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and 

P e t e r  D. Palaszb and Helena L. Chuma 
S o l a r  Energy Research I n s t i t u t e  
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ABSTRACT 

E l e c t r o n  t r a n s f e r  r e a c t i o n s  have been observed dur ing  t h e  e l e c t r o -  
l y s e s  of s o l u t i o n s  c o n t a i n i n g  anthraquinone and 6-aryl e t h e r  l i g n i n  
model quinonemethides. In d r y  a c e t o n i t r i l e  a t  a reduct ion  poten- 
t i a l  of -0.9V (2. Ag/AgCl) e l e c t r o n s  are t r a n s f e r r e d  from t h e  
e l e c t r o d e  t o  anthraquinone (AQ) t o  form s t a b l e  anthrahydroquinone 
r a d i c a l  an ions  (AHQ'). The lignin model quinonemethides a r e  not  
reduced d i r e c t i y  a t  t h e  e l e c t r o d e  a t  t h i s  p o t e n t i a l  bu t  aye 
reduced by F Q -  t o  g i v e  quinoncmethide r a d i c a l  an ions  (QM-) and 
AQ. The QM- s p e c i e s  r a p i d l y  fragment a t  t h e i r  8-aryl e t h e r  bond 
t o  g ive  phenola te  i o n s  and r a d i c a l s ;  t h e  l a t t e r  f u r t h e r  reduces t o  
another  phenola te  ion. For example, t h e  B-methyl l i g n i n  model QM 
1 g i v e s  g u a i a c o l  and i soeugenol  upon e l e c t r o l y s i s  a t  -0.9V i n  t h e  
presence of  hQ. 
l e a d s  t o  both  anthrahydroquinone r a d i c a l  an ion  and d i a n i o n ;  t h e  
d i a n i o n  i s  formed by d i r e c t  e l e c t r o l y s i s  of t h e  r a d i c a l  anion and 
by d i s p r o p o r t i o n a t i o n  of t h e  r a d i c a l  anion. Under a l l  c o n d i t i o n s  
and e u b s t r a t e s  examined, e l e c t r o n  t r a n s f e r  r e a c t i o n s  proceeded i n  
preference  t o  bond format ion  r e a c t i o n s  which would g e n e r a t e  
"adductr." Ibe i m p l i c a t i o n  of t h e s e  r e s u l t s  is t h a t  i t  should be 
p o s s i b l e  t o  d e l i g n i f y  wood by e l e c t r o n  t r a n s f e r  r e a c t i o n s  and t h a t  
anthraquinone probably f u n c t i o n s  t h i s  way. 

In  w e t  a c e t o n i t r i l e ,  reduct ion  of AQ a t  -0.9V 

aAddress correspondences t o  e i t h e r  of t h e s e  au thors .  
bPos tdoc tora l  Fellow under t h e  D i r e c t o r ' s  Development Fund. 
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INTRODUCTION 

D I M M n  ET AL 

Oxidat ion and r e d u c t i o n  r e a c t i o n s  occur  d u r i n g  anthraqulnone 

(AQ) wood pulp ing  which r e s u l t  i n  t h e  product ion  of anthrahydro- 

quinone r a d i c a l  an ion  (AHQ') and d i a n i o n  (AHQ-2) species .I  These 

reduced forms of AQ are b e l i e v e d  t o  i n t e r a c t  w i t h  l i g n i n  quinone- 

methide (QM) i n t e r m e d i a t e s  t o  cause  t h e  l i g n i n  t o  fragment and 

thereby  d i s s o l v e  i n  wood pulp ing  l i q u o r s . 1  

&OAr 
I @p&W 6 

CH P 
:0: :o. :oi  0 
AQ AHQ'- AHQ-' OM 

Two b a s i c  mechanisms have been proposed f o r  t h e  AHQ/QM i n t e r -  

a c t i o n .  h e  i n v o l v e s  bond format ion  between t h e  two s p e c i e s  t o  

g i v e  "adducts"  which, i f  a p p r o p r i a t e l y  s u b s t i t u t e d ,  can fragment .1 
The o t h e r  s imply i n v o l v e s  a t r a n s f e r  of electrons from t h e  AHQ 

s p e c i e s  (an ion  r a d i c a l  o r  d i a n i o n )  t o  t h e  QM, fol lowed by fragmen- 

t a t i o n  of t h e  QM.l Elec t rochemica l  experiments  a r e  descr ibed  h e r e  

which show t h a t  AHQ' and AHQ-?- c a n  i n t e r a c t  w i t h  quinonemethides 

by e l e c t r o n  t r a n s f e r  and t h a t  a p p r o p r i a t e l y  s u b s t i t u t e d  quinone- 

methide r a d i c a l  an ions  (Qe) r e a d i l y  fragment. 

CYCLIC VOLTAHNETRY 

Cycl ic  voltammetry i s  a s imple ,  b u t  powerful ,  technique f o r  

adding e l e c t r o n s  t o  ( r e d u c t i o n s )  o r  removing e l e c t r o n s  from 

( o x i d a t i o n s )  c e r t a i n  s u b s t r a t e s  .2  

c e l l  c o n t a i n i n g  a working e l e c t r o d e  and a counter  e l e c t r o d e  j o i n e d  

t o  a n o t h e r  compartment c o n t a i n i n g  a r e f e r e n c e  e l e c t r o d e .  A c y c l i c  

voltammogram i s  a measure of c u r r e n t  i n t e n s i t y  ( e l e c t r o n  flow) as 

a f u n c t i o n  of changes i n  t h e  a p p l i e d  p o t e n t i a l  of t h e  working 

e l e c t r o d e  versus  t h e  r e f e r e n c e  e l e c t r o d e .  S p e c i f i c a l l y ,  i n  our  

s t u d i e s ,  t h e  p o t e n t i a l  of  t h e  working e l e c t r o d e  w a s  increased  

l i n e a r l y  a t  p o t e n t i a l  s c a n  ra tes  ranging from 0.02 t o  100 V/sec i n  

t h e  c a t h o d i c  ( r e d u c t i o n )  d i r e c t i o n  from z e r o  t i m e  (0 v o l t s  &/ 

The a p p a r a t u s  c o n s i s t s  of a 
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ELECTRON TRANSFER I1 17 

AgC1) t o  a s w i t c h  time ( f o r  example a t  -2.0 V), a f t e r  which t h e  

p o t e n t i a l  is l i n e a r l y  r e t u r n e d  ( a n o d i c  d i r e c t i o n ,  o x i d a t i o n )  t o  

t h e  s t a r t i n g  (0 V) p o t e n t i a l .  The p o t e n t i a l s .  u n l e s s  s t a t e d  

o therwise ,  are referenced  a g a i n s t  a Ag/AgCl e l e c t r o d e .  

Appreciable  c u r r e n t  f low is only observed a t  extreme poten- 

t i a l s  where t h e  s o l v e n t  ( o r  s u p p o r t i n g  e l e c t r o l y t e )  is being 

reduced o r  o x i d i z e d ,  and i n  t h e  v i c i n i t y  of t h e  formal e l e c t r o d e  

p o t e n t i a l  o f  an e l e c t r o a c t i v e  subs tance .  The e lec t rochemica l  

domain of t h e  s o l v e n t / s u p p o r t i n g  e l e c t r o l y t e  system depends on t h e  

s p e c i f i c  n a t u r e  of t h e  i o n i c  s p e c i e s  p r e s e n t  i n  t h e  s o l v e n t  and on 

t h e  n a t u r e  of  t h e  s o l v e n t .  Background c u r r e n t s  e x i s t  because of 

e lec t rochemica l  r e a c t i o n s  o f  trace i m p u r i t i e s  i n  t h e  system and 

because of t h e  double- layer  charg ing  c u r r e n t .  

c u r r e n t s  a r e  shown by t h e  d o t t e d  l i n e s  i n  Fig. 1. 

