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ALKALINE PULPING OF WOOD AND L I G N I N  MDDEL 
COMPOUNDS IN AQUEOUS DMSO 

Donald R. D i m m e l ,  Donaline Shepard, Lois F. P e r r y ,  
Thomas Joachimides,  Thomas J. McDonough. and Earl U. klalcolm 

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

ABSTRACT 

Lignin  model f ragmenta t ion  s t u d i e s  done in a l k a l i n e  aqueous DMSO 
e x h i b i t e d  a high degree of 8-aryl e t h e r  c leavage.  a degree equal  
t o  t h a t  of a comparable soda/AQ system. 
l o b l o l l y  p ine  in aqueous M50 demonstrated t h a t  DMSO a c c e l e r a t e s  
d e l i g n i f i c a t i o n ,  but  t h e  q u a n t i t i e s  requi red  appear  i m p r a c t i c a l .  
Severa l  l i g n i n  m d e l  compounds have been hea ted  a t  150'C with 
a l k a l i  i n  aqueous DEiSO t o  g ive  complex product  mixtures  conta in ing  
o x i d a t i o n ,  r e d u c t i o n ,  and methyl s u l f i d e  a d d i t i o n  products .  Low 
temperature  r e a c t i o n s  of DMSO and dimsyl an ion  with i n  s l t u  
genera ted  quinonemethides a f forded  unique products .  React ions 
a t t r i b u t e d  t o  DMSO were not observed when a n  oxidized ana log ,  
d lmethylsu l fone ,  was s u b s t i t u t e d  f o r  t h e  DMSO. 

Pulping s t u d i e s  with 

INTRODUCTION 

Organic  s o l v e n t s  are o f t e n  used i n  conjunct ion  with water t o  

i n s u r e  homogeneous r e a c t i o n s  dur ing  l i g n i n  model s t u d i e s .  Sometimes 

t h e  o r g a n i c  s o l v e n t  p lays  an unexpected r o l e ,  e i t h e r  promoting or 

h i n d e r i n g  r e a c t i o n .  For example, Obst found t h a t  i n c r e a s i n g  t h e  

r e l a t i v e  amounts of dioxane dur ing  degrada t ion  of an e t h e r i f i e d  

l i g n i n  model compound hindered r e a c t i o n  by c r e a t i n g  two phases at 

e l e v a t e d  temperatures . '  

d i m e t h y l s u l f o x l d e  (DMSO) promote t h e  f ragmenta t ion  of a trade1 

l i g n i n  compound and promote t h e  pulping of wood. These r e s u l t s ,  

a long wi th  some p r e l i d n a r y  mechanis t ic  s t u d i e s ,  are descr ibed  

here .  

We have found t h a t  low l e v e l s  of 
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230 DIMHEL ET AL. 

RESULTS 

L i g n i n  Model Fragmentat ion S t u d i e s  

hour i n  small p r e s s u r e  v e s s e l s ,  both with and without  AHQ-' 

p r e s e n t ,  in o r d e r  t o  a s c e r t a i n  what e f f e c t s  AHQ" had on t h e  

e x t e n t  of c leavage  of t h e  6-aryl e t h e r  bond of t h e  model. Frag- 

mentat ion of t h i s  bond produces g u a i a c o l  ( 2 ) .  The amount of 

g u a i a c o l  l i b e r a t e d  was determined by a s e n s i t i v e  gas  chromatog- 

raphy-mass spec t roscopy (GC-MS) technique.  A known q u a n t i t y  of 

3 ,5-d ideuteroguaiacol  was added as an i n t e r n a l  s t a n d a r d  p r i o r  to  

each r e a c t i o n ,  and fo l lowing  work-up of t h e  r e a c t i o n ,  t h e  r a t i o  of 

gua iacol  t o  guaiacol-d2 w a s  determined by s e l e c t e d  i o n  monitor ing 

(Sm) of masses 124 and 126 by GC-HS. This method of a n a l y s i s  

a l l o v s  t h e  use of very small sample s i z e s  ( i . e . ,  2 mg of 1 per 

experiment)  and should a l l e v i a t e  t h e  problems a s s o c i a t e d  with 

e f f  i c i e n t  recovery of the  p a r t i a l l y  water s o l u b l e  gua iacol .  

U g n i n  model compound 1 w a s  hea ted  with a l k a l i  a t  153°C f o r  1 

2 

"..+ CHon 

CH,-S-CH 0- 1. Q &HI 

R' OCH , 
0- MI 

DMSo 1, R ZCH,, R' = H 5 
A H Q - ~  

2, R = R ' = H  
3. R = H. A' = OCH, 
4. R = CH,OH. R' OCH, 

The y i e l d  of g u a i a c o l  from t h e  f ragmenta t ion  of 1 with OH- and 

OH'/AHQ'2 v a r i e d  cons iderably  wi th  changes i n  t h e  composi t ion of 

t h e  s o l v e n t  system. Figure 1 shows the v a r i a b i l i t y  of g u a i a c o l  

y i e l d s  as the s o l v e n t  composition is changed from 75% dioxane t o  

pure  water t o  75% PISO. The d a t a  of Fig. 1 poin t  ou t  s e v e r a l  

i n t e r e s t i n g  f e a t u r e s  of t h e s e  degrada t ion  reactions. 

I n c r e a s i n g  t h e  r e l a t i v e  amounts of dioxane in t h e  system 

r e t a r d s  t h e  f ragmenta t ion  r e a c t i o n  both in c o n t r o l  and AHQ runs. 
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Figure 1. The percent  g u a i a c o l  l i b e r a t e d  from a-hydroxy m d e l  
1 a t  153" a f t e r  60 minutes i n  an a l k a l i n e  s o l u t i o n ,  
w i t h  and without  AHQ. S o l i d  area on t h e  top of each 
b a r  i n d i c a t e s  the  range of d u p l i c a t e  runs. 

Cur r e s u l t s  suppor t  t h e  conclus ion  of Obst l  t h a t  water a lone  is a 

b e t t e r  s o l v e n t  than dioxane-water mixtures  f o r  ob ta in ing  e f f i c i e n t  

model f ragmenta t ion  r e a c t i o n s .  Degradat ions i n  DMSO produced 

h igher  y i e l d s  of gua iacol  than  t h o s e  in dioxane. 

