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_ Abgtract .

The following Amadéfi rearrangement products were
synthesized by a generai procedure wherein Lraminoiacids and
an excess of D-glucose'were;refluxed in methanol and then
the product was isolated by rcolumn .chromatography on

ion-exchange resin féllowed»b& cellulose powder:

o 1-[(carboxyBethyl)amfnol- 1-deoxy-B-fructose;

1-[(catboxyethyi)amino]-1-deoxy—D-fructosé;.

e

1-[51'-carbéxy-z;-methYIpropyl)amino]-l-deoxy-D-fructose;

1-[(1'-carboxy-B'—methyibutyl)amind]-1-deoxy-D-§:uctose;

imi[(1'-carboxy-é'-methylbutyl)amino]-1—deoxy-D-fructose;

‘1-[ki'-carbonyZ';hydroxyiethyl)amino]-ﬂ—deoxy-D-fructbse;

° 1-[(1'-carboxy-Z';hydroxyprOpyl)amino]—;:deoxy-D-fructose;

° 1-{[1'-carbo;y-3'-(m;thylihio)propyl]amind}—1-deoxyl
D-fructoée;

° 1-[1f-carboxy-3‘-(methylcarboxYprbpyifaminoJ-1;deoxy-

D-fructose;

1-[L'—carboxy-Z'-imidazplylethyl)amino]f1-déoxy-
D-fructose; |

1-[(1”-éarboxy-Z'-phenethyi)aminb]-1-deoxij-fructose;

1-[}2'-cavboxy)pyrroiidinyl]—1-deoxy-D-fructose;

14[(2'-carboxy-4'-hydrdxy)pyrrolidinyl]-1—deoxy-
D-fructose. . ' c

In"addition, the folléwing derivatives of lyéine were
synthesi-zed according to kﬁown procédureé: |
° 1-[(5'-aminofruc;osyl-1;-carboxxpehtyl)amind]-1#deoxy—

D-fructose;
'S

)
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"

o 4-[(5'-aminoformy1fl'-canbo#ypentyl)amino]-IJdeoxy:;
- D-fructose; | | |

. 1-[(5'-amino-l'-carboxypehtyl)aminq]-l—deoxy-D-Erucéose}

° 1-[(1'-amino-1'-carboxypentyl)amino]-l?deoxy-D-ftuctose.

All the Amadori reérrangement ptoduéts were subjected
to electron~impact mass spe;troscopy and their fragmentation
patterns were studied. o ! .

‘Generally, the fragmentations of Amadbri rearrangement
produéts were triggered either by the ianization of he
amino acid nitrogen or by the ionization of the ring o;ygen.
In the former case, ° the fraéments obtained were termed
"amift¢ acid fragmentation” products and in the latter case
"sugar fragmentation"'broducts.

Basic aﬁino acid nitrogens, havingAlower ionization
energies in the gas phase, tended ‘to  give prédoﬁinantly
"amino acid  fragmentation" products by 2,3-dehydration of
the éugar rihd and less basic amino acids tended to produce
predominantly. “SUQaf fragmentation; products by dehydroxy-
lation-and formation pf.oxoniUm ions.‘ |

-According to - the f;aémenc§ identified, a modified
mechanism of decomposition of Amadori rearrangement broducts
was. suggested, based on cyclic structures rather than the

accepted open-chain structures.

N A

)
Some of the important fragments identified were

‘correlated with the products isolated in browning. model
systems and Q, the pyrolysaﬁes of the Amadori féa?rangement

products reported in the literature. e
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1. INTRODUCTION .

.

1.1 Mqiliard Reaction

1.1.1 Ap Overview o
The . interaction be;ween A redbcing*sugdfiand Pﬁ amino
" group initiates a s!duéﬁée of conéeéutivc and paraliel
regeﬁions known‘aé the Maillard.reactioﬁs,‘after the French
scientist L.C. Maillard, who was the ffrst to ol‘erve( this -
facile transformation (Maillard, 1912) and was the first to
describe the prbductidn of darkly-colored qomppundsA uhen
solutions pf"_élucose and lysine were heated. He . then
extended these studies to differeﬁtfsugars'and‘ amino» acids'
and' féund that . ;t Qas the reduc1ng group. (aldehyde or
.ketone) in the sugar thab‘)as 1mportant and that different
sugars and dxfferent am1no ucxds reacted at dxfferent rates
(Maillard, 1916J. Nearly two decades later, it was’ shown
ﬁhat proteins (Ramsey et al., 1933) reacted similarly, and
- another ‘one and one/half decades passed‘ before the = free
Oamino ’groupsﬂ of the proteins w;re found'ib‘be the main
reacting groups (Moﬁpmmed et al., 1949). o
The M&illard reacfion occupiés an important positiod in
food chemistry since it has far reaching implications on
‘several aspects of food research: at a sensor} level it is
responsible for the prbductaon of flavors and :aromas

‘(Nurster, 1980); at a nutritional level it ‘causes

substantial reduction of ‘nutritional value of proteins



P

’

(Hﬁrrell and Carpenter, 1981) at a toxxcologxcal level it
has‘;been, 1mp11cated in the puoductxon of certain mutagenic
substances‘(Aeschbacher et al., .1981); and at a techno-
. logical level it callses the production 6f‘undes.ira‘ble
brown;ng and lerge changes in solubility during’ -food
processing (Sullivan, 1981). '

Tne?conplex<netwnrk of_ereps involved in the Maillard
'reectjon is nbt yet‘gompletely umderstood and our‘present
knowledge of this reactibn is still quite fragmentary.

Aldose-amino acid- intéraction results in the- format on
of aldosylam1nes in equxl1br1um thh their Schiff bases. The
aldosylamln:¥ thus formed subsequently undergo Amadori
rearrangement n niving riseyltq 1*amino-1-deoxy-2-ke*ose:
 known as Amadorl rearrangement‘groducts (ARP) (Hodge, 1953'

see Fxgure W.J.

-Reducing Sugars =+ a-Amino Acids
- 'Schiff Base
Aldosylamine

Amadori Rearrangement Product .
: (1-am1no-1-deoxy 2- ketose) ‘ .

Figube:I.I Aldose-amido acid interaction.

. J ‘ ; ’

It apbears that this rearrangement vastly reduces -he

sugar’s:stability so that the resulting sugar derivative



ultimately decompoées through ”Epain splitting, oxidafion,
dehydratiéﬁ, retro-aldolization, etc. The resulting break-
down  products also react with each other so that a
multiplicity of reactive compounds j§ produced with strong
flavor and aroma propertiesL:On further de;omposition these
compounds. can pdlymérize to form brown bigments known as
meianoidins. o _

The‘fi:st step in the ﬁaillard‘feaction is part of" ;
broadﬁr spectrum of reactions "known as carbonyl-amine
reactidns. This is a key reﬁction,ih many enzymatic (Snell
and Di Mari, 1970) and other biolqéical'proéésses’such as
“vision (Darthall, 1972) and it is the onset of many natural
deterioration;proceéses of tissue,.such as aging.

Thé sécond steﬁ, the Amédori rea;fangeméht[ is also a
well documented process in; natural proaucts (Anet aﬁd
'Reynolds, 1957) and in vivo (Mester et al., 1981). ARPs have
been isolated‘from f%eeze-dried peaches and apricots, tomato
powder, black tea, wine, etc. |

Haemogiobin HDbA | is an ARP of glucose with NH,;-
termunal of valxne in the B-chain of HbA (Mester,,1981)

In Diabetes Mellltus the high glucqﬂg concentration can
change, through "an Amadorx(»type reaction, not only
haemoglobin but also the structﬁralvproteins of the len§ and
of the blood vessels, producing cataracts and thickening of
the basal membrahe, respéctively (Ceraﬁj et al., 1979;

Shyh-Horng Chiou, et al., 1980).
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Amadori'rearrangment products have also been ifénti!ied

as the site of protein-glucose linkage in atopic: i“lerths

(Berrens, 1967). Recent studies (Mester et al y
et o 4

indicate that serotonin also forms an Amadori reaggingement

and fryp;aminergic_neurons.
The Maillard reaction can be divided into three s;ages:
_early, advanced and final.
‘Early Maillard reacﬁiqn corresponds to the deversible
formation of a glycosylamfne and its Amadori rearrangement,
Advanced Maillgrd reaction corréqugds to the
degradation of the Amadori rearrangément products, leading
to hetérocyclic-compounds.

Final ﬂaillard. reaction corresponds to the

polymerization of the reactive intermediates of the advanced

'stage, leading to insoluble melanoidj

It is worth mentioning here that the Maillard reaction
should be distinguished from thé caramelization reaction
occurring when pure sugars are heated .(Heyns and Klier,
1968) . However, most reactions that,ocbur during the thermai
degradation of sugars are also observed in the Maillard
reaction. In fact, many chemical rgac:ions that occur in
sugar alone only at:very high temperatures take place at

much lower temperature once the sugars have reacted with

amino acids.



1.1.2 Early Maillard reaction

1.1.2.1 Carbonyl-aminé¢ interactions
Reaction of a carbonyl group with an amino group is one
of the most frequent natural reactions. Since the Maillard
reaction is initiated by such an interaction, some of the
balié chemistry will be reviewed. - .
A wide variety of substances with NH,-groups <condense
with carbonyl compounds.

Strongly-basic amines; like hliphag}c amines, react

according to equation ! (Patai, 1968; Jencks, 1969):

H - N - R, ¥ - R,
| -H,;0 I
R-ﬁ-H*R,~NH,—‘ﬁR-(|I-H—.<'.A_R-C-H(E:q 1)
0 OH
Tetrahedral 1

Intermediate

This condensétiqn of primary amines with aldehydes and
ketones to giQé imines (1) was tirst described by Schiff
(1900). The overall equilibrium greatly favors the
hydrolysis in_ aqheéus. §olutions for aliphatic aldehydes; -
with aromatic aldehydes, the equilibrium is shifted in favor
of Schiff's base formation due to the stabilization of tﬁe
product by conjugation. It 1is important to note that
increasing the nucleophilic strength of the amine will
'iﬁCtease the rate of carbonyl-&hihe reaction Sut will haQe

almdst no effect on the position of the equilibrium,



On the other hand, the weak bases, such as amides and
. ®

secondary amines, can undergo reaction according to equation

2:
Ry R, Ry R,
N\ / \./
. R, N N
| | RyR3NH I !
RC-H + Ri-N-H =R ~C-H = R-C-H (Eq. 2)
g | éH -H:0 ¢ ‘
%
A ' Tetrahedral R R,
Intermediate 2

The tetrahedral intermediate formed in the initial
additiona cannot undergo <intramolecular dehydration, but it
reacts with anotﬁer molecule of amine to form an alkylidene-
diamine or gem-diamine (2). “

The rate of the carboﬁyl-amine reaction usually shows a
characteristic pH dependence that resuits in a bell-shapeq
Eurve (see Figure 1.2). At neutral pH, amine addition to the
carbonyl compound 1is fast and the loss of water from the
tetrahedral intermediate is rate determining. With
decreasing pH, the rate of acid-catalyzed dehydration
continues to increase, but as t free amine becomes
protonated, the equilibrium’ concentration of the addition
compound decreases. At pH values well belowAthe pKa of the
amine, these two effects (the increase in the rate of
dehydration and the decrease of the gquilibrium concentra-
tion of thé tetrahedral intermediate) offset each other and

the calculated rate becomes independent of pH. However,

since the -observed rate does not reach a plateau vith
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min

‘0.! ’

Figure 1.2 Effect of pH

on the pseudo

first-prder rate
~
c¢onstant for the reaction of 5 x 10°-* M acetope with 0.0167

M hydroxylamine (Jencks, 1969).
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decreasing pH, but decreases after going through a meximum,
another step in the reaction sequence must have become rate
determining. The rate of acid-catalyzed dehydration becomes
so fast that the rate of formation of the tetrahedral inter-
mediate can no longer keep up with the rate of its dcﬁydra;
tion, therefore, the attack of free amine on the ;arbonyl"

group becomes rate determining,;vhe rate of this tclctioﬁ is

proportional to the concentration of the amine present. The
“\ .

’

-

rate jof amine attack at the c%rbonyl group therefore
S *
increases with increasing pH, as shown in Figure 1.2,

LS

For strongly basic amines, the change in the rate-
degtermining step generally occurs between pH 2-5; below this
pH the attack and loss of water is fast and the attack and

loss of free amine is rate determining (equation 3);

-

R
. \ /> etlov H 0! .
R-N{*\‘C=O = R-N-C-0" (Eq. 3)
/ in acid iR
R 2

above this pH, the attack and loss of free amine is fast and

"the attack and loss of water is rate determining (equation
4): |

(4

ﬂ'{ /H H 0" H -
slow \ v

BH + H:a/C-N(n }Zn/;a (Eq. 4)

H R H

The protonated imine (3) is the reactive species. The
attack of water on the protonated imine is subject to
general base catalysis. The expelling of hydroxide ion from
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the igé;}mediate is genérally acid catalyzed.

fn) the reaétion‘of weakly-basic amines, the change in
the rate-determining step occurs at the same or slightly
”higher pH as in the reaction of the more basic‘amines.LThe

addition and loss of water follows the same mechanism as

with the more basic amines. The smaller driving force of the.

less basic nitrogen atom resui:s in a higher degree of kécia
catalysis for the udgﬁ}dration step. As the amine becdmes
more acidic, base catalysis for water attack' and expulsion
)becomes more significant. |

4

1.1.2.2 Formation of glycosylamine
{

Glyéosylation is 1initiated by condensation of glucose

in its=open-chainfform with the .free amino group of the

amind acid, since, principally, carbonyl-amine interactions

-

since amino acids provide their own acid catalysts, the

initial reaction is rapid, even . in the absence of added
acid; the product formed is a Schiff base (see* Figure 1.3).

However, the effect of'pH on the rate of glycosylation is a

¢

little more complicated than on simple carbonyl-amine inter-

action due to the-effect of eﬁ on the mutarotation of sugars
(Burton aﬁd McWeeny, 1963). At higher pHs, the concentration
of the open-chain form of hexoses incfeases, vhénce Lthe
maximum in Figure 1.2 is shifted towards higher pHs. The

equilibrium constant for . the glycosylation reaction is

- unfavorable, but the glycosylamino acid (4) slowly undergoes

. . g . I
their highest rate under weakly-acidic conditions ang,
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with the free amino group of an a-amino acid.
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Amadori rearrangement to yieid a relatively' staB;e
der}vative. The N-substituted glycosylamino acid (4) formed
readily hydfolyzes in dilute acetic acid, many even
hydrolyze relatively fast when dissolved in wéter at" room

temperature.

1.1.2.3 -Amadori and Heyns rearrangements
The next step in the Maillard seqguence is uncommon to

most carbonyl-amine reactions. This is either the  Amadori

l

' rearrangement (Amadori, 19371) or Heyns rearrangement

¢

(Reynolds,.1965). These closely related rearrangements are

key - reactions in the Maillard. sequence and are shown in

Figure 1.4,

The glycosylamino acip {(4) 1is converted to 1-amino-

1-deoxy-2-ketose (7) via the Amadori rearrangement, while

the  ketosamine (8) 1is transformed to 2-amino-2-deoxy-

1-aldose (9) via the Heyns rearrangément.~ Both rearrange-

ments are acid catalyzed, the carboxyl groups of the amino
, .

acids providing the internal acid catalyst. .
This transformation of an aldose into a ketose and vice

versa, .via the formation of N-glycosides, 1is analogous to

the Lobry de Bru?n-Alberda van Ekenstein trahsformation

(Speck, 1958), which occurs when a reducing sugar 1is
dissolved in water containing an alkaline catalyst. The

transformation is illustrated In Figure 1.5.

Amadori (1931) showed that, depending on the manner of

, Meating D-glucose with a primary arylamine, two different

isomers, one labile and the other stable, could be isclated.

XY
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Initially," Amador1 thaought that both isomers were Drglucost(
_derlvatlves,l later. Kuhn and Weygand (1937) identified

Amadbri's more labileﬁisomer as the N-glycoside and the more

stable one - as a l-amfne-1-deoxy—2-ketose derivative and

named it Amadori ~rearrangement product. Weygand (1940) in a
critical review Sf the rearrangement cond1t10ns, was unable

to obtaln 1-amino-1- deoxy- 2 ketose derivatives conszstently

from glycqsylamlneslrunleSS* catalytrc amounts of aeid were

present. It is now known that the.Amadori rearrangement of

glycosylamihe derivatives to'J-amino-1;deoxy-2-ketose~occurs.'
slowly. in the solzd state on storage at 25°C and rapldly in

hot alcohollc solutxon in the presence of compounds
containing aetlve methylenie hydrogen atoms.

Glycoeylamino acids_(i) in the furanose form rearrange'

‘mn times faster than the éorreéponding pyranose fonnf the
ring opening appears to be rate limiting for the course of
.this reaction (Heyns et al., 1970). Apparently, a base

abstracts\fa ‘p;oton from C-2 of the sugar residue.to gi&e

enaminol (6) which is stabilized by rearranging into the

hemiacetal - form, (7a). Because decomposition reactions‘run

parallel to‘rhe rearrangement, the Amadori compounds can -
often be isolated:only in small.yields.

