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SUMMARY 

L-Lactic acid O-carboxyanhydride (L-Lac-OCA) was prepared by 
phosgenation of L-lactic acid lithium salt. Its polymerization 
was conducted using a variety of initiators, an~_the resulting 
poly(L-lactides) were characterized by H- and -~ spectra, 
by vapor pressure osmometry (VPO) and by optical rotation. Num- 
ber average molecular weights ~ 3 000 were never obtained. Al- 
so polymerizations of D,L-Lac-OCA did not give higher Mn's. The 
formation of isotactic triads was favored under all conditions. 
Furthermore, copolymerizations of L-Lac-OCA and various ~-ami- 
no acid N-carboxyanhydrides (NCAs) only yielded low molecular 
weight poly(depsipeptides). The polymerization mechanism is 
discussed. 

INTRODUCTION 

Poly(L-lactide) and copolymers of L-lactic acid and glycolic 

acid are interesting biodegradable plastics, because the degra- 

dation products do not exhibit any toxicity. They were commer- 

cialized as fibers for medical purposes, such as surgery. The 

synthesis of these polyesters is based exclusively on the ring 

opening polymerization of L,L-lactide (!)" Such polymerizations 

require transesterification catalysts along with higher tempe- 

ratures~ reaction conditions that are not suited for the pre- 

paration of block copolyesters. Furthermore, copolymers of L- 

lactic acid and d-amino acids (so called poly(depsipeptides)) 

are not obtainable in this way. Hence~ a novel approach to the 

preparation of homo- and copolymers of lactic acid should be 

investigated~ namely synthesis and polymerization of L-Lac-OCA 

(~). This monomer was expected to be reactive enough to allow 

polymerizations under mild conditions and copolymerizations 

with ~-amino acid NCAs (~). 
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0.~ 
OC / CHCH 5 0 CHCH 3 

t I / \ 
CHsHC "~ 0 . f  CO 0C ~ 0 / CO 

HN===CHR 
/ \ 

O C ~  / CO 
0 

1 2 5 

RESULTS a n d  DISCUSSION 

The s y n t h e s i s  o f  D , L - L a c - 0 C A  b y  d i r e c t  p h o s g e n a t i o n  o f  D , L -  

l a c t i c  a c i d  h a s  b e e n  d e s c r i b e d 1 ) ; "  y e t  t h i s  m e t h o d  was  n o t  s a -  

t i s f a c t o r y  i n  t h e  c a s e  o f  L - l a c t i c  a c i d  f o r  two  r e a s o n s .  F i r s t ,  

p u r e , w a t e r - f r e e  L - l a c t i c  a c i d  i s  d i f f i c u l t  t o  p r e p a r e  b e c a u s e  

a r e m o v a l  o f  w a t e r  c a u s e s  f o r m a t i o n  o f  L - l a c t i d e  ( 1 )  w h i c h  i s  

d i f f i c u l t  t o  s e p a r a t e  f r o m  b o t h  t h e  l a c t i c  a c i d  a n d  i t s  0CA 2 .  

S e c o n d ,  t h e  f o r m a t i o n  o f  l a r g e  a m o u n t s  o f  HC1 d u r i n g  p h o s g e n a -  

t i o n  c a u s e s  f o r m a t i o n  o f  b y p r o d u c t s .  T h e r e f o r e ,  t h e  b e s t  r e -  

s u l t s  w e r e  o b t a i n e d ,  when  t h e  n o n - h y g r o s c o p i c  ( a n d  c o m m e r c i a l -  

l y  a v a i l a b l e )  l i t h i u m  s a l t  o f  L - l a c t i c  a c i d  was  p h o s g e n a t e d  

u s i n g  N - m e t h y l m o r p h o l i n e  a s  a n  a d d i t i o n a l  HC1 a c c e p t o r .  T h i s  

a m i n e  i s  a d v a n t a g e o u s  f o r  t h r e e  r e a s o n s :  1) i t  i s  l e s s  b a s i c  

