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Synthesis of Functionally-Terminated Oligomers by Free Radical 
Ring-Opening Polymerization 

W i l l i a m  J. Bailey, Takashi Endo, Benjamin Gapud, 
Yin-Nian Lin, Zhende N i ,  Cai-Yuan Pan, S c o t t  E. Shaffer,  
Shang-Ren Wu, Noroha Yamazaki, and Kazuya Yonezawa, 

Department of Chemistry, University of Maryland, 
College Park, Maryland 20742 

ABSTRACT 

Since  f r e e  radical ring-opening polymerization made 

poss ib l e  t o  introduce func t iona l  groups, such as esters, 

bonates, t h ioes t e r s ,  and amides, i n t o  t h e  backbone of an 

t 

car- 

addi t ion  

polymer, it w a s  reasoned t h a t  simple hydro lys is  of t hese  copoly- 

mers would produce the  des i r ed  oligollbers t h a t  could be terminated 

wi th  various caubinations of hydroxyl, amino, t h i o l ,  and carboxyl 

groups. Thus t h e  copolymerization of Z-methylene-1,3-dioxepane 

and s ty rene  (rl=0.021 and r2=22.6) gave a copolymer containing 10 

mole-percent of an es te r -conta in ing  u n i t  wi th  100% r i n g  opening 

a t  120OC. Hydrolysis of t h i s  copolymer gave an oligomer ter- 

minated wi th  a hydroxyl group and a carboxylic a c i d  group. 

l a r l y  t h e  copolymerization of 2-methylene-1,3-dioxepane and 

e thylene  gave a series of biodegradable polyethylene copolymers 

conta in ing  2.1 t o  10.4% e s t e r c o n t a i n i n g  un i t s .  Hydrolysis of 

t h e s e  copolymers gave a series of ethylene oligomers wi th  nine t o  

forty-seven e thylene  u n i t s  and terminated wi th  a hydroxyl group 

and a carboxylic a c i d  group. By t h e  same genera l  method oligo- 

mers of various monomers t h a t  are terminated with a methylamino 

S i m i -  
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980 BAILEY ET AL. 

group and a carboxylic a c i d  group from N-methyl-Z-methylene-1,3- 

oxazol id ine  and with a t h i o l  group and a carboxyl group f r o m  

Z-methylene-1,3-oxathiolane. 

When 3,9-dimethylene-l,5,7,1l-tetraoxaspiro[5.5]undecane was 

copolymerized w i t h  a wide va r i e ty  of monomers, copolymers con- 

t a in ing  the carbonate group i n  the  backbone of t h e  polymers by 

double r i n g  opening were obtained. When s ty rene  w a s  used a s  t h e  

ccmonomer, s ty rene  copolymers containing 4 t o  10% carbonate- 

conta in ing  u n i t s  were obtained. Hydrolysis wi th  base gave a 

s e r i e s  of s ty rene  oligomers t h a t  were terminated wi th  hydroxyl 

groups , 

A restudy of t h e  copolymerization of d i e t h y l  ketene a c e t a l  

wi th  s ty rene  gave a s ty rene  co-oligmer conta in ing  some ketene 

a c e t a l  u n i t s  but terminated wi th  an e t h y l  group and a carboethoxy 

group. Thus p a r t  of t h e  ketene a c e t a l  was a c t i n g  as a chain- 

t r a n s f e r  agent, func t ion ing  by an  addition-elimination mechanism. 

When t h i s  process w a s  extended t o  benzyl methyl ketene acetal and 

s tyrene ,  a s ty rene  oligomer t h a t  is terminated by a benzyl group 

and a carbomethoxy group resu l ted .  Apparently t h e  high s t a b i l i t y  

of t h e  benzyl f r e e  r a d i c a l  promotes complete e l imina t ion  and 100% 

cha in  t r ans fe r .  A t  120a, s ty rene  and benzyl methyl ketene a c e t a l  

( 1 : l )  i n  the presence of d i - m - b u t y l  peroxide gave a 25% con- 

vers ion  o f  a s ty rene  oligomer conta in ing  an  average of four 

s ty rene  u n i t s  terminated wi th  a benzyl group and a carbomethoxy 

group. Hydrolysis gave an oligomer capped wi th  a carboxylic a c i d  

group. The use of di(hydroxymethylbenzy1)-containing ketene ace- 

t a l s  w i l l  produce an  oligomer capped by hydroxyl groups by d i r e c t  

polymerization. 