Typical background 

The magnitude of t h e  observed c u r r e n t  dur ing  c y c l i c  voltammetry 

is r e l a t e d  t o  t h e  p o t e n t i a l  s c a n  ra te ,  t h e  number of e l e c t r o n s  

being t r a n s f e r r e d  t o  ( o r  from) t h e  s u b s t r a t e ,  t h e  concent ra t ion  of 

t h e  s u b s t r a t e ,  the .  area of  t h e  e l e c t r o d e ,  t h e  ra te  of e l e c t r o n  

t r a n s f e r  t o  ( o r  from) t h e  e l e c t r o d e ,  and t h e  ra te  of d i f f u s i o n  of 

t h e  s u b s t r a t e  t o  the e l e c t r o d e .  The s o l u t i o n  is not s t i r r e d  

dur ing  c y c l i c  vol tammetr ic  exper iments ,  and t h u s  only a very small 

q u a n t i t y  of t h e  s u b s t r a t e ,  t h a t  which is w i t h i n  1.0-1.5 nm of  

t h e  e l e c t r o d e ,  is e l e c t r o l y z e d .  By s t i r r i n g  between r u n s ,  iden- 

t i ca l  voltammograms c a n  be obtained.  

CYCLIC VOLTAMMETRY ANTHRAQUINONE 

A c y c l i c  voltammogram of anthraquinone (A01 i n  DMSO w i t h  0.1M 

tetrabutylammonium p e r c h l o r a t e  (TBAP) is shown in Fig. 1. The 

voltammogram d i s p l a y s  t w o  wel l - separa ted  c a t h o d i c  ( r e d u c t i v e )  

c u r r e n t  peaks in t h e  range o f  0 t o  -2.0 V. 

OCCUKS a t  a c a t h o d i c  peak p o t e n t i a l  of -0.78 V and corresponds t o  

t h e  one-e lec t ron ,  r e v e r s i b l e ,  d i f f u s i o n  c o n t r o l l e d ,  heterogeneous 

e l e c t r o n  t r a n s f e r  from t h e  cathode t o  anthraquinone,  lead ing  t o  

anthrahydroquinone r a d i c a l  an ion;  t h e  second cur ren t  peak a t  a 

ca thodic  peak p o t e n t i a l  of -1 .53 V corresponds t o  the  reduct ion  of 

The f i r s t  c u r r e n t  peak 
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18 DIMMEL ET AL. 

Figure 1. Cycl ic  voltammogram of AQ (2.3 mg) in DMSO (10 mL, 0.1M 
TBAP); p o t e n t i a l  scan  rate of 0.5 V/sec. 

t h e  r a d i c a l  an ion  t o  t h e  dianion.  Upon r e v e r s a l  of p o t e n t i a l ,  

two anodic  ( o x i d a t i o n  waves) are observed;  t h e s e  correspond t o  the  

r e v e r s a l  of t h e  one-electron s t e p s  mentioned above. In  a c e t o n i t r i l e  

t h e  ca thodic  peak p o t e n t i a l s  a r e  l o c a t e d  a t  -0.92 V and -1.72 V. 

The most u s e f u l  s o l v e n t s  f o r  e lec t rochemica l  s t u d i e s  of 

r a d i c a l  an ions  are d imethylsu l foxide  (DMSO), a c e t o n i t r i l e  ( A N ) ,  

dimethylformamide (DMF), ace tone  and dimethoxyethane. 3*4 
g e n e r a l ,  t h e  e l e c t r o c h e m i c a l l y  genera ted  r a d i c a l  an ions  and, t o  

some e x t e n t ,  d i a n i o n s  are r e l a t i v e l y  s t a b l e  in t h e s e  s o l v e n t s .  

The e l e c t r o d e  p o t e n t i a l s  of p o l a r  subs tances ,  such as quinones,  are 

a f f e c t e d  by s o l v e n t  changes and by a s s o c i a t i o n  v l t h  nonaqueous 

e l e c t r o l y t e s  ( s u b s t r a t e  r a d i c a l  an ions  a s s o c i a t i o n  wi th  suppor t ing  

e l e c t r o l y t e  c a t i o n s ) .  The observed e lec t rochemica l  behavior  o f t e n  

changes when proton  donors ,  such as water, phenol ,  and acetic 
a c i d ,  are added t o  a p r o t i c  s o l v e n t s ,  such as AN and DMSO; protona- 

t i o n  of i o n i c  i n t e r m e d i a t e s  is p o s s i b l e .  

In 

5 

Addit ion of 7% by volume of water t o  AN causes  t h e  two AQ 

c a t h o d i c  waves t o  c o l l a p s e  t o  one wave a t  -0.95 V (Fig. 2). The 
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ELECTRON TRANSFER I1 19 

Figure 2.  Cycl ic  voltammogram Figure  3. Cycl ic  voltammogram 
of  AQ (2.5 mg) i n  AN (10 mL, 0.15 Of (3 1 (1.5 i n  0.2 mL CHCl3) 
TBAP) i n  t h e  presence of water  i n  DMSO (10 mL, 0.1% TBAP) alone 
(---, 2% v l v ;  - , 7% v l v ) ;  ( --- , A) and i n  t h e  presence of 
p o t e n t i a l  scan  rate of 0.2 V/sec. AQ (--, B); p o t e n t i a l  scan  r a t e  

of  0.2 Vlsec. 

i n t e n s i t y  is about the  same as t h a t  of t h e  ca thodic  reduct ion  i n  

dry  a c e t o n i t r i l e .  The corresponding anodic  c u r r e n t  peak occurs  at 

-0.63 V. With 2% water t h e  two waves are not completely c o l l a p s e d ,  

but  t h e  second ca thodic  wave s h i f t s  a n o d i c a l l y  (Pig.  2) .  These 

curves are explained by t h e  reduct ion  of AQ t o  AHQ' and t h e  

d i s p r o p o r t i o n a t i o n  of t h e  l a t t e r  s p e c i e s  i n t o  AQ and AHQ-2, as 

w e l l  as by pro tona t ion  and reduct ion  of t h e  a n i o n i c  spec ies .3 ,5  

The e l e c t r o c h e m i s t r y  of anthraquinone and r e l a t e d  compounds in 
aqueous s o l u t i o n s  as a f u n c t i o n  of pH and t h e  n a t u r e  of the  b u f f e r  
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20 D m L  ET AL. 

system has been s t u d i e d  previous ly  us ing  polarography.6 

polarographic  technique  employs a dropping mercury working 

e l e c t r o d e  and much s lower p o t e n t i a l  scan  rates than t h o s e  used in 

c y c l i c  voltammetry. Depending on t h e  b u f f e r  composition and t h e  

pK, t h e  polarographic  behavior  of AQ in water ranges from two one- 

e l e c t r o n  processes  wi th  two well s e p a r a t e d  waves t o  a s i n g l e  wave 

c l o s e  t o  the  behavior  expected f o r  a two-electron process .  The 

polarographic  r e s u l t s  f o r  AQ i n  water under b a s i c  c o n d i t i o n s  can 

be  explained by two one-electron reduct ions  coupled to  two major 

chemical r e a c t i o n s  - t h e  d i m e r i z a t i o n  of t h e  r a d i c a l  an ions  and 

t h e i r  d i s p r o p o r t i o n a t i o n ;  t h e  observed behavior  depends on t h e  

r e l a t i v e  rates of t h e  v a r i o u s  r e a c t i o n s  and is a f u n c t i o n  of t h e  

s o l v e n t / s u p p o r t i n g  e l e c t r o l y t e .  

