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MAILLARO REACTION: INVESTIGATION OF THE CHEMICAL STRUCTURE OF 
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ABSTRACT 

Me lano id ins  were i s o l a t e d  i n  36% y i e l d  w/w f rom molar s o l u t i o n  o f  
D-xylose and glycine-2-13C ( A ) ;  1 - x y l o s e  and g l yc ine - l -13C (8) ;  
T - x y l o ~ e - l - ~ 3 C  - and g l y c i n e  ( C ) ;  1-xy lose  and g l y c l n e  (0); 1 - x y l o s e  
and g l yc ine -15N ( k ) .  
dlsdppearance o f  xy lose  as evidenced by NMR. l3C and 15N s o l i d  
S t a t e  nuc lea r  magnet ic resonance and d i f f u s e  r e f l e c t a n c e  i n f r a r e d  
spec t romet ry  were used I n  t h e i r  s t r u c t u r a l  e l u c i d a t i o n  b e f o r e  and 
a f t e r  b a s l c  and a c i d  h y d r o l y s i s .  Both  C-1 and C-2 o f  g l y c i n e  were 
i n c o r p o r a t e d  i n t o  t h e  polymers.  
gave a s i n g l e  peak i n  t h e  polymer a t  171.3 ppm, w h l l e  C-2 gave t h r e e  
a t  48.1, 31.2 and 22.5 ppm. 
i n d i c a t e d  t h a t  50% o f  t h e  i n c o r p o r a t e d  g l y c l n e  had undergone 
d e c a r b o x y l a t i o n .  C-1  o f  xy lose  was i n c o r p o r a t e d  i n t o  t h e  polymers 
m a i n l y  as two types o f  carbons a t  68.8 ppm (CHOH, C-OH) and a t  133.3 
ppm ( u n s a t u r a t e d  C). H y d r o l y s i s  (6N HC1) l e d  t o  a 20% r e d u c t i o n  i n  
we igh t  o f  t h e  me lano id lns ,  a decrease o f  2x i n  C and 10% I n  N. l3C 
CP-MAS NMR r e v e a l e d  a f t e r  h y d r o l y s i s  o f  0, t h e  disappearance o f  
s i g n a l s  a t  69, 110, 152, 172 and 200 ppm. H y d r o l y s i s  o f  A and 1 
reduced a l l  s i g n a l s  o r t g i n a t i n g  f rom C - 1  and C-2 o f  g l  c l n e ,  w h l l e  
h y d r o l y s i s  o f  C reduced o n l y  t h e  s i g n a l  o f  68.8 ppm. y5N CP-MAS NMR 
o f  hyd ro l yzed  showed a g r e a t l y  reduced amide resonance a t  100 ppm, 
w i t h  more p y r r o l e  or im ino  N. O R - I R  showed a r e d u c t l o n  i n  b o t h  t h e  
1625 and 1550 cm-1 bands w i t h  a concur ren t  appearance o f  a 1715 
cm-1 band. 

Each so lu tTon  was k e p t  a t  68°C u n t i l  complete 

I n  t h e  l3C CP-MAS NMR spec t ra ,  C-1 

Area measurements o f  t h e  r e s p e c t i v e  peaks 

87 
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88 BENZING-PURDIE AND RIPMEESTER 

INTRODUCTION 

Slow progress  has been made i n  t h e  e l u c i d a t i o n  o f  t he  chemical  

n a t u r e  o f  me lano id ins .  The s t r u c t u r e  o f  these h i g h  mo lecu la r  we igh t  

polymers formed i n  t h e  M a i l l a r d  r e a c t i o n  I s  dependent on f a c t o r s  such 

as t ime, tempera ture ,  c o n c e n t r a t l o n ,  pH and n a t u r e  o f  r e a c t a n t s .  A s  a 

r e s u l t  o f  t h i s  comp lex i t y ,  few s t r u c t u r e s  have been proposed. The 

e a r l i e r  suggest ions  t h a t  me lano ld ins  c o n t a i n e d  a p u r l n e  core.*  o r  

f u ran  r i n g  r e p e a t i n g  u n i t s 3  have now been abandoned i n  favo r  o f  a 

more a l i p h a t i c  s t r u c t u r e  wi th e n e d i o l s  and eneamlnes p o s t u l a t e d  as 

t h e  main unsa tu ra ted  fea tures . '  S t rong  c a u t i o n ,  however, has t o  be 

e x e r c i s e d  when comparing s t r u c t u r e s  o f  me lano id ins  syn thes i zed  under 

d i f f e r e n t  r e a c t i o n  c o n d i t i o n s .  Recent s t u d i e ~ ~ ' ~  have shown a 

d e f i n i t e  i nc rease  i n  u n s a t u r a t i o n  w i t h  an i nc rease  i n  t ime  and 

tempera ture  of r e a c t i o n .  

s p e c i f i c a l l y  l a b e l e d  subs t ra tes ,  t h e  chemica l  s t r u c t u r e  o f  me lano id ins  

ob ta ined  by r e a c t i o n  o f  molar s o l u t i o n s  o f  1 - x y l o s e  and g l y c i n e  a t  68 

" C  f o r  s i x  weeks, co r respond ing  t o  t h e  complete disappearance o f  

xy lose .  The f o l l o w i n g  system were used: D-xy lose  and g l y ~ i n e - 2 - ~ ~ C  

( A ) ;  0-xy lose  and g l y c i n e - 1 -  C (g); 0-xy lose-1-  C and g l y c i n e  

( C ) ;  Q-xylose and g l y c i n e  (0) ;  Q-xy lose  and g l y c i n e -  N ( E ) .  

