20 0 

(PPm) 

FIGURE 3 .  
tained with TPPA10COCH=CH2 in CDC13. 

I3C-NMR spectrum of poly (P-butyrolactone) macromer ob- 

3 )  assigned t o  the carboxylate group attached to aluminum porphyrin . 
Signals D (130.4 ppm) and E (128.1 ppm) are considered due to 

methylene and methine group of acrylate group, respectively , 
confirming the formation of polyester macromer with narrow mole- 

cular weight distribution (Fig. 4 ) .  

7) 

The equimolar reaction product between TPPAlEt and p-toluene- 

sulfonic acid was also effective as the catalyst for the polymeri- 

zation of 6-propiolactone to give the polymer with narrow molecular 

weight distribution. 

Polymerization of Epoxide and @-Lactone Catalysed by Tetraphenylpor- 
phinatoaluminum Phenoxide. 

Tetraphenylporphinatoaluminum phenoxide was found to bring 

about the polymerization of epoxide and B-lactone to form porphi- 
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SYNTHESIS OF END-REACTIVE POLYMERS 1045 

4300 800 - Mi 

FIGURE 4 .  GPC curve of poly (B-butyrolactone) rnacromer obtained 
with TPPA10COCH=CH2. 

55 6o 65 Elution 
Count ( i ) 

I l l  
28900 5700 920 Mi 

FIGURE 5. GL’C curve of poly (B-butyrolactone) obtained with TPPA1- 
OPh. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 
2 

Po
ly
me
ri
za
ti
on
 o

f 
Ep
ox
id
e 
an
d 
&L
ac
to
ne
 
wi
th
 T
PP
Al
Et
-P
he
no
l 
Sy
st
em
a)
. 

Ru
n 

Ph
en
ol
 

-
 

b
) 

[M
on
.l
o 

Re
ac
t i

o
n

 
Co
nv
er
si
on
 

m
C
j
 

G/
ii
nc
) 

Mo
no
me
r 

Ti
me
 (d
ay
) 

(%
> 

[C
at
. 1

 

1 
PO

 
10
0 

PL
 

20
0 

11
 2 

78
 

4
.
0
~
1
0
 

1.
06
 

10
0 

2
.
4
~
1
0
~
 1
.0
7 

PO
d)
 

30
0 

2 
10
0 

1.
9x
10
 

1.
22
 

2 
C
H
2
=
c
H
-
Q
-
o
H
 

PL
d)
 

10
0 

4
 

10
0 

2.
9~

10
 

1.
15
 

3
 

B
r

O
O

H
 

PO
 

10
0 

6 
94
 

5
.
6
~
1
0
 

1.
04
 

4 
..
&

a
o
H

 
PO

 
20

0 
16
 

10
0 

1
.
9
~
1
0
 

1.
24
 

C
H

3 

a)
 
In
 C
H 
C1
 
at
 r
oo
m 
te
mp
er
at
ur
e.
 

b)
 
PO

, 
pr
op
yl
en
e 
ox
id
e;
 P
L,

 8
-p
ro
pi
ol
ac
to
ne
. 

c
) 
En 

an
d 
Zw
 w
er
e 
es
ti
ma
te
d 
by
 G
PC
 c
al
ib
ra
te
d 
wi
th
 s
ta
nd
ar
d 
po
ly
st
yr
en
e.
 

d)
 
Po
ly
me
ri
za
ti
on
 w
as

 c
ar
ri
ed
 o
ut
 a
t 
-7
8°
C.
 

2
2

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS OF END-REACTIVE POLYMERS 1047 

natoaluminum alkoxide and carboxylate as the living propagating 

end, respectively. 

for the living polyether from propylene oxide prepared with TPPAlOph, 

a signal at -2 .0  ppm was observed8) and for the living polyester 

from 6-propiolactone prepared with TPPAlOPh, signal at -0.7 ppm was 

observed . The polymer thus obtained was characterized by the 

narrow molecular weight distribution as examplified for the polymer 

of B-butyrolactone (Fig. 5). The polymerization of epoxide or 8- 

The structure was confirmed by 'H-NMR spectrum; 

3) 

lactone catalysed by various substituted phenoxides also resulted 

in the formation of polyether or polyester with narrow molecular 

weight distribution (Table 2). The use of tetraphenylporphinato- 

aluminum p-vinylphenoxide as the catalyst gave polyether or poly- 

ester macromer having well-controlled molecular weight. 

bisphenol A system i s  also of interest in view of the synthesis of 

TPFAlEt- 

bifunctional polymer with narrow molecular weight distribution. 
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