The DNSO/OH- c o n t r o l  degrada t ions  were much better than t h e  pure 

water  system and were near ly  as e f f e c t i v e  as the  corresponding 

AHQ-2 degrada t ions .  As t h e  l e v e l  of M S O  decreased,  t h e  fragmen- 

t a t i o n  e f f i c i e n c y  of t h e  m d e l  both i n c r e a s e d  and approached wre 

c l o s e l y  t h a t  of t h e  AHQ-2 case. 

aqueous a l k a l i  was i n d i s t i n g u i s h a b l e  from AHQ-2 i n  water o r  i n  

water-5% DMSO mixtures .  [At a 5% s o l v e n t  l e v e l ,  t h e  DMSO was 

s t i l l  i n  l a r g e  excess  r e l a t i v e  t o  t h e  model. 

ments employed t h r e e  e q u i v a l e n t s  of AHQ-* p e r  equiva len t  of 

model. ] 

Previous  model s t u d i e s  by F u l l e r t o n 3  (employing 2) and Sano 

and coworkers4 (employing 1, 3, and 4) have demonstrated t h a t  M S O  

The e f f i c i e n c y  of 5% W S O  i n  

The AHQq2 e x p e r i -  
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232 DIMMEL ET AL. 

has  a p o s i t i v e  e f f e c t  on 8-aryl e t h e r  c leavage.  These i n v e s t i g a -  

t o r s  e i t h e r  employed DMSO neat, i n  conjunct ion  wi th  potassium 

- t - t ~ u t o x i d e , ~ ’ ~  or 50-902 MSO-water mixtures  wi th  NaOHS3 The 

e x t e n t  of 8-aryl ether c leavage  of models is o f t e n  taken as an 

i n d i c a t i o n  of wood d e l i g n i f i c a t i o n  e f f i c i e n c i e s .  5’6 Thus, t h e  

r e s u l t s  of t h e  model r e a c t i o n s  sugges ted  t h a t  d i l u t e  a l k a l i n e  

DMSO-water mixtures  may be as good as soda-AQ f o r  t h e  d e l i g n i f i c a -  

t i o n  of wood. 

Pulping S t u d i e s  

The l i t e r a t u r e  has numerous r e f e r e n c e s  t o  the use of DMSO i n  

pu lp ing  systems i n  which t h e  DMSO is  t h e  only s o l v e n t  and/or  i n  

which a c i d  c a t a l y s t s  are present .  4 ’ 7 - 1 4  

i n  amfne pulping 

Sweetgum has been pulped with 1N NaOH i n  50% aq. DMSO and t h e  r a t e  

of  d e l i g n i f i c a t i o n  was found t o  be f a s t e r  than  with o t h e r  mixed 

s o l v e n t  systems and f a s t e r  than  k r a f t  pulplng.19 

d i e s  p r i n c i p a l l y  concerned d i l u t e  DMSO s o l u t i o n s .  

Also, DnSO has been used 
17,18 15’16 and i n  pulp ing  pre t rea tments .  

Our pulping s t u -  

The r a t e  of soda pulping of l o b l o l l y  pine c h i p s  w a s  s i g n i f i -  

c a n t l y  a c c e l e r a t e d  by t h e  a d d i t i o n  of DMSO (Table  1) .  I n  f a c t ,  

pu lp ing  with soda/25% DMSO gave t h e  same y i e l d ,  kappa number, and 

rejects as an analogous cook w i t h  0.1% AQ. At 75% DUSO, t h e r e  was 

no f r e e  l i q u i d  phase af ter  pulp ing;  t h e  c h i p s  were very swollen. 

Although t h e  model s t u d i e s ‘  p r e d i c t i o n  was confirmed, pulping with 

25% DHSO is not  very p r a c t i c a l .  

The r e s u l t s  of pulping w i t h  low l e v e l s  of DMSO are given i n  

Table  2. A DHSO l e v e l  of roughly 3% based on oven-dry wood was 

needed t o  observe a s i g n i f i c a n t  d e l i g n i f i c a t i o n  rate increase .  

The i n e f f e c t i v e n e s s  of t h e  f i r s t  1% DMSO may be due t o  i t s  con- 

s m p t i o n  by some minor wood component. 

of CMSO and AQ o r  s u l f i d e  i n d i c a t e d  some complementary e f f e c t s  

w i t h  AQ, but not wi th  s u l f i d e .  A 3% nnSO/O.OS% AQ/soda system 

behaved s i m i l a r l y  t o  a 0.1% AQ/soda system. 

d i l u t e  aqueous s o l u t i o n s  of DMSO;zo however, LmSO would have t o  

Pulping wi th  mixed systems 

Technology is a v a i l a b l e  f o r  paper  mills t o  produce inexpensive 
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TABLE 1 

E f f e c t s  of Large Amounts of DMSO i n  Soda Pulpinga 

Screened Screened 
DMSO, % D S O ,  Z AQ, % T o t a l  R e j e c t s ,  % Pulp 

l i q u o r  vol .  0.d. wood 0.d. wood Y i e l d ,  % 0.d. wood Kappa No. 

0 0 0 54.0 8.6 100.0 
25 110 0 42.6 1.1 25.6 
25 110 0.1 42.2 0.4 25.1 
75 3 30 0 44.0 21.0 25.8 

aCons tan t  c o n d i t i o n s :  18% Na20 on 0.d.  wood, liquor-to-wood r a t i o  
4.0, 90 minu tes  rise t o  173OC. 120 minu tes  at 173OC. l o b l o l l y  
p i n e  c h i p s  ( a i r - d r y ) .  

