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Scheme 2: Brom ination o f  Cumene
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Scheme 3: Mechanism o f  Brom ination o f  Cumene

w ith  PNBS
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C h lo ro m e th y la t i o n  has been by f a r  t h e  most v e r s a t i l e  r e a c t i o n  in 

polymer m o d i f i c a t i o n  because  t h e  ch loromethyl  group,  a key 

i n t e r m e d i a t e ,  i s  s u i t a b l e  f o r  both n u c l e o p h i l i c  e l a b o r a t i o n ,  such as 

q u a t e r n i z a t i o n ,  p h o s p h i n a t i o n ,  and e s t e r i f i c a t i o n ,  and e l e c t r o p h i l i e  

a d d i t i o n  t o  a c t i v a t e d  a rom a t ic  r e a g e n t s .  Chloromethyl  methyl e t h e r  

(CME) and b i s ( c h l o r o m e t h y l ) methyl e t h e r  (BCME) and t h e i r  bromo 

ana logues  have been t h e  most e f f i c i e n t  h a lo m e th y l a t i n g  a g e n t s ,  y e t  

they a r e  h igh ly  c a r c i n o g e n i c  compounds. Although new r e a g e n t s  such as 

l - c h lo r o m e t h o x y - 4 - c h l o r o b u t a n e  and 1 ,4 - b i s ( c h l o r o m e th o x y ) -  

butane  were developed,*^**® th e  novel bromomethylat ing polymer,  4_, 

r e c e n t l y  p r e p a r e d ,*9 cou ld  be t h e  most conven ien t  r ea g e n t  t o  e f f e c t  

t h i s  m o d i f i c a t i o n .  Bromomethylation of 1 ,2-d imethoxybenzene  

( v e r a t r o l e )  wi th  t h i s  po lymeric  bromomethyla t ing  agen t  in t h e  p resence  

of Lewis a c i d ,  SnCl4 , was s u c c e s s f u l ,  (eq .  1 ) .

~ H 2C—CH—CH,~

SO^lHCHgC H2OCH^r 

4 _

Among t h e  e a r l i e s t  examples  of  polymer r e a g e n t s  a r e  no doubt  t h e  

ion exchange r e s i n s .  A lthough,  t h e i r  a p p l i c a t i o n  in o rgan ic  chem is t ry  

has been n e g le c te d  f o r  sometime,  t h e  l a s t  two decades  a r e  f u l l  of 

examples showing t h e i r  advan tages  over  t h e  s o l u b l e  a n a lo g u e s .  

Qua te rna ry  ammonium r e s i n s ,  an ion e x c h an g e r s ,  a r e  c o n s id e r e d  p o t e n t i a l  

s u b s t i t u t e s  f o r  te t raa lkylammonium s a l t s ,  c a t a l y s t s  u s u a l l y  employed 

in  t h e  phase t r a n s f e r  r e a c t i o n s .  In g e n e r a l ,  t h e s e  t e t r a a l k y l

eq. 1



ammonium s a l t  polymers  a re  p repa red  by q u a t e r n i z a t i o n  of some

commercial ly  a v a i l a b l e  c h lo r o m e th y la t e d  polym ers .  Table  2 c o n t a i n s

some of  well-known o r g a n ic  r e a c t i o n s  us ing t h e s e  anion exchangers  

d u r in g  t h e  l a s t  15 y e a r s .  The y i e l d s  of  r e a c t i o n s  range g e n e r a l l y  

between 70 and 100%. Again ,  t h e  ease  of removal of  t h e  r e s i n  from th e  

r e a c t i o n  m ix tu re  remains t h e  be s t  f e a t u r e  in  t h e s e  sy s te m s .  A lso ,  t h e  

exces s  of  r e a g e n t s  enhances y i e l d s  and r a t e s  of  r e a c t i o n s .  F i n a l l y ,  

t h e  anion  exchange rs  a re  r e a d i l y  p repa red  from l e s s  c o s t l y  r e s i n s .

I I .  Polymer C a t a l y s t s : The common homogeneous c a t a l y s t s  a r e  

l in k e d  t o  t h e  polymer m a t r ix  t o  c a t a l y z e  an o rg an ic  r e a c t i o n .  Polymer 

c a t a l y s t s  resemble  polymer t r a n s f e r  agen ts  in  r ega rd s  t o  t h e i r

p a r t i c i p a t i o n  in  t h e  r e a c t i o n ,  y e t ,  a c co rd ing  t o  t h e  d e f i n i t i o n  of  a

c a t a l y s t ,  t h ey  must be r ecovered  unchanged a t  t h e  end of  t h e

r e a c t i o n .  The genera l  s t e p s  of t h i s  r e a c t i o n  a r e  d e s c r i b e d  in Scheme

5 w h e r e r e p r e s e n t s  a c a t a l y s t  bound t o  a polymer m a t r ix  © •

A s u b s t r a t e  S r e a c t s  with a r ea g e n t  A in t h e  p re se nc e  of t h e  polymer 

c a t a l y s t  t o  a f f o r d  t h e  p roduct  D. A f t e r  a s imple  f i l t r a t i o n  of t h e  

spen t  polymer,  t h e  f i n a l  p roduct  D can be i s o l a t e d  by e v a p o ra t io n  of  

t h e  s o l v e n t  fo l lowed  by a p u r i f i c a t i o n  t e c h n i q u e .  G e n e r a l l y ,  a 

polymer c a t a l y s t  may have an enzyme, an i n o r g a n i c  or  an o r g a n o m e ta l l i c  

compound on i t s  a c t i v e  s i t e .  The most f r e q u e n t l y  used polymer ' 

r e a g e n t s  as c a t a l y s t s  a re  t h e  ion exchange r e s i n s  e i t h e r  in a c i d i c  

form (H+ ) or b a s i c  form (OH” ) .  They c a t a l y z e  genera l  a c id  o r  genera l  

base c a t a l y z e d  r e a c t i o n .  One major advan tage  of t h e  ion exchangers  

over  t h e  c onven t iona l  a c id  and base i s  t h e  absence  of  t h e  c o r r o s i v i t y

p o t e n t i a l  of t h e  s p e c i e s  in c o n ta c t  with a vesse l  o r  a r e a c t o r .
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Table 2i Quaternary Ammonium R esins © _ k a -  

in  Organic S y n th esis
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Scheme 5 : Polymer C a ta ly st