The first synthesis and isolation of 1-(amiae acid)-

1-deoxy-D-fructose was achieved by Gottschalk (1952) by
refiuxing a solutién of DL-phenylalanine and glucose in

methanol. Abrams et al. (1955) synthesized pine members of

this series by the same method, purifying small quantities



by elution chromatography on a cation-exchange resin,

The Schiff bases.aqd Amadori cdmpounds exist lafgély in .
cyclkic furanose and.pyranoée conformations. High resolution
'H and -"C-NMR spectra of the mutarotaﬁed Amadori products
d%i)jamino acids in D;0 were reportéd by Roper et al.. .
(1983). The 'H-spectra allow unambiguous éssignment of the
Qignals of the major constituent (B-pyranose fgrm);' siénalS'
of the’bother forms, however, were not well Eeiflved. The
'3C-spectra of all the compouﬁds'show‘ =64% of B-pyranose,

=15% a-pyranose, «15% B-furanose and =6% a-furahgse forms
and =2% of the open chain k;to form. The proportions éfJ tké
varioﬁs components of the équilibria were not significantly
Altered by change in pH and were not dependent égj;khe "kind.
of amino acid. Roper et al. (1983) also recorded the '*C~NMR
spectra of fructose-alanine in the pH range 0.7-11.9: in
D,0-DC1 or D,0-NaOD. Tﬁe compound in question was stable in
this pH range 55; several hours. The pKa values obtaiﬁed by
this method were 1.7 and 8.5, respectively, which shows the
variation in pKa values of the amino group compaged with
that of 9.69 for élanine; the acidic pKa was not very much
different from that of'2.35 for alanine. ' .

Amadori .rearrangement products are relatively stable
- compounds which in some food systems, like milk, and wunder
mild heating conditions represegt the end!staée of Maillard
reaction. Although they convey. neither brown pigmentation

nor flavor to the food, their formation has been implicated

in reducing the nutritive value of foods by depfessing the—~
y S
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bioavailability'of essential ami#no acids, especially the

basic amino acid, lysine.

1.1.2.4 Formation of diketosamines
1-amino-1-deoxy-2-ketoses. (Amadori compounds) derived

-

frém 8 primary amine can reack with.another molecule; of a
reducing sugar, which’ then can undergo .another.kmadbri
rearrangement to give a dike;o§amine (lg).' Apparently, . the
only c:ysgalline " compound of this tfpe isolated’ }s;
difructose-glycine (103 (Burton and MacWeeny, 1964);' The
reactions of diketosamines are very similar to those of
Amadori product, with the notable exception thaﬁ' diketos-

amines ~readily decompose in. water (Gottschalk, 13972), as

shown in Figure 1.6.

1.1.3 Advanced Maillard reaction

Qeveral‘pathways have been proposed for the advanced
Maillard reaetion, some of which are summarized in Figure
1.7. As is'shown, pathways a and b start dir;ctly from the
Amadori producg, péthway. ¢ indirectly via the dicarbonyls
produced in pathways a and b, whereas pathways & and e

bypass the Amadori stage and are léss significant.

1010301 1,2—'and~2;3-enolizations (pathways a and ﬁ)

One of the more marked <characteristics of Amador:
compound; appears to be their tendency to produce enediol
forms which arise from ring opening (Heyns and Pauison,
1960; Hodge, 1953; Hodge et al., 1963a). Enol formarion can

-

‘>
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Figure 1.6 Decomposition of diketosamines in water.
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Figure 1.7 Some proposed pathways for the advanced Maillard

reaction.
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oscur between C-1 and C-2 of the sugar residue as well as
between C-2 and ‘'C-3, and in both cases characteristic
decompo&ition sequences can be observed (Figure 1.8). In the
first case, the allyl hydroxyl group on. C-3 of 11 s
eliminated, thereby creating’a double bond between C-2 and
C-3. This promot;s a hyd??lytic scission of the previously
very Bightly attached amino-acid residue, thus causing the
formation of J—deoxy-he%osﬁtosé (13) (Anet, 1964), a
relatively stable compound found in wvarious browning
products such as soy sauce and dried fruits. The reaction
continues through further dghydration.and by.trénslocation
of the double bongd gu%il, finally, compound lgv yields
hydroxymethylfurfurel (15).

In the second case, an eﬁidiol~isﬁfirst formed between
.C-2 and C-3 of 16. This double bond facilitates the elimi-
“nation of the allylamino. acid residue and leads to the
formation  of 1-deoxyhexosulose (18), which decomposes
further, wultimately yielding pyruvaldehydes, acetylfuran
and, predominantly, 2,5-dimethyl-3-2(H)-4-hydroxy-furanone
(20) (Hodge, 1967).
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1.1.3.2 Strecker degradation (pathway ¢)°

Strecker degradation (Schonberg and Moubacher, 1952)
involves the oxidative degradation of a-amino acids by
a-dicarbonyl compounds or t%eir vinyl analogs (Figure 1.9),
but & recent study (Nyhammar et al., 1983) shoved that an
a-acyloin (25) can also undergo such a degradation w}th

a-amino acids.

In this reaction, a-amino acids react with a-dicarbonyl.
compounds to form the Schiff base (21), which is easily
decarboxylated into enol 22 and then subsequently hydrolyzed
into a B-keto amine (23) and an aldehyde (24) which
corresponds‘to the original amino acid with one less carbon
atom. The Strecker aldehyde (24) is a very important

auxiliary fiavor compound (Hodge et al., 1972) which might

participate in the production of'melanoidins.

1.1.3.3 Other pathways (pathwayﬁ d and e)

In addition to the above mentioned pathways, a fourth
has been ‘advanced, by H¢1termand (1966), which bypasses the
the Amadori stage (see Figure 1.10).

According td Hﬁltefmand (1966), this pathway starts
with the Schiff base (26) and involves isomerization of the
imine bond into 27, which undergoes hydrolysis in which the

amino acid -is converted into the corresponding oxo-acid (29)
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Figure 1.9 Strecker degredation.
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and the sugar into a non-reducing amino-sugar (28). Thi}

transformation is erroneously terme§ "transamination” in the
literature. The oxo acid (29) reacts further with an intact
amino acid, resulting in decarboxylation of the oxo acid ;nd
liberation of an aldehyde by Strecker degradatiod.

A second é‘thway (é) that al;o bypasses .the Amadori
stage was proposed by Namiki- and Hayashi (1983) (Figure
1L11). Q

It was - shown that there exists a new patﬁway in thé
Maillard reaction invblving‘ sugar fragmenéation and free
radical formation hat an early stage prior to the Amadori
rearrangement. This was demonstrated by the use of ESR
spectroscopy.. Analysis of the hyperfine structures for
various sugar-amino compounds led to the conclusion-thaﬁ the
radical products were N,N'-disubstituted py}azine cétion
radicals (31!). These new pyrazihe derivatives are assumed to
be formed by bimolecular condensation of a two-carbon
enaminol compound (30) 1involving "the amino residue. The

presence of such a two-carboc- oduct was demonstrated by

isolation and identification of glyoxal dialkylimine (32) by

use of TLC, GLC, NMR, MS and IR.
8

1.1.4 Formation of Heterocyclic Cdmpound;v during the

Advanced Maillard Reaction, and Their Role in the

Production of Flavor, Aroma and Color in Food Systems
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1.1.4.1 lntroductioﬁ
Among the volatide ~components of' flavor, up to a
thdusand heterocyclic gompounds h#ve been identified in-
various'pfocessed foods. During the last twenty years, our
knowledge of the chemical composition of food aroma has méqQ.
considerable progress mainly because of GC/MS coupling (Land
and. Nursten, 1979). 'Among a total éf about tenvfhbusand
substances oécqrrfng in aromas, - hetefocyclic compounds
occupy & prominent -position as a result éf their quite
exceptional olfactory properties.' Indeed, ;some of thesq"
compounds exhibit such a low olfattory perception threshold
that it 1is possible to detect the 'equivalent o} one

milligram in five hundred tons of water. A'emple is the

compound 2-isobutyl-2-methoxypywazine (33):

%
NQ 0CH,
L
N gH—-cé—-CH3
CH3
3

The origin of these compounds can be divided into two'
-vprocesseﬁz
1. The enzymatic and micfobiologiéal processes to which
fermentation can be linked.
2. The non-enzymatic process (Maillard reaction)
‘resulting from thermal treatments, such as cooking,

‘;oaSting, frying, baking, boilihg, etc.
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The first of these twc processes plays a significant

role in the formation of aromas in fermented foods; the
N L :

second plays an important role in the formation of aromas

Aex . . '

"from meat, coffee, nuts, etc.

‘e

In.considering the proauction of aroma, the initiél
precursors found in  the food play an important role since
aroma results.’from the biotransformation and/or complex
chemical ' reactions of these initial precursors, whose

“partial or total destruction leads to reactive intermediates
direcfly responsible for the formation of aroma. .

wa kinds of precursors are‘to be considered. Primary
precursors _ are ihose‘that already exist in the fresh food,
e;g. nucleosides, nucleotide-sugars, pUcleic acids, etc,

£

Intermediate precursors ‘are the hydrolysis products of

primary precursors, .e.g. monosaccharides, amino acids, etc.
In the Maillard reaction the intermediate precursors are

involved in the production of aroma.

-«

1.1.4,2 Fétmation oftcglor
" Although the formétibn'of,color'is an important charac-
terisﬁic of " Maillard reaction, very little:ié known of the
structufeé of the chromophdres present. |
Severin. and Kroning (1972) reported the isolation of
the yéllow compound 34a from a mixture ptéduced by heatiné
xylosg zith'isopropylammonium acetate and found that 34a was
also formed when xylose was replaced by arabihosg or iso-
propylammonium acetate by amino acids, such as lysine or

glycine.
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In .addition, Ledl and sSavarin (1978) also reported that
' pentoséé and ﬁethylammoniﬁh acetate produce 34b besides 34a

and that :xylose and glycine similarly give the orange

compound 34c.-

’ The latter authors also found that the methyl group of
compounds sﬁch as 34 is sufficiently reactive to condense

with carbonyls to form compounds such as ggl(a . H, X = 0;

deep orange; R ¥ CH,, X = 0; R = H, X = NCH,).

S

R = H, CH)
X = 0, N-CH,

Another possible route to a chromophore lies in the
formation of quinones (36) by double aldol condensation and

v

‘dehydfation'of 1,2-diomnes (Nursten, 1980).
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- CH | B
CHy _ . CH 0 ,
N - HO
=0 —> oH——> -
2 | CHy
- H3 .

CH, . 36 -
Amines can readily add to quinones and, -after an
6xidatibn step, can lead to colored compounds. |
k'Another model chromophore . for 'Maillard' reaction
_prodUcts was repbrted':by Kurata et al.ﬁ(1973). It has the

structure 37, obtained from the interaction of amino acids

with dehydroascorbic acid.

37 R ==CH-OH, CH,-OH

1.1.4.3 . Mechanism of formation of heterocyclis f;évor‘
’compounds A ‘
Accb“ing to Nursten (1980), the hundreds of aroma
compounds ﬁroduced in processed food can be classified into
three groups:
1. "simple” sugar dehydration/fragmentation pfo@pcts{
2. 'sfhple? amino acid degradation products; qnd

3. compounds produced by further interactions;

)
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The last group constitutes the MailLard reaction
products. S ' . .

® pyrazines are one of the most important discoveries

in flavo; chemistr; (Maga and Sizer, 1953). During the p&st
decade evidence has indicated‘ that pyrazines. contributé
directly fo ‘the roasted or caoked flavor of wvarious
foodstuffs, They are typical products of the advanced
Maillard reaction and have been repdrted in many heated food
systems,. including beef products, cocoa, coffee, and
peanuts. In their rev;ew, Maga and Sizer (1973) listed many
pyrazines that have been isolated from food. Pyrazineé '(1_)
can be formed through the condensation of Stecker

. TN
degradation ‘products.

_ ’ ' N
2 | —> — -

38

® pyrroles, pyrrolidines and pyridines another

class of N-heterocycles. They have been observed in a wide
variety of heated foods.

Kato and Fuji&gki (1968) proposed the mechanism
‘outlined in Figure'I.QZ for the production of N-substituted
pyrrole-z-aidehydes 159), where 3,4-dideoxypentosulose-3-ene

(39), in the presence of amino acid, can form,a Schiff base

at C-2 and ghen cyclize to 40. Another mechanism, proposed
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FIgure 7.12 Mechanism for the production of N-substituted

pyrrole-2-aldehydes (Kato and Fujimaki, 1968).
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by Rizzi (1974), explains the formation of " acyl-alkyl
pyrroles from the corresponding furans. Since proline and
4-hydroxyproline already contain a Byrrolidine ring, it is
possible that the Maillard reactioﬁs involving those amino
acids can lead to derivatives of pyrrolidine or pyrr91e.

Pyridines and alkyl-substituted pyridines have als&
been isclated from heated food systems and they appea;~to
result from Maillard reactions, although their formation has
not yet been investigated. They have been detected in the
flavor components of coffee (Goldman et al., 1967), barleyf
(Wang et al., 1969), etc.

® oxazolines (42) may also be formed from the Strecker
degradation products, as shown in Figure 1,13 by Rizzj
(1969). The oxazoline format}pn is favored wﬁen the electron
distributipn after thé decarboxylation of 41 enables
cyclization"ﬁéfore enolization occurs. In the latter case

formation of pyrazines is favored.

’ e thiazoles (43) are formed in the Maillard reaction

involving the sulfur amino acids, but the mechanism of their
~ ¢

formation is not well understoodf

I

43

® O-heterocycles are responsible for the caramel aroma

and can be formed by sugar pyrdlysis in the absence of amino
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acids, but they can be similarly formed at a faster rate as

a result of the Maillard reaction. The best known O-hetero-

cycles are maltol (44) and isomaltol (45).

44 45

1.1.5 Final Maillard reaction

The brown melanoidin pigments are prodbced in the third

and final phase of the Maillard reaction. The pigments
isolated from the reaction between aldosés and amines
contain nitrbgen. Some are readily soluble in water, some
are slightly soluble, and others are insoluble. Soluble
pigments were found to be not dialyzable. Melanoiain
formation 1is the result of the polymerization.of the mény
highly reactive compounds tHat are fofmed'during the advance
Maillard reaction, especially the unsatﬁraCed carbony.l
compounds and furfural, the latter yielding Qater-insoluble
brown pigments (Reynolds, 1965) . |

In addition to the brown color forﬁﬂtion,‘ these
polymerization reactions definiﬁely iead to tough%ning cf
stored food (Labuza et al., 1977). Not much is reall} Known

about the chemistry of the formation of these polymers,

however, recently Feather and Nelson (1984) reported the’
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preparation of water-soluble, nondialyiable‘ Maillard

polymers, having molecular weights in excess of 16,000, from
Q

5-(nydroxymethyl)-2-furaldehyde (HMF) , D-glucose cr

D-fructose, and glycine. In all cases, the polymers showed
no absorption maximum in the 220-230 nm range. Elemental
analysis ,suggested ‘that the polymer was cqmposcd of l.mole
of sugar and ! mole of giycine'minu§ about 3 molé§ of water;

Studies using 90 atom X enriched D-glucose-1-'’C,
glycine-1-''C and glycine-2-'’C as precursors in the
reactions and '’C-NMR as a probe showed that both carbon
atoms of glycine were incorporated into the polymer-add that-
6-1 of D-glucose appears as a substituted methyl group. The
NMR data further suggested that the maip‘monomeric (dialyz-

able) units are unreacted sugar or amino acid and Amadori

rearrangement product derivatives,

1.1.6 Parameters that affect the Maillard reaction
Temperature, time of reaction, moisture content, con-

centration and nature of reactants are important factors in

Temperature and duration of the Maillard reaction was

the Maillard reaction,

1.1.6.1 Temperature and time

first’ studied by Maillard (1916) who reported that the rate
of the reaction increases with tempefature. Many workers
have since confirmed this observation. Lea and Hannan (1949)
showed that, 1n a casein-glucose mixture, the rate of the

loss 1in amino acid nitrogen increases. #0,000-fold when the
’ . '
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tempgrature is raised from 0°C to 80°C. The term Q..
defining the increase in rate for every 10 C° increase in
temperature, has been shown (Labuza and Saltmarch, 1981) to

range from 2 to 8. - *

Duration is also an importan( factor controlling the
extent of browning. For example, Hurrell and Carpenter
(1974) reporied that almost as many e-;minolysihe éroups had

reacted in an élbumin*gluc

mix after 30 days storage at
37°C  (76%) as had react¥ )n the same mix was heatedlfor
15 min at 121°C (85%). | |

Very little is %nown about the eéffect of heat .on
melénoidins, however, it " has " been. reported that heating
melanoidiﬁé for long periods causes discoloration and frag-A
mentation (Gomyo et al., 1972). The effect of temperatufe ?n
'thg structure of melanoidins has been repofted by
Benzing-Purdie et al. (1985). They concluded that an
increase ~in reaction temperature causes a major increase in
aromaticity in the melanoidins, with pnly a slight decrease

[
in the carbonyl character. - .

