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THE EFFECT OF LIQUOR COMPOSITION ON THE RATE OF REACTION OF 
L I G N I N  MDEL COMPOUND ACETOGUAIACONE I N  OXYGEN AND ALKALI 

Jer-Fei Mih and Norman S. Thompson 

The I n s t i t u t e  of Paper Chemistry 
Appleton, Wisconsin 54912 

ABSTBACT 

Acetoguaiacone (AV; 4-hydroxy-3-methoxyacetophenone) was reacted 
with oxygen (1.02 *a) a t  80°C i n  d i f f e r e n t  a l k a l i n e  so lu t ions .  
A l l  r eac t ions  exhib i ted  a pseudo f i r s t  order dependence on the 
i n i t i a l  AV concentration and showed a f a s t e r  r eac t ion  r a t e  i n  sys-  
tems buffered with carbon dioxide than i n  o the r  buffered a l k a l i n e  
systems. A t  pH values g r e a t a r  than e igh t ,  the  r eac t ions  of AV i n  
oxygenfnoncarbonate buffered so lu t ions  had very similar reac t ion  
r a t e s .  The rate of degradation of AV w a s  much less when reacted 
wi th  oxygen a t  a pH lower than the  pKa of AV. 
t he  buf fer  and the pH had a s i g n i f i c a n t  e f f e c t  on t he  y i e ld  of 
ox ida t ion  products. 
and r a d i c a l  anions ( C W  i s  pos tu la ted  t o  account f o r  the  f a s t e r  
r eac t ion  rate of AV with oxygen i n  carbonate buf fers .  These radi-  
cals are known t o  be generated i n  aqueous carbonate so lu t ions  when 
hydroxyl r a d i c a l s  are present.  The add i t ion  of DNSO (a  known 
hydroxyl r a d i c a l  scavenger) t o  AV-oxygen-sodium hydroxide, 
AV-oxygen-borate buffer,  and AV-oxygen-sodium bicarbonate buf fer  
l e d  t o  slower reac t ion  r a t e s ,  with the  la t ter  exh ib i t i ng  the  
g r e a t e s t  r a t e  reduction. These r e s u l t s  suggest both hydroxyl 
r a d i c a l s  and carbonate r ad ica l s  can p l a y  important ro l e s  during 
t h e  oxygen-alkali r eac t ions  of AV. 

The composition of 

5 e  exis tence  of carbonate r ad ica l s  (EC63) 

INTRODUCTION 

Aoyagi, Hosaya, and Nakanol have shown t h a t  apocynol (a-methyl- 

v a n i l l y l  a lcohol )  and AV are consumed more r ap id ly  by oxygen i n  
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146 M I H  AND THOMPSON 

aqueous sodium carbonate than in aqueous NaOH so lu t ion .  

d e l i f n i g i c a t i o n  of wood proceeds more slowly in carbonate so lu t ions  

than in caus t i cz .  

( o f t e n  considered a l i g n i n  model) in carbonate so lu t ions  by oxygen 

is t he  ob jec t ive  of this research. 

Oxygen 

The reasons f o r  t h i s  rap id  degradation of AV 

RESULTS AND DISCUSSION 

I n i t i a l  experiments using d u p l i c a t e  r e a c t i o n s  of AV (33.6 d) 

were c a r r i e d  out in 1.25N-NaOH (pH 12.8), 1.25N-Na2C03 (pH 10.8), 

and 1.255 NaHC03 (pH 8 .9 )  a t  80°C and 1.02 MPa 02. 

c o l l e c t e d  over a period of 24 hours and were analyzed by GLC tech- 

niques f o r  t h e  disappearance of AV. The curves in Figure 1 record 

t h e  disappearance of AV i n  these  d i f f e r e n t  a l k a l i n e  systems. 

Samples were 

AV-Bomx/NaOH-02 

AV-Na,HW, /NaOH-O, 
AV-60rdHCl-0~ 

AV-NaHCO, -0: 

12 b 
I I 1 I 1 I I 
0 4 8 12 16 20 24 

TIME. hr 

Figure 1. Disappearance of AV (33.6 e) a t  80°C and 1.2 mPa 02 
in var ious  a l k a l i n e  so lu t ions .  
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REACTION RATE OF ACETOGUAIACONE 147 

Since s t a t i s t i c a l  a n a l y s i s  showed the  3 p l o t s  t o  be unique and 

s t a t i s t i c a l l y  d i s t ingu i shab le  from one another  a t  the  95% con- 

f idence  l e v e l  on t h e  basis of t he  s tuden t s  t tes ts3 data poin ts  

f o r  t h e  var ious  p l o t s  were omitted. 

