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Polymerization of 2,6,7-Trioxabicyclo[2.2.1]Heptane 
with Either Contraction or Expansion 

H.K. Hall, Jr. and Y. Yokoyama 

Department of Chemistry, College of Liberal Arts, University of Arizona, 
Tucson, Arizona 85721, USA 

SUMMARY 

2 , 6 , 7 - T r i o x a b i c y c l o [ 2 . 2 . 1 ] h e p t a n e  ( I )  polymerizes 
to poly or tho es ter  ( P o l y - l )  at -78~ with opening of 
one r ing  and volume shr inkage.  Heating Po ly - I  wi th 
acid isomer ized i t  to an open chain po l y -e the r  formate 
( P o l y - l l ) ;  t h i s  occurred with a large volume expansion. 
D i rect  conversion of  I to P o l y - l l  by heat ing with acid 
occurred with net moderate increase.  Monomer I is the 
f i r s t  repor ted monomer which can be polymerized with 
e i t he r  shr inkage or expansion as des i red .  Sapon i f i -  
cat ion of P o l y - l l  gave P o l y - l l l ,  a new wa te r - so lub le  
copolymer. 

INTRODUCTION 

I t  has been shown t h a t ,  under v igorous cond i t i on~  
sp i ro  or tho esters (Ba i ley  et a l . ,  1976a) or ketal  
lactons (Ba i l ey ,  1975) polymerize wi th e s s e n t i a l l y  no 
shr inkage dur ing Do lymer i za t ion ,  but sp i ro  ortho 
carbonates (Ba i ley  et a l . ,  1976b) undergo po lymer iza-  
t ion  with simultaneous opening of both r ings with 
large expansion. These are the only known monomers 
which polymerize wi thvolume expansion. B r i e f  mention 
was made tha t  the atom-bridged b i c y c l i c  or tho esters 
1 , 4 - d i e t h y l - ( B a i l e y  et a l . ,  1978) and 4 - e t h y l - 2 , 6 , 7 -  
t r i o x a b i c y c l o [ 2 . 2 . 2 ] o c t a n e  (Ba i ley  et a l . ,  1977) po ly -  
merized with a s l i g h t  volume expansion, but d e t a i l s  
are not yet  a v a i l a b l e .  

We showed tha t  the atom-bridged b i c y c l i c  or tho 
es ter  2 , 6 , 7 - t r i o x a b i c y c l o [ 2 . 2 . 1 ] h e p t a n e  ( I )  undergoes 
c a t i o n i c  po lymer iza t ion  under mild cond i t ions  ( d i -  
chloromethane s o l u t i o n ,  -78~ wi th opening of a 
s ing le  r ing  ( P o l y - l )  (Yokoyama et a l . ,  1979). In t h i s  
Communication we show that  ( I )  Po lymer iza t ion  of mono- 
mer to Po ly - I  under mild cond i t ions  occurs wi th 
shr inkage,  (2) When heated wi th ac ids ,  Po ly - I  i so -  
merizes to a complete ly  r ing-opened ether  formate 
polymer wi th a large expansion in volume, (3) D i rec t  
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p o l y m e r i z a t i o n  o f  monomer to P o l y - l l  can be c a r r i e d  
out  under v i g o r o u s  c o n d i t i o n s  and occurs  w i t h  a net  
expans ion  in vo lume,  (4) P o l y - l l  undergoes s a p o n i f i -  
c a t i o n  to form a new w a t e r - s o l u b l e  copo lymer .  

EXPERIMENTAL 

IH-NMR s p e c t r a  were o b t a i n e d  us ing  Var ian  NMR 
s p e c t r o m e t e r  Model EM-360L. I n f r a r e d  s p e c t r a  were 
reco rded  us ing  Perk in  Elmer 337 s p e c t r o p h o t o m e t e r .  
The number average m o l e c u l a r  w e i g h t  o f  po lymer  was 
de te rm ined  us ing  Hew le t t  Packard Vapor Pressure  Osmo- 
meter Model 302B on s o l u t i o n  o f  DMF at 37~ 

P o l y m e r i z a t i o n  w a s c a r r i e d  out  as f o l l o w s :  The 
r e q u i r e d  amounts o f  monomer and t r i f l u o r o m e t h a n e s u l -  
f o n i c  ac id  were weighed i n t o  a smal l  g lass  ampoule 
under argon a tmosphere ,  and the ampoule was coo led  
and sea led  o f f .  P o l y m e r i z a t i o n  was t e r m i n a t e d  w i t h  
a few ml o f  t r i e t h y l a m i n e - m e t h a n o l  ( v o l .  r a t i o  1 :4 )  
and po lymer  was p r e c i p i t a t e d  i n t o  a l a r g e  amount o f  
methanol or  n -pentaneo Polymer was p u r i f i e d  by r e p r e -  
c i p i t a t i o n .  