1.1.6.2 Water activity (aQ)

Btowning reactions in food and model systems of low
moxsture content occur over a wxde range of water activities
(Karel, 1960; Heiss, 1968). Maxzmum brownxng reaction occurs
in most foods between water activities 0,3 and 0.7. The"
position of tHisl maximum depends on the type of food,
however, in some model egperimgnts' o£'<glucdse vith emino

acids (Godefridus et al., 1978) it was found that optimal

-
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conversion into the Amadori rearrangement product takes
rlace at a water content of 23-30%, as illustrated in Figure

1.14.
L 4 -

-

t .

Althouéﬁ water Ectivity reflects‘the effect of water

being bound to specific polar groups in the food and to

)

other factors limiting the availability of water ‘mclecules
for chemical reaction, it cannot be uged‘to predic: <ot imum
browning conditions (Kare1 and Eichner, 1972) because the
rate of browning 1s not simply related to water activity but
vdépends SB the extent to which various confl.zting
influences, like water activity, state,of the bouna water
and mobility of the reactants, affect the reactfon.

Ka;el’ and Eichner (1972) studied browning due “to
reaction pﬂtween~reducing sugars and glycine iﬁ ’systems
contaihing varying amounts of- water, glycerol and hydro-
philic polymers. They observéd that the browning rate
decreased ‘with increasing water content, except in systéms
in which mobility of reactants became substantially impeded-

5

in igh viscosity solutions of low water activity. Partial

regtoration of the pobility through the plasticizing effg?:

of glycerol lincrgased the browning rate at the same low

.méisture contehts. . f“‘ | | |

The effect of wa{ér is complex and depvnQQ on the

presehce of various water-binding agents, amongﬁrtheks. The
\

inhibitory effect of high water contents could be due to the

fact that water 1is a product of several condensation steps

a:g also to the fact that it acts as a diluent.§

»
v

“ ‘ - - f‘ g~ F -~ -

L4
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.14 Yield (%) of Amadori rearrangement ‘products
with different amino acids) versus % water after

100°C (Godefridus et al., 1978).

4
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1.1.6.3 pH y

Although the effect of pH on the rate of cafbonyl~amine
reaction has béen discussgd,l some .generalizations are
perfinenr. . | |

The rate of the overall Maillard reaction increaées‘
lineariy with increasing pH from 3 up to as high as pH 8
(EE;, 1950). Such data, howe&er, also include a multitude of
reactions from which it is difficult to pinpoint the rate of -
the initial carbonyl-amine interaction. ‘

Many stages in the Maillard reaction }glycosylation,
Amadori rearrangement) are catalyzed by acid or'Sase. The

acid catalysis increases the polarity of the oxo' group of

the open ch®in form (46).

Ne=o + HA ——> \_C:Q---H—A
o : H .

46

<. -

In the case of bafe catalysis, the concentration of the
open-chain tautemer (Burton and McWeeny, ~1963) and the

amount of the free ‘amino group increase. The amino group

»

R ’ 3

cannot take rt in acidﬂka&!@Y:ed reactions because of the
’;E' free electron pair. Schroeder et al. (1955)

loss of ,
. e ‘&) x
attributed the brownifgethat takes place between pH 3 and 5
’ ' - ‘ . \
to the decomposition products.of sugars..Between pH 6.5 to

%

9, besides browning, a considerable deco?ggfiti6n of amino
acids was also observed.
Phosphate buffers have been observed to affect tye rate

"of browning. Reynolds (1963)¢ reported ‘that the rate of
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formation of glycine Amadori product with qucose~increaseé
proportionally to the square root of the H;PO.,” ion -concen-
. tration. According to Burton and McWeeny (1963), this effect

is due to the decreased stability of the ring form of the

v

. § N :"‘; M . - .
sugar and hence ingre 'chntratwn of the open-chain

form. S
1.1.6.4 The nature of Qhe reactants
Since the initial~pro¢ess in the Maillard reaction is
essentially attributed to the nucleophilic addition oflthe
free émine to the ;q;bonyl'group, only reducing sugars take
”;;Tt: in the'Maillard reggtion as tﬁey provide fhe\necessary
i/&ree cérbonyl group. In this respect; aldobentoses‘are more
v"reactive than aldohexoses, and reducing disaccharides are
Tt still less reactive (Ellis, 1959). The highe; }eactivity of
baldopentoses is due to a higher concentration of open-chain
form compared with that of aldohexoées.
| Regarding the amino acids, every factor which decréaseé
the Sasic character of the aminq group exerts a negative
effect on the intensity ‘of the Maillard reaction. In fhe
¢ase of a-amino acids, the' existence of the zwitterionic'
form impedes the reaction (Ellis, 1959). The electron
donating character of the side chains of;lthe amino acid

Y

influences the nucleophilicity ‘of the amino group (Taufel

A

et al., 1956).
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1.1.7 In vivo Maillard reaction

“L.C. Maillard was the first to attribute some bio-
lo%ical significance to the reaction that bears his name.

Patédoxically, this aspect was completely neglected until

recently, whereas the role of the reaction .in food chemistry.

generated a paramount interest.

<.

The occurrence of Amadori compounds in vivo was ’fi:it
observed by Boorsook et al. (1955) and later confirmed by
Heyns and Paulson (1959). They identifi:d 1-deoxy-N-(amino
acid)-D-fructose derivatives in hog Liver extract as being
~the stimulating factor fofb théq in vivo incorporation of
"amino acids in ﬁhe prétains of rabbit reticulocytes. Nearly
twenty yedrs later Tadzef k1973) observed the presence of
the reduced foEm of: the Amadori qg@pounds . formed wi;h
hydroxylysine and reducing sugars i: agea‘ éonne§$i¢§
tissues,

haemoglobin A fraction - the N-terminal a-amino groups of

Ic
the Bg-chains are'blocked-by‘a carbohydrate_residue. Chemical
investigation showed that haemoglobin A, is an Amadori-type

1-deoxy-D-fructose derivative. The amount of this

haemoglobin fragment in the erythrocytes of diabetics is 2-3

times larger than in nofmal individuals.
Food consumption can affect basic physiological
processes and the formation /n vivo of Amadori compounds can

interfere with these.

. In 1976, Fluckiger and Winterhalter. observed that in

y
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The metabolic chain: tryp{ophan + S-hydroxy-trypto-

‘phan - seroténin, is well established, Showing that
tryptophan in fodd has a direct effect on the serq}onin

level in the brain {(Costa et al., 1974). A great deal of

information confirms the dietary confrol of brain serotonin,

affecging su;h‘ complexv processes as aggressiveness,

‘depression, and sexual behavior. Other amino acids resulting
from the ingestﬁon of food compete with tryptophan for

ﬁptake into the brain. In 1971, - Fernstrom . and Wurtman

reported that carbéhydrates‘ increase the brain serotonin

level and, in 1975, Mester et al. reported the formation .of

serotonin Amadori rearrangement product with glucose‘(il) in

the blood.

N o
1 2
M ey |
072 n

OH

o 8
Latér, Mester et al. (1980) showed that compound 47 has
a decisive role not omfly in the passage of serotonin through
the blood-Brain‘ barrier, but also in its physiological
effects.
Although the early steps of the Maillard reaction have
been shown to occur In vivo, it is not'yet established

vhether non-enzymatic browning also occurs In vivo. However,

two observations point to the possible formation of browning

-
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o produ:ts uﬁder physiological conditfons. Firét, in analogy
'-tﬁ ~m6qel. food systems, 'some,tiSSues‘are characterized by
'-,héying high conten;% of prqtein Qith iittle"oi very slow
T idrnOyef; thesg proteins aré in effect "stored” for months
or years without any appreciable 'proteolytic degradation.
Second, Mohammé@ et al. (1949) showed that non-enzymatic
browning can occur in solutions of albumin and glucose
incubated at 37°C and physiological pH. Thus, it is likely

]

that the Amadori products which are formed in viii can also,wv.

undergo further rearrangements to form pigmnéfits. It was
previously noted that with increasing age the human lens
accumulates yellow-brown fluorescent pigments which can act
as covalent cross-links between prqteins. It has been
suggested that the non-enzymatic browning products could
accoun; in part for the fluorescent cross-links.found in old
lens (Monnie} et al., 1981).

Studies on the <chemical and spectral properties of
purified'aﬁopié allergens have suggested that these antigens
are characterized by the inédkporation of N-substituted
1-amino-1-deoxy-2-ketoses 1in -he molecular structure. These
structural units, embracing the site of N-glycosidic
protein-sugar linkage, give rise to charactéristic fluor-
escence spectra. Since. the sgterature on the Maillard
reaction contains some indications of formation of fluor-
~ escent compounds (Burton et al., 1962), it was suggested

that such linkages may be.formed by the Maillard reaction

" .
between free protein amino groups and reducing sugars under

*
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conditions of natural decomposition, and indeed Berrens
(1967) repbrted that N-substituted 1-aminojl-deoxy-z-ketos;s
and'giéir enolic tautomersvexhibit fluorescence character-
istics similar Q;o that of purified atopic allergens. These
results offer independent evidence for the incorporation of
N;glycosidically—linked sugar in atopic allergens, ‘

While considering the in vivo Maill#rd reaction it is
worth mentioning the‘prdpositionAof Bunn and Higgins (1981)
regarding the evolutionary significance of the Maillard
reaction. Based on studies showing that glucose was the
- least reactive of a series of aldohexoses in the formation
of Schiff base linkages wath haemoglobin, they suggestea

that the emergence of glbcose_as the primary metabolic fuel
may be due in part tq;;ﬁgjiglntiéely.high stability of its
ring;stgucture._This would allow Kn&éh concentrations of

glucose and proteins to coexist with the least interaction.

1.1.8 Technological aspects

The Maillard reéction can be 1involved in the
manufactu}g of foods in at least three quite different ways.
First, thefg is the role played in the development of flavor
in such traditionéllprocesses as the roasting of'éoffee and
cacao -beans, :and the baking of br&ad and cak‘anecond; the
deIiberate' use of the reaction in the production of
artificial'flavorsp such as improving the smoking flavor and
taste of tobécco by-addition 6f the Amadori rearrangement

products to the tobacco leaves before>processing,(Morihita
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. et 'al., 1973). Third, the efforts to control the undesirable

e
efﬁécts 6f the reaction in food processing.

‘%Pﬁysical preservation methéds for food, sucH as heat
sge;éiizaéion and drying, afe : assbciated with the
appiicétion of heat. In these cases, because of 1its high
tempgfﬁturé_ coefficient, the Maillard réaction becomes the
doﬁiagag‘deteriorative reaction (Hodge, 1953). During the
progé?és‘ of the Maillard reaction, the great variety of
compognﬂs formed causes undesirable bqoyning and sensory
‘changes, hence, the control of undesirable browning becomes
important in food industry.

Many procedures have béen suggested for the control or
‘prevention of undesirable browning, including:
1. Blocking the carbonyl éroups on the sugar by
addition of sulfites (Wedzichgj 19é4);
2. Oxidizing the glucose ;pto gluconic acid'by glucose
o#idase (Scott, 1953); 2

-

3. Biocking the amino groups - by acylation or
methylation (Lee et al., 197B§:

4. Compartmentalization of "sugars and the amino acids
by starch (Mohammed, 1979);° |

5. Addition of ‘a reagent to compete with the amino
groups in reaction with sugars, such as cysteiné to
form thiazolidine (Kline and Fox, 1946):

6. Removal of carbohydrates by dialysis or by enzymatic

reaction-(Kline et al., 1951); and
5

7. Changing the water activity and/or pH (Lineweaver



and Feenev, 1950-51),
1.2 Electron Impact Mass Spectroscopy (EIMS)

1.2.1 Introductien

In recent years, the application of mass Specfrometric
techniques has increased enormousiy, especially in fields
dealing with qﬁantification (Markey, 1981) and identifica-
tion, which had been exploited not only in identification of
complex organic compounds (Waller, 1972) but alsc for its
ability to pick out for special study particular ion sbeciés
which may only be present in small amounts 1in a jcompiex.
mixture (Gilbert, 1984). As a result of developments
introduced OVeg‘the years,‘thé mass.spettrémo(gr has become
perhaps the most versatile of all the analytical technigues
available. It can be coupled with separation methods such as
_chromatography (McFadden, 1973); it can handle solids and
liquids, as well as gases; it can be wused with various
ionization techniques to highlight particular properties of
the sample; it can préduce positive or negative ions as well
as ions carrying more than one charge; it can separate the
ions according to their masses, momenta or kinetic énergies;
it can study specific ﬁroperties of separated ions such as
their unimolecular fragmentation behavior (McLafferty, 1980)
or specific reactions. induzed by coilision with neutral

gases or a laser beam; and it can be computer controlled.
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The modern mass sbectrometer is in many ways a complete
chemical laboratorf. The ioﬁ soyrce provides the ions for
Eiparatioﬁ and the mass separgtion stage completes the
"purificatioh". The isolated ionic species can then be
identified on the basis of its characteristic reactions just
as, in conventional chemistry. .
;1.1.2 Unimolecu}ar'ioh decompositions
It is important to stre$s that mass spectral :eapiions

are unimolecular; the sample pressure in the ion source is

kept sufficiently low that bimolecylar reactions are usually
negligible.

| F?r a .thorough understanding of mass spectrometry, it
is necessary to recognize the basis of interpretation of

unimole&ular ion decompositions. There are two approaches,

one mechanistic, the other theoretical.

1.2.2.1 Mechanistic approach

The mechanistic approach to the interpretation of
ffagments formed in the ion source 1is concerned with the
rationalization of how and why certain fragmentations occur
(McLafferty, 1980). It relies on the idea that a localized
charge and/or radical site trigger reactions, that either
results 1in the pairing of unpaired electrons by bond
cleavage (equation 5) or result 1in rearrangements tha-
transfer a radical site to a better-stabilized locus

(equation 6).
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— X=CH—R ——> —X=CH, R (;q. 5) 4 .
I .4 ’ ‘ *

_ X CH.— e X — CH. — (Eq. 6) ;.
7 St i il S ¢ gy

For a malecule containing ndnintoracting‘tunctioﬁal
groups, the localized charge .is mostly on the functional

group of lowest ionization energy.

For product stability as a reaction-path determinant,

> 48.

it is 'generally more important that the product provide a

»

stable environment for the charge rather than "for the.

unpaired electron; the initial charge site in the molecular
ion has, in ggneral, the most favorable env.ronment for
stabil%zation of the positive charge.

There are great differences in the overall ability of a
partiéular func;iona} group to influénce the fragmentation
of a molecular ioh. Each functional group triggers a
éifferent pattern of decompositién and there 1is an
exponential increase in the number of possible fragmentation
pathways with an increase in the number of functional
groups.

The real significance of the localized charge concept
becomes evident enly when one considers the most impqr;ant
aspect of rationalizing mass spectral fragmentations, qamely

the ability to predict which bonds are most likely to breek

in a.given molecular ion. Fortdhately,‘these predictions can.

be based on ground state solution chemistry as supported by

a wide body of experimental evidence.

'A»
. -
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1.2.2.2 Theoretical apbroaqh "

‘The best known among theories that attempt to provide a
physical description of mass- speijral beh;vxor is the quasi-
equilibrium theory 1QET?, orxg1nally formulated by
"Rnlnn?tock et ai: (1952) and subsequently modified ;several 2}
times. The basic idea underlying QET ig_that; if, in a’
sysgem of competing and consecutive reactions (as in the ign
source o£ a mass spectrdmeté}), all the rate cénStants are
knoén, the abundance cf any product after a aiven time can
be calculated. The problem, however, 1s to obtain reliable
values for the various rate constants. The QET departs frém
the idea that ionization of the molecule, which takes place
in approximately 10" '* sec.,';nitially " yields .thé extlted
molecular 1ion in the lowest electronic staﬁe and ‘Nhouﬁr‘
change in bond length (a Frank-Condon pnucesd? ”ﬁ‘Thﬁugﬁh
transitions between all. acceésible vzbtationﬁ? &;and ;; f'
rotatxonal degrees of freedom of this ion- kar’eN sufflg%ently
rapxd so that a "quasi- equ111br1um among» thestwénergy

states is established before ion decompositionfta es 'pl&ci."

Bond cleavage therefore occurs. whenever enb enérgy ié; o

accumulated in a given bond. Calculations howng;"vrovgd to v

u

be extremely difficult sxnce, in order thcﬁiculate rate

constants, the structure of an ion has to be,'}QVn, hence a°

vicious circle develops. ' \F

§
At first glance, the mechanistic approﬁ?'