t h a n  m o s t  t r i a l k y l a m i n e s ,  s o  t h a t  r a c e m i z a t i o n  o f  L - L a c - 0 C A  i s  

l e s s  p r o b a b l e ;  2 )  i t  i s  l e s s  n u c l e o p h i l i c  t h a n  p y r i d i n e ,  s o  

t h a t  i n i t i a t i o n  o f  t h e  p o l y m e r i z a t i o n  i s  l e s s  p r o b a b l e ;  5)  i t s  

h y d r o c h l o r i d e  i s  l e s s  s o l u b l e  t h a n  t h a t  o f  m o s t  o t h e r  t e r t i a -  

r y  a m i n e s .  

The polymerizations conducted with L-Lac-OCA are summari- 

zed in Table I (Nos. 1-5). Because theoretical considerations 

along with experimental results obtained by Tighe et al. 1) 

from polymerizations of mandelic acid OCA indicate that protic 

nucleophiles are not useful as initiators,exclusively aprotic 

bases and thermal initiation were investigated. All results 

were disappointing. In the case of strong bases (Nos. 1-4) the 

optical rotations demonstrate that the polymerization were 

accompanied by partial racemigation. The optical rotation de- 

creases with increasing basicity of the initiator,suggesting 

that reversible deprotonation of the X-C-proton (Eq.(1)) took 
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p l a c e .  T h i s  mechan i sm i s  s u p p o r t e d , f i r s t  by  t h e  mechan i sm o f  

t h e  a l k o x i d e  i n i t i a t e d  p o l y m e r i z a t i o n  o f  L - p r o l i n e - N C A  2) " w h i c h  

i s  a l s o  a c c o m p a n i e d  by r a c e m i z a t i o n .  S e c o n d ,  we h a v e  p r e v i o u s -  

l y  shown 5) t h a t  N - ( - o - n i t r o p h e n y l s u l f e n y l ) - N C A s  u n d e r g o  r a c e m i -  

z a t i o n  i n  a 1 %  s o l u t i o n  o f  t r i e t h y l a m i n e  i n  1 , 4 - d i o x a n e  a t  

20~ The d e p r o t o n a t i o n  o f  t h e  monomers (~) i s  a l s o  o f  i n t e r e s t  

w i t h  r e s p e c t  t o  t h e  p o l y m e r i z a t i o n  mechan i sm,  b e c a u s e  i t  may 

l e a d  t o  t h e  i n i t i a t i o n  r e a c t i o n  ( 2 ) ,  i f  i m p u r i t i e s  t h a t  a r e  mo- 

r e  a c i d i c  t h a n  t h e  OCA a r e  a b s e n t .  I n  t h e  c a s e  o f  t h e  l e s s  b a -  

s i c ,  bu t  more n u c l e o p h i l i c  p y r i d i n e  t h e  h e t e r o l y t i c  c l e a v a g e  

o f  t h e  a n h y d r i d e  g r o u p  ( E q . ( 3 ) )  m i g h t  be an  a l t e r n a t i v e  i n i t i a -  

t i o n .  An a n a l o g o u s  mechan i sm has  b e e n  r e p o r t e d  f o r  p y r i d i n e - i n i -  

t i a t e d  p o l y m e r i z a t i o n  o f  N - s u b s t i t u t e d  NCAs 4 ) .  