&.,l AV was degraded more rap id ly  i n  Na2CO3 s o l u t i o n  than i n  NaOH 

s o l u t i o n  by oxygen. The rate of degradation of AV was g rea t e s t  in 

NaHC03 so lu t ion .  

I n  agreement with Aoyagi et 

The d i f f e r e n t i a l  method of k i n e t i c  a n a l y s i s  was employed to  

determine i f  the  increased  r a t e  of disappearance of AV with 

decreas ing  p€l w a s  due t o  acce le ra t ion  without a l t e r a t i o n  of 

e x i s t i n g  r eac t ion  mechanisms o r  i f  i t  was t he  r e s u l t  of a change 

in r eac t ion   kinetic^.^,^ Two a d d i t i o n a l  p a i r s  of r eac t ions  were 

the re fo re  c a r r i e d  out a t  i n i t i a l  AV concent ra t ions  of 11.2 mM_and 

100.8 mH_ in each of t he  t h r e e  a l k a l i n e  systems. 

p l o t s  of t he  i n i t i a l  r a t e s  of r eac t ion  t h e  i n i t i a l  concentra- 

t i o n s  of AV (11.2 a24 33.6 mM2 and 100.8 e) gave s t r a i g h t  l i n e s  

wi th  s lopes  of 1.05 (AV-NaOH-OZ), 1.16 (AV-Na2C03-02), and 1.07 

(AV-NaHC03 - 0 2 ) .  

orde r  k i n e t i c  dependence on AV concent ra t ion  a t  t h e  beginning of 
t h e  reac t ion .  The r a t e  cons tan ts  evaluated from the  i n t e r c e p t s  of 

t he  logar i thmic  p l o t s  were a s  follows: AV-NaHC03-02 (0.030 2 

0.003 hr'l) > AV-NazCO3-02 (0.019 2 0.002 hr-1) > AV-NaOH-02 

(0.016 2 0.002 hr'l). 

of AV wi th  oxygen i n  NaOH from 1.25 t o  0.8 t o  0.4 but  maintaining 

t h e  pH approximately cons tan t  had no de tec t ab le  e f f e c t  upon the  

i n i t i a l  r a t e  of r eac t ion  with oxygen although d i f f e r e n t  product 

d i s t r i b u t i o n s  were a t t a ined .  It is  l i k e l y  t h a t  the  r a t e  of reac- 

t i o n  of AV with oxygen does change wi th  hydroxyl anion concentra- 

t i o n  a t  80°C. s ince  i t  does do so a t  120"C6. 

d i t i o n s  t h e  change i n  r a t e  is with in  experimental  e r r o r .  Thus, AV 

appears  t o  r e a c t  by the  same i n i t i a l  mechanism i n  a l l  these  alka- 

l i n e  media, and the  mechanism is acce le ra t ed  a s  t he  pH i s  dimi- 

nished from 12.8 t o  8.9 by means of carbonate buf fers .  

The logarithmic 

All these  systems e x h i b i t  a n  apparent f i r s t  

Changing the  i o n i c  s t r e n g t h  of the reac t ion  

Under these  con- 

Acetoguaiacone was next reac ted  with oxygen i n  two borax 

b u f f e r  so lu t ions :  borax/NaOH ( i n i t i a l  pH, 10.8) and borax/HCl 
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148 MIH AND THOMPSON 

32 - 

-- -- 
A+-lloru/N.OH-Oi m.8) 
Av-Boru/HCLOz (8.9) 
AV-N.,HPO, /N.OH-O, (no)  

i 
0 

s 
$24-  
I- 

0 

I I 1 I I I 
0 4 8 U m 20 24 

TIME. hr 

Figure 2. Disappearance of AV (33.6 e) at 80°C and 1.2 mPa 02 
in various alkaline solutions. 

(initial pH 8.9). 
pH 11.0) was also used. Statistical analysis shoved these three 

plots to be indistinguishable from each other and indistinguish- 

able from the AV-NaOH-02 plot discussed earlier (Figure 2 ) .  

ferences in the rates of reaction of AV probably exist but are 

within experimental error. Thus, under these conditions, no dif- 

ference in the rate of reaction of AV with oxygen is observed if 
the reaction pH is greater than the pKa of AV. 