INTRODUCTION 

Although func t iona l ly  terminated oligomers a r e  commer- 

c i a l l y  important f o r  t h e  production of polyurethanes and block 

polyes te rs ,  very few oligomers a r e  synthesized by a convenient 
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SYNTHESIS OF FUNCTIONALLY-TERMINATED OLIGOMERS 981 

and inexpensive f r e e  r a d i c a l  process. 

minated oligomers a r e  produced e i t h e r  by i o n i c  addi t ion  polymeri- 

z a t i o n  o r  condensation reactions.  The hydroxy-terminated 

polybutadiene produced by a f r e e  r a d i c a l  process by &co Chemical 

Company is  one of t h e  few exceptions. Polymerization of buta- 

diene and s u l f u r  by a f r e e  r a d i c a l  mechanism t h a t  involves a 

ring-opening of t h e  S8 

r e s u l t i n g  polysulf i de  groups t o  give a mercapto-terminated 

polymer has found l i m i t e d  use [l] . Since it w a s  shown t h a t  f r e e  

r a d i c a l  ring-opening polymerization [2] made it poss ib le  t o  

introduce func t iona l  groups, such as e s t e r s  131, carbonates [41 , 
t h i o e s t e r s  [5 ] ,  and amides [6], i n t o  t h e  backbone of an addi t ion  

polymer, it was reasoned t h a t  simple hydro lys is  would produce t h e  

des i r ed  oligomers t h a t  could be terminated wi th  various com- 

b ina t ions  of hydroxyl, amino, t h i o l ,  and carboxylic ac id  groups. 

Most funct iona l ly  ter- 

r i n g  followed by reduction of t h e  

Xven though t h e  ion ic  ring-opening polymerization of 

he t e rocyc l i c  compounds, such a s  ethylene oxide, tetrahydrofuran, 

ethylenimine, 6-propiolactone and caprolactam, as w e l l  as t h e  

Ziegler-Natta metathesis ring-opening polymerization of c y c l i c  

o l e f i n s ,  such a s  cyclopentene and norbornene, are w e l l  known, 

f r e e  r a d i c a l  ring-opening polymerizations a r e  q u i t e  rare. The 

few examples of f ree- rad ica l  ring-opening polymerization t h a t  a r e  

r epor t ed  i n  t h e  literature include de r iva t ives  of vinylcyclopro- 

pane [7,8], o_-xylylene dimer [9] , der iva t ives  of bicyclo[1.1.0]- 

butane [ l o ] ,  and elemental  s u l f u r  [ I l l  . Simple uns t ra ined  f ive-  

o r  six-membered carbocyclic r ings  have not  been shown t o  undergo 

r a d i c a l  r i n g  opening readi ly ,  and i n  f a c t  t h e  open-chain radicals 

have been shown t o  be less s t a b l e  than t h e  corresponding 

uns t ra ined  c y c l i c  r ad ica l .  For example, But le r  and Angelo [ I21  

found t h a t  diallyldimethylammonium bromide would undergo in t e r -  

intramolecular polymerization t o  produce a so lub le  polymer. 

Apparently t h e  r eac t ion  i s  k i n e t i c a l l y  con t ro l l ed  t o  form t h e  

five-membered r i n g  r a t h e r  than t h e  thermodynamically favored six- 

membered ring. 
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982 BAILEY ET AL. 

R-CH2 CH2 
I II 

The course of some of these  ring-opening and ring-closing poly- 

merizations can be explained by t h e  r ecen t  da ta  of Maillard, 

For res t ,  and Ingold [131  t h a t  i s  l i s ted  i n  Table I. 

