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STUDIES ON THE OZONATIDN OF STRUCTURAL 
ELEMENTS IN RESIDUAL KRAFT L I G N I N S ~  

Tord E r i ksson  and Josef  G i e r e r  
Royal I n s t i t u t e  o f  Technology 

D i v i s i o n  o f  Wood Chemistry 
S-100  44 Stockholm, Sweden 

Dedicated t o  Professor  Joe McCarthy on t h e  occasion o f  h i s  
70th b i r t h d a y .  

ABSTRACT 

I n  o r d e r  t o  e l u c i d a t e  t h e  main r e a c t i o n s  o f  ozone w i t h  r e s i -  
dual 1 i g n i n s  i n  softwood k r a f t  pu lps ,  model compounds rep resen t ing  
conjugated s t r u c t u r e s  ( s t y r e n e s  and s t i l b e n e s )  and s t r u c t u r e s  o f  
t he  b i a r y l ,  d i a r y 1  e t h e r  and d ia ry lme thane  types have been t r e a -  
t e d  w i t h  t h i s  o x i d a n t .  

The o x i d a t i o n  m i x t u r e s  were analyzed u s i n g  HPLC and GC tech-  
n iques and t h e  main components were i d e n t i f i e d  by ' H  NMR and mass 
spect rometry .  Formation o f  t h e  degrada t ion  p roduc ts  i s  i n t e r p r e t r d  
i n  terms o f  known mechanisms o f  ozona t ion .  

A comparison between t h e  r e a c t i o n  r a t e s  revea ls  t h a t  t he  
s t r u c t u r a l  types s t u d i e d  i n  t h i s  work can be arranged accord ing t o  
t h e i r  ease o f  ozona t ion  i n  t h e  f o l l o w i n g  o r d e r :  s t i l b e n e s  > s t v -  
renes > pheno l i c  s t r u c t u r e s  > muconic a c i d  t ype  i n te rmed ia tes  
(from the opening o f  a romat i c  r i n g s )  > non-phenol ic  s t r u c t u r e s  >> 
a r m a t i c  aldehydes (from t h e  degrada t ion  o f  conjugated s t r u c t u r e s ) .  

The advantages connected w i t h  t h e  use o f  ozone as d e l i g n i -  
f y i n g  reagent a r e  b r i e f l y  d iscussed i n  t h e  l i g h t  o f  the r e s u l t s  
ob ta  ined. 

*A p r e l i m i n a r y  r e p o r t  on t h i s  work was g i v e n  (by  T.E.) a t  the 
I n t e r n a t i o n a l  Symposium on Wood and Pu lp ing  Chemistry, Tsukuba 
Science C i t y ,  Japan, May 23-27, 1983. 
Proceedings, Vol. 4 ,  p. 94. 

Copyright 0 1985 by Marcel Dekker, Inc. 
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5 4  ERIKSSON AND GIERER 

I NTRODUCT I ON 

Dur ing  t h e  p a s t  decade, i n t e r e s t  i n  u s i n g  ozone as  a b l e a c h i n g  

reagent  has c o n s i d e r a b l y  increased. T h i s  i s  due p r i m a r i l y  t o  the  

genera l  e f f o r t s  aimed a t  s u b s t i t u t i n g  c h l o r i n e  and ch lo r i ne -based  

b l e a c h i n g  chemicals  b y  oxygen and oxygen-based reagents i n  o r d e r  

t o  meet t h e  requi rements o f  env i ronmenta l  p r o t e c t i o n ,  reduce ove r -  

a1 1 energy consumption and lower investment c o s t s .  

Ozonation o f  I i g n i n  has been s t u d i e d  i n  a number o f  works 

u s i n g  model compounds rep resen t ing  s t r u c t u r a l  elements p resen t  

i n  n a t i v e  sof twood 1 i g n i n ~ l - ~  and t h e  major  r e a c t i o n  p roduc ts  

have been i d e n t i f i e d .  T h i s  r e p o r t  desc r ibes  t h e  ozona t ion  o f  14  

compounds ( F i g .  1) r e p r e s e n t a t i v e  o f  impor tan t  s t r u c t u r a l  elements 

p resen t  i n  r e s i d u a l  l i g n i n s  o f  (unbleached) k r a f t  pu lps  . 

- 
6 

Compounds 1 - 2 serve as models of b i a r y l  and d i a r y 1  e t h e r  

s t r u c t u r e s ,  es t ima ted  t o  c o n s t i t u t e  9 .5  - 1 1  % and 3 .5  - 4 8 
of t h e  i n t e r - u n i t  1 inkages between a ry lp ropane  u n i t s  i n  n a t i v e  

softwood 1 i g n i n s 7  and known t o  s u r v i v e  k r a f t  pu lp ing8 .  The p ro -  

p o r t i o n s  quoted a r e  l i k e l y  t o  be c o n s i d e r a b l y  h i g h e r  i n  r e s i d u a l  

1 i g n i n s .  Compounds - 2 represent  s t r u c t u r a l  elements thought  

t o  a r i s e  d u r i n g  t h e  p u l p i n g  process. 

v i o u r  of d ia ry lme thane  t ype  s t r u c t u r e s  formed by condensat ion 

o f  e l  im ina ted  formaldehyde w i t h  p h e n o l i c  s t r u c t ~ t - e s ~ ’ ~ ~ .  

pounds 6 - 11 were used t o  s tudy the  ozona t ion  o f  c o n i f e r y l  a l c o -  

h o l  (6  and 71, s t y r e n e  a r y l  e t h e r  (8- and 21, and s t i  lbene (lo and 

1 1 )  s t r u c t u r e s ,  and compounds 2 - 3 t h a t  o f  s imp le  a romat i c  

n u c l e i  b e a r i n g  an a-desoxy (12) - o r  an a-carbonyl  (2 and 2) 
s i d e  cha in .  The occurrence o f  these types of  s t r u c t u r a l  elements 

i n  r e s i d u a l  1 i g n i n s  seems 1 i k e l y  i n  v iew  o f  t h e  r e s u l t s  f r w n  ex ten -  

s i v e  model s t u d i e s ”  and the  i s o l a t i o n  f rom k r a f t  spent l i q u o r s  o f  

m ~ n o m e r i c l ~ ’ ~ ~  and d i m e r i c ”  p roduc ts  r e p r e s e n t i n g  these s t r u c t u r a l  

f e a t u r e s .  

and 5 r e f l e c t  t h e  beha- 

Com- 

- - 
- 

* 
The model compounds were ozonated i n  aqueous methanol a t  

room temperature and t h e  main p roduc ts  separated by HPLC ( reve rsed  

* I n  some exper iments pu re  methanol, wa te r  or aqueous acetone was 
used as  s o l v e n t  system (see Exper imen ta l ) .  
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OZONATION 

G O c H 3  

H3CO 
H3C0 OCH3 6 OR OR OR OR 

3 

O C H 3  
L R = H  
- 5 R = C H j  

- 1 R s H  O C H 3  - 
2 R:CH3 - - 

55  

H3c06 CH2OH OCH3 
I 

H: H Z - O a  - HC 
H3c06 CH2OH OCH3 

I 
HC 

I I  H C - O a  HC - 
II 

O C H j  
OCH3 g O C H 3  

OR 

g 
OR OR 

0 R = H  I_o R = H  - 6 R = H  - 
I R = C H 3  - 9 R = C H 3  - 11 R z C H j  

15 - 12 2 R - H  - 
- 1L R = C H 3  

FIGURE 1 .  Model compounds used i n  the  s tudy o f  ozona t ion  of 
r e s i d u a l  1 i g n i n .  

and s t r a i g h t  phase) and i d e n t i f i e d  by GC-MS and 'H NMR. 

t r e a t i n g  m i x t u r e s  c o n t a i n i n g  equimolar  a m u n t s  o f  model compounds 

w i t h  i nc reas ing  amounts o f  t h e  o x i d a n t ,  t he  r e l a t i v e  r a t e s  o f  

ozona t ion  of t h e  v a r i o u s  types o f  r e s i d u a l  l i g n i n  s t r u c t u r e s  were 

e s t a b l  ished. 