¢

contrast to the main idea of‘QET° a triéﬁ

p ®

"}
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causing :ragmentation.‘ it was - nd\ un€ﬁ1'tﬁe early 1970's
that Williams and Howe (1972) trﬁid to reconcile the contra-
dicting ideas by pointing out ggdc preferred ErdgqentatiOn
shouid octur from a highl} popul;ted low-lying electronic
state which correSponds broadly to ions where an eleétron

has been removed from a non-bonding pair or from a r system.

1.2.2.3 lonization by electron impact
Ionization by electron impact, as the name implies, is
the lonization caused by an electron impinging on a
molecule, however the impact of an electron may also lead to
. o .
electronic excitation in the molecule by promoting an

| ]
electron from a lower to a higher orbital (the same effect

as in UV spectroscopy). "

at ‘

: ;< ‘ ]
The term "electron impact” .iga misleading because an

electron is so small in molecular terms that i€ would have
" difficulty "hitting” any part of a molecule. It ié better to
think of the electron as passing close ﬁo or even through a
molecule rat‘er than of any ";mpact" taking place. The above
definition of -electron impactvimplies twoO lmportant consi-
derations. First, it ié'asgumed that the molécules are in
the gas phase. That means in(dany cases that a substance
needs energy in the form of heat of evaporati%n in order o
vaporize. Additionally, the ion source \segzgigure 1.15), Hn
which this evaporation process takes place, must be heated
to a high <temperature in order to avoid an immediate

condensation of the sample. Therefore, thermal energy is

supplied to the molecules. Second, it is assumed that
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relatively energetic electrons are used nization by
) 3
impact. Usually, the mean erdergy of e electrons is

standardized at 70 eV since a flat maximum is obServed at
this value in the ionization efficienci curves o{ moét
6rganic compounds. Howevér, ionization of an organic
molecule only needs about 10 eV (230 kcal/mole5{ This means
that at the moment of impact not only is an electron
'éxtnqaed from the molecule, but at the same time a rather
high'amount of energy is impar%ed to the molecule. However,
experimental ~evidence 'suggésts‘ thqf onlf-aboui 5-6 eV of
energy : above the ionization energy of.Aa‘ compound are
transferred by 70-ev électrons (Rose and Johnstone, 1982),
thus, after the ionization,‘ the ions contain addi:ional
energy: - thermal as well as transmitted energy from the
impact. Suéh ions therefore afe ini an excited state and,
ag;frding to QET, this additional energy is Epprdximately
regularly spread over the whcle ion.

. v

Due to h1gh vacuum in the ion source, there is no equi-
- librium ddstr}bution'bf energy, therefore it can-be assumedr
that imp5£:~2§7§lectrons with M ﬁolecules produces M ° ions
with a variety of internal energies, ranging between 0-10 eV
or about 0-230 kcal/mele. Only a small fraction of molecular
ions is formed with internal energies in excess of 10 evV.
The anolecular ions, therefore, téné 1;6‘3get rid of this

excess energy and to stabilize themse}ves.‘ Ih general- the
] -

chemical stability of the moleculegparallels the stabzlxty

of M * and so is reflected in the abuadance of M,

/ : a -
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The molecular ions tend to stabilize themselves'by bond
.'cleavages and fragmentations. The.‘enetg§ negded for such
fraghentatibn can be :valuated'frem3¢§e enqrgy of the ‘bonds
thehselves (C-C, 93 kcal/mole; GEeh 86 kcal/mole; etc.).
Accordingly, the energy needed 5;5 f;agm?gtation is much
smaller than the 'énérgy of tﬂe ionizinEfelectrbns. It is
highiy probable that such an amount of energy is accumulated
during electron impact to form an excited ion ‘and that this
energy induces bond cleavage. Product ionsﬂ;(A‘, AB*, CD*)
are thereby formed with less energy and thefefore are more:
stable. |
ABCD "= A" + BCD

/ \ s cp
gD, + AB :
]

c-

I

+ D )
If such ions stlll‘xontaln excess ewg!py, they HllL undergo
a further frangptatxon step (CD »C*). In this way whole
*series of fragmentations may result. If it is kept in hind
that a series of fragmgntations and reactions on rearrange-
ments can start from different parts of the molecular ion
(ABCD ), it is possible to understand the complexity of a
mass spectrum. )

One of the problems encountered in the interprétation
of mass spectra is the differentiation between thermal
react?ons prior to ionization and authentic ¢lectron-impact
promoted reactions. At high ;emperaﬁures, ¢olatilizatﬁon'and

decomposition are competing processes. Although the wuse of

4
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Cirect 1insertion probpes eliminatgd the ﬁeed foé excessive
heating of saﬁples for introéuction.in;o thé lon source, Epé
ho£ filament affects the température of the ion séurce,:
which usually ranges from 150-250°C. Thus, once volatilized,
‘a molecule can escabe the region around the direct insertion

probe which 1is dense with sample molecules and where

bimolecular interactions can occur. The molecule then enters
the“ low pressure region df_thé ion source where the chances
of»decompositibn are lower because ‘collisions dre rare.

The thermal energy imparﬁed to a sample by high
temperatqres>in the inlgt system or ion- Sdu:Ce may have
profound effects on the mass spectrum. The effects observed
may result from actyal changes in molecular structure or may
be caused by the excess ®f vibrational or rétational energy.
gained by the molecule before it is ionized. It is often
necessg;y to heat é sample to achieve a great enough vapor
pfessure in the ion source. On heating, a compound may react
uni- or bimolecularly to give a ‘neQ compound, as was
observed in the mass spectrum of sulfonylhydrazide (ié)

' g
vhich was complicated by the presence of a thermally-formed

azine (#9) (Johnstone, 1972). .
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genefal, however, this thermal effect' is more
o

"evident.in the mass spectra of aliphatics than of aromatics,

which possess fairly rigid structures.

>

-~ . 1]

1.2.2;4 General properties of mass spectroscopy

1y

. Fragmenf%tion patterns are remarkably constant as

Most chemical compéunds have their own distinctive

pattern of fragmentation, known as a "fingerprint".<

Te

long ~as  experimental parameters are unchanged.

However, in practice, the situation 1is complicated

by the influence of the apparatus and experimental

conditions. As it is hardly feasible to always
obtain comparéble measurements, the use of various
apparatus gives rise to great variations in
intensities, but the overall aspect of the spectrum
is usually very well preserved. .The main inflﬁence
on the change in experimental conditions comes from
the source temperatu}e, the current wused 1in ;he

filament, insertion- mode of the sample, ionization

[
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energy, etc.‘ In practice, it 1is impossible to

‘maintain strictly similar conditions from one
~mgaéufement to another or even &during only one
recording. Tﬁus, the difference in regroducibility[
whether it is due to technology or to, the presence
of the compound in a mixture, always comes down to
more 6r less important intens{ty’ variations that
should be considered when comparing two spectra.

3. When two or mo%e components are present at the same
time, each wﬁll produce its own fragmentation
péttern‘and he resultant spectrum is produced by
linear addition of the compbnents. 1f one component

" can be correctly identified, theni the . reference
~spectrum of that compound can be subtracted from
_thét of the mixture ("spectrum stripping") and the

I3

residual spectrum can be analyzed.

These and othet properties of mass spectroscopy can be
utllxzed for a var1ety of purposes, including: '
. Qual;tatlve identification,
* Quantitative analysis. P
-O-tnvestigatidn of ions from electric fdischarges,

flames, shock tubes, etc.
e High temperature chemistry -- uhimoleculér reaction:

studies. B

This laSt propefty of massf§pecp§bscop' i zed in

the present study of unxmolecular ?fagment' M”paéﬁernﬁ d{

s

Amadorx tearrangement products. o ’

v
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‘1.3 The R{Egpngle Behind Studying the Fragmentation of

Amaddfi Roarrangemeﬁt Products Sy EIMS
_ v :

1.3.1 Introduction
Certain factors inherent to the Maillard Jfeaction limif

the methods of anaiysis that can be employed; among them are

the following: |

e During the advanced Maillard reaction, a diversity of
products obtained at low concentrations make the
isolation and identification quite difficult.

e Many of the products are unstable and will either
polyme}i;e or decompose priqr*or during analysis.

® There is no rigorous or unified definition for the -
Maillard reaction in terms of temperature, “PH, timed
of .reaction, etc. Each reséarcher'défines his own
‘ana, since the kind and range of products obtained
dgpend on the above mentioned pag;mcters, the results
obtained are hot comparable.

M ﬁanf pfoducts have béen isolated from different model
syétems; without ascertaining whether thoée"p;oducts
areQ‘géhuine Maillard reaction products or due to
sugar df amino acid decomposition -- a 'sys;ématic

gs?al. ‘

approachfis eésé
Since the: initiai;‘products: £ormed‘ in the advanced;x
Maillard reaction are mainly the gesult of the unimolecularggs

3

decompiositions of Amadoéiifearrangeﬁbnt;pfoauéts;vhiéﬁ‘\%ub;A

seguently will 1‘;ﬁndergof $?bimqlﬁ;ularﬂﬁﬂteacfionsl or  "

g

1
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polymerizations and since under electron impact conditions °
those initial products of unimolecular decompositions can be
observed at temperatﬁres corresponding to real situations
(fryinéfﬂﬁroiling; boiling, etc.), the study of fragmenta-
tion patterns of _diffg}’ht Amadori rearrangement products
under electron impact conditions should give a good
indication as to their chemical behavior. Eventually, a
'generalized pattern should emerge which descyibes' their
chemical reactivities %nd Bond labilities and, subsequently,
based upon the fragments observed, it Shéuld be possible to
predict their reaction pathwqys consfdering their known
chemical properties. | "

However, the following question arisés; Can we compare
the fragmentatibn of a molecule by:EI to the fragmentations

occurring in solution or ground state?

The mass spectrum of a compound provides'three types of
information: the molecular weight of the compéund, the mass
of the various fragments produced from the molecular ion,

and the chemical properties as evident in the mechanism of

- fragmentation. Fragmentation is & chemical procéss that

results in bond cleavagés;'fhe‘energetif considéfations that
are applicable to classical chemical reactions ' are also
applicable to tbesé fragmentation processes. Thf}fragmenta-
tion patterns are best interpreted based on‘ fhe’ known
chemistry &f carbonium ions in solution. The fragmentation
of a molecule in the ion source may be considered as  the

reactions of “"carbonium ions without sqlvent'. The rate of

- ~
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eproduction, and " hence the intensity observed for any
fragment ion, appears to 'correlate with - the stability of
that ion in the ground state and with the nature of the
leaving group. 'Such 1on- decompos1txon reactions can be

viewed as another field of'chemistry but, fortunately, there

are many close similarities to pyrolytic, photolytic, radio-
lytic, and other energetic reactions and there are even more

general similarities to solution organic reactions. The wide

variety of detailed studies which have been published offers
persuasive evidence that these ion-decomposition reactiofs
take place by means of chemically-reasonable processes since
bon@ labilities within the decomposiﬁg ion- often Parallel
;rgactivitiés 'knoyn for 'chemicaf processes in solution.
However, it should be emphasized that much wider variety of
.f:eéctions is possible under mass spectral conditions than in
ﬁ ﬁ§ua1 solution phase reactions, as is evident by the
- ﬁrésence of literélly hundreds of product ion peaks in the
.mgSs spectra of.complex polecules. This might be compared to
¢

running ‘a solution phase reaction under a wide range of

temggratures. Fos example, the types of products obtaxned by

the pyroly51s of an n-alkane change quite dramatﬁﬁgély with
1ncreasxng temperature. This is an important ché@géter1st1c

i-.ElMS related to this study since EIMS A%ah give an
indic?tion of possible fragments of Amadori&frearrangement

pébdbéts obtained over a wide range of temperatures,

Jon
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1.3.2 The analogy between mass spectral reactions and the
ground staﬁe or solution chemistry
The analogy of mass spectral fragmentation processes to,
the ground state or solution, chemistry is overwhelming,
keeping in wind that the chemical changes induced by E! are
quite similar to high energy thermal reactions at ground
state rather than at lower temperatures. Therefore,
similarities have been sought and found between mass
spectral reactiﬁns and solution or ground state reactions

(Budzikiewfcz et al., 1967). Among these are the following:

1.3.2.1 Fragmentation mechanisms
- The. fact that‘ fragmentation mechanisms -- which can
explain ﬁost of ghe- peaks and their 1intensities -- are
essentially modelled after reactions in solutions taking
into ACCount lon and radical stabilities, make it difficult
‘to attribute this to pure coincidence since the most intense
peak corrésponds to the formation of the most 'stable
product. Here, stability is estimated from the known'grOuﬁd
state solution or gas phase reactions. )

The wvalidity of such a thermddynamic'appgoach to kine-
fically-controlled reactions lies in the assumption that the
transition state begins tb reflect product stabilities, thus
processes leading to carbonium ions are favored in the order

3°>2°>1° "and a similar order is observed for the case of

elimination of alkyl radicals.
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1.3.2.2 McLafferty fiarrangomont and Norrish type I1 photo-
chemical dccomposition of ketones |

Under electron impact conditions, in compounds
containing an unsaturated functionality, such as a carbonyl
" group, the y-hydrogen atom is transferred by a stericaily
'favorable six-membered ring trahsition state (Figure 1.16).

»

Figure 1.16. MalLafferty rearrangment.
This iS ~referred  to as "McLaffefty rearrangement”
(McLafferty, 1956). In this process the “initial cleavage
does not result in the loss of part of the ion butvonly in a
change in the posit&on of the radical site. The new radical
site can initiaté an a-cleavage reaction, resulting in frag-
mentation of the carbon-carbon bond which is beta ‘to the
cgrbonyl group, with loss of an olefin. ;ﬂg obvious analogy
to this process is the Norrish type II photoc%emieql
decomposition of ketones (Wagner, 1971) in which an aldehyde
or ketone ﬁossessing a y-hydrogen undergoes intramolecular
hydrogen abstraction (sge below) via a six-membered ring
transition state. The resulting 1,4-biradical (50) may
either cleavé or cyclize to- give the Norrish. type 1I

products. Nicholson (1954) was the first to point out the

strong parallels between the two reactions.
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1.3.2.3 Retro-Diels-Alder reaction

In cyclohexenes (51), the n-electrons provide a favored
site for the ‘initiél charge_and‘radical formation in the
mass spectromeﬁer. Dona;ion of this unpaired electron

produces an acyclic isomer by a-cleavage (Figure 1.17),

s ' 0 . 5 3
— - ———-P/‘ ,.) .
31 "

Figure 1.17
‘ S

A second such reaction eliminates neutral C;H,. The other
product 1is an ionized !,3-butadiene (52), so that this
process corresponds to a retro-Diels-Alder reaction (Figure

1.18) (Diels and Alder, 1928), commonly observed in solution



chémistry of cyclohexene derivatives at high temperatures.
z A
R A

Figure 1,18 Retro-Diels-Alder reaction.

. ('."’ ‘
1.3.2.4" Correlation of ionization energies and reaction

. rates in mass spectrometer with Hammett o values

The analogy of mass spectral fragmentat1on prccesses to

ground state chemistey is further pressed by the correlation

of reaction rates with Hammett ¢ values (Jaffe, 1953).
Hammett and Déyrup (193@) set up the equation log
k/k9 = gp, which 1is a linear'free-energy relationship, for
m- and p-X-C¢H.Y undergoing a particular reaction, where Kk,
is the rate constant or equilibr{um constant for X=H, k is
the constant for the group X, p is a constant. for a given
reaction wundetr a given set of conditions, and o is a
cénstant characteristic §f group X. o0 values are' numbé:s
which sum up t?e tbtal electronic effects (resonaﬁ;e-plus
vinductionf of a group X when attached to a benzene ring. The
treatment wusually fails for the ortho position because of

steric effects. -0 is a number (+ or -) indicating the

relative electron-withdrawing or electron-re?%asing effect

of a particular substituent. p is a number (+ or -)

indicating the relative need of a particular reaction for

I

electron withdrawal or,giectron release,
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For ‘a serie® of “substituted benzophenones  (53)

undergoing % he rea¢tion 3 - 54 (Figure 1.19) it has been

shown (Budzikiewicz et al., 1967) that electrbn-WXthdraiinq

substituents wusually enhance the abundance of acyl ion iﬁ
a
relative to molecular ion, while electron-donating substi-
. ! [ A
tuents cause the reverse effect, This behavior is under-

' standable in terms of delocalization of the positive charge
in the molecujar ion over the aromatic ting.
SV et

——0

oL R —C=0

" %."’ ‘ .~ i ‘-". 5A

- “‘ a' . ‘ ) ) R ]
. .Figure 1.19. Reaction of substituted benzophenones.
e 4 :

. The: existence of 'a correlatiom with Hammett o values

»indicaié§'that, with respect to the effect of the substi-

*

tuent, . the transition state for the gas phase reaction is

[ ’ ) .
'similgf‘to‘that'for solution phase, i.e. the rate of forma-
. »~ o ’ : .
tiop'of 54 1s enhanced due to resonance effect.