A +
b, c

D

a = R eaction  o f  su b s tr a te  S w ith  rea g en t A 

b = F i l t r a t io n  o f  polymer c a ta ly s t  ® - c  
c = E vaporation  o f  s o lv e n t  and p u r i f ic a t io n  o f  

product D

1. Polymer-bound t r a n s i t i o n  metal complexes : E x te n s iv e  s t u d i e s  

have been conducted on polymer-bound c a t a l y s t s  b e a r ing  t r a n s i t i o n  

metal  complexes .  These systems s u c c e s s f u l l y  c a t a l y z e d  

h y d r o g e n a t i o n , 3 3 f34 h y d r o s i l y l a t i o n , 35 and h y d r o f o r m y l a t i o n 34,35 of  

o l e f i n s .  S i l i c a  and p o l y s t y r e n e s  were t h e  most widely  used s u p p o r t s  

c a r r y i n g  metal complex c a t a l y s t s  u s u a l l y  th rough  phosphine  g roups .

The p o l y s t y r e n e  s u p p o r t s  a r e  e a s i l y  p repa re d  by c h l o r o m e t h y la t i o n  of 

p o l y s t y r e n e  c r o s s l i n k e d  wi th  d i v i n y l  benzene and subsequen t  t r e a t m e n t  

wi th  l i t h i u m  diphenyl  p hosph ide .  Some polymer c a t a l y s t s  used in 

o rg a n ic  r e a c t i o n s  a re  r e p o r t e d  in Table  3. The polymer-bound c a t a l y s t  

c o n t a i n i n g  rhodium, J^, a Wilk inson  type  complex,  i s  a very u s e fu l  

c a t a l y s t  in  hydrogena t ion  of  o l e f i n s  and shows more s e l e c t i v i t y  than  

normal c a t a l y s t ;  f o r  example,  i t  reduced cyc lohexene  a t  t h e  same r a t e  

as with normal c a t a l y s t s ,  but  i t  reduced cyc lododecene  a t  1/5 t h e
OO

normal r a t e .  The i n d i u m - s u p p o r t e d  polymer,  6_, r e v e a l e d  t h e  same 

a c t i v i t y . j h e  d e c re a s e  in  a c t i v i t y  of t h e  rhodium and t h e  i r i d iu m  

polymer c a t a l y s t s  i s  e x p la i n e d  as  due t o  t h e  double  l i n k a g e  of  t h e  

po lymeric  suppo r t  t o  t h e  metal  of  t h e  complex.  Hence, in o r d e r  f o r



t h e  polymer c a t a l y s t  t o  be e f f e c t i v e  and t o  m a in ta in  i t s  a c t i v i t y  

p o t e n t i a l ,  t h e  metal of i n t e r e s t  should be l in k e d  t o  t h e  polymer 

m a t r ix  by a s i n g l e  bond.  As ev idence  f o r  t h e  double  l i n k a g e ,  i t  was 

observed t h a t  a t  l e a s t  two t r i p h e n y l p h o s p h i n e  m o ie t i e s  were r e l e a s e d  

from each metal  i n c o r p o r a t i o n  d u r in g  th e  p r e p a r a t i o n  of  polymer 

c a t a l y s t  as o u t l i n e d  in  eq .  2.

■> [ © - P P h 2] 2M(CO)CI +  Z P P h j

_5 , M — Rh eq. 2
6 , ,  M =  I r

@ _ _ P P h2  +  Co (NO)(CO)3  ► ® - P P h 2Co(NO)(CO)2 + C O

A  ”  e q . 3

£ @ _ _ P P h 2] 2Co(NO)(CO) +  CO

A s i m i l a r  t y p e  of  c h e l a t i o n  was formed when polymer-bound c o b a l t  

c a t a l y s t  was s y n t h e s i z e d . ^  The b i s ( p o l y m e r i c )  b in d in g ,  in  t h i s  c a s e ,  

occu rs  only when t h e  polymer c a t a l y s t ,  _7, i s  s u b j e c t e d  t o  hea t  as

shown in  eq .  3 .  F u r th e rm o re ,  i n v e s t i g a t i o n s  r e v e a le d  t h a t  t h e

fo rm a t ion  of t h i s  b i s ( p o l y m e r i c )  b ind ing  could be s u b s t a n t i a l l y  

reduced by u s ing  20% d i v i n y l  benzene i n s t e a d  of  2% c r o s s l i n k i n g .  

T h e r e f o r e ,  t h e  c a t a l y t i c  a c t i v i t y  of t h e  polymer c a t a l y s t  i s  

enhanced .  Accord ingly  t h e  f l e x i b i l i t y  of copo ly ( s ty re ne-2%  

d i v in y l b e n z e n e )  r e s u l t s  in  d i m e r i z a t i o n .  The r i g i d i t y  of  t h e  polymer

^ 5

( p ) — P +  MCI(CO)(PPh3)2 -

\ i H5
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p lay s  an im p o r ta n t  r o l e  in t h e  a c t i v i t y  of  t h e  r e s i n  c a t a l y s t .  For 

example,  polymer-bound t i t a n o c e n e ,  _8, p repa red  us ing  20% 

d i v i n y l b e n z e n e ,  was 25 t o  100 t im es  as a c t i v e  as i t s  non s o l i d  phase 

a n a l o g u e . 38,39

In t h e  s tudy  of  pa l l a d iu m  c a t a l y z e d  v i n y l i c  s u b s t i t u t i o n  on a 

v a r i e t y  of a ry l  h a l i d e s ,  Heck4® r e p o r t e d  t h a t  n i t r o g e n _ c o n t a i n i n g  

l i g a n d s  were not  e f f e c t i v e  in s t a b i l i z i n g  t h e  c a t a l y s t ;  pa l l a d ium  

metal  p r e c i p i t a t e s  upon a d d i t i o n  of  a ry l  h a l i d e s .  Daly and Sun41 

r e c e n t l y  succeeded in  b ind ing  pa l l a d ium  on p o l y ( 4 - v i n y l - p y r i d i n e )  

c r o s s l i n k e d  with 10 or  15% d i v i n y l b e n z e n e .  This polymer-bound 

c a t a l y s t  promoted e f f e c t i v e l y  t h e  v i n y l a t i o n  of a ry l  h a l i d e s .
A O

In 1982, A l lo c k n t  r e p o r t e d  t h a t  po lyphosphazenes  a r e  well  s u i t e d  

f o r  use as c a r r i e r s  of  o r g a n o m e ta l l i e  c a t a l y s t s .  Among t h e  po lymer ic  

phosphazene c a t a l y s t s  so f a r  p repa red  a r e  9_, _10» and JlL* However, 

t h e i r  a p p l i c a t i o n  as e f f e c t i v e  c a t a l y s t s  in  o rg an ic  r e a c t i o n s  was not  

ment ioned .