TABLE 2 

E f f e c t s  of Small Amounts of DMSO i n  Soda Pulpinga 

Screened Screened Carbo- 
DMSO, % T o t a l  Rejects, % Pulp h y d r a i e  L ign in  

0.d. wood Yie ld ,  % 0.d. wood Kappa No. Yie ld ,  % Y i e l d , c  % 

0 50.6 6.2 87.1 44.0 6.61 
0.2 50.8 3.4 87.2 44.2 6.65 
0.4 50.1 2.8 89.5 43.4 6.73 
0.8 50.5 5.9 89.8 43.7 6.80 
1.6 50.7 2.7 86.4 44.1 6.57 
3.2 49.4 1.3 83.1 43.3 6.16 
6.4 48.5 1.2 72.5 43.2 5.28 

aConstant  c o n d i t i o n s  a s  i n  Tab le  1 ,  excep t  c h i p s  soaked i n  water  
bbe fo re  cooking l i q u o r  a d d i t i o n ;  f i n a l  pH = 13.4 i n  each case .  

‘Llgnin y i e l d  = 0.0015 x kappa x t o t a l  y i e l d .  
T o t a l  y i e l d  - l i g n l n  y i e l d .  

c o s t  4 $ / l b  t o  p a r t i a l l y  r e p l a c e  AQ a t  $2.40/lb. Chemical recovery 

of DMSO from pulping l i q u o r s  would probably be c o s t l y .  

pu lp ing  w i t h  DMSO appea r s  i m p r a c t i c a l .  

l b d e l  Product  S t u d i e s  

Thus 

--- 
The e f f e c t i v e n e s s  of DMSO i n  a l k a l i n e  pu lp ing  systems Is prob- 

a b l y  r e l a t e d  t o  a chemical r e a c t i o n  between t h e  DMSO and l i g n i n .  

T h i s  f a c t  is borne O u t  by t h e  p r e v i o u s l y  d e s c r i b e d  model s t u d i e s  

and t h e  e f f e c t i v e  c o n c e n t r a t i o n  r ange  of OMS0 (5-25%) i n  t h e  
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234 DIMHEL ET AL. 

pulp ing  s t u d i e s .  Phys ica l  e f f e c t s ,  such as the s w e l l i n g  of ce l l  

w a l l s  and s o l v a t i o n  of t h e  l i g n i n , 2 1  may a l s o  play  a r o l e .  

While DMSO pulp ing  looks  commercially u n a t t r a c t i v e ,  understand-  

i n g  its chemis t ry  may provide  i n s i g h t s  in to  new pulp ing  s t r a t e g i e s .  

The a c i d  c a t a l y z e d  e l i m i n a t i o n  of  benzyl  a l c o h o l  groups from 

d i b e n z y l  e t h e r  s t r u c t u r e s  in aq. DMS022 and t h e  r e a c t i o n s  of 3 and 

4 with  - t-BuOK i n  anhydrous M04 a p p e a r  t o  be t h e  only  previous 

"mechanis t ic"  s t u d i e s  with DnSO and l i g n i n  models. We, t h e r e f o r e ,  

b r i e f l y  examined t h e  n a t u r e  of t h e  v o l a t i l e  product  ob ta ined  in 

some l i g n i n  model r e a c t i o n s  wi th  aqueous a l k a l i n e  DMSO s o l u t i o n s .  

Product mixtures  were analyzed by GC/HS and components were 

a s s i g n e d  s t r u c t u r e s  based on d i r e c t  and i n d i r e c t  comparison to  

known samples or i n t e r p r e t a t i o n  of t h e  mass s p e c t r a l  da ta .  Except 

f o r  g u a i a c o l  from 1 and 2, component y i e l d s  were not q u a n t i f i e d .  

The odor of some of t h e  products  precluded e x t e n s i v e  p u r i f i c a t i o n  

and q u a n t i t a t i o n  a t tempts .  The p r e l i m i n a r y  n a t u r e  of t h i s  s tudy 

j u s t  concerned a cursory  examinat ion of t y p e  and rough amounts of 

t h e  products .  

Heat ing l i g n i n  model 1 v i t h  aqueous DMSO/alkali a t  153°C gave,  

b e s i d e s  some recovered s t a r t i n g  material, g u a i a c o l  ( 5 )  i n  large 

amounts (F ig .  l ) ,  i soeugenol  (6) in moderate amounts and ketone 7 

and v inyl  e t h e r  8 i n  minor amounts [Eq. (1). where Ar = 2-methoxy- 

phenol ] .  The l a t t e r  compound may not  be a primary product ,  but 

r a t h e r  formed by dehydra t ion  of 1 d u r i n g  r e a c t i o n  work-up and/or  

GC a n a l y s i s .  Isoeugenol  is an i n t e r e s t i n g  product  in t h a t  i t  is 

a l s o  seen  i n  reasonable  l e v e l s  w i t h  AQ pulping c o n d i t i o n s  but not 

soda or  k r a f t  condi t ions .  6 

CHI, 7% 7" , y 1 

CH C==O C-OAr 
II I I t  
cn cn 

CH-OAr 
I 

Hao'WSo N.OH ArOH -t @ 4- 6 ($,c:! 
ocn, i s r c  OCH, OCH, 

OH 5 on OH OH 

6 7 8 

6 
1 
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PULPING OF WOOD 235 

A similar degrada t ion  of model 2 gave,  upon GC-HS a n a l y s i s ,  

t h e  fo l lowing  product  mixture: s t a r t i n g  material, g u a i a c o l ,  aceto-  

guaiacone 9 ,  two s u l f i d e s  10 and 11, v i n y l  e t h e r  12, and a component 

t e n t a t i v e l y  i d e n t i f i e d  as 13 (Eq. 2) .  The f ragmenta t ion  product  

analogous t o  6 ,  except  no 6<H3 (i.e., 31) was not d e t e c t e d ;  i t  

(4-v inylguaiacol )  is prone t o  be l o s t  by polymerizat ion s i d e  reac- 

t i o n s .  The i d e n t i f i c a t i o n  of  minor component 13 w a s  based on i t s  

GC r e t e n t i o n  t i m e  and HS s i g n a l s  at  m/e 274 (molecular  i o n )  and 

137 (benzyl  i o n  from C,-CB c leavage) .  

CH,OAr 
I cnon 

on on on on 
5 

2 9 10. R = H 12 13 
11, R = CH, 

The two s u l f i d e s  were unexpected products .  Confirmation of 

t h e i r  s t r u c t u r e s  was provided by independent syntheses  and com- 

p a r i s o n  of GC r e t e n t i o n  t i m e  and HS c h a r a c t e r i s t i c s .  The synthe-  

ses were accomplished by t h e  set of r e a c t i o n s  o u t l i n e d  i n  Eq. (3) .  