ThéAcorrela;ion of Hammett p values with the ion-
“abundanée also provides strong support for the postulate
that product ion stability is an importaht driving force io,
_ -
ion decomposition reactions in the mass spectromeer.,

A relationship ié also found between the 1onization

energy and molecular structure. A correlation is found for



’ N
&‘\ ) 3 “s

L . . ~

"

-m'onosubs;/'ituted aromatic compounds (Table 1.1) (Hdwe et al.,
B 1981) 'I‘he'se'data show that substituliets that have strong
‘eleqtron w1thdraw1ng effects® (NO,, CN,, CHO) increase the
ionization e‘nergy,relative to benzene. In contrastl, those

L o . s . : : .
substituents ° which have the largest electror%nat1ng
7

]
effe&ts (OH—,~OCH,, NH,) cause a reductmn in ®he ionizétion

energy ,relatwe to benzene. A cogrelatmn ig found between

l

the ionization energy and the Hammett o values for othe
- .

" substituefts (Crable and Kearns, 1962) (Figure 1.20). in the '
: , e :
cases of both monosubstituted benzenes and tgluenes.

v

1.3.2.5 "Retro mass-spectral synthesis”
An effective method of synthesizi‘na' complex organic

. molecule*as proposed by Kametanl et’al. (1976) and was

v

‘termed "retro massrspectral sydtheszs vhere the fra%ment-

N . ~(

tations observed in the mass spectrum are utilized in a
/

useful synthetic strat_fgy, for example evodiamine (55) was \\

) . . : ed
synthesized from synthons 56 and 57, which correspond to the

k-fracjm,ent ions in the mass 'spe’c‘trum of 55.
& i . ’ . -
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Table 1.1 IE (eV) of some monofunc:ional ‘aromatic compounds
CsH:X,
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1,3.2.6 Analogies to photolytic and radiolytic reactions
‘; An impressive example of the analogous chemical ~

reactions which may be inddced "by electron impact is
illustrated by data accumulated for methyl-alkyl ketones
(Table 1.2) by Pitts and Osborne (1961). All data refer to
fragmentation by b—cleavage> with y-hydrogen transfer as

typified for metﬁylprogyr1ketoné (58).

\ N3

‘ K '
* An appro%Ximate prop%rtionaligy exists between quantum yielﬂg

é

(for vaporphase photolysis at 3130 A and'120°C), G values
L

(for 3 mev rays in the }iquid phase at 25°C) and the

re‘.biveiabundénce of m/z 58 #ﬂ

) ) . .
1.3.2.7 "Sterdc acceleration” ‘ » : -

The mass Jspectra of compounds 59a and 59b contain
7 hd ’

identical sets of peaks (Kochetkov et al., 1963a) ¢ However,
;he marked difference bet‘een them cons‘iFts of thet different

. \., .
ratio o&agntensities of peaks m/z 176 (B,) ahd m/z -F, (A;), N

The a-D-andmer ' (59a) prohuces the A; peak about twice the =

intensity of B,, a reversed relaticnship being. found with

t

—

B-D-anomer' (S9b). This may be explained by the fac:t that, in
the a-D-anomer, the methoxyl group at C-1! occupies a <trans-

axial position with respect to the lone pair electrons of

.
>



Table 1.2 Relative efficiencies  of

H-transfer, in photolytic, radioclytic

reactions.

69
e

B-cleavage with

and electron impact

Compound Quantum Yield G value m/z 58 (%)
CH;'C_"CH;"(CH;); 0.00 ’ . . 0.00 0.1
"‘;, . “‘ 4 ‘ -
m ’ '; » | . '

16 C- (CHz )% GH, e ©0.27 - 0.15 . Vi

‘ : Y ¥ ]
] j ’h : \ .

CH,-C-(CH;),-CH, T 0%0 o a. P29 42

| . . W' &

| o4 »
CH,-C-(CHz)a=CHx . 0.40 | b6 % 504
« . . R
4 A
L4
s \
. )
- r bt
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the ring oxygen, so that its elimination is facilitated due .

to the participation of the oxygen lone pair electrons in
the process. This effect is!ralled "steric acceleration”". An

analogous regularity is observed with other anomeric pairs

¢ :
of permethylated methyl.;glycosides (Kochetk al.

’. N . BMG o
¢ | .
m/z 176(81) | - ,#s m/z 187(A2)

. . . . [ ‘ - .
1.3.2.8 Measqéement of acid\S}ssociation constants- by Fast

Y

‘Atom Bombardment Mass é@ettroscgg; (FABMS)

L J

s

sWork with agueous sollitions containing ionic solutes in
. L. % ! © Lo
ca 1:7 mixtUré  of - water and glycerol showed that factors,

§pqh,as the pH of the solutiqhvana the. salt.ﬁ‘fontent, had
fignificant- and reproducible ®ffects on the distribution of
i'onic Specieé, as‘measuﬁga by the mass” spectrometef, ~Using
the . Qende:sbnf‘iséefbafdh' equation‘ ‘under simplified‘
cquitions (low ionic §trenéth with acid coﬁponents whosé
pKa's %je between 3 and 10), it was shown that the pka éﬁ an
Tacid couid be accuratelghdetermined'knowihg the pH of the

. ' . _ o _ e L .
“solution and the concentration of acidic and basig speciel.; .-
= ' r. N e LI o
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(Caprioli, 1983). With respect to the measurement ' ¥f" this

N A ' ‘ . . " .
constant by FABMS, the following equation has been used: '

pKa . pH + log— .
. (ANa+H)* + (ANa+Na)"

.

where (HA+H)® is the ion inp‘.siby of the undissociated acig

(HA + H)" . " ‘
A , . ¢<£

YA, and (ANa+H)* apd,(ANaONa); are the 1ien intensities of,,”:

 the correéponding conjugate/ﬁ)se A, . ‘ .

In addition, FABMS has been s Uifsfu}ly applied iﬁ

determining the ’equilﬁbrium consta for enzyme-catalyzed

’

reactions, metal-ligand association’*con‘tants (Johnstone

et ‘al., 1983) and’ heasu&emen;s of reaction rates for
.

specific substrate-enzyme reactions (Smith and _Capriocli, .

.

1984) . * . 5 ' o
1 . : . : .
. N ( ) ‘ ‘x

1.3.3 Conclusion -

From the precé’ing discussion, it can be con;lﬂdid that

the study of fragmentations of Amadori rearrafdgement

8

products ~ by EI mase spectfoscomy may reflect actudl
decompésitionﬁ taking place ingfgbd systems. Since the frag-
mentation patterns are of prime importance in dgtefminihg

‘A;hg cdgrsé of the advanced Maillérd reaction, the apalysis

of the mass spectra of a number of Amado?i feﬁrrangqment.

products .should gi;e a vealth of information concerning the.

"‘b?dqress of the'aévanced Maillard reaction. §§

. . 9 ; :

Amadori rearrangement products are the key jnter-

mediatess in any real or model system, )rrespect‘.i of the
’

parameters involved -- in order for a reaction to qua{ify as
' &N )
) ¢ n
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W

a Maillard.rea tion, the 1ntermed1ates s;~btl¢1pnss through

.the Amadori rearrangement stage, whatever the temperature or

the pH or any other parameter ?f the d1f£ergnce that- those

par ters

N A
w111 make is ‘only in the extent to which the

A
decomposxtxon will proceed Slnce mass spectral condxtuons

-

"

e fﬁaimbﬁd‘iﬁﬁgewvhen uszng a wxder range of tempera:urgg all

. +
¥ tﬂi posS1b1e modes of decomposmt1on will be exhibited

ot “p‘\b

through the study of mass spectra. ‘ ¥ 'Qy“' S,

> e

General patterns common to all derivatives and specific

.patterns
4

due to a specifig’ amino acid present® can give

important clues ai.io what types of intermediate, products

o can . be

ex

intermed@at

polymeric

p'd due to ® specific amino acid and how those
eS can interact and give further bimolecular or
products in the final Maillard reaction stage.

A ]

Furthermore, ‘it can give important clues as to the relative

'r . Ppredominance of important flavor compounds)produced from the

in%tial intermediates.

e
4

(@4
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. 7
2. SUGGESTED FRAGMENTATION PA%HF!YS OF AMADORI REARRANGEMENT

PRODUCTS

( .

During, the p’st two decades ‘the mass spectrometric
fragmenta.t? . behavxor of virtually all common functxorﬂl

qsroups i orgam&ihgmstry has been examined, espec1ally
the gyelk p't carbohydrates. The study of the behavmr of -

organic m_ es upon electron 1mpact and its compansor

“with ot.'.h swaorganlc chémical react1ons of the same molecule

i)
. has becm'a. very 1mportant and active field of research.

Sln ,‘the fragment ions are not isolated, only indirect

ttk' cvan be presented to describe their nature, and the

’_e'j_{'._', ‘ by no means as ngorous as in many other organic
2 \' g “

chem@tal n:txon mechanisms., Nevertheless, the- circum-
Stantial 1"‘G\ndence i's overwhelmingly in favor of

. -

discussing the,mass .spectrometric reactions in terms .of
’ l‘

' \s;a;xdard and ."sirhplified language of organic chemistry ang,

if thg comgound being 'in.vestigated has a *%nown structure,’
the mass spectrum is offen interpreted by assuming a mini;ﬁum
of structural change at each fragmentation step.

The mass-spectral technique has become a useful
supplementi t‘o chemical metheds, and p’govides a ‘ready
solution of a va‘iety of problems which were stun;bling

blocks using chemical approaches as is the case with studies

related to the Maillard reaction.

73



The mass spectral method

74

was first applied. to carbo-

when Reed et al. reported the

hyd;q;e cntﬁistryf;in 1958,
) & .
" mass " spectra D-galactdse, methyl q-

number- of disaqfhaf?ﬁes. Since

of D-glucose,

and

B-D-glucopyranosides and a

therr, the applications of the technique in the  carbohydrate

area have bee"prolific. .
The e€arly studies of carbohydrates using low-resolution

eleclron-impact vere not encouraging. The spectra of the

compounds studied exhibited molecular ions of low
[

and a myriad of fra§mént ions, which suggested that break-

intensity

down pathways . were éomplex. The introduction of - high- -

resglution mass

spectrometers with modifications necessary

for analysis»of‘qrganic compounds and the determinz}ibn“_of

fragmentation composition which became possible, added a new

dimension to mechanistic studies,

The recognition that important structural features 3‘.' 3

. /1:f/;;éfsaccharide dgrivatives could be determined from. their
- : .

. flass spectra encouraged the devefopment of mass spectrometry

- N - - * ' ) . / -

in carbohydrate chemistry. Although mass spectga have. been_,

obtained for simple suaars, the limitations iahosed due to

low volatility and thermal instability of free sugars

rendered this procedure difficult. The availability of mass

.

spectrometer with inlet ~sys#tems, however, allowed direct
introduction of the sample into the ion source, instead of
introduction of more volatile .derivatives such as methyl

efters, acetates and trimethyl silyl ethers. *

\
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On the other hand, the amino acids, too, are of
relatively low volatility. It has .been shown (Gross and
Grodsky, 1958), ‘Bowever, that most of the protein amino

<o

acids, with the exgebtion‘of lysine, can be sublimed in a

good vacuum at temperatures of 150-240°C without appreciabld’e

. decomposition. | _
}lmost all the ‘.rk dealing with mass:;pectral analysis
_of amlho aC1ds has been done usxng electton impact massa
<spectrometry Th1s type of ionization 1nduces very strong
fragmentatxon in the molecular ions of the amino acids
and .¢heir derivatives, frequently render M " peaks
dxffxc\et to detect, ewen at low®lectron energzes l
The mass spectra of the esters of amino acids prob@bly
reflect more clearly the structural features of the amino
- acids than those of all other derivatives~«and of‘t?e free
amino acids themselves. In addition, the fragmentatien
react'ons occurring 1in the esters are common 'to most
N-substituted derivatives and to the free amino acids (Svec
‘and Junk, 1967). vThe most remiarkable d1{ference, however,
occyrs in spectra of ihoqe amino acids that contain a

hydrogefatom in' the y-position of the chain.

2.2 Treet‘ nt ef‘thp ﬁeoq Spectra

The peaks of the nass. spectrUm often differ by a factor

-~

of several hundred in their 1ntensxty On the other.- hand

4

the intensity of the peaks is also dependent on the a;;ﬂnt
qffsubstance introduced into the ion source. Hence, it is

.

—

-¥

ol STV 0
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necessary to sutbject the spectrum obtained to additional

- treatment, .which congists of normalizing the peak heights

with respect to the most intense peak in the spectrum, which

is called the base peak, as follows: 7

peak height (div.)
% relatxve intensity s coumey x 100

pbak haight (div.) of base peak

*

The wunits of the peak heighd are in chart divisions (div.)
because, when a mass spectrum‘ﬁs recorded, ion currents are
normally measured in-arbitrar& units of peak heights (chart \

. -

divisions) rather than in umdts of current. Thereforé, the

'

percent relative imtensity is independent of the amount of
substance, and all the peaks cem be exptessed in,one scale.
The peak intensities may ‘also be expressed in percent

of the total ion current (%TIC or %L) of all the peaks of

“the mass spectrum. This form is(preferred wfen the m;ss

spectra of several related combounds are to-be 5ompared (as-

ig the present study) because the total peak intensity of-

the mass spectra of related compounds -va;'ies~ insignifa- -
céﬁtly, whereas :1he intensity of the base peaks chaages

mqtkedly. The XZ, values are obtained by summing all p;ak

’

7

xt s

-~ heights or normalized values from . a selected. mass m- (u&ually }v%%;“

[}

50) to the molecular ion peak or the hxghest peak jh x& 4

spectrum, in case the spect:rua does not show the molecularf'

ion peak, and then calculatxng the percent contribution ot;

the various pq‘ks to this total. When the ohly. large peak in-
the spectrum is the base peak, its %I, value is large. When

several large “peaks are present, the %I, value of th is

»



small, This technique 1is also useful in studyxng tho

Y

signxtxcaﬁ%e of individual peaks in a’ fragmentation procesl.

2.3 General Remarks ;
5 / . o

2.3.) Definitions . k4

Molecular ion (M *), the ‘ion produced from,{the, intact

molecule by expulsion of one electron;‘
L] ’

S
e Daught@g ion, the product of an ionic reaction.
. Parentf_ll precursor ion, the decomposingh ion in any
- * :
reaction
. e
-. . ~ .
e don. generation, all the daughter ions, generated directly ,
w _ o o
- “from one parent ion." ‘ (o)

\ \

e . Radicad cation, odd-electron ion.

e/ ¥ (full arrox}, transfer of an electron péir.

YA (fxshnook) transfer of a sxngle electron.

® rH, rehrrangement involving hydrogen trdﬁsfer

e m/z, the mass of the ion divided by its charge. -

e o_(sigha electron_jonization), a simple cleavage reaction

X visualiied as taking place qhtough initial ionization at

,:‘ f the s&gma bond cleavgd.xn tpe reactxdﬂ

‘w \“ . - ‘ ‘e ' i

:rCR:-—-h R" "1\’9&

. i (inductive effect); inductive initiation of a reaction

[
S Y

through electron witﬁdraving by the charge site: .‘
R L¥-R—sr + R Y = 0,S,N,C

° a’(alpha cleavage), cleavage of a bond on an atom adjacent

to the aton beaf!ng the odd electﬂg | .

)}é‘ - ’ .‘g‘yf@ .
Ca r‘ K '

* " .** ‘i' \. ;e ‘ b
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R /c:,\,fivﬁ-——-rn) + CRy=fR
SR .P
%2.3.2 Nomenclature
The nomenclature used by thizhov and Kochetkov (1966)
_ for the difterent fragmentation series of carbohydrate
« molecules will Be adopted, with soﬁéiﬁoditicat&ons to take
into account the fragmenﬁatibn ,seii;s originating in the
amino acid moiety,.thus an ion _gené&ation related by a
ffx‘cdmmon origin in the sugar ;&iety, will be denoted by
capitalhletters (A,, B,, C,, ...){ 10on geanation related by
‘ a common origin ir the Amino’qcid moiety Jill be denotéd by
double capital letters (AA,, BB,, CC,, ...;. The subsgript
nueral (i) corresponds to the number of steps needgd for_
th{ transformgtion of the parent ion to the-éiven trdgﬁent.

!

The, symbol ast;rix (¢) will refer. td;the’fact qﬁat the
' frdbment ion was not observed in the mass spectrum:/h' lower
N [ 4 ] , ,'" ‘
case letter on the left hand side of the symbpl will

indicate an alternate routg‘oﬁ fragmentation from the -.same

+  molecular top. All other fragment ions not origipating.from

‘known carbohydrate or amino acid Lraghentation routes wiii

) #be ’.defignategl byv;ghei; m/z values. For Qeyample, tﬁé"

‘;A"des¥%;;tign.of A,_inéicatéq that the corresponding fragment

originated 'fron‘the sugar ﬁoiety by an'establishe9 pathway,
A, vith three consecutivé steps. . ' p

Amadori 'rearrahgement pfodu;ts should be ‘pamed as.

bderivatives of D—aribino-2-hexuloses, hquever, ‘the commoh

name D-fructose will be wused, due _to‘ its “vidocpr;ad,fv

IS
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acceptance' in the literature related to the Maillard

reaction,

2.3.3 Experimental

Thé high resolution electron impact mass spectra of
Amadori rearrangement products were dete;ﬁined on an
Associated-' Ele@tricai Industries (AEI) MS-50, high
performance doubie-focusing mass spéctrometer with Nier-
Johnson geometry. The ionization energy was 30 eV and the
peak measurements were made by comparisofwith perfluorotri-
butylaminé at a resolving power of 15,000.