They s tud ied  t h e  transformations i n  t h e  cyclopropylmethyl and t h e  

cyclopentylmethyl series by e l ec t ron  sp in  resonance. In t h e  case 

of the three-membered r ad ica l  t h e  r eac t ion  involves r i n g  opening 

s ince  t h e  energy is  favorable and the rate of r eac t ion  is very 

high. In t h e  case of t h e  f i v e  membered r ing  system t h e  r eac t ion  

proceeds i n  t h e  d i r ec t ion  of ring-closure s ince  t h e  energe t ics  of 

t h a t  r eac t ion  is favorable  and t h e  rate of t h e  r i n g  c losure  i s  

Table I 

CH2, cH2' 
I ,CH-CH~* I ,CH=CHZ 1.3 x l o 8  5.94 12.48 

CH2 CH2 

1.0 105 7 .8  10.7 
/ ""\ 

CH2 CH2 
/ CH 

CH2 CH2. 
I 1 I I 
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SYNTHESIS OF FUNCTIONALLY-TERMINATED OLIGOMERS 983 

a l s o  moderately high. However, thermodynamic ca l cu la t ion  i n  

these  l abora to r i e s  i nd ica t ed  t h a t  t he  in t roduct ion  of an oxygen 

atom i n t o  t h e  r i n g  would favor r i n g  opening by producing the  more 

s t a b l e  carbonyl double bond. 

OLIGOMERS BY FREE RADICAL COPOLYMERIZATION FOLLOWED 
BY HYDROLYSIS 
L 

W e ,  therefore ,  undertook a r e inves t iga t ion  of t h e  c y c l i c  

ketene acetal, 2-methylene-1,3-dioxolane (I), t h a t  had been pre- 

pared  by McElvain and Curry [141. Although McElvain and 

Beyerstedt [15] repor ted  t h a t  benzoyl peroxide had no appreciable 

e f f e c t  on d i e thy l  ketene ace t a l ,  no such study w a s  reported [141 

f o r  t h e  2-methylene-l,3-dioxolane (I). The synthes is  w a s  c a r r i e d  

o u t  as follows [6]: 

, O-CHZ'CH~ HO-CHzCtI2 -OH ,O-CH2 
Br-CH2-CH ___I_c Br-CHZ-CH 1 ' O-CHz'CH3 H+ 87% ' O-CH2 

- t-BuOK ,O-CH2 - CHz=C I 
6 2% 'O-CH2 

I 

Treatment of t h i s  monomer wi th  benzoyl peroxide gave a high 

molecular weight po lyes t e r  by a f r e e  r a d i c a l  ring-opening poly- 

mer iza t ion  which can be r a t iona l i zed  by t h e  accompanying scheme. 

The s t ruc tu re  of t h e  po lyes t e r  I V  w a s  e s t ab l i shed  by ana lys i s  and 

hydro lys is  as w e l l  as in f r a red  and NMR spectroscopy. 

A 

R. 

O-CH2 
I1 
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984 BAILEY ET AL. 

A t  6O9C only 50% of t h e  r ings  were opened and a t  12OoC, 87% of 

t h e  r ings  were opened [61; high d i l u t i o n  a l s o  favored the  ex ten t  

of r ing  opening. There w a s  a competition between t h e  d i r e c t  

addi t ion  of the  intermediate r ad ica l  I1 and i ts  r ing  opening t o  

t h e  r a d i c a l  111. An a l t e r n a t i v e  method of ana lys i s  of t he  e x t e n t  

of r i n g  opening was t h e  bas ic  hydrolysis of t h e  copolymer I V ,  

which cleaved t h e  ester groups but l e f t  t h e  c y c l i c  k e t a l s  i n t a c t .  

Copolymerization of s tyrene  and I gave a copolymer containing 

both ring-opened and nonring-opened uni t s .  

I t cn2=cn 
I + 

0 0 
11 II 

- C H ~  -c-o-cn2cn2- 

I1 

NaOH then Ht 1 

In a program t o  f i n d  o ther  c y c l i c  a c e t a l s  t h a t  would undergo 

quan t i t a t ive  r i n g  opening even a t  room temperature w e  prepared 

t h e  seven-inembered ketene ace t a l ,  2-methylenel, 3-dioxepane (V) , 
which underwent e s s e n t i a l l y  complete r i n g  opening a t  room tem-  

perature.  This process  makes poss ib l e  t h e  q u a n t i t a t i v e  introduc- 

t i o n  of an e s t e r  group i n  t h e  backbone of an add i t ion  polymer. 
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SYNTHESIS OF FUNCTIONALLY-TERIYINATED OLLGOMERS 

CHz’C, ,O-CH2-CH2 I -  di-=-butyl IH2-‘.- (CH2 1.1- 
0-CH2 -CH2 peroxi  de 

8 00 VI 
V 

R. 