4 

The purpose o f  t h i s  s tudy  i s  t o  i n v e s t i g a t e ,  u s i n g  13C and "N 

- 

13 - 13 

15 - - 
- - 

RESULTS AND D I S C U S S I O N  

L a b e l i n q  Resu l t s  

13 P r e l i m i n a r y  r e s u l t s 8  u s i n g  a 30% enr ichment  o f  1- C and 

2-13C g l y c i n e  i n  t h e  r e a c t i o n  w i t h  xy lose ,  had shown a f t e r  a r e a c t i o n  

t i m e  o f  t e n  days, t h a t  C-1 o f  g l y c i n e  o n l y  c o n t r i b u t e d  t o  one s i g n a l  

(172 ppm) i n  t h e  13C CP-MAS NMR spectrum o f  t h e  me lano id in ,  w h i l e  C-2 

o f  g l y c i n e  c o n t r i b u t e d  t o  s e v e r a l  s i g n a l s  i n  t h e  0-60 ppm r e g i o n .  

When 1 -  C-glucose (30"k en r i chmen t ) ,  was r e a c t e d  w i t h  g l y c i n e ,  t h e  

13C C P - M A S  spectrum o f  t h e  r e s u l t i n g  me lano id in  showed peaks a t  200, 
173, 150, 132, 110, 68 and 13 ppm. 

13 
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MAILLARD REACTION 89 

More r e c e n t l y ,  under d i f f e r e n t  r e a c t i o n  c o n d i t i o n s ,  i t  was 

r e p o r t e d 4 ”  based on s o l u t i o n  13C NMR s t u d i e s ,  t h a t  b o t h  carbon 

atoms o f  g l y c i n e  were i n c o r p o r a t e d  i n t o  t h e  polymers o b t a i n e d  from 
g lucose and g l y c i n e  and t h a t  C-1 o f  0-g lucose appeared as a methy l  

group, p robab ly  a r i s i n g  f rom a 2,3 e n o l i s a t i o n  o f  t h e  Amadori 

compound. I n  t h e  chemis t r y  o f  caramel p r e p a r a t i o n ,  i t  was found t h a t  

C-1 o f  t h e  sugar i s  scrambled d u r i n g  me lano id tn  fo rma t ion .  

t h e  use o f  13C and 15N s p e c i f i c a l l y  l a b e l e d  r e a c t a n t s  i n  t h e  

s t r u c t u r a l  e l u c i d a t i o n  o f  i n s o l u b l e  me lano id ins  formed i n  a r e a c t i o n  o f  

equimolar amounts o f  xy lose  and g l y c i n e  kep t  a t  68°C. 

- 

10 

The p resen t  s tudy  i s  a c o n t i n u a t i o n  o f  our p r e l i m i n a r y  work, on 

The i n s o l u b l e  cha rac te r  o f  t h e  me lano id ins  p rec luded  t h e  use o f  

p u r i f i c a t i o n  systems such as g e l  f i l t r a t i o n  or  e l e c t r o p h o r e s i s .  

F i l t r a t i o n ,  f o l l o w e d  by thorough washing w i t h  water was t h e  o n l y  

p u r i f i c a t i o n  s tep .  Me lano id ins  were ob ta lned  i n  36% y i e l d  

( w e i g h t / t o t a l  we igh t  o f  s t a r t i n g  m a t e r i a l s ) .  D i a l y s i s  o f  t h e  f i l t r a t e  

showed t h e  presence o f  po l ymer i c  m a t e r i a l  amount ing t o  no more than 

2%. The t o t a l  low molecu la r  we igh t  water s o l u b l e  m a t e r i a l  c o n s i s t e d  o f  

unreac ted  g l y c i n e  and a twe lve  carbon eneaminol ( F i g .  1D). 

As  p r e v i o u s l y  r e p o r t e d  i n  t h e  r e a c t i o n  o f  g l y c i n e - 1 -  C w i t h  

xy lose .8  when a r e a c t i o n  t ime o f  10 days i n s t e a d  o f  42 days was used, 

t h e  C-1 o f  g l y c i n e  c o n t r i b u t e d  o n l y  t o  t h e  172 ppm s i g n a l  i n  t h e  13C 

CP-MAS NMR spectrum o f  t h e  polymer B ( F i g .  2, 82 ) .  The l a t t e r  spectrum 

was ob ta ined  by s u b t r a c t i o n  ( see  e x p e r i m e n t a l )  o f  t h e  spectrum o f  t h e  

un labe led  polymer ( F i g .  2, D )  f rom t h e  l a b e l e d  one ( F i g .  2 B l ) .  As  t h e  

l a b e l e d  me lano id ins  were syn thes i zed  u s i n g  30% enr ichment,  t h i s  

s u b t r a c t i o n  e l i m i n a t e s  t h e  c o n t r i b u t i o n s  o f  t h e  n a t u r a l  abundance 

spectrum f rom t h e  spectrum o f  t h e  l a b e l e d  m e l a n o i d i n . l 2  Feather and 

Nelson had l i k e w i s e  observed o n l y  one s i g n a l  i n  t h e  ca rboxy l  C 

r e g i o n  i n  t h e  s o l u t i o n  spectrum ob ta ined  f rom t h e  n o n - d i a l y z a b l e  

polymer f rom &g lucose and g l y ~ i n e - l - ~ ~ C .  The C s o l u t i o n  

spectrum o f  t h e  t o t a l  water s o l u b l e  m a t e r i a l  ( F i g .  l B ) ,  showed as 
expected t h e  s i g n a l s  a t  173.2 ppm f o r  COOH o f  g l y c i n e  as w e l l  as a 

s i g n a l  a t  169.69 ppm cor respond ing  t o  C-7 i n  t h e  eneaminol,” i n  
a d d i t i o n  t o  a smal l  s i g n a l  cor respond ing  t o  C-2  o f  g l y c i n e  ( n a t u r a l  

abundance). The presence o f  t h e  l a t t e r  s i g n a l  i s  due t o  t h e  l a r g e  