A phosphate buffer system, NaHP04fNaOH (initial 

Dif- 

Another series of experiments was undertaken to investigate 

the effect of reacting AV with oxygen in alkaline solutions in 

which the pH was slightly greater than the pKa of AV (7.5). The 

first experiment, employing phosphate buffer (initial ptf S.O), 

initially followed anticipated behavior (Figure 3 ) ,  but the reac- 

tion rate slowed significantly as the pH of the solution decreased 
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REACTION RATE OF ACETOGUAIACONE 149 

32 

28 

II 
E 
2 2 4  
0 + 
d 
5 2a 
w 
0 
71 
0 

16 

12 

- 

AV-NaHCQ -Oz (with DMSO) - AV-NaHCO, -Oz 

- 
0 4 8 12 16 20 

TIME, hr 
i 

Figure  3 .  Disappearance of AV (33.6 &I-) a t  80°C and 1.2 mPa 02 
i n  v a r i o u s  a l k a l i n e  s o l u t i o n s  with and without  the 
a d d i t i o n  of 66.7 M-DMSO. 

t o  a f i n a l  v a l u e  of 7.1 ( l e s s  than  t h e  pKa of AV). This  behavior  

would be expected i f  t h e  phenola te  i o n  c o n c e n t r a t i o n  became t h e  

r a t e  c o n t r o l l i n g  s p e c i e s  involved i n  t h i s  ~ x i d a t i o n . ~  J~ 

second r e a c t i o n ,  carried out  a t  pH 7.35 (below t h e  pKa of AV),l0 

showed t h e  a n t i c i p a t e d  s lower  ra te  of degrada t ion  due t o  t h e  

l e s s e r  q u a n t i t y  of phenola te  ion.  Thus, in noncarbonate  b u f f e r s ,  

t h e  major change in t h e  r a t e  of r e a c t i o n  depends upon whether t h e  

pH of t h e  r e a c t i o n  s o l u t i o n  is above or below t h e  pKa of AV. This 

r e s u l t  probably a p p l i e s  t o  a l l  phenols  in g e n e r a l .  Research t o  be 

publ i shed  elsewhere i n d i c a t e s  a s l i g h t  dependence of the  r a t e  of 

d e g r a d a t i o n  of AV on hydroxyl an ion  c o n c e n t r a t i o n  a t  high 

tempera tures  .6 

The 
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150 MIH AND THOMPSON 

TABLE 1 

Methanol, Acet ic  Acid, and Inso luble  P r e c i p i t a t e  Production from AV 
(33.4 mg) After  24-Hour Oxidation in Dif fe ren t  Alkaline Media at  

80°C, 1.02 MPa 0, 

Reaction I n i t i a l  pH 

AV-NaOH-02C 12.8 
AV-Na2C03-02 10.8 
AV-NaHC03-02 8 - 9  
AV- borax / 

AV- borax/ 

AV-NazHW&/ 

AV-KH2P04 / 

AV-NaOH/ 

NaOH-02 10.8 

HC1-02 8.9 

NaOH-02 11 .o 

NaOH-02 8.0 

KC1-02 12  .o 

Fina l  pH 

12.6 
10.2 

8.7 

10.4 

8.5 

10 .o 

7 .1  

N.A. 

Meon, 
mole fa  

65 
56 
53 

59 

5 1  

53 

4a  

68 

CH3COOBs 
mole f a  

90 
50 
50 

55 

50 

50 

50 

80 

Inso luble  
Prec ip i  t a t e b  

0 
0 
+ 
0 

+ 
0 

+ 
0 

a% of t h e o r e t i c a l  a v a i l a b l e  f o r  consumed AV. 
bO = no observable p r e c i p i t a t e ,  + = p r e c i p i t a t e  observed. 
CDecreasing the  i o n i c  s t r eng th  a t  pH 12.7 from I = 1.25 to  0.8 and 

0.4 had no e f f e c t  on the  r a t e  of degradation of AV, l i t t l e  e f f e c t  
on a c e t i c  ac id  production, but increased methanol production t o  74 
mole%. 

Although inc reases  i n  pH beyond the  pKa of AV do not obviously 

a f f e c t  t he  r e a c t i o n  r a t e  o r  t he  r a t e  c o n t r o l l i n g  s t e p s ,  they do 

play an  important r o l e  in subsequent r eac t ions  (Table 1). Demethoxy- 

l a t i o n  (production of methanol) accounts f o r  a g r e a t e r  proportion 

of degraded AV a t  h igher  pH than a t  lover  pH. This is cons i s t en t  

w i th  t h e  f ind ings  of o the r  rcsearchcrs.1*11s'2 A p laus ib l e  rou te  