R R R 
I I I 
cnon cnci cnsw. 

14, R = H 

15, R = CH, 

16. R = H 

l7, R = CH, 

18, R = H 

19, R = CH, 

The reasons why one model gave s u l f i d e  products  and t h e  o t h e r  

d i d  not are not clear. Addi t iona l  s t u d i e s  appeared a p p r o p r i a t e .  

Therefore ,  p h y d r o x y b e n z y l  a l c o h o l  20 and syringyl  a l c o h o l  23 were 

s u b j e c t e d  t o  aqueous MSO/a lka l i  cooks. 

Eq. (4) and ( 5 ) .  

p a r i s o n  wi th  an a u t h e n t i c  sample synthes ized  us ing  a procedure 

analogous t o  t h a t  g iven  by Eq. (3).  Authent ic  samples of t h e  

The r e s u l t s  are g iven  i n  

The s u l f i d e  product  26 was i d e n t i f i e d  by com- 
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236 DIHMEL ET AL. 

n o n s u l f u r  compounds were a v a i l a b l e  f o r  d i r e c t  comparison. Conden- 

s a t i o n  products  22 and 27 were expected.  23 

CH 1 cno 

cn,o 
OH on OH 

23 24 25 (5 1 

26 27 

The r e a c t i o n s  o u t l i n e d  above were done wi th  commercial DMSO. 

R e p e t i t i o n  of two of t h e  cooks wi th  f r e s h l y  p u r i f i e d  DMSO gave 

i d e n t t c a l  r e s u l t s .  Thus, the methyl s u l f i d e  products  do not 

arise from a contaminant (CH3SH) in t h e  DMSO. 

s u l f i d e  ion  is genera ted  by a reduct ion  of DMSO dur ing  the  reac- 

t i o n  and thus  adds t o  t h e  quinone-methide i n t e r m e d i a t e s  present  i n  

t h e  mixture  t o  g i v e  t h e  observed s u l f i d e  products  [Eq. ( 6 ) l .  

Apparent ly ,  methyl 

0' 
I reduction 

CH,-s-cn, --cn,s- 
Y 

- 
I OCH, w o n  

0 
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Acidfbase r e a c t i o n s  of DMSO and hydroxide ion, which g ive  rise 

t o  dimsyl an ions  28, may be prominent at  150°C (Eq. ( 7 ) J .  The 

b a s i c i t y  of hydroxide i n c r e a s e s  d r a m a t i c a l l y  w i t h  temperature. 

Dimsyl an ion  might react wi th  t h e  models and l i g n i n ,  probably v i a  

quinonemethide i n t e r m e d i a t e s ,  t o  produce f ragmenta t ion  and 

d e l l g n i f i c a t i o n .  Qinonemethfdes  can be genera ted  under mild con- 

d i t i o n s  by t h e  hydro lys is  of pacetoxybenzylchlorides, such as 16 
and 1%25 

methides genera ted  from c h l o r o a c e t a t e s  were i n v e s t i g a t e d .  

24 

A few r e a c t i o n s  of DMSO and dimsyl anions with quinone- 

0- 
I 

0- 
I high 

cn,-s'cn,+ no- .&2 cn,-s'-cn; + n,o (7) 
temp. 

28 

A DMSO s o l u t i o n  of dimsyl a n i o n s ,  produced from DMSO and N a H ,  

w a s  mixed with c h l o r o a c e t a r e  16 a t  room temperature .  The major 

product d e t e c t e d  by GC/MS was 4-vinylguaiacol  (31) .  The presumed 

course  of r e a c t i o n s  g iv ing  r ise t o  t h i s  product  is shown in Eq. (8) .  

Chemistry analogous t o  30 -> 31 is known. 26 

The degrada t ion  of c h l o r o a c e t a t e  32 with anthrahydroquinone in 

a l k a l i n e  75% DMSO-water a t  25" produced an i n t e r e s t i n g  by-product, 

ketone 34 (Eq. 9 ) .  'Ihe l e v e l  of ketone produced var ied  i n v e r s e l y  

wi th  the  l e v e l  of NaOH used. None was observed when dioxane was 

s u b s t i t u t e d  f o r  DMSO. The product ion of a ketone by DMSO is not 

s u r p r i s i n g ,  s i n c e  DMSO/adnes in o r g a n i c  s o l v e n t s  f u n c t i o n  as 

o x i d i z i n g  agents .  27 
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238 DIMMEL ET A L .  

Dimethylsulfone (CH3S02CH3) i s  a close r e l a t i v e  of DnSO and 

may be expected t o  e x h i b i t  some of t h e  c h a r a c t e r i s t i c s  of NSo. 

Yet, wood pulping and model cooks w i t h  d imethylsu l fone  showed no 

enhanced d e l i g n i f i c a t i o n  rates o r  6-aryl e t h e r  c leavage.  No 

s u l f i d e  products  were observed i n  model cooks. Any mechanis t ic  

p r o j e c t i o n s  w i l l  have t o  r e c o n c i l e  t h e s e  v a s t  behavior  d i f f e r e n c e s  

w i t h  j u s t  a small change i n  t h e  o x i d a t i o n  state of t h e  s u l f u r .  

CONCLUSIONS 

Alka l tne  s o l u t i o n s  of dimethyl  s u l f o x i d e  accelerate t h e  

c leavage  of 6-aryl e t h e r  bonds i n  l i g n i n  model compounds and t h e  

d i s s o l u t i o n  of l i g n i n  from wood dur ing  pulping.  Its exac t  mecha- 

nism of a c t i o n  i s  unclear  from t h e  experiments  performed h e r e  with 

s e l e c t e d  model compounds. However, t h e  DMSO/alkalt system produces 

s e v e r a l  o x i d a t i o n  and reduct ion  products  of t h e  models and of 

DMSO. The observed laethyl s u l f i d e  a d d i t i o n  products  i n d i c a t e  t h a t  

some DMSO is converted t o  CH S- d u r i n g  t h e  high temperature  reac- 

t ion. 

t o  t h e  genera ted  Cli3S', which is a known pulping aid.28 Under 

pulp ing  c o n d i t i o n s ,  some dimsyl an ions  are probably g e n e r a t e d ;  

t h e s e  an ions  can add t o  i n t e r m e d i a t e  quinonemethides and p o s s i b l y  

f acl l i ta te  c leavage  of neighboring i n t e r l i n k a g e  l i g n i n  bonds. 