R R R

- N - P -  - N - P -  - N - P -  C°<C0>’
I r~  ~ \ ! I \

0  “v O V -  PPh„ • C H -— C S C
\ ± r  . 2  M( CO) x 2 |

Co (CO) 3I 
i
M

9  10 II
—  M a tro n s , m etal



Table 3» Polymer-bound C a ta ly s t s ,  © O ' 0 

C R eaction  type R eference

-SO^H

-CH2N(Me)3OH'

- a i c i 3

-PRhClPPhg 

- R h C l 3 

-P tC l2 

-PdCl„
<

JCH
Cl

A c id -ca ta ly z ed  r e a c tio n  43

B a se -ca ta ly z ed  r e a c tio n  "

Lewis a c id -c a ta ly z e d  r e a c tio n  4 4 , 45 

H ydrogenation, h y d r o s i ly la t io n  35» 38 , 46 

and H ydroform ylation o f  

o l e f i n s .

P o lym erization

Rose Bengal P h otoox id a tion  v ia  s in g le t  

o x id a tio n  produ ction

4 7



2 .  Immobilized enzymes: The s y n t h e s i s  of  a polymer c a t a l y s t  with 

t h e  s p e c i f i t y  and t h e  a c t i v i t y  of  a n a t u r a l l y  o c c u r r in g  c a t a l y s t ,  

i . e . ,  enzymes,  has not  been accompli shed  and would be of  g r e a t  v a lu e .  

E v e n t u a l l y ,  r e a c t i v e  and i n s o l u b l e  r e s i n  c a r r i e r s  wi th  enzymes

immobil ized  r e t a i n s  i t s  b i o l o g i c a l  a c t i v i t y .  A v a r i e t y  of  such 

immobil ized  enzymes on polymers a r e  employed in  i n d u s t r i a l  

p r o c e s s e s .  Again,  t h e  main f e a t u r e  of  t h e  use of immobil ized  enzymes 

i s  t h e i r  easy s e p a r a t i o n  from s o l u t i o n .  S ince  they  can be r ec y c le d  

and r e u s e d ,  many enzymatic  r e a c t i o n s  t h a t  were p r o h i b i t i v e l y  

e x p e n s iv e  have now become of economic i n t e r e s t .  The p r e p a r a t i o n  of a 

r e a c t i v e  c a r r i e r  can be ach ieved  by i n c o r p o r a t i n g  a f u n c t i o n a l  group 

i n t o  s y n t h e t i c a l l y  preformed polymer o r  n a t u r a l  polymer,  such as 

c e l l u l o s e  or  sephadex.  For example,  a cyano f u n c t i o n a l  group can be 

a t t a c h e d  t o  sephadex by r e a c t i o n  wi th  cyanogen b romide ,  t h e n  t h e  

a c t i v a t e d  n a t u r a l  polymer i s  t r e a t e d ,  wi th  enzyme as d e s c r i b e d  in  

Scheme 6 . 58

a t t a c h e d  by c o v a l e n t  bonding were p r e p a r e d . 48 ,49  The enzyme t h u s

Scheme 6: A tta ch m en t o f  Enzym es on Sephadex

a - o h
+ BrCN

OC —N H -Enzym t

NH
II



P o ly (a m in o s ty re n e ) ,  a s y n t h e t i c  polymer,  may be a c t i v a t e d  by 

d i a z o t i z a t i o n  or  by r e a c t i o n  with t h io p h o s g e n e .  Enzymes can then  be 

anchored and immobil ized as shown in Scheme 7 wi th  r e t e n t i o n  of  i t s  

a c t i v i t y  . 50

Scheme 7: Attachment o f  Enzymes on P o ly sty ren e  

M atrix

0  j a .  A
+ N * N  NH2 N * * O S

[ H-Enzym e -  Enrym t

#m H2C— c h - c h 2~

N -N - E n i N H -C S -N H -E n z

The a p p l i c a t i o n s  of immobil ized enzymes in t h e  i n d u s t r y  a re  

numerous.  For example,  i s o m e r i z a t i o n  of g lucose  t o  f r u c t o s e  occurs  in  

t h e  p resence  of an immobil ized enzyme. The i n d u s t r i e s  of  t h e  U.S.A. 

manufacture  annua l ly  about  2 m i l l i o n s  tons  of  f r u c t o s e  with t h i s  

p r o c e s s . ^ 1 The DL-forms of  amino a c id s  a re  produced in  l a r g e  

q u a n t i t i e s  and,  s i n c e  t h e  b i o l o g i c a l  system r e q u i r e s  only L-form,  a 

s e p a r a t i o n  t e c h n iq u e  i s  s t r o n g l y  needed.  In 1972, t h e  use of 

immobil ized enzymes on polymers  was s u c c e s s f u l  in  s e p a r a t i n g  t h e  L- 

amino a c id  a c y l a s e . ^  A l s o ,  hydrolyzed  l a c t o s e ,  a sw ee tene r  f o r  milk 

p r o d u c t s ,  was o b ta ined  by c le a v in g  of  l a c t o s e  by immoblized l a c t a s e .



I I I .  Polymers as P r o t e c t i n g  Groups : Scheme 8 i l l u s t r a t e s  t h e  

s t e p s  invo lved  when polymer i s  used as  a p r o t e c t i n g  group in  an 

o rg a n ic  r e a c t i o n .  A d i f u n c t i o n a l  r ea g e n t  A i s  anchored by one of  i t s  

f u n c t i o n a l i t i e s  t o  t h e  polymer s u p p o r t ,  and two or  more chemical 

t r a n s f o r m a t i o n s  would t a k e  p l ac e  t o  form -A-B-C, a po lymer ic  

p r o d u c t .  The f i n a l  p roduct  A-B-C i s  r e l e a s e d  from t h e  polymer suppor t  

by a s e l e c t i v e  c leavage  of t h e  ( P  ) - A  bond.  As n o t e d ,  t h i s

Scheme 8 :  P olym er aB P r o t e c t in g  Group

B

A-B-C

methodology a s s u r e s  t h e  p r o t e c t i o n  of one f u n c t i o n a l i t y  of a

b i f u n c t i o n a l  s u b s t r a t e  by c a r e f u l  a t t a chm e n t  t o  a polymer backbone.