for t he  production of methanol involves the  converaion of the  

appropr i a t e  cyclohexadienone hydroperoxide i n t o  t h e  corresponding 

orthoquinone intermediate and methanol by a t t a c k  of a hydroxyl 

an ion  a t  a methoxyl group.11,13,14 

The production of a c e t i c  ac id  i s  probably t h e  r e s u l t  of a 

Dakin-like degrada t ion  of t h e  appropr i a t e  cyclohexadienone hydro- 

peroxide by a mechanism proposed by Kra tz l  et al.15*16 The high 
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REACTION RATE OF ACETOGUAIACONE 15 1 

acet ic  a c i d  p r o d u c t i o n  i n  t h e  AV-NaOH-02 r e a c t i o n  is due t o  t h e  

i n c r e a s e d  format ion  of t h e  hydroperoxide an ion  (pKa .., 11.5") by 

t h e  s t r o n g  base. 

acet ic  a c i d  were i n c r e a s e d  w i t h  d e c r e a s i n g  i o n i c  s t r e n g t h  a t  

c o n s t a n t  pH. 

T e s t s  have shown t h a t  t h e  y i e l d s  of methanol and 

A b lack  p r e c i p i t a t e  w a s  formed when the media of t h e  r e a c t i o n s  

conducted a t  pH 8.9 were a c i d i f i e d  t o  pH 1.5 w i t h  s t r o n g  minera l  

a c i d .  No p r e c i p i t a t e  appeared  when t h e  media of t h e  r e a c t i o n s  con- 

duc ted  a t  h i g h e r  pH were a c i d i f i e d .  U l t r a v i o l e t ,  i n f r a r e d ,  and 

GLC-MS a n a l y s i s  i n d i c a t e d  t h a t  t h i s  material was probably a poly- 

m e r i z a t i o n  product  d e r i v e d  from AV. The tendency of quinones t o  

undergo condensa t ion  r e a c t i o n s  d u r i n g  a u t o x i d a t i o n  is known, and 

t h i s  happens t o  l i g n i n  when Na2CO3 is used as cooking l i q u ~ r . ~ r ~ '  

S i n c e  t h e  p r e c i p i t a t e  was observed only  a f t e r  r e a c t i o n s  at  pH 8.9, 

i t  is p o s s i b l e  t h a t  i t  was not  formed a t  high pH. I f  formed a t  

h i g h e r  pH v a l u e s ,  i t  may have degraded t o  small products .  This  

s p e c u l a t i o n  i s  c o n s i s t e n t  w i t h  t h e  g e n e r a l l y  lower c r i t i c a l  oxida- 

t i o n  p o t e n t i a l s  of l i g n i n l i k e  dimera compared t o  t h e  monomers .I5,l6 
Many of t h e  c a r b o x y l i c  a c i d  products  from t h e  r e a c t i o n  solu-  

t i o n s  were i d e n t i f i e d  as t h e i r  t r i m e t h y l s i l y l  (TMS) d e r i v a t i v e s  by 

GLC-MS. The i d e n t i f i c a t i o n  was made by i n t e r p r e t a t i o n  and con- 

p a r i s o n  of s p e c t r a  w i t h  t h o s e  i n  t h e  l i t e r a t u r e  ( l i b r a r y )  and (in 

most c a s e s )  by comparison w i t h  t h e  GLC r e t e n t i o n  times and mass 

s p e c t r a  of a u t h e n t i c  samples. A t y p i c a l  gas  chromatogram is shown 

i n  F igure  4. 

r e a c t i o n  are s e e n  in Table  2 .  

AV-NaOH-02 systems,  whereas 2-hydroxyisobutryic  a c i d  w a s  found 

o n l y  in t h e  lat ter.  More p r o d u c t s  ( o x a l i c  and malonic a c i d s )  were 

d e t e c t e d  a f t e r  r e a c t i o n  in t h e  AV-NaHC03-02 system. Despi te  the 

e r r o r s  involved ( s t a n d a r d  d e v i a t i o n s  i n  t h e  range  of 10 t o  30%) , 
t h e  h igh  y i e l d s  of o x a l i c  and malonic  a c i d s  i n  t h e  r e a c t i o n  of 

AV-NaHC03-02, and o x a l i c  and s u c c i n i c  a c i d s  i n  t h e  r e a c t i o n  of 

AV-borax/NaOH-O2 a r e  thought  t o  be s i g n i f i c a n t .  C a l c u l a t i o n s  show 

that t h e  t o t a l  a c i d s  ( i n c l u d i n g  acetic a c i d )  based on t h e  carbon 

b a l a n c e  account  f o r  20-40% of consumed AV. (Most of t h e  d i f -  

The p r i n c i p a l  products  d e t e c t e d  a f t e r  24 hours of 

Mleic a c i d  w a s  missing i n  t h e  
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RETENTION TIME, min 

Figure  4. Gas chromatogram of t h e  a c i d i c  products of AV i n  oxygen 
( m a )  and sodium carbonate  (1.25K) a t  8o°C ( i n i t t a l  pH 
= 10.8) 1 - hydroxyisobutyric ac id ,*  2 - l a c t i c  ac id ,*  
3 - g l y c o l i c  acid,** 4 - oxa l l c  acid,** 5 - malonic 
acid,** 6 - euccfn ic  acid,** 7 - maleic acid,** 8 - 
hydroxymalonic ac id ,*  9 - malic acid**. 