0 
*,O-CH2-CH2 II *CHZ-CH~ 

R-CH2-C I __.___C R-CH2-C I 
‘O-CH2-CHz ‘O-CH2-CH2 

v I1 VIII 

985 

Apparent ly  t h e  seven-membered r i n g  i n c r e a s e s  t h e  steric hindrance 

i n  t h e  i n t e r m e d i a t e  f r e e  r a d i c a l  VII t o  e l l i n i n a t e  p r a c t i c a l l y  a l l  

o f  t h e  d i r e c t  a d d i t i o n  and a lso in t roduces  a small amount of 

s t r a i n  so t h a t  t h e  r i n g  opening t o  t h e  r a d i c a l  V I I I  is acce- 

l e r a t e d .  

When t h e  seven-membered ke tene  a c e t a l  V w a s  copolymerized 

w i t h  s t y r e n e ,  4 -v inylan iso le ,  v i n y l  acetate, e thylene ,  and v i n y l  

c h l o r i d e ,  copolymers w i t h  ester groups i n  t h e  main c h a i n  were 

obta ined ,  a l l  w i t h  q u a n t i t a t i v e  r i n g  opening. For example, by 

t h e  use  of a l a r g e  amount of s t y r e n e  and a small amount of t h e  

k e t e n e  acetal V,  f o l l m e d  by h y d r o l y s i s ,  a n  oligomer of s t y r e n e  

was produced t h a t  w a s  capped w i t h  a hydroxyl group and a car- 

b o x y l i c  a c i d  group. 

,o-cn2 -c ti2 (CH3)3C-O-O-C(CH3)3 
C H2’C I -k cki2=cki ______t ’ O-CH2 -CH2 I 1 2 0 o c  

0 
V 

0 0 
II 

Y H z - C - O - (  CH2 14- )4-CH2-C- 
1 

@ 

NaOH t h e n  H+ 
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986 BAILEY ET AL. 

In t h e  copolymerization of t h e  ketene acetal V wi th  styrene,  

rl 
about 80% V and 20% styrene,  a copolymer containing 90 m o l e - %  

s ty rene  and 10 mole-% ester-containing u n i t s  was obtained. 

hydrolysis of t h i s  copolymer gave an oligomer of s ty rene  con- 

t a i n i n g  an average of about nine s ty rene  u n i t s  end capped with 

t h e  hydroxyl and carboxylic ac id  groups. Thus a very general  

method has been developed f o r  t h e  synthes is  of a wide va r i e ty  of 

oligomers wi th  any des i red  molecular weight range. Of course, 

s i n c e  the  copolymers a r e  randan, t h e  molecular weight d i s t r ibu -  

t i o n  of t h e  oligomers is q u i t e  broad. However, t hese  oligomers 

should prove q u i t e  usefu l  f o r  t h e  synthes is  of polyurethanes and 

block polyes te rs .  

is 0.021 and r2 i s  22.6 a t  1 2 O O C .  With a mixture conta in ing  

The 

Although most syn the t i c  polymers a r e  nonbiodegradable s ince  

they have no t  been on t h e  e a r t h  long enough f o r  microorganisms o r  

enzyme systems t o  have evolved t o  u t i l i z e  them as food, 

po lyes t e r s  t h a t  are r e l a t i v e l y  low molecular weight and r a t h e r  

l a  melting a r e  biodegradable [161. This observation is  r e l a t e d  

t o  t h e  f a c t  t h a t  poly(8-hydroxybutyric ac id )  occurs widely i n  

na ture  and many micro-organisms use t h i s  po lyes t e r  t o  s t o r e  

energy i n  t h e  same way t h a t  animals use f a t .  On t h e  o ther  hand, 

no  syn the t i c  addi t ion  polymer was knwn t h a t  was readi ly  

biodegradable. 

polymer t h e  21nethylene-1,3-dioxepane (V) and ethylene were copo- 

lymerized a t  120°C f o r  30 minutes a t  a pressure  of 1800 p s i  t o  

give a low conversion of copolymers with es te r -conta in ing  u n i t s  

varying f r o m  2.1 t o  10.4 mole-%. The copolymers were i n  f a c t  

biodegradable with t h e  copolymers containing t h e  high amount of 

e s t e r  groups being rap id ly  degraded and t h e  copolymers containing 

only 2.1% ccmonomer only s l m l y  degraded [171. Apparently t h e r e  

a r e  enzymes i n  t h e  micro-organisms t h a t  are capable of hydro- 

lyz ing  t h e  ester l inkages i n  t h e  ethylene copolymer t o  produce 

t h e  oligomers with te rmina l  carboxylic a c i d  groups; t hese  oligo- 

mers are then  degraded as analogs of f a t t y  ac ids  by t h e  normal 

metabolic processes.  