The 

In summary, t h e  c y c l i c  voltammetry of AQ i n  e i t h e r  AN or  DMSO 

shows two wel l - separa ted  one-e lec t ron  reduct ions  (waves) which are 

r e v e r s i b l e .  The a d d i t i o n  of small amounts of water causes  t h e  

second wave t o  s h i f t  t o  wre  p o s i t i v e  p o t e n t i a l s  so t h a t  even- 

t u a l l y  i t  c o i n c i d e s  wi th  t h e  f i r s t  ~ a v e . ~ , ~  

CYCLIC VOLTAMMETRY OF QUINONEMETHIDES 
Quinonemethides (QMs) are key r e a c t i v e  i n t e r m e d i a t e s  in many 

The s t a b i l i t y  of s imple @ls i n  nucleo- l i g n i n  t ransformat ions .1  

p h i l i c  s o l v e n t s  such as water is extremely s h o r t ,  a matter of 

seconds a t  room temperature.7 

s t e r i c a l l y  crowded OMS, s i m i l a r  t o  those  found in l i g n i n ,  have 

much longer  l i f e t i m e s  (e. weeks) i n  t h e  absence of good nucleo- 

p u l e s  o r  water.899 

However, more highly  s u b s t i t u t e d ,  

S t a r t i n g  from compounds 4-6 and fo l lowing  t h e  d i r e c t i o n s  of 

Ralph and coworkers ,899 w e  have prepared and c h a r a c t e r i z e d  s t a b l e  

C H C l j  s o l u t i o n s  of quinonemethides 1-3. Attempts t o  prepare  s t a b l e  

CHC13 s o l u t i o n s  of quinonemethides 7 and 8 were unsuccessfu l .  

These QMs are probably r a p i d l y  des t royed  by a water e x t r a c t i o n  

used in t h e  procedure.  
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ELECTRON TRANSFER I1 21 

CHOH R, 

Q O C H ;  

OH 

4 ,  R, = CH,. R ,=  R,=H 

5 .  R, = Rl= CH,. A, OCH, 

6 .  R ,=R,=RI=H 

R f i O C H ,  0 

7 . R = H  

a ,  R = O C H ~  

I d e a l l y ,  we would have p r e f e r r e d  t o  examine t h e  e l e c t r o -  

chemistry of QMs i n  pure AN o r  DMSO; however, two f a c t o r s  pre- 

vented t h i s .  F i r s t ,  QUs could n o t  be prepared d i r e c t l y  i n  AN o r  

DMSO by t h e  s tandard  procedure because both  s o l v e n t s  a r e  water 

misc ib le .  Second, c o n c e n t r a t i o n  of t h e  QM/CHC13 s o l u t i o n s  ( t o  

e l i m i n a t e  t h e  s o l v e n t )  l e d  t o  decomposi t ion of t h e  QMs. Therefore ,  

t h e  e lec t rochemica l  experiments  i n v o l v i n g  t h e  Q M s  i n  e i t h e r  AN o r  

DMSO conta ined  1-5% CHCl3. Unfor tuna te ly ,  CHC13 is reduced a t  

p o t e n t i a l s  uore n e g a t i v e  t h a n  -1.5 V (DMSO) o r  -1.6 V ( A N ) ,  t h u s ,  

l i m i t i n g  t h e  u s e f u l  p o t e n t i a l  s c a n  range.1° 

Besides  g iv ing  rise t o  a l a r g e  i n t e r f e r i n g  c a t h o d i c  c u r r e n t ,  

t h e  reduct ion  of chloroform produces -CCl3, a s p e c i e s  which could 

probably react r a p i d l y  w i t h  QNS. Chloroform wNch had been taken 

through t h e  QM p r e p a r a t i o n  procedure,  bu t  i n  t h e  absence of 

s u b s t r a t e s  4-6, w a s  added t o  t h e  s o l v e n t / s u p p o r t i n g  e l e c t r o l y t e  

s y s t e m ,  and c y c l i c  voltammograms were recorded. The observed s m a l l  

c u r r e n t s  i n  t h e  reg ion  0 t o  -1.6 V were i n d i s t i n g u i s h a b l e  from 

t h o s e  of pure s o l v e n t / e l e c t r o l y t e .  Thus, chloroform and by- 

products  of t h e  QM p r e p a r a t i o n  procedure are not  e l e c t r o a c t i v e  i n  

t h i s  i n v e s t i g a t e d  p o t e n t i a l  range. 

Quinonemethide 1 produced t h e  c y c l i c  voltammogram shown i n  

Fig. 3A. Only one r e d u c t i o n  c u r r e n t  peak w a s  observed;  a t  a 0.2 
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V/sec p o t e n t i a l  scan  rate, t h e  peak p o t e n t i a l  was at  -1.13 V in 

DMSO and at -1.17 V i n  AN. [The increase In ca thodic  c u r r e n t  a t  

roughly -1.8 V i n  Fig. 3 is due t o  t h e  chloroform reduct ion . ]  

S i m i l a r l y ,  quinonemethldes 2 and 3 gave i r r e v e r s i b l e  c a t h o d i c  

c u r r e n t  peaks a t  -1.48 V and -1.19 V In  AN, r e s p e c t i v e l y .  

The e l e c t r o c h e m i c a l  behavior  of Qls 1-3 i l l u s t r a t e s  t h a t  small 

changes in t h e  QM s t r u c t u r e  may lead  t o  l a r g e  changes i n  t h e  

r e d u c t i o n  p o t e n t i a l .  Quinonemethides 1 and 3 d i f f e r  by a B-methyl 

group and have similar reduct ion  p o t e n t i a l s .  However, QMs I and 2 
d i f f e r  in t h e  number of s u b s t i t u e n t s  on t h e  6-aryl r i n g  and have 

l a r g e  d i f f e r e n c e s  i n  r e d u c t i o n  p o t e n t i a l s .  With both o r t h o  posi- 

t i o n s  s u b s t i t u t e d ,  Qi 2 Is probably cons iderably  =re hindered 

than  t h e  o t h e r s  and may l a c k  p l a n a r i t y  about t h e  orcarbon. Its 
peak p o t e n t i a l  is similar t o  t h e  ca thodic  peak p o t e n t i a l  of s teri-  

c a l l y  hindered QM 9.11 

0 OH 

9 10 

on 

** 
11 

0 

OH 
12 

The observed QM reduct ion  c u r r e n t s  are be l ieved  t o  be due t o  

a n  a d d i t i o n  of one e l e c t r o n  t o  the QM, l e a d i n g  t o  a quinonemethlde 

radical an ion  (QM:). The l a c k  of an anodic  c u r r e n t  on going from 

-1.6 t o  0 V,  even a t  very r a p i d  (100 V/sec) scan  rates, i n d i c a t e s  

t h a t  t h e  C$4' s p e c i e s  are no longer  i n  t h e  v i c i n i t y  of t h e  e l e c t r o d e  

t o  be reoxid ized  t o  s t a r t i n g  material. 

undergoes a r a p i d  chemtcal r e a c t i o n  p r i o r  t o  t h e  oppor tuni ty  t o  be 

reoxld ized .  The n a t u r e  o f  these  r e a c t i o n s  W i l l  be addressed i n  a 

later s e c t i o n .  

