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ABSTRACT 

Gel permeat ion chromatography o f  t h e  condensat ion p roduc ts  o f  
phenols and formaldehyde proved e f f e c t i v e  i n  understanding t h e  
r e a c t i o n s  o f  condensed t a n n i n s  w i t h  formaldehyde. 
densa t ion  o f  p h l o r o g l u c i n o l s ,  r e s o r c i n o l s  , ca techo ls ,  (+)catechin,  
and ( - ) e p i c a t e c h i n  were examined t o  determine i f  rne thy lo l - t ann ins  
f rom southern p i n e  ba rk  c o u l d  be prepared as r e s i n  i n t e r m e d i a t e s .  
The p h l o r o g l u c i n o l s  (models f o r  t h e  A - r i n g  o f  p i n e  ba rk  t a n n i n s )  
were so much more r e a c t i v e  than  were t h e  r e s o r c i n o l s  (models f o r  
t h e  A - r i n g  o f  w a t t l e  t a n n i n s )  , t h a t  p r e p a r a t i o n  o f  m e t h y l o l - t a n n i n s  
f rom p i n e  ba rk  t a n n i n s  seems u n l i k e l y  even though t h i s  approach has 
been a p p l i e d  s u c c e s s f u l l y  t o  s y n t h e s i s  o f  r e s i n s  f rom w a t t l e  t a n n i n s .  
The me thy lo l  c o n t e n t  o f  catechin- formaldehyde condensat ion p roduc ts  
was ve ry  low. The catechol  B - r i n g  was u n r e a c t i v e  under c o n d i t i o n s  
i n  which condensations o f  p i n e  ba rk  t a n n i n s  c o u l d  be c o n t r o l l e d .  
A l though t h e r e  i s  much l e s s  s t e r i c  h ind rance  o f  t h e  A - r i n g  o f  
( - ) e p i c a t e c h i n  than  o f  (+ )ca tech in ,  d i f f e r e n c e s  i n  t h e  r a t e s  o f  
condensat ion o f  these isomers were n o t  de tec ted .  GPC and H-NMR 
s p e c t r a  o f  (+ )ca tech in  condensat ion p roduc ts  showed t h a t  a d imer  
formed r a p i d l y  and t h a t  f u r t h e r  condensat ion occu r red  more s l o w l y .  

Rates o f  con- 
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INTRODUCTION 

HEMINGWAY AND MC GRAW 

Because o f  uncer ta in t ies  i n  t h e  p r i c e  and a v a i l a b i l i t y  o f  

phenol , the  f o r e s t  products i ndus t r y  i s  i n te res ted  i n  s u b s t i t u t i n g  

condensed tannins, l ignosu l fonates ,  o r  K r a f t  l i g n i n s  f o r  s i g n i f i -  

cant po r t i ons  o f  t h e i r  phenol requirements f o r  wood adhesives. 

Among the  tannins , w a t t l e  ex t rac ts  have been more success fu l l y  

used i n  wood adhesive formulat ions than c o n i f e r  bark ex t rac ts  

(1 ,2). D i f f i c u l t y  i n  c o n t r o l l i n g  the  condensation o f  c o n i f e r  bark 

tannins i n  reac t i on  w i t h  formaldehyde has been a major obstacle t o  

using these abundant na tura l  polymers i n  wood adhesives. 

( 3 )  has shown t h a t  Pinus rad ia ta  bark tannins g e l l e d  20 times as 

f a s t  as wa t t l e  tannins when reacted w i t h  formaldehyde i n  aqueous 

s o l u t i o n  a t  pH 6.0 and 60'. 

g e l l a t i o n  o f  southern p ine  bark tannins and w a t t l e  tannins have 

been observed i n  our  labora tory .  Roux e t  a l .  (1 )  reported t h a t  s tab le  

methylol-watt le tannins could be prepared by reac t i on  w i t h  formal- 

dehyde i n  alcohol so lu t ions .  

the on ly  de ta i l ed  i nves t i ga t i ons  o f  the  reac t ions  o f  c o n i f e r  bark 

condensed tannins and ( t ) ca tech in  w i t h  formaldehyde, and t h e i r  work 

was done using dioxane-water so lu t ions .  

