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ABSTRACT 

Sugars undergo caramel i sation rea c tions a t  
rela tively  high tempera ture s but when amino compounds 
are pre sent ,  Ma i l l ard browning reactions are p o s s ibl e 
and the s e  o c cur under l e s s  s evere condi tions . The 
rea c tion  condi tions and the basic  charac te r  o f  the 
amino compound s de te rmine the range of  flavour 
compounds fo rmed .  The fi rs t s tep during Mai l l ard 
browning i s  the condensa tion  o f  a reducing sugar wi th 
an amine to form a glyco syl amine and thi s  compound 
may then undergo the Amadori rearrangement to form a 
1 -ami no- 1 -deoxyke to s e .  

The pyrolysi s o f  two 1 -amino- 1 -deoxyke to s e s  ( 1 -
deoxy- 1 -gl ycino-D- fructo s e  and 1 -�-alanino- 1 -deoxy-D­
fructo s e ) wa s s tudi ed in thi s  inve s tiga tion to 
examine their  parti cipation  i n  a low  energy route to 
aroma formation .  Thermal analysi s and para l l e l  
chemical  i nve s tiga tions showed that  the forma tion o f  
the se  Amadori compounds facili tate s the thermal 
degrada tion o f  their  sugar and amino acid  mo i e ti e s .  
In addi tion  increased quanti ti es  o f  various aroma 
compounds are produced , compared wi th the control s .  
I n  parti cular ,  the toxi c compound pro to anemonin i s  
formed  and a degradation pa thway l eading to i ts 
produ c ti o n  i s  propo sed.  

Mo s t  o f  the work involving the elucida tion  o f  
degradati o n  pa thways during Maill ard browning have 
i nvolved s tudie s  in aqueous s ys tems . Browning 
reactions b etween gluco se  and amino acids  were al so 
observed during heating in  the dry- s ta te in thi s  s tudy. 
The s e  rea c tions are very vigorous once ini ti a ted and 
thi s  pre c l uded the s tudy of a gluco se p lus  amino a c i d  
contro l b y  the te chniques used  to s tudy the pyrolys i s  
o f  the 1 -amino- 1 -deoxyketo ses . Such reac tions o ccur 
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a t  tempera ture s below  tho se  required for the the rmal 
degradation  of the corresponding Amadori rearrangement  
compound thus que s t ioning the involvement of  the s e  
compounds i n  the l owe s t  energy thermolys i s  pathway i n  
the absence  o f  mo i s ture . The re sul ts o f  experiment s  
de signed t o  i nve s ti gate the ro l e  o f  Amadori compounds 
during the browning of  sugar-amino acid sys tems i n  the 
dry- s tate  demons tra ted however that the reac tions  
reported to  o c cur i n  aqueous sys t ems can al so accoun t  
for the dry- s tate  proces se s  a t  t emperature s up unt i l  
the spontaneous de compo si tion of  the 1 -amino- 1 -deoxy-
ke tose  c an o c cur. That  the 1 -amino- 1 -deoxyke to s e  do e s  
no t brown by i ts e l f  o r  i n  the pre sence o f  gluco s e  a s  
readi ly a s  a gluco s e  plus amino acid  sys tem i s  
pre sumably  a ba s i ci ty e ffe c t .  The s tronger bas e  { the 
amino a c id ) may promo te a s ol id- s tate eno l i sation o f  
the gluco s e  and hence ini tiate  browning a t  a somewhat 
l ower t empera ture . The re sul ts  of  these  experiments  
al so demons trate  the  s tabi l i ty of  the 1 -amino- 1 -deoxy­
ke to ses  and show that their  formation  i s  no t a rate­
l imi ting s tep during browning. 

In  the thi rd s e c tion or thi s the s i s  the e ffe c t  
o f  changing the amine mo i e ty on the degradation 
pattern o f  1 -amino- 1 -deoxyketo s e s  i s  a sse s s ed .  
Previous re search has  indi cated tha t gluco se  by i t self 
and Amadori compounds formed from weak primary ba s e s  
degrade vi a an ini tial 1 , 2 eno l i sation s tep to  form 
mainly 2-furaldehydes and pyrro l e  deriva tives whi l e  
1 -amino- 1 -deoxyke to ses  containing a s trong ba s i c  
moi e ty ( u sually formed from a s e condary ba se ) degrade 
via a 2 , 3 enol intermediate  and give ri s e  to fragrant 
caramel aroma compounds . Several 1 -amino- 1 -deoxy-
ke tos e s  were prepared us ing primary and s e condary b a s e s  
covering a range o f  pkb values .  Thes e  c ompounds were 
pyrolysed  and thei r  decompo s i tion  characteri s t i c s  
moni tored by thermal analysi s me thods . Parall e l  
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analys i s  o f  the vol a ti l e s  produce d  and a compari son o f  
the re sul ts from previous inve s tigations generally  
endorsed the reported hypo these s on  the degrada tio n  o f  
Amadori compounds .  I t  was found that the s truc ture 
o f  the base  and funqtional groups pre s en t  influenced  
the degrada tion phenomena as well  as  the basi ci ty. 
The thermal decompo si tion of  amino acid - derived 
Amadori compounds fo r ins tance , d id  no t fi t into the 
pattern o f  tha t  observed for 1 - amino- 1 -deoxyke to s e s  
derived from o ther bas e s .  The amino a c id  i nfluen c e s  
the degrada ti on trai ts  by promo ting 1 , 2 eno l i sati on  
and charring ra ther than aiding 2 , 3 eno l i sation  s imi l ar 
to bases  o f  comparabl e  pkb. 

i v  



ACKNOWLEDGMENTS 

The author thanks hi s supervi sors , Pro fe s s o r  
E . L .  Ri chards and D r  J .  Leli evre ( Department o f  Foo d  
Technology , Massey  Universi ty } and Dr G . B .  Rus sell  
( Appli ed Bi o chemi s try Divi sion ,  DSIR ) for  the i r  
sugges ti ons and i n tere s t  throughou t  thi s s tudy and 
help in formula ti ng and cons tructive cri ti que of  the 
manuscri p t. 

The author expre s s e s  hi s appre ciation  to the 
fol lowing persons for their  assi s tance and counsel : 

Prof R .  Hodge s ( Chemi stry Department , Mas sey 
Uni versi ty } fo r di s cus sions on mas s  spec trome try. 

Dr R .  Norri s ( D3i ry Research Ins ti tute ) for help  
and advi c e  on a spe c ts of  differential s canning 
calorime try. 

Mr D . E .  Rogers and Dr N .  Mi l e s tone ( Chemi s try 
Divi sion , DSIR ) for running thermogravime try and 
derivative thermogravime try sample s .  

Prof A .  Campbell  and s taff ( Chemi stry Departmen t ,  
Otago Universi ty ) fo r el emental analyse s .  

Dr G .  Midwinter  ( Chemi s try Departmen t ,  Mas sey 
Universi ty ) fo r amino acid analys e s .  

V 



Abs tract  
Acknowl edgment s  
Li s t  o f  Tabl e s  
Lis t  o f  Figure s 

INTRODUCTION 

Table o f  Contents 

I . 1 The involvement o f  Amadori compounds i n  
non-enzymi c browning - a revi ew 

Page 

ii 
V 

ix 
X 

1 
I . 1 . 1 The nature o f  non-enzymi c browning 1 
I . 1 . 2  The chemi s try o f  non-enzymi c browning 1 

I. 1 . 2 . 1  C aramel i s a tion 
I . 1 . 2 . 2  Mai l lard browning 

I . 1 . 3  Evidence for the involvement o f  

1 
2 

Amadori c ompounds in Mai l lard browning 4 

I . 2 S cope o f  thi s inve s tigation 
I . 3  Experimental appro ach for s tudying the 

thermal degradation of carbohydrat e s  

PART A 
A .  1 Summary 
A . 2 Introduction  
A. 3 Thermal analys i s  by  d . s . c . , t . g. and 

d . t . g. 
A .  3 .  1 Expe ri mental 

A . 3 . 1 . 1  Amadori compounds 
A.3 . 1 . 2  The rmal analysis  

A . 3 . 2 Resul t s  and di scus sion 
A . 4 Analysi s o f  decompo si tion produc t s  from 

the 1 -amino- 1 -deoxyke toses  and contro l s  
A. 4 . 1  Pyrolys i s  conditions 
A . 4 . 2  Exp e rimental 

A . 4 . 2 . 1  Pyrolysi s 
A . 4. 2 . 2 Gas chromatography 
A . 4 . 2 . 3  Gas  chromatography - mas s 

spe c trome try 
A . 4 . 3  Re sul t s  and di scussion 

7 

9 

1 1 
1 2 

1 3  
1 3  
1 3  
1 3  
1 4 

2 2  
2 2  
2 2  
2 2  
2 2  

23 
2 3  

vi 



A. 5 The formation  o f  pro to anemonin 
A. 5 . 1 Introduc t ion 
A. 5 . 2 Experimental 

A. 5 . 2 . 1 Pro toanemonin 
A. 5 . 2 . 2  3-deoxy-D-erythro-hexo sul o s e  
A. 5 . 2 . 3  Radioac tive 1 -�-alanino- 1 -

deoxy-D-fructoses  
A. 5 . 2 . 4 Pyrolys i s ,  g. c . , g. c . -m . s .  
A . 5 . 2 . 5  Mea surement o f  radioa c tive 

pro toanemonin 
A. 5 . 3 Re sul t s  and di s cussion 

PART B 
B . 1 Summary 
B. 2 Introduc tion 
B.) Evi dence for the formation o f  

compounds i n  sugar-amino acid  
on  heating in  the dry-s tate  

B. ). 1 Experimental 
B . ). 2 Resul t s  and di s cussion 

Amadori 
sys tems 

B. 4 Observations on the rate of  browning o f  
model sys tems i n  the dry-state  in ho t 
o i l , where one component i s  mol ten 

B . 4 . 1  Introduct ion 
B. 4 . 2  Experimental  
B. 4 . 3  Re sul t s  and di s cus sion 

B. 5 S tudy of  the i nvolvement o f  1 -�-al anino-
1 -deoxy-D-fruc to s e  in the lowe s t  energy 
route  to product  formation during the 
browning o f  a gluco se-�-al anine mixture 

Page 

29 
29 
29 
29 
3 1  

3 1  
3 1  

3 1  
32  

37  
38 

40 
40 
40 

42 
4 2 
42 
4 2 

i n  the dry-s ta t e  46 

B. 5 .  1 Introduc t ion 46 

B. 5 .  2 Experimental 46  

B . 5 . 2 . 1 Browning reactions 46 

B . 5 . 2 . 2 Gluc o s e  analys i s  
B. 5 . 2 . 3 Analys i s  o f  �-alanine and 1 -�­

al anino- 1 -deoxy-D-fructo s e  
B . 5 . 3 Re sul t s  and di s cus sion 

47 

47 
48 

v i i  



PART C 
c.  1 Summary 
C . 2 Introduc tion 

. 
C. 3 The rmal analysi s  by d . s . c . , t. g. and 

d. t. g. 
C . 3 . 1 Experiment al 

c. 3 . 1 . 1 Amadori compounds 
c . 3 . 1 . 2  Thermal analysi s  

C . 3 . 2  Re sul t s  and di s cussion 
c. 4 Analysi s o f  pyro lysi s produc t s  from the 

1 -amino- 1 -deoxyfruc to se s  
C . 4 . 1  Experimental 
c . 4 . 2  Re sults and di s cuss i on 

APPENDICES 
A 1  Pyro lysi s p ro cedures 

A 1 . 1  Pyrolys i s  uni t design 
A1 . 2  Operation  o f  the pyrolys i s  uni t and 

defini t i on o f  mas s  balance fra c tions  
A2 Preparation o f  Amadori compounds 

A2 . 1 Synthe ti c p ro cedure s 
A2 . 2  Infrared spe c tra 

A3 Colourime tri c analysi s  of Browning 
rea c tion mix tures 

REFERENCES 

Page 

63 
64 

69 
69 
69 
70 
70 

80 
80 
80 

96 

96 

97 
99 
99 

1 0 3  

1 07 

1 1 1 

vi i i  



Table 

A. 1 

A. 2 

A. 4 

B. 1 

C . l  
c . 2 

C . 3 

c. 4 

C. 5 

c. 6 

C . 7 

c. 8 

Li s t  o£ Tables  

Page 

Pyrolysi s products  from Amadori 
compounds and contro l s  24 

Volatile  organi c pyrolysi s  produ c t s  
£rom 1 -deoxy- 1 -glycino-D-£ructo s e  
and 1 -�-alanino- 1 -deoxy-D-fructose  27 , 28 
Pyrolys i s  produ c t s  from 3-deoxy-D-
e rythro-hexo sul o se a t  1 95°/ 1 5 min 3 3  
Incorpora tion o f  radioac tivi ty 
into  pyrolysi s produc ts of 1 -�­
alanino- 1 -deoxy-D-fructoses  derived 
£rom glucose  l abel l ed  at  various 
p o s i tions 35 
Formation of 1 -deoxy- 1 -glycino-D-
fructose  from gluco s e  plus glycine 
mixture s heated in the dry-s tate  4 1 
Rate  of  browning o f  various sys tems 
in paraffin 43 
Physical da ta for amines under s tudy 78 
Pyrolys i s  products  from the 1 -amino-
1 -deoxyfruc toses  a t  250°/ 1 5  min 8 1  
Pyrolys i s  products  from 1 -deoxy- 1 -
prolino-D-fructo s e  under various 
thermal trea tment s  ( 1 5 min dura ti on ) 84 

Vol atil e organi c pyrolysi s pro duc t s  
from 1 -deoxy- 1 -morpholino-D-fruc t o s e  86 

Volatile  organi c pyrolysi s produ c t s  
from 1 -deoxy- 1 -p- toluidino-D-
fructose  87 
Volatile  organic pyrolys i s  produc t s  
from 1 -deoxy- 1 -dibenzylamino-D-
fructose  88 
Volatile  organi c pyro lys i s  produ c t s  
from 1 -deoxy- 1 -prolino-D-fructo s e  and 
1 -deoxz- 1 -N-me thylanilino-D-fruc to s e  
at 250 / 1 5  min . 89 
General relationship between the bas i c  
moi e ty o f  1 -amino- 1 -deoxyfructo s e s  and 
the observed pyrolys i s  product s  95 

ix 



Lis t  o f'  Figures 

Introduction 

Fig I . 1 
Fig I . 2  

Part A 

Fig A. 1 

Fig A. 2 

Fig A. 3 

Fig A. 4 

Fig A . 5  

Fig A. 6 

Part B 

Fi g B .  1 

Fig B . 2 

Fig B . 3 

Fig B. 4 

Fi g B. 5 

Formation of'  Amadori compounds 
Sugges ted scheme f'or the produc tion 
of'  melanoidins  in an aldo se-amino 
sys tem 

Dif'f'erent ial s canning calorime tri c 
curve s f'or 1 -deoxy- 1 -glycino-D­
f'ructose  and control s 
Thermogravime tri c analysi s  curves 
f'or 1 -deoxy- 1 -glycino-D-f'ruc tose  
and contro l s  
Thermogravime tric and derivative 
thermogravime tri c  curves f'or 
1 -deoxy- 1 -glycino-D-f'ructose , 
heating ra te  0 . 5°/min 
Kine ti c transforma tion of'  the t . g. 
curve f'or 1 -deoxy- 1 -glycino-D­
f'ructo s e ,  hea ting rate  4°/min 
Kine tic  trans formation of'  the t . g. 
curve f'o r 1 -deoxy- 1 -glycino-D­
f'ruc to se , hea t ing rate  0 . 5°/min 
Pathway of' pro toanemonin formation 

Browning route  f'or sugars and 
primary amino acids 
Progre s s  of' the browning reaction 
be t�een gluco se  and �-al anine a t  
1 20 i n  the solid  s tate  
Progre s s  o f'  the browning reac tion 
be tween glucose  and �-alanine in 
the presence of'  1 -� -alanino- 1 -o deoxy-D-f'ru c to s e  a t  1 20 in the_ 
solid  s tate  
Progre s s  of'  the browning reac tion  
be tween glucose  and � -alanine a t  
1 50° i n  the solid  s tate 
Progre s s  o f'  the browning rea c ti on 
between gluco se  and �-alanine i n  
the pre s ence  of'  1 -�-alanino- 1 -o deoxy-D-f'ructo s e  at  1 50 in the 
solid  s ta t e  

Page 

3 

6 

1 5  

1 6 

1 8  

20 

2 1  
30 

45 

49 

50  

5 1  

5 2  

X 



Fig B. 6 

Fig B . 7 

Fig B . 8 

Fig B. 9 

Fig B. 1 0  

Fig B. 1 1  

Fig B . 1 2  

Fig B. 1 3  

Fig B . 1 4 

Part C 

Fig c .  1 

Fig c . 2  

Fig  c .  3 

Fig C.  4 

Fig C. 5 

Fig c . 6 

Fig C. 7 

Fig c . s  

Di sappearance  o f  gluco s e  during 0 browning at  1 20 in the solid s tate  
Di sappearance  of  gluco se  during 0 browning at  1 50 in the solid s tate  
Change of  absorbance during 
browning �t 1 20° 

Change of  absorbance during browning 
a t  1 50° 

u.v. spec trum o f  browning product s  
from gluco se  and �-alanine a t  1 20° 
i n  the solid  s tate 
WeiBht l o s s e s  during browning a t  
1 20 i n  the s o l id  s tate 
Wei§ht l o s s e s  during browning a t  
1 50 i n  the sol i d  s tate 
Rela ti onship be tween the di sappear­
ance o f  gluco s e  and �-alanine 
during browning a t  1 20° in the 
sol id  s tate 

Firs t order plo t  fo r the di sappearan c e 
o f  �-al anine during browning o f  
gluco se + �-alanine ( 1 : 1 ) at  1 20° i n  
the solid  s t a te . 

Degradation o f  monoke toseamine s  
via 1 , 2 eno l i sation 
Degradation o f  monoke to seamine s 
via 2 , 3  eno l i sation 
Thermogram for the de compo si t ion  o f  
1 -deoxy- 1 -pro l ino-D-fructo s e  
Thermogram for the decomposi tion o f  
1 -deoxy- 1 -morpholino-D-fructo s e  
Thermogram for the decompos i tion  o f  
1 -deoxy- 1 -p-tolui dino-D-fructo s e .  
Thermogram for the de compos i tion o f  
1 -deoxy- 1 -N-methylanil ino-D­
fructose  
Thermogram for the decompo si tion  o f  
1 -deoxy- 1 - dibenzylamino-D-fruc to s e  
T. g. and d . t . g. curves for the 
decompo si tion o f  piperidine-hexo se­
reductone 

xi  

Page 

54 

54 

57  

58  

6 1 

6 1 

62 

62 

66 

7 1  

72  

73 

74 

75 

77 



Fig C .  9 

Fig C . 1 0  

Fig C .  1 1  

Appendi c e s  

Fig A2 . 1 
Fig A3 . 1 

Fig A3 . 2 

Rel ationship be tween basi ci ty o f  
amine subs ti tuent and residue 
remaining a t  400° from the pyro lysi s 
of  1 -amino- 1 -deoxy-2-fructo se s  
Rel a tionship be tween bas i ci ty o f  
amine substi tuent and de compo si tion 
t emperature o f  1 -amino- 1 -deoxy-2-
fructoses  
Propo sed decomposi tion reactions of  
1 -deoxy- 1 -morpholino-D-fruc t o s e  

I . R .  spec tra o f  Amadori compounds 
Change of  absorbance  wi th time for 
a 1 -�-al anino- 1 -deoxy-D-fruc t o s e  
determination a t  574 nm 
Compari son be tween u.v. and T . M . s .  
me thods  for moni toring 1 -�-al anino-
1 -deoxy-D-fructose  l eve l s  during 
browning 

xii  

Page 

79 

79 

92  

1 04 

1 09 

1 1 0 



INTRODUCTION 



I . 1 .  

I .  1 .  1 

THE INVOLVEMENT OF AMADORI COMPOUNDS IN  NON­
ENZYMIC BROWNING - A REVIEW 

The na ture of  non-enzymi c browning 

The chara c te ri s ti c appearance and flavour o f  a 
food depends no t only on natural o r  added synthe ti c 
compounds but al so  on the compounds formed during the 
p ro c e s s  o f  converting the foo d  into a form a ccep tabl e 
for consump ti on .  Enzymati c ,  chemi cal  and physi cal  
change s are  po s s ibl e  during e a ch s tage of  pro ce s s i ng 
and any o f  the s e  reac tions can have a favourabl e  o r  
unfavourabl e influence o n  the colour , ta s te ,  odour o r  
texture o f  the final produc t .  

Non-enzymi c browning rea c tions ari se  during the 
proce s s e s  of  carameli sati on ,  toas ting , baking , roas ting , 
concentra tion and s torage of  food and o rigina te from 
carbonyl compound s or tho se  compounds whi ch yi e l d  
carbonyl deriva tive s o n  degrada tion .  Many comprehens ive 
revi ews have appeared on the subjec t in  re cent  years 
( 1 -9 ) whi ch recogni ze  three m e chani sms o f  non-enzymi c 
browning .  One o f  the se , ascorbi c acid  oxi da ti on , i s  
oxygen dependent and since i t  i s  no t a s igni fi cant  
pro c e s s  when foods  are hea te d ,  wi l l  no t be  di s cus s ed  
further .  The o ther two pro ce s s e s  are caramel i s ation  
and Mai l l ard ( 1 0 ) browning whi ch typically involve 
sugars  a s  the source o f  carbonyl s .  