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  may be Important  t o  e f f i c i e n t  

d e l i g n i f i ~ a t i o n , ~ ~  and DHSO, a f r e q u e n t l y  used s o l v e n t  for 

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  ,30 may f a c i l i t a t e  such r e a c t i o n s .  

3 

P a r t  of DMSO's " d e l i g n i f i c a t i o n  e f f e c t "  d g h t  be a t t r i b u t a b l e  
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EXPERIMENTAL 

The mass s p e c t r a  were obta ined  wi th  a Hewlett-Packard Hodel 

5985 GC-US spec t rometer  equipped with a 2' column packed with X 

OV-1 on Chrom WiP (100-120 mesh). The GC employed a helium flow 

of  30 mL/min and a temperature  program as fo l lows  ( u n l e s s  s t a t e d  

o t h e r w i s e ) :  hold a t  120' f o r  3 d n ,  raise a t  25' /dn t o  a f i n a l  

tempera ture  of 285OC. 

A JEOL FX 100 spec t rometer  was used t o  o b t a i n  NMR data .  The 

pulp ing  experiments  were done wi th  l o b l o l l y  p ine  c h i p s  in 500 mL 

bombs r o t a t e d  in a n  oil bath,31 us ing  t h e  c o n d i t i o n s  g iven  in 

Tables  1 and 2. 

Standard Procedure. - Low temperature  r e a c t i o n s  were done in 

small round-bottomed f l a s k s  under a n i t r o g e n  atmosphere and a g i t a -  

t i o n  wi th  a magnetic s t i r r i n g  bar .  High temperature  r e a c t i o n s  

were done in 5.5 mL capac i ty  s t a i n l e s s  s teel  bombs; t h e  r e a c t a n t s  

were placed in t h e  bomb, f lushed  with n i t r o g e n ,  s e a l e d ,  and immer- 

s e d  in a t h e r m o s t a t i c a l l y  c o n t r o l l e d  oil bath set a t  153°C f o r  1 

h r .  

and e x t r a c t i n g  (2-3 t imes)  with small amounts of CHC13; t h e  com- 

bined chloroform s o l u t i o n s  were washed s e v e r a l  times with water, 

d r i e d  (Na2S04), f i l t e r e d ,  and analyzed by GC-MS. 

React ions were worked-up by cool ing.  n e u t r a l i z i n g  with 3M_ HC1, 

Guaiacol-3,5-d2. - A s o l u t i o n  of 10 g of gua iacol  in 50 g of 

100% D3P04 w a s  s t i r r e d  f o r  s e v e r a l  days in a n i t r o g e n  atmosphere. 

[All glassware  was oven-dried before  use.] 

e x t r a c t e d  t h r e e  times with comparable volumes of 50/50 e t h e r -  

benzene. Emulsions and s o l u b i l i t y  problems cause t h e  loss of 

roughly h a l f  of t h e  organic  s o l v e n t  mixture. k c h  of t h e  deuter -  

a t e d  g u a i a c o l  should be in t h e  organic  phase; however, t h e  follow- 

i n g  a d d i t i o n a l  s t e p s  were taken  t o  remove t h e  rest of t h e  gua iacol .  

The D3P04 phase was dr ipped s lowly i n t o  an excess  of s t i r r e d  

aqueous NaHC03, and t h e  r e s u l t t n g  s o l u t i o n  was  e x t r a c t e d  w i t h  

50 /50  ether-benzene. 

NaHC03 and then  water, d r i e d  (Na2S04), combined with t h e  f i r s t  

ether-benzene e x t r a c t s ,  and g e n t l y  d i s t i l l e d  t o  g i v e  6.8 g of 

Zhe s o l u t i o n  was 

The l a t t e r  was washed with aqueous 
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240 DIMMEL ET AL. 

p a r t i a l l y  d e u t e r a t e d  gua iacol .  

g u a i a c o l  w a s  t r e a t e d  a g a i n  with 50 g of D3P04 f o r  s e v e r a l  days and 

worked up as d e s c r i b e d  above t o  g i v e  roughly 5 g of e x t e n s i v e l y  

d e u t e r a t e d  g u a i a c o l ,  Eoth IMR and GC-!lS i n d i c a t e d  t h a t  t h e  r ing  

pro tons  were n e a r l y  completely rep laced  wi th  deuter iums.  

Without f u r t h e r  p u r i f i c a t i o n  t h e  

The crude d e u t e r a t e d  g u a i a c o l  was placed in a t i t a n i u m  bomb 

wi th  15 mL of 4 2  NaOH, f lushed  wi th  n i t r o g e n  g a s ,  s e a l e d ,  and 

hea ted  a t  153OC for 2 hours. The bomb was cooled,  opened, and t h e  

c o n t e n t s  were n e u t r a l i z e d  with aqueous HC1. The r e s u l t i n g  so lu-  

t i o n  was e x t r a c t e d  s e v e r a l  times with 50/50 benzene-ether. The 

combined o r g a n i c  e x t r a c t s  were d r i e d  (Na2S04) and d i s t i l l e d  t o  

g i v e  3 g of guaiacol-3,5-d2, b.p. 200-210°; 'H-NMR (CDC13) 8 3.85 

(5 ,  OCH3),  5.66 (5 ,  OH) and 6.84, 6.92 ( s i n g l e t s ,  C4 and C 

[nondeutera ted  g u a i a c o l  shows a m u l t i p l e t  i n  t h e  6.8-7.0 r e g i o n ] ;  

13C-NMR (cDC1,) PPM 55.8 (5,  O C H 3 ) ,  114.4 ( d ,  C6), 119.9 ( d ,  C4), 

145.6 and 146.5 ( s i n g l e t s ,  C1 and C2),  s i g n a l s  f o r  C3 and C were 

a b s e n t ;  MS =/= 126 (guaiacol-d2,  100%) and 124 ( g u a i a c o l ,  1.42). 

p ro tons)  6 

5 

Degrada t ions  of 1-(4'-Hydroxy-3'-aethoxypheny1)-2-(2'-methoxy- 

phenoxy)-1-propanol (1) for Guaiacol Yields .  - Stock s o l u t i o n s  

c o n t a i n i n g  10.0 mg of model 132 and 4.1 mg (1 equiv.)  of gua iacol -  

3,5-d per  mL of e i t h e r  DMSO or  dioxane were prepared.  Another 

s t o c k  s o l u t i o n  of NaOH in water (0.0484 g/mL) was a l s o  prepared.  