t o  determine i f  s tab le  methylol-southern p ine  bark tannins could 

be prepared as r e s i n  intermediates, 

approach f o r  examination o f  the  condensation o f  these polymers, 

Plomley 

Comparable d i f fe rences  i n  the  

H i l l i s  and Urbach (4,5) have publ ished 

Th is  study was undertaken 

GPC o f fe red  a promising 
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FORMALDEHYDE CONDENSATION PRODUCTS OF PHENOLS 165 

EXPERIMENTAL 

Model Compounds 

Phloroglucinol (Aldrich) (61, 2 ,  4 ,  6-trihydroxytoluene ( P f l a t z  

and Bauer) , resorcinol (Koppers) , 4-ethyl resorcinol ( P f l a t z  and 

Bauer), and 4-methyl-catechol ( P f l a t z  and Bauer) were used as 

purchased. Catechol (Aldrich) was r ec rys t a l l i zed  from benzene t o  

give large needles (mp 104-1050, Lit. 105O ( 7 ) ;  C = 65.7, H = 5.62, 

Calc. C = 65.4, H = 5.5%). 

sa t ion  of (+)ca techin  w i t h  phloroglucinol , resorcinol , and catechol 

models, where l a rge  quan t i t i e s  were required,  (+)ca techin  (Sigma) 

was used without fu r the r  pur i f ica t ion .  Where both H-NMR spec t ra  

and GPC were used t o  follow the condensation of ( t ) ca t ech in ,  the 

amorphous powder was ex t rac ted  w i t h  Et20 t o  obtain 90% Et20-soluble 

mater ia l ,  r e su l t i ng  i n  a t o t a l  y i e l d  of 85% of the purchased material 

a s  needles (mp 175-l77Oy Lit. 177O); [a :d c 0.4 i n  (CH3)2CO:H20 

( l / l ) ;  589 nm, t14.3O; 577nm, t16.2O; 546nm, t17.80; 435nm, t29.Oo; 

and 365nm, +40.9 (Li t .  Hg t17.Oo(8));  C = 61.6, H = 5.12, Calc. 

C = 62.0, H = 4.8%) a f t e r  c rys t a l l i za t ion  from HZO.  

a ce t a t e  ( C  = 60.2, H = 5.0; Calc. C = 60.0, H = 4.8)  was c r y s t a l l i z e d  

from EtOH:H20 as  la rge  needles (mp 131-132OY Lit .  131-132O); 

[- ii c 0.4 i n  CHC13: 589nm, t32.2'; 577nm, t37.1'; 546nm, t47.2 ; 

435nm, +69.9' and 365 nm,  t96.40 (Lit, 

p r i o r  separa t ions .  

of (+)catechin and ( - )ep ica techin ,  (-)epicatechin (Aldrich) was 

For comparison of t he  r a t e  of conden- 

The penta- 

0 

5 7 d  +39.7'(8)) without 

For comparison of r e l a t i v e  r a t e s  of condensation 
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166 HEMINGWAY AND MC GRAW 

used as purchased. 

mater ia l  (mp 237-240, L i t .  240-242'; 

= 62.0, H = 4.8%); E {a c 0.4 i n  EtOH; 589nm, -51.2', 577nm, 

-55.70; 546nm, -62.8O; 435nm, -120.1O; and 365nm, -216O ( L i t .  E5zd 
-57.6 (8 ) ) .  

H = 4.8%) was c r v s t a l l i z e d  from E t O H  w i thout  p r i o r  separation as 

This ( - )ep ica tech in  was an orange-tan c r y s t a l l i n e  

C = 61.4, H = 5.04, Calc. C 

The penta-acetate ( C  = 60.2, H = 5.0, Calc. C = 60.0, 

sho r t  needles (mp. 150-151°, L i t .  150-151' ( 7 ) ) ;  [- ig c 0.4 i n  

CHC13: 589nm, -16.0°; 577 nm, -18.2'; 546nm, -19.0'; &5nm, and 

-37.4'; and 365nm, -63.1° ( L i t .  E574 -17.0' ( 8 ) ) .  