The sequence of r e a c t i o n s  on th e  polymer suppo r t  o r i g i n a t e s  from

M e r r i f i e l d ' s  s o l i d  s t a t e  p e p t i d e  s y n t h e s i s . 1 A t y p i c a l  p e p t i d e

s y n t h e s i s  i s  d e s c r i b e d  in  Scheme 9.  In t h i s ,  t h e  amino ac id  i s

a t t a c h e d  t o  t h e  f u n c t i o n a l i z e d  polymer by i t s  c a r b o x y l i c  a c id  group.

The N - p ro te c te d  group i s  then  removed s e l e c t i v e l y  and t h e  f r e e  amine

ob ta in e d  i s  coupled  with a ca rboxyl  group of a second amino a c id

m oie ty .  Depending on how long t h e  p e p t i d e  i s  wanted t o  be ,  t h i s

sequence  may be r epe a te d  as  o f t e n  as n e c e s s a r y .  The d e s i r e d  p e p t i d e

can be i s o l a t e d  by ac id  o r  base  c leavage  of  t h e  amide group c o v a l e n t l y

a t t a c h e d  to  t h e  polymer backbone.  Ol igomers ,  such as o l i g o n u c l e o t i d e s  

and o l i g o s a c c h a r i d e s , w e r e  a l s o  p repa red  by t h i s  method,  u s u a l l y











Scheme 12: P r o te c t io n  o f  Aldehyde Group o f

D ialdehyde by Polymer M atrix
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B. Redox Polymers

Polymer redox systems a r e  known by t h e  terms " o x id a t io n  - 

r e d u c t io n  polymers"  and " e l e c t r o n - t r a n s f e r  po lymers" .  The name 

" e l e c t r o n - e x c h a n g e  polymers"  was a l s o  a s s ig n e d  to  t h e s e  r e s i n s  in 

analogy t o  " ion-exchange  po lymers" ,  but Sansoni®® p o in te d  out  t h a t  a 

t r a n s f e r  i s  o c c u r r in g  i n s t e a d  of  exchange,  t h u s  t h i s  name has been 

d ropped .  These redox polymers  a r e  high m o lecu la r  weight  s u b s ta n c e s  

t h a t  can t r a n s f e r  e l e c t r o n s  in  c o n t a c t  with r e a c t i v e  ions  or 

m o le c u le s .  T h e r e f o r e ,  polymers  of  t h i s  s o r t  can be ox id iz e d  or  

reduced with a p p r o p r i a t e  o x i d i z in g  and reduc ing  a g e n t s ,  

r e s p e c t i v e l y .  These r e s i n s  a r e  u s u a l l y  loaded with f u n c t i o n a l  groups 

of  t h e  r e d o x - t y p e .  A v a r i e t y  of  redox f u n c t i o n a l i t i e s  has been of



g r e a t  i n t e r e s t  f o r  polymer c h e m i s t s .  Among t h e  most widely  s t u d i e d  

redox polymers a r e  f e r r o c e n e ,  p y r id in iu m ,  m erc ap ty l ,  and hydroquinone 

c o n t a i n i n g  po lymers .  Ox id ized  and reduced forms of t h e s e  polymers  a re  

compiled in  Scheme 13. F e r r o c e n e - c o n t a i n i n g  polymers a r e  v a l u a b l e  

e l e c t r o a c t i v e  r e s i n s .  The f e r r o c e n e  u n i t  can be anchored on to  a 

v a r i e t y  of  polymer m a t r i c e s .  For example,  Allock*^ r e p o r t e d  r e c e n t l y  

a s y n t h e s i s  of  po lyphosphazene b e a r ing  f e r r o c e n e  or  r u th e n o c e n e ,  

having m olecu la r  weight  as high as 2 ,0 0 0 ,0 0 0 .  R e c e n t ly ,  in  D a l y ' s  

l a b o r a t o r y * ^ ,  t h e  f e r r o c e n e  moiety was in t roduc ed  on s ty r e n e -m e th y l  

m e t h a c r y l a t e  copolymer;  t h i s  polymer-bound f e r r o c e n e  e x h i b i t s  a 

p o t e n t i a l  e l e c t r o a c t i v i t y  as confirmed by cyc lovo l tam m etr i c  

measurements .

Scheme 1 3 : E xam ples o f  Redox P olym ers

= Polymer Bockbone
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A c a r e f u l  exam ina t ion  of  redox polymers c o n ta i n in g

dihydroxybenzene  r e v e a l s  t h e i r  im por ta nc e .  These redox r e s i n s  belong

t o  t h e  polymer r e a g e n t s  c l a s s  d i s c u s s e d  in  p a r t  A of  t h i s

i n t r o d u c t i o n .  The f i r s t  t r a n s f e r  agen t  polymers  r e p o r t e d  in  t h e

l i t e r a t u r e  were undoubted ly  t h e  redox po lymers ,  namely t h e  e l e c t r o n -

t r a n s f e r r i n g  a g e n t s .  Some of t h e  e a r l y  examples a r e

p o ly (v in y lh y d r o q u in o n e s )  and t h e  c ondensa t ion  p ro d u c t s  of hydroquinone

and fo rmaldehyde .  The f i r s t  a p p l i c a t i o n  of t h e s e  r e s i n s  was t h e  

o x i d a t i o n  of  i o d id e  t o  i o d in e  as  shown in eq .  4 . ^

I .  S y n th e s i s  of  Redox Polymers:  Three r o u t e s  could  be conceived  

as ways of p r e p a r a t i o n  of  redox polym ers .  They a r e  : 1) c o n de nsa t ion  

p o ly m e r iz a t io n  of  s u i t a b l e  monomers, 2) a t t a chm e n t  of  redox groups 

on to  preformed po lymers ,  and 3) p o l y m e r i z a t i o n  of  vinyl  monomers 

having redox groups .