B y  

RESULTS 

React ion Products from the  Ozonation o f  Model Compounds 
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56 ERIKSSON AND GIERER 

1 - 
CH3 CH3 

0 3  

H3C0 
OH 0 

1.1 - 

~ 

- 1  

15 30 L5 min 

F I G U R E  2 .  Ozonation o f  b i c r e o s o l  (l). 

F ig .  2 shows t h e  HPLC-chromatogram of  the  complex r e a c t i o n  

m i x t u r e  o b t a i n e d  a f t e r  o z o n a t i o n  o f  L w i t h  2.5 e q u i v a l e n t s  ozone 

i n  acetone-water ( 4 : l ) .  The s t a r t i n g  m a t e r i a l  was a lmost  c m p l e -  

t e l y  consumed and l a c t o n e  1.1 formed the  major  component. 

number o f  m ino r  p r o d u c t s  so f a r  u n i d e n t i f i e d  were a l s o  found i n  

t h e  r e a c t i o n  m i x t u r e .  

A l a r g e  

Resu l t s  f rom t h e  gas chromatographic  separa t i on  f o l l o w i n g  

t h e  t rea tmen t  o f  2 w i t h  2.5 e q u i v a l e n t s  o f  ozone a r e  g i v e n  i n  

F i g .  3 .  The main p r o d u c t  was t h e  muconic a c i d  d e r i v a t i v e  2.1 
which underwent s tepw ise  o x i d a t i v e  degrada t ion  y i e l d i n g  the  k e t o  

e s t e r s  2.2 and 2.3, as w e l l  as t h e  e s t e r  2.4. 
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OZONATION 5 7  

2 - 

+ 

2.2 - 

3:20 6:20 10:0 13:ZO 16:LO 2O:O min 

FIGURE 3 .  Ozonat ion o f  b i c r e o s o l  d imethy l  e t h e r  ( L ) .  

2 )  f rom the  d i a r y 1  e t h e r  3 ........................ 
Ozonation o f  2 f o l l o w e d  t h e  course o u t l i n e d  i n  F ig .  4 .  

Almost a l l  o f  t h e  s t a r t i n g  m a t e r i a l  was r a p i d l y  consumed t o  g i v e  

the aroxymuconic a c i d  d ime thy l  e s t e r  x. Th is  was f u r t h e r  de- 

graded o x i d a t i v e l y  t o  y i e l d  3.2 (main product )  and 3.3. A small  

amount o f  3.1 underwent epox ida t i on ,  presumably by the  a c t  on of 

hydrogen perox ide,  formed d u r i n g  the  decomposit ion o f  i n i t  a l  ozo- 

n a t i o n  products ,  t o  g i v e  2. 
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58 ERIKSSON AND GIERER 

03 
3 -  

6 
OCH3 

0 
OCH3 

0 
0 3  - 

H 3 C O O C 3  
COOCH3 

3.2 

I O3 

6 ’ O C H ~  

OH 

3:20 &LO 1o:o 1320 

3.1 - 

3 2  

-.-LA. 
I 

min 

F I G U R E  4 .  Ozonat i o n  o f  4-methyl - 2 , 3 ’  , 4  I-t r imethoxyd iphenyl  
e t h e r  ( 3 ) .  

3) f r o m  t h e  d ia ry lme thane  5 ........................ 
The behav iou r  of compound 5 ( F i g .  5) was analogous t o  t h a t  

of compound 2 ( F i g .  3 ) .  O x i d a t i v e  opening o f  one o f  t he  a romat i c  

r i n g s  t o  g i v e  t h e  co r respond ing  muconic a c i d  d e r i v a t i v e  (5.1) was 

aga in  f o l l o w e d  by  s tepw ise  o x i d a t i v e  degrada t ion  a f f o r d i n g  t h e  

k e t o  e s t e r s  5.2 and 5.3, as  w e l l  as small amounts o f  t h e  e s t e r  

5.4.  - 
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OZONATION 59 

H?CO Q # C O O C H 3  

OCHJ 

5.L - 

- .  
3 2 0  6 4 0  10:0 1320 16:LO ' 20.0 mm 

FIGURE 5 .  Ozonat i o n  of b i s- (2,3-d imethoxy-5-methyl pheny 1 )  
methane (5 ) .  

4) from c o n i f e r y l  a l c o h o l  (6) and c o n i f e r y l  a l coho l  methyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
e t h e r  ( 7 )  -----____ 

Compound a (used i n  t h e  form o f  t h e  d i a c e t a t e )  and t h e  mono- 

methyl e t h e r  I were a t t a c k e d  a t  t h e  o l e f i n i c  double bond t o  g i v e  

the  expected a r o m a t i c  aldehydes and a c i d s .  The r e a c t i o n  m i x t u r e  

From 6 - d i a c e t a t e  was found to  c o n t a i n  also t he  corresponding a1 i- 
p h a t i c  cleavage p r o d u c t  6.2 ( g l y c o l a l d e h y d e  a c e t a t e )  ( F i g .  6 ) .  - 
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60 ERIKSSON AND CIERER 

F I G U R E  6 .  Ozonation of c o n i f e r y l  a l c o h o l  (6) and i t s  methyl 
e t h e r  ( I ) .  

5 )  f rom t h e  s tyrene-B-ary l  e t h e r  d e r i v a t i v e s  8 and 9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
The phenol i c  (g) and t h e  non-phenol i c  (9) styrene-0-guaiacy l  

e t h e r s  ( m i x t u r e s  of fi- and t rans - fo rms)  were a l s o  a t t a c k e d  pre- 

f e r e n t i a l l y  a t  t he  o l e f i n i c  double bond a f f o r d i n g  m i x t u r e s  con- 

s i s t i n g  o f  t h e  corresponding a r o m a t i c  a ldehydes and a c i d s  ( F i g .  

7 ) .  I n  t h e  case o f  compound 2, p r o d u c t i o n  o f  v e r a t r i c  a c i d  

s t r o n g l y  dominated ove r  t h a t  o f  ve ra t ra ldehyde ,  whereas ozona t ion  

o f  8 gave rough ly  equal amounts o f  v a n i l l i c  a c i d  and v a n i l l i n .  

I n  b o t h  ozonat ions,  gua iacy l  f o r m i a t e  (8.1) was formed as one of 
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OZONATION 6 1  

4. 

C O O C H j  

O O C H ,  OR 

g : R s H  
- 7.1 : R i C H 3  

Q 

320 S O 0  640 min 

FIGURE 7. Ozonation of 4-hydroxy-3-methoxystyrene-~-guaiacyl 
ether (8)and - 3,4-dimethoxystyrene-0-guaiacyl ether (9). 

the main products arising from the guaiacyl ether moiety in 8 
and 2. In addition, smal 1 amounts of guaiacol (from 8 and 2) 
and of veratrol ( f rom?) were found in the oxidation mixtures. 

6) from the stilbene derivative to 
- - - - -_____________-^ - - - - - - - - - - -  

Analogously, ozonation of stilbene 2 gave vanillin as main 
product and small amounts of vanillic acid (Fig. 8). 
guaiacol, methoxyquinone and an unidentified product were also 
detected in the reaction mixture. 