Reaction Condit ions 

Reactions o f  model compounds w i t h  formaldehyde were made i n  

MeOH:H20 (1 : l )  so lu t ions  a t  10 percent so l i ds  (w/v) a t  i n i t i a l  pH con- 

d i t i o n s  o f  4.5, 6.0, and 7.5, a t  room temperature (24-25'). 

studies had ind ica ted  t h a t  these cond i t ions  were s u i t a b l e  for  

examination o f  the  r a t e  of condensation o f  ( t )ca tech in .  

hydrogen phthalate,  potassium dihydrogen phosphate, and NaOH buffers 

were used t o  es tab l i sh  i n i t i a l  pH, The use o f  such h igh  por t ions  

o f  alcohol i s  unusual i n  most r e s i n  syntheses. However, problems 

w i t h  s o l u b i l i t y  of the  phenols and t h e i r  condensation products, hopes 

o f  s t a b i l i z i n g  the  condensation as described by White and Knowles 

( 9 )  and Roux ( l ) ,  and considerat ion o f  the  i n s t a b i l i t y  o f  (+)catechin 

i n  a l k a l i n e  s o l u t i o n  (10) led t o  examining the  reac t ions  i n  alcohol  

so lu t ion .  

r a t i o s  o f  1.3 and 2.5 moles/mole o f  the  phenol t o  so lu t ions  contained 

Prel iminary 

Potassium 

Formaldehyde (37.8 percent s o l u t i o n )  was added a t  mole 
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FORMALDEHYDE CONDENSATION PRODUCTS OF PHENOLS 167 

in small stoppered bottles.  Solutions were sampled fo r  several 

days a f t e r  the addition of the formaldehyde. 

Extent of Condensation 

Aliquots (0.5 ml) were added to  H 0 (5  ml) , and the samples 2 
were frozen imnediately. After freeze-drying, the samples were 

dissolved in pyridine ( 2  ml), and acetic anhydride was added 

periodically (1 ml t o  a total  of 4 ml). 

overnight a t  room temperature. 

and  the acetates were extracted with CHC13. The CHC13-soluble 

material was washed twice w i t h  HOAc (10%). twice w i t h  H 0 ,  and 

then evaporated under vacuum until dry. The samples were dissolved 

in THF or CHC13 i n  volumes suff ic ient  to  provide solution concen- 

t ra t ions of 25 mg/ml. The acetates (25-50 111 of above solutions) 

were separated on a Waters Associates chromatograph equipped with 

a se r ies  of 0.25" 10. Microstyragel columns ( 1 '  of lo3 A ,  2 '  of 

500 A ,  and  2 '  of 100 8 ) .  
1.5 ml/min (2,500-3,500 psi)  were used. B o t h  UV (254 nm) and RI 

detectors were employed, b u t  resul ts  were reproduced from the UV 

detector response. Columns were calibrated using standard poly- 

styrene and propylene glycols. 

Formal dehyde Consumption 

The samples were stored 

They were then added to  ice water 

2 

0 

0 
Either THF o r  CHC13 solvents flowing a t  

Residual formaldehyde was determined by the hydroxylamine- 

hydrochloride t i t ra t ion  of samples heated to  60' for  30 minutes, since 

residual formaldehyde was present as the hemiformal when large 

mole rat ios  o f  MeOH were present ( 1 1 ) .  
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168 HEMINGWAY AND MC GRAW 

H-NMR Spectra of (+)Catechi n Condensation Products 

Formaldehyde (2.5 moles/mole of (+)catechin) was added t o  

(+)catechin dissolved i n  Me0H:H 0 (1: l )  a t  10 percent solids 

(w/v) a t  pH 7.5. Aliquots (1 m l )  were withdrawn a f t e r  addition 

of formaldehyde and periodically thereafter from solutions 

maintained a t  room temperature. 

acetylated, portions (30-50 mg) were dissolved in CDC13, and 

H-NMR spectra were determined a t  60MHz on a Perkin Elmer R24-B 

instrument using TMS internal standard. The following assignments 

for (+)penta-acetylcatechin ( 6  in CDC13):7.1-7.3 (3Hym,B-ring) 

6.5-6.7 (2H,ddYA-ring), 5.3-5.4 (1H,m,H-2), 5.0-5.1 (1H,s,H-3) , 
3.1-3.4 (2H , m , H - 4 ) ,  2.2-2.3 (1 2H ,s ,ArOAc) , 1.95-2.0 (3H ,s ,A1 iph .OAc) 

were identical t o  those reported by Thompson e t  a l .  (8) .  

bridge protons ( 6 ,  2.6-3.7) and methylol acetates (ArCbOAc, 6 ,  

4.5-5.2 and  ArCH20k. 6 ,  1.8-2.0) were broad bands, similarly 

described by Woodbrey e t  a l .  (12 1 and  Steiner (13) ~ 

signals in the methyl ether bridge region ( 6 ,  4.2-4.5) were detected. 