I . 1 . 2  

I . 1 . 2 . 1 

The chemistry o f  non-enzymic  browning 

Caramel isa tio n : C aramelisation  o c curs when 
sugars  are hea ted above thei r  mel ting points , under l ow  
moi s ture condi tions , in the absence o f  amino a c ids  and 
pro t e ins ( 6 ) • Rela tively high temperatures ( 1 1 ) are 
involved whi ch promo te a s eri e s  o f  co lour changes from 
col ourl e s s  through amber to dark brown wi th cons equent 
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change s i n  aroma ranging from swee t  to fragrant c arame l  
and final ly  t o  bi t ter acrid no te s ( 4 ) . 

A wide  vari e ty o f  produc t s  from the pyrolys i s o f  
carbohydrat e s  have b�en ident ifi ed ( 1 1 ) , but i t  se ems 
that the carbohydrate source i s  no t important ( 1 2 ) . 
The fo l l o wing seri e s  o f  reaction  s teps for the thermal  
de compo s i tion  of  glucose  ( 4 )  can thus be  general i s ed 
fp� �o s t  carbohydrates: 

( i ) Enoli sation to produce  the more reac tive 
2 -ke to se s  

( i i ) dehydra tion of  the ketose  wi thout fis sion 
to  5-hydroxyme thyl-2-furaldehyde 

( i i i ) hydrolyt i c  fi s sion o f  5-hydrox)�e thyl-2-

( iv ) 

furaldehyde or  i t s intermedia t e  precursors  
t o  give fo rmi c and l evvli ni c acids 
further reac tion i nvolving bond-fi s si o n ,  
dehydration ,  di smutation ,  condensa tion , 
reversion , dimeri sation and polymeri s ation  
of  any of  the key intermedi ates  or  their  
produc ts . 

1 . 1 . 2 . 2  Mai l l ard browning: When sugars are heated i n  
the pre s ence o f  amino compounds , carbonyl-amino browning 
reactions  o c cur. The se are ini ti ated more easily  than 
caramel i sa tion rea c tions under the same condi tions (J). 
Mai l l ard browning i s  bo th more rapi d  and more i ntense 
than carameli sa tion and yields  a similar  range o f  
carbohydrate-derived produc t s  in addi tion to ni trogen 
containing compounds important in food flavour (9 ) . 
Three p a thways to fl avour and brown pigment formation  
have been  defined s tarting from an  ini tial  condensation  
reaction  be tween a reducing sugar and an amine to  yie ld  
an N-sub s ti tuted glyco sylamine (Fig.  I . 1 ) whi ch 
i someri s e s  to give a 1 -amino- 1 -deoxy-2-ke to s e  or 
Amadori ( 1 3 ) compound. The Amadori compound may 
rearrange via a 1 , 2 or  2 , J enol intermedia te to  ini ti ate  

2 



ALDOSE + AMINE 

1 -amino- 1 -deoxyke t o s e  ( Amadori compound ) 
Fig I.1 Formation o f  Amado ri compounds 
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two di s tinctive degradation pathways .  The thi rd 
pa thway ari se s  through reaction be tween �-di carbonyl 
c ompounds p roduced by the first  two pathways and 
�-amino a c ids by a S tre cker degradation ( 1 4 ) . The s e  
degradation pa thways are di s cussed  in the revi ews ( 1 -9 ) . 

1 . 1 . 3 Evidence for the involvement of  Amadori compounds 
in  Maill ard browning 

Many browning exp eriment s  have been conducted  in  
aqueous so lution a t  e l eva ted temperature s using 
condi tions simi lar to tho se o f  Mai l lard ( 1 0 ) . The s e  
condi tions l ead t o  a l arge number o f  compounds whi ch 
may be intermedi ates  o r  merely  produc t s  o f  side  
reac tions . Under low  moi s ture condi tions  sugars and 
amino acids  brown to yield rel atively simple  mixture s 
( 1 5 ) and 1 - ( N-amino acid ) - 1 -deoxy-D-fructo se s  can be 
i so l ated from the se  ( 1 6 ) . Hodge ( J ) integrated the 
e arly browning reac tion theories  and affirmed the 
involvement o f  1 -amino- 1 -deoxyke toses  in carbonyl-
amino browning rea c tions . Since then many Amadori 
compounds have been prepared ( 1 -9 ,  1 6-2 1 ) and i s o lated 
from natural source s  ( 22-24 ) . 

I t  has  been show� tha t  Amadori compounds derived 
from primary amine s are abl e to condense  wi th a 
further a ldo s e  mol e cul e to form a diketo s eamine ( 25 , 
26 ) . Di-D-fru c t o seglycine ( 26 )  de compo s e s  very 
readily t o  regenerate the monoke to seamine . Thi s  
mechani sm explains the conversion of  aldo se s  to more 
reactive compounds during browning where the 
c arbohydrate i s  p re sent in a l arge exces s ,  thus 
explaining the c atalytic  rol e  o f  amines in browning 
rea ctions ( 7 ) . 

The browning o f  1 -deoxy- 1 -glycino-D-fruc to se ,  by 
i tsel f ,  has been a s s e s sed under low moi s ture condi tions 
and compared wi th the browning of o ther propo sed 
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browning pre curso r  compounds ( 7 ,  2 7 , 28 ) . These  
studi e s  support  the involvement of  Amadori compounds 
as the firs t maj o r  intermediate  in the non-enzymic 
browning reac ti o n ,  al though , in a kineti c analysi s o f  
the rea c tion be tween gluco se  and glycine ( 2 9 ) and a 
summary o f  the available  evidence o n  browning ( 28 ) , 

the comple tene s s  o f  current browning reac tion  s cheme s 
has been que s ti oned . The sugges ted  scheme o f  Spark 
(28 )  indi c a te s the compl exi ty of  l ikely reactions 
involved during Maillard browning ( see Fig.  I.2 ) .  
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Fig I .  2 Sugge s ted scheme for the production of  mel anoidins in an aldo se-amino sys tem.  
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I . 2  SCOPE OF THIS INVESTIGATION 

Recent s tudi e s  on the pyrolysi s o f  Amadori 
compounds ( 1 9- 2 1 ) support  their involvement  a s  
precursors o f  organol epti cal ly import ant  vo l at i l e s  in  
thermally pro ce s sed  foods . Desp i te  the s igni fi cance 
of Amadori compounds in  non-enzymi c browning however ,  
there appears t o  be  l i t tle  information  t o  show tha t  
1 -amino- 1 -deoxyke to se s  l i e  on  a l o w  energy route  to  
vola t i l e  formation  when sugars are heated above thei r  
mel ting points  in  the pre sence o f  amino compounds .  
Part  A of  thi s inves tigation di s cus s e s  the  pyro lysi s  
o f  1 -deoxy- 1 -glycino-D-fruc tose  ( i ) and 
1 -�-alanino- 1 -deoxy-D-fructose  ( i i ) wi th reference t o  
the ques tion o f  a low-energy pathway t o  aroma 
formation and repo rts on the individual degradation 
produc t s  obtained and thei r l ikely routes  of  formati on.  

( i ) 
- ( i i ) 

H2C-NHR 
I 

c� 
I 

HO-CH 
I 

HC-OH 
I 

HC-OH 
I 

H2C-OH 

R: -CH2COOH 
R= -CH2CH2COOH 

Al though i t  has been demons trated  that the 
formation o f  a 1 -amino- 1 -deoxyke to s e  repre sents  the 
fir s t  s tep in the browning rea c tion  be tween aldo s e s  
and amino acids  i n  solution ( 3 ) , thi s may no t b e  the 
case  when they are heated toge ther in the dry- s ta t e  a t  
e l evated temperature s .  Furthermore the formatio n  o f  
an Amadori compound may no t provide the lowe s t  energy 
route to produc t formation. In Part B ,  the ro l e  o f  
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the 1 -amino- 1 -deoxyke to se  intermediate  in  the browning 
reaction  be tween gluco s e  and �-al anine i n  the sol id­
state i s  a s sessed .  

The two ac cep ted  rout e s  of  decompos i tion  of  
Amadori compounds , 1 , 2 and 2 , 3  eno l i sation , involve 
e arly e l imination  o f  the 1 -amino group fo l lowed by the 
rormation of l abi l e  carbonyl compounds who se  further 
degradation  and intera ction  determine the pa t tern o f  
volati l e s  derived from the carbohydra te moie ty. 
2-Furaldehyde s and pyrrol e s  are di s tinc tive end­
product s  o f  the 1 , 2 eno l i sation pathway whil e  the 
operation of the 2 , 3  eno l i sation p a thway typi cally 
yi elds  caramel compounds ( 4 ) . I t  has been sugge s ted  
that  the extent to whi ch 1 , 2 eno l i sation i s  favoured 
over 2 , 3  enol i sa ti on i s  a func tion of the basi ci ty o f  
the amine { 6 ) . The pyrolysi s o f  six  further Amadori 
compounds in Part C o f  thi s re search adds to the 
conclusions o f  p revious inves tigators.  
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I . 3 EXPERIMENTAL APPROACH FOR STUDYING THE THERMAL 
DEGRADATION OF CARBOHYDRATES .  

The use o f  thermal analysis  me thods combined 
with paral lel  chemi cal inve stigations has been widely 
appli ed to s tudy the ' thermal degradation of  sugars 
( J0-34 ) . The approach involves employi ng thermal 
analys i s  technique s to gain  information on the 
chara c teri s ti c s  o f  physi cal transformations o f  the 
sample and a general pa t t ern o f  i t s succeeding 
degradation during pyrolysi s .  Subs equent  chemi cal 
inve s tiga tions allow an evaluation of  the nature o f  
the degradative rea c tions o c curring. 

In thi s s tudy differenti al scanning calorime try 
( d . s . c . ,  ( 35 ) ) wa s employed to inves tiga t e  the 
phenomena of mel ting and to de termine the tempera ture 
range over whi ch degradation o c curred. 
Thermogravime tric analysi s  ( t . g. ,  ( 36 )  ) , combined 
wi th derivative the rmogravime tric  analys i s  ( d.t . g. ) 

was then used to moni tor the change in sample  mass  
as the  degradation  pro ceeded and to di s tingui sh be tween 
d. s . c .  p e aks  due t o  mas s  l o s s  or mel ting of the s ampl e .  
Once  the degrada tion pattern had been e s tabli shed , 
di fferent s tage s o f  the thermal analysi s  curves  coul d 
be i nve s tiga ted  by analys i s  o f  the decompo s i tion  
produ c t s  obtained under i so thermal condi tions .  Thi s 
was a chi eved by using thermal trea tments  whi ch 
corresponded to  c ertain points  on  the t . g. curve s 
( t e s ted  by weigh t-lo s s  tria l s ) , and c arrying out  
pyro lysis in  a c l o sed sys t em where fra c t i ons o f  
di fferent vol a ti l i ty could be separa t ed and co l l e c ted .  
Al though compari sons be tween the vari ous te chniques 
are l ikely to  be compli cated due to di fferences  in  
operating condi ti ons ( 35 , 36) , thi s approach has 
proved useful in the pas t ( 40 ) . Quanti fi cation  o f  
the fra c tions  making up the "mass  balance "  ( for 
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defini tion  and de tail s see  Appendix 1 ) and the use  o f  
gas chromatography ( g . c . ) and combined gas 
chromatography-mas s  spe c t rome try ( g. c . -m . s . ) for 
vol a ti l e  analysi s ,  a l l owed an evaluation o f  the 
degrada tive pro c e s s e s  o c curring. 

1 0  



PART A : Analysis of the thermal degradation of 

1-deoxy-1-glycino-D-fructose and 1-§-alanino-1-

deoxy-D-fructose with reference to the involvement 

of Amadori compounds in a low energy thermolysis 

pathway when sugars and amino acids are heated. 



A. 1 .  SU}fl1ARY 

Compari sons o f  the thermal analys i s  and pyro lys a te 
data for the 1 -amino- 1 -deoxyke to ses  wi th tha t  for the 
sugar and amino a c iq contro l s  demons tra te ,  in a 
quanti ta tive fashion , that  the formation o f  Amadori 
compounds repre s ents  a low energy thermolys i s pa thway. 
The thermal  degrada tion  of  Amadori compounds l eads to 
the production  of vol ati l e s  whi ch , in  some cases , o c cur 
in high yields c ompared wi th contro l s. One such 
vol a t i l e  i s  pro toanemoni n ,  a toxic  ves s i cant. 

Kine ti c analy s i s  o f  the t.g. curves and 
radioa c tive tracer  s tudi es  on the forma tion o f  
pro to anemoni n stre s s  that  a s ingle route for the 
formation  of individual vo lat i l e s  i s  unl ikely under 
pyrolyti c condi ti ons. Mo s t  of  the vol a ti l e s  formed 
from the de compo s i tion  of the glyco syl mo i e ty of  the 
Arnadori compound s may be a c counted for vi a an ini t i al 
1 , 2 enol i sation o f  the 1 - amino- 1 -deoxyke to se  in  
preference to a 2 , 3  eno l i sati on.  
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A. 2 .  INTRODUCTION 

Many o f  the compounds i sola ted from browning 
rea c tions have been sugges ted to ari s e  through amine­
sugar condensations.vi a the Amadori Rearrangement 
a t  l ower tempera ture s and in  higher yi elds  than would 
o c cur by thermal degradation of  the sugars i n  the 
absence o f  amine s ( 4 ) . 

In thi s inves tigation the thermal decompo si t i o n  
o f  1 -deoxy- 1 -glycino-D-fruc to se and 1 -� -alanino- 1 -
deoxy-D-fructo se was s tudi ed to evaluate  the 
proposi t i on  that the forma tion o f  Amadori compounds 
fa c i l i t a t e s  the thermal degradation  o f  carbohydrat e s  
when ami no compounds are present. The experimental  
pro cedure s outl i ned in sec tion I . J were emp l oyed to 
compare be tween the Amadori compounds and their  parent  
sugar and amino acids  wi th respe c t  to the phys i cal  
transformations and chemi cal rea c tions  that  o c cur 
during pyrolys i s .  

1 2  



A.J THERMAL ANALYSI S BY D . s .c. , T . G . AND D . T . G .  

A . J . 1 Experimental 

A . J . 1 . 1  Amadori compounds : 1 -deoxy- 1 - glycino-D-
rruc to se  and 1 -p-al anino- 1 -deoxy-D-fruct o s e  were 
prepared according to publ i shed methods ( 25 , 26}. 
For de tai l s  see  Appendix 2 .  

Physi cal properti e s : 

1 -9eoxy- 1 -glycino-D-fruc to s e : 
M.p t 1 44- 1 46° ( de comp ) , Li t t. ( 26 )  1 45- 1 46° ( de comp ) 

El emental analysi s :  Found : C ,  40 . J�; H ,  6.5%; 
N,  6.0% 

Cal c .  for c8H 1 5No
7 : C ,  40 . 5% ; H ,  6.4%; 

N, 5 . 9% 

The compound gave one spo t by paper chromatography , 
• 

RG 0.5 4 in  bu tano l-a c e ti c a cid-water ( 4 : 1 : 1  v/v ) and 
di spl ayed chromatographi c homogenei ty by 
e l e c trophore si s a t  pH  2 . 1 

I . R .  : see  Appendix 2 

1 -�-alanino- 1 -deoxv-D-fruc tose : 
M . p t  150- 1 52

° ( de comp ) , Li  t t .  ( 26} 1 5 Jo 

El emental analysi s :  Found c, 42 .  510 ; 
N,  5 . 5% 

C al c .  for C 9H 1 7N07 
. c ,  4J.Oo/o; . 

N, 5.  6�b 
RG : 1 . 05 in  butano l-ace ti c acid-water 
I.R. : see  Appendix 2 

H ,  

H ,  

6 O%• . ... ' 

6 . 8% ; 

A . J. 1 . 2  Thermal analysi s : Samples  for analysi s vi z ,  
1 -deoxy- 1 -glycino-D-fruc to s e ,  1 -p-alanino- 1 -deoxy-D­
fruc tose , D-gluco s e , glycine and � -alanine were ground 
to a fine  powder and dri ed under vacuum a t  60° ror 24 hr. 

1 J  
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1 B  ins trument . Samp l es  ( 1 0  mg) were p l aced  i n  
crimped aluminium pans and kep t under ni trogen whi l e  
the temperature was i ncreased a t  4° /min over the. range 
25-400°C .  

T. g .  and d . t . g. ,  data  were obtained wi th a Me t tl er 
s eri e s  No 2 1  re cording vacuum thermoanalys er  wi th 
s ampl e s  ( 1 00 mg ) in an open pla tinum crucibl e and 
under a ni trogen a tmo s phere ( gas flow ra te  1 00 ml/min ) . 
The temperature was rai s ed a t  0 . 5°/min o r  4° /min and 
the range o f  25-650°C examined. 

Al though the re sul ts  for glucose  and the amino 
a cids  have been re corded in  the l i tera ture ( 38-4 1 ) 

they were repea ted in thi s work to provide  compari sons 
wi th the Amadori compo unds trea ted under  the same 
condi tions .  

A.3 . 2 Re sul ts and di s cussion 

The d . s . c .  endo therm fo r 1 -deoxy- 1 -glyci no-D­
fructo s e  ( fi g. A . 1 ) shows an acute infle c tion  
corre sponding to  the mel ting o f  the sample  ( 1 47° ) 

whi ch i s  accompani ed by a s e cond overl apping p e ak .  
The appearanc e  of  thi s peak ,  wi th an  uns tabl e l ine 
shape , indi cates  that the s ample  i s  mel ting wi th 
decompos i tion.  Gluco se  mel ted i�  the manner  typi cal  
of many organi c compounds giving a sharp d . s . c .  
s i gnal ( 1 46° ) wi th de compo si tion following a t  a 
higher t emperature . Glycine mel ted wi thout  vi s ibl e 

0 degradation a t  2 30 • At that tempera ture bo th 
gluco s e  and the Amadori compound had been sub s tanti ally  
degraded .  

The t . g. re sul t s  for 1 -deoxy- 1 -glycino-D-fruc to se  
a t  a hea ting ra te o f  4° /min ( fig. A . 2 ) show tha t  the 
decompo s i tion o f  the s ampl e  commences near i ts mel ting 
poi nt .  The s teep inflec tion ind i cates  tha t  the 
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ini ti al  degradation"pro ceeds compara tiv�ly rapi dly to  
l e ave a subs tantial quanti ty of re sidue whi ch then 

sl owly de compo s e s .  Thus pyrolysi s i s  o c curring i·rt 
two main s tages. The t . g. traces for gluco se  and 
glycine ( fig. A . 2 ) show tha t  their  degradation begins 
at temperature s whe�e the Amadori compound has 
considerably degraded . 

. . 

The d . s . c. and t . g. cur�e s for 1 -�-alanino- 1 -
deoxy-D-fruc to s e  were i denti cal in appearance to tho se  
fo r 1 -deoxy- 1 -glycino-D-fruc tose  except tha t the 
former compound l ef t  more re sidue a t  400

° ( 1 0% ) . 
� - alanine sho\ved no s i gn of  de compo sing a t  tempera ture s 

0 below 1 95 • 

The s e  re sul t s  point to a po ssible l o w  energy 
route fo r the thermal degrada tion of  gluco se  and amino 
a cids  through the formation of  Amadori intermedi a te s .  

When  a l ower hea ti ng ra te i s  used for the thermal 
degrada ti on of 1 -deoxy- 1 -glycino-D-fructo s e ,  the fi rs t 
s tage o f  the t.g. curve indica tes  that  a number of  
consecutive and concurrent  degrada tive pro ce s ses  are 
occurring ( s ee  the d . t . g. curve in fig. A . J ) , and 
decomposi tion i s  s een to commence well before the 
nominal melting point i s  rea ched . The d . �.c . tra ce 
for thi s compound ( fig.  A. 1 ) sugges t s  tha t  de compo s i t ion 
is  o c curring in the l i quid phase .  Thus , de compo s i t ion  
i n  the s o l id  and l iquid phase s  are bo th po s sibl e , the 
l a t ter being aided by hi gher heating ra t e s  ( 42 ) . 

In  the absence o f  compe ting rea c ti ons , . 
de compo s i tion in  a homogeneous l i quid phas e  i s  firs t 
order ( 4J ,  44 ) . Therefore , 

dx 
d t  = 

k ( a-:x ) , i . e . 
a-x 

where x = fra c tion  de compo s ed, a = i ni ti al wei gh t .  
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Introducing the Arrhenui s equation one obtains  

k = Ae-Ea/RT 
t hence l o gk = logA Ea -

2 . JOJRT 

Using thes e  rel a tionshi p s ,  a kine t i c  analys i s  o f  
the t . g. curve s for )-deoxy-1-glycino-D-fruc to s e  was 
undertaken for bo th heating ra tes  s tudi ed and p l o t s  o f  
logk versus i c arri ed out ( figs  A. 4 and A. 5 ) . 