Traces of 
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62 ERIKSSON AND GTERER 

0 3  10.' * 
1:LO 320 5:OO 6:CO min 

FIGURE 8 .  Ozonat ion of 4,4'-dihydroxy-3,3'-dirnethoxystilbene (3). 

7 )  from c r e o s o l  (2) ----------------- 
Treatment o f  i n  aqueous methanol y i e l d e d  t h e  corresponding 

muconic a c i d  monomethyl e s t e r  d e r i v a t i v e  and i t s  l a c t o n e  a s  main 

p roduc ts  ( F i g .  9). 
I n  a separate exper iment ,  compound 2, d i s s o l v e d  i n  wa te r ,  was 

exposed t o  a stream o f  4 % ozone i n  oxygen and t h e  consumption o f  

ozone was f o l l o w e d  b y  i o d o m e t r i c  t i t r a t i o n  o f  t h e  un reac ted  o x i d a n t  

( F i g .  1 0 ) .  

ozone. However, t h e  r a t e  o f  ozone consumption decreases r a p i d l y  

I t  can be seen t h a t  2 r e a c t s  r a p i d l y  w i t h  1 mole of 
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OZONATION 63 

COOH 

12.1 

! 

0 5 10 rnin 

FIGURE 9. Ozonation o f  creosol (2). 

when the amount o f  0 added exceeds 1 mole/mole 12. This i s  i n  

agreement w i th  the f i n d i n g  t h a t  the muconic ac id  s t ruc tu res  formed 

i n i t i a l l y  are less  reac t i ve  than the parent phenol ic nuc le i  i n  the 

l i g n i n  model compounds used. The present work confirms the high 

y i e l d s  o f  muconic acid-type products obtained a f t e r  ozonation o f  

phenol i c  s t ruc tu res  reported prev ious ly  by o ther  authors . 

3 

1-3.5 

8 )  from v a n i l l i n  (u) ------------------ 
Compound 2 i n  aqueous methanol reacted w i t h  ozone a t  a low 

r a t e  y i e l d i n g  a main product t o  which s t ruc tu re  i s  t e n t a t i -  

ve ly  assigned (Fig. 1 1 ) .  Analyses o f  the reac t i on  mixture a t  

d i f f e r e n t  stages of the reac t i on  per iod  revealed tha t  cleavage 

o f  the aromatic nuc le i  i s  preceeded by a c e t a l i z a t i o n  o f  the alde- 
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64 EXIKSSON AM) GIERER 

V I I I * 
1 2 3 

O3 add~ms,, 

FIGURE 10. Course o f  ozonation o f  creosol (2). 

hyde group. The cleavage product,  the corresponding nuconic a c i d  

monomethyl es te r  d e r i v a t i v e  then seems t o  undergo r i n g  c losure  in-  

vo l v ing  the carboxy and the ace ta l  group. I n  non-prot ic solvents,  

e.9. i n  acetone, ox ida t i on  t o  v a n i l l i c  a c i d  i nse r t i on  o f  ozone 

i n t o  the C-H bond o f  the aldehyde group cons t i t u tes  the main re- 

ac t i on .  

- 

Determina t ion of  Re1 a t  i ve  React i v i  t i e s  (Compet i t ion Exper iment s )  

1 ) o I o n a _ t l o n , _ o f _ a _ m l x s u _ y e _ o f _ e h _ e n o l i c _ m ~ ~  
A mix ture  o f  equal amounts o f  the phenol ic model compounds 1, 

- 4, lo, 12 and 2 was dissolved i n  methanol and t rea ted  i n t e r -  
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OZONATION 65 

13 - 
H+ 
-.) 

MeOH COOH 

13 A - 13.1 - 

13 

0 min 

FIGURE 1 1 .  Ozonation o f  v a n i l l i n  (9) via i t s  d imethy l  a c e t a l  ( l 3 A ) .  

m i t t e n t l y  w i t h  i nc reas ing  amounts o f  ozone. A! i quo ts  were w i t h -  

drawn a t  c e r t a i n  i n t e r v a l s  d u r i n g  the  r e a c t i o n  p e r i o d  and analyzed 

u s i n g  G C  and HPLC techniques.  F ig ,  12 i nc ludes  a s e r i e s  o f  HPLC 

( reve rsed  phase) chromatograms o f  the  r e a c t i o n  m i x t u r e  a f t e r  a d d i -  

t i o n  o f  i nc reas ing  amounts o f  ozone. A f t e r  a d d i t i o n  o f  one e q u i -  

v a l e n t ,  s t i l b e n e  N] was almost comp le te l y  consumed, t h e  o t h e r  com- 

pounds remain ing v i r t u a l l y  una f fec ted .  The second e q u i v a l e n t  o f  

ozone consumed s u b s t a n t i a l  amounts o f  t h e  b i a r y l  compound and 

t h e  d ia ry lme thane  4, whereas t h e  monomers 2 and 11 remained 

e s s e n t i a l l y  u n a l t e r e d .  A f t e r  a d d i t i o n  o f  3 e q u i v a l e n t s  of t h e  
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66 ERIKSSON AND GIEREX 

3.0 

4.0 

FlGURE 12.  Ozonation o f  a m i x t u r e  o f  p h e n o l i c  monomers and dimers 
(1, 5,  3, 2 and - 1 3 ) .  

o x i d a n t  o n l y  minor  amounts o f  the  d imers and su rv i ved ,  where- 

as t h e  monomers 12 and 2 s t i l l  r e s i s t e d  t h e  t rea tmen t .  A f o u r t h  

e q u i v a l e n t  of ozone removed t h e  g r e a t e r  p a r t  o f  the c reoso l  (z), 
w h i l e  t h e  a-carbonyl  compound ( v a n i l l i n ,  2) o r i g i n a l l y  p resen t  

and formed f rom 2 remained i n t a c t .  
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0 ZONATION 67 

2 )  Ozonation o f  a m i x t u r e  o f  a-carbonyl  compounds (11 and 16) and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
methyl 8-1-glucopyranoside ............................ 

The l e a s t  r e a c t i v e  model compound of t he  preceding c o m p e t i t i o n  

exper iment  (91, t h e  corresponding methyl e t h e r  (2) and a model 

f o r  non-reducing u n i t s  i n  wood po lysacchar ides ,  methyl 8-1-g luco-  

pyranoside,  were s i m i l a r l y  t r e a t e d  w i t h  i nc reas ing  amounts o f  

ozone. F i g .  13 c o n t a i n s  a s e r i e s  o f  gas chromatograms o f  t h e  ace- 

t y l a t e d  r e a c t i o n  m i x t u r e s .  Compounds 2 and 5, r e q u i r i n g  a l a r g e  

excess o f  o x i d a n t ,  were a lmost  comp le te l y  consumed, whereas t h e  

me thy lg lucos ide  was v i r t u a l l y  u n a f f e c t e d  by t h e  o x i d a t i v e  t r e a t -  

ment under t h e  c o n d i t i o n s  employed. 