The temperature in the ion source was varied_betwéeﬁ
150-250°C depending on the volatility of the particular .
compound. The samples were introduced directly into the ion
source (quartz probe)‘;hrough a vacuum lock systeh, the
preséure inside was 2 x 10" torr, and the accelerating
voltage was 8,000 volts. |

The data were analyzed by a DS-55 (Kratos), a computer-
,based data acquisition and analysis system. for mass
spectrometry. It consists of a bowerful minicomputer @;th a
custom, high speed data acquisition interface and a set of
programs for collecting, analyzing and reporting mass

spectrometric data.

-
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2.4 Mass Spectra of Amadori Rearrangement P}oduct;

2.4.1 Strategy of analysis of the mass spectra
. ‘ -

The rationalization and eventually .a prediction of
.preferred decomposition pathways and bond cleavages in

- 2

‘ P . .

molecules is most conveniently effected by assuming that the
8 , 4 . o

reactions are initiated by preferential }ocalization of the

charge at -a.favored site in the'molécular ion, as well as in

fragment ions undergoing further decompositions. Such a site
i V4

is wiewed as providing the driving force for specific .types

of féactions which are %haracteriﬁtib of the chemical nature

of that site.

The most favored radical and charge sites 1in the
molééplar 10n are aséuﬁed to arise from .the loss o©f the
&6lecdié's electron of lowest ionization‘energy. Relative

energy requirements are similar to those for the electronic

. transitions affecting the]ultravio%et spectra. Favorability

for ionization generally'is in the order of n-electrons>w>g.

Y O*

- : ° Y
60 61 ~
- - \

Thus, all the data available on the mass spectra of
carbohydrates may be reasonably interpreted on the basis of
the assumption that the molecular 1ion is formed by the
removal of an*elecﬁron from the ring-oxygen atom (60, 61),
however, more complex molecules containing several possible

sites for the localized charge and unpaired electrons

require weighting of the relative importance of each site in



< ) , ' .

- L

order to rationalize the relative intensities of ions

-

produced from each site. .

-

For molecules cqntaining noninteracting functional
\ :

groups, = the 1ionization energy wusually corresponds to the
value characteri:stic of the functional group "of lowest

ionization energy (IE) (Svec and Junk, 1963). This is

illustrated in Figure 2.1.
. L]

CHCOOHT NHCH,CH;,  CH,SCH,CH,CH,
10.4 eV "™ 8.9eV 8.7 eV
. . .+ /NHZ‘
NH, CH,COOH CH,SCH,CH,CH -
- COOH
\9.2,eV 8.6 eV
. Figure 2.1

Apparently, the electronegative carboxyl gfoupb does
influence the IE of the amine in. glycine (Svec and Junk,
1967).

Amadori rearrangement prodgcfg, being complex,
polyfunctional molecules, contain several possible sites for
the locélized chérge. However,‘keeping in mind that they can
be considered as either N-substituted amino acids or as
derivatives of D-fructose, 1t can bée assumed that both the
ring oxygen and amino acid nitrogen can trigger fragmenta-
tion characteristics of fructose and the specific amino
acid. The relative importance of each fragmentation pattern
is Ydetermined by the ionization energies of the ring-oxygen

) a . .
compared to that of amino acid nitrogen, and by the
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complekity of the side chain of the amino acids. Therefore,
by sﬁﬁdying the fragméntatiog patterns of D-fructose and the
differ;nt amino acids, many of the peaks Observéd in . the
mass spectra of Amadori rearfangement ‘products can be
rationalized, based on the known fragmentation patterns qf,
" fructose and amino dcids. |
Since :thé_ compounds, being invéstigated have kﬁoﬁﬁ
structures, the. fragment 1ions, as. well as 'theihéutfél.;
species, can_ be identified..by assumihg or. poétﬁiatiﬁg~'
structures with minimum charge from the original molecule at
 eacS fragmentation step. T
The above approach is simiqu ;o thagl of ’"Shift‘
.technique" (Biemann, 1962), thch‘states thaﬁ\ the addition
of a small functional group‘tq a largé molecule, such as\;h
alkaloid: changes the épettrdm by merely increasing the
masses of the specific ion ‘fragments which contain this”
added functional group. | . a
k N-substituted amino igéads generally have the same
pattern of fragmentation Qé “Gnsubstituted ones and, in

a

general, the substitution at C-1 of the fructose moiety

- OH
LI
H 3 OH

OH
is not expected to affect the overall mass spectral pattern
of the malecule (this is especially true with amino acids

having alkyl side chains) because the principal bond

fissions in fructose are not governed by the substituents at

. e -
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C-1 but rather at C-2.“It follows that most cleavages of the
fructose moiety and that of the amino acids will be found to’
. some extent in the mass spectra of'thé Amadofi reartangement
pfoducts. Wﬁiéh piﬁtern will dominate thelmass'spectrum yill-
"largely depend on the stability of the molecular ions
originating in either ﬁucleii and the nature of .the’ side
chain of the amino acids. - |
:=- There are - two érincipal reasbns-‘ why Amadori
. rearrangement p:odﬁcks lend themselvesﬁso readiiy to mass,
spectroscopic investigation. First, the two moieties -- the
sugar and the amino acid -- have a great capability for
stabilizing a positive charge through the‘ formation of
oxonium and imminium ions. Second, in most cases thg aﬁino
acid moietf contains céftéin bonds that are especiéllf prone
to cleavage, thus giving-rise to intense fragment ions. |
Generally, in the analysis of fragmentation patterns
the consecutive dégrada;ion of.é paant ion is studied by
'detecting structu;él subunits eliminated-from the precursof
ion, with minimum change in its structure. It is then
négsésary to simply look for Mﬁ’-R peaks, wﬁere R is the
mass corresponding to the expelhed fun;tionality.'Thé most
specific assignmenﬁs‘that can be made in this respect are
for small, neutral fradment‘losseg, especially those thgt
are formed directly‘from thg a;lecular ion;"For example,
iﬁbortaﬁt ions at masses (M-T1)°, (M-15)-" and (M-18)° almost
always represent the losses of H, CH, and H,0, respectively,

from ‘the molecular ion. In this connection, the analysis of
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fragmentation pathways also represents an elucidation @f ion
\structures. The ion in qu;stzon is character1zed as much as
‘possible by its precursor ions and, in addition, by the
greatest possible number of product ions in order go
.disclose its structurég This procedure allows deduction of
the structure of fragpéét j&is using mass spectroscopic  ion

fragmentation mechanisms explained in detail by McLafferty

(1980). o - e ’

In the following sedtidns, a homolytic cleavage of a

bond will be indicated by one fishhook arrow and, when
convenient, by two. b 5 | |
The ion fragments will be identified by their molecular.
weights and, in parenthesés, by % relative>intensity;
The fragmentation}pattérps of fructose are:baéed on the

work of Chizhov and Kochetkov (1966). ' .

-



2.4.2 Mass spectrum of D-fructose

2.4.2.1 Fragm;ntations of the pyranoid form

Fragmentations of the A series
Ions of the series A are produced by 1loss of
substituents from C-2, with - subsequent and stebwike

elimination of other substituents,.

&

] .
163.0596(0.30) , l

149.0455(5.67)

|

* g

H .
"AZ ah

131.0348(3.10) 113.0237(1.66)
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s ’ .
Fragmentagjens of the B series

Ions of the «‘:iaries are formed by elimination of C-6

and the ring oxygen as forméldehyde.

.

o)
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( .
Fragmentations of the C and P series

lons of the C and P series are initiated by cleavage of

the C-2 to C-3 bond.

~ ¥ Y
5 | CH,
|,
. M H
e -
Mt M; C,

104.0456(1.16)

H
_
’ * *
() H H
% Cy
87.0437(1.77) 69.0342(5.71)

104.0456(1.16) \\\\

‘e

86-.6370(13.56)

74.0356(9.25)



Fragmentations of the D, F and J geries

]

Another pathway of fragmentation of the M,° produced in
series C leads to the ion D,. Subsequent decomposition of
D, gives rise to a new type of ion, the J series.

e B 1
L\\g__’c—cpu__) Hb:{:m i

1

e * 77.0241(3.89)
M Dl
1
The ion D,, initially formed, is not traced in the mass

spectrum. Being extremely unstable, it must immediately lose
a permaldehyde group.

The ,fragmeyntation of the M," ion with cleav_aée of the"y
same bondings, but with different distribution of charges on

the fragments produced, leads to ior’ F,, the base peak.

—> HO—C=C—C=OH

f

73.0293(100)

In F, the positive charge is distributed over the entire

molecule,



; Fragmentations of the H series

-

Conjugated ghift in the molecular ion gives rise to the -

H series.

[d

| " COOH )
~>Ho-&cH,. &, . HO——£=dH
' H
1

6n.0233(43.50)

o [/
2 s
59.0154(3.63)b" <—— : H .,

In trimethylsilylated fructose the corresponding peak

at m/z 204 is the base peak.
SMTﬁTMS

m/z 204

90.0318(3.20)
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Fragmentations of the 1 series \

lons of the I series jre produced by cleavage of C-6 to

ring-oxygen bond of A, ion. - .-

N, S
S 2y CHNe— c —pu
HJ H blz'
57.0363(22.82)
A N :

2
55.0202(9.24)

aI2

56.0282(7.15)
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Fragmentations of the L Series.

o

The decompositicn of compounds having a trq,(h?droxyl

'] .
group (like fructose) is essentially different from that of
she corresponding glycosides, and the kragmentations

~

aSsisted_by the free hydroxyl group are termed L series.

-CHO HA—c—¢ I §
1L2 H -
{ 149.0455(5.67)

. / 'L1 - ‘ l o

\ .
.‘ . . ?u e
| H'o‘—on:cw-c-—g oH
Hcr‘zz;;jixxan BHcr’J(:::jix\rau "L \\\\
3
H ' ,
L2 L

3
119.1346(5.16} 111.9240(3 .46 . —~
< o \l’ -
HO—C=C—C=0OH
Fy
‘ 73.0293(100)

2.4.2.2 Fragmentations of the furanoid form-

Introduction

The size of the ring in a monosaccharide bears stronq.y
~upon its mass spectrum, the characteristic differences
providing a, firm basis for distinguishing between pyranoid

and furanoid forms/(Biemann and DeJongh, 1963). .The most

parked are the differences in the positions and intensizies
of peaks of the E series; these peaks are due to ions formed

by fission of the side chain at C-6. Generally, peaks of

{

rd
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-~

this series in the mass spectra of hexopyranoses are of low
intensity. The corresponding fragments arise after cleavage
of the C-5 to T-6 bond. For example, in B—D—galactqpyranose

pentacetate the peak is at m/z2 317:

m/z 317

‘The isomeric B-D-galactofuranose pentacetate gives rise to
fragment E, by oc}eévage of’lthe ‘C-4 to .C-5 bond, and
therefore the ion has a lover mass number (m/z 245):
~ 6 |
E1
m/z 245

-

: ' ; : . ‘
Moreover, the peaks of the E series in the mass spectra

of furanoses have an increiii: intensity, the fission of the
side chain from the five- bered ring leading to a planar
oxonium ion, thermodynamically favored over the analogous
ion.'having a six-membered ring (this is compa;able with thé
rates of hydroiysis of furanosides and pyranosides). In
addition, furanosié;s_.contaih no D and B, ions, théir

formation being structurilly-impossible.

Alghough the.- characteristic differences permit

distinction between furanose and pyranose derivatives, their

~fraginentation patterns have much in common. The fragments of

4
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the A&, C anc J series are formed in a similar manner from
Vbo:h of the two types of derivatives. -
‘ Since fructose and ARPs have no side chain at C-6 in
t%e”pyrano§e form, the 1ions ©of the E series are not

observed. However, since ' they can exist in furanose form,

they show the E series of the furanose form,
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Py,
149,;0455(5.67) 131.0348(3.10) ' 113.0239(1.66)

Fragmentations of the C series

104.0456(1.16)

.,l<

c

2
87.0437(0.51)

H
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Fragmentations of ghe E series

b H H
S , ﬂ-——€> H
H H -
g, A

149.0455(5.67) 131.0348(3.10)

VAR

+
P |
o\ =
.

131.0348(3.10) 113.0239(1.66)

v" eE2

103.0397(11.91)

[

eE4

85.0293(8.61)
H
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Acccfdingvto NMR studies, fructose and ARPs, exist ?ﬁ
tactomeric equilibrium be;ween furanoidAand §yranoid forms,
thérefore,_it wiii be assumed that the m/z values are
contributed by the two conformers in the same proportion as

indicated by C{’-ﬁMR studies ﬁﬁéper‘et‘al., 1983).

. 2.4.3 Mass spectra ofyamind acid ethyl esters

vsince the mass spectrc of the esters of amino. acids .
rcflect._more clearly the structural fcatures‘ofvthe amino
acids thah tbdse.of any other dérivatives and, in ‘addition;
the fragmentation reactions occurt&ng in the esters are
common to most_N-Substituted dgrivatives, the macs spectra
of amino esters‘will be discuéseé. |

The peaks comprising the spectra of ethyl esters of
amino acids are due to fragmentation of the molecule by
prefered cleavages of those bonds which lead to enefgetic—
allyéfavofed, i.e. best stabilized, positive ions. The
characteristic peaks are due to breaking of bond AA, bond BB
or a bond of the side chaip R, CC (Figure 2.2), particularly
at highly substituted - carbon atoms or at those bearing

heteroatoms. N L R

; , \h ‘
cc es ) / NH,

e

A

\ /—COOEt

1
'- Flgurfe 2.2.
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Fragmentations of the AA series

- In all amino acid ethy%;esters, the cleavage of one of

Iy -

ftagmentat1on reaction because retentxon of the posit1ve

charge on the nitrogen contaxnxng fragment , results 1n a

‘ resqnance- stabxlxzed ion, AA.. Cleavage of bond BB however

gives rise to a much smaller peak (Andersson, 1958) because
the posxt1ve charge in the :esultlng ion is destabxlxzed by

the ne1ghbor1ng carbethoxy group.

R-—CH—COOEt —- R’—ICIH «—> R-3~fo~
(:NH : ' +NH, . nuz ‘
AR -

-

Further decomposition of the fragment AA, ‘may proceed

from either one of the two extreme resonance forms.

In the spectra of a-amino esters lacking additional

Eunctional groups, .the AA, fragment is the most promznent

one. Introduction of a heteroatom or aromatic system .into,

the R group increaées the tendency for cleavage of other
bonds, either in the original molecular ion or in . the AA,
fragment. Both factors lead to a lower abundance o} the
latter. Such further decomposition of the amine- fragment

(AA,) arises from the elimination of neUCral molecules l.me

¢ )
’

olefins, water, ammonia, hydrogen 'sulfxde, mercaptans or

ethanol. In almost 'all -such cases the positive charge is

l,(T\\;\

". the C-C bonds next to the amino group is a very prominent
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retained on the nitrogen-containing fragment. If‘tho side

5

chain R consists of more than two carbon atoms, consxderable

secondary fragmentation of AA, ions occurs. Two reactions -

generally occur. cleavage of the bonds ‘B or y to the -CH-NH,
trtgment, both vxth simultancous nxqrat:on of a ‘hydrogen. to

the ionic center.

Hz T * H? ‘

- w/z 44

-;bucﬁi reactions are accompan1ed by strong metastable peaks.
;The mechanism of the fxrst reaction is well establxshed It
'requxres a hydrogen atom in the yrposition and occurs on&y‘
if that condition is fulfilled (McLafferty tearrangement)
In contrast, the mechan1sm of the second process is not well
understood. Hydrogen atoms are rearranged from all -
positions, | however, both reactions are sensitive to
branching in the side chain.

Serine and threonine estcrs exhibit peaks at m/z 42 and

"56, respectively (AA,;): L )



99

OH _
N -H.0 o m/2
R—CH—CH —2 % R—cn=ti‘ . ReH (Ser) .49
< | : . - ’
| L M ReCHy (Thr) gg
2 | 2 |
AA AA ’

1 B - 2

Hydroxypréline also hndergbes the elimination of water

from the AA, fragment atlm/z_BG‘to give a peak at m/z 68:

H

amino acids, the fragment AA, gives the most intense -peak in

the spectrum, whereas the AA, fragment is rather small:

M3 /2 84

. This facile. eliminqtion{ of ammonia must, - therefore, be .