1. Condensa t ion polymers:  The e a r l i e s t  redox polymers were 

undoubted ly  t h e  s y n t h e t i c  polymers  d e r iv e d  from formaldehyde and 

hydroqu in one .  The conde nsa t ion  of t h e s e  two s u b s ta n c e s  y i e l d e d  

p h e n o p l a s t s .  Resorcinol  and i t s  d e r i v a t i v e s  a re  among t h o s e  which a re  

s t a b l e  t o  o x i d a t i o n  and used in  commercial p h e n o p la s t  f o r m u l a t i o n .  

Catechol  (1 ,2 -d ihyd roxybenzene)  and hydroquinone  ( 1 ,4 - d i h y d r o x y -  

benzene)  a re  of i n t e r e s t  because  they  a r e  c a p ab le  of fo rming  q u ino id  

sy s te m s .  The naphthaqu inone  and a n th ra qu inone  d e r i v a t i v e s  a r e  a l s o  

examples  of t h i s  c a te g o ry  of p o ly p h e n o l s .  The qu ino id  u n i t  of

+  X
HO1

OH



c a te c h o l  i s  u n s t a b l e  and most qu inones  a r e  s e n s i t i v e  t o  l i g h t  and 

o x i d a n t s .  Condensat ion  polymers  may be c l a s s i f i e d  i n t o  two 

c a t e g o r i e s :  t h o s e  which have t h e  redox u n i t s  as p a r t  of  t h e  backbone 

and th o s e  which have them as  pendent  from t h e  m a t r i x .

a .  Redox u n i t s  as p a r t  of  backbone: Although formaldehyde 

-hydroqu inone  polymers were p repa red  in  t h e  beg inn ing  of  t h i s  c e n t u r y ,  

i t  was on ly  in  1949 t h a t  a d e s c r i p t i o n  of  t h e s e  r e s i n s  as e l e c t r o n -  

t r a n s f e r  polymers  was g i v e n . T h e  c o n de nsa t ion  p o l y m e r i z a t i o n  of  

hydroquinone  and formaldehyde i s  a base -  or  a c i d -  c a t a l y z e d  r e a c t i o n .

h o ^ o h  +  c h 2= o  or o h -->ch 2- J L  9 »  " o n
OH 6 q ' 5

D i f f e r e n t  p r o d u c t s  can be formed in  t h r e e  d i f f e r e n t  s t a g e s  of  t h e  

r e a c t i o n .  These m a t e r i a l s  produced a re  dependen t  upon t h e  i n i t i a l  

hydroqu inone- fo rmaldehyde  r a t i o  and th e  r e a c t i o n  c o n d i t i o n s .  In t h e  

f i r s t  s t a g e ,  A - s t a g e ,  t h e  p r o d u c t s  e x i s t  as  mono-, d i - ,  and t r i n u c l e a r  

m e thy lo lphe no ls  which a re  s o l u b l e  in a c e t o n e ,  e th y l  a c e t a t e ,  and 

d i o x a n e .  In t h e  second s t e p ,  B - s t a g e ,  as  t h e  condensa t ion  r e a c t i o n  

c o n t i n u e s ,  t h e  p roduc t s  became t h e r m o p l a s t i c  wi th  reduced  

s o l u b i l i t y .  These B - s ta g e  polymers a re  termed " r e s o l e s " .  The r e s o l e s  

p o sses s  h ig h ly  branched s t r u c t u r e s  wi th  methylene b r id g e s  l i n k i n g  t h e  

benzene r i n g s .  In t h e  t h i r d  s t a g e ,  C - s t a g e ,  c o n d e nsa t ion  c o n t in u e s  on 

h e a t i n g  t h e  r e s o l e  m ix tu re  t o  produce high m o le c u la r  weight



c r o s s l i n k e d  polymers .

A change of fo rm a ldehyde-hydroquinone  r a t i o  r e s u l t s  in  a change 

of chemical and ph y s ic a l  p r o p e r t i e s  of t h e  polymer.  For example,  t h e  

redox c a p a c i t y  i n c r e a s e s  as t h e  formaldehyde c o n c e n t r a t i o n  

i n c r e a s e s .  Formaldehyde can be s u b s t i t u t e d  by o t h e r  a ld e h y d e s ,  such 

as  a c e t a l d e h y d e ,  be nz a lde hyde ,  f u r f u r a l ,  g l y o x a l ,  and 

pa ra fo rm a ldehyde .  This l a s t  a ldehyde  wi th  he xa m e thy le ne t r ia m ine  

r e l e a s e s  formaldehyde upon h y d r o l y s i s ,  as r e p o r t e d  by Kopra and 

Welcher.®^

P o l y (2 ,5 - d i m e th o x y - £ - x y le n e )  was made by r e a c t i o n  of  2 , 5 -  

d im e th o x y -4 -m e th y lb e n z y l t r im e th y l  ammonium c h l o r i d e  wi th  a l k a l i  as in  

eq .  6 . The q u a t e r n a r y  ammonium s a l t  was o b t a in e d  by t r e a t i n g  2 ,5 -  

d im e thoxy-4 -m e thy lbenzyl c h l o r i d e  wi th  t r i m e t h y l  amine.  Demethyla t ion  

of t h e  polymer wit,h hydrobromic a c id  gave po ly (2 ,5 -d ihyd roxy - j£ -  

x y l e n e ) .

+ CI
CHjNMejQikQij

The hydroquinone  d i e s t e r s ,  Scheme 14, a r e  r e a d i l y  reduced in  good 

y i e l d s  t o  t h e  hydroquinone d i o l s  with l i t h i u m  aluminum h y d r i d e .  The 

hydroquinone  moiety i s  e a s i l y  o x i d i z e d  a lm os t  q u a n t i t a t i v e l y  by



s t i r r i n g  a t e t r a h y d r o f u r a n  s o l u t i o n  wi th  s i l v e r  oxide and anhydrous 

magnesium s u l f a t e  t o  g ive  t h e  c o r r e s p o n d in g  quinone d i o l s . ® ^  The 

r e a c t i o n  of  t h e s e  qu ino id  d i a l c o h o l s  wi th  a d i a c y l  c h l o r i d e  in  THF in 

t h e  p resence  of  p y r i d i n e  y i e l d s  polymer wi th  a quinone u n i t  as redox 

group .  These polymers a r e  e a s i l y  reduced  t o  hydroquinone p o l y e s t e r s  

wi th  sodium d i t h i o n i t e  o r  hydrogen and p a l l a d iu m -c h a r c o a l  a t  o r d in a r y  

t e m p e r a t u r e .