W h a t e v e r  t h e  i n i t i a t i o n  s t e p j t h e  p r o p a g a t i o n  mos t  l i k e l y  

r e s u l t s  f r o m  t h e  r e a c t i o n  b e t w e e n  monomer and c a r b o n a t e  c h a i n  

end (4)  + ( 5 ) .  A s i m i l a r  p r o p a g a t i o n ,  " t h e  c a r b a m a t e  mechan i sm"  

h a s  b e e n  p r o p o s e d  f o r  t h e  p o l y m e r i z a t i o n  o f  NCAs 5 ) .  R e g a r d l e s s  

o f  t h e  i n i t i a t i o n  t h e  k i n e t i c s  s h o u l d  be f i r s t  o r d e r  w i t h  r e -  

s p e c t  t o  b o t h  monomer and i n i t i a t o r .  Hence ,  t h e  p s e u d o  f i r s t  

o r d e r  k i n e t i c s  f o u n d  by  T i g h e  e t a  1) f o r  t h e  p y r i d i n e - i n i t i a -  

t e d  p o l y m e r i z a t i o n  o f  m a n d e l i c  a c i d  OCA, d o e s  n o t  p r o v e  t h e  

i n t e r m e d i a t e  f o r m a t i o n  o f  ~ - l a c t o n e s  (~)  w h i c h  i s  h i g h l y  u n -  

l i k e l y .  D e s p i t e  d i f f e r e n t  p o l y m e r i z a t i o n  mechan i sm we a g r e e  

w i t h  T i g h e  e t  a l .  t h a t  a c i d i c  p r o t o n s  may be r e s p o n s i b l e  f o r  

t h e  t e r m i n a t i o n  s t e p .  I n  ou r  m e c h a n i s t i c  scheme ,  p r o t o n a t i o n  

and d e c a r b o x y l a t i o n  (5)  + (6)  y i e l d  r e l a t i v e l y  u n r e a c t i v e  OH 

g r o u p s .  A f u r t h e r  t e r m i n a t i o n  m i g h t  r e s u l t  f r o m  t h e  d i s p r o p o r -  

t i o n a t i o n  o f  t h e  i n t e r m e d i a t e l y  f o r m e d  mixed  a n h y d r i d e  g r o u p  

( E q . ( 7 ~ .  Such " d i s p r o p o r t i o n a t i o n s "  a r e  w e l l k n o w n ,  e . g .  f r o m  

t h e  r e a c t i o n s  0s c a r b o x y l i c  a c i d s  o~ t h i o l  a c i d s  w i t h  i s o c y a -  

n a r e s  and i s o t h i o c y a n a t e s  6 - 8 ) .  These  two t e r m i n a t i o n  s t e p s  

wou ld  e x p l a i n  why b o t h  b a s e -  and h e a t - i n i t i a t e d  p o l y m e r i z a t i o n s  

o f  OCAs c a n n o t  y i e l d  h i g h  m o l e c u l a r  w e i g h t  p o l y e s t e r s .  

I n  t h i s  c o n n e c t i o n ,  i t  i s  n o t e w o r t h y  t h a t  1 0 0 . 5  MHz 13C NMR 

s p e c t r a  show t h a t  t h e  p o l y l a c t i d e s  Nos .  2 - 4  a r e  h e a v i l y  c o n t a -  

m i n a t e d  w i t h  s i d e  p r o d u c t s .  I n  c o n t r a s t ,  p r o d u c t s  Nos .  1 and 5 
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( T a b l e  1) show c l e a n  NMR s p e c t r a .  However~ e v e n  i n  t h e  opt imum 

c a s e  ( N o . l )  v a p o r  p r e s s u r e  o s m o m e t r y  m e a s u r e m e n t s  g i v e s  a num- 

b e r  m o l e c u l a r  w e i g h t  o f  m e r e l y  1 800 (DP 2 5 ) .  S i n c e  t h e  a -  

amino a c i d  NCAsposses s  a c i d i c  N - p r o t o n s ~  i t  i s  o v b i o u s  on t h e  

b a s i s  o f  ou r  m e c h a n i s t i c  scheme t h a t  c o p o l y m e r i z a t i o n  o f  L - L a c -  