11 

13 

9 

13  
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90 BENZING-PURDIE AND RIPMEESTER 

Cl' 
C3' 

A 

I I 

C6 

1_ 

200 180 160 140 120 100 80 60 40 20 PPm 

Fig. 1. I 3 C  solution NMR spectra of total water soluble fractions 
(A, B, C )  of melanoidins A, B and 5 and the 12C eneaminol g.  
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MAILLARD REACTION 91 

Cb A 

Fig. 2 1 3 C  CP-MAS NMR spectra of melanoidin A ( A l ) ;  B ( B l ) ;  5 ( C 1 )  
and g ( D ) .  

hydrolyzed melanoidins A ( A 3 )  ; B ( B 3 )  ; C ( C 3 )  . A 4 ,  B 4  and 
C 4  are spectra obtained by difference: A4=Al -A3;  B 4 = B l - B 3 ;  
C 4 = C l - C 3 .  *Spinning side bands. 

A 2 ,  B 2  and C 2  arf spectra obtained by difference: 
A2=A1-D; B2=B1-D; CZ=Cl -D.  3C CP-MAS NMR spectra Of HC1 
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92 BENZING-PURDIE AND RIPMEESTER 

amount o f  unreac ted  g l y c i n e  s t i l l  p resen t  a f t e r  t h e  complete 

disappearance o f  xy lose .  

When glyclne-2-13C was  r e a c t e d  w i t h  xy lose ,  t h e  C-2 o f  g l y c i n e  

c o n t r i b u t e d  i n  me lano id in  A p r i m a r i l y  t o  s i g n a l s  i n  t h e  0-60 ppm r e g i o n  

( F i g .  2, A2) as  p r e v i o u s l y  reported. ’  w h i l e  t h e  spectrum o f  t h e  

s o l u b l e  m a t e r i a l  ( F i g .  l A ) ,  showed i n  a d d i t i o n  t o  C-2 o f  unreac ted  

g l y c i n e  (42.5 ppm), a s i g n a l  a t  55.3 ppm co r respond ing  t o  C-6 o f  t h e  

eneaminol.” A d e t a i l e d  examinat ion  o f  t h e  s o l i d  s t a t e  NMR spectrum 

o f  me lano id in  A ( F i g .  2, A2), r e v e a l s  t h e  presence o f  a t  l e a s t  t h r e e  

broad peaks, w i t h  maxima a t  48.1; 31.2; and 22.5 ppm which must 

cor respond t o  C b e a r i n g  H, s i n c e  a spectrum ( n o t  shown), ob ta ined  u s i n g  

a 40 psec. de lay  between c o n t a c t  and a c q u i s i t i o n  t ime showed no 

s i g n a l s .  The 48.1 ppm peak may be a t t r i b u t e d  t o  C-2 carbons o f  an NH 

s u b s t i t u t e d  g l y c l n e  mo ie ty .  I n  f r u c t o s y l - g l y c i n e ,  t h e  cor respond ing  C 

occurs a t  50 ppm. l3 
may be a t t r i b u t e d  t o  methy lene or methy l  groups ob ta ined  p robab ly  as a 

r e s u l t  o f  t h e  d e c a r b o x y l a t i o n .  Area measurements o f  t h e  r e s p e c t i v e  

peaks 48.1 versus 31.2 and 22.5 ppm would I n d i c a t e  t h a t  50% o f  t h e  

i n c o r p o r a t e d  g l y c i n e  had l o s t  a COOH group. These r e s u l t s  a r e  

c o n s i s t e n t  w i t h  those o b t a i n e d  by Feather and HuangI4 and Kato  e t  

a l .  i n  t h e  r e a c t i o n  o f  D-glucose w i t h  g l y c l n e .  I n  a r e a c t i o n  o f  

- D-xylose and g l y c i n e  i n  t h e  presence o f  sodium b i c a r b o n a t e  a t  100°C f o r  

4 h r s .  Kato  e t  a l ?  r e p o r t e d  t h a t  d e c a r b o x y l a t i o n  accounted f o r  h a l f  
a mole per mole o f  g l y c i n e .  

When - Q - x y l o ~ e - l - ~ ~ C  was reac ted  w i t h  g l y c i n e  t h e  r e s u l t i n g  13C 
CP-MAS spectrum o f  me lano id in  C ( F i g .  2, C1) showed seve ra l  peaks. 

F i g .  2, C2, however, t h e  d i f f e r e n c e  between spec t ra  D and C1, shows 

m a i n l y  t h r e e  peaks a t  68.8 ppm (major resonance which may be a t t r i b u t e d  

t o  CHOH o r  COH); 133.3 ppm ( u n s a t u r a t e d  C); and 13.8 ppm ( v e r y  minor 

peak, p robab ly  a CH resonance) .  Based on r e s u l t s  ob ta ined  I n  t h e  

g luco  s e r i e s  where chemical  s h i f t s  for C-1 i n  N-g -g lucosy l -g l yc ine  and 

l-deoxy-l-L-glycine-D-fructose have been r e p o r t e d  t o  be 90.1 and 54.3 

ppm, r e s p e ~ t i v e l y , ’ ~ ~ t h e  t h r e e  main peaks a r i s i n g  f rom C-1 r u l e  ou t  

an amino x y l o s i d e  o r  an Amadori compound as p r i n c i p a l  u n i t  i n  t h e  

me lano id in  f r o m  D-xy lose  and g l y c i n e .  Non-d ia l yzab le  me lano id ins  

p repared from y l y c i n e - g l u c o s e -  l-13C, showed broad s i g n a l s  cen te red  

a t  13, 21, 71, 132, 174 and 197 p p ~ n . ~  Others have r e p o r t e d  t h a t  C-1 

The peaks a t  31 and 22 ppm on t h e  o the r  hand 

4 
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MAILLARD REACTION 93  

r e s u l t e d  i n  methy l ,  methylene, and unsa tu ra ted  C i n  t h e  cor respond ing  

melanoidin.1° 

m a t e r i a l  ( F i g .  1 C), showed as expected ma in l y  t h e  resonances f o r  C-1 

and C-1’ o f  t h e  eneaminol l ’  i n  a d d i t l o n  t o  C-2 o f  g l y c i n e  ( n a t u r a l  

abundance). 