/

Scheme 14: S y n th e s is  o f  P oly(hydroqu inone-esters_)
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C a ss idy6b r e p o r t e d  t h e  p r e p a r a t i o n  o f  hydroquinone 

p o l y c a r b o n a t e s .  2 , 5 - B i s ( 3 ‘- h y d r o x y p r o p y l ) - l , 4 - b e n z o q u i n o n e  r e a c t i n g  

wi th  phosgene in  THF medium c o n t a i n i n g  p y r i d i n e  a f f o r d e d  a polymer 

which p r e c i p i t a t e d  in  pen ta ne  in  q u a n t i t a t i v e  y i e l d ,  eq .  7. This



polymer i s  s o l u b l e  in o rg a n ic  media ,  such as a c e t o n e ,  c h lo r o f o rm ,  THF, 

and DMF, and can be r e a d i l y  reduced t o  t h e  hydroquinone form by one of  

t h e  r educ ing  agen ts  ment ioned above.

j r V ' 0"2’50" c o c , 2 A , c w c o o ~
MOlCH2)3A r  Py <-(CH215/ V

0  0
•q . 7

Cassidy®6 a l s o  r e p o r t e d  t h e  s y n t h e s i s  of  hydroquinone  

p o l y u r e t h a n e .  2 , 5 - B i s ( 3 ‘- h y d r o x y a l k y l ) - l , 4 - b e n z o q u i n o n e  can r e a c t  

with d i i s o c y a n a t e  a t  room t e m p e ra t u re  in  t h e  p re se nc e  of  

t r i e t h y l a m i n e  o r  d i b u t y l t i n  d i a c e t a t e  as c a t a l y s t  t o  g ive  t h e  

c o r r e spond ing  qu ino id  p o ly u re th a n e  as ye l lo w  f l a k e s ,  eq .  8 .  In t h i s  

c a s e ,  a l l  t h e  r e a g e n t s  must be anhydrous and h igh ly  p u r e .  The polymer 

in  ox id iz e d  form can be p r e c i p i t a t e d  from THF in n -hexane .  The 

r e d u c t io n  of  qu ino id  polymer t o  t h e  c o r r e s p o n d in g  hydroqu ino id  form i s  

ach ieved  wi th  no d e t e c t i o n  of a c le a va ge  of  t h e  backbone.

0  0
A ^ C H ^ O H

U +O CNRCNO----------- ► D D
>nV

. ( C ^ ) nOCONHRNHCOO ~
j j  JJ +O CNRCNO ----------- ► J|

HO(CH2)̂
0 w .

t q .  e
n » 2 , 3

Quinone polyamines may be made by conde nsa t ion  of  a diamine  wi th  

a quinone as shown in  e q .  9 .  Among t h e  d iamines used in t h e  

c ondensa t ion  with benzoquinone a re  j3 -pheny lened iam ine ,  b e n z i d i n e ,  and 

hexamethylenediamine .  A 1:3 r a t i o  of d iamine-benzoquinone  i s  r e q u i r e d  

t o  p roduce ,  a f t e r  r e f l u x  in  e t h a n o l i c  s o l u t i o n ,  p o ly (a m in o q u in o n e ) .6^



HgNRNH2 + 3n 0™
O - o ----------

Suzuki and Tazuke68 r e c e n t l y  p repa red  2 , 5 - b i s ( d im e th y l  -  

ami nomethyl)hydroqu inone  (HQMe), and 3 ,6 - b i s ( d i m e t h y l a m i n o -  

met h y l ) c a te c h o l  (CAMe) by r e a c t i n g  hydroqu inone o r  c a te c h o l  with 

aqueous dimethylamine  and formaldehyde  as i l l u s t r a t e d  i n  eq .  10. 

Dimethyl ami nomethyl hydroquinone and t h e  c a te c h o l  ana logue  a r e  used as 

monomers in  t h e  f o rm a t ion  of  po ly ionenes  as o u t l i n e d  in  eq .  11. The 

redox p r o p e r t i e s  of t h e s e  po ly ionenes  were examined.  They can be 

ox id iz e d  with O2 in  1.5% sodium c a rb o n a te  s o l u t i o n .  The p r e c i p i t a t e d  

brown powders showed an a b s o r p t i o n  band a t  1630 cm“ * in  t h e  i n f r a r e d ,  

i n d i c a t i n g  t h a t  hydroquinone  u n i t s  (o r  c a t e c h o l )  of  t h e  polymers  were 

o x id iz e d  t o  benzoquinone u n i t s .

H O - ^ ^ - O H +  2 (CH^NH* 2 CĤ O

c h 2n (c h 3)2

HOH

(CHjljNCHg- CHgNtCHj)^ + BrCHjjCHCH^r

H M /+  Br* 
C H j-M -C H g-C H — CHa '

t q .  II

Redox polyamides  were deve loped  by Iwakura8^ by condensing  d i -  

l a c t o n e s  wi th  diamine compounds. For  example,  in  eq .  12 t h e  d i -



l a c t o n e  o b ta in e d  by h e a t i n g  t h e  c o r r e s p o n d in g  d i a c i d  a t  280 °C 

condensed wi th  t h e  diamine  in  d im e thy la c e ta m ide  (DMAc) upon warming 

t h e  m ix tu re  f o r  s e v e r a l  h o u r s .  The hydroquinone  polymer was ob ta ined  

in 75% y i e l d  and could be o x id iz e d  t o  qu ino id  polymer wi th  e e r i e  

ammonium n i t r a t e  in  DMAc.

In g e n e r a l ,  hyd roqu inone- fo rmaldehyde  based polymers  a r e  slow t o

s y n t h e s i s  of  redox polymers  with good redox c a p a c i t y  ( 6 .4  meq/g) and 

high r e a c t i v i t y  by combining hydroqu inone ,  pheno l ,  and fo rm aldehyde .  

A polymer of  type  12 was o b t a i n e d .