Reac t ions  i n v o l v i n g  AHQ employed 29 mg ( 3  equiv.  based on 1) of 

anthrahydroquinone d i a c e t a t e  and an e x t r a  1 2  e q u i v a l e n t s  of NaOH. 

The d i a c e t a t e  is hydrolyzed r a p i d l y  by t h e  base in t h e  e a r l y  s t a g e s  

of t h e  r e a c t i o n s :  AHQ-diacetate + 4NaOH-> Na AHQ + 2NaOAc. 

2 

2 
The r e a c t i o n s  were performed in small s t a i n l e s s  steel bombs of 

5.5 mL c a p a c i t y .  Except f o r  t h e  pure water exper iments ,  t h e  bombs 

were charged with AHQ-diacetate (where n e c e s s a r y ) ,  I mL of 

s o l u t i o n  (depending on whether AHQ d i a c e t a t e  was p r e s e n t )  t o  g i v e  

23 e q u i v a l e n t s  of NaOH ( a f t e r  AHQ d i a c e t a t e  h y d r o l y s i s ) ,  and varying 

l e v e l s  of water and pure  o r g a n i c  s o l v e n t  to  o b t a i n  4 mL of t h e  

d e s i r e d  s o l v e n t  mixture. 
and immersed i n  a 153OC t h e r m o s t a t i c a l l y  r e g u l a t e d  oil bath  for 1 

hour. A f t e r  c o o l i n g ,  t h e  bombs were opened and t h e  c o n t e n t s  were 

The bombs were f lushed  wi th  N2, s e a l e d  
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a c i d i f i e d  and s t i r r e d  in air  u n t i l  t h e  AHQ-' ( r e d  co lored)  had 

oxidized t o  c o l o r l e s s  AQ. 'Ihe s o l i d s  were f i l t e r e d  and washed 

wi th  a small amount of o r g a n i c  s o l v e n t  ( W O  or dioxane) .  h e  

water d i l u t e d  f i l t r a t e  was e x t r a c t e d  wlth 2 mL of CHC13. 

a column tempera ture  of l l O ° C  i so thermal .  Both gua iacol  and 

guaiacol-d2 e l u t e d  a t  2.0 minutes. 

monitored and t h e  r a t i o  of t h e  two ions d e t e m l n e d .  The observed 

r a t i o  was compared t o  r a t i o s  obta ined  with s tandard  gua iacol /  

gua iacol -d  m i x t u r e s  to  de termine  t h e  y i e l d  of gua iacol  produced 

in t h e  r e a c t l o n .  

a d d i t i o n a l  e x t r a c t s  gave t h e  same guaiacof /gua iacol -d2  ra t ios ,  

For pure water degrada t ion  runs. both t h e  model 1 and AHQ- 
d i a c e t a t e  were weighed i n t o  t h e  bomb; guaiacol-d2 was d i s s o l v e d  i n  

d i l u t e  NaOH and p i p e t t e d  i n t o  t h e  bomb. Again, t h e  q u a n t i t i e s  of 

reagents  were a d j u s t e d  so t h a t  t h e  4 mL bomb s o l u t i o n s  conta ined  1 

equiv. of model and gua iacol -d2 ,  3 or zero equiv. of AHQ-diacetate, 

and e i t h e r  23 or 35 e q u i v a l e n t s  of NaOH. 

A sample, 1 PL, of t h e  c H C l 3  s o l u t i o n  was analyzed by N-M at 

Only masses 124 and 126 were 

2 
Only one 2-L CHCl3 e x t r a c t  was ana lyzed ,  s i n c e  

Each d e g r a d a t i o n  w a s  done in an i d e n t i c a l  way, and in d u p l i -  

c a t e ,  t o  g i v e  t h e  r e s u l t s  shown in Pig. 1. 

Product Analys is  of the d e g r a d a t i o n  of l-(4'-Hydroxy-3~-rrethoxy- 

phenyl)-2-(2"-.rcthoxyphenoxy)-l-propanol (1). - Zhe s tandard  pro- 

cedure d e s c r i b e d  above was  employed fo r  a 1 hr ,  153" degrada t ion  

of 10 mg of model 13' with  100 mg of NaOH i n  3 mL of 50/50 WSO- 

water. The GC-MS a n a l y s i s  showed s t a r t i n g  material (11, g u a i a c o l  

( 5 ) ,  and i soeugenol  (6)  as major components of t h e  product  d x -  

t u r e .  Their  p resence  was confirmed by comparing GC r e t e n t i o n  

times and mass s p e c t r a  wi th  a u t h e n t i c  samples. Severa l  d n o r  com- 

ponents were also present .  One, v l t h  a r e t e n t i o n  t i m e  a l i t t l e  

longer  than i soeugenol ,  w a s  ass igned  s t r u c t u r e  7,  1-(4'-hydroxy- 

3'aethoxyphenyl)-2-propanone, based on a w l e c u l a r  i o n  a t  m/e 180 

(204) and a base  peak a t  m/= 137, which could be t h e  benzyl ion 
from C -C bond c l e a v a g e ;  t h e  spectrum matched t h a t  r e p o r t e d  by 

F u l l e r  ton.  233 

disp layed  a m/e 286 ion which would correspond t o  t h e  molecular  

weight of v i n y l  e t h e r  8. 