Fig.  A. 4 shows th a t  three s traight  lines  ( A , B , C ) 

are evident over the tempera ture range analysed  for 
1 -deoxy-1-glycino-D-fruc to se a t  4° /min. Line A 
indi cate s  decompo sition in the solid  phase  and 
probably repre s ents a nucl ea tion growth pha se  o f  the -� 

decomp o s i tion whi ch i s  auto ca talyti c .  Once  the 
nominal mel ting point  i s  reached ( 145° ) di s so lution  
o c curs and the maximum rate  of  de compo s i tion i s  al so  
reached ( 42 ) . Decompo si tion  can now be treated  as  
re sul ting from a homogeneous l iquid phase  and the 
data analysed to determi ne Ea values i gnoring 
contribut ions from the solid- s tate pro ce s s e s  (42). Two 
s tage s o f  the de compo s i tion ( l ines B and c), 
corre sponding to  the two s tage s o f  the t . g. curve 
( fig.  A .2) , are i ndi ca ted , giving Ea  values o f  
J . 6 kcal /mo le  and 22 . 2  kcal/mol e  re spe c tively .  

When the hea ting rate  of  0 . 5°/min i s  analysed  
( fig. A. 5 ) the contribution of  the decompo sition  via 
the l i quid phase  has been modi fied by the soli d- s ta t e  
pro ce s s e s .  The as sump tions concerning firs t o rder 
decompo s i t i on i n  a homogeneous  l iquid phase no  longer 
apply  s ince  the rate  of decompos i tion appears to  
increa s e  a s  the amount of  rea c tant decreases  and any 
derived ra te  cons tants  would have no chemi cal 
signi fi cance ( 42 ) . Cl early the heating rate  has  a 
s igni fi c ant influence  on the degrada tion pro c e s s  and 
charring lvi th re sultant vol a t i l e  formation i s  p o s s ibl e 
wi thout  the formation of  an in termedia t e  mel t .  
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A .  4 . 

A .  4 . 1 .  

ANALYSIS OF DECOMPOSITION PRODUCTS FROM THE 
1 -AMIN0- 1 -DEOXYKETOSES A�� CONTROLS 

Pyrolysi s condi tions 

The t . g. curves for 1 -deoxy- 1 -glycino-D-fruc to s e  
and 1 -�-alanino- 1 -deoxy-D-fruc to se  indi cate  tha t a 
thermal treatment of  1 95°/ 1 5  min may be  appropri a te to  
analyse the vol a ti l es produced to  the end o f  the firs t 
s tage o f  decompo s i tion.  Separa tion of  the vol a ti l e s 
by gas chromatography showed tha t a di fferent pa t t e rn 
was obtained when the pyro lysis condi ti ons were 
changed from l e s s  to more vigorous thermal trea tment s .  
The weight  lo s s  o f  a sample  subj e c ted t o  1 95°/ 1 5  min 
corresponded to tha t obtained a t  the end of s tage one 
a c co rding to the t.g. curve. A tempera ture of 
400° / 1 hr was used to s tudy the produc t s  from the 
overall  de compo s i tion.  

A . 4 . 2  Experimental 

2 2  

A . 4 . 2 . 1  Pyrolys i s :  Al l samples  were dri ed to cons tant  
wei ght prior  to  pyrolysi s and che cked for puri ty by 
paper chroma tography in  butanol-ace ti c a c id-wa ter 
( 4 : 1 : 1 ) . 

A quanti ta tive i so l a tion o f  the tar , char , wa ter , 
organi c volati l e , c arbon  dioxide and carbon monoxide  
fra c tions formed during pyrolys i s  of  the Amadori 
compounds and contro l s  was obtained for the two 
s e l ected thermal treatments  as describ�d i n  Appendix 1 .  

A. 4 . 2 . 2  Gas chromatography : Vol ati l e s  from the 
polymer traps were separa ted on a 2 . 5  m x 0 . 32  cm 
outside dimensi on ,  s tainles s-steel  co lumn o f  Tenax-GC 
in a Hewl ett-Pa ckard 7�20A ga s chroma tograph using a 
temperature p rogram of  J0-2 1 0° a t  2°/min.  The 
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chroma tograph was fi t ted  wi th thermal conduc tivi ty 
( emp loyed for wa ter determina tions ) and fl ame i oni s a tion  
de t e c tors . The volati l e s  were quanti fied by the use 
o f  external s tandards and compari son of  the integrated 
peak area s .  When the fl ame i oni sation de t e c t o r  was 
employe d ,  C-factors Mere used  for corre c ting the 
obse rved re sponse ( peak �rea ) wi th the carbon content  
o f  the  component (= M. wt/N2 C a toms x 1 2 ) , i gnoring 
al l oxygen-bonded carbon a toms . (91). 

A . 4 . 2 . 3  Ga s chroma tography-ma ss  spec trome try : The 
contents  o f  the pol )�er traps were identi fied  usi ng 
the g .  c .  
a Pye 1 04 

AEI MS-)"0 

column de s cribed in  s e c tion A. 4 . 2 . 2  fi t ted  
ga s chromatograph whi ch was coupled  to  an  
double  beam mas s spe c trome ter. A s tream 

spl i t t er enabl ed the simul taneous recording o f  g . c .  

i n  

and mas s spe c tral da ta .  G. c .  traces  were mat ched wi th 
those ob tained in the Hewl ett-Packard instrument and the 
mas s spec tra were compared  to authenti c s tandards run 
on the same ins trument ,  o r ,  where these  were not 
avail abl e ,  to known reference spec tra . 

A . 4 . J  Re sul t s  and di s cus sion 

Mas s  bal ances  for the 1 -amino- 1 -deoxyke to s e s  and 
contro l s  are summari sed i n  table  A . 1 .  The o c currence 
of mo s t  o f  the degradation  produc ts  in thi s tabl e may 
be understood  in terms  o f  wel l  e s tabl i shed the rmolysi s 
pa thways invo lving bo th the amino acid and sugar 
moi e ti e s  of the Amadori compound ( 1 1 , 45 -47 ) . The 
char figure s and the t . g. curves demons tra t e  tha t  
during the overall de comp o s i tion ,  the 1 -amino- 1 -
deoxyketo ses  rorm more char than the pyrolys i s  o f  the 
same  amount o f  glucose  under  the same condi tion s .  Thi s  
increased charring may b e  expl ained by the interaction 
of amino groups 'd th avai l able carbonyl group s ,  such 
inte rac tion being followed by a series  o f  dehydrat ion 
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TABLE A,1 
PYROLYSIS PRODUCTS FROM �RI COMPOUNDS AND CONTROLS 

1IELD S 

PYROLYSIS 195° for 15 mins 
PRODUCT 1-deory-1- 1-deory-1-

glycino-D- tl-alanino-
Glucose Glycine fructose tl-alanine D- fructose Gluaose 

Char 96.4a 97 .la 58.? 77 .S
a 60.7 23.3 

Tar 1.5 2.3 10.1 

Carbon dioxide 0.1 0.5 16. 1 1.0 2.5 4.5 

Carbon monoxide 0 0 Tr 0.1 0 1.3 

Wa te r 2.5 2.2 20.2 20.6 29.7 42.7 ''''"'" '"':''''lb 0.2 0 1.0 0.1 2.0 14.5 

Unaccounted 0.8 0.2 3.0 0.4 2.8 3.5 

a Distinct separation of residue into tar and char had not ooaurred b Recovered from the volatile traps (see Experimental) 

0 � fraction contains any untrapped nitrogenous gases 

400° for 1 hour 

1- deory-1-
glycino-D-

Glycine fructose 

36.4 39.4 

12.8 1.0 

5.3 17.8 

2.1 4.2 

33.0 25.3 

8.5 9.0 

1.9 3.3 

6-alanine 

. 
24.0 

10.3 

3.7 

1.5 

41.5 

12.0 

7.0 

1-dEo:r:�-1-
6-alanino-
D-fructOSE 

3 8.0 

2.3 

9.6 

3.7 

36.3 

7.0 

3.1 

l\) .;::-



and polymeri s a tion  reactions  as e s tabl i shed for amino 
sugars ( 48 ) . 

A t  1 95° for 1 5  min sub s tantial de compo s i tion  o f  
the Amadori compounds has o c curred whi l e , under the 
same condi tions , gluco s e  and the amino acids  remain 
thermally  s tabl e excep t that �-alanine has dehydrated .  
On  a mol ar basi s ,  1 -deoxy- 1 -glycino-D-rructo s e , on  
thi s thermal trea tment,l o s e s  90 mas s  uni t s  repre s enting 
( from tabl e A . 1 ) 1 mol e  o f  carbon dioxide plus  3 mo l e s  
o f  wat er  per  mol e  of  Amadori compound. The mo s t  
l ikely s ource o f  carbon dioxide i s  the amino a c id  
moi e ty ( 46 , 47 ) . It has been sugges ted that such a 
decarboxyl ation reaction i s  faci l i tated by 1 , 2 enol 
formati on ( 20 ) during de compo si tion.  De carboxyl a t i on 
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i s  o f  minor s i gni fi cance wi th 1 -�-alanino- 1 -deoxy-D­
fruc to s e  however ,  the evolution o f  water  ( 4  mo l e s  p er  
mol e  of Amadori compound ) being the dominant react ion .  
De carboxyl ation fol lowing 1 , 2 enol formation in thi s 
c a s e  would requi re a transi tion- s ta te ring s tructure 
containing one more carbon a tom than the � s tructure 
whi l e  a dehydra tion s tep  would have the same 
conforma tion.  Dehydra tion  i s  the ini t i al de compo si tion  
s tep wi th �-amino acids ( 46, 47 ) . 

On degrada tion a t  400° for 1 hr all  compounds 
pro duce  increased percentage s  o f  carbon monoxide  and 
o rgani c vol a ti l e s  showing tha t  fragment a ti on rea c ti ons 
are be coming more important.  The vol a t i l e s  produced  
have p o s s ibl e importance in aroma pro du c ti on  ( 4 ) .  I t  
was therefore o f  interest to identify b etween the 
1 -amino- 1 -deoxyketo s e s  and control s wi th re spec t  to  
the  type s  and quanti ties o f  the s e  volatil e s  produced.  
Tabl e A. 2 summari s e s  the  rel a tive concentra tions  of  
organi c vol a t i l e s  identified from the po lymer trap s 
for the Amadori compound� pyrolysed under the two s e t s  
o f  thermal treatment s .  



At  1 95 ° for 1 5  min ,  the vol ati le s  pro duced are , 
in  general , compounds expe c ted  from gluco se  a t  hi gher  
temperature s ( 1 1 ,49 ) wi th some ni trogen containing 
compound s al so present . An unusual feature i s  the 
produc tion  o f  pro toanemonin ( i i i ) in  rel a tivel y  l arge 
quanti ti e s .  
s e c tion.  

I t s  fo 'rmation i s  di s cussed in the nex t  

( i i i ) 

Pyro lysi s o f  the Amadori compounds a t  400° for 
1 hour a l so l eads to the pro duction of vol ati l e s  
expec ted from carbohydrate pyrolysi s,wi th increased 
quantiti e s  o f  ni trogen compounds present .  The 
forma tion o f  pyrazine s i s  o f  p arti cul ar s igni fi cance . 
They are recogni sed as important contributors to foo d  
flavours ( 50 ) and are maj or  components o f  the vol at i l e  
fra c t ion  produced from 1 -deoxy- 1 -glycino-D-fructo s e .  
Pyrazine s have no t been de t e c ted  i n  glycine o r  
�-alanine pyro lysates  ( 5 1 ) but have been i so l a ted  
from heating a mixture o f  fruc to s e  and glycine ( 5 2 ) . 
Dime thylpyrazine s have been i denti fied from a gluco se 
and glycine mixture at low t emperatures ( 5 3 ) . A 
sugge s te d  route for pyrazine fo rma tion i s  through an 
� -di carbo�yl induced Stre cker degradation o f  
«. -amino acid s  ( 3 ) . 
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TABLE A. 2 
VOLATILE ORGANIC PYROLYSIS PRODUCTS FROM 1-DEOXY- 1-GLYCINO-D-FRUCTOSE AND 1-DEOXY- 1-B-ALANINO-D-FRUCTOSE 

COMPOUNDS a 1-deoxy-1-gZyaino-D-fruatose 1- B-aZanino- 1-deoxy-D-fruatose Mass Speatl'Wil 

195°/15 min 400°/1hr 195°/15 min 400
° 

/lhr m/e 

Propene ++ + 4 1 , 42 , 39 , 2 7  

Me thanol +++ ++ + 3 1 ,_:g ,  29 

Acetaldehyde ++++ +++ ++++ +++ 29 ,�, 4 3  

Butene ++ + 4 1 ,_?� .  39 
1 ,  3-Butadiene + + 4 1 , 5 6 , 55 

Ethanol ++ + ++ + 3 1 , 4 5 , 2 7 , 29 ,� 
Acetoni trile ++ + .i!_, 4 0 . 39 

Fur an + + + + 39 . 68 , 38 

Acetone +++ ++ ++ + 4 3 , 58 , 1 5 

A cry loni t rile + 26 ,_2l, 52 , 5 1  

Acetic  acid ++++ + ++++ 4 3 , 4 5 , 60 

Propioni trile + + 28 , S4 , SS , 26 

2-Me thy l f  uran ++ ++ ++ + 82 , 53 , 8 1  
Diacetyl ++ + ++ 4 3 , 1 S , 86 

Propionic acid ++ 28 . 29 ,H_, 2 7  ,45 
Methylpropionate + 29 , 57 , 27 , 59 , 88 
Acry l i c  acid + +++ 27 ,fl, s s .  26 

Acetol ++ ++ 4 3 , 3 1 , 1 S ,H_ 
Benzene + + + I..!! , S 2 , 77 , 5 1 , SO 

2 , S-Dime thylfuran + +++ + 4 3 ,2.§_, 9S , 5 3 , 8 1  

2 , 3-Pentanedione + + ++ + 4 3 , 29 , S7 , 2 7 ,_!QQ 

Phenol + + 2_i , 39 , 6S , 66 

Pyrrole + ++ + _§2, 39 , 4 1 , 40 

I 1-l!ethylpyrrole + ++ .!!.!_ , 80 , 39 , 4 2 
I 

Pyridine + + l.2., S2 , S 1 , 50 

Cont • • •  

I 

M. S. Ref 

54 
54 
54 . 5 11 
5 4 
5 4 

•54 
5 4  
5 4 
54 
5 4  
5 4 
54  
5 4 
5 4 
5 4 
5 4 
54 
54 
54 
5 4 
54  
54 
54 
5 4  

1\) -.l 
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--

COMPOUNDffl 1-deoxy- 1-glycino-D-f�uctose 
1950/15 min 40rf>/1hr 

Toluene + 

N-Methy1 formamide + 

2-Me thylpyrazine + 

2-Me thy lpyrrole + 

N-Methy lacetamide + 

2-Furaldehyde ++ 

a-Furfuryl alcohol + 

2 , 4  (5) -Dime thylpyrro e + 

Protoanemonin +++ + 

2 , 6  (6 )-Dime thylpyraz ne ++ 

2 , 3-Dime thylpyrazine ++ 

2-Fury lme thylketone +++ + 

5-Methy l- 2-furaldehyd ++ + 

Trimethy lpyrazine ++++ 

Te trame thy lpyrazine ++ 

2-Acety lpyrrole 

1- B-a lanino- 1-deoxy-D-fructose Mass Spectl'Wn M.S. Ref 
19� /15 min 400°/1hr m/e 

9 1 , 9 2 , 39 , 65 5 4  
22_, 30 , 29 , 58 5 4  

: 94 , 6 7 , 39 , 53 , 40 5 4  
80 ,_!!., 5 3 , 2 7  5 4  
fl, 4 3 , 40 , 58 5 4  

++ + �.95 , 39 , 2 9  54  
9 8 , 4 1 , 39 , 4 2 , 5 3  5 4  
94 , 95 , 8 0  5 4  

++++ +++ 4 2 , 96 , 26 , 68 , 5 4  • 55 
+ � . 4 2 , 40 , 39 , 8 1  56 
+ � . 6 7 , 42 , 4 0  5 6 

++ ++ 95 , 1 1 0 , 39 , 4 2  5 4 
++ + J..!Q , l 09 , 5 3  5 4  

4 2  ,..!1.?_, 39 . 81 5 6  

+ 54 ,�, 4 2 , 53 5 7  
++ 9 4 ,.!..Q2_ , 66 , 4 3  5 4 

----- -- --------- - - ---- ------

8++++ • Major product;  +++ • > 1 0% pryolysate ; ++ • 1 - 10% of pyrolysat e ;  + • < 1 %  of pyrolysate 
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A. 5 .  THE FORMATION OF PROTOANEMONIN 

A. 5 . 1 .  Introduction 

Of all  the vola t i l e s  li s ted in  table  A . 2 ,  
pro toanemonin i s  the l ea s t readily a c counted for.  I t  
has no t been previ ously  reported in carbohydrate  
pyrolysis  ·but was shown to  be  formed in a l ac to s e­
casein browning sys tem ( 55 ) al though yi elds  were no t 
reported.  Pro toanemonin i s  the l a c tone o f  Y-hydroxy­
vinyl acryl i c  a c id  ( 58 ) and has been i s o l a t ed as the 
crys talline glucoside " ranuncul in" from but tercup and 
o ther  ranunculaceae  ( 59 ) . I t  i s  known to  have 
antimi crobi al and antioxidant prope rt i e s  ( 60 ) . 

A pathway i s  outl ined in fig. A . 6 for the form-
ation  o f  pro to anemonin .  The fi rs t intermedi ate  is  
3-deoxy-D-erythro-hexo sul o s e  whi ch i s  the maj or  
intermediate expe c te d  during the pyrolys i s  o f  Amadori 
compounds via a 1 , 2 eno l i sa tion me chani sm ( 20 ) . 
Levuli ni c a cid  i s  a s tandard end-produ c t  during the 
degradation o f  carbohydrates  { 1 1 ) and i t s forma

.
tion 

from gluco s e  i nvolve s a 1 , 2 carbon bond s c i s sion  ( 6 1 ) . 
Pro toanemonin i s  known to be formed from l evuli ni c 
acid  under c ertain condi tions ( 62 , 6 3 ) . 

Thi s  p athway i s  evaluated  in thi s s e c tion using 
pyrolyti c and radioac tive tracer s tudi e s .  

A. 5 . 2 

A . 5 .. 2 . 1 

Experimental 

Pro toanemonin : Pro toanemonin was 
synthe si sed by a cid-catalys ed l actoni s ation  o f  
ace tyl acryl i c  acid  ( fi2 ) whi ch was prepared from 
glyoxyli c  a cid  ( 64 ) . The u .. v . , mass  spe c trum and gas  
chromatographi c re tention times  for the synth e t i c  
pro duc t were identi cal wi th tho se  o f  the compound 
o btained from the pyrolysate s .  
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A. 5 . 2 . 2 3-Deoxy-D-erythro-hexo sul o se : Thi s  compound 
was prepared by the me thod o f  Kato ( 65 ) . I . R . , u . v .  and 
o p ti cal ro tation  were consi s tent wi th the publi shed 
data .  

A. 5 . 2 . J Radioa c tive 1 -@-alanino- 1 -deoxy-D-fructo se s : 
[ 1 - 1 4

c ] glucose  ( � 50 �Ci , Radio chemi cal Center ,  
Amersham ) was d i s so lved wi th D-glucose ( 2 g ,  B . D . H .  
"Anal ar" ) i n  di s ti l l ed water { 5 ml ) . The solution  was 
lyophi l i sed and the re s idue dri ed at 60° in vaccuo over 
pho sphorus pentoxide for 24 hr . �abell e d  gluco s e  ( 1 g ) , 
� -alanine ( 400 mg ) , sodium me tabi sulphi te  ( 300 mg ) 

and di s ti l l ed wa ter ( 0 . 1 7  ml ) were ground , transferred 
t o  a fl ask ( 50 ml ) and hea ted  at 1 00

° 
fo r t hr.  The 

produc t was di s solved in wa ter ( 5 ml ) and pa s sed 
through Dowex-50-X8 ( 20 gm ) . Ion exchange 
chroma tography yi elded 200 mg crys talline materi al 
whi ch was recry s tal l i sed from me thanol-wa ter ( 2 : 1 ) 

m . p t .  1 50- 1 5 2° ( de comp ) . 

The synthe s i s  was repeated  us ing [ 2- 1 4
c ] gluco s e  

and [ 6- 1 4
c ] gluco se  to  yi eld  the desired  radioa c tive 

product s .  

A. 5 . 2 . 4 Pyrolys i s , g. c . , g. c . -m. s . : Organi c pyrolys i s  
produc t s  from the degradation of  J -deoxy-D-ery thro­
hexo sul o s e , l evul ini c acid  and the 1 -�-alanino- 1 -
deoxy-D-fructo s e s  were co l l e c ted and analysed as 
des cribed in  s e c t ion A. 4 . 2 . A thermal treatment o f  
280°/ 1 5  min was nece s sary for the radi o a c tive Amadori 
pyro lyses  since at 1 95°/ 1 5  min the yield  o f  
pro toanemonin was t o o  low t o  make radi o a c tive tracer  
s tudi e s  feas ibl e ,  whi l e  a t  400

°/ 1 hr  the e s tima ti on 
and separa tion  of  thi s compound was comp l i ca t ed  by the 
pre s ence  of  pyrazines. 