3) o z o n a r i o n - o f - a - m i x t u r e _ n f _ e h n n o l i c _ a n d _ n o n ~ e ~ ~ n o ! ~ ~ - ~ ~ ~ ~ ~ ~  
I n  a t h i r d  c o m p e t i t i o n  exper iment  the  course o f  ozona t ion  o f  

a m i x t u r e  c o n s i s t i n g  of e q u i v a l e n t  amounts o f  t he  d i m e r i c  compounds 

1 - 5 ,  
expected (4f. 5.9. Ref. 1 4 ) ,  s t i l b e n e s  lo and .ll- were degraded 

f i r s t .  A f t e r  a d d i t i o n  o f  2 . 5  e q u i v a l e n t s  o f  ozone the re  remained 

o n l y  a smal l  r e s i d u e  o f  the  e t h e r i f i e d  compound (5) i n d i c a t i n g  

a s l i g h t  d i f f e r e n c e  between the  r e a c t i v i t i e s  of these two s t i l -  

benes. 3 .5  E q u i v a l e n t s  o f  ozone reduced s u b s t a n t i a l l y  t h e  amounts 

o f  t h e  phenol i c  d imers 1 and 5, t h e  d ia ry lme thane  (4) r e a c t i n g  

somewhat f a s t e r  t han  the  b i c r e o s o l  (1). 
o f  the  o x i d a n t  was r e q u i r e d  f o r  t h e  degrada t ion  o f  lo and 11 ( 2 )  

and f o r  t he  cleavage o f  b o t h  r i n g s  i n  the p h e n o l i c  dimers 1 and 4 
( 4 ) .  Three f u r t h e r  e q u i v a l e n t s  were necessary t o  remove t h e  non- 

- p h e n o l i c  d i a r y 1  e t h e r  (1) due t o  con t inued  degrada t ion  o f  t h e  

muconic a c i d  s t r u c t u r e  formed. 

wereeven l e s s  r e a c t i v e  than 1. 
e q u i v a l e n t s ,  t h e  g r e a t e r  p a r t  o f  2 had reac ted  w h i l e  the  e t h e r i -  

f i e d  b i c r e o s o l  2 s t i l l  remained e s s e n t i a l l y  u n a l t e r e d .  

and 2 was f o l l o w e d  i n  a s i m i l a r  manner ( F i g .  1 4 ) .  As - -  

A t o t a l  o f  6 e q u i v a l e n t s  

The non-phenol ic  dimers 2 and 3 
A f t e r  a d d i t i o n  o f  a t o t a l  o f  17.5 

4 )  Ozonation o f  m i x t u r e s  o f  t r a n s - s t i l b e n e  and c r e o s o l ,  and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
t r a n s - s t i l b e n e  and s t i l b e n e  lo - .............................. 

Equimolar  amounts o f  t h e  t i t l e  compounds were ozonized i n  a 

s i m i l a r  manner and t h e i r  consumption f o l l o w e d  by G C .  S t i l b e n e  lo 
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15 

ERIKSSON AND GIERER 

FIGURE 13. Ozonation o f  a mixture  of a-carbonyl compounds (9 and 
- 14) and methyl p-&-glucopyranoside (5). 
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J 
17 5 

FIGURE 14. Ozonation o f  a mixture o f  phenolic and non-phenolic 
dirners (1 - 5,  2 and 11). 
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70 ERIKSSON AND GIERER 

was consumed before trans-stilbene reacted, and trans-stilbene 

was degraded before creosol was attacked. 

DISCUSSION 

The reaction between ozone and model compounds representing 
aromatic and olefinic moieties in residual kraft 1 ignins from 
softwoods can be i 
outlined in Scheme 

ing to this mechan 

the oxidant across 

a primary ozonide 

terpreted in terms of the Criegee mechanism 
1 (for a review, see refs. 15 and 16). Accord- 

sm, the initial 1.3-dipolar cycloaddition of 

the aromatic or aliphatic double bond to give 

1,2,3-trioxolane) (1) is followed by a reverse 

1,3-dipolar cycloaddition (a 1.3-dipolar reversion) yielding a 
carbonyl compound and a carbonyl oxide (zwitter ion) (2). The 

latter constitutes the key intermediate of ozonolysis. In parti- 
cipating (i.2. protic, nucleophil ic) solvents ( R  OH) this inter- 

1 1 mediate gives the corresponding a-hydroxy ( R  = H) or a-alkoxy (R = 

alkyl) hydroperoxide (3). Alternatively, these hydroperoxides 
can arise by direct attack of the participating solvent on the 

primary ozonide ( 4 ) .  In non-participating solvents one of the 

principal competitive routes for the carbonyl oxide intermediate 

is 1,3-dipolar cycloaddition of a carbonyl compound to give a 

secondary ozonide (1,2,4-trioxolane) (51, Acid- or base-cata- 
lyzed decomposition o f  this trioxolane again affords the 

corresponding aldehyde (or ketone) and the a-hydroxy- or a-a1 koxy 

hydroperoxide ( 6 ) .  The latter is then hydrolyzed to hydrogen 

peroxide and the corresponding carbonyl compound (aldehyde, ketone 

or acid) ( 7 ) ,  o r  loses water to yield the corresponding acid (or 

ester) (8). 

1 

Ozonation of Aromatic Compounds 1 - 5 and 12 - 14 in Aqueous 
------------------------------------------~----------,--- 

!s_than_o! 
These reactions, resulting in the cleavage of an aromatic 

ring between the methoxyl and hydroxyl group-bearing carbon atoms, 

are 1 ikely to follow routes ( 1 )  - ( 4 )  - (7) or (1) - ( 2 )  - ( 3 )  - (7) 
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OZONATION 71 

(Scheme 1 ) .  I n i t i a l  1 , 3 - ~ y c l o a d d i t i o n  o f  ozone ( l ) ,  f o l l o w e d  

by decomposi t ion o f  t h e  p r i m a r y  ozon ide  ( 4 ) ,  ( 2 )  - ( 3 )  or (2)  - 
(5) - (61 ,  i s  suppor ted by r e t e n t i o n  o f  t he  methoxyl groups as 

methyl e s t e r s  (x, 2.1, 3.1, 5.1, 12.1 and 13.1). 
a pathway proceeding via s u b s t i t u t i o n  by ozone, e l i m i n a t i o n  of 

oxygen and methanol, and fo rma t ion  o f  i n te rmed ia tes  o f  the o r t h o -  

-quinone type.  

i n  v iew o f  t he  e l e c t r o p h i l i c  c h a r a c t e r  o f  ozone". The supposi -  

t i o n  t h a t  t he  i n i t i a l  a t t a c k  by ozone i s  e l e c t r o p h i l i c  i n  n a t u r e  

i s  s t r o n g l y  suppor ted by t h e  g r e a t e r  ease o f  r e a c t i o n  o f  a romat i c  

n u c l e i  s u b s t i t u t e d  by e l e c t r o n - d o n a t i n g  m o i e t i e s  as compared t o  

u n s u b s t i t u t e d  ones (sf. 2.9. r a t e  o f  consumption o f  1 and 4 com- 

pared t o  t h a t  o f  2, F i g .  1 2 ) .  The g r e a t e s t  increase i n  the  re-  

a c t i o n  r a t e  i s  observed w i t h  a r o x y l  (3 )  groups. fo l lowed by benzyl 

(4 and 5) and a r y l  (1 and 2) groups. I n  genera l ,  pheno l i c  com- 

pounds. 2.9. compounds o f  t h e  g u a i a c y l  t ype  (1 and 41, r e a c t  

f a s t e r  than the  correspondinq me thy la ted  compounds, e.a. those 

o f  the v e r a t r y l  t ype  (2 and 5) (F ig .  14). 

T h i s  exc ludes 

The l a t t e r  course o f  events  would a l s o  be u n l i k e l y  

Conversely, e l e c t r o n - a t t r a c t i n g  groups, such as a-carbonyl  

groups, v i r t u a l l y  e l i m i n a t e  t h e  a t t a c k  on t h e  a romat i c  r i n g  un- 

l e s s  they a r e  "masked" by a c e t a l i z a t i o n  (cf. r e a c t i o n  o f  '3, 
Fig .  11 ) .  

such as acetone tend t o  undergo o x i d a t i o n  t o  g i v e  the  corresponding 

c a r b o x y l i c  a c i d s  

t h e  a ldehyd ic  group . 