.assisted by the second amino group present.
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A somewhat similér behavior is shown by the ethyl ester

of glutamic acid:

~EtOH

*

AR, /2 130 | AR, /2 84
.;

The amine fragment AA, loses the elements of éthancl‘to give
‘the peskA at m/z 84. Although some of the fragments of mass
m/z 84 arise via prior thermal cyclization of the ester to
ethyl-Z-pYridoné-5-carboxylatq in the .inlet system of the
mass speétrometer, most of the 'fragments come from. tﬁg
original ester: The thrmal cyclization is rather slow and
can be followed by plotting the intensity of m/z 130 versus
time. | |

Methionine egter’gives a rather intense peak at m/z 56
AA;  (Met), é ﬁetastable peak at m/z 30;3, supports the

depicted course of the reaction:

. H | , |
cu,-acu,-QH-'f:H —> CHICH-$H «> CHICH-CH + CH,SH
NHz o NHz ' » M H2' Q

AA1 | -.' - AA2 m/z 56
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In addition to the above mentioned fragmentation of the
AA, ions, they can alee eliminate ammonia, leading to
olefin-type fragments. These fragments are of lov intensity,

unless the p-carbon is highly substituted or bears an alkyl

-group, .
T | |
» -NH
R—(l:\' . 2 _¢=<';.
e (/mHz ;|
AR . AR,

o

Fragmentations of the BB series )
‘If théilbond BB tis cleaved, a fragment is formed in

which the posf#tive charge is again stabilized by nitrogen,

but less so compared to AA, fragment, due to the proximity

of the positive charge to the carboxyl group.
. e -

R‘)_(':n—cooet SR . f:n-cooa < CH-COOEt
iNH, NH, H, ~

BB1 m/z 102

This fragment BB, at m/z 102 is charucteristic of all ethyl
esters of a-amino acids. Obviously, it i; absent in the
spectra of proline and hydroxyproline esters and negligible
in glycine and alanine esters because hydragén or methyl

: ‘ j
radical are less stable and are not cleaved as easily as

N\



' 102
’Lrger groups.

A high degree- of branchimg or an aryl group on the
B-carbon, as in valine, 1isoleucine, phenylaﬁaﬁine and
tyrosine, further facilitates the cleavage of the C -C bond
and gives rise.to more intense péaks at m/z 102 (14, 17, 83
and 100%, respectively, of the-intensityJof the AA, p@ak at
.the corresponding ester). ‘ '

Two facts should be mentioned about the BB, fragment,
First, }t is relatively low in intehsity compared to the Ah,
peak, in which similarl; a carbon-carbon bond next'to
nitrogen is broken. Second, unsuéstiguted ethyl esters " dc'
not give the corresponding fragment but instead unbérgo
McLafferty rearraﬁgemeht.'This reirfangement is operative 1n
the ethyl esters of serine and threonine also,'dhe to the

acidity of hydrogens_atfached to oxygen compared with those -

attached to a carbon.

Fragmentatiqns ég the CC series

The majority of the ions in the mass spectra of a-amino
esters are formed ihrough the AA and BB series, however, if
these bonds remain intact and others present in the molecule
are cleaved instead, a third group of fragments is formed.
These peaks are particularly usétul if one wants to obtain
detailed information about th; structyres The abundance of
such peaks”vill depend oﬁ the ease of fragmentation of those
bonds versus the C-C bond a to the amino group and is

particularly aided by the presence of highly substituted

\
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carbon atoms or of heterocatoms in the side chai® of the
amino ester. Proline ester, lacking any sucﬁ groupings,
' gives only very few fragments of low intensity besides the
very strong AA peaks. In methione ester, on the other hand,
many peaks of considerable intensity are found, among which

" the AA, peak is far from being the highest. 3
-« Branching in the side chain favors traqmentaéfgn'at
that point. For example, the peak CC, at m/z 144 is much

higher in isoleucine compared to norleucine.

C.HJ ' . .
'/'\{coogt 7_e1 ?ctr:;\,/‘DTCOOEt CHrI'coon
Hz 10n1z? ion Hz ? .
CCI m/z 144 CCZ m/z 116 -

The peak at m/z 116 "is small since it coéresponds to the
loss of three carbon atoms which cannot be‘deriVQd by simple
cleavage of a C-C b;;d but form a two-step process which is
less probable and leads, therefore, only to a small peak,

& The presencé of functional‘groups in the side chain» of
the amino acids gives rise to more intense peaks, either by
their eliminaéion in the form of water, ammonia, ethanol,

_etc, in a manner vsimilar to that of AA, fragment, or by
direct cleavage of a C-C bond. Examples of the first case
are the peaks in lysine ester at m/e 167 and in methionine

at m/z 129:
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= Q‘
 —
moo& s Hz OOEt

CCi m/z 167
m ~CH,8H I .
> .
e 2 t NH, t _
cc, ' .
m/z 129

More significant are peaks due to direct cleavage of a
bond at a carbon atom to which a heterocatom is attached. If
this furrctional group is at the B-carbon atom, as in serine
or threonine, the C(C,-C, bond Iis cleaved with particular
ease, ‘giving rise to an ézéed ester peak at m/z 102,

A functional groyp at the y-carbon atom, as in the .

case of methionine ester, leads to cleavage of CO-CY bong,
positive charge being maintained almost exclusively on the
sulfur-containing fragment, where it is stabilized by the

sulfur atom:

F/ o, S\, . OOk
OOEt |
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.
Its retention at the p-carbon would lead to a primary
carbonium ion lacking any additional stabilization,

The ethyl estefl of phenylalanine, tryosine and triBtOj
phan provide examples in which the substituent at the
‘B-carbon atom is able to accomodste the positive charge so
well that ;;c peaks corresponding to cleavage of c_-co bond
are rather intense, particularly the one conéaining the

B-carbon. ‘ o

‘

The incrcds% in the 7-electrdén density in she aromatic
nucleilin the series phenylalahine, tyrosine ‘and tryptophan
ls expressed in the increaﬁed intensitf of the peak due to
the Ar-CH;" fragment._Tbe probability of formation of this

ion versus the amine peak, AA,, and the BB, increases

remarkably in this series (Table 2.1).

-

Table 2.1
. Phe Tyr Trp
AAY 100 - 51 85
BB , 83 52 s

Ar-CH2 23 - 100 100

Histidine ethyl ester appears to be the least aromatic
in this respect.. The AA, peak at m/z 110 is much higher than
the BB, peak at m/z 102. The peak CC, at m/z 82 is formed by
the rearrangement depicted below, and is the most intense

peak in the spectrum.
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o

—_— , :__> m/Z81‘

Remarks on the molecular ion

The presence in a molecule of a number of bonds easily
broken decreases the number qf molecular 1ions. éble to
survive for about 10°* sec, the time:requiregf/fﬁ/ bé fully
accelerated, Fgr this reason, : the peak at the molecular
weight of“the amino esters is always very small or
nonexistent unlesscwthére is * present in, the molecule a
grouping wHich: can; tolerate the loss of an eiectrén

~particularly well. Such is the case in the aromatic amino
acids. The thio-ether group of methionine also adds to the
stébiLiEy of theuumolecular ion, the inténsity_of which\}s'
12% of the highest peak at m/z 61. 'Howgver,, if is more
realistic 'to compare the intensities of peaks in different
spectra if expressed in percentage of total ion yield (%I)
instea&* of the highest peak. This “value 1is 2.3% for

tryptopfan, 3.4% for methionine and 0.025% for leucine.

_The  low intensity of the molecular wéight . peak
sometimes makes it difficult to- identify or diétingui;h‘ it
from other small peaks due to impuriﬁies. However, the peak

one mass unit above the molecular weight can be wused ,to

recognize the "lAtter (McLafferty, 1957)., The "M+1" peak

i
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arises through hydrogen abstraction from another molecule by
the molecular 1ion, during a collision process in a seg%nd
order reaction:

}.{’ + RH - XH® + R

(M™*) (M *+1)

Tpe‘ abundance. of XH" ions is not directly proportional:to-
the concentration of X° in the ion source, . ke all other
ions, but to the product [X°][RH].

Hydrogen abstraction-to form (M ‘+1) ion 1is the only

bimolecular reaction observed in the mass spectrum,

2.4.4 General rearrangements and fragmentations observed in
the mass spectra of Amadori rearrangement products
Amadori rearrangement produéts of the fo}}pwing amino
acids were synthesized: _

1. Amino acids with aliphatic side chains. Glycine,

alanine, valine, leucine and isoleucine.

2. Amino acids with side chains containing hydroxyl and

carboxy groups or sulfur atoms. Serine, threonine,

methionine and glutamic acid methyl ester. ‘

3. Amino acids with side chains containing  basic

groups, Lysine (three possible Amadori products) and

4

histidine.

4. Amino acids containing aromatic rings. Phenylalanine
and tryptophan.

5. Imino acids. Proline and é4-hydroxyproline.

Since  most of the fragmentation patterns of Amadori

reafrangement products are essentially based on the known
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fragmentation patterns of D-fructose and the specific amino
acids, the folilowing designations of the Amadori rearrange-

ment products will be used:

vhere

R,zSide chain of the specific
amino acid.

The following rearrangements and conversions were
observed in the mass spectra of the Amadori rearrangement
products.

e Rearrangement of R+H (a)

Partially dehydrated carbohydrate ring derivatives
(pyran derivatives) were observed to undergo the following

rearrangement:

+ CHZ=N—
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- - -

'-Satura;ed ca:béhydra:e':ing systems dg not undergc this
rearrangement bsiﬁ*se crearrangements a:é entrépically
unfavorabie. The 1on 1s in the cénférmation ‘necessary for
reaction only a very small fraction of'éhe time, thus this
"tight activated bompiex"; characteristic of reérrangements,
reguires. an offsetting energe;ic favo;ability for .signi-
ficant ‘product-ion. formation. The dehydroxylation step
renders C-2 of the fructose moiety mgbe electrophilic and’
the ring'plana:; hence, N- of.amino aeid'and C-1 and C-2~ of
fructose are coplanar, which enhénces the:reaffangement.'Th;
same type of rearrangement is .also obsefved' in the . mass

spectrum of D-fructose:

. »
Alterna_ively, the hydrogen atom can be abstracted from

the C-1' as follows:
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e Conversion*of R+CH; (b)

. This conversion is facilitated by the loss of stable
neutral species, CO;, and the imine.

e Rearrangement of ‘R+CH, (c)

Hy + H = o4 0.

In this reérrangement,. which paéses. through a six-
» ﬁembefed- ring transition state, a rigid ring structur; of
the dehydrated sugar ﬁoiety prevents conformational change§
. that woﬁld otherwise occur ‘and ﬁhus -move. the sité of
hydrogen migration away from the carbdxyl moiety. ‘There is
-indiréct: evidence for the above observation: the ﬁass»
\Speétra of all ARPs lack peaks that cdrrespond to R-CH, _
r?aftangement prior to any dehydration iﬁ“the ring, and the

intensity of the peaks corresponding to R+CH, increases with
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increasing dehydration in 'the' riné.‘ Again, the 1loss of
stable neutral molecules favors this rearrangement,

® Rearrangement of R*-CH;-NH; (d)'

~

The zwitterionic ~form of "the amino acid  moiety
undergoes an 1inductive cleavage, giving rise to the free

amine attached to the sugar.

. Rearranéement of R*-CHJ;NH-CH; (e)

A 1,3-migration of the hydrogen atom produces the
secondary amine side chain on the.sugar. This rearrangement
is specially enhanced when x=0 (serine and threonine) due to

electrophilicity of oxygen atom compared to carbon.



e Decarboxylation (g) SNi

OOH
@—ca —N ——> (S)—CHNH-CH;R

e Decarboxylation + dehydrogenation (f) cis-elimination

i ' |
@"CHz"N H & —> &~NH—CH=CH—

e Decarboxylation + dehydrogenation + dehydration (k)

| ) | -
(ScHN —> @-CHz-N<;|

COOH

This conversion is specific to hydroxyproline,

112
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e Ortho-elimination (o-e)

AMINO ACID

H;t&é - H

Stable neutral molecules are eliminated in ‘this
rearrangement reaction, in which a more stable ion is formed

from the precursor. The ion at m/z 126 is detected in the

majority of ARPs.

[ 34



e Fragmentations.of the EE series:

EE

3
)
e Fragmentations of the DD series:
$
WY
+ ‘. .
N H ., _H OH
) H EEE—— CHz—_:l:
0D

--

114
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® Notes on the nomenclature -

1. The rearE;Bgements/conversions a tok will be
incorporated into the symbolg devised previously, for
identification of ion peaks, as a superscript. Thus, the
designation A} indicatesothaé the ccrr ponding fragment ion
originatediffom the sugar moiety bi pathway A, with three
consecutive steps from the parent molecule and it had
undergone rearrangement a.

2. The hd;hydration sequence of the sugar ring or the
amino actd side chain, if applicable, of ions originating in
the amino acid meciety will be denoted by the following

letters as guperscript: 1l,m,n.

H | ’
HAFCHR, — H—
]
AA1
m
n
H— -3
n
AAI MT
3. All the symbols representing reatréngments,

conversions and dehydrations are one step processes, except

m and n, which are two and three step processes,-
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A Y

respe&tively. Consequentlyﬁ to calculate the total number of
steps from the symbols represenging a fragment ion, one has
to add the valﬁe of Ithe subscript to that of the
superscript. For example,.the fragment ion A} represents a
four step process, whereas AA%Y —!epresents a five step
process.

e The mass spectra of all Amadori rearr;ogcnent products are
reproducéd in Appendix 1.~ |

e Since the products fofmed by the "sugar fragmentation”
pattern follow the same mechanism,  on1y the "amino acid
fragmentation” mechanisms are rgpo;ted for individual ARPs,
except for glycine; however, "suga; fragmentation" products

are listed in Appendix II. ~
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2.4.5 1-[(carboxymethyl)amino)-1-deoxy-D-fructose

T = 225°C on
. ' 3 o) CHg NN
No. of peaks = 130 ——on ﬁ"

Mass range = 50.0235-158.0804

TIC: 49,047 (7,334) (contribution from the base peak) .

2.4.5.1 "Sugar fragmentations” of the pyranoid form

o Fragmenrations of the A series:

"Q"Q‘* Q‘*

“ —a
c A
A 3
v .
. 115.0395(3.g9) %" 111.0448(15.75) 97.0284(16.40)
*g::;£>ﬂ '<i:::5>c -G, <(::;>~CH—N —CH,
A2
133.0503(6.49 158.080471.72) 1“0-0704(¥~92) .
»‘\
d.
A3

126.0558(2.06,
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4

o _Fraqmentations of the aA series:

149.0451(1.55)\\ 131.0346(12.41) 113.0241(3.82)

This is the only Amadori product that shows this series
since the side chains of the other amino acids can initiate
reacti?ns that can stabilize the ion product, wherea§ in
glycine it is easily cleaved because of thg— lack 'qu-
functionality.' |

e _Fragmentations of the B series:

9 : OH B
R\ e TN H
w{j—% “’\ECZ <=/’ 8940237(8.54)

120 0429(1. 62

- - 103. 0396(16 72)
—ﬁ;i;&wg ng ,
~120.0429(1.62)
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® Fragmentations of the C and P series:

, ~
—_—
m N
CoH
1
104.045942.24)\ _ N
e
. .H
PP, H
74.0360(13.24) o
12

103.0396(16.72)

B,
2

H

Cy

87.0445(3.74)

104.0459(2.24)

J- 0

Cs

69 0343(7.88)

O

86.036 (6 61)

@

85.0289(12.67)

119
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AN v ‘ -
e Fragmentations of the D, § and J series:
| tf\ 'n$=t"

34

"— Na|— € — "
o l 5

. Al 1
\ " 61.0310(42.12)

77. ogih (1.16) 91.0394(12.52)- v

) “<:j25 :Szfi:a — u>c=34=£M —> HO-C=C—¢=0'
72. 0212(10 24) -
-7 73.0293(100)

. Fragmentations gz—thé'§ series: "
. | : 4COOH | -7
« > HOC=H, . + HO—C=C—OH
.o
60.0236(67.00)
H ‘ .
59.0157(3.48) S  HO—C—C=OH

. ¢

. \ 1
hHY H | —
o ? , HO—(}—? '
74.0360(13.24) . CH,



*_Fragmentations of the I series:

(N

.’H

a12

56.0284(12.42)

121

—

CH .
Ne=c=0H

b12

57.0363(30.01)

crz
Il

+*

Iy

55.0204(17.60)
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. Fragmentations of the L series:

. 3
119.0342(9.82) 101:0293(16.42)

H6=c-—c'—gﬂ\H

a

1L2

119.0342(9.82)

L, \\\\\\\\\i; ‘}1€¥==(>“1£"<€ji\1:;{
3.
C B
l s ~
‘ 133.0503(6.49)

oy ) [ .
HO—CH=CH—C ’
oo o

* 7
1 |
3 \ e l
HO—CH::CH—C-{'
. d
| 1
\2 S 3
102.0315(7.91)
X I HJ
HO—OH=CH—C -
..C -
103
116.0470(1.68) 3 e )
- *

)

. *Ll L2 ‘ ' L g |
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2.4.5.2 Fragmentations 6! the furanoid form

*_Fragmentations of the A series:

-
’

133.0503(6.49) "

Aé
158.0804(0.70)

3
. H; “111.0448(15. 75)

126.0558(2.06)

97.0289(16.40)
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e Fragmentations of the aA series:

LN

M-
A
?

l..
O

| . ”
. . \g
A =0
e —>
aA aA i !
1 2 '
) } aA3
149.0451(1.55) 131.0346(12.41) 113.0241(3.82)

e Fragmentations of the C series:

é‘
C

1
104.0459(2.24)

!