The I 3 C  s o l u t l o n  spectrum o f  t h e  t o t a l  water s o l u b l e  

Deqradat ion Resu l ts  

I n  o rder  t o  g a i n  f u r t h e r  i n s i g h t  I n t o  t h e  chemlcal  n a t u r e  o f  these 

melano id ins ,  b o t h  bas i c  and a c i d  hydro lyses  were conducted. Treatment 

o f  t h e  un labe led  me lano id in  I! w i t h  1M NaOH a t  50°C f o r  6 h r s .  under 

N atmosphere, c o n d i t i o n s  r e p o r t e d  t o  hyd ro l yze  e s t e r  l i nkages ,  d i d  2 
n o t  cause any v i s i b l e  change i n  t h e  13C CP-MAS NMR spectrum r u n  under 

normal c o n d i t i o n s  or I n  t h e  spectrum r u n  u s i n g  a 40 psec de lay  

between c o n t a c t  and a c q u i s i t i o n .  S i m i l a r l y ,  t h e  d i f f u s e  r e f l e c t a n c e  

(DR) I n f r a r e d  spec t ra  o f  t h e  o r i g i n a l  and NaOH t r e a t e d  samples were 

almost i d e n t i c a l  as were m i c r o a n a l y t l c a l  da ta  o f  t h e  ash f r e e  

me lano id ln  b e f o r e  and a f t e r  t rea tmen t .  Amino a c i d  a n a l y s i s  o f  t h e  

h y d r o l y s a t e  revea led  o n l y  t races  o f  g l y c l n e  and ammonia. These r e s u l t s  

i n d i c a t e  t h e  absence OF e s t e r  l i nkages  I n  me lano ld in .  

i n  p r o t e i n s  r e s u l t e d  i n  a 20% r e d u c t l o n  I n  welght o f  t h e  melano id in ,  

w i t h  a 2% decrease i n  C and a 10% i n  N. 

revea led  a f t e r  h y d r o l y s i s  (Flg. 3.2A, B, C) changes i n  t h e  NMR spec t ra  

when compared t o  t h e  cor respond ing  spec t ra  F i g .  3.1A, B, C o f  t h e  

o r i g i n a l  me lano ld ln  r u n  under s i m i l a r  c o n d i t i o n s .  The changes I n  t h e  

chemical  s t r u c t u r e  o f  t h e  HC1 t r e a t e d  ma lano id in  may be more r e a d i l y  

recogn ized i n  spectrum F ig .  3.3 ( d i f f e r e n c e  between 2A and l A ) ,  which 

showed peaks a t  200, 172, 152, 110 and 70 ppm. The d i f f e r e n c e ,  

however, i s  n o t  t he  r e s u l t  o f  a s u b t r a c t i o n  o f  abso lu te  i n t e n s i t i e s ;  

t he  spec t ra  were sca led  such t h a t  t he  d i f f e r e n c e  showed no nega t i ve  

reg ions .  Th is  l m p l l e s  an assumption t h a t  o n l y  m a t e r i a l  i s  l o s t  on 

h y d r o l y s l s  w i t h  none formed as a r e s u l t  o f  I t ,  which may be an 
o v e r s i m p l i f l c a t l o n .  The D R - I R  spectrum o f  t he  o r i g i n a l  me lano ld ln  

showed r e l e v a n t  hands a t  1700, 1625, and 1550 cm-’ ( F l g .  4 .1 ) .  The 

two broad bands a t  1625 and 1550 may be assigned a t  l e a s t  p a r t i a l l y  t o  

t h e  amlde I and I 1  bands r e s p e c t l v e l y .  I6’l7 

Acid  h y d r o l y s i s  under c o n d l t i o n s  used t o  c leave p e p t l d e  l i nkages  

N a t u r a l  abundance 13C NMR 

The presence o f  bands a t  
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94 BENZING-PURDIE AND RIPMEESTER 

1 . 1  9 I ' I . 1 ' 1 ' 1  
240 200 150 120 80 40 0 porn 

Fig. 3 13C CP-MAS NMR spectra of melanoidin D; before (lA, lB, 1C) and 
after 6 N  HC1 hydrolysis (2A, 2B, 2C). Spectra 1A and 2A were 
recorded without delay and 1B and 2B with 40 usec. delay between 
contact time and acquisition. Spectra C=A-B. Spectra 3=1A-2A. 
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MAILLARD REACTION 95 

F i g .  4. P a r t l a l  d i f f u s e  r e f l e c t a n c e  I n f r a r e d  spec t ra .  

Me lano ld ln  0 ( I ) ;  HC1 hyd ro l yzed  me lano ld ln  0 ( 1 1 ) .  

1220, 745 and 620 ern-', Amlde 111, V ,  I V  and V I  would c o r r o b o r a t e  

t h l s  asslgnment. 
band. Upon 6N HC1 h y d r o l y s l s ,  t h e  1625 and 1550 bands a r e  g r e a t l y  

reduced, w l th  a concur ren t  appearance o f  a s t r o n g  band a t  1715 cm-l 

( F l g .  4.11).  I n  me lano id lns  syn thes lzed f rom g lucose and g l y c l n e ,  
l i t t l e  o r  no e f f e c t s  on these two bands was repor ted .18  Th ls  
d l s p a r l t y  I s  very  l i k e l y  a consequence o f  a d l f f e r e n t  exper tmenta l  

method r a t h e r  than a r e s u l t  o f  t h e  use o f  a d l f f e r e n t  carbohydra te  

s t a r t l n g  m a t e r i a l .  S l m l l a r l y ,  no conc lus ion  on t h e  f a t e  o f  t h e  two 

bands a t  1625 and 1550 cm-l c o u l d  be reached f rom IR o f  KBr  d l s k s .  