Instead,  a romat i c  aldehydes i n  n o n - p r o t i c  s o l v e n t s  

i n s e r t i o n  o f  t h e  o x i d a n t  i n t o  t h e  C-H bond o f  
18 

The e l e c t r o p h i l i c  c h a r a c t e r  o f  t he  i n i t i a l  ozone a t t a c k  and 

the  concer ted 1 ,3 -d ipo la r  c y c l o a d d i t i o n  can be r e c o n c i l e d  i f  i t  

i s  assumed t h a t  t h e  e l e c t r o p h i l i c  oxygen of t h e  ozone molecule 

becomes more s t r o n g l y  bonded i n  t h e  t r a n s i t i o n  s t a t e  than i t s  

nuc leophi  1 i c  c o u n t e r p a r t  . 19 

Muconic a c i d  monomethyl e s t e r  d e r i v a t i v e s  a r i s i n g  f rom t h e  

cleavage o f  a romat i c  r i n g s  o f  t h e  3-methoxy-bhydroxyphenyl t ype  

tend  t o  undergo r i n g  c l o s u r e  t o  g i v e  the  corresponding l ac tones  

(cf. f o r m a t i o n  o f  x, 12.2 and 

t i v e l y ) .  Apparen t l y  t he  remain ing p h e n o l i c  r i n g  i n  l ac tone  

i n  F igs .  2 ,  9 and 1 1 ,  respec- 
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72 ERIKSSON AND GIERER 

I 

(51 : 
V 

sec. ozonidc aldehyde. ketone acid (ester) 
or acid 

R =aliphatic or aromatic residue 
A.B = H . alkyl, aryl or aroxy 

(olefinic systems] 
A.O = hydroxy or mcthoxy 

(aromatic systems) 
R1= H .  alkyl or acyl 

SCHEME 1 .  General scheme of ozonolysis o f  olefinic and aromatic 
systems. 

is oxidatively degraded before or together with the muconic acid 
(lactone) moiety (Fig. 2). 
nolic nucleus compared to subsequent oxidative degradation of the 

resulting muconic acid derivative i s  also reflected in the course 

of ozone consumption during ozonation of the monomeric compound 

- 12 (Fig. 10). 

The higher rate of at tack  on a phe- 

, On the other hand, muconic acid dimethyl ester derivatives 
(x, z, u), formed by the opening of aromatic rings of the 
3,4-dimethoxyphenyl type, undergo stepwise oxidative degradation 
affording 2.2 - 2.4, 3.2 and - -  5.2 - 5.4, respectively, the second 
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OZONATION 73  

aromatic ring remaining essentially intact. Thus, oxidation at 
the olefinic double bonds in muconic acid-type structures pro- 
ceeds m r e  readily than oxidative cleavage of aromatic rings in 

non-phenol ic structures. 

Irrespective of whether the oxidative cleavage of the aroma- 

follows route ( 1 )  - (4), ( 1 )  - ( 2 )  tic rings in 1 - 2 and 2 - 
- (3) or ( 1 )  - (2) - ( 5 )  - (6) (Scheme 11, a peroxidic intermediate 
i s  formed which is converted into the corresponding muconic acid 
mono- or dimethyl ester derivative and hydrogen peroxide. Forma- 

tion of the latter product has not been demonstrated in this study. 
Hydrogen peroxide generation might be indicated by the presence 

of oxiranes in the reaction mixture; e.9- compound 3.4 could arise 
from the reaction of 3.1 with the oxidant. 
could also be formed by “partial” cleavage of one of the olefinic 

double bonds in 3.1 . 

However, oxirane 3.4 - 
20 

Ozonation o f  Olefinic Compounds 6 - fi ...................................... 

Cleavage of olefinic double bonds by ozone in participating 
1 (i.~. protic, nucleophil ic) solvents (P. OH) general l y  leads to 

a-hydroxy ( R 1  = H), a-alkoxy ( R 1  = alkyl) or a-acetoxy (‘R = acyl) 

hydroperoxides (see above). The reaction is considered to pro- 

ceed + steps ( 1 )  - (2) - (3). 
participating solvent on the primary ozonide (41, or 1,j-dipolar 
cycloaddition of the carbonyl oxide intermediate to a carbonyl 

compound ( 5 )  followed by attack of the participating solvent on 
the secondary ozonide ( 6 ) ,  represent alternative pathways 
(Scheme 1 )  15 . 

siderably faster than those o f  aromatic compoundsl6. 

hol ds  true for representatives conta i n i ng el ect ron-dona t i ng 
hydroxy and/or methoxy-substituted aryl (6 - or aroxyl (g and 
- 9) groups adjacent to the double bond (Figs. 12 and 14). 

groups promote dipolarophilic activity of the olefinic double 
bond and thereby facilitate cycloaddition of the oxidant. A 

1 

However, direct attack of the 

In general, ozonations of olefinic compounds proceed con- 

This also 

Such 
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74 EXIKSSON AM) GIERER 

s i m i l a r  b e n e f i c i a l  e f f e c t  o f  hydroxy- and/or methoxy-substi tuted 

a r y l  and aroxy l  groups on the r a t e  o f  cleavage o f  o l e f i n i c  

double bonds i s  a l s o  ind ica ted  by the f a c i l e  ox ida t i on  o f  the 

muconic a c i d  de r i va t i ves  2.1, 3.1 and 5.1 t o  g i v e  2.2, 3.2 and 

- 5.2, respec t ive ly  (Figs.  3-5). 
a r y l  e ther ,  i n  p a r t  undergoes. a c i d i c  hyd ro l ys i s  a f f o r d i n g  

creosol (12) - and ke to  succ in ic  a c i d  (not i d e n t i f i e d ) .  

Compound 3.2, being an enol 

A l l  poss ib le  routes o f  t o t a l  cleavage of o l e f i n i c  double 

bonds lead t o  the format ion o f  an a ldehyd ic  ( o r  ke ton ic )  and a 

hydroperoxy fragment (Scheme 1) .  The l a t t e r  m y  be hydrolyzed 

y i e l d i n g  hydrogen peroxide and another a ldehyd ic  (o r  ke ton ic )  

fragment (7) o r  may rearrange w i t h  e l i m i n a t i o n  of water a f f o r d i n g  

the corresponding ac id  ( 8 ) .  
Ozonation o f  the o l e f i n i c  model compounds 5 - 11 a f fo rded  

expected aromat ic aldehydes (9, 2) and ac ids  (es te rs ,  6.1, 
- 7.1) as wel l  as the appropr ia te  a l i p h a t i c  aldehydes (6.2 and - 8.1) 
(F igs .  6-8). No a l  i p h a t i c  ac ids  (es te rs )  were detected i n  the re -  

ac t i on  mixture.  From these product pa t te rns  i t  can be concluded 

t h a t  the nucleophi l  i c  a t tack  by the p r o t i c  so lvent  takes p lace  

p r e f e r e n t i a l l y ,  i f  no t  exc lus ive ly ,  a t  the carbon atom adjacent 

t o  the aromat ic r i n g  i n  primary ozonides (41, secondary ozonides 

(6) or  carbonyl oxides ( 3 ) .  No c lea r  t rend cou ld  be discerned as 

t o  the cond i t ions  determining the r a t i o  aromatic aldehyde/aromatic 

ac id ,  i.~. rou te  (7 ) / rou te  ( 8 ) .  
In a d d i t i o n  t o  the compounds expected on the bas is  o f  Scheme 1 ,  

some anomalous ozonolysis products (c. r e f .  21) were found i n  the 

reac t i on  mixtures obtained from o l e f i n i c  models . The format ion 

o f  these products w i l l  be described i n  a forthcoming communication. 