In o t h e r  words, t h e  & 

The a d d i t i o n  of 1% water t o  a s o l u t i o n  of @! 1 i n  AN caused t h e  

c a t h o d i c  peak c u r r e n t  i n t e n s i t y  t o  i n c r e a s e  by roughly 2.5 times. 
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Fur ther  i n c r e a s e  i n  water c o n c e n t r a t i o n  t o  about 10% does not 

a l t e r  t h e  ca thodic  c u r r e n t  peak w i t h i n  t h e  experimental  e r r o r .  A 

c u r r e n t  doubl ing e f f e c t  upon a d d i t i o n  of proton donors is encoun- 

t e r e d  f r e q u e n t l y  i n  t h e  r e d u c t i o n  of hydrocarbons and ketones (or 
quinones).3,12 It stem from t h e  reduct ion  t o  t h e  r a d i c a l  anion,  

followed by coupled chemical and e lec t rochemica l  r e a c t i o n s .  Pro- 

t o n a t i o n  of t h e  r a d i c a l  anion can be f a s t ;  t h e  protonated r a d i c a l  

has  a h igher  e l e c t r o n  a f f i n i t y  than t h e  parent  compound and there-  

f o r e  a t  t h e  appl ied  p o t e n t i a l s  e a s i l y  accepts  another  e l e c t r o n  - a 

two e l e c t r o n  process .  W e t h e r  c u r r e n t  doubl ing is going t o  be 

observed is a f u n c t i o n  of t h e  b a s i c i t y  of the  r a d i c a l  anion.12 

Outside of t h i s  work, few quinonemethides have been examined 

e lec t rochemica l ly ;  an except ion  is t h e  r e l a t i v e l y  s t a b l e  QM 9 .  The 

e l e c t r o l y t i c  behavior of @ 9 has some s i m i l a r i t i e s  t o  our QMs. 

Richards and Evans observed a one-electron i r r e v e r s i b l e  reduct ion  

of 9 in AN which increased  i n  i n t e n s i t y  when water w a s  added.11 

The main r e a c t i o n  product of QM 9' was t h e  dimer 11; b a s i c  sub- 

s t a n c e s  added t o  t h e  e l e c t r o l y s i s  a l s o  converted some of 9 t o  a 

tautomer 10. 

CYCLIC VOLTAMMETRY OF AQ/QM SOLUTIONS --- 
Acetoni t r i le /ch loroform 

A s o l u t i o n  of AQ i n  AN was prepared ,  and i t s  voltammogram was 

recorded a t  0.2 V/sec (Fig.  4 ,  lower curve) .  Next, a small  amount 

of Qn 1 i n  CHCl3  w a s  added t o  t h e  previous s o l u t i o n ;  another  voltam- 

mogram w a s  recorded. A second a d d i t i o n  of the  quinonemethide was  

c a r r i e d  o u t ,  and t h e  voltammogram was recorded again.  It can be 

seen  from Fig. 4 t h a t  t h e  added Cpf causes  the  wave a t  -0.92 V ,  

a s s o c i a t e d  with the  reduct ion  of AQ t o  AH@, t o  i n c r e a s e ,  while  t h e  

wave a s s o c i a t e d  with t h e  r e v e r s e  r e a c t i o n  d id  not i n c r e a s e  i n  in ten-  

s i t y .  Another important  f e a t u r e  is t h a t  even at p o t e n t i a l  scan 

rates as l a r g e  as 50 V/sec t h e  -1.17 V wave expected f o r  t h e  

d i r e c t  reduct ion  of t h e  Qf is not observed. 

These r e s u l t s  i n d i c a t e  t h a t  as t h e  AHQ- s p e c i e s  are formed, 

they r e a c t  r a p i d l y  and q u a n t i t a t i v e l y  wi th  QMB present  in so lu-  
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DTXMEL ET AL. 2 4  

t i o n ,  r e g e n e r a t i n g  AQ (and thereby  i n c r e a s i n g  t h e  AQ reduct ion  

c u r r e n t )  and a l s o  d e p l e t i n g  t h e  quinonernethides i n  t h e  v i c i n i t y  of 

t h e  e l e c t r o d e  (and thereby r e s u l t i n g  i n  no Ql reduct ion  c u r r e n t ) .  

The " e f f e c t i v e "  c o n c e n t r a t i o n  of AQ at t h e  s u r f a c e  of t h e  

e l e c t r o d e  is increased  by t h e  QM r e a c t i o n ,  but t h e  combined 

a m u n t s  of AQ + AHQ; a t  t h e  e l e c t r o d e  do not change, and hence t h e  

anodic  wave a s s o c i a t e d  wi th  r e o x i d a t i o n  of AHQ: t o  AQ is indepen- 

dent  of QM l e v e l .  This  process  is def ined  as homogeneous redox 

c a t a l y s i s 1 3  and has been found i n  a number of cases involv ing  

r a d i c a l  an ions  such as t h e  r e d u c t i o n  of aromatic  h a l i d e s  c a t a l y z e d  

by perylene and t e r e p h t h a l o n i t r i l e .  l 4  

represented  by a s i m p l i f i e d  scheme: 

These r e a c t i o n s  can be 

AQ + e- - AHQ- 

t 
1 

& A H Q ~  + QM AQ + QM' 

QM- - decomposition products 

S c h e m e  1 

The r a t e  of e l e c t r o n  t r a n s f e r  is a f u n c t i o n  of t h e  d i f f e r e n c e  

i n  t h e  s tandard  p o t e n t i a l s  between t h e  anthraquinone and the  

quinonemethide redox couples .  The a b s o l u t e  va lue  of t h e  l a t t e r  is 

d i f f i c u l t  t o  estimate because t h e  formation of QM' is a s s o c i a t e d  

w i t h  chemical r e a c t i o n s .  In g e n e r a l ,  t h e  l a r g e r  t h e  s e p a r a t i o n  

between t h e  two r e d u c t i o n  peaks,  t h e  s lower t h e  homogeneous 

e l e c t r o n  t r a n s f e r  s tep .13  The rates of t h e  r e a c t i o n s  o u t l i n e d  i n  

Scheme 1 are being q u a n t i t a t i v e l y  determined and w i l l  be t h e  sub- 

ject  of a for thcoming publ ica t ion .15  

A c a t a l y t i c  e f f e c t  was a l s o  observed f o r  mixtures  of AQ and QM 

2. This model compound is more d i f f i c u l t  t o  reduce t h a n  QM 1; t h e  
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s e p a r a t i o n  between the peak p o t e n t i a l s  of AQ and QM 2 i s  0 . 5 6  

V ( a t  0.2 V/sec )  compared w i t h  0.21 V i n  t h e  p r e v i o u s  case. The 

c a t a l y t i c  e f f e c t  i s  less pronounced t h a n  f o r  QM 1. A t  f a s t  poten-  

t i a l  scan rates, two r e d u c t i o n  waves,  a s s o c i a t e d  w i t h  AQ/AHQ' and 

QM 2/QM 2', were obse rved .  S i n c e  t h e  peak s e p a r a t i o n  between AQ 

and QM 3 i s  0 .23  V ,  a n  e f f i c i e n t  e l e c t r o n  t r a n s f e r  s h o u l d  o c c u r .  