The s p e c i f i c  volume ( m l / g )  o f  monomer and p o l y -  
mers were de te rm ined  as f o l l o w s :  At each t e m p e r a t u r e ,  
2 ml o f  monomer and po lymer  was c o l l e c t e d  i n t o  a 2 ml 
c y l i n d r i c a l  c a l i b r a t e d  v o l u m e t r i c  KIMAX f l a s k  used as 
a pycnometer  and weighed at room t e m p e r a t u r e .  Volume 
change in p o l y m e r i z a t i o n  was c a l c u l a t e d  w i t h  use o f  
the spec i f i c  volume at each temperature. 

Polymer p repared  at 80~ was h y d r o l y z e d  as f o l -  
lows:  Polymer ( 0 . 3 3 6 g ,  3.29 x 10 -3 mol f o r  monomer 
u n i t ;  MW, 2100) was d i s s o l v e d  in IN po tass ium hyd rox -  
ide aqueous s o l u t i o n  (20 ml) and the s o l u t i o n  was 
r e f l u x e d  f o r  6 hours .  A f t e r  n e u t r a l i z a t i o n ,  some 
water  was evapo ra ted  and the h y d r o l y z e d  po lymer  was 
e x t r a c t e d  w i t h  n - b u t a n o l  (50 ml x 5 ) .  The n - b u t a n o l  
was evapo ra ted  and the r e s i d u a l  po lymer  was d r i e d  
under vacuum to c o n s t a n t  w e i g h t .  Y i e l d ,  0 .228g ,  93%; 
MW, 1200 (VPO, DMF, 37~ 

RESULTS 

Table 1 shows results of the polymerizations and Fig. 1 
shows the NMR spectra with assignments of the resulting 
polymers I ,  I f ,  and I I I .  From these data we propose that the 
known Poly-I isomerizes to Poly-II, a copolymer of 65% of 
[ formyloxy methyl ]-ethylene oxide units IIa and 35% of [ 2- 
formyloxy ]trimethylene oxide units. This structural assignment 
is established by (1) disappearance of orthoformate 
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pro ton at  65.8 ppm, (2) appearance o f  fo rmate e s t e r  
peak at  68.1 ppm (NMR) and 1735 cm - I  ( I R ) ,  (3) meth- 
i n y l  a b s o r p t i o n  in  l l b  was v i s i b l e  at  85.2 ppm and 
a l l owed  the r a t i o  l l b / l l  to be de termined from the 
r a t i o  o f  peak area at  ~5.2 ppm:peak area at  ~8.1 

ppm. 

The data in  Tab le  I a l so  i n d i c a t e  t h a t  the main 
f o r m a t i o n  path o f  P o l y - I I  occurs v i a  p r i o r  f o r m a t i o n  
o f  P o l y - I .  

Tab le  I I  and Fig. 2 show the spec i f ic  volume 
o f  monomer and polymers and the c a l c u l a t e d  volume 
change d u r i n g  the p o l y m e r i z a t i o n .  

At t empera tu re  lower  than lO0~ the s p e c i f i c  
volume o f  monomer is  h i g h e r  than t h a t  o f  P o l y - I  and 
lower  than t h a t  o f  P o l y - l l ,  showing t h a t  I undergoes 
p o l y m e r i z a t i o n  to form P o l y - I  w i t h  sh r i nkage  at  lower  
t empera tu re  and to form P o l y - l l  w i t h  expans ion in  
volume at 80~ Maximum sh r i nkaqe  f o r  P o l y - I  and ex- 
pansion f o r  P o l y - l l  are - 9 . 8  (a t  120~ and +4.0% (a t  
25~ r e s p e c t i v e l y .  