A. 5 . 2 . 5  Measuremen t  of radioac tive pro t o anemoni n :  
Pro toanemonin wa s co l l e c ted  from the g. c .  outl e t  by 
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bubbling the effluent ga s through di s ti l l ed wa ter  ( 2 ml ) 

in  a cuve t t e .  The absorbance of  the re sul ting 
solution ( "'>-. max 260 ,  log  £ 4 .  1 5 ) was measured i n  a Uni cam 
S . P . 800 spec tropho tome ter  and the concentra tion  o f  
pro toanemonin determined ( 6 2 ) . The enti re u . v .  wa s 
recorded to  c onfirm tha t  conversion into anemonin had 
no t o c curred. As  a che ck on the above pro cedure s ,  
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2-furaldehyde ( )- max 276 , log � 4.  1 8 ) was s imil arly 
col l e c t ed for compari son wi th radioac tive da t a  de t e rmined 
for thi s comp ound from the pyrolysi s of  gluco s e  ( 45 ) . 
A known weigh t  o f  pyro lysi s  re s idue ( char ) was al s o  
recovered for radioac t ivi ty de t erminations . 

Ac tivi ty o f  all sampl e s  wa s measured by 
transferring an al iquo t o f  an aqueous solution  o f  known 
concentra tion , or  a suspension of  the char ,  into  a vial  
containing toluene omni fluor- tri ton ( 2 : 1 ,  20  ml ) and 
counting in an I so cap/JOO Liquid Scintillation  Sys t em 
( Searl e Analyti cal ) . Counting e ffi ci enc i e s  were 
de termined by us ing a s e t  of quenched s tandards and 
the counts  adjus ted a c cordingly .  

A . 5 . J Re sul t s  and di s cus sion 

In a s tudy of  the pyrolysi s of 3-deoxy-D-erythro­
hexosul o s e  a t  550°/8 min ( 66 ) , pro toanemonin wa s no t 
reported .  In  the pre sent  s tudy however ,  
pro toanemonin was found among the pyrolys i s pro du c t s  
o f  thi s  o sulo s e  a t  1 95 °/ 1 5  min ( s e e  Tabl e A. J ) . 
Pro toanemonin was al so  de t e c ted  a t  400° / 1 hr , i n  tra c e  
amounts ,  from J-deoxy-D-e rythro-hexo sul o s e  and gluco s e .  
Al though the rel ative yi elds  appear low ,  a c ompari son  
of  the gas chromatograph peak height s  for the 
p yrolys a t e s  ari s ing from the o sulo s e  and 1 -P-alanino� 1 -
deoxy-D-fructo s e , sub j e c te d  to 1 95° / 15  min and 
s tandardi s ed wi th re spe c t  to wei ght  of s tarting materi al , 
showed that the formation  of  pro toanemonin vi a 



3-deoxy-D-erythro-hexo sulo s e  was suffi cient  to account  
for the yields o f  thi s c ompound amongs t the Amado ri 
pyrolysa te s .  The p reponderance of  o ther l ow  mol e cular 
weight  volatiles  ( tabl e A . 3 ) indi cates , however , that 
spontaneous decompo si tion  o f  3-deoxy-D-e rythro­
hexosul o s e  canno t p �ay an important ro le  in the thermal 
degradation of Amadori compound s .  

Pyrolysi s  o f  l evulini c a c i d  a t  280° / 1 5  min al s o  
gave traces  of  p ro to anemonin .  A s  an explana tion o f  
the route  t o  l evul ini c  acid formation when gluco s e  was 
pyrolysed  ( 45 ) , the a c cepted pa thway ( 67 } , whi ch i s  
opera tive in solution and involves 5-hydroxyme thyl- 2-
furaldehyde was d i s counted on the basi s tha t i t  
require s the addi ti on of  wa ter whi ch would be 
unfavourabl e under  pyrolyti c condi ti ons . Indeed , 
nei ther l evulini c no r formi c acid was i so l a ted when 
5-hydroxyme thyl -2-furaldehyde was pyrolysed  ( 68 ) .  On 
thi s  bas i s  it was p o s tul a ted ( 45 ) tha t gluco se  
degrades  to give an  intermediate whi ch can  dehydrate 

Table A . ) .  Pyrolys i s  products  from 3-deoxy-D-erythro­
hexo sulo s e  at  1 95°/ 1 5  min .  

C ompound Rel ative Amount 

Methanol ++++ 
Ace taldehyde ++++ 
Ethanol ++++a 

Ace ti c  Acid  ++++ 
Diace tyl ++ 
2-Furaldehyde ++++ 
Pro toanemonin + 
2-Furylme thylke tone 
5-Methyl- 2-furaldehyde 
5-Hydroxyme thyl-2-furaldehyde 

+ 
++ 

++++ 

aAs signment tentative since e thanol was used  during the 
synthes i s ,  however peak pers i s ted after p ro l onged drying 
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further to form 5-hydroxymethyl-2-furaldehyde or , by a 
separa t e  parall e l  proces s , l o s e  water and one mol e cule  
o f  formi c a c id  ( involving C - 1 ) to  yield a re sidue whi ch 
can then form l evul ini c  acid  via  intramole cul ar 

di sproportionation.  Thi s common intermedia t e  s e ems 

l ikely  t o  be 3-deoxy,-D-erythro-hexosul o s e .  

The c arbon skeleton cl e avage shown i n  f i g  A . 6 

can be t e s ted from the re sul t s  in table A . 4 . The 
specifi c a c tivi ty of  the p ro toanemonin from the Amadori 
compound synthesi sed using [ 2- 1 4

c ] gluco se  shows the 
almo s t  compl e te re tention of the l abel whil e  the 
corresponding fi gure s for the re tention of the C- 1  and 
C-6 l abe l s  are 1 0% and 70% respe c t ively.  Hence  a 
s ci s s ion be tween C - 1  and C-2 i s  favoured to  l e ave a 
5-carbon fragment incorporating carbons 2 to 6 . 
However C-6 i s  no t incorpora ted a t  leas t 30% o f  the 
time whil e  C- 1 can be incorp o rated  10% o f  the ti.me . 
These  findings support the p athway outl ined in fig A . 6 

but sugge s t  that an al ternative mechanism exi s t s  whi ch 
can be explained by the re combina tion o f  fragment s , 
one and only one of  whi ch contains C-2.  Thi s  
phenomenon i s  no t unusual in pyrolytic reac tio ns 
since s tabl e free radi cal s ( 32 ) formed from the 
homolyt i c  cl eavage of carbon chain subs ti tuents  during 
the charring process , are capabl e of forming new carbon­
carbon  bonds . 

Table A . 4 also  shows tha t  2-furaldehyde i s  formed 
via the l o s s  of C -6 about  75% of  the time wi th the 
balance arising from the l o s s  of C - 1 .  Thes e  re sul ts  
are consi s tent wi th earl i er s tudies  ( 45 ) where the 
formation  of 2-furaldehyde was shown to o ccur mainly 
through the e l imination o f  formaldehyde {C -6 )  from 
the decomposi ti on of 5-hydroxyme thyl-2-furaldehyde , 
whi ch i s  the normal end-produc t  o f  carbohydrate  
decompo s i tion v ia  1 , 2 eno l i sa tion and 3-deoxy-D-
erythrohexosul o se formation.  The . l e s s  favoured of  the 
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Tabl e A . 4 . Incorpora tion  o�  radioactivi ty into  
pyrolysi s produc t s  o�  1 -�-alanino-

- 1 -deoxy-D-�ructo ses  derived from gluco s e  
label l ed a t  various po s i tions.  

Compound 

( 1 - 1 C ] Gluco se 
1 -� -al anino- 1 -deoxy­
D-�ruc tose  
Pro toanemonin 
2-Furaldehyde 
Re s i dual char 

[ 2- 1 4
c ] Glucose  

1 -� -alanino- 1 -deoxy­
D-fruc to s e  
Pro toanemonin 
2-Furaldehyde 
Residual char 

[ 6- 1 4
c ] Glucose  

1 -�-alanino- 1 -deoxy­
D-fruc to se  
Pro toanemonin 
2-Furaldehyde 
Re sidual char 

Speci fi c ac tivi ty 
( 1 03 mCi /mmol ) 

4 . 26 

J . 93 
0 . 39 
2 . 93 

4 . 42 

4 . 1 9 
4 . 06 
4 . 44 

4 . 49 

4 . 37 
2 . 94 

1 . 1 7 

dpm/mg 

29 , 266  

two pathways involve s l o s s  of  C - 1 as formaldehyde from 
the de compo s i ti on o� 2-furyl-hydroxyme thylke tone . The 
t ab l e  �urther shows tha t  the re sidual char l e� t  i n  the 
pyro lysi s uni t is l argely  devoid  of compounds re taining 
C - 1 of the o ri ginal hexo se .  Almo s t  thi rty times  more 
C-2  i s  re taine d , showing  tha t  a c 1 -c2 s ci s s ion  i s  very 
c ommon during the pyrolyti c reac tions and supports  
p revious tracer s tudi e s  ( 45 ) where C- 1  was found to 
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contribute  heavily to the �ormation o�  carbon dioxide 
and carbon  monoxide during carbohydrate pyrolys i s .  
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PART B :  Investigati ons or the th erma l degradati on 

o� glucose-amino a c i d syste ms i n  the dry-state 



B. 1 SUMMARY 

The role  o f  Amadori compounds during the browning 
o f  sugar-amino acid mix ture s in the dry- s ta t e  a t  
temperatures up t o  tho se  where spontaneous  
de compo s i tion o f  the· 1 -amino - 1 -deoxyke to s e  o c curs has  
been  a s s e s sed .  Even though a mixture of  glucose  plus  
an  amino acid  appears to  brown more readily  than 
gluco s e  plus  an Amadori compound , the re sul t s  pre sented 
i n  thi s  s e c tion show that the formation of  a 1 -amino- 1 -
deoxyke to se  repre sent s the first  s tep on the lowe s t  
energy route  t o  produc t formation. Furthermore , once  
ini ti ated , the course of  browning in the dry- s tate  
under the condi tions considered , parallel s the pathways 
demons tra ted  for browning in solution. The 1 -amino- 1 -
deoxyke to se  formed func tions as a catalys t i n  the 
browning sequence and provides  rel atively  few browning 
pro du� t s  direc tly vi a i t s own de compos i tion .  
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B. 2 INTRODUCTION 

The re sul t s  pre sented in Par t  A o�  thi s thesi s 
show that the thermal degradation o�  the Amadori 
compounds s tudi ed o c curs at  l ower  temperatures than 
tho se �or their  p arent sugar and amino acids  • . To show 
tha t the �orma tion o� a 1 -amino- 1 -deoxyke to se  repre sent s  
the lowe s t  energy route for browning in a gluco se-amino 
acid  mixture however ,  a s tudy o f  the browning 
characteri s ti c s  o f  a mixture o f  gluco se and the p aren t  
amino acid  i s  warranted.  Such a s tudy was excluded 
�rom Part A since di �fi cul ties  were encountered in 
obtaining d . s . c . , t . g. and pyrolysis  data due to 
" foaming" of the sampl e s .  

In subsequent prel iminary experiments , sampl e s  o �  
gluco se, glycine , �-alanine , 1 -deoxy- 1 -glycino-D-fructo se  
and 1 -�-al anino- 1 -deoxy-D-�ruc to s e  alone and in 
combinations a s  intimate mixture s were packed into  
capillary tubes  and al lowed to brown in a mel ting-
point appara tus by rai sing the temperature a t  1 °/min .  
These  experiments demons trated that  a mixture o �  
gluco se plus  an amino acid browns  at  lower tempera tures 
than e i ther o f  i t s components .  The mix ture also  
browned more readily than gluco s e  plus a 1 -amino - 1 -
deoxyke to se  whi ch i n  turn browned more readily than the 
Amadori compound alone . Thus the spontaneous 
decompo si tion  of a 1 -amino- 1 -deoxyke to se ,  i�  �ormed  i n  
signi �i cant quanti ties  in  these  systems , canno t o f  
i tsel�  exp l ain  these  observa tions . 

Experiments were therefore designed to 
investigat e  the rol e  o� Amadori compounds in reac ti ons  
where glucose  and amino acids  are heated toge ther in 
the dry- s ta t e  • In the firs t experiment the format ion  

. o f  a 1 -amino- 1 -deoxyke to se  i s  examined over the 
0 temperature range 1 20- 1 70 • The second experiment 

evaluates the contribution of the Arnadori compound t o  
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vi sual browning in  sys tems  where solid  s tate  e ffe c t s  
are absent .  The third experiment obje c tively 
determines the role of the 1 -amino- 1 -deoxyke to se  during 
bro wning in the dry- s tate  at 1 20° ( where all  component s  
are in  the s o l i d  s tate ) and a t  1 50° ( where gluco se i s  
mo l ten ) . 
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B. 3 EVIDENCE FOR THE FORMATION OF AMADORI COMPOUNDS 
IN SUGAR-AMINO ACID SYSTEMS ON HEATING IN THE 
DRY-STATE 

Experimental 

Mi x tures of gluco se and glycine ( 1 : 1  mo l e  ratio ) 

were dri ed to cons tant weigh t  and mulled wi th glycero l  
0 o r  para ffin a t  60 • Examination o f  the dried  mix ture 

by paper  chromatography in butanol-acetic  acid-water  
( 4 : 1 : 1 ) using triphenyl te trazolium chlo ride- sodium 
hydroxide  showed no Amado ri compounds had formed a s  a 
re sul t o f  thi s treatment .  The mul l s  were di spersed 
into  glycerol ( 1 20° and 1 70° ) or  paraffin ( 1 50° ) . 
Samples  were removed at appropriate  interval s from the 
glycero l baths and te s ted for the formation o f  
1 -deoxy- 1 -glycino-D-fruc to s e  a s  above. The p araffin 
mixture was al lowed to heat for 1 5 sec  then cooled  in 
a dry-i ce/ e thano l bath and washed wi th water.  The 
aqueous fra c tion  was reduced to l ow volume and 
chromatographed in butanol-acetic  acid-water ( 4 : 1 : 1 ) . 
The spo t s  were vi sual i sed using reagents de s cribed i n  
the l i tera ture ( 23 ) . 

Re sul ts  and di s cus sion  

Tabl e B. l summari s e s  the experimental re sul t s .  
These  demons trat e  the formation  o f  the 1 -amino- 1 -
deoxyke to s e  over thi s temperature range and indi c a te 
i ts re l ative s tabili ty ,  since i t  i s  still  pre s ent  even 
when browning i s  well advanced .  The aqueous extra c t  
o f  the mixture whi ch had bee n  hea ted i n  paraffin gave 
an Amadori po si tive spo t wi th the expec ted mobi l i ty 
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and co lour reac t ions of  difructo se-glycine ( ( iv ) , ( 26 )  ) 

a s  wel l  a s  the mono fruc toseamine when examined by paper  
chromatography . 



Table B. 1 

Medium used 

Glycerol  

Paraffin 

Glycerol 

H2C 
I 
C=O 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
CH20H 

Formation 

CH2COOH 
I 

N CH2 I 
C::O 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
CH20H 

{ iv ) 

o f'  1 -deoxy- 1 -glycino-D-f'ruc tose  
from gluco se plus glycine mixtures heated  
in  the dry- s tate 

Temp oc Time Te s t  f'or Observations 
Amadori* 

4 1 

1 20 2 m in N . s .  Very ligh t  brown 
4 m in  +ve " " n 

7 min N . s .  Ligh t  brown 
1 2  m in N . s .  n " 

20 min +ve Mid-brown 
40 m in +ve Dark brown 

1 50 1 5  sec  +ve Dark brown 

1 70 0 sec  N . s .  Dark brown 
1 5  sec  +ve tt " 

* N . S .  = no t sampled .  



B. 4 OBSERVATIONS ON THE RATE OF BROWNING OF MODEL 
SYSTEMS IN THE DRY-STATE IN HOT OIL , WHERE 

ONE COMPONENT IS MOLTEN 

B . 4 . 1  Introduc tion 

Since the formati on o f  Amadori compounds during 
browning in the dry-s tate  ha s be en indi cated ( see  B . J ) , 
the resul ts o f  the preliminary experiments  ( see  B . 2 ) 
may be evaluated in two ways . Ei ther the formation  o f  
a 1 -amino - 1 -deoxyke to se  i s  merely a side-reac t i on  
during browning o r  there i s  a requirement  f or  i t  to be 
in a l iquid phase before decompo si tion or interac t i on 
can p roceed .  Temperature s above the mel ting points  
of  gluco se  and 1 -�-al anino- 1 -deoxy-D-fructose  were thus 
employed to moni tor the browning o f  sys tems where a t  
l ea s t  one component was mo l ten and hence el iminate  
s o l id  s ta te effec t s .  

B. 4 . 2  Experimental 

Samples  of gluco se , � -alanine , 1 -�-alanino- 1 -
deoxy-D-fruc to se ( fru-�-al a ) , 3-deoxy-D-erythro­
hexo sul o s e  and various mixture s o f  the se compounds 
( pre-dri ed to cons tant wei ght ) were mull e d  in paraffin 
at  60° and di spersed into  p araffin at 1 60° or 1 55 ° . 
The course o f  browning was vi sually  moni tored.  The 
lower t emperature was employed to indi cate  any 
differences  i n  browning behaviour which could no t be  
differentiated a t  1 60° . 

B. 4 . 3  Resul t s  and di s cussion 

The resul ts  ( table B . 2 ) demons trate tha t  rea c ti ons 
be tween glucos e  and � - al anine in a mel t ,  where intimacy 
of contact  be tween reac tants  i s  a chieved , are no t 
grea tly aided by the pre sence o f  the Amadori compound . 
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Tabl e B. 2 

Mull 

Paraffin 
at 1 60° 

Paraffin 
a t  1 55° 

Rat e  o f  browning o f  various sys tems in  
paraffin 

Component 

Gluco se  

13-al anine 

Fru-13-Ala 
J-deoxy-D­
erythro­
hexo sul o s e  
Gluco se  + 
13-al anine 
Gluco se  + 
Fru-13-Al a 
Fru-13-Al a + 
13-al anine 
13-al anine + 
3-deoxy-D­
ery thro­
hexo sul o se 
Fru-13-Al a + 
3-deoxy-D­
erythro­
hexo sul o se 

Gluco se  + 
13-alanine 
Gluco se  + 
Fru-13 -Al a 
Gluco s e  + 
Fru-13-Ala 
+ 13 - alanine 
Fru-13 -Ala + 
13-alanine 

Time to 
end o f  
reaction 
{ s e c s ) * 

1 20 

1 20 

80 

Immediate  

Observation 

mol ten 
change 

no colour 

solid  - no co lour 
change 
dark brown mas s  

reddi sh-brown tar 

1 5  dark brown mas s  

1 5  dark brown tar 
1 20 brown , some bl ack 

patche s ,  s ti l l  s o l i d  

Immediate  black tar 

Immediate  bl ack tar 

JO dark brown 

40 dark brown 

25 dark brown 

1 20 brown 

* 1 20 s e c s  o r  when co lour change was no longer 
s i  gni fi can t .  
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Browning i s  very rapi d  i f  3-deoxy-D-erythro-hexo sulose  
i s  p resent ini tially.  The spontaneous decomp o si tion 
o f  1 -� -alanino- 1 -deoxy-D-fruc tose  to  yie ld  3-deoxy-D­
erythro-hexo sulose  plus � -al anine , the exp e c te d  
pro ducts  vi a 1 , 2 eno l i sa tion and degradation ( 9 ) , i s  
no t a dominant proces s , o therwi se  the Amadori compound 
would brown a t  leas t as rapidly by i tself  as  in the 
pre sence o f  gluco se . Ra ther ,  the Amadori compound may 
react  wi th glucose to p roduce 3-deoxy-D-erythro­
hexo sulose  vi a di fruc t o s e-�-alanine whi ch then take s 
part in browning reac t i ons  wi th any amines  pre sent ( 69 ) . 
Evidence for the format i on o f  a diketoseamine during 
s o l id-state  browning was pre s ented in s e c t i on B. J .  
Hence the s cheme ( ( 7 ) , fi g B . l ) for browning i n  
s o lution ,  appears to  b e  dire c tly appli cabl e to  the 
dry- s tate a t  temperatures up to those  requi red for 
spontaneous thermal de compo si tion reac tions to o c cur. 
Reaction be tween 1 -�-al anino- 1 -deoxy-D-fruc to s e  and 
�-al anine appears to be o f  minor signi fi cance a t  these  
temperature s .  
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CHO 
I 

HCOH 
I 

HOCfH + H2NR 
HCOH amino 

I 
HCOH 

I 
CH20H 

Gluco se 

acid  

H29NHR 
C:O I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
CH20H 

1 -amino- 1 -deoxyke tose  

I 
I 

...., 

R 
I 

H2y - N 
C:O 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
CH20H 

CH2 I 
C:O 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
CH20H HC:O I 

C:O 
I 
9H

2 
difructo se-amino acid  

HCOH I 
HCOH 

I 
CH20H 

3-deoxy-D-erythro-hexosulose  � amine 

Browning 

Fig B. 1 Browning route for sugars and p rimary amino 
acids  
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B. 5 STUDY OF THE I��OLVEMENT OF 1 -�-ALANIN0- 1 -DEOXY­
D-FRUCTOSE I N  THE LOWEST ENERGY ROUTE TO PRODUCT 
FO��TION DURING THE BROWNING OF A GLUCOSE-�­

ALANINE MIXTURE IN  THE DRY-STATE . 