Since the ArC5Ar signal overlapped the two C-4 protons, and  the 

ArC%OAc protons overlapped the C-2 a n d  C-3 protons of catechin, the 

total  areas were integrated and ,  a f te r  normalization to  a to ta l  of 

15 -O& protons, reported as sums. 

2 

After samples were dried and 

Methylene 

No dis t inct  

RESULTS AND DISCUSSION 

Since wattle tannins have been much m r e  successfully used 

in adhesive formulations than conifer bark tannins, particular 

emphasis was placed on comparing the i r  structural  differences. 

Wattle tannin i s  buil t  u p  of ( - ) f i se t in id in  units linked C-4 
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FORMALDEHYDE CONDENSATION PRODUCTS OF PHENOLS 169 

t o  C-6, and ( t )ca tech in  appears i n  small  proport ions,  genera l l y  as 

the  terminal  u n i t  ( f i g .  1, I ) .  

ga l loca tech in  u n i t s  are a l so  present (1).  Watt le tannins have a 

Mn o f  1,250 (i .e., n = 4-5) w i t h  some molecules condensed as high 

as a mass o f  3,000 ( i .e. ,  n = 10-11) ( 1 ) .  

tannins, water-soluble tannins from southern p ine  bark (14, 15 )  

a re  b u i l t  up o f  ( - )epicatechin and ( t ) ca tech in  un i t s  ( i n  r a t i o s  o f  

approximately 5/1) l i nked  C-4 t o  C-8, o r  poss ib ly  C-6 ( f i g .  1,  11). 

GPC and VPO o f  methylated co ld  water-soluble tannins from l o b l o l l y  

pine outer bark (11) ind ica tes  t h a t  these po ly f lavono ids  occur i n  a 

broad mass range (1,000-15,000) w i t h  a fi o f  1,250, a 

and a UV de tec tor  e l u t i o n  maximum a t  a volume corresponding t o  

t h a t  o f  a 2,800 molecular weight polystyrene ( i .e , ,  n = 8 ) .  

Because o f  increased a c t i v a t i o n  by the  5-hydroxyl o f  the  ca tech in  

u n i t ,  condensation o f  p ine bark tannins would be expected t o  occur 

f a s t e r  than w a t t l e  tannins which are dominated by u n i t s  conta in ing  

Some ( - I r o b i n e t i n i d i n  and (+) 

- 

I n  con t ras t  t o  w a t t l e  

o f  4,100, 

P5' 

R 
OH 

I 

FIGURE 1 
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170 HEMINGWAY AND MC GRAW 

a resorc ino l  A-r ing.  

assignment o f  how much d i f fe rences  i n  A-r ing hydroxy la t ion  might 

in f luence the r e a c t i v i t y  o f  these two types o f  tannins, we compared 

the condensation ra tes  o f  ph lo rog luc ino l  , 2 ,4 ,6 - t r i hyd ro~ to luene ,  

resorc ino l  and 4-e thy l resorc ino l .  

oppor tun i t ies  f o r  c ross l ink ing ,  i t  would be pre ferab le  t o  f i n d  

condi t ions i n  which there  was some condensation through the  

catechol B-r ing. 

condensation o f  catechol and 4-methyl catechol w i t h  the  condensation 

of ph lo rog luc ino ls  and resorc ino ls .  We a l so  measured the  ra tes  o f  

condensation o f  ( t ) ca tech in  and ( - )ep ica tech in  a f t e r  add i t i on  o f  

formaldehyde under the  same cond i t ions ,  

Phloroglucinol  and 2,4,6-Trihydroxytol uene 

Since we were unable t o  f i n d  data t o  permit  

I f  there  are  t o  be good 

Therefore, we a l so  compared the  ra tes  o f  

When only 1.3 moles o f  formaldehyde were added t o  ph lo rog luc ino l  , 

formaldehyde consumption r a p i d l y  reached 0.8 mole/mole, and GPC 

showed t h a t  l a rge  propor t ions  o f  ph lo rog luc ino l  had no t  reacted , 
whi le  the  o ther  p o r t i o n  had polymerized t o  high molecular weight. 