**Ident i f ied  as above, and by comparisons with an 
a u t h e n t i c  sample. 

* I d e n t i f i e d  by CLC-MS, and comparison with l i b ra ry .  

TABLE 2 

Carbon Balance of Acidic Products Af t e r  24-hour Reaction of 33.4 mM- 
AV i n  Di f f e ren t  Oxygen-alkali Systems 

AV-borax/ 
AV-NaOH-02 AV-Na2C03-02 AV-NaHC03-02 NaOH-02 

Product x x x x 
Hydroxy iso- 

b u t y r i c  ac id  
L a c t i c  ac id  
Glycol ic  ac id  
Oxalic ac id  
Malonic ac id  
Succ in ic  ac id  
Na le i c  ac id  
Hydroxyma l o n i c  

Malic ac id  
Acet ic  ac id  

a c i d  

0.6 
0.6 
1.5 
0.3 
1 .o 
2 .l -- 
1.5 
0.6 
26.9 

-- 
1 .o 
1 .o 
0.6 
2.1 
2.7 
0.3 

1 .o 
1 .o 

18.0 

-- 
1.5 
1.5 

27 - 8  
9 .o 
2.4 
2.1 

1.5 
2.4 

26.9 

-- 
1.2 
1.2 
6.3 
1.2 
3.9 
3.9 

2.1 
1 .o 

18 .O 
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REACTION RATE OF ACETOGUAIACONE 153 

fe rence  i s  probably due t o  the  formation of carbon dioxide and 

carbon monoldde). 

A survey of the l i t e r a t u r e  ind ica t ed  t h a t  t he  d i f fe rence  i n  

behavior between carbonate and bicarbonate b u f f e r s  compared to  

the  phosphate and borate buf fers  might be a t t r i b u t e d  to  unique 

r eac t ions  of aqueous carbonate so lu t ions .  

demonstrated by absorption spectroscopy t h a t  carbonate r ad ica l  

anions can be generated i n  aqueous so lu t ion  from the  in t e rac t ion  

of bicarbonate and carbonate Ions wi th  hydroxyl rad ica ls .  Similar 

i n t e r a c t i o n s  between powerful organic  r a d i c a l s  (posaibly even 

s i n g l e t  oxygen) and carbonate ions  can a l s o  be imagined. 

Reecarcherela'Zo have 

'OH + H C O ~  + n20 + COT 

On the  bas i s  of t he  information ava i l ab le  i n  the  l i t e r a t u r e ,  

ve  propose t h a t  the unexpectedly f a s t  r eac t ions  i n  the carbonate 

bu f fe r s  i n  these  experiments is due t o  the  genera t ion  of carbonate 

r ad ica l s  and carbonate r ad ica l  anions by hydroxyl r ad ica l s  ( f re -  

quently claimed t o  be formed during au toxida t ive  reac t ions)  .14 

Because of resonance s t a b i l i z a t i o n .  these  carbonate species would 

be expected t o  be more s t ab le  than the  hydroxyl r a d i c a l  and less 

l i k e l y  t o  be decomposed by secondary reac t ions .  Chen, Hoffman, 

and ParsonsZ1 have demonstrated t h a t  although carbonate r ad ica l s  

a r e  l ea s  r eac t ive  than the hydroxyl r ad ica l ,  they are =re  spcci- 

f i c  toward phenolic anions than the  l a t t e r .  

Other workers using e.s.r .frapid mixing techniques have 

demonstrated that a rapid r eac t ion  occurs between hydroxyl radi- 

c a l s  and DMSOZ2 t o  give methylsulf i n i c  ac id  and methyl rad ica l .  

This r eac t ion  was used t o  test fo r  the presence of hydroxyl radi-  

c a l  during au toxida t ion  of AV. 