22 

CONCLUSIONS 

The format 

model compounds 

1 i gn ins  i s  cons 

I n  bo th  categor 

on o f  the described reac t i on  products from the 

represent ing s t r u c t u r a l  elements i n  residual  

s ten t  w i t h  the general pathways o f  o tono lys is .  

es, i.2. aromatic and o l e f i n i c  s t ruc tu res ,  the 
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0 ZONATION 75 

r e a c t i o n  i s  g r e a t l y  f a c i l i t a t e d  by the  presence of elect ron-dona-  

t i n g  groups, c o n f i r m i n g  t h e  e l e c t r o p h i l i c  n a t u r e  of the i n i t i a l  

a t t a c k  by ozone. 

Comparative ozona t ions  i l l u s t r a t e d  by t h e  c o m p e t i t i o n  expe- 

r imen ts  i n  F igs .  12-14 showed d i s t i n c t  d i f f e r e n c e s  i n  the ease 

o f  r e a c t i o n  between t h e  d i f f e r e n t  t ypes  o f  model compounds. These 

can be arranged acco rd ing  t o  t h e i r  r e l a t i v e  r e a c t i o n  r a t e s  i n  the  

f o l l o w i n g  o r d e r :  s t i l b e n e s  > s t y renes  > p h e n o l i c  s t r u c t u r e s  > 

muconic a c i d  i n te rmed ia tes  > non-phenol i c  s t r u c t u r e s  >> a-carbonyl  

s t r u c t u r e s  > carbohydrates.  

The d i f f e r e n t  r a t e s  o f  ozona t ion  suggest t h a t  d i f f e r e n t i a l  

d e t e r m i n a t i o n  o f  p a r t i c u l a r  1 i g n i n  and r e s i d u a l  1 i g n i n  s t r u c t u r e s  

may be a p o s s i b i l i t y .  T h i s  i s  c u r r e n t l y  b e i n g  s tud ied .  

The r e s u l t s  presented h e r e  revea l  t h a t  ozone may be expected 

t o  be most e f f e c t i v e  i n  the  degrada t ion  o f  o l e f i n i c  (conjugated)  

and a romat i c  ( p a r t i c u l a r l y  p h e n o l i c )  s t r u c t u r e s .  C h l o r i n e / c h l o r i n e  

d i o x i d e  and oxygen a t t a c k  p r e f e r e n t i a l l y  t h e  same types o f  s t r u c t u r e  

b u t  r e q u i r e  more d r a s t i c  c o n d i t i o n s .  

N a t i v e  carbohydrates e i t h e r  do n o t  r e a c t ,  o r  r e a c t  o n l y  t o  a 

n e g l i g i b l e  e x t e n t ,  under t h e  c o n d i t i o n s  of conven t iona l  ozono lys i s .  

However, d u r i n g  t e c h n i c a l  b l e a c h i n g  w i t h  ozone, hydrogen pe rox ide  

i s  formed by h y d r o l y s i s  of p e r o x i d i c  i n t e r m e d i a t e s  from l i g n i n  as 

i n d i c a t e d  i n  the  p resen t  s tudy (Scheme 1 ) .  P a r t  o f  t h i s - o x i d a n t ,  

and o f  ozone i t s e l f ,  may decompose t o  g i v e  h i g h l y  r e a c t i v e  hydroxy 

and hydroperoxy r a d i c a l s  capable of a t t a c k i n g  carbohydrate c o n s t i -  

t uen ts .  Thus, i n  o r d e r  t o  take  f u l l  advantage of t h e  h i g h  se lec -  

t i v i t y  o f  ozone as a d e l i g n i f y i n g  reagent ,  c a r e  must be exe rc i sed  

t o  avo id ,  o r  a t  l e a s t  min imize,  t h e  g e n e r a t i o n  o f  these r a d i c a l s  

by s t a b i l i s a t i o n  o f  t he  reagent  and t h e  hydrogen pe rox ide  formed. 

EXPERIMENTAL 

M a t e r i a l s  

Chemicals and s o l v e n t s  were of p.a. g rade  o r  p u r i f i e d  by 

d i s t i l l a t i o n  b e f o r e  use. Ozone was produced u s i n g  a Welsbach 

Model T-23 ozona to r .  
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76 ERIKSSON AND GIERER 

The model compounds employed were prepared as p r e v i o u s l y  

descr ibed:  

- 3(acco rd ing  t o  r e f .  24 b u t  u s i n g  c r e o s o l  (2) 
a c i d  as r e a c t i o n  p a r t n e r ) ;  by a l k a l i n e  condensat ion o f  c r e o s o l  

(12) w i t h  formaldehyde and p u r i f i c a t i o n  of  t h e  condensat ion p ro -  

d u c t  by column chromatography ( s i l i c a  g e l ,  1 i g h t  pe t ro leum-e thy l  

a c e t a t e  ( 4 : 1 ) ,  m.p. 130-131°C25; 5 by  m e t h y l a t i o n  of 2 w i t h  d i -  

m e t h y l s u l f a t e - a l k a l  i ;  6-d iace ta teT6 ;  1. (accord ing t o  r e f .  26 b u t  

u s i n g  ve ra t ra ldehyde  (14) i n s t e a d  o f  a c e t y l v a n i l  1 i n  as condensa- 

t i o n  p a r t n e r )  ; s2’; 2 by  m e t h y l a t i o n  o f  8 w i th  diazomethane; l o 2 * ;  
- 1 1  by  repeated m e t h y l a t i o n  of lo w i t h  d iazmethane .  Compounds 2, 
- 1 3  and methyl-8-2-glucopyranoside were purchased f rom Eastman, 

Nerck and Sigma Chem, r e s p e c t i v e l y .  

m e t h y l a t i o n  o f  2 w i t h  d i m e t h y l s u l f a t e - a l k a l i .  

I_  by m e t h y l a t i o n  o f  1 w i t h  d i m e t h y l s u l f a t e - a l k a l  i ;  

ins tead  o f  v a n i l l i c  

Compound 2 was ob ta ined  by  

General Ozonation Procedure 

a !_ro!kc_ I: -a_E!Y 2 1 s-ex_ee r lme!! f P 
The model compound ( 5 0  mg) was d i s s o l v e d  i n  90 % aqueous 

methanol (25 m l )  i n  a g l a s s  r e a c t i o n  vessel  equipped w i t h  a 

septum screwcap and gas i n l e t  and o u t l e t  p a r t s .  A stream of 

oxygen c o n t a i n i n g  4 % ozone was passed through the  s o l u t i o n  

a t  room temperature. 

meter  and equipped w i t h  a v a l v e  (Aa lbo rg  Inst ruments)  and 

t h e  amount o f  ozone produced pe r  t ime  u n i t  was determined 

b e f o r e  and a f t e r  t h e  ozone t rea tmen t  b y  i o d m e t r i c  t i t r a t i o n  

o f  a t h r e e  m i n u t e ’ s  ozone-oxygen stream. The average v a l u e  

of t h r e e  such de te rm ina t ions  was used f o r  c a l c u l a t i n g  t h e  t ime  

needed f o r  t h e  a d d i t i o n  o f  t h e  d e s i r e d  number o f  e q u i v a l e n t s  

o f  ozone. The course o f  o z o n a t i o n  was f o l l o w e d  by  wi thdraw- 

i ng  samples (1 m l )  a f t e r  each a d d i t i o n  o f  0.5 e q u i v a l e n t s  

of ozone and t h e  t rea tmen t  was te rm ina ted  a f t e r  a d d i t i o n  o f  a 