A s m a l l  component preceding model 1 i n  t h e  GC 
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Degradat ion of  1-(41-Eydrory-3'mtha.ypbcnyl)-2-(2"- 

m e t h o x y p h e n o x y ) c t h l  (2). - The s t a n d a r d  procedure uas employed 

f o r  a 2 hr ,  153'C degrada t ion  of 0.10 g of model 232 v i t h  0.32 g 

o f  %OH in 3 nL of uater and 0.15 mL of DMSO. 
product  components, i d e n t i f i e d  by comparison t o  a u t h e n t i c  8 a P p h 3 ,  

were g u a i a c o l  (2.0 min), v i n y l  ether 12 ( 8 . 4  min), and 2 (8.6 d n ) .  

Minor components c o n s i s t e d  o f :  

166 (45%. &), 151 ( loo%, ArCH2+) and 123 (25%. 

hydroxy-3-methoxybentyl s u l f i d e  (10) (5.0 min) ,  a_//e 184 (45% Mc) 
and 137 (100% ArCH2+) ; methyl 4-hydroxy-3-methoxy-o9ethylbeazyl 

s u l f i d e  (11) (5.1 min),  =/% 198 (13%, 

The t h r e e  major 

acetoguaiacone ( 9 )  (4 .1  min) ,  / e  
methyl 4- 

and 151 ( l o o % ,  A&HCH3). 

A corresponding degrada t ion  u s i n g  0.168 g of d imethylsu l fone ,  

0.100 g of model 2 and 0.321 g of NaOH in 3 mL of water  gave a 

product  mixture  c o n t a i n i n g  model 2, v i n y l  e t h e r  12, and guaiacol .  

Even with s e l e c t e d  ion n n n i t o r i n g  (SIM), products  analogous t o  

s u l f i d e s  10 and 11 were not d e t e c t e d .  The same set of products  i n  

roughly t h e  same ratios uere observed when model 2 w a s  degraded i n  

t h e  absence of e i t h e r  d imethylsu l fone  o r  DMSO. 

Hethyl 4-Eydroxy-3-aethoxybeenzyl S u l f i d e  f 

f i t t e d  with a condenser, magnet ic  s t i r r i n g  bar 

o u t l e t ,  dropping funnel  and t w o  t r a p s  (one aq. 

0 ) .  - In a RB f l a s k  

n i t r o g e n  i n l e t /  

KMn04 and t h e  o t h e r  

sat. aq. Pb(OAc)2 t o  c a p t u r e  CH3SH), w a s  added 25 mL of water, 

and 1 . 3  g (1 equiv . )  of 2-methyl-2-thiopseudourea s u l f a t e .  A 

s o l u t i o n  of 0.56 g of NaOH in 20 mL of u a t e r  was s lowly dr ipped 

i n t o  t h e  s t i r r e d ,  60'C s o l u t i o n  t o  g e n e r a t e  CH SNa. Af te r  s t i r r -  3 
ing an a d d i t i o n a l  15 ein at  60', t h e  s o l u t i o n  was cooled t o  room 

25 t empera ture  and 1 g of 4-acetoxy-3-nethoxybenzyl c h l o r i d e  (16)  

in 20 mL of dioxane was added dropwise. A f t e r  s t i r r i n g  fo r  90 

min, t h e  s o l u t i o n  uas a c i d i f i e d  and e x t r a c t e d  with CHC13. 

of  t h e  CHCl 

16 and t h e  o t h e r  t o  mathyl 4-acetoxy-h11ethoxybenzyl s u l f i d e  (18) :  

MS m/ 214 (3% H+), 184 (4%,  H-ketene) and 137 (100%. ArCH2+- 

ketene)  . 

Analysis  

e x t r a c t  showed only  two s i g n a l s ;  one corresponded t o  3 

A p o r t i o n  of t h e  CHCl s o l u t i o n  of t h e  odorous 16 was evap- 3 
o r a t e d  and taken  up i n  CH30H. The methanol solution w a s  s t i r r e d  
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a t  6OoC with  15 mL of 12 NaOH for 90 d n ,  cooled,  a c i d i f i e d  and 

e x t r a c t e d  wi th  CHC13. 

showed two p r i n c i p a l  components in n e a r l y  e q u a l  amounts; one 

Analysis  of t h e  CHC13 e x t r a c t  by GC-MS 

Hs t o  s u l f i d e  10 corresponded e x a c t l y  in GC r e t e n t i o n  time and 

observed i n  t h e  prev ious  r e a c t i o n .  The o t h e r  

methyl 4-hydroxy-3-methoxybenzyl e t h e r :  m/= 
(12%. M-11, 137 (1002, ArCH2+) and 122 (21%). 

Methyl 4-Eydroxy-3acthoxy-crasthylbenzyl 

procedure similar t o  t h a t  d e s c r i b e d  above w a s  

appeared t o  be 

68 (38%, 167 

S u l f i d e  (11). - A 

employed t o  t reat  

0.314 g of 4-acetoxy-3-methyl-a-methylbenzyl c h l o r i d e  with 6 

equiv.  of in s i t u  genera ted  CH SNa. The workup of t h e  r e a c t i o n  3 
a f forded  t h e  d e s i r e d  product  d i r e c t l y ,  i .e . ,  no h y d r o l y s i s  was 

needed. The major component of t h e  odorous product mixture  c o r r e s -  

ponded e x a c t l y  i n  GC r e t e n t i o n  time and E1s t o  t h e  s u l f i d e  (11) 

observed in t h e  degrada t ion  of model 2. Two minor l o w  r e t e n t i o n  

compounds were a l s o  observed: 31, MS -- m / e  150 (1002, M'), 135 

(962, H-15), 107 (41%) and 77 (54%) and a-methyl-4-hydroxy-3- 

methoxybenzyl a l c o h o l ,  MS 168 ( 5 0 % ,  M+), 153 (78%, M-15) and 

93 (100%). 
Methyl 4-Bydroxp-3,5dl~ethoxybenryl S u l f i d e  (26) .  - A proced- 

ure  i d e n t i c a l  t o  t h a t  d e s c r i b e d  above w a s  employed us ing  30 mg of 

4-acetoxy-3,5-dimcthoxybenzyl c h l o r i d e .  The l a t t e r  was prepared by 

t r e a t i n g  s y r i n g y l  a l c o h o l  with a c e t y l c h l o r i d e :  2 5 ,  'H-NMR 6 (CDC13) 