(cH3)2 SO + *OH + 'CH3 + C H ~ S O Z H  
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154 MIH AND THOMPSON 

The r eac t ion  of AV (33.6 e) with oxygen (1.02 Wa)  in NaHCOj 

(pH 8.9),  borax (pH 8.9), and NaOH (pH 12.8) w a s  slowed when 66.7 

a-DMSO was added as a scavenging agent. 

disappearance curve (Figure 3) show a decrease when compared t o  

the  con t ro l s  r eac t ed  in the  abacnce of DMSO. S t a t i s t i c a l  ana lys i s  

ind ica ted  the  d i f f e rences  exhib i ted  between the  borarDMS0 and the  

caustic-DMSO so lu t ions  and t h e i r  con t ro l s  a r e  marginal, whereas 

the  d i f f e rence  between the  bicarbonate-DHSO system and the uninhib- 

i t e d  bicarbonate r eac t ion  is s t a t i s t i c a l l y  unambiguous. 

The s lopes  of the AV 

These r e s u l t s  are summarized i n  Table 3, which compares the 

i n i t i a l  r a t e s  of r eac t ion  of AV in d i f f e r e n t  a l k a l i n e  media under 

otherwise cons tan t  r eac t ion  conditions.  The e f f e c t  of the addi- 

t i o n  of DMSO is t o  i n h i b i t  the autoxidation of AV i n  NaHC03 solu- 

t i o n  and is pos tu la ted  t o  r e s u l t  from the quenching of hydroxyl 

r ad ica l ,  which would otherwise generate carbonate r ad ica l s .  It is 

l i k e l y  t h a t  the l e s s e r  e f f e c t  of DMSO on AV i n  borax buf fer  (pH 

8.9) and c a u s t i c  (pH 12.8) is a l s o  r e a l .  

TABLE 3 

The I n i t i a l  Rate of AV Degradation (33.4 a) i n  Di f fe ren t  Alkaline 
Media a t  80.C and 1.2 EPa 02 

Reaction 

AV-NaOH-02 
AV-NaOH-0 2-DMSO 
AV-Na2 Cog -02 

AV-NaHCO3-02 
AV-NaHC03 -02 -DMSO 
AV-NaOHfiC1-02 

AV-borax/NaOH-02 
AV-borax/HC1-07 

Ionic  PH 
S t rength  I n i t i a l  + F i n a l  

1.25 12.8 + 12.6 
1.25 12.8 + n.a. 
1.875 10.8 + 10.6 
1.25 10.8 + 10.6 
1.25 8.9 .* 8.7 
1.25 8.9 + n.a. 
0.8 12.7 + 12.6 
0.4 12.6 + 12.5 
0.185 10.8 + 8.8 
0.185 8.9 + 8.0 

AV-borax/HCl-O;-DMSO 0.185 8.9 + n.a. 

AV-KH2 PO4 /HC1-02 0.185 8.0 + 7.1 
AV-borax/HC1-02 -- 7.35 + n.a. 

AV-Na2HP04 /NaOH-OZ 0.185 11.0 + 7.9 

I n i t i a l  Rate of 
AV Degradation, 

*/hour 

0.4 +- 0.06 
0.3 * 0.05 
0.8 f 0.10 
0.8 +- 0.10 
1.1 f 0.15 
0.6 2 0.09 
0.4 f 0.06 
0.4 f 0.06 
0.4 f 0.06 
0.4 f 0.06 

0.4 f 0.06 
0.4 f 0.06 
0.1 f 0.04 

0.3 f 0.05 
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REACTION RATE OF ACETOGUAIACONE 155 

The more rap id  degradation of AV in t he  noninhib i ted  bicar- 

bonate system (compared t o  a l l  o t h e r  r eac t ions )  can be ra t ion-  

a l i z e d  on t h e  basis of the  flow diagram for au tox ida t ion  of l i g n i n  

and l i g n i n  models descr ibed  by Gratz l . l6  The source of the  s t a b l e  

carbonate r a d i c a l  with cons iderable  s p e c i f i c i t y  f o r  phenolate ions  

is not l o s t  by the  c a t a l y t i c  process and i s  a v a i l a b l e  f o r  repeated 

ox ida t ion  and reduct ion  cyc le s  as shown in Figure 5 .  

The s i m i l a r i t y  of the  r a t e s  of r eac t ion  of AV i n  the  AV-NaOH- 

02-DEISO system (pH 12.8) t o  t he  AV-boraxfHC1-02-DMSO system (pH 

8.9) sugges ts  t h a t  pH is not a s i g n i f i c a n t  parameter i n  the  

absence of carbonate. Thus, t h e  e f f e c t  ( i f  any) of ozonide radi-  

c a l s  ( 0 y ) ~ 9 * 2 3  and 0- rad ica ls  on AV a t  high pH compared t o  the  

hydroxyl r a d i c a l s  a t  lower pH (pKa of OH, 11.9)24 is not detec- 

t a b l e  in our experiments. The slower r a t e  of r e a c t i o n  of AV i n  

07 
oi 0 2  

-OH 

coi 
HCOj 

-OH 
R- 

RO- 
etc. 