Indeed ,  c y c l i c  voltammograms o f  AQ and QM 3 were ana logous  t o  

AQ/QM 1 ( F i g .  4 ) .  

DMSO/Chloroform 

F i g u r e  3B shows t h e  c y c l i c  voltammogram of QM 1 i n  DMSO b e f o r e  

and a f t e r  t h e  a d d i t i o n  of 114 o f  t h e  c o n c e n t r a t i o n  o f  AQ used i n  

o b t a i n i n g  t h e  voltammogram shown i n  Fig.  1. With no i n t e r a c t i o n  

between s u b s t r a t e s ,  t h e  AQ r e d u c t i o n  c u r r e n t  s h o u l d  be  - 16 U A .  

The obse rved  AQ r e d u c t i o n  c u r r e n t  (35 lA) was t w i c e  t h e  e x p e c t e d  

v a l u e .  The p r e s e n c e  o f  QM h a s  caused  t h e  r e g e n e r a t i o n  of  AQ by 

r e a c t i n g  w i t h  t h e  an th rahydroqu inone  r a d i c a l  an ion .  The s e p a r a -  

t i o n  i n  the r e d u c t i o n  waves between AQ and QM 1 i n  DMSO (0.35 V) 

i s  l a r g e  enough t o  s low t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n s .  Indeed ,  

on  i n c r e a s i n g  t h e  p o t e n t i a l  s c a n  r a t e ,  t h e  @l 1 r e d u c t i o n  wave can  

b e  s e e n  when DMSO i s  t h e  s o l v e n t .  

Water/Acetonitrile/Chloroform 

The s o l i d  c u r v e  i n  F ig .  5 i s  t h e  c y c l i c  voltammogram of AQ i n  

AN c o n t a i n i n g  1% c h l o r o f o r m  and 2% water. After c a r e f u l  measure- 

ment of  peak c u r r e n t s ,  a sample o f  QM 1 d i s s o l v e d  i n  ch lo ro fo rm 

was added t o  the p r e v i o u s  s o l u t i o n .  The new c y c l i c  voltammogram 

showed rough ly  a q u a d r u p l i n g  o f  t h e  c a t h o d i c  c u r r e n t  a t  -0.95 V. 

A d o u b l i n g  o f  t h e  c u r r e n t  c a n  be  a t t r i b u t e d  t o  water e f f e c t s  on 

t h e  QM a l o n e .  The o t h e r  t w o f o l d  i n c r e a s e  is a t t r i b u t e d  t o  

i n t e r a c t i o n  of  QM 1 w i t h  AH$ o r  AHQ-2 t o  produce rough ly  twice 

t h e  molar amount of  e l e c t r o - a c t i v e  s p e c i e s .  S i n c e  s i g n i f i c a n t  

levels  of a n t h r a h y d r o q u i n o n e  d i a n i o n  O K  p r o t o n a t e d  v e r s i o n s  

t h e r e o f  are p r e s e n t  i n  t h i s  case, t r a n s f e r  o f  e l e c t r o n s  from 

AHQ-2 s p e c i e s  t o  @! 1 is p r o b a b l y  o c c u r r i n g .  
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26 DIMMEL ET AL. 

Figure  4. C y c l i c  voltammograms 
in AN (10 mL, O.l& TBAP) of  AQ 
(2 .2  mg) a l o n e  (---), a f t e r  t h e  
a d d i t i o n  of 8 mg of  QM 1 i n  
0.6 mL of  C H U 3  (-), and a f t e r  
the a d d i t i o n  of a n  a d d i t i o n a l  
12 mg of QM 1 in 0.5 mL of  CHCl3 
(-a-*-); p o t e n t i a l  s c a n  rate of 
0.2 Vlsec. 

F igure  5. Cycl ic  voltammogram 
of AQ (1.3 mg) i n  AN (10 mL, 
O.lETBAF',  1Z v/v  CHC13, and 
2% v f v  H20) b e f o r e  (-1 and 
a f t e r  t h e  a d d i t i o n  of 1.5 mg 
of QM I i n  0.1 mL of CHC13 
(---); p o t e n t i a l  scan  ra te  of 
0.2 V/sec. Note t h a t  t h e  
d o t t e d  l i n e  curve has  a 5 
times higher  c u r r e n t  scale than  
t h e  s o l i d  l i n e  curve. 
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Lhy Not Formation of Adducts? 

The term "adduct" r e f e r s  t o  t h e  1:l a d d i t i o n  product which has  

been observed when a QM is  mixed w i t h  AHQ-2 i n  water  ( o r  aqueous- 

o r g a n i c  s o l v e n t s )  o r  when a QM is mixed w i t h  unionized AHQ i n  a 

pure o r g a n i c  s o l v e n t .  1 

j u s t  d e s c r i b e d ,  both QMs and AHQ s p e c i e s  are p r e s e n t ;  y e t ,  adducts  

d i d  not  appear  t o  form t o  any a p p r e c i a b l e  e x t e n t !  If s t a b l e  

adducts  had formed, t h e r e  would have been ( a )  no c a t h o d i c  c u r r e n t  

enhancement and (b)  a d e c r e a s e  i n  t h e  anodic ,  r e o x i d a t i o n  wave 

(AHQ' o r  AHQ-2 -> AQ) because t h e  AHQ s p e c i e s  would have been 

consumed i n  adduct  format ion  r e a c t i o n s .  However, t h e  ca thodic  

c u r r e n t  %enhanced and t h e  a n o d i c  c u r r e n t  unaffected.  

In t h e  c y c l i c  vol tammetr ic  experiments  

The c y c l i c  voltammograms of s e v e r a l  adducts  have been recorded 

and w i l l  be t h e  s u b j e c t  of a f u t u r e  paper. "he voltammograms of 

t h e  adducts  (both  w i t h  and w i t h o u t  6-aryl e t h e r  bonds) are q u i t e  

s i m i l a r  and resemble t h a t  of a n t h r ~ n e . ~  

voltammograms of QM-AHQ adduct  (12)16 i n  dry  AN and w e t  AN a r e  

shown in Fig. 6. The r e d u c t i o n  (of  t h e  C-0) of t h e  adduct occurs  

a t  roughly -1.75 V. The adduct ,  which i s  s t a b l e  f o r  long per iods  

of  t i m e  i n  AN, decomposes s l i g h t l y  a t  p o t e n t i a l s  > -1.7 V t o  a f f o r d  

a small anodic  peak p o t e n t i a l  a t  -0.3 V. The c y c l i c  voltammograms 

o f  adducts  d i f f e r  cons iderably  from t h e  c y c l i c  voltammograms of t h e  

AQ/ QM mixtures .  

