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ABSTRACT

Amadori and Heyns rearrangement products are currently produced as crude Maillard
reaction mixtures, due to lack of convenient procedures for their synthesis. The objective
of this studﬁr was to develop a synthetic strategy based on polymer-supported synthesis that
allows the production of different derivatives of these sugar-amino acid conjugates. The
strategy involved coupling of poly(ethyleneglycol) mono methyl ether (PEGME) with N-
protected (t-BOC) amino acid through catalysis by DCC (dicyclohexylcarbodimide) to
form a polymer bound ester of the amino acid (89 % yield with B-alanine), followed by
deprotection of the t-BOC group through a novel microwave-assisted hydrolysis process in
high yields (98 %). After the deprotection, the polymer-based amino acid was neutralized
by triethyl amine treatment, followed by room temperature reaction with selected reducing
sugars or sugar analogs, for 48 hrs to produce polymer bound ARP in 75 % yield (using
acetol). The final product was cleaved by methanolysis using sodium methioxide in 65 %

yield. The reactions were monitored by spectroscopic analysis and the intermediates were

identified by FTIR, Py/GC/MS and 'H NMR.



RESUME

Les molécules de type réarrangement Amadori (ARP) et Heyns sont obtenues de nos
jours comme composantes impures de mélanges réactionnels de Maillard, & défault de
méthodes de synthése adéquates. L’objectif de la présente étude était le développement
d’une stratégie de synthése sur support polymérique qui permet la préparation de divers
dérivés de ces conjuguats de glucides-acides aminés. La stratégie comprend le couplage
de I’éther monométhylique de poly(ethyleneglycol) (= PEGME) avec un acide aminé N-
protégé (par t-BOC); ceci est effectué par voie catalytique 4 I'aide de DCC
(dicyclohexylcarbodiimide) qui forme alors un ester d’acide aminé lié au polymere
(rendement de 89 % avec B-alanine dans ce cas), le tout suivi par la libération du groupe
t-BOC via un nouveau procédé d’hydrolyse par micro-ondes a haut rendement (98 %).
Aprés libération du groupe protecteur, I’acide aminé sur polymére est neutralisé en
traitant avec triéthylamine, et la réaction 4 température ambiante avec certains glucides
réducteurs ou gluco-analogues permet alors d’obtenir aprés 48 heures un rendement de 75
% en ARP/polymére (en utilisant ’acétol). Le produit final est scindé via méthanolyse
par méthioxyde de sodium, avec rendement de 65 %. Les diverses réactions ont été
suivies par analyse spectroscopique, et les espéces moléculaires intermédiaires ont été
identifiées par Fourer Transformation Infrared Spectroscopy, Py/GC/MS et Résonance

Magnétique Nucléaire H' .
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Chapter 1

INTRODUCTION

Many unpleasant tasting raw foods can be transformed into desirable products through
thermal processes.such as baking and roasting. Flavors of cooked foods depend in part on
the aroma compounds present in the raw material and in part on how the food was prepared.
Heat treatment of foods rich in reducing sugars and amino acids, peptides, or proteins can
initiate Mailllard reaction, (non-enzymatic browning reaction). The reaction results in the
formation of the brown color and flavors and has a great effect on changes in functional
properties, and nutritional value of the food.

Amadori and Heyns rearrangement products (ARPs and HRPs) are important Maillard
reaction intermediates. They are the precursors to the various compounds formed during
the Maillard reaction and have unique industrial implications not only in food but also in
cosmetics and pharmaceutical industries. ARPs or HRPs could be added to food products to
enhance roasted and cooked flavors, especially in packaged foods. However, facile
methods for their preparation have not been developed yet due to the many side-reactions

encountered during classical synthesis such as oxidations and decompositions.

Development of a simple and efficient synthesis methods for ARPs or HRPs are needed.
The availability of synthetic ARPs and HRPs can be a valuable tool for a variety of

applications, providing useful information towards the understanding of the Maillard
reactions.



Chapter 2

OBJECTIVES

The objectives of this study were (1) To develop a liquid phase polymer-supported
synthesis of Amadori or Heyns rearrangement products. {2) To optimize the yield of each
step. (3) To characterize the intermediates and final products by different spectroscopic

means.



Chapter 3

LITERATURE REVIEW

3.1. Maillard reaction

The Maillard reaction is named after the French chemist, Louis Camille Maillard, who
examined the reacion between glycine and glucose and observed the formation of
melanoidins - brown-black pigments and CO; generation during the reaction (Maillard,
1912). Although more than 80 years have passed since the Maillard reaction was first
investigated and many results have been gathered, however; it is still not possible to present
a complete reaction scheme. The first coherent scheme of the complex series of reactions

was proposed by Hodge in 1953 (Scheme 1). The whole network of reactions can be

divided into three stages.