· Introduct i on 

The p re ceeding sections ( B . 3 and B. 4 )  infer the 
importance o f  Amadori formation during browning in the 
dry-state . However the contributi on of  Amadori 
formation to the reac tion be tween gluco se  and an amino 
acid at  t emperatures well below the mel ting po int  of 
gluco se remains obs cure . Such sys tems brown a t  l ower 
temperatures than glucose  plus an Amadori compound 
( s e c tion B . 2 ) . 

The ro l e  of  the Amadori compound in the l owe s t  
energy p a thway t o  browning i n  the solid s tate  

i s  obj e c tive ly evaluated in thi s s e c tion where the 
di sappearance of gluco se and �-alanine and the 
forma tion o f  the 1 -amino- 1 -deoxyke tose  are moni tored 
at 1 20° , where the browning reacti on be tween gluco se  
and �-alanine o c curs readily wi th a minimum of  heat  

0 treatment ,  and al so  at 1 50 , where gluco se  i s  mo l ten , 
allowing greater intimacy o f  conta c t  be tween reactan t s .  

Experimental 

Browning reacti ons : In parallel  exp e riments ,  
intimate mix tures o f  powdered  glucose  and �-alanine 
( 1 : 1 mol e  ratio ) or gluco se , 1 -�-al �nino- 1 -deoxy-D­
fructose  and � -al anine ( 1 : 1 : 1  mol e  ratio ) were 
weighed into  mel ting point  tube s ( approx  20 mg samp l e ) 

whi ch were placed  into holders immersed in an o i l  bath 
maintained a t  1 20° or  1 50° . Cons tant s tirring o f  the 
o i l  ensured an even tempe ra ture and a te s t  using 
thermocoup l e s  pl a ced inside the packed tube s showed 
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that the desi red temperature was reached in 0 . 5 s e c .  
Individual tubes were removed during the course o f  
browning and immediately cool ed b y  placing in an i ce-

bath. After cooling and drying the tubes  were 
reweighed and crushed into vials of di s ti l l ed water  
( 3 ml ) . u . v .  and �i sibl e spec tra of  the re sul tant 
solutions were re corded on a Uni cam SP 800 recording 
spec tropho tome ter .  A paper chromatographi c survey 
as outlined in s e c tion B . 3 . 1 was al so p erformed . 

Gluco se  Analys i s :  

Reagent -
Na2HP04 . H20 2 . 1 g 
NaH2Po4 . 2H20 1 . 1 g 

( Glucose  oxidase ) 

2 , 2 ' -Azino-di- ( 3-e thyl benz thiazo line sul foni c 
acid ( A . B . T . s . ) )  75 mg 

Glucose  oxidase  ( E . C .  1 . 1 . 3 . 4 )  1 00 mg 
Peroxidase ( E . c. 1 . 1 1 . 1 . 7 ) 1 00 mg 
Di s ti l led water 1 50 ml  

Me thod -
Aliquo ts  o f  the gluco se  sample s  ( 0 . 1 ml 
containing up to 0 . 2 mg/ml gluco s e ) were 
added to the reagent ( 3 ml ) in a s c rew  cap 
vial . The solution was incuba ted fo r 30 
min at 25° and the absorbance  read at 420 nm 
agains t a blank containing 0 . 1 ml di s ti l l ed 
water in p l ace o f  the samp l e .  The glucose  
concentra tion was determined from a s tandard 
curve . 

Analys i s  of  �-alanine and 1 -S-al anino- 1 -
deoxy-D-fruc to s e : The l eve l s  o f  the se  

compounds were moni tored using an  automat i c  amino acid  
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analyser ( 70 ) . ( Methods were developed for more rapid  
analys i s  during prel iminary experiments ( s ee  Appendix 
3 ) ) . The sampl e s  for analysi s  were di luted  i f  
nece s sary s o  that an inj e c tion ( 0 . 1 ml c ontaining appro x  



1 00 nmoles ) gave on-scal e peaks from whi ch 
concentrations could be de termined .  Standard soluti ons 

were firs t run from whi ch colour fac tors were determined 
for each compound . 

Re sul ts and di s cus sion 

Data showing the l evels  of  glucose , �-alanine and 
1 -� -alanino- 1 -deoxy-D-fruc tose  for the sys tems gluco s e  
plus � -alanine ( 1 : 1 ) and gluco se plus � -alanine 
plus 1 -�-alanino- 1 -deoxy-D-fruc to s e  ( 1 : 1 : 1 ) as  a 
function of  time for the two cho sen temperature s are 
p lo t ted in figs B . 2 to B. 5 . In each case  gluco se  i s  
consumed much more rapidly than � -alanine . The ini t i al 
l o s s  of  � -alanine parall e l s  the bui ld-up o f  the 1 -amino -
1 -deoxyke tose , thus sugges ting the · forma tion o f  an 
Amadori compound a s  the p rimary s tep during browning in  
the solid-state  under the se  condi t i ons . The rapid  
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consump tion o f  gl ucose once the Amadori concentrat ion � 
reaches an appreci able l evel i s  cons i s tent wi th the 
1 -amino- 1 -deoxyke to se performing a ca talytic  ro le  in  
the conversion o f  glucose  t o  J-deoxy-D-erythro-
hexo sulose  vi a the formation of di fruc tose-�-alanine , 
in a ccordance wi th fig B. 1 .  Evidence for the 
formation of the di fructo se-�-alanine was seen in 
reac tions at 1 20° . A paper chroma tographi c survey 
revealed a faint Amadori posi tive compound having hal f 
the r. f. value o f  1 -�-al anino- 1 -deoxy-D-fructose  ( 26 )  
in the gluco s e-�-alanine sys tem over the t ime interval 
JO to 80 second s .  

The rel ative s tabi l i ty o f  the monoke toseamine i s  
cl early demons tra ted. At  1 20° i t  bui lds  up to a 
s teady-s tate concentration  which persi s t s  l ong after 
all the glucose  has reacted  and , even though some 

0 degradation i s  eviden t a t  1 50 , the same s teady- s tate  
level is  attained at  thi s temperature . The l o s s  of  
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� -alanine i s  almo s t  l inear wi th re spe c t  t o  time whil e  
there i s  glucose  left  for reaction.  A simil ar si tuation  
has  been found in  solution ( 28 ) and exp lained by 
sugges ting that  a rate-l imi ting s tep , wi th resp e c t  to  
the browning reac tion  a s  a whole , o ccurs e arly in  the 
reaction  pathway. .3-Deoxy-D-ery thro-hexosul o s e  has 
been demons trated  to reac t  rapidly wi th amines ( s e e  
table B. 2 ) , and difruc to s e-amino acids are very l abil e  
compounds ( 26 ) . Hence the rate l imi ting s tep during 
browning seems l ikely to be the reaction be tween gluco s e  
and the monoke toseamine t o  yield  the difructose  
compound. 

The ini tial reaction in the browning pathway i s  
the reaction be tween glucose  and �-alanine  to  form the 
monoke toseamine . The effec t  of  adding pre-formed 
1 � -alani no- 1 -deoxy -D-fructose  on  the rate  of browning 
at the two tempera tures c an be seen by comparing the 
percentage o f  glucose  remaining as a function o f  time 
for the two sys tems ( Figs B . 6 and B . 7 ) . At  1 20° , 
when the reac tants  are al l ini tially present i n  the 
sol i d  s tate , the presence o f  added  Amadori compound 
appears i nhibi tory .  When solid  s tate effe c t s have 
been eliminated  ( 1 50° ) the rate o f  glucos e  l o s s  i s  
equivalent i n  bo th sys tems whi ch sugge s t s that the 
formation  o f  monoke to s eamine i s  no t a rate-limi ting 
step in  these  browning reactions . Thi s  evidence i s  
consi s tent wi th the reaction be tween glucose  and the 
1 -amino- 1 -deo xyke tose  being the s l ow s tep . The 
reac tion be tween  glucose  and an amino a c id  ( e . g. 
�-al anine ( pkb 1 0 . 24 ) , glycine ( pkb 9 . 7 8 ) i s  l ikely to  
be more rapid than that  be tween gluco s e  and a 1 - amino-
1 -deoxyke tos e  ( e . g . 1 -deoxy- 1 -glycino-D-fructo se  has  
pkb 8 . � ( 26 )  ) due to the di fferent basi c i ti e s  of  the 
ami ne s , an effe c t  previously no ted  in s olution ( 7 1 ) . 
The i somerisat i on  of  D-glucose  to D-fructo se  on  heating 
at  1 1 0° i n  the presence  of a bas i c  catalys t in  the 



Fig. B . 6 

Fig B. 7 

M inutes 

Di sappearance  o�  Gluco se  during browning a t  
1 20° i n  the s o l id  s ta t e : A ,  gluco s e  + 
� -alanine ( 1 : 1 ) : B ,  glucos e + �-al anine + 
1 -� -al anino- 1 -deoxy-D-�ru c to s e  ( 1 : 1 : 1 ) . 

Seconds 

Di s appearance  o �  Gluco s e  during browning a t  
1 50° i n  the sol id s ta te : A ,  gluco s e  + 
� -alanine ( 1 : 1 ) : B ,  gluco se + � -al anine + 
1 - � -a l anino- 1 -deoxy-D-fructo s e  ( 1 : 1 : 1 ) . 



solid  s ta t e  has been reported ( 40 ) . In a simil ar 

manner a base-catalysed eno l i sation may promot e  the 
reaction be tween gluco se and an amino acid or a 
1 -amino- 1 -deoxyke to se at  tempera tures below the mel ting 
point o�  glucos e .  From preliminary experiments  the 
observed ease  o� browning o�  the amino acids  wi th 
glucose �ol lowed the o rder : �-alanine ) glycine ) 
1 -�-alanino- 1 -deoxy-D-�ruc to se  i . e . o �  greater  t o  
l e s ser basi ci ty.  

Colour devel opment ( measured a s  the change in 
absorbance a t  490 nm ) along wi th the increase  in  the 
mo s t  intensely  absorbing u . v .  spe c i e s  ( �igs . B . 8  and 

B . 9 ) di splay a de�ini te l ag or " induction" phas e  
be�ore browning become s s i gni�i cant  ( when gluco s e  i s  
50% degraded ) . An increase  in the rel ative amount o �  
1 -�-ala nino- 1 -deoxy-D-�ruc tose  leads to a decreas e i n  
absorbance  i n  all  cases , showing i ts relative s tabi l i ty 
in the browning reaction. The maximum u . v .  
abso rbance  ( a typi cal spec trum i s  reproduced i n  fig 
B . 1 0 ) o c curred at  295 nm ins tead o� the normally  
observed 283  nm ( caused by  a bui ld-up o �  5-hydroxy-me thyl-
2-�uraldehyde ( 7 2 , 73 ) ) . A maximum a t  295 nrn has 
been obse rved p reviously in a glucose-glycine derived 
browning sys tem ( 69 ) where i t  was considered due to  an 
addi tion reac tion  be tween 1 -deoxy- 1 -glycino -D-
�ructose  and glycine . Subs t i tuted  pyrro l e s  having 
U . v .  abso rbance maxima a t  295 nm ,  have al s o  been 
observed in  browning reactions ( 74 ) . The s e  compounds 
are produced vi a a 1 , 2 eno l i sation  s tep during the 
degradation o� Amadori intermediates  ( 9 ) . 

Wei ght l o s s e s  asso ciated  wi th the reac tions ( figs 
B. 1 1  and B. 1 2 ) show the sam e  trends as the abso rbance  
curve s ,  in that they re�l e c t  the s tabi l i ty o �  the 
1 -amino- 1 -deoxyke to s e .  I �  one considers  that the 
l o s s e s  ari s e  principal ly  �rom gluco s e  i ts e l�  until  such 
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time a s  all  the glucose  i s  consumed ,  then such l o s se s  

are expl i cabl e i n  terms o f  the pa thways outl ined in 

fig.  B . 1 .  For exampl e ,  i n  the system gluco se  plus 

� -al anine at  1 20° , the bui ld-up of 1 -� -al anino- 1 -

deoxy-D-fructo se  reache s a s teady- s ta t e  phase  a f ter  

one minute .  A t  thi s time  59b o :f  the overa l l  we i gh t  

has been l o s t  whi ch repre sents  a 1 0% l o s s  wi th re spe c t  

to gluco s e .  Thi s  i s  equival ent t o  the l o s s  o f  one 

mol e cul e of  wa ter p er mol e cul e o f  gluco s e .  In thi s 

sys tem , vi sual browning become s more i ntense a t  thi s 

poin't wi th concurrent gas evoluti on ( the s amp l e  

displayed considerabl e fro thi ng from thi s s tage unt i l  

the rea c t i on wa s s topped , at  whi ch time the samp l e  

vo lume  had incre a s e d  at  l e a s t  fourfo l d ) .  The 

" induc ti on" peri o d  o f  the browni ng reaction  may be 

repre s ente d  by a bui ld-up of  the intermedi a t e s  to  a 

s teady- s ta te pha s e  l eading to the  fo rma tion o f  co l our 

pre cursors ( re a c tive  in termediate s '\o:hi ch m a y  be 

genera l ly repre s ented by the o sul o s e s ) .  The overa l l  

rea c tion during thi s phas e  ( s ee f i g  B . 1 )  can thus b e  

repre sented a s : I 
· · -H 0 

· Gluco s e  2 
_...;..;.. __ � 3-deoxy-D-e ry thro-hexo sul o s e .  

The produc tion o f  1 -�-al anino- 1 -d eoxy-D-fru c to s e  i nvo lves 

one mo l e cul e e a ch o f  gluco s e  and �-alanine wi th the 

concurrent  l o s s  of one mol e cul e o:f water. The 

contribution o f  gluco se to  the produc tion o f  

1 -� -al anino- 1 -deoxy-D-fru c t o s e  ( equivalent t o  the 

�-al anine consumed  ( see fi g B. 2 ) ) can be subtra c ted from 

th� overall gluco s e  l o s t  to yi eld  the rel a ti onships 

shown i n  :fig B. 1 J  for the sys tem gl uco se  and � - al anine 
0 at 1 20 • 

The figure shows tha t , during the fir s t  minute  o f  

the rea c ti on ,  fo r every mo l e  o f  glu co s e  whi ch i s  used  

i n  the p roduc ti o n -of  1 -�-al�ninb- 1 �deoxy�D-truct� s e  

there i s  ano ther mol e consumed .  A s  shown earl i er 

( fi g  B. 1 )  thi s mo l e  may rea c t  w� th the 1 -amino- 1 -
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deoxyke to se to  eventually  form 3-deoxy-D-erythro-
hexo sulo s e .  Af t er  one minute the 1 -amino- 1 -
deoxyke to se has  reached a s teady- s tate concentra tion  
( Fi g B . 2 )  and , unti l  a l l  the gluco se  i s  consumed , the 
amoun ts  of gluco se  and �-al anine l o s t  are comparabl e .  
During thi s phas e  th� reac tive carbohydrate-derived 
compounds ( repre sented by 3-deoxy-D-erythro-hexo sul o s e ) 

promo te the " s e condary" phase  o f  the browning reaction  
and the rate of  browning increase s  ( s ee  Fig B . 8 ) .  

Thus : 3-deoxy-D-e rythro-hexo sul o s e  + amine s � bro��ing 
produc t s .  

A pl o t  o f  l og o( agains t time ( Fig B .  1 4 )  fo r 
�-al anine give s a s traight  l i ne over the interval 1 0  
t o  1 20 seconds , showing that  the l o s s  o f  � -alanine 
fo l lows a fi rs t o rder rate l aw. In a kine ti c apprai sal  
of  the  browning reac tion be tween gluco s e  and glycine 
in so lution ( 7 2 ) , the reac tion was found to be fi rs t 
order  wi th re spe c t  to glycine and contained a hal f­
order  rel a tionship wi th re spect  to gluco se  during the 
" induc tion pha s e " . 

Al l of  the evidence presented in thi s s e c tion 
thus  paral l e l s  the  findings for the browning o f  
gluco se-amino a c id  sys tems i n  solution and indi cate s  
the relat j ve s tabi l i ty o f  the 1 -amino- 1 -deoxyke to s e  in  
the dry-s tate  a t  temp erature s up until  i t s spontaneous 
de compo si tion c an o c cur. 
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P�T C :  Studi e s  on  the e ��ec t  o �  changing the amine 
moi e ty on the degrada tion pat terns o �  1 -
amino- 1 -deoxyke to ses  derived �rom D-gluco s e  



C . 1 SUMMARY 

The thermal degrada tion o f  1 -amino- 1 -deoxy­
fruc to se s  derived from di fferent  cl as s e s  o f  amines i s  
reported.  The nature o f  the amino moi e ty was found to  
influence the type s  'o f  degrada tion products  in two 
ways . Firs tly the base contributes  i n  that i t  i s  
i tself  the source o f  some produc t s .  Se condly the 
base influence s  the de compo si tion o f  the carbohydrat e  
moi e ty .  Thi s  influence depends on bo th the basi ci ty o f  
the amine and o n  i ts reac tivi ty toward s  the 
carbohydrate- derived intermedia tes . 1 , 2 enoli sation 
and rearrangement reac tions l eading to  considerable 
charri ng are dominant when Amado ri compounds are 
derived from weak base s .  Fragmentation rea c tions and 
the 2 , 3  eno l i sation  pathway are more important in the 
degradation o f  Amadori compounds derived from s trong 
bas e s .  An excep tion i s  that  wi th amino acids  the 
pre sence of the carboxyl group s trongly influence s  the 
degrada tion pro c e s s e s  by promo ting 1 , 2 eno l i sation  and 
charring. 



C . 2 INTRODUCTION 

Gluco se , i n  the absence o �  amines , undergo e s  
thermal decompo si tion  principally via a 1 , 2 eno l i sation  
mechani sm to  yi eld  �ur�urals  and s c i s s i on  p roducts  
derived �rom 3-deoxy-D-e rythro-hexo sul o s e  ( 45 ,  6 6 ) . In  
thi s case  the 2 , 3  eno l i sation pathway only  opera te s  t o  
a minor extent ( 7 ) . 

The degradation o �  monoke to seamine s ( Amadori 
compounds ) derived �rom primary amines has been 
reported to commence wi th a 1 , 2 eno l i s a ti on  ( 6 ) , s e e  
� ig  C . 1 ,  and the range o �  volatiles  i s o lated  in the 
p re s ent  s tudy �rom the pyrolysi s  o� 1 -deoxy- 1 -glycino­
D-�ructo se  and 1 -� -alanino- 1 -deoxy-D-�ructo s e  suppor t s  
thi s .  2 , 3  eno l i sation can o c cur however ,  a s  i s  shown 
by the �ormation  o�  pyrone s ( 2 1 ) , when c ertain 
Amadori compound s derived �rom primary amino acids  
were pyrolysed . 

I t  has been sugge s ted that decompo s i tion o�  
monoke to seamine s derived �rom s e condary bas e s  
commence s  wi th a 2 , 3  eno l i sation ( 8 ) , s e e  � i g  C . 2 .  I n  
the pyrolysi s o �  1 -deoxy- 1 -prolino-D-�ru c to s e , ( 20 ) 

evidence was al s o  �ound �or the operation o �  the 1 , 2 
enol i sa tion pathway. 2 , 3  eno l i sa ti on and amine 
el imination are highly �avoured wi th pro tona ted , 
strongly basi c  tertiary amino groups at  C- 1 ,  as  would 
be  provided , �or example , br Amadori compounds o �  
piperidine , pip e co l i c  acid , pyrrol i dine and prol ine 
( 75 ) .  I t  has been sugges ted ( 76 )  that the yi eld  o �  
the 2 , 3  eno l i sa ti on-derived �ragrant caramel  
0-he tero cycl i c s  may be  l imi ted by  the recondensation 
o�  amine s at  C-3  o �  the hexo sone pro duce d  by 2 , 3  
enol i sa ti on o�  the Amadori compound. Thi s sugges tion  
has  been  adopted ( 1 9 ,  7 3 ) a s  a modi fi cation to the 
2 , 3 eno l i sation pa thway , operative when s trongly bas i c  
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I � 

Amadori compounds decompose , to account for the 
formation o f  the l e s s  fragrant 4-carbon reduc tones 
i so la ted from the pyrolysi s  o f  1 -deoxy- 1 -piperidino-D-
fruc to s e .  From a compari son of  volati l e  pro duc t s  from 
the decomposi tion of thi s compound and 1 -deoxy- 1 -
prolino-D-fructo s e  ( .20 ) the authors obse rved tha t  the 
more weakly bas i c  secondary-amine derivative ( prol ine ) 
produced small er  amounts  o f  fragmentation  p ro duc t s  and 
more 6-carbon enolone s .  They found no 4- carbon amino  
reduc tones from 1 -deoxy- 1 -pro lino-D-fruc to s e .  