In an e f f o r t  t o  produce a biodegradable add i t ion  
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SYNTHESIS OF FUNCTIONALLY-TERMINATED OLIGOMERS 987 

In  a s epa ra t e  s t e p  t h e  ethylene-2-methylene-1,3-dioxepane copo- 

lymer w a s  hydrolyzed t o  give oligomers t h a t  were capped wi th  a 

hydroxyl group a t  one end and a carboxylic a c i d  group a t  t h e  

o ther .  When t h e  es te r -conta in ing  u n i t  w a s  2.1 mole-%, the value 

of n w a s  approximately 47 and when it w a s  10.4 mole-%, the value 

of n w a s  approximately 9. The copolymers w i t h  6 o r  less mole-% 

of t h e  es te r -conta in ing  u n i t s  had melting p o i n t s  i n  excess of 

9ooc. 

Since t h e  n i t rogen  analogs of t h e  c y c l i c  ketene acetals w e r e  

r ead i ly  synthesized and would polymerize wi th  e s s e n t i a l l y  100% 

r i n g  opening, t h e i r  copolymerization with a va r i e ty  of monomers 

w a s  undertaken 161. 

0 
II 0 

II 
___j -N-CHz-CHz-- CHZ-C-N-CHZ-CHZ -CHz-C-N- 

I 
I [ 1 H 3  ] n CH3 

,O-CH2 (+C-O-)2 

N-CH2 8 O o C  
CHz=C, I 

I CH3 
CH3 

( 1  00% r ing  opened) 
IX 

d i - s - b u t y l  0 0 
peroxide II n 

M + CH2=CH - 
I 120oc I + 

0 
0 H- II 

___C H-N-CHz-CHz-- 
t hen  H' I 

CH3 
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988 BAILEY ET AL. 

Thus the  amide l inkage is  s u f f i c i e n t l y  more s t a b l e  than  the  ester 

group t o  g rea t ly  favor t h e  r i n g  opening. 

w i t h  s ty rene  proceeded w i t h  e s s e n t i a l l y  q u a n t i t a t i v e  r i n g  opening 

[ 6 ] .  In t h e  case  of t h e  copolymer w i t h  s t y rene  and IX, t h e  copo- 

lymer w a s  r ead i ly  hydrolyzed t o  g ive  an oligomer of s tyrene  

capped w i t h  an aminomethyl group and a carboxyl ic  a c i d  group. 

Copolymerization of IX 

Although the s u l f u r  analog of t h e  cyc l i c  ketene acetal X w a s  

prepared and polymerized, apparently t h e  r e s u l t i n g  t h i o e s t e r  is  

higher energy than  t h e  ordinary ester and t h e r e f o r e  r e t a rds  t h e  

e x t e n t  of r i n g  opening. Even a t  120OC only 45% of t h e  r ings  were 

opened. 

,O-CH2 1 2 0 o c  
CH2'C - 

'S-CH2 (CH3 ) 3-C-O-O-C ( CH3 ) 

X 

Nevertheless, copolymerization of X with s ty rene  gave a copolymer 

conta in ing  some t h i o e s t e r  groups and hydro lys is  of t h i s  copolymer 

gave an oligomer capped wi th  a mercaptan and a carboxyl ic  a c i d  

group- 

1 2 0 o c  
X f CHZ'CH 3 

I 
m 

(CH3 ) JC-0-0-C ( CH3 ) 3 
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The unsaturated sp i ro  ortho carbonates have been shown t o  

undergo double r ing opening i n  a f r e e  r ad ica l  polymerization t o  

introduce a carbonate group i n  the backbone of an addition 

polymer 1191. 