R- 
RO. 
otc. 

Figure  5 .  Species involved i n  t h e  e l ec t ron  t r a n s f e r  r a t e  de te r -  
mining s t e p  during oxygen-alkali ox ida t ion  of phenolic 
compounds. 
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MIH AND THOMPSON 15 6 

t h e  AV-Na2C03-02 system compared t o  t h e  AV-NaHC03-02 system i s  

probably n o t  due t o  any d i f f e r e n c e  i n  t h e  r e a c t i v i t y  of carbonate  

and b i c a r b o n a t e  i o n s  f o r  hydroxyl  r a d i c a l .  The pKa of  t h e  b i c a r -  

bonate  radical (HCOj) is  9.6.21,25 Carbonate r a d i c a l  an ions  w i l l  

predominate  i n  c a r b o n a t e  b u f f e r s  and b i c a r b o n a t e  r a d i c a l s  w i l l  

predominate  in b i c a r b o n a t e  b u f f e r s .  S ince  t h e  b i c a r b o n a t e  r a d i -  

cals l a c k  a n e g a t i v e  charge,  they can  react more r e a d i l y  w i t h  phe- 

n o l a t e  a n i o n s  than t h e  c a r b o n a t e  r a d i c a l  a n i o n  and hence g ive  a 

f a s t e r  r e a c t i o n  rate. 

CDNCLUSIONS 

The r e a c t i o n  of AV w i t h  oxygen a t  8OoC in d i f f e r e n t  a l k a l i n e  

media e x h i b i t s  a p p a r e n t  f i r s t  o r d e r  dependence on AV concent ra t ion .  

The rate of r e a c t i o n  of AV ( a t  c o n s t a n t  c o n c e n t r a t i o n )  in noncar- 

bonate  b u f f e r e d  s o l u t i o n s  is not  a f f e c t e d  ( v i t h i n  exper imenta l  

e r r o r  a t  80°C) by t h e  pH, i o n i c  s t r e n g t h ,  and n a t u r e  of t h e  b u f f e r  

as  long as t h e  pH is g r e a t e r  t h a n  the pKa of AV. The n a t u r e  of 

some of t h e  r e a c t i o n  products  and their  r e l a t i v e  amounts is 

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

r e a c t i n g  s o l u t i o n .  This behavior  demonstrates  t h e  importance of 

t h e  phenola te  a n i o n  i n  c o n t r o l l i n g  t h e  i n i t i a t i o n  stage of t h e s e  

r e a c t i o n s  and t h e  s i g n i f i c a n c e  of pH and l i q u o r  composi t ion on 

subsequent  r e a c t i o n s .  

The r e a c t i o n  of  AV proceeds a t  a f a s t e r  ra te  i n  carbonate  buf- 

f e r s  than i n  sodium hydroxide s o l u t i o n ,  in agreement wi th  d a t a  i n  
t h e  l i t e r a t u r e .  The r e a c t i o n  is f a s t e s t  i n  sodium b i c a r b o n a t e  

s o l u t i o n ,  a l though t h e  c o n c e n t r a t i o n  of d i s s o l v e d  oxygen i s  

less than  i n  pure c a u s t i c  so lu t ions .26  

a t t r i b u t e d  t o  t h e  g e n e r a t i o n  of carbonate  r a d i c a l  a n i o n s  ( C q  

and b i c a r b o n a t e  r a d i c a l s  (HCo3) by i n t e r a c t i o n  of d i s s o l v e d  car- 

bonate  w i t h  hydroxyl  r a d i c a l s .  This hypothes is  is c o n s i s t e n t  wi th  

the o b s e r v a t i o n  t h a t  t h e  a d d i t i o n  of small q u a n t i t i e s  of DMSO ( a  

known hydroxyl  r a d i c a l  quencher)  i n h i b i t e d  t h e  d e g r a d a t i o n  of AV 

in b i c a r b o n a t e  s o l u t i o n  t o  a g r e a t e r  e x t e n t  t h a n  i t  d i d  i n  borax 

b u f f e r s  and sodium hydroxide s o l u t i o n s .  