JL

In t h e  p r e v i o u s l y  d i s c u s s e d  hydroquinone c o n ta i n in g  po lymers ,  t h e  

hydroquinone or quinone u n i t s  a r e  j o i n e d  by s i n g l e  methylene

p o ly (b i s m e th y le n e h y d ro q u in o n e ) ,  _13, where t h e  hydroquinone m o ie t i e s  

a r e  he ld toge the r ,  by two methylene b r i d g e s .  Th is  polymer was p repa red  

by mixing t r i o x a n e  and an excess  of  hydroquinone  in  s u l f o l a n e  and

OH
COOH

HOOC

OH
H2NRNH2 - -COCHjC

HgCHCONHRNH- -
•q . 12

r e a c t .  To enhance t h e i r  chemical  r e a c t i v i t y ,  Manecke^0 des ig ned  a

b r i d g e s .  In 1985, D a l l a l  and co-worke rs^*  r e p o r t e d  t h e  s y n t h e s i s  of



water  in t h e  p re s e n c e  of  a c a t a l y t i c  amount of t o l u e n e s u l f o n i c  a c i d .

The m ix tu re  was hea te d  a t  175 °C f o r  one hou r .  This new redox polymer

i s  a i r  ox id iz e d  and ch e m ica l ly  o x id iz e d  wi th  b romine-po tass ium

hy d rox ide .  Both reduced and o x id iz e d  forms were c h a r a c t e r i z e d  by a

1 ^combina t ion of  FT-IR, e lem enta l  a n a l y s i s ,  and s o l i d  s t a t e  CP/MAS 

NMR.

b .  Pendent  redox groups from backbone: The redox u n i t s  such as 

hydroquinone and c a te c h o l  may be pendent  from t h e  polymer m a t r i x .  In 

t h a t  c a s e ,  o x i d a t i o n  and r e d u c t io n  w i l l  not  a f f e c t  t h e  cha in  of  t h e  

r e s i n .  P o l y ( 2 ,5 - d i h y d r o x y p h e n y l a l a n in e )  and p o l y ( 3 , 4 -d ihydroxy  -  

p h e n y la l a n i n e )  (DOPA) were s y n th e s i z e d  by a t t a c h i n g  hydroquinone and 

ca techo l  u n i t s ,  r e s p e c t i v e l y ,  on p o l y p e p t id e  m a t r i c e s . ^  por  

i n s t a n c e ,  3 , 4 - d i a c e t o x y p h e n y l a l a n i n e  h y d r o c h l o r i d e  was p repa re d  by 

t r e a tm e n t  of 3 ,4 - d ih y d r o x y p h e n y la l a n i n e  wi th  a c e t y l  c h l o r i d e ,  e q .

13. Reac t ion  of 3 , 4 - d i a c e t o x y p h e n y l a l a n i n e  wi th  phosgene a f f o r d e d  N- 

ca rbony lanhyd r ide  which polymerized by a t r a c e  of  sodium hydrox ide  in  

d ioxane .  A c i d i f i c a t i o n  fo l lowed  by c leavage  of t h e  a c e t y l  groups 

y i e l d e d  p o l y ( 3 , 4 - d i h y d r o x y p h e n y l a l a n i n e ) .
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A pendent  redox u n i t  from a p o ly u re th a n e  m a t r ix  was a l s o
70

made. As shown in eq .  14, t h e  qu ino id  d io l  d e r i v a t i v e  r e a c t e d  wi th  

d i i s o c y a n a t e  t o  y i e l d  t h e  monomer, _U» which upon conde nsa t ion  wi th  

glyco l  gave t h e  c o r r e spond ing  po lyure thane '  in which quinone d io l  

a l t e r n a t e s  with quinone g l y c o l .

o c n r n h c o o c h » - c h - c h 2oc o n h rn c o  
I

*  c h 2

V v Y *  * q . l4  

u  O ^ C H ,
-  CH8

I z o r e t ^  s u c c e s s f u l l y  s y n th e s i z e d  a redox polymer with an 

a n th ra qu inone  as redox u n i t  pendent from a p o l y e s t e r  m a t r i x .  Reac t ion 

of d i e t h y l  malona te  wi th  2 - fo rm y la n th ra q u in o n e  under  

"malonic  e s t e r "  s y n t h e t i c  c o n d i t i o n s  a f f o r d e d  t h e  v in y la n th r a q u in o n e  

d e r i v a t i v e ,  eq .  15. Th is  l a t t e r  compound could be condensed wi th  a 

d io l  u s ing  s u l f u r i c  a c id  as  c a t a l y s t  t o  give t h e  p o ly (a n t h ra q u in o n e )

chCHj |
<V i s* ' CHa r ? H

j L  J  CH,OH +  OCNRNCO
CKfjT "*0 

CHS



d e r i v a t i v e s .  1 ,4-Dihydroxy  b u t a n e ,  d i e t h y l e n e g l y c o l , and g l y c e r o l  were 

among t h e  d i a l c o h o l s  used in t h i s  t y p e  of c o n d e n s a t io n .

CHO C H -C H/  C 0 2 E i  
+  c h 2

^ C 0 2E t

H O -R -O H
— --------------->  -  « q .  15

2.  At tachment  of redox u n i t s  onto preformed p o lym e rs : 

E l e c t r o n - t r a n s f e r  polymer may be p repa red  by a t t achm en t  of  a redox 

u n i t  on to  premade polymer.  This  a t t a chm e n t  can be made by chemical  

s u b s t i t u t i o n ,  d i s p l a c e m e n t ,  or  o t h e r  t y p e s  of r e a c t i o n s  wi th  t h e  

f u n c t i o n a l  groups a l r e a d y  e x i s t i n g  on t h e  polymer m a t r i x .  For  

example,  as e a r l y  as 1957, Sansoni^® p repa red  redox polymer by 

r e a c t i n g  hydroquinone wi th  p o l y ( s t y r e n e - d i a z o n i u m  s a l t s ) ,  eq .  16. 

This  f u n c t i o n a l i z e d  polymer was made by n i t r a t i o n  of  p o l y s t y r e n e  

fo l lowed  by r e d u c t io n  of t h e  n i t r o  group t o  an amino group and 

subsequen t  t r e a t m e n t  with n i t r o u s  a c i d .  As e x p e c t e d ,  t h e  diazonium 

s a l t s  g e n e ra te d  c r o s s l i n k i n g  between t h e  polymer c h a i n s .  He a l s o  

p laced  a f e r r o c e n e  moiety on a p o l y s t y r e n e  backbone employing a 

s i m i l a r  r e a c t i o n .