IX 

n 

CH2 0 

The driving force f o r  the r ing  opening i s  the  r e l i e f  of t h e  

s t r a i n  i n  the sp i ro  system and the formation of the s t ab le  car- 

bonate double bond. The double r ing  opening is  probably a con- 

cer ted process from the i n i t i a l  radical  addition product t o  the 

open-chain radical .  Even though the sp i ro  canpound X I  is an 

a l l y 1  monomer, it does copolymerize with a wide var ie ty  of como- 

nomers. For example, X I  w i l l  copolymerize with styrene t o  give a 

copolymer containing carbonate groups i n  the main polymer chain 

I 201  . Hydrolysis gives the oligomeric polystyrene capped 

CH2-0, c,O-C% peroxide 

CH2-0' 'O-CH2 I 8 O o C  
,C=CH2 + nCH2=CH - 

+ 
X I  

CH2 0 CH2 cn2 o CH2 
I II I1 II II II 

- C H 2  -C-CH2-O-C-O-CH2-C-Cn2-0 CH2 -CH CH2 -C-CH2-O-C-O-CH2 -C-CH2-0-- 

[ 13. on- 

CH2 
I1 

CH2 
n 

HO-C ~2 -c-c H2 -0- - 

with react ive hydroxyl groups [21. 
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Another example of t h i s  same procedure is t h e  copolymeriza- 

t i o n  of the 3,9-dimethylene-1,5,7, 1 l-tetraoxaspiro[5.5]undecane 

(XI) w i t h  hydroxyethyl methacrylate (HEMA) t o  produce a water 

so lub le  copolymer with carbonate groups i n  t h e  backbone which w a s  

shown t o  be biodegradable. When a copolymer conta in ing  14 mol-% 

of t he  ring-opened u n i t s  w a s  hydrolyzed i n  an a lcohol ic  so lu t ion  

containing 1% sodium hydroxide f o r  3 hours a t  room temperature, 

a n  oligomer, t h a t  was endcapped wi th  hydroxyl groups and had a 

v i scos i ty  average molecular weight t h a t  w a s  one f i f t h  t h a t  of t h e  

o r i g i n a l  copolymer, were obtained 

0 
n peroxide 

X I  + CH~=C-C-O-CH~-CHZ-OH c 

I 

c=o 

0 
I 

I 

I NaOH 
1 
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Thus, it is  poss ib l e  by simple f r e e  r a d i c a l  copolymerization 

wi th  monomers t h a t  undergo r i n g  opening followed by hydro lys is  

o f  t h e  r e s u l t i n g  copolymer t o  produce a v a r i e t y  of oligomers of 

any des i r ed  average molecular weight capped with a choice of 

r e a c t i v e  end groups. 

KETENE ACETALS AS CHAIN THANSER AGENTS ------ 

Since t h e  c y c l i c  ketene acetal V w i l l  undergo f r e e  r ad ica l  

-CH2 
C H2'C I 

O-CH2-CH2 
\ 

V 

/O-CH2-CH3 
CH2=C 

\ 
O'CH2-CH3 

X I  I 

polymerization t o  produce an ester group, it was reasoned t h a t  

t h e  open chain ketene acetal X I 1  should a l s o  form an ester by 

cha in  t r ans fe r .  Johnson, Barnes, and McElvain [ 2 1 ]  repor ted  t h a t  

benzoyl peroxide treatment had no appreciable e f f e c t  on X I I ,  bu t  

t h e  c r i t e r i a  t h a t  they used f o r  t h a t  determination is no t  c lear .  

W e  have v e r i f i e d  t h a t  treatment of X I 1  with a peroxide does not  

r e s u l t  i n  a high molecular weiaht polymer but  because t h e  monomer 

undergoes a chain t r a n s f e r  reaction. 

of s ty rene  and d i e thy l  ketene acetal ( X I I )  w a s  heated a t  14OOC i n  

t h e  presence of cumene hydroperoxide, a co-oligomer of s ty rene  

and t h e  a c e t a l  X I 1  was obtained a t  a 29% conversion. An elemen- 

t a l  ana lys i s  i nd ica t ed  t h e  o l iganer  cons is ted  of 90 mole-% 

s ty rene  and s p e c t r a l  s t u d i e s  ind ica ted  t h a t  t h e  oligomer w a s  

capped w i t h  a carboethoxy group a t  one end. 

u n i t s  appear t o  be about equally divided between the  copoly- 

merized u n i t s  and t h e  endcapped chain t r a n s f e r  un i t s .  Thus it 

appears t h a t  X I 1  i s  less reac t ive  i n  t h e  e l imina t ion  process than 

i s  t h e  2-methylene-l,3-dioxolane (I)  which undergoes cleavage t o  

an  ex ten t  of over 90% a t  14OOC. 