The l i terature thus points  t o  two areas  tha t  
meri t further  invest igation : 

i ) Do the degradat i on pathways o f  monoketoseamines 
fol low a simple  rel ationship dependent on the 
basici ty o f  the amine subs ti tuent?  

i i ) Do di fferences i n  the c lass  o f  amine s pl ay an 
important role  apart from their  bas i ci tie s ?  
I n  thi s context di fferences  be tween primary 
and s e condary amine s and amino acid s  may be 
evi dent . 

In thi s s tudy the pyrolysi s o f  five Amado ri 
compounds derived from glucose  are des cribed using the 
experimental appro ach employed in Part A .  Bas e s  
employed in  their  synthes i s  were morphol ine , 
dibenzyl amine and N-me thylaniline ( secondary bas e s ) , 
p- t olui dine ( a primary bas e ) and the amino aci d ,  
pro line .  These  base s  extend the range o f  bas i ci tie s  
and types  o f  amine subs ti tuents inves t igated to date .  
Dat a  on general asp e c t s  of  the thermal decomposi tion  
of  the 1 -amino- 1 -deoxyfruc to ses  is  pre sented a s  wel l  
a s  c ompari sons o f  a more specifi c nature based o n  
o rgani c volati le  analys i s .  In addi tion the the rmal 
d e gradation of piperidino-hexos e-reduc tone ( v ) 
pro duced from 1 -deoxy- 1 -piperidino-D-fructo s e  by the 
el imination o f  two mol e cule s  o f  water ( 77 ) , i s  



de scribed . Thi s  reduc tone was included since  i t  i s  
readily i solated from a browning mixture o f  gluc o s e  and 
piperidine and i s  the ma jor  2 , 3  enolisation  p roduc t 
i solated from the low temperature pyrolysi s o f  
1 -deoxy- 1 -piperidino-D-fruc to se  ( 7 3 , 77 ) . Analysi s 

( v ) 

o f  1 -deoxy- 1 -piperidino-D-fructo s e  i t sel f was no t 
i ncluded in thi s s tudy as  di ffi cul ti es were 
encountered in i sol ating a produc t suffi ci ently pure 
for pyrolyt i c  purpo s e s .  

6 8  



C . 3 THERMAL ANALYSIS BY D. s . c . , T .G .  AND D . T . G. 

C . 3 . 1 Experimental 

C . 3 . 1 . 1 Amadori compounds : Previousl y  publ i shed 

syntheti c p rocedures were employed to prepare 1 -deoxy-
1 -morphol ino-D-�ructo s e  ( 78 ) , 1 -deoxy- 1 -dibenzylamino-D­
fructose  ( 78 ) , 1 -deoxy- 1 -p- toluidino-D-�ruc tose  ( 79 ) , 
1 -deoxy- 1 -N-me thyl anil ino-D-�ructo se ( 80 ) , 1 -deoxy- 1 -
p ro l ino-D-�ruc to se  ( 20 ) and piperidine-hexo se-
reductone ( 77 ) . Thes e  preparations are de tai l ed in  
Appendix 2 .  

Physi cal properti e s  ( �or I . R . ' s  s e e  Appendix 2 ) : 

1 -deoxy- 1 -morpholino-D-�ructo s e : 
M. p t  1 4 6- 1 48° ( de comp ) 
Found : C ,  48 . 2% ; H ,  7 . 9% ; 

Cal c . �o r c 1 0H 1 9No6 C ,  48 . 2% ; H ,  7 . 6% ; 

1 -deoxy- 1 -dibenzylamino-D-�ruc tose : 
M. p t  1 59- 1 6 1 ° 

Found I c ,  66 . 5% ; H ,  7 . 2% ; 
Cal c .  for c20H25No

5 c ,  6 6 . 9% ; H ,  7 . 0% ; 

1 -deoxy- 1 -p- toluidino-D- fruc tos e : 
M. p t  1 5 3- 1 54° 

Found c ,  5 8 . 0% ; H ,  7 . 4% ; 
Cal c .  for _

c 1 3H 1 8No
5 c ,  5 8 . 0% ; H ,  7 . 4% ; 

1 -deoxy- 1 -N-me thylanilino-D-fructo se : 
M. p t  1 48- 1 5 2° 

Found . c ,  5 8 .  1 % ; H ,  7 . 3% ; . 

Cal c .  �or c 1 3H 1 8No5 c ,  5 8 . 0?{, ; H ,  7 . 4% ; 

N ,  
N ,  

N ,  
N ,  

N ,  

N ,  

N ,  5 .  8% 

N ,  5 .  6% 

4 . or;b 

3 . 9% 

5 . 3% 

5 . 2� 

5 . 2% 

5 . 2% 



I , 

70 

1 -deoxy- 1 -prolino-D-fructo s e : 
M . p t  1 1 3- 1 1 5° ( de comp ) 

Found C ,  46 . 8% ; H ,  7 . 4% ; N ,  4 . 8% 

pi peridino-hexo se-reduc tone : 
M . p t  228-230° , A max ( H2o ) 309 ,  zero opti cal a c tivi ty 

Found : C ,  6 2 . 6% ;  H ,  8 . 1 % ; N ,  6 . 8% 

c ,  62 . 6% ; H ,  8 . 1% ; N ,  6 . 6% 

C . J . 1 . 2  Thermal analysi s :  Samples  for analysi s were 
prepared as des cribed in sec tion  A . J . 1 . 2  and the d . s . c .  
tra c e s  were similarly re corded.  

T . g.  and d . t . g. data were obtained on a S tan ton­
Redcro ft t . g . -750 Thermobal ance us ing shal l ow 
p l a tinum crucibl e s .  Samples  ( 1 -4 mg ) were heated a t  
1 0° /min under a ni trogen atmo sphere ( fl ow  ra te 2 ml / 

min ) . 

C . J . 2  Resul ts  and dis cussion 

D . s . c . , t . g. and d . t . g. data for the thermal 
de compo si t i on of the compounds under s tudy are pre sented 
in  figs C . J to  C . 7 . The d . s . c .  traces  show tha t  for 
the  proli r�e and morphol ine  derivative s decompo si tion  
a ccompani es  mel ting, whi l e  for  the o ther three 1 - amino-
1 -deoxyke to se s  a di s tinc t l ag exi s ts be tween the mel t 
and decompo si tion peak s .  The pro line Amadori compound 
has  a di fferent decompo s i ti on  p a t tern from the o thers 
in that  once decompo s i tion has commence d ,  endo thermi c 
reactions appear to be bal anced by exo thermi c one s 
( the se rea c tions  may have low �H value s ) and the trace  
re turns to  the basel ine , whereas  decompo si tion i s  
c l e arly endo thermic for the p- toluidine , N-me thyl­
anil ine and dibenzylamine derivat ive s .  
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The t . g. curve s for the Amadori compounds all  have 
a shap e similar to tho s e  of  1 -deoxy- 1 -glycino-D-fru cto s e  
and 1 -� -a lanino- 1 -deoxy-D-fruc to s e  ( see  s e c tion  A. J . 2 ) , 
di splaying a rapid  i ni ti al degradation whi ch l evel s out  
to  l e ave a re sidue whi ch decompose s  comparatively  
s l owly. The firs t � tage appears to have two componen t s  
i n  the pro l ino ca s e .  The d . t . g. trace for thi s compound 
shows the decomposi tion pat tern i s  complex  wi th several 
c ontributing pro ce s s e s .  Thi s trace i s  simi l ar in  shap e 
t o  the d . t . g. trace  for  1 -deoxy- 1 -glycino-D-fructose  
shown in fig A . J .  

i. g. and d . t . g. data for piperi dino-hexos e­
redu c tone ( fig C . 8 ) shows tha t  de compo si tion  
a ccompani e s  mel ting , wi th a sharp ini tial  degradati o n ,  
t o  yi eld l e s s  than 20% o f  re sidue by 400° . Thi s 
sugge sts  that fragmentation reac tions are l ikely to 
p l ay a major  part during the the rmal decomp o si tion and 
charring p roces se s  are o f  l e s s  importance . 

A subs tantial amount o f  re s idue remains  in  the 
case  o f  1 -deoxy- 1 -pro l ino-D-fruc tose  ( fig C . J ) . The 
derivative s of  amine s  o f  intermediate  basi ci ty ,  
morpholine and dibenzylamine , l eave abou t  h al f thi s 
amo unt  o f  residue . Of  the amine s o f  low  basi ci ty , 
the p-tolui dino derivative l e aves over 50% re sidue 
whil e  the N-me thylanil i ne Amadori compound l e ave s 40% . 

Basi ci ti e s  of  the amine s cho sen fo r thi s s tudy 
and tho s e  employed in p revious s tudie s  ( 1 9 ,  20 , 2 1 ) 

are p resented in  t abl e c .  1 along wi th the 
decompo si tion tempera ture s for their  re spe c tive 
1 -amino- 1 -deoxyfruc to s e s ,  taken from the d . s . c .  curve s 
for the compounds i n  thi s study o r  from the indi cated 
references .  

When the percentages of  re sidue remaining a t  400° 

7 6 
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Table C . 1 Physi cal da ta  for amines under s tudy 

Base pkb a t  Nature o f  Amadori 
25° ( 8 1 ) base de compo si tion 0 tempera ture C 

Piperidine 1 1 .  1 2  2
0 

1 27 ( 80 ) 

Pro l ine 1 0 . 64  2ot 
1 20- 1 25 

N-Y-Amino-
1 ot 

butyri c acid  1 0 . 57 1 30 ( 2 1 ) 

13 - al anine 1 0 . 24 1 ot 
1 65 

Alanine 9 . 87 1 ot 
1 78 ( 2 1 ) 

Gl ycine 9 . 78  1 ot 
1 55 

Val i ne 9 . 7 2  1 ot 
1 5 7  ( 2 1 ) 

Dibenzyl amine 8 . 5 2  2
0 

1 90 
Morpholine 8 . 3 3  2

0 
1 50 

p-Toluidine 5 . 08 1
0 

1 90 
N-M e thylaniline 4 . 84 2

0 
1 80 

t 
amino acid = 

for  the 1 - amino- 1 -deoxyfructoses  empl oyed i n  thi s s tudy 
are plo t ted agains t the basi ci ti e s  o f  the parent ba se s 
( fig C . 9 ) , the amounts  o f  re sidue l ef t  by the amino 
aci d-derived Amadori compounds are seen to f orm a s eri e s  
di s t in c t  from the o ther base s .  A more bas i c  amino 
acid subs ti tuent l eads to more charring whil e  the 
reverse  i s  true for non amino acid-derived Amadori 
compounds . 

In fig C . 1 0  the rela tionship between the 
d e composi t i on tempera ture of the Amadori compounds and 
the basi ci ty of the parent bas e s  i s  shown .  The 
decomposi tion  temperature of  the Amadori compound i s  
l o we red wi th increas ing basici ty o f  the amine 
sub s ti tuent. W i th the exception of dibenzyl amine , the 
ami no acid-derived Amadori compounds again  fo rm a 
s eri e s  di s tinct  from the o ther bas e s .  

7 8 
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C . 4 ANALYSIS OF PYROLYSIS PRODUCTS FROM THE 1 -AMIN0-
1 -DEOXYFRUCTOSES 

c .  4 . 1 Experimental 

The experimental pro ce dure s were the s ame a s  
tho s e  de s cribed in s e c tion A . 4 . 2  for the pyro lys i s  of  
1 -deoxy- 1 -glycino-D-fruc to s e  and 1 -�-al anino- 1 -deoxy­
D-fruc to s e .  Pyrolys i s  c ondi tions o f  250°/ 1 5  min were 
cho s en to al low a compari son  of all the pro duc ts  from 
the Amadori compounds once  the fi rs t s t age o f  
de compo s i ti on was compl e t e  ( wei ght  l o s s e s  after  thi s 
treatment showed that the firs t  s tages  were compl e t e  
a c c ording t o  the t . g. curve s ) . O ther t empera ture s 
were s e l e c ted to  inve s ti ga t e  mas s  bal ance da ta  
c orre sponding t o  certain points  on  d . t . g. tra c e s  of  
intere s t .  

I n  addi tion 1 -deoxy- 1 -morpholino-D-fruc t o s e , 
1 -deoxy- 1 -dibenzyl amino-D-fructo se  and 1 -deoxy- 1 -p­
toluidino-D-fructose  were pyrolysed at  1 95° / 1 5 min 
to  s ampl e  the organi c vola ti l e s  at a somewha t 
e arl i er s tage . The se  compounds were al so sub j e c te d  
t o  "Me thod  A "  o f  Shigematsu  � � ·  ( 2 1 ) , invol ving 
heating a t  200°/5 min and extra c ting the o rgani c 
vola t i l e s  into  di chlo rome thane . 

c . 4 . 2 Re sul t s  and di s cussion 

The amounts  o f  char formed a t  250° ( s e e  t abl e C . 2 ) 

fall wi thin a narrow range wi th the excep tion o f  the 
morpholino deriva tive whi ch is s omewhat lower .  
C ompari sons of  the quanti ty of  tar re covered shows a 
reversal o f  the trend s e en by comparing the re sidue s 
remaining a t  400° from the t . g. trace s .  The more 
bas i c  amino derivative s l e ave rel a tively l arge tar 
fra c ti ons whi l e  the p ro lino and l e s s  bas i c  amino 
comp ounds have  l ow tar value s .  Percentage s o f  tar  
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Tabl e C . 2 Pyro l ys i s  produc t s  from th e 1 - amino- 1 - d e o xyfru c t o s e s  a t  250°/ 1 5  m i n  

Pyrolys i s  Yi eld % 

Product  1 -deoxy- 1 - 1 -deoxy- 1 -N- 1 -deoxy- 1 - 1 -deoxy- 1 - 1 -deoxy- 1 - piperidino-hexo se-
morphol ino me thyl p- toludino- dibenzyl- prol ino-D- reduc tone 

-D- ani l ino-D- D-f'ructo se ami no-D- f'ruc to s e  
fruc to se f'ruc to se fructo se 

Char 3 1 . 5 50 . 4 60 . 4 55 . 1 59 . 5 49 . 4 

Ta r 29 . 4 8 . 4 5 . 3  2 2 . 8 2 . 0  32 . 6 

C a rbo n 
dioxide 3 . 8 3 . 7 3 .  1 4 . 3  1 3. 1 3 .  1 

Carbon 
monoxide 0 . 4 o . 8 0 . 3 1 .  0 1 .  0 0 

Wa ter 28 . 2 23 . 8 2 1 . 6 1 2 . 7 1 7 . 0  8 . 7  

Organi c 
vol a  ti l e s  7 . 0  1 0 . 2 9 . 2 2 . 2 6 . 8  5 . 8  

Una ccounted 0 2 . 9 o . 1 1 .  8 0 . 6 1 .  5 

00 
... 



. re covered from 1 -deoxy- 1 - glycino-D-fructo se  and 
1 -�-alanino- 1 -deoxy-D-fruc to s e  pyrolysate s  were al s o  
l o w  (Tabl e A. 1 ) and thi s  indi cates  that pro l i ne 
behave s more as  an amino acid  ra ther than a s e condary 
ba s e  having a high pkb value . Considerat i on  o f  the 
amount of  C02 released  sugge s t s  tha t  de carboxyla tion  
o f  pro line, an �-ami no aci d ,  i s  an  importan t  
de composi tion reac tion .  Thi s  phenomenon was al so 
obs e rved wi th 1 -deoxy- 1 -glycino-D-fructo s e  (Tabl e A . 1 ) . 

Re sul t s  for wa ter  rel eased reflec t  the degree to 
whi ch the carbohydra te  mo i e ty has been dehydra ted .  
The release  of  three mol e cul e s  of  wa ter ,  for ins tance , 
would yi eld wei ght  l o s se s  of  22 . 4 , 20 . 1 ,  20 . 1 ,  1 5 . 0  
and 1 8 . 6 for the Amadori deriva tive s o f  morpho l i ne , 
N-me thyl ani l ine , p- to l uidine , dibenzyl amine and 
pro l i ne re spec tive l y ,  in  reasonabl e agreement wi th 
the value s in  tabl e C . 2 and consi s tent wi th tho se  
di s cus sed earl i er for the glycine and � - al anine 
Amadori compounds . Piperi dine-hexose-reduc tone has 
l o s t  one mo l e cule of wat er  per mol e cul e pyrolysed .  
I t s  forma tion involve s the loss  o f  three mo l e cul e s  o f  
wat er  from gluco s e .  The higher l o s s  in  the case  o f  
1 -deoxy- 1 -morpho l i no-D-fruc t o s e  may refl e c t  some 
degradation of morpho line  i t sel f ,  whi ch i s  
susceptible to hydrolys i s  a t  temperature s above 200° 

( 82 ) or to further dehydrations as  a re sul t o f  the 
increased fragmenta tion o f  the carbohydra te mo i e ty 
refl e c ted in  the low  char  and high tar figure s .  The 
value s for water rel e ased  sugges t  that the sharp 
s i gnals  s een in  the d . t . g . traces  repres e n t  the regi o ns 
whe re thes e  dehydra ti ons are o c curring. The fonna tion  
of  rearrangement produc t s , whi ch canno t dehydrat e  
further., i nvolve the l o s s  o f  three mol e cul e s  o f  water  
from gluco se  and two from the 1 -amino- 1 -deoxyfruc t o s e s .  
The extra mol e cule l o s t  from all  compo unds s tudi ed 
mus t be involved in  fragmentation  reac tions . 
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The carbon dioxide produced  during thi s thermal  
t reatment shows that wi th the  excep tion o �  1 -deoxy- 1 -
prol ino-D-�ruc t o s e  approxima tely 4% o f  the Amadori 
compounds i s  re covered as co2 • Thi s  fra c tion ari se s  
from the secondary degradations o f  the carbohydrate  
moi e ty a s  refl e c ted  in the �igure for  co2 re l eased  
during the pyrolysi s o f  gluco se alone ( tabl e A . 1 ) . 
The carbon monoxide value s may be  s imilarly a c counted  
for.  

The i rregul ar shape o f  the d . t . g. curve for 
1 -deoxy- 1 -dibenzyl amino-D-�ru c t o s e  was inve s tiga t ed by 
pyrolysing thi s compound a t  280°/ 1 5  min • Thi s  
thermal trea tment correspond s  t o  point A o n  fig C . 7 .  
Value s o f  4 . 5% and 1 . 1 % for co2 and C O  re spec tively 
were obtained whi l e  the t ar plus char and water  plus  
organi c vola ti l e s  ac counted for 5 3 . 0% and 38 . 5% 

re spec tively.  The se �igure s on  compari son wi th tho s e  
in  t abl e C . 2 ,  show that de carboxyl a tion and 
decarbonyl a tion reactions are no t o c curring in thi s 
region and sugge s t  that the decompo si tion pa t t ern 
seen in the trace  i s  due to  vol a ti l i sation o f  
dibenzyl amine derivatives from the pyrolysi s zone . 

Pyrolysi s o �  1 -deoxy- 1 -pro l ino-D-fruc t o s e  a t  
l ower t emperature s wa s undertaken i n  an a t temp t to  
explain the  nature o f  the various  thermal 
degradative pro ce s s e s  whi ch are evident from the d . t . g. 
curve for thi s c ompound. 

Consideration  ( table C . 3 ) o f  the values o f  char 
recovered show that the cho sen the rmal t rea tments  
corre spond to  the  points A ,  B ,  C and D on the d . t . g . 
curve in  Fig C . 3 .  The evo l uti on  o f  bo th carbon 
dioxide and wa ter  prior  to  point  A impl i e s  tha t more 
than one pro ce s s  has o ccurred and may repre s ent a 
l o cal i sed  de comp o si tion due to incomple te hea t  

8 3  



Tab le C .  3 Pyrolysi s products  from 1 -deoxy- 1 -prol ino-D-fructose  under various 
thermal treatments ( 1 5  min duration ) 

Pyrolysi s Yi eld % 

product 
1 35° 1 (-;5° 1 95° 2 1 0° 

Char 94 . 4 85 . 5  79 . 7  66·. 7 

Tar 0 0 0 1 • 1 

Carbon dioxide 1 .  3 4 . 4 4 . 5 1 0 . 5  

Carbon monoxide 0 . 2 0 . 7 o . 6 0 . 7  

Water plus 
organi c volatiles  3 . 5 8 .  1 1 3 . 1 20 . 6 

Unac counted 0 . 6 2 . 0  1 .  8 1 .  4 

00 +:-



transfer. The amount of carbon dioxide rel e ased 
l evel s out a t  4 . 5% until  point  C and there · i s  a l arge 
i ncrease be tween C and D ,  during whi ch p e riod  the tar 
produc tion commence s  • I t  i s  uncl ear where the 

. carbon dioxide has originated from up until  po int c .  