TABLE I 

P o l y m e r i z a t i o n  o f  2,6,7 - T r i o x a b i c y c l o [ 2 . 2 . 1 ] h e p t a n e  a 

Monomer Temp., Time, Yield, Structure 
No. g (x I0 ~ ,ioi) ~ hr g (%) MW of polymer 

14 b 0.894 (8.76) -78 4 0.747 (83.6) 8300 c I e (I00%) 

20 0.531 (5.20) 22.5 3 0.474 (89.2) 3000 [ e (I00%) 

21 0.571 {5.59) 22.5 8 0.462 (80.9) 3100 I e (I00%) 

22 0.544 (5.32) 22.5 48 0.309 (56.9) 2500 I e (I00%) 

23 0.468 {4.58) 22.5 6 days 0.210 (44.8) 1300 I I f  (lO0~) 

24 0.503 (4.93) 80 0.5 . . . . .  (57 d) . . . .  I - I f  f (75-25%) 

25 0.503 (4.93) 80 1 . . . . .  (100 d) . . . .  I I  f (100%) 

26 2.604 (25.5) 80 3 2.186 (83.9) 2100 II f (I00%) 

aBulk; CF3SO3H , 1 mol-% to monomer, bln CH2C12, 2 ml. 

ci,2-C2H4C12, dCalculated from IH-NMR spectrum, ecolorless 

semisolids, fPale tan semisolids. 
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Fig. 1. NMR spectra of Poly-TOH (I). Solvent: Poly-I (sample no. 14 
in Table I) and Poly-II (sample no. 26 in Table I), CDCI3; 
Poly-III, D20 

TABLE I I  

Specific Volume and Calculated Volume Change 
During the Polymerization 

Temp., Specific Volume, ml/9 Volume Change, %a 
~ M Poly-I Poly-II M~Poly-I M~Poly-II Poly-I~Poly-II 

25 0.80 0.75 0.83 -6.2 +4.0 +9.7 

50 0.82 0.76 0.84 -7.4 +2.5 +9.8 

80 0.84 0.78 0.85 -7.1 +I.9 +8.2 

I00 0.85 0.78 0.85 -8.4 -0.3 +8.1 

120 0.87 0.79 0.86 -9.8 -I.4 +8.6 

a 
+, expansion; -,  shrinkage. 
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Fig. 2. vol~ne change during the polymerization, 
as a function of temperature 

Fina l ly ,  Po ly - l l  is very easi ly base-hydrolyzed 
to form a water-soluble poly-ether with hydroxy sub- 
s t i tuen t  ( P o l y - I I I ) .  Po l y - I I I  is soluble in polar 
organic solvents such as DMSO, DMF, and MeOH,also. 

MECHANISM OF POLYMERIZATION AND ISOMERIZATION 

From the resul ts shown in Table I ,  the fol lowing 
mechanism of polymerization and isomerization is 
suggested. Protonation ( or alkylation ) occurs preferentially 
on the exo chain oxygen and 1,3-dioxolan-2-ylium ion is 
generated. This then opens to the formate group. A small 
amount of protonation may occur on the ring oxygen, and chain 
cleavage occurs. That this happens is shown by loss in 
molecular weight in going from Poly-I to Poly-II. 

§ 

O~ HO~ 
I CF3S03 H. ~CH o r ~  ~CH > 

Poly-I 



286 

HO~ 

I a 

L - 2 0 -  

'[b 
HO'~ 

a --CH2~H-O-- --CH2-~I H-R)-- ) _.OH'>. 
CH2OCH CHzOH 

0 

Poly-lla, 65% Poly-lll 

b -CH2-~I H-CH2--O-- OH') -CH2--~I H-CH2-O- 
> OCH OH 

i! 
o 

Poly-llb, 35% Poly-I II 

c> < H2_~I H_~] H2_O_~II_H (chain breakage) 
X 0 

VOLUME CHANGE 

X=SO3CF3, 0 + ( polymer chain ) ,  and OH 

( generated from contaminated water ). 

C o n v e r s i o n  o f  monomer to P o l y - I  o c c u r s  as usua l  
w i t h  s h r i n k a g e ;  t h i s  i s  t he  normal  consequence  o f  com- 
b i n i n g  monomers f rom van der  Waa l ' s  c o v a l e n t  d i s t a n c e .  
C o n v e r s i o n  o f  P o l y - I  to  P o l y - l l  o c c u r s  w i t h  e x p a n s i o n .  
A g a i n ,  t h i s  i s  t he  e x p e c t e d  i n c r e a s e  in  van der  Waa l ' s  
d i s t a n c e  accompany ing  c o n v e r s i o n  o f  two o bonds to a 

bond.  

As f a r  as we know, t h i s  i s  t he  f i r s t  case t h a t  
one monomer i s  u s e f u l  f o r  both  the  pu rpose  o f  s h r i n k -  
age and e x p a n s i o n  by t h e  s e l e c t i o n  o f  the  p o l y m e r i z a -  
t i o n  c o n d i t i o n s .  S i m i l a r  c o n s i d e r a t i o n  may a l s o  be 
a p p l i c a b l e  to t he  s p i r o  monomers c i t e d  above .  
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