As a n  example, the  c y c l i c  

Why weren ' t  adducts  formed d u r i n g  our  e lec t rochemica l  e x p e r i -  

ments? The answer is not  obvious.  In t h e  d r y  a c e t o n i t r i l e  e x p e r i -  

ments, AHQ' i s  p r e s e n t  and not  AHQ-2. 

between AHQ' and a QM t o  g i v e  a r a d i c a l  an ion  adduct ,  (QM-AHQ)', 

is unfavorable .  

i f  (QM-AHQ)' were t o  f ragment  f a s t e r  than  add a second e l e c t r o n  t o  

g i v e  (QM-AHQ)-Z, a known s t a b l e  s p e c i e s .  

s i v e l y  resonance s t a b i l i z e d ,  t h e  (QM-AHQ)' should  r e a d i l y  a c c e p t  an 

e l e c t r o n  a t  t h e s e  p o t e n t i a l s . 3 ~  12913 

Poss ib ly ,  t h e  r e a c t i o n  

C a t a l y t i c  c u r r e n t s  would have been observed only  

Since i t  is not exten- 

In t h e  aqueous experiments ,  b o t h  AHQ' and AHQ-2, and proto- 

n a t e d  v e r s i o n s  of  each ,  are  p r e s e n t  t o g e t h e r .  Poss ib ly ,  e l e c t r o n  
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Figure  6. C y c l i c  

Ir 

voltammogram of OM-AHQ adduct  12 ( 6  mg) i n  AN 
(10 mL, 0.1KTBAP) b e f o r e  (-1 and a f t e r  a d d i t i o n  
o f  1% water (---I; p o t e n t i a l  s c a n  rate of 0.2 Vjsec. 

t r a n s f e r  t o  a QM from AH? ( o r  one of t h e  pro tona ted  a p e c i e a )  

o c c u r s  a t  a f a s t e r  ra te  t h a n  adduct  f o r m a t i o n  between t h e  QM and 

AHQ-2 (or a protonated  v e r s i o n  thereof . )  

t h e  two p r o c e s s e s  are t h e  i m p o r t a n t  parameters ,  as  w e l l  as t h e  

a c t i v a t i o n  e n e r g i e s  involved  i n  t h e s e  r e a c t i o n s .  We a r e  con- 

t i n u i n g  t o  c a r r y  o u t  e x p e r i m n t s  i n  which t h e  rate o f  e l e c t r o n  

t r a n s f e r  r e a c t i o n s  c a n  be o b t a i n e d  from a mathematical t rea tment  

o f  t h e  e l e c t r o c h e m i c a l  r e s u l t s .  

q u a n t i t a t i v e  a s p e c t s  o f  t h e s e  r e a c t i o n s  and possibly a l low e x t r a -  

p o l a t i o n s  of  the r e s u l t s  t o  h i g h e r  tempera tures .  

'Ihe r e l a t i v e  rates of 

They w i l l  shed l i g h t  on t h e  
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PREPARATIVE E LECTROLYSES 
1 

Microprepara t ive  e l e c t r o l y s e s  (z. 40 mg of  s u b s t r a t e )  were 

performed on i n d i v i d u a l  s o l u t i o n s  of  AQ and QM 1 and a mixture  of 

AQ and QH 1. 

t h e  e l e c t r o l y s i s ,  t h e  p o t e n t i a l  w a s  h e l d  a t  some f i x e d  value,  and 

t h e  e l e c t r o d e  had a l a r g e  s u r f a c e  area. 

w e r e  s e p a r a t e d  by a c a t i o n  p e r m s e l e c t i v e  membrane p r e t r e a t e d  in 

such a way as t o  a l low f a s t  n e u t r a l i z a t i o n  of base  by a c i d  

genera ted  i n  t h e  anode compartment. It i s  impera t ive  t h a t  t h e  

cathode and anode be s e p a r a t e d ,  b u t  a t  t h e  same time t h e  pH a t  t h e  

ca thode  compartment remains as  close t o  n e u t r a l  as poss ib le .  

QM l i f e t i m e  w i l l  d e c r e a s e  s u b s t a n t i a l l y  a t  h i g h  pR v a l u e s ,  s i n c e  

good nucleophi les  w i l l  be p r e s e n t .  

In  these exper iments  t h e  s o l u t i o n  w a s  s t i r r e d  d u r i n g  

The a n o l y t e  and c a t h o l y t e  

The 

The p r e p a r a t i v e  e l e c t r o l y s i s  of anthraquinone a l o n e  i n  aceto-  

n i t r i l e  a t  -0.9 V produced a s t r o n g  r e d  c o l o r  ( a s s o c i a t e d  w i t h  

AHQ: p roduct ion) .  

a c e t o n i t r i l e 5 X  chloroform s o l u t i o n  of AQ and QM 1 e x h i b i t e d  no 

r e d  c o l o r  i n  t h e  i n i t i a l  phase. 

t i a l l y  consumed, t h e  r e d  c o l o r  appeared. During t h e  c o e l e c t r o l y -  

s is  t h e  monitored c u r r e n t  was c o n s t a n t  w h i l e  QU w a s  p r e s e n t ;  as 

soon as  c o l o r  developed i n  t h e  s o l u t i o n  t h e  c u r r e n t  decayed. 

-0.9 V t h e  QM 1 p e r  s e  i s  n o t  e l e c t r o a c t i v e .  

However, a n  i d e n t i c a l  e l e c t r o l y s i s  of an 

When t h e  QM had been substan-  

A t  

The p r e p a r a t i v e  c o e l e c t r o l y s i s  s o l u t i o n  was analyzed by gas  

chromatography/mass spec t roscopy (GC/MS) d u r i n g  t h e  course of  t h e  

r e a c t i o n .  In a d d i t i o n  t o  AQ, o n l y  t w o  o t h e r  products  were observed 

i n  any a p p r e c i a b l e  amounts. 

eugenol  14, were i d e n t i f i e d  by d i r e c t  comparison w i t h  a u t h e n t i c  

samples. 

eugenol  formed as  a f u n c t i o n  of time i n  t h e  c o e l e c t r o l y t i c  exper i -  

ments. Since t h e  decomposition of  t h e  QM by nuc leophi les  could 

l e a d  t o  t h e  same products ,  extreme c a r e  w a s  t aken  t h a t  t h e  a m u n t s  
i n  t h e  t a b l e  r e f l e c t  e l e c t r o c h e m i c a l l y  induced decomposition reac- 

t ions. 

These p r o d u c t s ,  g u a i a c o l  13 and i so-  

Table  1 shows t h e  r e l a t i v e  amounts of gua iacol  and i s o -  

P r e p a r a t i v e  e l e c t r o l y s i s  o f  QM 1 a t  -0.9 V d i d  not  shau a n  

i n c r e a s e  i n  t h e  amount of  g u a i a c o l  and i soeugenol  o t h e r  t h a n  t h a t  
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30 DlMMEL ET AL. 