The sharp weigh t  l o ss be tween B and C do e s  no t 
involve carbon dioxide or  carbon monoxide l o s s  and 
p robably represents  a dehydra tion o f  the carbohydra te  
moi e ty .  After thi s point  S tre cker degrada tion ( 9 ) o f  
p rol ine by �-dicarbonyl compounds produced from the 
dehydrated hexo se  uni t could a c count  for the carbon 
dioxide released .  Thi s evi dence sugge s t s  that an 
ini tial s tep in the reaction seri e s  in the case  o f  
1 -deoxy- 1 -prolino-D- fruc to s e  i s  the rel ease  o f  
p roline from C- 1 o f  the carbohydra te fol l owed by 
dehydration , wi th l i t tle  s c i s sion o f  the hexo s e  uni t ,  
to  produce reac tive i ntermediates  whi ch in  turn 
interact  wi th the free amine in a S tre cker type 
reac tion.  Part of the carbon dioxide released pri o r  
t o  point C could b e  produced via a compe ting pro ces s 

, involving decarboxyl a tion whil e  the pro l ine i s  s t i l l  
a t tached and whi l e  the Amadori compound i s  l o cked into  
a 1 , 2 enol s truc ture ( 20 ) . Dehydra tion and s c i s s ion  
of  the re sul tant pyrrolidine derivative would then 
follow. 

Compounds cons ti tuting the o rgani c vola ti l e  
fractions from the pyrolysi s  o f  the 1 -amino- 1 -
deoxyke to se s  at  250°/ 1 5 min ( tabl e C . 2 ) and the o ther  
s e l e c ted pyrolysi s  condi tions for  the compounds no ted 
( s e c tion C . 4 . 1 ) are l i s ted in  table s  C . 4 to C . 7 .  

The o rgani c vol a ti l e s  from the dibenzylamino , 
p - to luidino and N-me thylani lino derivative s are all  
dominated by the pre sence o f  the free base .  Morpho l ine 
i s  the maj or product  from 1 -deoxy- 1 -morpho lino-D­
fructose  except in the di chlorome thane extra c t  where 
morpholine-derived c ompounds are the ma j or product s .  
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Table C . 4  Vol a ti l e  organic  pyrolys i s  produc t s  rrom 1 -deoxy- 1 -morpho l i no-D- rruc tose 

Compounds8 

Me thanol 
A c e ta l dehyde 
Ethanol 
A c e tone 
A c e t i c  Acid  
2-Me thyl furan 
2 , 3  Bu tAnedione 
Propano i c  ac id  
Benzene 
Acryl i c  Acid  
2 , 5-dime thyl rur•n 
2 , 3-pen tanedi o ne 
Toluene 
Mo rphol i ne 
2-furyl methylke tone 
Compound I 
2 , 3-dihydro - 3 , 5-dihydroxy-

6-me thyl -4H-pyrane-4-one 
N-ro rmylmorpholine  
N-ace tylmorpho l i ne 
Compound I I  
Morphol ino-C-ma thyl -

reduc tone 
i ao-mo rpho l i no-C-me thyl­

reduc tone 
4-hydroxy-2-morpho l i no­

bu tano l a c e tone 
Compound I l l  

Thermal Tre a tment  

1 95° / 1 5 min 

+ 
+ 
+ +  
+ 
+ + +  
+ 
+ 
+ 

+ 
+ 
+ + + +  
+ 
+ + +  

+ 
+ + +  
+ +  

250°/1 5 m i n  

+ 
+ 
+ +  
+ +  
+ + +  
+ 
+ 
+ 
+ 
+ +  
+ 
+ 

+ + + +  
+ 
+ 

+ +  
+ +  

+ 

200°/5 min 
( rH2c i 2 ) 

+ +  

+ 

+ 
+ 
+ + +  

+ 
+ + +  
+ +  
+ 

+ + + +  

+ +  

+ +  
+ 

Hexo!le  C 

a toms 

1 
2 
2 
3 
2 
5 
4 
3 
(.. 
3 
6 
5 
6 

5 
3 

6 
1 
2 
3 

4 

4 

4 
6 

,Ma!l s  !lpe c t rum m/e 

3 1  ,J..?. , 29 
29 , 1i4 , 4 3  
3 1 ,45 , 27 , 29 , 46 
4 3 . s.B. . 1 5 

-

4 3 ,115 , f>O 
82 , 5 3 , 81  
43 .  1 5 , 8f> 
28 , 29 ,1:!!: , 27 , 45  .1§ '  5 2  ' 77  ' 5 1 ' 50 
27 ,12 , 55 , 26 
43 ,� . 95 , 5 3 , 8 1  
4 3 , 29 , 5 7 , 27 , 1 00 
9 1  ,.2_g,  39 , 65 -
57 , 29 ,_!U , 86 , 56 
95 , 1 10 , 39 , 42 
1 28:Jl:! , 1 00 . 70 

4 3 , 4 4 ,  1 4 4 , 1 0 1  
56 , 5 7 ,8�5 , 86 , 1 00 
5 7 . 5 6 ,  , 1 1 4 ,J32 ill · 1 00 , 70 , 4 2 

..!1..!. · 1 28 , 1 00 , 1 5 4  

..!1..!. · 1 28 , 1 00 , 1 42 

1 1 2 .  1 1 3 '  1 27 ·ill 
1 00 , 70 ,  1 5 4 .� 

M . S .  rer. 

5 4  
" 

" 

" 

" 
" 

" 
" 
• 

b 

5 4  
c 
c 
b 

d 

d 

d 
b 

a + + + +  • major produc t ;  + + +  • > , �  or pyro l y!la t e ;  ++ a 1 - 1 0� o f  pyrolya ate ; + • < 1 �  or pyrolysate  
b Tentative assignment deduced from mae!l spectral breakdown pat tern 
c Identi cal wi th spectrum of  authentic  sampl e run on same i n s t rument 
d Tentative  a s s i gnmen t ,  !lpe c t rum cons i s tent wi th tha t of  the piperidino anal ogue ( 1 9 )  

CO 0\ 



Table C . 5  Vol atile  o rgani c  pyro l ys i s products  from 1 -deoxy- 1 -p-toluidino-D-fructo s e  

Thermal . Treatment Hexose C 
Compound8 1 95 ° / 1 5  min 250 ° / 1 5 min  200°/5 min 

(cH2c1 2 ) a toms Ma s s  spectrum m/e M.  s .  

M e thano l + + 1 54  
Ace t al dehyde + + 2 " 
Ethano l + +  + 2 
Fur an + 4 
Ace tone + 3 
Ace t i c  ac id  + + +  + 2 
2-Me thyl furan + 5 " 
2 , 3  Bu tanedione + + 4 
Propanoi c  ac i d  + 3 " 
2 , 5  dimethyl furan + 6 " 
2 , 3  pen tonedione + 5 " 
To luene + + 6 " 
2-fura ldehyde + 5 " 
2-furfuryl a l cohol + 5 " 
Pro to anemonin + + 4 " 
2-furyl me thylke tone + + 5 " 
Dime thyl pyrrol e  + 6 94 ,22, 80 " 
2 , 4  hexadieno i c  acid  + 6 97 , 1 1 2 , 67 , 4 1 , )9 " 
p-toluidine + + + +  + + + +  + + + +  106 ,.1.QI " 
2 , 3  dihydro - 3 , 5-dihydroxy-

6-me thy l - 4H-pyrane-4-one + 6 4 3 , 4 4 , 1 4 4 , 1 0 1  " 
p-me thyl -N-phenyl pyrro l e  + + +  + +  5 � , 1 56';11 5 
N-formyl -p-toluidine  + +  + +  1 1 0  ·ffi · 1 07 c 
N-ace tyl-p- toluidine + +  + +  2 106 , ill , 1 07  c 
N- ( 5-me thyl furyl ) -p-

tolui dine + +  + 5 8 1  ·ill · 1 5 6  b 

a , b , c  I for exp lanation see tab l e  c . 4  
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Tsbl e c . 6  Vol s ti l e  o rgsni c pyrolysi s products  from 1 -deoxy- 1 -dibenzyl amino-D-fruc to s e  

Thermal Tre a tment 
1 95°/1 5 min 250°/ 1 5 min 200°/5 min Hexose  c·  

Compound a ( CH2C1 2 ) s toms Ma s s  spec trum m/e 

Methano l + + 1 
A cetal dehyde + + 2 
Ethano l + + +  + 2 
A c e tone + + J 
A c e ti c acid  ++ + +  + 2 
2 , 3  bu tanedione + + 4 
Propano i c  a c i d  + J 
A c e t o l  + 4 
2 , 3  pen tanedione + + 5 
To luene + + 6 
2-fura ldehyde + 5 
2-furfuryl a l cohol + 5 
.Ac e tol acetate + 6 
Pro toanemonin  + + 5 
2-furylme thylke tone + + + 6 
Benzaldehyde + + + +  + + +  ++ 77 , 106 , 105 , 5 1 , 50 
Benzyl a l cohol + + 79 ,T58, 1 07 , 77 
Benzyl amine + 1 06 ,.!.21 , 30 , 79 
2 , )-dihydro-3 1 5-dihydroxy-

6-me thyl -4H-pyr�ne-4-one + +  + 6 
Benzo ic  acid  + 6 1 05 . 77 , 1 22 
N-benzyl pyrro l e  + +  + 4 9 1 ,ill ,b5 
N-benzy l a c e tamide + 2 4 J , JO , 1 5 , 106 ,..!.!!..2 
N-me thy l d ibenzyl amine + + +  + 1 9 1 , 1 )4 , 1 20 , 2 1 1  
N-formy l d i benzyl amine + +++ 1 1 34 , 9 1 , 1 0 6 , 225 
Dibenzyl ami ne  + + + +  + + + +  9 1 , 1 0 h ,  1 9h ,..!.2..I 
Tribenzyl am i ne + 9 1 ,  1 0 6 ,. 1 9 6 ,lli 

a , b , c  I for exp l ana tion see Table  c . 4 
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Tab l e  C . 7  Vo l a t i l e  o rgani c pyro l y s i s  p rodu c t s  f'rom 
me thyl ani l ino-D-fru c to s e  a t  250° / 1 5  min 

Compound8 1 -d e o xy- 1 - h e xo s e  
p ro l i no-D- c arbon 

f ru c t o s e  a to m s  

M e thanol + 1 
Ace tal dehyde + 2 
E thanol + +  2 
Fur an + 4 
A c e tone + J 
A c e t i c  a c i d  + + +  2 
2-me thyl f'uran + 5 
2 , 3  bu t a n e d i one 
Propano i c  a c i d  + J 
Pyrro l i d ine + +  
A c e t o l  
2 , 5  d i m e thyl furan 
2 , 3  p e n tanedi one + 5 
A c e to i n  
2 , 5  hexanedi o n e  
2-f'ur a l d ehyde 
2-furfury a l c o h o l  
A c e t o l  a c e t a te 
2-fury l m e thy l k e tone + 5 
N-me thy l a n i l i n e  
2 , J- d i hydro- J , 5-di h ydroxy-

6 -me thy l - 4H-pyr,ne-4-one + 6 
N- fo rmyl -pyrro l i d i ne + +  1 
N- a c e tyl -pyrro l i di n e  + + + +  2 
N-p ropo n y l  2- pyrro l i di n e  + +  J 
N- 5-me thy l - 2- furfury l -

pyrro l i di n e  + 6 
N-me thy l - N- f o rmy l an i l in e  
N-me thyl -N- a c e tyl ani l i n e  

a , c  I fo r e x p l ana t i on see tabl e c . 4  

1 -d e oxy- 1 -pro l ino-D-fru c to s e  and 1 -d e o xy-N-

1 -d e o xy- 1 - hexo s e  Ma s s  s p e c trum H . s .  
N-me thyl ca rbon m/e 
ani l i n o - D- a to m s  

f' ru c  t o  s e  

+ 1 5 4  
+ 2 " 
+ +  2 " 

" 
+ J " 
+ +  2 " 
+ 5 " 
+ 4 " 
+ J " 

1.! , 70 , 4 3 " 
+ 4 " 
.. 6 " 
+ 5 " 
+ 4 " 
+ 6 " 
++ 5 " 
+ 5 " 
+ 6 4 J , 1 5 , 42 , 86 ,.!.!.2 " 

" 
+ + + +  1 06 ,.1QI , 7 8 " 

+ +  6 " P,· 4 J , 70 20 
J , 70 ,:-H " 

10 ,.!.31 ,  J " 

95 ,..!£2, 1 6 4 " 
+ +  1 1 20 , 1 06 ,  1 07 ,* c 
+ 2 1 07 ' 1 0 6 , 1 20 ,ill c 

ref'. 
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Thes e  findings sugge s t  tha t the primary pyro ly t i c  event 
in  the de compo si tion of' 1 -amino- 1 -deoxyke to s e s  derived 
f'rom hetero cyl i c  amine s i s  a s ci s sion of'  the carbon-
ni tro gen bo nd at  C - 1 .  Whether o r  no t the ami ne dire c t s  
the fructo s e  moi e ty t o  degrade via a 1 , 2  or  2 , 3  
eno l i sa tion may also ·be inferred f'rom the vol a ti l e s  
obse rved.  The formation  o f'  2 , J-dihydro-J , 5-dihydroxy-
6-me thyl-4H-pyr�e-4-one ( vi ) in each of' the s e  sys tems 
i s  evidence f'or the operation of' the 2 , 3  eno l i s ation  
p athway ( 20 ) , whi le the i solation o f'  f'urf'uraldehyde s  
and N-substi tuted pyrrol e  deriva tives along wi th 
pro toanemonin in the c a s e s  o f'  1 -deoxy- 1 -N-me thyl­
anil ino-D-fru c to s e , 1 -deoxy- 1 -p-toluidino -D-f'ructose  
and 1 -deoxy- 1 -dibenzylamino-D-f'ructo se indi ca t e  tha t 
1 , 2 eno l i sation ( 9 ) i s  o c curring in thes e  sys t ems . 

(vi ) 

The re la tive importance o f'  the two pathways i s  no t 
f'ully  cl ear be cause o f'  the presence o f  one to four 
c arbon  fragments  whi ch could ari se  f'rom e i the r  route . 
O ther  than the compounds di s cussed above and the free 
base s  themselves ,  the remainder o f'  the o rgani c 
vola ti l e s  are derivatives o f'  the corresponding base  
and are mo s t  likely f'ormed via s e co ndary rea ct ions 
wi th reactive carbohydra te-derived carbonyl s rather 
than f'ormed dire c tly  f'rom cleavage of' the Amadori 
compound since they are more predominant a t  the higher 
temp era ture . The chain l engths and yi e lds  o f  the 
pro duc t s  f'rom these  1 -amino- 1 -deoxyf'ru c to s e s  sugges t  
tha t  the s e condary degrada tion o f'  the s i x-carbon 
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carbohydrate-derivative s o c curs via c 4 , c 2 sci s sion 
ra the r  than c3 , c 3 spl i t t ing obse rved when hexo s e s  
degrade  under bas i c  condi tions ( 8 3 ) , and tha t  the free 
bas e  appears to be li t t l e  involved , i f  a t  a l l , i n  
thes e  degradation  pro c e s s e s . 

The pyrolysi s of  1 -deoxy- 1 -morpholino-D-fruc t o s e  
shows an entirely di fferent pat te rn t o  the o ther  three 
Amadori c ompounds di s cus s ed so  far .  c 4- amino 
reduc tone s ,  no t observed  for the o ther 1 -amino- 1 -
deoxyfruc toses  are 0 the ma j or produc ts a t  200 • 1 ' 2  
eno l i sation i s  no t di re c t ly evident , al though 
2-me thyl furan i s  produced when 3-deoxy-D-erythro­
hexo sul o s e ,  a key intermediate  in  the 1 , 2 eno l i s a ti on  
pa thway , is  pyro lysed ( h6 ) .  Mo rpholine i s  a much 
weaker base than piperidine and has a s imi lar  pkb 
value  to dibenzylamine , ye t the vo la til e s  formed from 
1 -deoxy- 1 -morpho lino-D-fructose  are simi lar  to tho s e  
formed  from 1 -deoxy- 1 -piperi dino-D-fruc t o s e  and may be 
accounted for by the same pa thways , the only 
di ffe rence being the i so l a t ion of the pyranone ( vi ) 

in the former cas e .  Hence the s tructural  simil ari t i e s  
be tween morphol i ne and piperi dine are more important 
than thei r  rel a tive ba si c i ti e s  in  thi s  contex t .  The s e  
ma j o r  degrada tive rea c tions are shown i n  Fig C . 1 1 .  
Interpre ta tion o f  the ma s s  s p e c tral breakdo�n p a t t e rns 
for morpholino-C-me thyl-reduc tone , i so-morphol i no-C­
me thyl-reduc tone and 4-hydroxy-2-morpho l ino­
bu tano l a c tone were based on the simi lari ty t o  tho s e  o f  
the i r piperidino analogue s ( 1 9 ) . Simi l arly the 
s truc tures of compounds I ,  II and III were deduced on  
the basi s o f  their  ma s s  spec tra . An a t t emp ted 
syn thesi s of  mo rpholino-C-me thyl -reduc tone by the 
pro cedure for the piperidino analogue ( 84 )  did no t 
yi e l d  a produc t pure enough for mas s  spec tral 
conforma tion , so  all  a s s i gnment s  are tenta t ive only .  
Compound III i s  the morphol ino deriva tive o f  
dia c e tyl formoi n  whi ch has a frui ty-carame l  aroma ( 9 ) 
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I 
I . 

- morpholi£1: 
2,3 Enoii.J 

H<t<=> 
C-OH 
1 2,4 sc i ssion 

C=O ........ a-_ ---
1 CH3 

Morphol i no -

C - Methy i -

CH3 
I C=O 
I C=O 
I HC-OH 

. I HC-OH 
I CH20H 

CH3 
I C=O 

+ morphol ine 

I � �-H?O Hr-N� � 

C=O 
I 

C=O 
I CH3 

Reductone Compound .m. 

HC-N:-;o 
11 "'-----/ 
0 

N - Formy i ­
Mor phol ine 

N - Acet y i ­
M o rphol ine 

Hw
-

<=> 

C-OH 
I HC=O 

Compound U 

CH3 
I C=O 
l CH  
11 C- OH 
l C=O 
I CH20H 

C o m pound ::C 

Fig C .  1 1  Propo s ed de compo si tion  reac tions o f  
1 -deoxy- 1 -morpho l ino-D-fruc to s e  
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and has  been imp l i c a ted a s  an intermedi a t e  on the 
2 , 3  enoli sation pa thway l eading to the �orma tion o �  
2 , 3-dihydro-3 , 5-dihydroxy-6-me thyl-4H-pyrQpe-4-one 
( vi ) and related c6 enol one s ( 8 ) . The amino­
reduc tones , having 9urnt sugar aromas ( 8 ) are produced 
when the pa thway vi a diace tyl formoin is  bl o cked by 
the addi tion o f  the base  a t  c-3  0 � the dehydra ted 
2 , 3  enol intermedi a te .  

The pyrolysi s o f  1 -deoxy- 1 -prol ino-D-fructo se  
gives e s s enti al ly  the same range o f  vol a t i l e s  found 
by previous re s earchers ( 20 , 2 1 ) . The opera tion o f  
the 1 , 2 and 2 , 3 eno l i s a tion  pathways i s  apparent along 
wi th the produc tion of  fragrant prol ine-derived 
compounds .  No  c4-amino-reductone s were observed 
al though 2 , 4 s ci s s ion wa s predominant over a 3 , 3 
spl i t . Proline i s  a s tronger base  than morpho li ne 
and should therefore di re c t  the Amadori compound to 
de compose  via a 2 , 3  eno l i sation pa thway even more 
readily .  However i t s propensi ty to de carboxyl a te 
rather than add back to the 2 , 3  enol  intermedi a te 
di c ta te s  the decompo si tion pat tern .  There i s  
evidence to support the decarboxyla tion o f  prol ine 
whi le  i t  i s  s ti l l  a t ta ched to the hexo s e  uni t and 
whi l e  the Amadori compound i s  lo cked into  a 1 , 2 enol 
s truc ture as  propo s ed by Mil l s  and Hodge ( 20 ) . Thi s  
pro ce s s  would give ri se  to the ami des observed wherea s  
the decarboxyl a tion  o�  the free base  i n  a S trecker 
typ e  reac tion wi th the � -di carbonyl compounds would 
be expec ted to yi eld  the dehydra ted pyrrol ine 
derivative s re spons ibl e �or bread-l ike aromas ( 9 ) . 
The s e  compounds were , wi th the exception o�  pyrroline 
i ts e lf  ( 20 ) , no t i s ola ted in any o f  the three s tudi e s  
ye t are evident when mix tures o f  proline  and sugars 
are heated ( 75 ) . 