Gels were formed a f t e r  3-4 hours a t  pH 4.5 and 6.0 and a f t e r  on l y  

1.5 hours a t  pH 7.5. 

moles o f  formaldehyde a t  pH 4.5 and 6.0, formaldehyde consumption 

immediately reached 1 .O mole/mole and then increased t o  1.4 moles/ 

mole a f t e r  40 minutes and 1.6 moles/mole a f t e r  3 hours. 

reacted a t  pH 4.5 and 6.0 ge l l ed  a f t e r  4 hours, 

the  products were o f  h igh  molecular weight a f t e r  on ly  30 minutes. 

When reacted w i t h  2.5 moles o f  formaldehyde a t  pH 7.5, 1.6 moles 

o f  formaldehyde were consumed immediately , and the  samples gel l e d  

When ph lo rog luc ino l  was reacted w i t h  2.5 

Samples 

GPC showed t h a t  
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F O W D E H Y D E  CONDENSATION PRODUCTS OF PHENOLS 17 1 

within 1 hour. These phloroglucinol condensation products were 

not suff ic ient ly  soluble t o  obtain high yields of acetates for  GPC. 

The 2,4,6-trihydroxytoluene i s  possibly a better model for 

the A-ring of catechin-based tannins. 

moles of formaldehyde per mole of phenol, 0.78-7.0 mole o f  

formaldehyde was consumed a f t e r  5 hours a t  pH 4.5 and a f t e r  only 

1 hour a t  pH 7.5. Precipitates were noted a f t e r  only 1 hour a t  

pH 4.5, and GPC showed that most of the 2,4,6-trihydroxytoluene 

had polymerized t o  h i g h  mol ecul ar weight products a f t e r  only 

15 minutes ( f ig .  2 ) .  When reacted with 1.3 moles of formaldehyde 

a t  PH 7.5, precipitates were noted a f t e r  only 15 minutes, and GPC 

When reacted w i t h  1.3 

2,4,6 - TRIHYDROXYTOLUENE 
1.3 M H2CO-24°C 
10 O h  - McOH/H20 111 

30 36 42 
ELUTION VOLUME (ml )  

H Monomer 

FIGURE 2 
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172 HEMINGWAY AND MC GRAW 

showed t h a t  high molecular weight products were dominant immediately 

a f t e r  addition of the formaldehyde. When 2,4,6-trihydroxytol uene 

was reacted w i t h  2.5 moles of formaldehyde, 0.8 mole was consumed 

a f t e r  only 1 hour a t  pH 6.0,  and a t  pH 7.5 formaldehyde consumption 

was about 1 mole/mole immediately. GPC of samples withdrawn a f t e r  

addition of formaldehyde showed extensive polymerization even 

a t  pH 4.5. A l l  samples contained subs tan t ia l  portions of prec ip i -  

t a t e s  a f t e r  15-30 minutes a t  room temperature. 

Resorcinol and 4-Ethylresorcinol 

We expected resorcinols t o  reac t  more slowly than phloroglu- 

cinols , b u t  the magnitude of the d i  fferences between the  r a t e  of 

condensation of  these phenols was grea te r  than an t ic ipa ted .  

resorcinol was reacted w i t h  l imited formaldehyde (1.3 moles/mole) , 

formaldehyde consumption was not s ign i f i can t  a t  pH leve ls  of 4.5 

and 6.0, and a t  pH 7.5 only 0.47 mole/mole o f  formaldehyde was 

consumed a f t e r  30 hours a t  room temperature. 

period of 90 hours, samples remained t h i n  so lu t ions .  

condensation products showed t h a t  a subs tan t ia l  portion of the 

resorcinol remained unreacted, b u t  the o ther  portion polymerized to 

h i g h  molecular weight, When reacted w i t h  2.5 moles of formaldehyde 

a t  pH 4 .5 ,  there was no consumption of formaldehyde, and a t  pH 7.5 

only 0.83 mole of formaldehyde was consumed a f t e r  72 hours of 

reaction. 