I n  the  1 3 C  CP-MAS NMR spectrum, h y d r o l y s i s  seems t o  have removed a l l  
CH carbons ( a c e t a l  or  f u ran  C) a t  110 ppm ( F i g .  3, 2C) i n  a d d i t i o n  t o  
some a l i p h a t i c  CH carbon a t  70 ppm. 

h y d r o l y s a t e  showed the  presence o f  ma in l y  g l y c i n e  (1% o f  t o t a l  w e i g h t )  

The 1700 cm-l band I s  very  l l k e l y  t h e  k e t o  C=O 

Amino a c i d  a n a l y s t s  o f  t h e  
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96 BENZING-PURDIE AND RIPMEESTER 

1 w i t h  some NH3, w h i l e  H NMR r e v e a l e d  t h e  presence o f  sma l l  amounts 

o f  s a t u r a t e d  by-produc ts  i n  a d d i t i o n  t o  g l y c l n e  (CH a t  3.83 ppm). 

A l though h y d r o l y s t s  r e s u l t e d  i n  a 20% drop I n  we igh t ,  t h e  recovered 

h y d r o l y s a t e  o n l y  rep resen ted  7%. I m p l y i n g  a l o s s  o f  v o l a t i l e  m a t e r i a l  

i n c l u d i n g  NH3, C02 and H20. An e a r l i e r  gas chromatographic 

a n a l y s i s ”  o f  2N H2S04 and 3N HC1 h y d r o l y s a t e s  d i d  n o t  show 
e i t h e r  xy lose  or any o t h e r  i d e n t i f y a b l e  sugar.  These r e s u l t s  were 

co r robo ra ted  more r e c e n t l y  by r e p o r t s  based on C u r i e  p o i n t  

pyro lys is -mass  spec t romet ry  wh ich  showed l i t t l e  ev idence for t h e  

presence o f  ca rbohydra te  mo ie t i es2 ’  i n  me lano ld ins .  

More i n f o r m a t i o n  was ob ta ined  when 1 3 C  and 15N l a b e l e d  

melano id ins  were a c i d  hyd ro l yzed .  
hyd ro l yzed  me lano id ins  1 and 4 showed a decrease i n  a l l  peaks 

o r l g l n a t i n g  f rom C-1, 172 ppm ( F i g .  2, 84) and f rom C-2, 48.1; 31.2 and 

22.5 ppm ( F i g .  2, A4). A l though F i g .  3.3 i n d i c a t e s  no l o s s  o f  m a t e r i a l  

i n  t h e  20-50 ppm r e g i o n  and F ig.  2 A4 does, t h l s  l o s s  i s  i n  e f f e c t  

sca led  up by a l a r g e  f a c t o r  r e l a t i v e  t o  t h e  un labe led  case ( F i g .  3 .3 ) .  

V e r t i c a l  l i n e s  o f  spec t ra  a r e  n o t  comparable. From a s e m i q u a n t i t a t i v e  

p o i n t  o f  view, t h e  l o s s  i n  t h e  m e l a n o i d i n  o f  C a r l s l n g  f rom C-2 o f  

g l y c l n e  i s  sma l l  compared t o  t h a t  o f  C a r i s i n g  f rom t h e  sugar mo ie ty .  

The water s o l u b l e  m a t e r i a l s  showed peaks co r respond ing  o n l y  t o  C-1 and 

C-2 o f  g l y c i n e .  S u r p r i s i n g l y ,  o t h e r  peaks were n e g l i g i b l e ,  i m p l y i n g  

t h a t  C ’ s  o r i g i n a t i n g  f rom decarboxy la ted  g l y c i n e ,  i f  re leased,  were 

re leased  i n  t h e  fo rm o f  v o l a t i l e  components. I n  t h e  case o f  me lano id in  

C syn thes i zed  f rom Q-xylose-1- 

reduced s l g n i f i c a n t l y  ( F i g .  2, C4). H y d r o l y s l s  d i d  n o t  a f f e c t  t he  

unsa tu ra ted  C a t  133 ppm. 

h y d r o l y s a t e  showed seve ra l  sharp  and seve ra l  broad peaks over t h e  

e n t i r e  spectrum, sugges t ing  t h e  presence o f  a polymer as w e l l  as some 

low molecu la r  we igh t  components. T h l s  f r a c t i o n  was n o t  f u r t h e r  
i n v e s t i g a t e d .  

The I 5 N  CP-MAS NMR spec t ra  o f  t h e  15N l a b e l e d  me lano id in  

shown I n  F i g .  5,  A 1  (CP=l msec),  81 (CP=5 msec).  A s  a l r e a d y  

r e p o r t e d ”  t h e  m e l a n o l d l n  shows m a l n l y  amide N ( = l o 0  ppm), w i t h  
some amlne N (=22 ppm), p y r r o l e  l i k e  N ( ~ 1 3 0 ,  150 ppm) or tmino N 

(=150 ppm). A c ross  p o l a r i z a t i o n  t i m e  o f  5 msec, F i g .  5 81 a l l o w s  

one t o  b e t t e r  d e t e c t  t h e  atoms wh ich  c r o s s  p o l a r i z e  s l o w l y ,  e.g., N 

2 

Us ing  13C l a b e l e d  g l y c i n e ,  b o t h  

13  
C, o n l y  t h e  peak a t  68.8 ppm was - - 

The co r respond ing  13C NMR o f  t h e  

a r e  
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MAILLARD REACTION 97 

320 280 240 200 180 120 10 40 0 L”NH,NOjl 

F i g .  5.  
a f t e r  6N HC1 h y d r o l y s l s  (A2, 82) .  Spec t ra  A1 and A2 were reco rded  

u s l n g  CP=1 msec, and 81, 82 us tng  CP=5 msec. 