OCA and amino a c i d  NCAs c a n n o t  y i e l d  h i g h e r  a v e r a g e  d e g r e e s  o f  

p o l y m e r i z a t i o n  ( D P s ) .  I n d e e d  t h e  c o p o l y m e r i z a t i o n s  N o s . 6  and 7 

g a v e  m a i n l y  s i r u p y  r e a c t i o n  p r o d u c t s .  I n  t h e  c a s e  o f  D , L - L a c -  

OCA, a monomer f i r s t  p r e p a r e d  by D a v i e s  9 ) ,  D--Ps i n  t h e  r a n g e  o f  

2 0 - 4 0  were  f o u n d  (Nos .  8 ~ 9 ) .  These  r e s u l t s  a g r e e  w e l l  w i t h  t h o -  

se  o f  T i g h e  1) " who f o u n d  ~ s  b e t w e e n  2 . 5  and 25 f o r  p y r i d i n e  

i n i t i a t e d  p o l y m e r i z a t i o n  os L-  and D ~ L - m a n d e l i c  a c i d  0CA. Hen-  

c e ,  we must  c o n c l u d e  t h a t  OChs a r e  n o t  s u i t a b l e  f o r  t h e  p r e p a -  

r a t i o n  o f  h i g h  m o l e c u l a r  w e i g h t  p o l y e s t e r  o r  p o l y d e p s i p e p t i d e s .  

N o n e t h e l e s s ,  t h e  p o l y m e r i z a t i o n  o f  D~L-Lac-OCA was i n t e r -  

e s t i n g  w i t h  r e s p e c t  t o  t h e  s t e r e o s p e c i f i c i t y .  L i l l i e  and S c h u l z  

h a v e  d e m o n s t r a t e d  10) t h a t  i t  i s  f e a s i b l e  t o  a n a l y z e  t h e  t a c t i -  

c i t y  o f  p o l y ( D , L - l a c t i d e )  by means o f  15C NMR s p e c t r a .  Our 

100 .5  MHz 15C NMR s p e c t r a  e x h i b i t  a c l e a r  t r i a d  p a t t e r n  o f  t h e  

~ - C  s i g n a l  ( F i g .  1 h)~ and t h e  i s o t a c t i c  t r i a d  was a s s i g n e d  

by  a d d i t i o n  o f  p o l y ( L - l a c t i d e )  ( F i g .  1 B ) .  From t h e  p e a k  i n t e n -  

s i t i e s  we may c o n c l u d e  t h a t  i n  a l l  t h r e e  p o l y m e r i z a t i o n s  (Nos .  

8 - 1 0 )  i s o t a c t i c  s e q u e n c e s  were  p r e f e r e n t i a l l y  f o r m e d .  T h i s  r e -  

s u l t  i s  i n t e r e s t i n g  b e c a u s e  mos t  p o l y m e r i z a t i o n s  o f  D , L - a m i n o  

a c i d  NCAs b e h a v e  l i k e w i s e  1 1 - 1 5 ) .  F i n a l l y ,  i t  i s  t o  be m e n t i o .  

ned t h a t  ou r  c h e m i c a l  s h i f t s  (69 .0~  6 9 . 2 ,  69.5~ 6 9 . 4  ppm) and 

o u r  t r i a d  a s s i g n m e n t  do n o t  a g r e e  w i t h  t h o s e  o f  L i l l i e  and 

S c h u l z  7 ) .  B e c a u s e  t h e  s i g n a l - t o - n o i s e  r a t i o  o f  t h e i r  s p e c t r a  

i s  poor~ t h e  6 7 . 0 6  ppm p e a k  t h e y  have  l i s t e d ~  p r o b a b l y  does  

n o t  b e l o n g  t o  t h e  t r i a d  p a t t e r n .  More d e t a i l e d  1H NMR s t u d i e s  

o f  t h e  t a c t i c i t y  o f  p o l y - ( D ~ L - l a c t i d e s )  p r e p a r e d  f r o m  D~L-L,L 

l a c t i d e  have  b e e n  p u b l i s h e d  by o t h e r  a u t h o r s  14~15) 