Mo s t  of  the degrada tion products  �rom 1 -deoxy- 1 -
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glycino-D-rruc to s e  and 1 -� -al anino- 1 -deoxy-D-rruc t o s e  
could be accounted ror vi a a 1 , 2 eno l i sa ti on pa thway 
and the rura l. dehyde and pyr�l e  deriva tive s i so l a ted 
rrom the pyrolys i s  or Amadori compounds containing 
primary � -amino acid  moi e ti e s  in the s tudy by 
Shigema t su � al .  ( 2 1 ) shows that thi s p a thway i s  o r  
major  s i gni ri cance . No c4-amino-reduc tone s were 
i so l a ted  in their  s tudy even though the amino acids  
are all  s tronger bas e s  than morphol ine and the 2 , 3  
eno l i s a tion pa thway i s  operative . The degrada tion 
o r  the Amadori compounds derived rrom primary amino 
acids  in their s tudy , as wi th 1 -deoxy- 1 -glycino-D­
rruc t o s e  in thi s  s tudy ( Part A ) , involve s the rorma t i on 
o r  re l a tively l arge amounts  o r  pyrazines whi ch are no t 
i so l a ted  when the ami no acid  al one i s  pyro lysed ( 47 ) . 
I t  i s  unc lear whe ther  the se  compounds ari se  rrom 
intera c tions of the rree  amino acid i t s e l r  or are 
rragmentation p roduc t s  of the charring p ro ce s s  as  
they are  no t rormed unl e s s  dra s ti c condi tions  are 
empl oyed. 

Tabl e , . 8  broadly summari se s  the re l a tionships  
di s cus sed in  thi s inve s tigation for  the Amadori 
c ompounds under s tudy. 
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Tabl e C. 8 General relationship be tween the basic  moi e ty o r  1 -amino- 1 -deoxyrructo s e s  and the 
observed pyrolysi s products  

Amine subs ti tuent 

Primary o(-amino 
acids 

Secondary o(.-amino 
acids 

Non ..).. -amino 
acids 

Primary bases  

Secondary base s  

Glucose  alone 

Aroma Pro fi l e  

Ex tent o r  
polymeri sation 

or  charring 

High 

High 

High 

High 

High to Low 

Medium 

Carbohydra te derived products  
1 , 2 eno l i s a tion 

./ � '" 
2 , 3  eno l i scftion 

furans ' pyrrole s  � c 6 enolones 

�c 6 enol ones 

rurans , pyrrol e s( >c6 enolone s 

furans 
. ( ' pyrrole s  

c6 enolone s 

furans , pyrrole s  

furans �c- hea t · � 

c 6 enolone s 

c 4 reduc tone s 

c6 enolones 

+--�ackground
---

���!����
----

����; 

Characteri s ti c 
amine-derived 

produc t 

Pyrazines 

Amide s 

Ami des  

Ami des  

Amino­
reduc tones ( i f  high pkb ) 

tangy , bi t ter caramel sugar 

Aroma 
profi le  

"' I >.1 >. !: I  +l � I  +l 
0 1  ::l 0 1  I: I I I 
>.I '0 1  til l  Cl> I � I  ,C l  I I I I >.1 >. � ·  +l Cl> l  rJ) ) I  ;:l 0 1  E r-i l  Ct-1 1  I I I I . I I I 
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APPENDIX 1 PYROLYSIS PROCEDURES 

A 1 .  1 Pyro lys i s  Uni t design 

The design o f  the pyrolysis  uni t was based  on  tha t  
o f  Simmonds e t  al . �85 ) and cons i s ted o f  a removabl e 
s tainle ss-s teel tube that  was sleeved by an insula te d  
furnace containing a ni chrome heater.  The furnace 
could be maintained at  the desired tempera ture through 
the use o f  a vari abl e rheos ta t  placed in seri e s  wi th 
the uni t .  One end of the furnace  contained a gas 
inl e t  and a " swagelok" , po rt through whi ch a 
thermome ter could be inserted and the po s i tion  ad jus ted 
to  record the tempera ture anywhere wi thi n  the uni t .  I t  
was desirabl e to al l ow an equi libration period  o f  a t  
l e a s t  2 hours to s tabi l i s e  the temperature a t  the 
de s ired l evel under the cho sen gas flow { typi cally 
dry ni trogen at  8 ml /min ) . The o ther end o f  the 
furnace was threaded to allow introduction o f  the 
s ampl e and give a gas- t ight seal  once the nut had been 
se cured. This  nut was dri l l ed-out in the middle and 
had a short l ength o f  s teel tubing ( app rox  3 cm x 
0 . 6 4  cm outside  diame ter ) brazed onto the outer  surface , 
whi ch was fi t ted wi th a " swagelok" reducing adap ter t o  
whi ch a trap compri sing a s tainl ess-steel  tube { 1 5 c m  x 
0. 32  cm outside diame ter ) containing a porous p o lymer  
( Chromosorb 1 05 ,  80- 1 00 mesh ; Appl ied S c i ence  Labs , 
S ta te  Coll ege , Pa ; 200 mg ) could be  a t t a ched.  The 
trap was adap ted for dire c t  insertion into  a gas 
chromatograph ( 86 ) . Such traps requi red " cond i tioning" 

0 consis ting o f  hea ting up to 200 under a l ow ni trogen 
gas flow ,  until they produced negl i gible background 
peaks as te s ted by gas chromatography. 
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A l . 2  Operation of  the Pyrolysi s  Uni t and defini tion 
of  Mas s Balance fracti ons 

For organic vola t i l e  analysi s , a p la t inum boa t  
c ontaining the sample  ( 1 0- JO mg ) was placed  a t  the 
appropria te posi tion inside the removable s t ainl e s s­
s teel  tube wi th the gas flow turned off.  The 
removabl e end containing the trap was qui ckly  s c rewed 
into place and the gas turned on. Tempe ra ture s were 
maintained a t  given l evel s for the requi red times and 
the vol atiles  formed were carri ed into the trap , whi ch 
was packed in dry-ice .  A t  the conclusion  of  the 
pyrolysi s ,  the s tainl e s s- s teel  tube toge the r  wi th the 
sampl e boa t  could be removed for cleaning. 

Mass balance measurements  were made by pyrolysing 
the s ample  ( 1 00-200 mg ) packed into the wide  end o f  a 
" Pa s t eur" pipet te .  The sampl e  was contained using 
two glas s-wool  plugs and the l ength of  the pipe t t e  
was made such tha t  the s ample  sat  a t  the d e s i red 
p o si tion wi thin the p yro lysi s uni t whil e  the cap i l la ry 
end o f  the pipette  ex tended along the pyro lysi s  tube 
and into the end of the po lymer trap . An adjus table 
s wagelok fi tting on the trap al l owed i t  to  be s l id  
through the nut suffi ciently far to  enable the capil l ary 
end o f  the s ample  p ip e t t e  to  be se cured t o  the end o f  
the trap , ·employing teflon  tape  to  make a gas- tight 
s eal . The trap was then pull ed back and the swagel ok 
nut se cured so the end o f  the trap sat  exac tly a t  the 
end of the pyrolysi s uni t .  After the s ampl e  pipe t t e  
had been a t tached t o  the trap and adjus ted t o  the 
d e s i red p o si tion the trap could be packed i n  dry-i ce  
and when equilibrium had  been a t tained , the gas flow 
was momentari ly turned o ff and the samp l e  moved into  
the pyrolys i s  zone and the outer nut s e cured.  Onc e  
pyrolys i s  had commenced , tar col l e c ted  on  the gla s s  
surface  be tween the s ample  and the polymer trap from  
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where i t  could be re covered .  Char was defined as  
that  materi al remaining in  the immedi ate  s amp l e  area 
whil e  the organi c vol a ti l e s  plus water were c ondensed 
in the trap . Uncondensed materi al pas s ing through the 
trap was carri ed into a s e ri e s  o f  U-tube s a t t a ched t o  
the outer  end of  the trap . Carbon dioxide  and carbon 
monoxide were re covered from the gas s tream and 
determined as barium carbonate ( 3 1 ) ,  the carbon 
monoxide being firs t converted to carbon dioxide by 
pas s age over i odine pentoxide at 1 50° . 
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APPENDIX 2 PREPARATION OF AMADORI COMPOUNDS 

A2 . 1 Synthe t i c  pro cedures 

. 
1 -deoxy- 1 -glycino-D-fructose : 

D-Glucos e  ( 1 44  g ) was dis solved in wa ter  ( 1 50 ml ) 

and the solution was concentrated in  vaccuo to 20 g 
water  content .  Glycine ( 1 5  g ) and sodium 
me tabi sulphi te  ( 1 9  g ) were added to the s tirred 

0 gluco s e  solution , he ld  a t  90 C over a boi l ing wa ter bath 
( 1 hr ) . The mixture was cooled and diluted wi th 
aqueous  e thanol ( 1 : 1  v/v ) to 500 ml . The synthe si s 
was repe ated and the reac tion produc ts combined and 
chroma tographed on "Dowex 50-X8 " ( H+ , 400 g ) . The 
c olumn was eluted wi th aqueous e thanol ( 3  1 )  and 
water  ( 1 1 )  and the washings di s carded . Bas i c produ c t s  
were eluted from the column wi th aqueous ammonia ( 0 . 2 N ) . 
The e ffluent was col l e c ted  in 1 5  ml fra c ti ons and each 
fra c tion  examined by paper chromatography ( " No 1 
Wha tman" ) wi th butano l-ace tic  acid-water  ( 4 : 1 : 1  v/v ) 

a s  s o lvent.  The spo t s  were vi sual i zed by ( a ) : 
anil ine hydrogen phthala te ( 87 ) , ( b ) : alkalone 
triphenyl te trazol ium chloride ( 8 8 ) and ( c ) : ninhydrin.  
Frac ti ons containing the Amadori compound were c ombined 
and concentra ted in vac cuo to give a brown syrup whi ch 
gave a whi te  granul ar precipi tate  on s tori ng a t  4° for 

I 
1 0  days .  The p recipi tate  was fil tered and washed 
wi th me thanol-water  ( 2 : 1  v/v ) to remove the brown 
c o louration and the crys tal s were recrys tall i sed  from 
methanol-water  to give 1 -deoxy- 1 -glycino-D-fructo s e , 
9 gm .  

1 -6-alanino- 1 -deoxy-D-fructose : 

The same synthe ti c pro cedure as  that des cribed 
for 1 -deoxy- 1 -glycino-D-fructo s e  was employed �s ing 

MASSt:Y 'UN!Vtn51iY 
L I B RARY 
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� -al anine ( 1 8  g ) in place  o f  glycine to yie l d  
1 -�-alanino- 1 -deoxy-D-fruc to s e , 1 2  gm .  

1 -Deoxy- 1 -morph o l i no-D-fructo s e : 

D-Glucose ( 50  g ) was added to  trime thyl amine 
( 50 ml ) in a 250 ml J-necked flask equipped  wi th a 
condensor.  

Morpholine ( 23 ml ) and gl acial ace ti c acid ( 20 ml ) 

were added wi th vigo rous s tirring and the mixture hea t ed 
0 to 85 and all owed to  reac t for hal f an hour. At  thi s 

time the solution was l igh t  amber.  The mix ture was 
cool ed wi th s tirring for 4 hours and s tored for 24 hours 
at  -20° . Subsequent s t i rring at room temperature for  
6 hours afforded a whi te precipi tate  whi ch was fil tere d  
and the extract  ( 22  gm )  washed wi th e thanol-ace tone 
( 1 : 1 ,  v/v ) . 

The produc t wa s re crys tal l i s ed from me thano l .  

1 -Deoxy- 1 -dibenzyl amino-D-fructo s e : 

D-qlucose ( 1 8  g ) was s tirred into absolute  
e thanol ( A .R .  1 00 ml ) in  a 250 ml fl ask fi t ted  wi th a 
reflux c ondensor. Dibenzylamine ( 1 9 . 8 g ) and gl acial 
ace ti c  acid ( 6  ml ) were added and the mixture refluxed  
for 3 hours . On cool ing overnight  a pre cipi ta te 
formed which was fil tered and washed wi th e thanol unti l  
c o lourl e s s  t o  yield  24 gm of  the required produc t  
whi ch was rewashed wi th e thanol and dri e d  in  vac cuo over 
cal c ium chloride . 

1 -Deoxy- 1 -p- toluidino-D-fru c to se : 

D-Gluco se  ( 20 g ) , p- toluidine ( 1 6 g ) , ace ti c acid  
( 1 N , 2 ml ) and di s ti l l e d  water ( 4  ml ) were heated in a 
bo i l ing water ba th for half an hour. E thanol ( 200 ml ) 

was added and a precip i tate  formed immediately .  The 
mixture was l eft  t o  s tand for 48 hours when the 
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precipi tate  ( 20 gm )  was fil tered , washed wi th e thanol­
e ther ( 2 : 3 , v/v ) and dried over cal cium chlo ride  in  
vaccuo . 

1 -Deoxy- 1 -N-me thyl ani l ino-D-fructo s e : 

D-Glucose  ( 50  g )  and N-me thylaniline ( 47  ml ) were 
s ti rred wi th absolute  e thanol ( 1 00 ml ) at 70-80° for  
4 hours . Glacial  ace ti c a c id  ( 25 ml ) was adde d  
dropwi s e  and heating continued for 2i hours , a t  whi ch 
time the solution was deep-amber.  The solution  was 

0 cooled wi th s ti rring and l ef t  2 4  hours a t  -20 • 

Subsequent s tirring failed  t o  produce the product , a s  
expected  ( 3 ) , however a p re cipi t ate was obtained after  
reducing the volume by hal f and prolonged s to rage a t  
room temp era ture . The pre cipi tate  was fi l te red  and 
washed wi th cold e thanol until  col ourles s and 
re crys tal l i sed from e thanol to yie l d  20 g o f  p roduc t .  

1 -Deoxy- 1 -prolino -D-fruc to se : 

D-Glucose  ( 26  g ) was di s s o lved in me thano l ( 200 ml ) 

and prol ine ( 1 8  g ) was added .  The soluti on was 
refluxed for  3 hours and mal oni c acid ( 3 . 8 g ) added .  
Refluxing was continued for  an addi tional 3 hours . The 
mixture was coo l ed and concentrated  to hal f i t s 
o riginal volume . Prolonged s to rage a t  room temperature 
afforded  a whi te  precipi ta t e  whi ch was washed wi th 
methanol  and fi l tered.  After  rec rys tal l i sa t i on from 
me thanol 1 5  g o f  whi te crys ta l s  were obtained  whi ch 
were shown to contain no glucos e  o r  pro l ine by p ap e r  
chromatography in butanol-ace t ic  acid-wa ter ( 4 : 1 : 1 ) 

and pyridine-wat e r  ( 4 : 1  v/v ) . 

1 -Deoxy- 1 -piperidino-D-fructose  and piperi dine-hexo se­
reductone : 

Anhydrous D-glucos e  ( 30 g ) and piperidi ne ( 1 9  g ) 

were s ti rred a t  70° for 20 minutes  to give an amber 
syrup . Heating was s topped  whil e  maloni c a c i d  ( 6 g ) 
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was added by small amounts  over a 1 0  minute  p eriod .  
The col our changed to  a reddi sh-brown. The mixture 
was s ti rred for 10 minute s and e thanol ( 20 ml ) was 
added .  Heating was re commenced and after hal f an 
hour ace tone { 20 ml ) was added and the s o lut i on cooled  
t o  0° . The expected  crys tal s ( 77 ) did  no t form 
al though a t arry produc t was produced on prol onged 
s tanding , whi ch gave a p o s i tive colour t e s t  for Amadori 
compounds wi th triphenyl te trazolium chlori de . 
Puri fi cation o f  thi s produ c t  by preparative p aper  
chroma tography on "No 3 Whatman" paper in butanol­
a c e t i c  acid-water { 4 : 1 : 1 ) yielded a light brown syrup , 
chromatographi cally homogeneous , whi ch fai l ed to 
c rys tal l i se al though various solvents and te chniques 
were employed. 

Reheating of  the mo ther liquors from the above 
p reparation for 6 hours  at 70° fo l lowed by s tanding 
a t  room temperature yi e l ded opti cally inac t ive l i ght­
yel low  crys tal s of piperidino-hexo se-reduc tone whi ch 
were washed , fi l tered and re crys talli sed  from e thanol . 
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A2 . 2  Infrared Spec t ra 

I . R . spec tra o f  the Amadori compounds were 
obtained as  nuj o l  mu l l s  on a Perkin-Elmer 1 37 
( spe c tra 1 -6 ) or  a Heckman AccuLab 8 ins trument wi th 
sodium chl oride opti c s .  

Key t o  spe c tra 

1 .  1 -deoxy- 1 -glycino-D-fructose  
2 .  1 -�-alanino- 1 -deoxy-D-fructose  
3 .  1 -deoxy- 1 -mo rpho l ino-D-fruc tose  
4 .  1 -deoxy- 1 -p- tokUdino-D-fructose  
5 .  1 -deoxy- 1 -dibenzylamino-D-fructose  
6 . nuj o l  
7 .  piperidine-hexo se-reduc tone 
8 .  1 -deoxy- 1 -prol ino-D-fructose  
9 . 1 -deoxy- 1 -N-me thylanilino-D-fructo s e  
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APPENDIX 3 COLOURIMETRIC ANALYSIS OF BROWNING 
REACTION MIXTURES 

Amino acid and Amado ri compound l evel s may be 
determined using an automa ti c amino-acid analyser 
( see  Part B. 4 . 2 . J ) whi le  gluco se  can be spe c i fi cal ly 
moni tored by the conventi onal enzymati c me thod 
employing gluco s e  oxidase  ( see  Part B . 4. 2 . 2 ) due to the 
rel a tively l arge amount of time taken for a s ingl e 
analysi s  on the amino a c id  analys er ( 7 hours ) , the 
wai ting time involved before analysis  and the l arge 
number  of  sample s  involved during preliminary 
screening runs to  find the mo s t  appropria t e  experimental 
condi ti ons , i t  became nec e s s ary to develop  more rapi d  
analyti cal techni que s f o r  the determina tion o f  the 
amino acid  and Amadori c ompound. 

Wolfram e t  al . ( 8 9 ) developed a me thod o f  
de t e c ting browning rea c tion produc t s  a s  thei r  
trime thyl silyl (TMS ) deriva tive s .  Thi s  me thod was 
empl oyed to fo l l ow the c ourse o f  the browning rea c t ion 
be tween gluco s e  and � - al anine a t  1 50° in  the dry- s tate  
by moni toring the l evel s o f  the TMS peaks  of  gluco se , 

� -al anine and 1 - p -8lanino- 1 -deoxy-D-fru c to s e .  Various 
TMS reagents and mix ture s of the s e , as used  by Wol fram 
� al . were t e s ted on two columns : 1 0% OV- 1 0 1 on  
gas chrom Q ( s tainl e s s  s teel ) and J% S . E . - JO on 
chromo sorb G ( a ll  glas s ) using D-gluci tol  as  an 
internal s tandard . Al though the me thod al l owed 
quanti ta tive e s timation  o f  the three c ompounds 
individually no combina tion o f  reagents  or  columns was 
found to be s ati s fa c t ori l y  reproducible for a l l  
compounds a t  once  and hence analys i s  was tedious and 
the me thod was l a ter abandoned in preference  to  
analysis  by u . v .  spec tropho tome try.  

�-alanine was e s timated as  i ts 2 : 4 
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dini trofluorobenz ene derivative ( 90 ) by reading the 
abs o rbance a t  J80 n m agains t an appropri ately  diluted  
bl ank and gluco s e  was  e s tima ted using gluco s e  oxida s e . 
1 - �-alanino- 1 -deoxy-D-fruc to s e  did  no t interfere wi th 
the � -alanine analys i s  and , even though the use  o f  
2 : 4 d ini trofluorobenzene i s  no t spe c i fi c  f o r  �-alanine , 
comparison of  the re sul ts  wi th tho s e  later  obtained 
using an amino acid  analyser showed tha t  the analys e s  
were rel i abl e .  A me thod based o n  the reac ti on be tween 
Amadori compounds and triphenyl t e t razol ium chlo ride  a t  
room tempera ture t o  give a red pigment ( 2 6 )  was deve loped  
for analysi s  of  the 1 -amino- 1 -deoxyke to se  produced.  
Glucose  did no t interfere wi th the analys i s  providing 
the reading was taken wi thin hal f  an hour o f  mixing 
the reagents .  The colour began t o  fade after  thi s 
time in certain sampl e s ,  bu t in o thers , where there 
was a high concentration of gluco s e , a s e condary pha s e  
o f  c o lour development could b e  seen due t o  the effe c t  
o f  NaOH ( required for colour development ) ca talysing 
the browning rea c tion between glu c o s e  and any 
�-alanine present .  Glucose  normal ly rea c t s  wi th 
triphenyl tetrazol ium chloride  after  pro l onged s tanding 
in  .the cold  ( 24 hours ) or  when hea t  i s  supp l i ed .  I t  
was nec e s sary to run a fre sh s e t  o f  s tandard s  wi th 
e a ch analys i s  and to allow a t  l ea s t ten minutes  for  
c o lour development to o c cur. Thi s  is i llus tra ted  i n  
fig AJ. 1 where a fixed wavel ength o f  574 nm was cho sen 
wi th a s ampl e  concentration of  45 pg/ml . Al though the 
me thod  required care in appl i ca t i on and appeared t o  
have a narrow range wi thin whi ch c oncentra t i on c ould b e  
de termined , i t  gave a c ceptabl e re sul ts  when c ompared 
to those  obtained using the TMS pro cedure , see fig.  
AJ . 2 .  
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