TABLE 1 

PHENOL PRODUCTION IN THE COELECTROLYSIS OF QM 1 AND AQ 

C o e l e c t r o l y s i s  1 

Charge, GuaiacolVa Isoeugenol ,  a Amount Expected,c 
Coulombs mM mH IpM_ 

b lankb 0.7 f O.Zb 0.6 2 O.Zb 0.0 
1.5 t 0.1 

15.0 3.4 0.9 3.2 t 1.0 5.4 5 0.3 
18.0 5.0 f 1.3 5.7 t 1.7 6.4 t 0.4 

C o e l e c t r o l y s i s  2 

Charge, Guaiaco1,d IS o eug e no 1, d Amount Expected, 

4.2 1.4 ?: 0.4 1.1 f 0.4 

mM - mH Coulombs mM - 
0.0 0.00 0.00 
2.2 0.40 C 0.15 0.15 t 0.05e 
5.0 1.00 C 0.25 0.60 2 O.lse 

0.00 
0.8 t 0.1 
1.9 C 0 .2  

10.0 2.50 f 0.50 1.60 t 0.48e 3.7 t 0.3 
aApproximate c o n c e n c r a t i o n  o f  g u a i a c o l  and  i soeugenol  determined 

by GC/MS s i n g l e  ion moni tor ing ,  r e l a t i v e  t o  t h e  anthraquinone 
c o n c e n t r a t i o n  a t  5.0 t 1 mM, f rom a m i c r o p r e p a r a t i v e  e l e c t r o l y s i s  
a t  -0.85 V in a c e t o n i t r i l e T  

bSample of QM 1 + AQ l e f t  o v e r n i g h t  in AN/O.IMTBAP. 
CAssuming a n  80% y i e l d  of QM I from 4 ;  t h i s  s o r t  o f  y i e l d  has  been 

dDetecndned by GCIMS w i t h  a n i s o l e  i n t e r n a l  s tandard .  
observed by u s  u s i n g  NMR a n a l y s i s .  

anthraquinone c o n c e n t r a t i o n  determined by GUMS throughout t h e  
e l e c t r o l y s i s  w a s  5.0 f 1 mM. Microprepara t ive  e l e c t r o l y s i s  a t  
-0.90 V in a c e t o n i t r t l e .  

Average 

lower i soeugenol  y i e l d s  may be  due t o  polymerizat ion r e a c t i o n s .  

expected by t h e  t i m e  e l a p s e d  between t h e  s t a r t i n g  e l e c t r o l y s i s  and 

final e l e c t r o l y s i s .  

p o s i t i o n  of QM i n t o  g u a i a c o l ,  i soeugenol ,  and o t h e r  s p e c i e s  

occurred  only  a t  p o t e n t i a l s  o f  -1.1 V o r  more n e g a t i v e  v a l u e s .  It 

is l i k e l y  t h a t  d i m e r i c  p r o d u c t s  w e r e  also formed. Deta i led  analy-  

sis of products  will be  publ i shed  later. 

S u b s t a n t i a l  e l e c t r o l y t i c  c u r r e n t s  and decom- 

In e s s e n c e ,  t h e  proposed c h e m i s t r y  o c c u r r i n g  d u r i n g  c o e l e c t r o l -  

y s i s  of AQ/OM 1 is as fo l lous :  AHQ', g e n e r a t e d  by heterogeneous 

e l e c t r o n  t r a n s f e r  from t h e  e l e c t r o d e  t o  AQ. r a p i d l y  t r a n s f e r s  a n  

e l e c t r o n  t o  t h e  QM and t h e  r e s u l t i n g  s p e c i e s ,  QM-, f ragments  t o  

y i e l d  most l i k e l y  g u a i a c o l  a n i o n  and t h e  s t a b i l i z e d  a - rad ica l ,  
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(-0.9V) 
(1) 2AQ + 2e- - 2AHQL 

AHQ; + 14' - AQ + 14- (4) 

Scheme 2 
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32 DLMMEL ET AL. 

which is reduced f u r t h e r  (probably  by AHQ-) t o  i soeugenol  an ion  

(Scheme 2) .  The n e t  r e a c t i o n ,  which is summarized in r e a c t i o n  5 ,  

is n o t  p o s s i b l e  ( a t  -0.9 V) w i t h o u t  t h e  presence  o f  AQ. 

The r e s u l t s  of t h e  m i c r o p r e p a r a t i v e  e l e c t r o l y s i s  cannot  be 

r e c o n c i l e d  by a n  adduct  mechanism. An adduct  between OM 1 and 

AHQ-', which h a s  been prepared  i n  CHCl / p y r i d i n e  s o l u t i o n  and shows 

a small amount of  QM f ragmenta t ion  d u r i n g  preparation/work-up, 

would n o t  be  expec ted  t o  produce s i g n i f i c a n t  q u a n t i t i e s  of 

g u a i a c o l  and i soeugenol  upon s t a n d i n g  i n  AN a t  room temperature .  

The vol tammetr ic  experiments  w i t h  a s t a b l e  adduct  (Fig.  6) do not  

show f a s t  f ragmenta t ion  of  t h e  adduct  e l e c t r o c h e m i c a l l y .  In f a c t ,  

t h e  a n o d i c  scan  f o l l o w i n g  t h e  carbonyl  r e d u c t i o n  shows very  l i t t l e  

decomposi t ion t o  AO. 

17 
3 

CONCLUSIONS 

The e l e c t r o c h e m i c a l  experiments  d e s c r i b e d  h e r e  demonstrate  t h a t  

B-aryl e t h e r  l i g n i n  model quinonemethides a c c e p t  e l e c t r o n s  from 

reduced an thraquinone  s p e c i e s  and t h e n  r a p i d l y  fragment a t  t h e  0- 

l i n k a g e  t o  p h e n o l i c  products .  In t h e  t h e  scale of  t h e  vol tammetr ic  

exper iments  t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n s  appear  t o  occur  i n  

p r e f e r e n c e  t o  adduct  format ion  r e a c t i o n s .  Also, t h e  e l e c t r o n  

t r a n s f e r  r e a c t i o n s  g i v e  products  i d e n t i c a l  t o  t h o s e  produced from 

"adduct decomposi t ion r e a c t i o n s  ." 

e l e c t r o n  t r a n s f e r  s t e p  between AHQ' and AHQ-* w i t h  a OM is v e r y  

f a s t  and e f f i c i e n t .  Reduction p o t e n t i a l s  appear  t o  vary w i t h  t h e  

s t r u c t u r e  of t h e  OM (and presrmuibly also w i t h  A 0  s t r u c t u r e )  and 

t h e  s o l v e n t .  Exact ly  how e f f i c i e n t  e l e c t r o n  t r a n s f e r  r e a c t i o n s  

might  be w i t h  a c t u a l  l i g n i n  QMs in water a t  170°C is not  known. 

When t h e  two r e a c t a n t s  have similar r e d u c t i o n  p o t e n t i a l s ,  t h e  

One must keep in mind t h a t  conclus ions  based on e lec t rochemi-  

cal experiments  done a t  room t empera ture  i n  organic  or aqueous- 

o r g a n i c  s o l v e n t s  w i t h  s o l u b l e  models may not  a c c u r a t e l y  d e s c r i b e  

t h e  pulp ing  of @ in water a t  temperatures .  Even so, t h e  

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

t i o n s  of quinonemethides can lead  t o  e f f i c i e n t  l i g n i n l i k e  f ragmen- 
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t a t i o n ,  a f a c t  which may change t h e  way chemists  a t t a c k  t h e  

problem of improving wood pulp ing  systems. Future  s t u d i e s  w i l l  

be aimed a t  e s t a b l i s h i n g  t h e  importance of e l e c t r o n  t r a n s f e r  reac- 

t i o n  under more t y p i c a l  pulping c o n d i t i o n s .  

EXPERIMENTAL 

The NMR s p e c t r a  were obta ined  using a JEOL FX 100 spec t rometer .  

A Hewlett-Packard model 5985 GC/MS spec t rometer ,  us ing  an SP-52 

metal column, was employed in t h e  q u a n t i t a t i o n  of phenol ics .  The 

c y c l i c  voltammetry experiments  employed an EGdG Pr ince ton  Applied 

Research Corp. p o t e n t i o s t a t  (model 173D) with  a u n i v e r s a l  program- 

mer ( 1 7 5 ) ;  slow scan  rate r e s u l t s  were recorded wi th  a R e w l e t t  

Packard XY r e c o r d e r  model 7 0 4 6  A. F a s t e r  scan rate experiments  

were recorded on a Bascom-Turner r e c o r d e r  (model 4120)  and s t o r e d  

on d i s c s .  