As r e p o r t e d  by Kun, hydroqu inone-qu inone  redox polymers may be 

r e a d i l y  made us ing  e i t h e r  quinone or  hydroquinone in  p r o t e c t e d  or
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u n p r o t e c t e d  form in a F r i e d e l - C r a f t s  r e a c t i o n  with ha lo m e th y la te d  

s t y r e n e - d i v i n y l  benzene copolymer.  As o u t l i n e d  in  Scheme 15, F r i e d e l - 

C r a f t s  r e a c t i o n  of  t h e  c h lo ro m e th y la t e d  p o l y ( s t y r e n e - d i v i n y l b e n z e n e )  

wi th  hydroqu inone ,  benzoquinone ,  1 ,4 -d im ethoxybenzene ,  and 1 , 4 -  

d iace toxybenzene  in  t h e  p re se nc e  of  a Lewis ac id  such as  SnCl^ gave 

polymeric  viny l  benzy lhydroquinone  a f t e r  removal of  t h e  p r o t e c t i n g  

g roups .  The p o l y (v in y lb e n z y lh y d r o q u in o n e )  may be ox id ized  t o  

po ly (v in y lb e n z y lb e n z o q u in o n e )  which,  in  t u r n ,  may be reduced t o  t h e  

hydroquinone a g a in .

Because of  t h e  low r e a c t i v i t y  of  t h e  ch loromethyl  g roup ,  Russ ian 

i n v e s t i g a t o r s ^ 6 deve loped a s y n t h e s i s  of  bromomethylated copolymer by 

r e a c t i n g  t h e  c h lo r o m e th y la t e d  r e s i n  wi th  l i t h i u m  bromide in  a m ix tu re  

of  b o i l i n g  dioxane  and a c e tone  f o r  20 h o u r s .  They c a r r i e d  ou t  t h e  

F r i e d e l - C r a f t s  r e a c t i o n  o f  bromomethylated copolymer with q u in o n e ,  

a n th r a q u in o n e ,  na p h ta q u in o n e ,  p y r o g a l l o l ,  hydroqu inone ,  r e s o r c i n o l ,  

p y r o c a t e c h o l , and d i a l k y l e t h e r  of  hydroquinone .  Dioxane and 

d i c h l o r o e t h a n e  proved t o  be good s w e l l i n g  media f o r  t h e  bromo

m ethy la ted  r e s i n s .



Scheme 15: F r ie d e l-C r a fts  R eaction  o f  C hloro-

m ethylated  P o ly ( s ty r e n e -d iv in y lb e n z e n e )

w ith  Redox U n its

OH

O)
OH

P

c h 2

c lto vo g *RO

OHOR

The h y d r o p h i l i c i t y  of t h e s e  redox polymers  can be improved by t h e  

i n c o r p o r a t i o n  of an ion-exchange  group.  By l i m i t i n g  th e  c o n c e n t r a t i o n  

of  redox u n i t s  added t o  t h e  polymer m a t r i x ,  a s i g n i f i c a n t  number of 

halomethyl  groups i s  a v a i l a b l e  f o r  subsequen t  chemical  t r e a t m e n t .  For  

example,  r e a c t i o n  of  t h e  remaining ch loromethyl  groups wi th  

t r i m e t h y l  amine, eq .  17, y i e l d e d  h y d r o p h i l i c  redox polymers c o n t a i n i n g  

anion  exchange g roups .  While m a in ta in in g  a maximum number of  redox 

u n i t s  a v a i l a b l e ,  i n c r e a s e d  h y d r o p h i l i c i t y  of  t h e  r e s i n s  may be



ach ieved  by r e a c t i n y  t h e  hydroquinone u n i t s  of  t h e  r e s i n s  with 

c h l o r o s u l f o n i c  a c id  as i l l u s t r a t e d  in  eq .  18. The s u l f o n a t e d  redox 

polymers  could be employed as c a t i o n -e x c h a n y e  r e s i n s . 77

t H 2 CH*CI CH2 C H ^ IJsr
CHgN M tsCI 

eq. 17

C H -C H 2'

OH

H

~ C H - C H 2~

C IS 0 3H

• q . 16

S0^4

Kun7® a l s o  r e p o r t e d  t h e  a t t a chm e n t  of an th ra q u in o n e  and i t s  

d e r i v a t i v e s  such as  2 -m e thy la n th ra qu inone  and 2 - e t h y l a n t h r a q u i n o n e  

onto  s t y r e n e - d i v i n y l  benzene copolymer v ia  t h e  F r i e d e l - C r a f t s  

a l k y l a t i o n  r e a c t i o n  d e s c r i b e d  above.  By th e  same p r o c e d u r e ,  

Warshawsky7^ t r e a t e d  t h e  c h lo ro m e th y la t e d  copolymer c i t e d  above wi th  

ca techo l  t o  produce polymeric  c a t e c h o l .  Th is  l a t t e r  r e s i n ,  however,  

was d e s t i n e d  t o  make polymer crown e t h e r s .

G e n e r a l ly ,  in  such a l k y l a t i o n  r e a c t i o n s ,  t h e  remain iny un reac ted  

ch loromethyl  groups of  t h e  s u p p o r t i n y  r e s i n  can cause  s i d e  r e a c t i o n s  

and e f f e c t s .  To avoid such unwanted r e a c t i o n s ,  Iwabuchi®® in t ro d u c ed  

hydroquinone  or  c a te c ho l  u n i t s  on th e  same suppo r t  by F r i e d e l - C r a f t s



a l k y l a t i o n  of  s t y r e n e - d i v i n y l  benzene r e s i n  wi th  2 , 5 -  and 3 ,4 -  

dimethoxybenzyl  c h l o r i d e ,  fo l lowed  by de m e th y la t io n  with hydrobromic 

a c id  as given in Scheme 16. In t h i s  f a s h i o n ,  a high c o n te n t  of redox 

u n i t s  on th e  r e s i n  could be a c h ie v e d .

Scheme 1 6 s F r ie d e l-C r a fts  A lk y la tio n  o f  S ty ren e-  

D ivin y lb en zen e Copolymer w ith  2 ,5 -  and 

3 ,4-Dim ethoxybenzyl C hloride .
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