When 

Throughout a reaction 

GPC of the  

GPC showed a wide range i n  molecular weight of the products. 

GPC of t he  condensation products of 4-ethylresorcinol w i t h  

formaldehyde indicated tha t  polymerization was not s ign i f i can t  f o r  

over 20 hours a t  pH 4.5 and 6.0. When reacted w i t h  e i t h e r  1.3 o r  
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FORMALDEHYDE CONDENSATION PRODUCTS OF PHENOLS 173 

/ *  * 2.5 M HzCO-24OC 
10 '?lo --MeOH/H20  111 
pH 7 . 5  

2.5  moles of formaldehyde a t  pH 7 .5 ,  4-ethylresorcinol began t o  

polymerize a f t e r  1 hour, b u t  there was s t i l l  substantial unreacted 

phenol a f t e r  27 hours. 

t o  h i g h  mrlecular weight material ( f ig .  3 ) ,  150 hours of reaction 

were required. 

Catechol and 4-Methyl catechol 

To polymerize the majority o f  the phenol 

GPC of  products obtained from the reaction of catechol with 

formaldehyde indicated that  there was no significant condensation 

a f t e r  72 hours a t  pH 7.5. After several days of reaction, some 

material was eluted a t  volumes corresponding t o  h i g h  molecular 

weight species, b u t  large proportions of catechol remained 

unreacted. 

by 4-methylcatechol a f te r  24 hours a t  room temperature. GPC of  

There was also no significant formaldehyde consumption 

FIGURE 3 
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174 HEMINGWAY AND MC GRAW 

condensation products of 4-methylcatechol w i t h  formaldehyde (2 .5  

moles) a t  pH 7.5 also indicated tha t  s ign i f i can t  condensation 

occurred only a f t e r  several days of reaction. 

Catechin 

Formaldehyde consumption by ( t )catechin rapidly approached 0.9 

mle/mole (1.5 hours a t  pH 7.5) when e i t h e r  1.3 o r  2.5 moles/mole 

were added b u t  d i d  not increase fur ther  even when reacted w i t h  2.5 

moles/mole a t  pH 7.5 fo r  20 hours. 

polymerized t o  h i g h  molecular weight products a f t e r  4 hours under 

these conditions. 

between that  of 2,4,6-trihydroxytol uene and 4-ethyl resorcinol . The 

pH had a strong influence on the r a t e  of condensation ( f i g .  4 ) ,  and 

GPC indicated tha t  catechin had 

The r a t e  of condensation of catechin was midway 

CATECHIN - 2.5 M H 2 C O  - 2 4  * C  
10 X - M e O H / H 2 0  111 
4 HOURS 

ELUTION VOLUME (mi) 
+t Monomer 

FIGURE 4 
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FORMAI.DEHYDE CONDENSATION PRODUCTS O F  PHENOLS 175 

i t  appeared t h a t  the  condensation might be c o n t r o l l a b l e  a t  pH 

cond i t ions  of 6.0. 

from so lu t i on  a f t e r  2.5 hours a t  pH 6.0. 

products remained i n  so lu t ion ,  and a f r i a b l e  gel which gave a weak 

s o l i d  was obtained when the  so lvent  was al lowed t o  evaporate s lowly .  

Wide d i f fe rences  i n  the  r a t i o  o f  (+)catechin and ( - )ep ica tech in  

However, the  condensation products p r e c i p i t a t e d  

A t  pH 7.5, the  condensation 

u n i t s  i n  the  polyf lavonoids o f  western hemlock ( 1 : l )  (16) ,  Douglas- 

fir (1:3) (17), and southern p ine  ( 1 : 5 )  

suggested by th iog l yco l ys i s  products o f  bark ex t rac ts .  

a s t rong tendency f o r  hydrogen bonding between the  3-hydroxyl and 

t h e  pyran e the r  oxygen (18). I n  (+)catechin such bonding ro ta tes  

the  catechol 6 - r i ng  i n t o  an a x i a l  pos i t i on ,  crowding the  spacing 

around the  C-8 pos i t i on .  