This  behavior  may be 
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REACTION RATE OF ACETOGUAIACONE 157 

EXPERIMENTAL 

A Teflon-l ined r e a c t o r  (% 1 l i t e r  c a p a c i t y )  equipped w i t h  an 

a i r - d r i v e n  magnetic s t i r re r  was employed f o r  t h e s e  r e a c t i o n s .  It 

was immersed in a n  oil b a t h  maintained a t  80 2 0.5"C. 

were removed a t  v a r i o u s  times through Tef lon  l i n e s  by a procedure 

d e s c r i b e d  p r e v i o u s l y  .27 

Samples 

Acetoguaiacone ( A l d r i c h  Chemical Company, Inc.  Milwaukee, 

Wisconsin) was r e c r y s t a l l i z e d  twice from e t h e r .  Analysis  by GLC 

and NMR showed no d e t e c t i b l e  i m p u r i t i e s .  U l t r a p u r e  chemicals in- 

c luding  sodium hydroxide,  sodium carbonate ,  sodium bicarbonate ,  

sodium t e t r a b o r a t e ,  and potassium dihydrogen phosphate were pur- 

chased from Alfa  D i v i s i o n ,  Ventron Gorp., Danvers, Massachuset ts .  

Reac t ion  s o l u t i o n s  c o n t a i n i n g  a l k a l i n e  l i q u o r s  ( t r i p l y  

d i s t i l l e d  water, 200 mL) and AV were prepared and added t o  t h e  

r e a c t o r  in a n i t r o g e n  atmosphere. The r e a c t o r  was removed from 

t h a t  atmosphere, and t h e  cover  was bol ted  i n t o  p lace .  The sample 

and oxygen l i n e s  were a t t a c h e d  (wi th  va lves  c l o s e d ) ,  and i t  was 

hea ted  in an o i l  b a t h  u n t i l  t h e  c o n t e n t s  reached 80°C. The reac-  

t o r  vas  then p r e s s u r i z e d  wi th  oxygen (1.02 m a ) ,  t h e  sample l i n e  

was purged, and a zero-time sample was taken (25 mL). From t h i s  

volume 10 mL was t a k e n  f o r  peroxide a n a l y s i s ,  and 4 t o  8 mL were 

employed f o r  o t h e r  a n a l y s e s .  

Unreacted AV w a s  analyzed in t r l p l i c a t e  by q u a n t i t a t i v e  GLC of 

t h e  t r i m e t h y l s i l y l  (TMS) d e r i v a t i v e s  us ing  ace tosyr ingone  (3,5- 

dimethoxy-4-hydroxyacetophenone) as a n  i n t e r n a l  s tandard .  A 

Var ian  1200 GLC was employed u s i n g  a e t a i n l e s s  s tee l  column (150 x 

0.28 cm) packed w i t h  5% OV-17 on 80/90 w s h  Anakrom ABS. 

PeroxideZ8 and a n a l y s e s  fol lowed procedures  de- 

s c r i b e d  in t h e  l i t e r a t u r e .  

by GLC techniques  u s i n g  a Varian 1200 employing a s t a i n l e s s  steel  

column (150 x 0.285 cm) equipped f o r  off-column i n f e c t i o n  and 

packed w i t h  10% AT-1000 on SO/lOO Chromosorb W-AW. An i n t e r n a l  

s t a n d a r d  ( b u t y r i c  a c i d )  was added g r a v i m e t r i c a l l y  t o  a n  a c c u r a t e l y  

weighed sample of r e a c t i o n  s o l u t i o n  (= 1.0 mL). 

Acetic a c i d  was measured i n  t r i p l i c a t e  
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15 8 M I H  AND THOMPSON 

Other carboxylic acids were determined after 24 hours reaction 

by deionization (5 mL) through an Amberlite IR-120 (€I+) column (5 

mL) and eluted with water (3 x 5 I&). The combined eluates were 
made alkaline with ammonia, concentrated to syrups, and vacuum 

evaporated (2x) with 1,2-dichloroethane to remove the last traces 

of water. Chloroform (0.4 mL) was added, and the solution was 
reacted with BSTFA and 1% TMCS (0.4 d, Pierce Chemical Co.). 

After shaking 12 hours, the silylated sample was analyzed by GLC 

using a Hewlett-Packard 5840A with a glass column (150 x 0.28 cm) 

equipped for off-column injection and packed with 3% OV-17 on 

8O/lOO mesh G a s  Chrom. Q. 

Mass spectral analysis was achieved by interfacing the 

Hewlett-Packard 5940 GLC to a Hewlett-Packard 5985 GC/MS system. 

The spectra of the identified acids were compared with literature 

values and with authentic compounds vhere possible. 
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