E x p e r i m e n t a l  

L -Lac -0CA:  A q u a n t i t y  o f  2 . 5  - 3 . 0  mol p h o s g e n e  was c o n d e n s e d  

and d i l u t e d  w i t h  c a .  1 .5  1 c o l d ,  d r y  t e t r a h y d r o f u r a n .  Then 1 .0  

mol l i t h i u m  L - l a c t a t e  (S igma C h e m i c a l s )  was added  p o r t i o n w i s e  
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u n d e r  c o o l i n g ~  so  t h a t  a r e a c t i o n  t e m p e r a t u r e  o f  0 u 5~ was 

m a i n t a i n e d .  When a c l e a r  s o l u t i o n  was o b t a i n e d ,  a s o l u t i o n  o f  

1 . 0  mol N - m e t h y l  m o r p h o l i n e  i n  500 ml d r y  t e t r a h y d r o f u r a n  was 

added  s l o w l y  u n d e r  c o o l i n g .  A f t e r w a r d s ~  t h e  e x c e s s  p h o s g e n e  was 

r emoved  o v e r n i g h t  by a s low s t r e a m  o f  n i t r o g e n ,  t h e  r e a c t i o n  

m i x t u r e  was f i l t e r e d  u n d e r  e x c l u s i o n  o f  m o i s t u r e  and t h e  f i l t r a -  

t e  c o n c e n t r a t e d  i n  v a c u o .  The L-Lac-OCA was c r y s t a l l i z e d  by 

p o r t i o n w i s e  a d d i t i o n  o f  c a r b o n  t e t r a c h l o r i d e  u n d e r  d o o l i n g  w i t h  

i c e .  I t  was t r e a t e d  w i t h  d r y  c h a r c o a l  i n  e t h y l  a c e t a t e  and t w i -  

ce  r e c r y s t a l l i z e d  f r o m  e t h y l  a c e t a t e / c a r b o n  t e t r a c h l o r i d e .  

Y i e l d :  6 1 % ;  m.p .  5 4 - 5 6 ~  

A n a l y s e s  c a l c d ,  f o r  C4H404 ( 1 1 6 . 0 5 )  : C 4 1 . 4 ,  H 5 . 5  

Found :  C 4 1 . 2 ,  fi 5 . 5 ;  [~]~0 = - 1 9 . 2  ( c = l O g / 1  i n  c h l o r o f o r m )  

D,L-Lac-OCA was p r e p a r e d  a n a l o g o u s l y :  mp. 24-26~  (mp.26~ i n  

r e f . 9 ) .  

P o l y m e r i z a t i o n s :  The i n i t i a t o r  was added  t o  t h e  s o l u t i o n  o f  25 

mmol Lac-OCA i n  25 ml o f  a d r y  s o l v e n t  and t h e  g l a s s  f l a s k  was 

c l o s e d  w i t h  a f r e s h l y  p r e p a r e d  c a l c i u m  c h l o r i d e  d r y i n g  t u b e .  

The p o l y m e r s  were  p r e c i p i t a t e d  i n t o  i c e - c o l d  m e t h a n o l  and i s o -  

l a t e d  by  f i l t r a t i o n  (Nos .  1 , 8 - 1 0 ) ,  o r  t h e  m e t h a n o l  s o l u t i o n s  

were  b r o u g h t  t o  d r y n e s s  i n  a vacuum o f  12 mbar .  

70 69 b (ppm) 70 69 

B 

. . . .  6'g 

F i g . 1  1 0 0 . 5  MHz 15C NMR s p e c t r a  m e a s u r e d  i n  C D C 1 3 ( i n t .  TMS): 

A) p o l y ( D ~ L - l a c t i d e )  No .8  ( T a b l e  1 ) ;  B) t h e  same sample  

a f t e r  a d d i t i o n  o f  c a .  25 mol % p o l y ( L - l a c t i d e ) .  
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