( - )ep ica tech in  isomer ro ta tes  the  B- r ing  i n t o  an e q u i t o r i a l  

plane so  t h a t  there i s  no crowding o f  t he  C-8 p o s i t i o n  o f  the  

A-ring. 

ences i n  formaldehyde condensation r a t e  associated w i t h  stereo- 

chemistry o f  t he  f lavanol  , b u t  a comparison o f  ra tes  o f  condensation 

o f  (+)catechin and ( - )ep ica tech in  by GPC o r  o f  t h e i r  condensation 

products revealed no d i f fe rences  between these isomers. 

(14,15j have been 

There i s  

S im i la r  hydrogen bonding i n  the 

Consideration was accordingly given t o  poss ib le  d i f f e r -  

When the  H-NMR spectra of (+ )ca tech in  condensation products 

were measured against  a constant t o t a l  o f  15 acetate protons/ 

f lavonoid u n i t ,  the  A-r ing pro ton  s igna l  r a p i d l y  decreased t o  about 

1 proton/f lavonoid u n i t  and then decreased a t  a much slower r a t e  

t o  undetectable l eve l s  ( f i g .  5A). 

d i d  no t  decrease even a f t e r  25 hours o f  reac t i on  w i t h  2.5 moles 

Catechol 6 - r i ng  proton s igna ls  
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A 
4 t  i 

6 -R ING PROTONS 

monomer I 

A - RING P R O T O N S  

9 

0 
0 2 4 6 0 

REACTION P E R I O D  ( H r r . )  

C 

1 4 1- I methylol/C15 unit 

4 -  0 0 2 4 6 a 

REACTION PERIOD (Hrr.) 

B 

dimor---- 

monomer--- 

c, 8 '  + t  I 

4 0- 
0 2 4 6 

R E A C T I O N  P E R I O D  ( H r r . )  

0 

0- 
0 2 4 6 

R E A C T I O N  P E R I O D  ( H r r . )  

FIGURE 5 

o f  formaldehyde a t  pH 7.5 when GPC o f  the condensation products 

suggested a K o f  2,648 and a l%i o f  10,600. 

methylene br idge protons ( f i g .  5B) and est imat ion  o f  the  molecular 

weight by GPC ( f i g .  5D)  a lso  i nd i ca ted  t h a t  a dimer was formed 

w i t h i n  1 hour and t h a t  f u r t h e r  condensation occurred more slowly.  

The increase i n  the  
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Although the bands were too broad t o  exclude e the r  l inkages ,  no 

d i s t i n c t  signal was observed in this region ( 6 ,  4.2-4.5). 

f i r s t  hour of reac t ion ,  methylol proton s igna l s  increased to  

leve ls  corresponding t o  0.5 methylol groups/flavonoid u n i t  b u t  

averaged only about 0.2 methylol groups/flavonoid u n i t  l a t e r  i n  

the reaction ( f i g .  5C). 

pH 7.5 appeared t o  be analogous t o  phenol -formaldehyde novolacs 

( H t  catalyzed) r a the r  than reso ls  ( O H -  ca ta lyzed) ,  where methylo- 

l a t i o n  r a the r  than condensation of methylol -phenols was r a t e -  

l imi t ing .  The r a t i o  of a l i p h a t i c  t o  aromatic ace ta te  protons was 

generally higher than we expected, suggesting the occurrence of a 

s ide  reaction. 

arrangement t o  catechinic ac id  s imi l a r  t o  tha t  described by Sears 

e t  a l .  (10) .  Examination o f  t he  IR spec t ra  of ( t ) ca t ech in  condensa- 

t i on  products showed no s i g n i f i c a n t  absorbtion bands i n  t he  1750- 

1700 cm-l region, so rearrangement to  ca techin ic  acid (9 )  was not 

extensive.  

In the 

The condensation products obtained a t  

Of pa r t i cu la r  concern was a base catalyzed re- 

Our r e s u l t s  para l le l  those of H i l l i s  and Urbach ( 4 ) ,  who 

studied the consumption o f  formaldehyde by catechin i n  dioxane 

so lu t ions .  Hillis and Urbach (4)  concluded t h a t  t he  8-methylol- 

catechin der iva t ive  was the major i n i t i a l  reaction product. Roux 

e t  a l .  (11 ,  studying the brornination of catechin,  showed t h a t  

t he  8 posit ion was much more reac t ive  than the 6 pos i t ion .  These 

s tud ie s ,  together w i t h  our observations by WC and H-NMR,  ind ica te  

t h a t  a dimer was formed quickly by condensation via C-8 -- C-8, 

and tha t  fu r the r  condensation occurred much more slowly through 

C-6 -- C-6. 
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178 HEMINGWAY AND MC GRAW 