The gas f l o w  was measured u s i n g  a f l ow-  

t o t a l  o f  2.5 e q u i v a l e n t s  by pass ing a stream o f  n i t r o g e n  

through t h e  s o l u t i o n .  C o r r e c t i o n  was made f o r  any un reac ted  

ozone which was t rapped i n  a s o l u t i o n  o f  potassium i o d i d e  and 

determined by i odomet r i c  t i t r a t i o n .  
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OZONATION 7 7  

Sample components were separated b o t h  by reversed phase 

(RP) HPLC u s i n g  d i r e c t  i n j e c t i o n  and, a f t e r  r e p l a c i n g  methanol- 

-water  by d ich loromethane,  by s i l i c a  gel-HPLC (see below).  I n  

the  case o f  non-phenol ic  subs t ra tes ,  t h e  t w o  types of c h r o m t o -  

grams con ta ined  t h e  same m j o r  peaks i n d i c a t i n g  t h a t  no  substan- 

t i a l  a m u n t s  o f  a c i d s  were formed d u r i n g  the  t rea tmen t .  

samples i n  d ich loromethane were then analyzed by GC-MS. 

The same 

S u f f i c i e n t  q u a n t i t i e s  o f  t he  main components o f  t he  ozona- 

t i o n  m ix tu res  were separated by p r e p a r a t i v e  HPLC ( s i l i c a  ge l  o r  

RP) and analyzed by  'H NMR (also by  13C NMR i n  case o f  4.2 and 

1 3 . 1 ) .  
- 

- 
b) comeetitio.-sxeerirllents 

methanol (50 m l )  and a stream o f  oxygen/ozone c o n t a i n i n g  2 0  

p o l e  0 /min passed through t h e  s o l u t i o n .  A l i q u o t s  ( 0 . 5  ml) 

were withdrawn a t  c e r t a i n  i n t e r v a l s  d u r i n g  the  ozone a d d i t i o n  

and analyzed e i t h e r  by RP-HPLC o r ,  a f t e r  r e p l a c i n g  the  s o l v e n t  

by d ich loromethane,  by  G C .  

The model compounds ( 4 0  pmole o f  each) were d i s s o l v e d  i n  

3 

Chromatographic Methods 

The data o f  t h e  chromatographic equipment and t h e  c o n d i t i o n s  

used a r e  l i s t e d  i n  t h e  f o l l o w i n g :  

G? s -c!xom+ tosraehy 
Hewlet t -Packard i ns t rumen t ,  model 5790A w i t h  FIO. SE-30 

f used  s i l i c a  c a p i l l a r y  column, l e n g t h  25 m. 

S i l  i ca  g e l  HPLC ------- ------- 
Spectraphys ics inst rument  model SP 8000 w i t h  a A C S  750-11 

UV d e t e c t o r  (280 nm). N u c l e o s i l  S i  (5 m) column, l e n g t h  

250 mm, w i d t h  4.6 nnn. E luen t :  e t h y l  a c e t a t e - l i g h t  p e t r o -  

leum, l i n e a r  g r a d i e n t :  u s u a l l y  10 % + 50 2. 
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78 ERIKSSON AND GI- 

Reversed phase HPLC ----..---- --------- 
A l tex  pumps, model l l O A  w i t h  A l t e x  microprocessor equipped 

w i t h  a Beckman v a r i a b l e  wavelength detector,  model 165. 
Nuc leos i l  C-8 (5  pm) column, length  250 mn, wid th  4.6 mm. 

Eluent:  a c t o n i t r i l e - w a t e r  (both conta in ing  0.1 % ace t i c  

ac id ) ,  l i n e a r  g rad ien t :  10 % + 70 %. 

Spectroscopy 

'H and 1 3 C  NMR spectra were obtained on a Bruker 200 MHz 

instrument, model WP 200, using deuter iochloroform as solvent.  

Mass spectra were performed a t  70 eV using a Finnigan ins t ru -  

ment w i t h  a SE-3O fused si11ca c a p i l l a r y  column, length  15  in. 

(The Finnigan instrument was connected t o  a Data General Nova 3 
computer w i t h  an INC0:s data system f o r  MS-data evaluat ion.)  

Product i d e n t i f i c a t i o n  

a- (2-Hydroxy-3-methoxy-5-methyl phenyl) -y-methoxyca rbonylmethy 1 - 
-y-methyl-a-butenol ide  (1.1). 
M.s. m/e ( r e l .  i n t . ) :  306 ( M ,  421, 291 ( M - 1 5 ,  101, 247 (H-59, 2 ) ~  

233 (M-73, 100) , 232 (M-74, 61, 205 (M-73-28, 81, 189 (M-73-44, 

20) 

' H  NMR: 6 1.54 [s, 3 H, non-ArCH31, 2.32 [s, 3 H, A r C H 3 1 ,  2.78 

[ d ,  1 H, CHZ, J 

Is, 3 H, COOCH3] ,  3.90 [ s ,  3 H, ArOCH 1, approx. 6.73 [ m ,  2 H, A r l ,  

7.50 [s, 1 H, o l e f i n i c ]  

15.61, 2.96 I d ,  1 H ,  CH2, Jgem 15-61. 3.70 
gem 

3 

1 - (2,3- D i methoxy-5-me thy1 pheny 1 ) -3-me thy1 - 1 ,3-bu tad i ene- 1,4-d i - 
ca rbo lyx i c  a c i d  dimethyl es te r  (2.1) 
M A .  m/e ( r e l .  i n t . ) :  334 ( M ,  181, 319 (M-15,  l ) ,  303 (M-31, 1 4 ) ,  

275 (H-59, 571, 271 (H-31-32, 241, 243 (H-59-32, 100) .  228 (301, 

200 ( l o ) ,  137 (101, 130 (201, 115 (10) 
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OZONATION 79 

1 H NHR: 6 2.09 [dd, 3 H, non-ArCH31, 2.33 [s, 3 H, ArCH 1 ,  3.67 
[ S ,  3 H, coOCH31, 3.71 [s, 3 H, COOCH31, 3.74 [ s ,  3 H, ArOCH3], 
3.85 [s, 3 H, ArOCH31, 5.83 [m, 1 H, CHCOOCH3, - J - 1 1 ,  6.64 - 6.74 
[m, 2 H, Ar], 6.80 [ m ,  1 H, -CH-$-, J - 1 1  

3 

1-(2,3-Dimethoxy-5-methyl phenyl)-3-oxo-l-butene-l-carboxy1 ic acid 

methyl ester (2.2) 
M.s. m/e ( r e l .  int.): 278 (M, 181, 247 (H-31, loo), 232 
219 (M-59- 4). 189 (51, 161 (5)  131 (51% 77 (4) J 59 (3) 

'H NHR: 6 2.17 [s, 3 H, non-ArCH31,2.33 [s, 3 H, ArCH31, 
3 H ,  COOCH3], 3.85 [s, 3 H. ArOCH31, 3.86 [s, 3 H, ArOCH 
[s, 1 H, olefinic], 6.74 [m, 2 H, Arl 

2,3-Dimethoxy-5-methylphenylglyo~yl i c  acid methyl ester 

M-31-15, 51, 
43 (28) 

3.74 [s, 
I ,  6.65 

(2.3) 