Quinonemethide 1. Qinonemeth ide  1 w a s  prepared according t o  

t h e  method of Ralph and Young,' s t a r t i n g  with model 4 . 1 8  A NHR 
spectrum of 1 i n  CDCl The 

spectrum remained unchanged a f t e r  weeks i n  t h e  s e a l e d  NMR tube.  

t h e  method of Ralph and Young,' s t a r t i n g  wi th  model 5." 

spectrum of 2 i n  CDC13 showed s i g n a l s  ( I S  values)  at 1.53 ( d ,  J = 

6 . 4  Hz, yA-CH3), 1 . 5 5  ( d ,  J = 6 . 4  Hz, yS-CH3), 2 . 2 6  (9,  S6A a r y l  

CH3), 3 . 6 2  (5, 3s-OCH3), 3 .74  (9, 3A-OCH3), 3.76  ( 9 ,  2'/6'S-OCH3), 

3.77  (5,  2'/6'A-OCH3), 5.17  ( 9 ,  J * 6 . 4  Hz, BA-HI, 5 . 2 6  ( q ,  J = 

6 . 4  Hz, BS-H), 6.32 ( s ,  3'/5'A&S-OCH3), 6.1-6 .6  (m,  ZAbS, 5AhS. 

&S p r o t o n s ) ,  7 . 0 0  (d of d ,  J = 9 . 6  and 2 . 2  Hz, 6s -H)  and 7 . 2 3  (d 

of  d ,  J = 0.6 and 2 . 4  Hz, 6A-H); t h e  symbols A and S stand f o r  

anti and syn isomers.' 
f o r  t h e  proposed s t r u c t u r e  and i n d i c a t e d  a 2:1 r a t i o  of syn t o  

ant i  isomers .  

of  Ralph and Young,' s t a r t i n g  w i t h  model 6 .  

agreed with t h e  repor ted  spectrum.' 3 

Quinonemethide 2. Quinonemethide 2 w a s  prepared according t o  

A NMR 

The NMR i n t e g r a t i o n  areas match p e r f e c t l y  

- 
Qulnonemethidc 3. winonemeth ide  3 was prepared by t h e  method 

Quinonemethidcs 7 and 8. Syr ingyl  a l c o h o l  i n  CDC13 w a s  t r e a t e d  

wi th  BrSiMe3 and U a  CO in a n  a t tempt  t o  prepare  quinonemethide 8. 2 3  
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34 DIMMEL ET AL. 

Analysis  of t h e  r e s u l t i n g  deep red-colored s o l u t i o n  by NMR and 

GC/MS showed t h a t  d i m e r i z a t i o n  had occurred.  

w a s  S-CH2-CH2-S (mol. Ion a t  m/e 334 and a l a r g e  s i g n a l  at =/e 167 

i n  t h e  MS); t h e  d n o r  product  was  S-CH=CH-S (mol. ion a t  =/= 332). 
Here t h e  symbol S s t a n d s  f o r  a 3,5-dim&thoxy-4-hydroxy-phenyl group. 

The major product 

A s i m i l a r  t rea tment  of v a n i l l y l  a l c o h o l  d i d  not  g i v e  QM 7 ,  but 

r a t h e r  a complicated mixture  of condensat ion products .  

Cyclic Voltamnogram. The c y c l i c  voltammograms were obtained 

u s i n g  a P t  bead working e l e c t r o d e  o r  a p l a n a r  plat inum d i s k  e l e c -  

t r o d e ,  surrounded by a Pt c o i l  secondary e l e c t r o d e ;  t h e  re ference  

e l e c t r o d e  used w a s  a A g / A g C l  o r  a Ag/Ag 

s o l v e n t s  AN and DMSO were used as s u p p l i e d  by Burdick and Jackson 

( s p e c t r o s c o p i c  grade ,  f o r  l i q u i d  chromatography; t h e  newest l o t s  

a v a i l a b l e ) ,  S i n g l e  sweeps were ana lyzed;  t h e  ce l l  w a s  f l u s h e d  

w i t h  n i t r o g e n  gas  ( 9 9 . 9 9 X )  p r e s a t u r a t e d  in a c e t o n i t r i l e  between 

runs.  Mul t ip le  sweeps were a l s o  employed, as w e l l  as runs 

fo l lowing  p o t e n t i o s t a t i c  s h o r t  e l e c t r o l y s i s  a t  p r e e s t a b l i s h e d  

p o t e n t i a l s  t o  i n d i c a t e  t h e  n a t u r e  of p o s s i b l e  r e a c t i o n  products .  

The e l e c t r o d e s  were p r e t r e a t e d  by pass ing  a c u r r e n t  through them 

whi le  immersed in 1M H2S04. e l e c t r o l y z i n g  f o r  1 min a t  +1.0 V 

and then 1 d n  a t  -1.0 V. 

+ r e f e r e n c e  e l e c t r o d e .  The 

Blanks were obta ined  w i t h  t h e  s o l v e n t  ( o r  s o l v e n t s )  with 0.1M - 
tetrabutylammonium p e r c h l o r a t e  f i r s t ,  t o  i n d i c a t e  t h a t  they 

were e l e c t r o c h e m i c a l l y  pure and s u i t a b l e  f o r  f u r t h e r  i n v e s t i g a t i o n  

of  AQ or Q4 or both. Blanks were a l s o  obta ined  as a f u n c t i o n  of 

chloroform and water c o n c e n t r a t i o n s .  

Mlcroprcpara t ivc  E l c c t r o l y s e s .  In d c r o p r e p a r a t i v e  e l e c t r o l y -  

ses about 40 mg of t h e  quinonemethide was added t o  a t h r e e  e l e c t r o d e  

cel l  wi th  c a t h o d i c  and anodic  compartments s e p a r a t e d  by means of a 

Nafion-127 (in t h e  li+ form) c a t i o n  exchange membrane. 

r e f e r e n c e  e l e c t r o d e  compartment ends in a Luggin c a p i l l a r y  near  

t h e  working e lec t rode .20  

mesh, and a plat inum coi l  secondary e l e c t r o d e  w a s  placed i n  t h e  

Teflon a u x i l i a r y  e l e c t r o d e  compartment. The pre t rea tment  of t h e  

membrane is as fo l lows:  a f t e r  being placed in t h e  Tef lon  compart- 

The 

The working e l e c t r o d e  was a plat inum 
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ment t h e  membrane was soaked f o r  one hour  i n  b o i l i n g  aqueous a c i d ;  

t h e  membrane w a s  then placed i n  an  a c e t o n i t r i l e  s o l u t i o n  con- 

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

a n o t h e r  hour.  The cell was maintained a t  a l l  times under a d t r o -  

gen atmosphere and w a s  s t i r r e d  t o  improve mass t r a n s f e r .  The 

charge  passed was recorded i n  a PARC d i g i t a l  coulometer m d e l  179. 

S m a l l  samples (less than 0.5 mL) were removed a t  v a r i o u s  times for  

GC/MS a n a l y s e s .  The t o t a l  volume of t h e  ce l l  was less than 20 mL. 
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