When an  equimolar mixture 

The ketene acetal 
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,0-CH2-CH3 Cumene hydroperoxide 
CH2=CH + CH2=C I l j  

I ‘O-CHZ-CH~ 1 4 0 ° C  

@ 
( 1 : l )  

- 
(9:l a t  29% conversion) 

Since t h e  d i e thy l ’ke tene  a c e t a l  (XII) appears t o  be an effec- 

t i v e  chain t r a n s f e r  agent as w e l l  as a comonomer, a search w a s  

made t o  f i n d  a ketene a c e t a l  t h a t  would be a more e f f i c i e n t  chain 

t r a n s f e r  agent. It was reported e a r l i e r  t h a t  t h e  in t roduct ion  of 

a phenyl group i n t o  t h e  2-methylene-l,3-dioxolane r ing  system 

would so s t a b i l i z e  the ring-opened free r a d i c a l  t h a t  t he  4-phenyl 

-2-methylene-l,3-dioxolane (XI111 would undergo 100% r i n g  opening 

even a t  room temperature [221. 

On t h i s  bas i s  it was reasoned t h a t  a benzyl group i n  a ketene 

a c e t a l  should grea t ly  increase  the  ex ten t  of cleavage during 

polymerization and, therefore ,  should increase  the ef f ic iency  of 

chain t r ans  f er . 
When an equimolar mixture benzyl methyl ketene a c e t a l  ( X I V )  

and s tyrene  was heated a t  12OOC i n  the presence of d i - s - b u t y l  

peroxide, an  oligomer with 80% s tyrene  u n i t s  and capped with a 

carbomthoxy group w a s  obtained. 

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 FUNCTIONALLY-TERMINATED OLIGOMERS 993 

,O-CH3 (CH3 ) 3-C-0-0-C ( C H 3  13 
C H2'C -k CH2'CH - . 

\o-CH2 -$ I l2OOC 

$ 
XIV ( 1 : l )  

0 
I 

( a t  25% conversion) 

Apparently t h e  add i t iona l  s t a b i l i z a t i o n  of t h e  eliminated 

f r e e  r a d i c a l  by t h e  phenyl gsoup promotes e s s e n t i a l l y  quan- 

t i t a t i v e  cleavage. The mechanism of t h e  production of t h e  end- 

capped oligomer is  probably as follows: 

f $-CH2' 

Although t h e r e  a r e  o ther  unsa tura ted  compounds t h a t  w i l l  

undergo addition-elimination with free r ad ica l s ,  t h e  benzyl 

ketene a c e t a l  XIV appears t o  be t h e  most a c t i v e  double bond as 

f a r  a s  rate of add i t ion  i s  concerned and t h e  most e f f i c i e n t  as 
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f a r  as regards t o  t h e  ex ten t  of e l imina t ion  is  concerned. A com- 

par i son  with t h e  l ist  of chain t r a n s f e r  agents l i s t e d  i n  t h e  

Polymer Handbook [23] ind ica ted  t h a t  only t h e  s u l f u r  compounds 

appear t o  be more e f f e c t i v e  than X I V .  

capped oligomer gives a macromer t h a t  i s  terminated with a car- 

boxylic ac id  group. 

Hydrolysis of t h e  end- 

I n  an  e f f o r t  t o  f i n d  a way t o  u t i l i z e  t h e  chain t r a n s f e r  pro- 

p e r t i e s  of t h e  ketene acetals t o  g ive  oliqomers t h a t  are end- 

capped a t  both ends wi th  fun t iona l  groups without hydrolysis,  

di(p-hydroxymethylbenzyl) ketene a c e t a l  (XV)  was prepared. 

Preliminary s tud ie s  show t h a t  copolymerization of XV with s ty rene  

g ives  an o l iqaner  of s ty rene  with hydroxyl-containing groups a t  

both ends. 

Thus it appears t h a t  ketene acetals can be used e f f e c t i v e l y  t o  

produce oligomers wi th  a var ie ty  of end groups by f r e e  r a d i c a l  

processes.  

The au thors  a r e  g r a t e f u l  f o r  support  f o r  t h i s  research t o  t h e  

Polymer Program of t h e  National Science Foundation, t h e  Frasch 

Foundation, and t h e  Goodyear T i r e  and Rubber Company. 
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