15N CP-MAS NMR spec t ra  o f  m e l a n o l d l n  E; b e f o r e  ( A l ,  81) and 

w l t h o u t  H atoms nearby.  Major d l f f e r e n c e s  can be observed when 

comparlng t h e  l a t t e r  spec t ra  w l t h  those ob ta lned  a f t e r  6N HC1 

h y d r o l y s l s  o f  t h e  me lano ld ln  ( F i g .  5, A2 and 82) .  A l though some o f  t h e  

amlde peak s t l l l  seems t o  be p resen t  ( = l o 0  ppm. F l g .  5,  82 ) .  t h e  main 

peak now appears down f le ld ,  a t  =123 ppm, t h e  p y r r o l e  N r e g l o n  o f  t h e  
spectrum. 
has a l s o  Increased p r o p o r t l o n a l y .  

me lano ld ln  Q and 
v l s l b l e  changes. 

h y d r o l y s l s  o f  t h e  1 5 N  l a b e l e d  sample, as about t h e  same amount o f  

I n  a d d l t l o n ,  a b road peak f u r t h e r  d o w n f l e l d  (=155) ppm, 
The 13C and 15N NMR spec t ra  o f  

t r e a t e d  w l t h  HC1 a t  room tempera ture  showed no 

I n  o rde r  t o  ge t  a b e t t e r  e s t l m a t e  o f  what happened d u r i n g  
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98 BENZING-PURDIE AND RIPMEESTER 

- 
320 280 240 200 lbo 120 80 40 0 I”NH,YO,I 

Fig. 6. 15N CP-HAS NMR spectra of melanoldln I (Al). 
Spectrum C I s  difference between A1 and A 2  (Flg. 4). 

sample and the same number of scans were used for NMR before and after 
hydrolysls. spectrum A1 was scaled t o  A2 (same S/N). Fig. 6C, the 
dlfference between A1 and A 2  I s  mainly composed of o n e  s y m e t r l c a l  peak 
at 2100 ppm (amlde N), with a mlnor broad peak In the amlne reglon 
(=30 ppm) and t h e  pyrrole reglon ( 1 3 0  pprn), the latter belng posslbly 
a n  artefact of subtractlon. 

The abo v e  results Indicate that during hydrolysls, a )  Cleavage of 
most of the  amlde llnkage has occured as evldenced by the almost 
complete disappearance o f  the -100 ppm peak In 15N NMR, 
corroborated by t h e  greatly reduced amIde I and I 1  bands ( 1 6 2 5 and 1550 
c m  ) tn t h e  D R - I R  and t h e  dlsappearance of the broad bands at 745 
and 620 cm-l. 
after hydrolysis is not too surprlslng, In view o f  the Fact that 20% of 
the amlde llnkages of Trisacryl GF 2000 resln resisted hydrolysls under 
the same reactlon conditlons. Trlsacryl I s  a polymer contalnlng four 
hydrophlllc chemical groups per repeatlng unlt (three hydroxy- methyl 
groups and on secondary amlde group). Thls macro- molecule actually 
presents externally only hydroxymethyl groups, its polyethylene core 
and amide linkages are buried inside the coiling chain. b) Amine 
functions are produced as evldenced by the appearance of a small 
resonance at 6=30 ppm in the 15N NMR spectrum. 
liberated amine functions, however, seem to have undergone subsequent 
reactlon during t h e  hydrolysls step, posslbly ylelding lmlne or pyrrole 
type N .  

-1 

T h e  presence o f  stlll a small amount of amlde llnkage 

c )  Most of the 
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MAILLARD REACTION 99 

CONCLUSIONS 

No d e f i n i t e  s t r u c t u r e  can be pu t  fo rward  as a r e s u l t  of t h e  above 

f l n d l n g s .  

r e a c t a n t s  as w e l l  as t h e  l a t e s t  techniques for t h e  s tudy  o f  I n s o l u b l e  

polymers namely, 13C and 15N s o l l d  s t a t e  nuc lear  magnetic resonance 

and d i f f u s e  r e f l e c t a n c e  i n f r a r e d  spec t romet ry ,  some progress  was made 

towards t h e  s t u c t u r a l  e l u c i d a t i o n  of t h e  i n s o l u b l e  melano id ins  ob ta ined  

f rom D-xylose and g l y c i n e .  The presence of amide l i nkages  i n  

me lano id ins  has been a ma t te r  of con t rove rsy .  Rub insz ta in  e t  a l .  

r e p o r t e d  t h a t  no amide l i n k a g e s  were found I n  me lano ld lns  formed f rom 

amino ac ids  and carbohydrates under bas i c  c o n d l t i o n s .  Our e a r l i e r  

f i nd ingsZ1  a s  w e l l  as t h e  r e s u l t s  of t h i s  s tudy ,  have d e f l n l t e l y  
shown t h a t  i n  me lano ld lns  ob ta ined  f rom 1M s o l u t i o n  of xy lose  and 

g l y c l n e ,  t h e  N i s  ma in l y  I n  t h e  amide form. These r e s u l t s  agree w i t h  

t h e  recen t  r e s u l t s  o f  another group p o s t u l a t i n g  t h a t  g l y c l n e  was 

inco rpo ra ted  as t h e  amide form I n t o  non -d ia l yzab le  me lano id in  and 

o x i d i z e d  melano id ins  t h a t  had been prepared f rom a g lucose -g l yc lne  

system. Of t h e  t o t a l  g l y c l n e  Inco rpo ra ted  I n t o  t h e  polymer, 50% was 

decarboxy la ted ,  p robab ly  t h e  r e s u l t  of a S t recke r  degradat ion .  No 

conc lus ions  c o u l d  be reached as  t o  whether C-1 of g l y c l n e  was 

inco rpo ra ted  I n t o  t h e  polymer as  a ca rboxy l  C or an amide C o r  bo th .  