2,3-Dimethoxy-5-methylbenzoic acid methyl ester (2.4) 
M.5. m/e (rel. int.): 210 ( H ,  100). 195 (M-15, 41, 179 (M-31, 631, 
177 (M-33, 801, 167 (H-15-28 81, 149 (20), 136 (35) 9 121 (18) t 
gi (is), 79 (8), 77 (101, 65 (171, 59 (4). 53 (6) 45 (231, 39 
(18) 

2- (2-He thoxy-4 -me thy 1 phenoxy 
dimethyl ester (3.1) 

-1,3-butadiene-1,4-dicarboxylic acid 
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80 ERIKSSON AND G I E R E R  

2- (2-Methoxy-4-methyl phenoxy) -3 ,b-epoxy-l ,3-bu tad iene- 1,4-d icar- 
boxyl ic acid dimethyl ester (3.4) 
M . s .  m/e (rel. int.): 322 ( M ,  191, 306 lM-16, 3) I 263 (M-59, 1 1 ,  

247 (M-16-59), 234 (171, 221 (171, 193 (12), 175 (lo), 138 (46). 
123 (27), 113 (611, 1 1 1  (loo), 105 (151, 91 (851, 77 (4O), 69 
(251 ,  65 (201, 59 (70) 

'H NHR: 6 2.34 [s, 3 H, ArCH 1 ,  3.64 [s, 3 H ,  COOCH31, 3.76 
[ s ,  3 H, COOCH3], 3.80 [s, 3 H, ArOCH31. 3.90 [dd, 1 H ,  

3 

J = 4.6 and - 1 1 ,  4.98 [d, 1 H , olefinic, J -11, 6.76 - 6.92 
[ m ,  3 H, Arl 

1 - (2,3-0 i me thoxy-5-methy 1 benzy 1 ) -3-methy 1 -1 ,3-bu tad i ene- 1.4-d i - 
carboxyl i c  acid dimethyl ester (5.1) 
M.s. m/e (rel. int.): 348 ( M ,  121, 316 (H-32, 131, 289 ( M - 5 9 ,  241, 
285 (M-32-31, 12), 274 (121, 257 ( 1 1 1 ,  183 (H-165, 1001, 165 (H-183, 
I), 152 (22). 137 (151, 128 (61, 115 (41, 91 ( 5 1 ,  77 (41, 59 (3) 

'H NMR: 6 1.99 [dd, 3 H, non-ArCH3], 2.29 [s, 3 H, ArCH3], 3.65 

2-Methoxy-4-methylphenoxyethene-1,2-dicarboxylic acid dimethyl 

ester ( 3 . 2 )  
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OZONATION 81 

[ S  9 3 H, ~ ~ ~ ~ ~ 3 1 ,  3.67 [ s ,  3 H, COOCH31,  3.69 [d, 2 H, ArCH.2-, 

J -11, 3.79 Is, 3 H, A r O C H 3 ] ,  3.84 [ s ,  3 H, A r O C H 3 ] ,  5.70 [m, 1 H ,  

-C=CH-COOCH J -11, 6.63 - 6.68 [m, 2 H ,  A r ] ,  6.80 [m, 1 H ,  3 '  
- CH=C- COOCH3 1 

1 - (2,3- D imethoxy-5-methyl benzy l  -3-0x0- 1 -bu tene- 1 -carboxy l  i c a c i d  

I 
- 

- 1  

methy l  e s t e r  (5.2) 
M . s .  m/e 

249 (M-43 

159 (301, 

'H  NMR: 6 2.19 [ s ,  3 H, non-ArCH 1, 2.29 I s ,  3 H, A r C H 3 ] ,  3.61 3 
[ d ,  2 H ,  A r C H 2 - ,  J = 1.61, 3.77 [ s ,  3 H, A r O C H 3 ] ,  3.78 IS ,  3 H ,  

A r O C H 3 ] .  3.86 [ s ,  3 H, COOCH3] ,  5.94 [ t r ,  1 H, o l e f i n i c ,  J = 1.61, 

6.6 - 6.7 [m, 2 H, A r ]  

2,3-0imethoxy-5-methylphenyl p y r u v i c  a c i d  methy l  e s t e r  (5.3) 
M . S .  m/e ( r e l .  i n t . ) :  252 (M, 4 0 ) ,  192 (M-60, 8) 177 (81,  165 

(M-59 -28 ) ,  75) ,  150 (M-102, l o o ) ,  120 ( 8 ) .  105 (25) .  91 (151, 

77 ( 1 5 )  , 59 (51, 39 (6) 

2,3-Dimethoxy-5-methylphenylacetic a c i d  methyl e s t e r  5.4) 
M . s .  m/e ( r e l .  i n t . ) :  224 (M, 90 ) .  209 (M-15, 151,  177  ( 5 ) ,  165 

(M-59, 501, 150 (l4-74, 1001, 120 (51, 105 (221, 91 (171, 77 (191, 

59 (61, 39 (8 )  

Glycola ldehyde a c e t a t e  (6.2) 
M.s. m/e ( r e l .  i n t . ) :  102 (M, 3 ) ,  101 ( M - 1 ,  21 ,  74 (M-28, 2) 73 

(M-29, 91, 62( M-42, 61, 43 (100) 
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82 ERIKSSON AND GIERER 

2-Methyl - 1 ,3-bu tad  iene-4-carboxyl i c a,c id-1-carboxy l  i c  ac i d  

methyl e s t e r  (12.1) 
M . s .  m/e ( r e l .  i n t . ) :  170 ( M ,  I ) ,  155 (M-15, 11, 139 (M-31, g ) ,  

138 (M-32, 2 ) ,  125 (M-45, 5 5 ) ,  121 (161, 111 (M-59, l o o ) ,  97 (301, 

93 (131, 83 (181, 69 (161,  65  (61, 59 (10) 

y-Me thoxyca rbony 1 me t y  1 -y-me t h y  1 -a- bu ten0 1 i de (12.2) 
M.s. m/e ( r e l .  i n t . ) :  170 ( M ,  2 ) .  155 ( M - 1 5 ,  21, 139 (M-31, 51, 

138 (M-32, 41 ,  127 (301, 1 1 3  (151, 110 (M-60, 41, 97 (M-73, l o o ) ,  

69 (M-73-28, 3 1 1 ,  59 (251, 43 (45) 

y-Methoxycarbonyl methylene-6-methoxy-a-pentenol i de  (13.1) 

M . s .  m/e ( r e l .  i n t . ) :  198 ( M ,  2), 197 (M-1, 1 1 ,  167 ( M - 3 1 ,  351, 
166 ( 2 3 ) ,  154 (M-44, 42) ,  139 (M-59, l o o ) ,  123 (81, 111 (351, 95 

- 

( 1 0 1 ,  79 (491, 75 ( l o ) ,  69 (121,  59 (27) , 51 (49) 39 (20)  

1 1 
I 1 

H NMR: 6 3.63 [ s ,  3 H ,  COOCH31,  3.80 IS, 3 H, H-L-OCE3], 5.59 

[ t r ,  1 H, y-C-OCH 

and 1.81, 6.20 [ d  + d, 1 H, -CH=C&COO-, J = 10 and 1.81, 8 .22  

[ d  + t r ,  1 H, -C&=CHCOO-, J - 10 and 0.91 

1 3 C  NMR: 6 52.1 [COOcH3] ,  56.9 [H-C-O&H 1, 102 [H-C-OCH3], 122 

and 123 [=CH-COOCH3 and = CH-COO-], 136 [-CH=CHCOa, - 141 

J -0.91, 6.13 [m, 1 H ,  -C=C&COOCH3 , J = 0.9 
I 3 '  I 

I 1 

1 3  1 
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