2.32 (s, 3, Ac), 3.82 ( 8 ,  6, OCH3),  4.54 (s, 2, -CHZC1) and 6.63 
(s, 2,  a r y l ) ;  IR (mull)  1760 cm'l ( e s t e r  C=O). Analysis  of t h e  

s u l f i d e  a d d i t i o n  product  mixture  showed s t a r t i n g  c h l o r o a c e t a t e ,  MS 

-- m / e  202l204 (35%, M+) and 167 (100%. ArCH2+) and s u l f i d e  26, MS 

214 (192, el, 167 (loo%, ArCH2+) and 123 (14%). 
Degradation of &dfydroxybenzyl Alcohol (18). - The s tandard  

procedure was employed f o r  a 1 h r ,  153OC degrada t ion  of 0.1 g of 

20 with  0.1 g of NaOR i n  3 mL of 50/50 PiSO-water. Analysis  of 

GC-MS showed only two main components: t h e  low r e t e n t i o n  t i m e  

component w a s  methyl-1-hydroxybenzyl s u l f i d e  (21) .  MS 
~ ) ,  107 (loo%, ArCH2+) and 77 (18%); t h e  high r e t e n t i o n  t i m e  peak 

154 (21%. 
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was bis-(E-hydroxypheny1)methane (22)  , MS z//e 200 (74% , @), 199 

(312, M-I) and 107 (100% ArCH2+). 

was employed f o r  a I h r ,  153°C d e g r a d a t i o n  of 0.1 g of s y r i n g y l  

a l c o h o l  (21) wi th  0.1 g of N O H  i n  3 mL of 50/50 WSO-water. 

Analys is  by GC-MS showed an abundant component at 9.8 min which 

corresponded t o  t h e  dimer ~ 7 , ~ ~  MS 21% 320 (1004 ,  M+), 289 (50%.  

M-CH30) and 167 (754, ArCH2+), a m d e r a t e  component (6.5 min) 

corresponding  t o  s u l f i d e  26, which had an i d e n t i c a l  r e t e n t i o n  time 

and Hs t o  t h e  material prepared above, and minor components at 3.7 

min and 5 . 5  d n  corresponding t o  2.6-dimethoxy-4-methyl phenol 

(24) ,14  MS -- m/e 168 (100%. M+) and 153 (~51%~ M-CH3), and 

syr inga ldehyde  (25) .35 MS z/e- 182 (100%. &I and 181 ( 6 5 % ,  M-H). 

34 

Degradation of S y r i n g y l  Alcohol (23). - The s tandard  procedure 

A d e g r a d a t i o n  of s y r i n g y l  a l c o h o l  wi thout  W S O  or with 

d imethylsu l fone  g i v e s  t h e  same product  mixture  except  no s u l f i d e  

26 was observed. 

Dimsyl Anion Reaction w i t h  C h l o r o a c c t a t e  (16). - A mixture of 

2.0 g (83  m o l e s )  of sodium hydr ide  i n  50 mL of f r e s h l y  d i s t i l l e d  

DMSO (in dry  g lassware .  under a n i t r o g e n  atmosphere) was s t i r r e d  

f o r  2 L/2 hr  at  75'C, cooled t o  room tempera ture ,  and then 2.0 g 

( 9  anwles) of 4 - a c e t o x y - h e t h o x y b e n z y l  c h l o r i d e  ( 16) 25 d i s s o l v e d  

i n  10 mL of DMSO was added dropwise. After s t i r r i n g  o v e r n i g h t ,  

t h e  s o l u t i o n  was poured i n t o  an excess  of water, a c i d i f i e d  with 3; 

Ha, and e x t r a c t e d  with CHCl3. The combined CHCl3 e x t r a c t s  were 

washed wi th  water. d r i e d  (Na SO ),  and evaporated.  Analysis  of the  

r e s u l t i n g  r e s i d u e  showed only a s i n g l e  component, 4 - v i n y ~ g u a i a c o l  

(31). i d e n t i c a l  t o  a n  a u t h e n t i c  sample, HS 21% 150 (100%. M+), 135 

(75%. M-CH3), 107 (20%), and 77 (22%). 

2 4  

A s i m i l a r  r e a c t i o n  done w i t h  d imethylsu l f  one gave s t a r t i n g  

material (16) a t  5.0 d n  in l a r g e  amounts, 1,261(4-hydroxy-3- 

m e t h ~ x y p h e n y l ) e t h a n e , ~ ~  l4S 274 (122, M+) and 137 (1004 

ArCH2+), at 8.5 min in small-moderate  amOunts, and s e v e r a l  

minor components i n  t h e  8-11 d n  region.  

Dcgradat ion of l-Chloro-l-(4'-hydrory-3'~thoxyphtnyl)- 
2-(2'methoxyphenoxyl)ethanc (32). - A mixture of 302 mg ( 3  
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equiv.)  of A H p d i a c e t a t e  in 40 mL of 75% DHSO-water, conta in ing  

301 mg (22 equiv . )  of NaOH and 48.5 mg (1 equiv.)  of c r e s o l  

( i n t e r n a l  s t a n d a r d ) ,  was s t i r r e d  f o r  15 min a t  25OC and then 120 

mg (1 equiv . )  of s o l i d  c h l o r o a c e t a t e  3232 w a s  added. 

withdrawn at var ious  time i n t e r v a l s ,  worked-up in t h e  s tandard  

manner and analyzed by GC-MS. 

methoxyphenoxy)-4-hydroxy-3-methoxyacetophenone ( 3 4 ) .  The l e v e l  

of 34 i n c r e a s e d  ( r e l a t i v e  t o  t h e  c r e o s o l )  wi th  t i m e .  

Saaples  were 

Each sample contained e(2- 

S i m i l a r  runs were done with h igher  and lower NaOH con- 

c e n t r a t i o n s .  'Ihe observed l e v e l  of ketone 34 decreased with 

i n c r e a s i n g  base concent ra t ion .  

dioxane was s u b s t i t u t e d  f o r  DMSO. 

No ketone 34 was observed when 

1. 
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3. 

4. 
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6. 

7. 
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