CONCLUSIONS 

It seems u n l i k e l y  tha t  cond i t ions  can be found i n  which 

r e l a t i v e l y  s tab le  methylol- tannin r e s i n  intermediates can be pre- 

pared from southern p ine  bark tannins, Even i n  reac t i on  w i t h  

formaldehyde a t  m i l d  pH and temperature cond i t ions  i n  alcohol  

sol vents , catechin polymerized t o  h igh  molecular weight products 

containing low proport ions o f  methyl01 groups. 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

LITERATURE CITED 

ROUX, D. G., Fer r ie ra ,  D., Hundt, H. K. L., and Malan, E . ,  

Proceedings o f  t h e  Eighth Ce l l  u lose Conference , Appl ied 

Polymer Symposium No. 28, Time11 , T. E., ed., Wiley, New 

York, 1975, Vol .  1, p. 335. 

Saayman, H. M. , and Oatley, J. A. , Proceedings o f  t he  1975 

Symposium, Adhesives f o r  Wood Products , Forest Products Labor- 

atory,  Forest  Service, USDA, Madison, Wis., 1976, p. 72. 

Plomley, K. F. , Tannin-formaldehyde Adhesives f o r  Wood, CSIRO,  

Div. For. Prod. Technol. Pap. No. 39, Melbourne, Aus t r l .  1966. 

H i l l i s ,  W. E .  , and Urbach, G. , J .  Appl. Chem., 9, 474, 1959. 

H i l l i s ,  W. E., and Urbach, G., J .  Appl. Chem. , 9, 665, 1959. 

Trade names used are f o r  i d e n t i f i c a t i o n  on ly  and do n o t  imply 

endorsement by the U.S. Department o f  Agr icu l tu re .  

Weast , R. C., ed. , Handbook o f  Chemistry and Physics, CRC , 
Cleveland, 1970. 

Thompson, R. S., Jaques, D., Haslam, E., and Tanner, R. J.  N., 

J. Chem. SOC. (Perkin I ) ,  1387, 1972. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



FORMALDEHYDE CONDENSATION PRODUCTS OF PHENOLS 179 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

White, T., and Knowles, E. 

i n  Adhesive Manufacture, F o r e s t a l  Land, Timber, and Railways 

Co. , L t d .  , Shell-Mex House, St rand,  London, WC-2, England. 

Sears, K. D., Casebier, R. L .  , Herger t ,  H. L., S t o u t ,  G. H. , 

McCandlish, L. E., J. Org. Chem., 2:3244, 1974. 

Kopf, P. W. , and Wagner, E. R. , J .  Polym. Sc i . ,  Polym. Chem. 

Ed. 11, 11, 939, 1973. 
Woodbrey, J. C., Higgenbottom, H. P., Culber tson,  H. M., 

J .  Polym. S c i .  ( P a r t  ll), 3, 1079, 1965. 
S t e i n e r ,  P. R., J .  Appl. Polym. S c i .  , 19, 215, 1975. 
Hemingway, R. W., and McGraw, G. W., Proceedings o f  t h e  E i q h t h  

C e l l u l o s e  Conference, A p p l i e d  Polymer Symposium No. 28, 

T i m e l l ,  T. E., ed., Wi ley,  New York, 1976, Vol .  3, p. 1349. 

Hemingway, R. W . ,  and McGraw, G. W.,  Proceedings o f  Tappi 

Fo res t  Bio1ogy:Wood Chemist ry  Symposium, Madison, Wis. , 1977, 
p. 261. 

Sears, K. D., and Casebier, R. L .  

Karchesy, J .  J . ,  Loveland, P. M., Laver, M. L., Barofsky,  D. F. , 

and Barofsky,  E., Phytochem., 15, 2009, 1976. 
B i r c h ,  A. J., Clark-Lewis,  J .  W . ,  and Robertson, A. V. ,  

J. Chem. SOC., 3586, 1957. 

Use o f  Mimosa and Quebracho Tannins 

Phytochem., 9, 1589, 1970. D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