3.1.1. Early stage

First step of the reaction is the condensation of the amine with carbonyl compounds present
in foods. As shown in Scheme 2, the reaction of the open chain form of reducing sugars (1)
with the amino group of amino acid or protein produces the addition compound 2 which
rapidly loses water to form a Schiff base (3) followed by cyclization to the corresponding
N-substituted glycosylamine (4). Glycosylamines of amino acids or aliphatic amines, which
are strongly basic, can quickly undergo further reactions and rearrange into relatively stable
derivatives. Other amino groups such as amides or secondary amines, can also undergo
similar reactions, however, increasing nucleophilic strength of the amine will increase the
rate of carbonyl-amine reaction. The type of derivative formed depends on the reducing
sugar; aldoses undergo Amadori rearrangement (Scheme 3) to produce 1-amino-1-deoxy-2-
ketoses (5), and ketoses undergo Heyns rearrangement (Scheme 4) to produce 2-amino-2-
deoxy-1-aldoses (13).
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3.1.1.1. Mechanism of the carbonyl-amine reaction

The initial interaction products of the reducing sugars with amino acids have been

extensively reviewed in the literature (Yaylayan and Huyghues-Despointes, 1994).

The open chain form of sugar molecules present in the solution is very low (in case of
glucose, the open chain form present is less than 1 % of the total sugar). It is therefore
likely that the ring opening reaction is initiated by the presence of amino acids. As
nucleophiles, amino acids can initiate the formation of the Amadori rearrangement product.
After the formation of cyclic glycosylamine (4), the next step involves protonation of the
nitrogen at C-1 of the cyclic glycosylamine.

H
=0 HN-R
H———OH + NH2- R H__OH _ Hzo H—C— N- R
CH,0H H—OH H—{-OH
CHzOH CH,0H
1 2 3
addition compound Schiff base
cych?ztlon
%NH :
OH H

4
N-substituted glycosylamine

Scheme 2: Molecular events in the initial stages of the Maillard reaction
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H—TOH l B—OH H—TOH
H™ CH,0H 1 OH
4 s [+]
N-substituted glycosylamine Cation of Schiff base enaminol
1 l rearrangement
OH cyclization HCH-NH- R
— ==
HO—TH
O CH,—NH-
B R H—TOH
OH H—TOH
og °H CH,0H
7

Amadori rearrangement product (ARP) l-amino-1-deoxy-2-ketose

Scheme 3: Amadori rearrangement

The carboxyl group of the amino acid provides the necessary protons for this reaction. After
protonation and the corresponding ring opening, the Schiff's base (5) is enolized and is
quickly converted to relatively stable 1-amino-1-deoxy-2-ketose (7). The reactions leading
up to this step are all reversible and the Amadori rearrangement product in tum can

decompose into a-dicarbonyl compounds.
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Scheme 4: Heyns rearrangement
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3.1.1.2. Amino acids as bases or acids

Depending on the prevailing pH, amino acids can act either as acid or base catalysts. As

acids or bases, they can catalyze the sugar transformation reactions via the Lobry de Bruyn-

Alberda van Ekenstein transformation (Scheme 5). Through loss of water, the endiols

produce reactive a-dicarbonyl compounds (Scheme 6) which subsequently can react with

the amino acids. Through the sugar transformation reactions, aldoses are converted into

ketoses and vise versa. Similarly, an aminoketose (7) is converted into aminoaldose (13) in

the presence of free amino acids as shown in Scheme 7.
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Scheme 5: Lobry de Bruyn-Alberda van Ekenstein transformation
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Scheme 6: Formation of «-dicarbonyl compounds

It is also known that sugars alone can undergo similar transformations at higher

temperatures. On heating sugars in the absence of amines, sugar transformation reactions
occurs at extreme pH value (pH<3; pH>8), or temperatures above 130°C, a condition

known as caramerization. Therefore, the significance of amines in the formation of the o-

dicarbonyl compounds lies in their ability to catalyze these sugar rearrangements under pH

condition normally encountered in foods or living organisms (pH 4-7). However, the

enolization process requires more basic conditions.
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Scheme 7: Interconversion of ARP and HRP

Many reactions that occur during the thermal degradation of sugars (caramerization) are

also observed in the Maillard reaction. However, those chemical reactions that occur in

sugars alone at high temperatures, take place at much lower temperatures once the sugars

have reacted with amino acids.