C - 1  of - 0-xy lose  seems t o  be i nco rpo ra ted  i n t o  t h e  polymer m a i n l y  as a C 

b e a r i n g  an OH f u n c t i o n ,  and a sma l le r  f r a c t l o n  as unsa tu ra ted  C, 

p robab ly  t h e  r e s u l t  of f u r t h e r  dehydra t ion .  

Never the less ,  by  us ing  s p e c i f i c a l l y  l a b e l e d  13C and 15N 

22 
- 

23,24 

EXPERIMENTAL 

General Procedures 

13 
G l y c l n e - l -  C (90  atom X 13C) and g l y ~ I n e - 2 - ~ ~ C  (90  atom X 

13C) were purchased f rom MDS Iso topes ,  D i v i s i o n  of Merck F r o s t  Canada 

I n c . ,  Mont rea l ,  Canada. - D-xy lose - l -  C (99 atom X 13C) was 
purchased f rom Cambridge I s o t o p e  Labora to r les ,  Woburn, Mass. 

Un labe led  g l y c i n e  was purchased f rom SIgma Chemical Company, S t .  
Lou is ,  MO 63178, and 0 -xy lose  from P f a n s t l e h l  Labora to r ies ,  I n c . ,  

13 

01801. 

- 
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Waukegan, Ill. T r i s a c r y  

Ottawa, Ont. Canada. 'H 

on a Bruker  WM 250 spec 

BENZING-PURDIE AND RIPMEESTER 

GF 2000 r e s i n  was f rom F i s h e r  S c l e n t l f i c  

and 13C s o l u t i o n  NMR spec t ra  were recorded 

rometer .  The H spec t ra  i n  D20 were 
1 

de termined i n  5 rnm tubes, SI:16K; SW:3000 Hz,  p u l s e  de lay :  5 sec.  HOD 

(4.6 ppm) was used as r e f e r e n c e  peak. Bruker  p u l s e  program "Presa t "  

was used t o  m in im ize  t h e  HOD peak. 

i n  D 0 i n  10 mm tubes, SI: 16K; SW: 15 KHz;  p u l s e  d e l a y  10 sec.; 60" 
p u l s e .  

The 13C NMR spec t ra  were reco rded  

2 

13c CP-MAS NMR spec t ra  

The spec t ra  o f  non labe led  and 15N l a b e l e d  me lano id ins  (0.300 y )  

and 13C l a b e l e d  (0.400 g )  were ob ta ined  a t  45.78 MHz on a Bruker 
CXP-180 pu lsed  spec t rometer  w i t h  c r o s s  p o l a r i z a t i o n  and magic ang le  

7.16 
s p i n n i n g  as  p r e v i o u s l y  r e p o r t e d .  Cross p o l a r l z a t i o n  t ime:  CP=1  

msec; t i m e  between success ive  scans: 2 sec; number o f  scans: 5000 (non 

l a b e l e d  and 15N l a b e l e d  m e l a n o i d i n s ) ;  400 (me lano id ins  

and 2- C g l y c l n e ) ;  800 (melano id ins  f rom l -13C-xy lose  13 

15N CP-MAS NMR s p e c t r a  

The spec t ra  o f  t h e  15N l a b e l e d  me lano id ins  and Tr 

were ob ta ined  a t  18.25 MHz on t h e  same spec t rometer  as 

13 f rom 1- C 

s a c r y l  r e s i n  

p r e v i o u s l y  

repor ted . "  
sec. Sp inn ing  r a t e :  3 . 4  KHz ( d e l r i n  s p i n n e r ) ;  number o f  scans: 

1500-2000 ( N l a b e l e d  me lano id ins ) ,  40000 ( T r i s a c r y l  GF 2000). 

Cross p o l a r i z a t i o n  t imes:  1 and 5 msec; r e c y l l n g  t imes 2 

15  

D i f f u s e  r e f l e c t a n c e  (DR) I R  spec t ra  

The spec t ra  were measured w i t h  t h e  use o f  a D i g i l a b  

i n t e r f e r o m e t e r .  A Globar source, and a medium-range ( r  min = 600 

cm ) mercury,  cadmium- te l l u r i de  (MCT) d e t e c t o r  were employed and the  

spec t ra  were computed on t h e  da ta  system o f  a O i g l l a b  FTS-11 

spec t rometer .  

r a t i o  o f  1:200 (w/w). Spec t ra  were measured a t  a nominal  r e s o l u t i o n  o f  

4 cm , and 250 scans were s lgna l -averaged.  

-1 

Me lano id ins  were pressed w i t h  KC1 for  one m inu te  a t  a 

-1 
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Melano id in  syn thes i s  

Me lano id ins  were syn thes ized f rom molar s o l u t i o n s  o f  - 1 - x y l o s e  and 

g l y c i n e  a t  68°C. 
and i s o l a t i o n s .  I n i t i a l  carbohydra te  and amino a c i d  s o l u t i o n s  were 
s t e r i l e  f i l t e r e d  th rough 0.22 pm m i l l i p o r e  f i l t e r s .  

o f  r e a c t i o n  t ime cor respond ing  t o  t h e  complete disappearange o f  XyloSe, 

the  melano id ins  were i s o l a t e d  by f i l t r a t i o n ,  washed w i t h  double 

d i s t i l l e d  water,  s t e r i l e  f i l t e r e d  u n t i l  t he  f i l t r a t e  was c o l o r l e s s  and 

d r i e d  over P205. 
f reeze  d r i e d .  