3.1.2, Advanced stage

Depending on the reaction conditions, such as pH and temperature, various volatile

compounds are formed through different pathways of the advanced Maillard reaction as

shown in Figure 1.
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3.1.2.4. Pathways via Amadori compound

ENOLIZATION (PATHWAYS I AND II)

Degradation of ARPs (or HRPs) may occur via two main pathways, depending on the pH
of the system (see Scheme 8). At acidic conditions, enolization involving the C-1 atom of
the sugar is favored to form a 1,2-eneminol, whereas at basic conditions, enolization
involves the C-3 atom to form a 2,3-enediol. In the 1,2-eneminol pathway, the 1,2-
eneminol form of ARP loses the hydroxyl group at C-3 with subsequent deamination at C-
1. Following dehydration, the 3-deoxyosone thus formed, readily loses another water
molecule and cylcizes to form furfural derivatives. In the 2,3-enediol pathway, 2,3-enediol
is deaminated to yield a 1-deoxyosone, or can eliminate the C-4 hydroxyl group to produce
1-amino-1,4-dideoxyosone. Further degradation of 1-deoxyosone leads to the formation of
fission products, including reductones, maltol derivatives and other dicarbonyls such as 4-
deoxyosones. In both pathways, the reactions that follow the formation of the a.-dicarbonyl
compounds are very complex. The further reactions of these interemediates eventually
result in the production of dark-brown nitrogen-containing pigments. Aldol condensations
and further amino carbonyl reactions lead also to the formation of various heterocyclic
compounds such as pyrazines, pymols and pyridines which appears to be largely

responsible for the roasted, bready and nutty flavors of heated foods.

DEHYDRATION OF ARP (PATHWAY VII)

Most products formed through the degradation of ARPs are mainly rationalized through the
enolization of the open chain forms, however; open chain forms represent only 1 to 7 % of
the total concentration of ARPs, depending on the temperature. Yaylayan (1990) suggested
alternative routes of decomposition of ARPs based on dehydrations directly from the most
abundant cyclic forms. A possible mechanism for such dehydrations from the cyclic ARP
(the chair conformation of the fructopyranose) is shown in Scheme 9. Dehydration from

cyclic forms involves trans-elimination of the anomeric hydroxyl group and the C-3
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hydrogen to form boat conformation and a double bond. Further loss of two water

molecules can produce pyrylium ions (or pyrylium betaines). Both intermediates formed

during the dehydration process can also undergo ortho-elimination to produce maltol and

its derivatives. The presence of reactive pyrylium ions can provide a pathway not only for

the formation of different heterocycles responsible for the flavor production but also for the

formation of brown polymers.

OH
0 ortho Q
0 oH CHy NH-R elimination H OH
-HZO I
OH OH
z 0 CHJ

HO CH,-NH-R
ARP
-H.O
ortho
ehmm:mon
+ NHz'
CH, O
(o} A ~ I 21
\“ ¥
| 3 NH-

R
O—fjo}{
R- HN-H,C X l CH,

Pyrylium betaines

R

Scheme 9: Dehydration reactions from cyclic forms of ARP

DI-SUBSTITUTION OF ARP (PATHWAY V)

Another pathway proposed earlier by Burton and McWeeney (1964), is based on the

reaction of a second sugar molecule with ARP to form a diketo amino compound. The
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disubstituted ARP undergoes decomposition to form 3-deoxyosone and 5-HMF (5-
hydroxymethylfurfural) by dehydration as shown in Scheme 10.

OH
+ glucos CH,—
LT A\f S
OH NH-R
OH OH
1

H
” ” -H,0 0O -H,0 =8
(9 o
HOHC™ N o~ CHO < H —H,
5-hydroxymethylfurfural (HMF) H H H_TOH
H,OH CH,0H

18
3-deoxyosone

Scheme 10: Di-substitution of ARP

3.1.2.B. Pathwav via Strecker Degradation

This pathway mainly involves oxidative degradation of amino acids in the presence of a-
dicarbonyl or other conjugated dicarbonyl compounds. The reaction is not directly

concerned with pigment formation but provides reducing compounds essential for its

formation.
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STRECKER DEGRADATION (PATHWAY III)

The initial reaction involves the formation of a Schiff base with the amino acid (Scheme
11). The enolized form then decarboxylates to produce a new Schiff base with one carbon
atom less. Hydrolysis of this intermediate generates a 1-amino-2-kefo derivative and an
aldehyde which corresponds to the side chain of the original amino acid with one carbon
atom less. It appears that most of the carbon dioxide released during Maillard reaction is
derived from the carboxyl group of amino acids during Strecker degradation. The Strecker
aldehyde appears to be very important auxiliary aroma compound. Condensation of the
intermediates formed through Strecker degradation produces many heterocyclic compounds

such as pyrazines, pyrrolines, oxazoles, oxazolines, and thiazole derivatives responsible for
the flavor of heated foods.

N . R O
N ) B: N
+  NH,-CH-COOH f@-c-og —-co, -N=CH-R
=0 -OH
R / A0

/

N
e Condensation N ~NH,
l - l + R-CHO
NN C-OH
N

v
Pyrazine l

=0
NH; + 1
Ammonia -OH

7

Scheme 11: Strecker Degradation
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3.1.2.C