S t e r i l e  c o n d i t i o n s  were used throughout the  syntheses 

A f t e r  s i x  weeks 

The f i l t r a t e s  and washings were combined and 

13 
Me lano id in  A. Glyc ine-2-  C (0 .25  g )  and g l y c i n e  ( 0 . 5  g )  was 

reac ted  w i t h  - D-xy lose  (1 .5  g )  i n  water (10  m l ) .  
0.82 g. Y i e l d  (water  s o l u b l e ) :  0.60 y. 

r e a c t e d  w i t h  1 -xy lose  - (1.5 g )  i n  water (10  m l ) .  Y i e l d  (me lano id in  B ) ;  
0.83 g. Y t e l d  (water  s o l u b l e ) :  0.62 g. 

reac ted  w i t h  g l y c i n e  (0.375 g )  I n  water ( 5  m l ) .  Y i e l d  (me lano id in  C ) :  

0.42 g. Y i e l d  (water  s o l u b l e ) :  0.31 g. 

Me lano id in  0. G lyc ine  (0.75 g )  was reac ted  w i t h  D-xylose (1.5 g )  

Y i e l d  (me lano id in  A): 

13 Me lano id in  B. G l y c i n e - l -  C (0.25 g )  and g l y c i n e  (0 .5  g )  was 

13 Me lano id in  C. D-xy lose - l -  C (0.25 g )  and g-xy lose  (0.50 g )  was = - 

i n  water (10  m l ) .  Y i e l d s :  same as for A and a. 
Melano id in  k.  Glyc ine -  N (1.5 g )  was reac 

(3 .0  g )  i n  water (20  m l ) .  Y i e l d  (me lano id in  E ) :  
C ,  54.82; H, 5.42; N (Dumas), 6.53; N (m ic ro -K je  

1 5  

(water  s o l u b l e ) :  1.2 g. 

Me lano id in  Degradat ion  

NaOH h y d r o l y s i s  o f  melanoid 

deoxygenated 1N NaOH ( 1 2  m l )  was 

n E. Melano 

heated under 

ed w i t h  g-xy 

1.5 g. Anal 
d a h l ) ,  6.6. 

- ose 

Y i e l d  
Found : 

d i n  (0.300 g )  i n  

N2 a t  50°C for 6 h r s .  
A f t e r  c o o l i n g ,  t h e  r e a c t i o n  m i x t u r e  was n e u t r a l i z e d  w i t h  H SO 

d i a l y z e d  i n  t u b i n g  w i t h  MW c u t  o f f  o f  1000. 

evaporated t o  dryness. 

g l y c i n e  (0.0008 g)  and NH3 (0.002 9 ) .  
Anal. Found: C, 54.73; H, 5.30; N (Dumas), 6.39; ash, 2.7. 

and 
2 4  

The d i a l y z a t e  was 

Amino a c i d  a n a l y s i s  revea led  t h e  presence o f  

Weight o f  r e t e n t a t e :  0.297 g. 
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102 BENZING-PURDIE AND RIPMEESTER 

HC1 h y d r o l y s i s  o f  m e l a n o i d i n  r. M e l a n o i d i n  r (0.300 9 )  i n  bN HC1 

( 5  m l )  was hyd ro l yzed  i n  an evacuated sea led  tube a t  105°C for 18 h r s .  

A f t e r  c o o l i n g ,  t h e  r e a c t i o n  m i x t u r e  was c e n t r i f u g e d ,  t h e  p r e c i p i t a t e  

washed w i t h  bN H C l  and H20 u n t i l  f r e e  o f  c h l o r i n e  and d r l e d  over 
KOH. Weight: 0.240 9 .  P a r t i a l  D R - J R :  1700, 1625, 1550, 1220, 745 and 

620 cm-’. 

( m i c r o - K j e l d a h l ) ,  5.97. 

reduced p ressu re  and d r l e d  over KOH.  Weight: 0.022 g. Amino a c i d  

a n a l y s i s  showed t h e  presence o f  g l y c l n e  (0 .003 9 )  and NH3 (0.003 9). 
D i a l y s l s  o f  t h i s  s o l u b l e  m a t e r i a l  i n  t u b i n g  w i t h  MW c u t  o f f  o f  1000, 

r e s u l t e d  i n  t h e  r e t e n t i o n  o f  10% o f  t h e  m a t e r i a l  I n  t h e  t u b i n g .  

Anal .  Found: C, 53.75; H, 5.07; N (Dumas), 5.90; N 

The supernatan t  and washings were combined, evapora ted  under 

’H-NMR ( 0 ~ 0 ) :  A =  3.83 ( ~ , c H ~ ) .  

HC1 t rea tment  o f  me lano id in  r. M e l a n o i d i n  (0.003 9 )  was t r e a t e d  

w i t h  HC1 6N a t  room tempera ture  for 2 h r s ,  and worked up as above. 

13C and 15N CP-MAS NMR spec t ra  were t h e  same as for t h e  u n t r e a t e d  

polymer.  

HC1 h y d r o l y s i s  o f  m e l a n o i d i n  0. C o n d l t l o n s  and y l e l d s  were t h e  

same as f o r  m e l a n o i d i n  r. 

HC1 h y d r o l y s i s  o f  me lano id ins  5 ,  g and C. 13C l a b e l e d  

me lano id ins  (0.150 g)  i n  bN HC1 ( 5  m l )  were hyd ro l yzed  as desc r ibed  

above. Me lano id tn  we igh t :  0.118 g. S o l u b l e  m a t e r i a l :  0.016 9. 

HC1 h y d r o l y s i s  o f  T r l s a c r y  
was hyd ro l yzed  and worked up us 
me lano id ins .  Weight ( I n s o l u b l e  

2.09. Weight ( s o l u b l e  m a t e r i a l  
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