C

2
87.0445(3.74)
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e Fragmentations of the E series:
2

-

b
M .
e a
\ | | El
119.0342(9.82)
. / y -
_ ¢ o
E) .
M, 133.0503(6.49)

101.0239(16.42)

©<c 115.0395(3.89)

@
@"

*E3

-N-CH
126.0558(2.06)
97. 0289(16 40)
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2.4.5.3 'Amino acid" fragmentations

o _Fragmentations of the AA series:

138.0552(2.25)
145.0481(1.47)

144:0421(5.99)

126.0318(8.90)
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2.4.6 1—[(l'-tarboxy—;'—methylpropyl);mino]-l-dooxy-

D-fructose

T = 125°C | ég,\\"z.%".i’-”
. ' : R
No. of peaks = 253 ‘

Mass range = 51,0237-262.1272

- ’.‘3
TIC: 66,638 (7,191) R= H
\ . ) 3

2.4.6.1 "Amino acid” fragmentations

¢ _Fragmentations of the AA series:

—<<:::j:>(c __<<;:H2 < <::*<”§Jn“z7i§g:3{/;7 : ‘w:u ,

55.0566(51.37)

*AR,
HH H N
R = o g
1
AR l, 0
216.1231(3.75) = 2
. ' H ’
N : 3, AA2
o e, - 174.0766(11.04)
72.\9817(100)
H \\
_.'Fz . : ‘{}:C”z :
m
AA m
] | AR
l 198.1116(1.21) ‘L156.0657(6.77)
H
=2 J
n
Ay

» 138.0553(6.31)



o_Fragmentations of the BB series:

OOH

OOH
/ H H ortho N ;OOH
* e]iminationi‘ + H
74 .0246(28.13)

BB]

® Fragmentations of the CC series:

No CC series.

128
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L

® Fragmentations of the DD series:

CH;N—CH-—< . 86.0969(5.60)
~
130.08B6(6.76) . 128.0711(27.26)‘

"

H ‘ o
¢ HF—"N—CH“]( <~ CH,:NH—CH,——<.
H : *
002

85.0887(12.13)

l

CH;:H—CHzc’ . s
* . 84.0815(35.25)
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e Fragmentations of'thé E series:

| H
M —> cu%foon—(" ——> CH=N—CH <
| . ge?
3

EE3

128.0711(27.26) \\E:;ffiiLTS.ZS)

cna’v—cu:('

f.
) EE;
OOH 82.0657(8.90)
Let
N
e \\\\\\\\s
101.0597(1.54)
Cﬂ*{“*f;;
N\
9
EEg

57.0726(11.33) }

55.0566(51.37)
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2.4.6.2 Specific fragmentations

on |
Ortho e , e OOH
Elimination ~ ————> NH, @—) Nui—éf .
4 / 75.0322(11.21)
Nuz—é é —> "“z=°\< 70.0657(20.58)
H,

73.0852(4.42)

L e

{ |
N
112.1759(1.n7)

bﬁ 114. 0916(1 08)
. e

@ A\98-0605(1.r28? , H\/ L

+

100.0761(29.27)

. N
84.0451(37.96) H\/M |
LS 57.0237(16.55)
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Y

H—N\
57 .0601(5.28)

l’ | : 54.0443(1.07)

56.0532(12.81)
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2.4.7 A-[(1'~carpoxy-2'-hydroxyethyl)amino]-1-deoxy-
D-fructose - . on
= LYl ﬂ.”
T 300°cC M i_'
No. of peaks = 93 *
Mass range = 51,0233-155,0585 -
TIC: 75,008 (41,346) , Rz —CH, OM

2.4.7.1 "Amino acid” fragmentations

e Fragmentations of the AA series:

AA,

] \\
2 .
60.0466(3.92)

AA
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o_Fragmentations of the BB series: ‘\\\”/

- .,
> &

, n\/cOOH |
oo ’ - ’l

o

* . ‘
BBI .. ) *BBT \’—‘ L]

P . |
" OOH

. ?

NH, — ‘ .
- 74.0254(100)
i
* Fragmentations of the CC series: | '

-

’No CC series,

¢_Fragmentations of the DD series:

[4 . i ' 2
*190.0394(1.09) 56.0518(3.65) ;?

- H OOH - L |
H o ,

e
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® Fragmentations. of the EE senes

EEq
\ u//// 116.0340(1.24, 72. 0422(2 27)
* ’ ' [ m ‘// :‘
, q
H ;. / H tE

EE, 3 : 54.0358(1.80)
70.0274(2.09)
89.023%0.56)

boon

EE

> 52.0187(0.50)
71.0107(6.39) a

2 4.7.2 Specif&g ffrir.agmen‘tations‘ K
B . : : ' B ..v% A
e — . 71.0107(6.39)
©/\N
H

. i. ) ,’ \ N/QOH

*

" 87.0322(3.21)

H.N— 75.0307(100)
”\LOOH

o WM /foou
oy oy



‘K 136

ortho - _
elimination l

@)

57.0232(3.18)

88.0400(2.59) . .
H;ﬁ& o

-,
- .
J\k}—\v i
P AT
& ’ 9"‘: h ‘
" . 84.0451(2.53)
’ -
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2.4.8 1-[(1‘-carboxy-z'-hydroxyprgpyl)aminoj-l-dcoxy-
D-fructose |
T = 220°C

No. of peaks = 177 f é;‘\\zﬂ

Mass range = 51,0235-201, 0768

TIC: 54,728
. ‘ _~CH .-
. 2.4.8.1 "Amino acid" fragmentations R= "C’ioH :

e Fragmentations of the AA series:

->~T

57.0362(30. 79

e ‘
" | HNa o 59-0394(2.20)

200.0936(1.01)
Jo-s
7
Ho—_ ”z./_\ 56.0520(39.76)

Y

74.0611(%8.19)

.o/ \ 57.0595(6.08)
H }

2
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e_Fragmentations of the BB series:

.

74.0248(19.44)

I

BB; |
, BB
174.0765(3.00) |
156.0664(2.36)

“ l

138.0558(2.95)



W

139

¢ _Fragmentations of the CC series:

e @_x I g gt

*CC2

S

*CC

186.0744(1.28) .

ol — Y Y

103.0396(3.68) 59.0518(3.57)

X
A4

b 4

58.0437(14.19)
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e_Fragmentations of the DD series:

~ o \3/\&"

0D

, q
1 001

132.0664(22.53) 88.0763(2.56)

NSO

H
d0D '
1, ] )
- . D D *
114.0553(7.60) !

86.0610(29.05)

| ®
‘dDD] ‘
100, oD
5
70.0656(13.49) 57.0362¢% 9)
f
40D,

SWANF

68.0503(14.70)



Fragmentation® of the EE series:

+

14

=N 8 .
’53\%—* o’
H H

. q . . q

EE3 . EE3 EE4 o
130.0511(18.98) - 86.0610(29.05) .68.0503(14.70)
*
=N

Q,H
0%__%’
N

EE
4 . EE,

113.1396(3.68) 9.0518(3.57)

COH

+

1

EE,
L4
85.0292(7.65)
f ‘
eEE4

57.0362(30.79)

.
qQ L e

e

EE3

" 84.0454{21.29)

66.0353(4.14)
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2.4.8.2 specific fragmentations

¢ McLafferty Rearrangment:

74.0238(19.44) |,

e 1. h - A . 0-e "
M H/A\jr/‘x* HZN\"/EL\XJ4
C 2. -Hy0 _ T

75

.0326(83.80)

, ®
H
N’ H '
H —> —_—>
H
: - 57.0236(100)

o) :

N — 55.0439(6. 35)



'Yy

~Elimination

Ortho 3

102.0556(5.33)

Hg&::;::;r
56.052N(39.76)

58.0675(7.56)

ﬁfﬁ——:ﬂ jeg

98.0603(9.19)
i

7 (\Zn
, |
84.0454(21.29) y.r

143



88.0400(18.73)

144
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2.4.9 1-([(1'-carboxy-3'-(lothylthio)propylla-ino}-l-dqpxy-A

D-fructose

ou
"y
T = 220°C f é;i‘ o

No. of peaks = 199
Mass range = 51.0234j303.1167
TIC: 66,580 (8,907) R =-CHCH,S CH,

2.4.9.1 "Amino acid" f}ag-entations

e Fragmentations of the AA series:

Q*n. s/ =Q_n /

AR 61.0137(100)

104.0537(11.88)

\} R7.0276(6.79) 75.N1295(23.95)
Q_n o )
]
*AA, AR,

200.0918(0 70)

\_f
. AA" r
vl T | H,./)
164.0691(0.98) ‘

56.0524(39,28)



¢ _Fragmentations of the BB serjes:
. o N |
88, —> u\g“ [ o>
: ' m
*BB,

Q/A\‘

BB

N3 ;X

156.0666(1.01)

N e
@\/\.

*
882

L 4

138.0558(1.84)

i

AR )
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o Fraqmen.tations of m CC series:
N — S -
cc,
R \
o ‘\ \} r ‘.
152.0691(0.99) : u_‘ .
) + . P
150.0561(1.2 . H n
‘ }l‘ . ng .9 "
; ke
_—_—’ -

tn!‘»{. : , . *
ra HN -

' ®

N o 131.0406(21.20)
’ ,  J
- P "
4 N uja/\g” _> W
i 4 »

0 88.0317(10.13)

/

73.Q]22(T.‘30) W/H

!



o_Fragmentations of the DD series:

-
v . v
N
o g d ’
w N M — /.
A . .

H.

Bl
162.0580%0.53)

.
A

q
oo

70.0656(7.40)

w° 148
» )
4 . » N
SN ) ’/n%s
— /0 s \
DD? \ -
118.0668(2.09)
(S "
0/\/5\
. .

89.0430(14.10)

4
-~



°_Fragmentations of the EE series:

) | ) H :
N S ‘ + i

9
EE3

*EES _ 116.0520(4.04)

68.0507(8.16)

EE
4 eEE4
133.0315(2.96) 112.0409(1.11)
I
v,M\
fgd ,

4
89.0430(14.10)

85.0297(3.55)

-

I

L
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. ' ) - -
2.4.9.2 specific fragmentations RPN
3 - ) .I 4\\ |
~ Ortho Cr A
" Elimination
149.0524(9.33) 101.0482(14.79)
N W
56.0524(39.28) ' 55.0443(14.05)
) ‘ . |
; - H
- -H,0 .

+

188.0760(9.13Y

150

]

0
«
«

" ;
2
H»z u /v
. .
+
100.0404(4.86) 140.071542.26)



A

144.0436(3.30)

ZI\

83.0384(10.18)

144.0436(3.30)

96.0452(2.75)

164.0691(0.98)

*

212.0713(0.70)

¥

ey
e .

151



— o 152

2.4.10 1%{(1’-carboxy—3'-methylcarboxypropyl)amino]-!-deoxy;

kY
D-fructose

T = 200°C ° 'y
!\‘7 MyNN
No. of peaks = 40 ‘ ‘ _ o ﬁ*ﬂ
B \ coon

Mass range = 52,0084-144,0419 -

TIC: 4,287 (419)
R=CH,CH,COOM.
2.4.10.1 "Amino ac:d" gfagmentatxons

. Fragmentat1ops of tﬁé AA ‘series:
o

@Y
*AAl

Qrtho-Eliminationg \\\‘ :
e ‘ 0

/. B
S - o

vlas on p.126

84f0454(12-17) 144.0419(81.15)

Charge retention product

Charge migration product
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®* Fragmentatigons of -the BB series:

No BB series,

e Fragmentations of the CC series:

No CC series.

¢ Fragmentations of the DD series:

- f
*
DDl | DD1

96.0437(8.59)

e Fragmentations of the EE series:

No EE series,

v



]

',‘M.‘*?‘ . t : ) ’ ’15‘
g o

58.0072(13.13) 73.0295(82.58) - 74.0370(26.97)

4



\ .

-

2.4.11 Lysine de}ivatives

2.4.11 .1 1;[(5'~aniﬁbikuctosy1-1'—ca:ﬁoxypontyl)a-ino]-
A" .

1-deoxy-D-fructose . o
o

"

155

¢ . )
T = 200°C é&:‘z\’f”
(] C

No. 6f peaks = A42 _ ‘

: 077 “Chynn
Mass range = 51,0231-145.0456 té;;;;Z: (Cra
TIC: 20,275 (7,587) . |

2.4.11.2 "Amino acid" fragmentations

¢_Fragmentations of the AA series:

s
\

1 .
@

84.0813(3.35)

145.0456(1.28)

l as on b, 126

~.126.0320(3.51)

144.0424(20.60)



156

(ﬂ

°108.0686(0.70) -

e Fragmentations of the BB series:

No BB series.

e Fragmentations of the CC series:

No CC series.
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e Fragmentations of the DD $eries:

N7 — 4§§>/"\~jgi;§§;ﬁ
DD

IZ+

- *pD, 2
S 142.0864(1.15)

H |

Q | QPPN

S

, H
97.0887(2.21)

[
N
L —

96.0820(0.88)
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e_Fragmentations of the EE series:

96.0820(0.88)

2.4.11.3 Specific fragmentations jép\

No specific fragmentations.

S

7
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2.4.11.4 1-[(5'~aminoformyl-1'-carboxypentyl)amino)-+deoxy-
D-fructose

) . On
T = 100°C M’T /

. No. of peaks = 51

Mass range = 51,0235-149.0256
TIC: 15,888 (4,259)

R =~(CH,) NHCHO
‘ -
2.4.71.5 "Amino acid” fragmentations

e Fragmentations of the AA series:

/
G

g
>

84.0820(4.81)

My

145.0455(1.22)

l

0L,
144.0424(19.51)

+.
o] .
H . .

126.0331(1.24)
83.0738(0.86)
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]
{

o_Fragmentations of the BB series:

No BB series. : :
e_Fragmentations of the CC series:
No CC series.

o _Fragmentations of the DD series:

97.0885(1.24)
l *0D,
NP

A

56.0523(1.78)
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" ' Pl - . K
- ) C , : ‘
LR acall o Co \

* Fragmentations of the EE series:

»

| AU

i 69.0708(1.76)
' L]
| ‘ '
] “'
- * N
N M “,
. » ‘ ) . 1 3 \
67.0558(1.06), ¥
i L e
Lo ‘ 1
. Y N 11

2.4.1%.6 Specific ftagpgntaiions
. . ‘ L i .

e Open chaip ffSc@&ntation. ~

. H e
i = —_— "ﬁ-o
H
" 76.0531122.50"
+ .

-



7
2.4.11.7 1—[(5'-—amxno 1'-carboxy.pentyl)amnol-*.deoxy*

i ' )

D- ftuctoSe. ' roo '
o s o . -

T = 200° C oL é&\\oj\nmn
No.. of peak:s '=,.3§A . . 'ﬁ‘ﬂ

Mass range = 53.9404- 1300864
. 4 . [
"TIC:.9,372 (2,266)-" . o © R=~(CH,) NH,.
-’ . ) | .' .

2.4.11.8 "Kmino, acig" fragmg‘ntat'ions

.~ 2
.

e Fragmentations of the AA series: .

' .. 85:0861(5.74) . 84.0817(100)
&, ’ . ) .
. . |
s . \ , N
. e_Fragmentations of the gg»se:i‘es:""_ Y
_ ons o .
- o
N . e
.
E Ce 8
. ¢, 74.0249(14.70) .
’ “ [ SRS ‘!

162

o&
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¢ Fragmentations of the CC series:

No CC series. .
* Fragmentations of the DD series:

No DD series.

. . -~
: . ) s, .

¢ Fragmentations of the EE'series: o, ' ’ ity

84.0817(100)

i,« .

+/\/\'

67.0553(7.63) =

v
I
by

82.0660(12.84) o

’ ) - .
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2.4.11.9 Specxfxc tragmentatxons

) . '%.'
, | ,
) O":tho ’ 3 _mo .%.N
’ > .
Elimination - HN *—\_/ H, =
N . _
| o
o ' ‘ | 128.0945(2.69
« b
+ ! B
=, H?Q/\/\/NHz :
‘ "’\_/ ) L &}
.9
.. ‘ :
[ﬁﬂ :
. * R 73 0818(69 29)  70.0656(7.94)
NN he
“ 4 -~

~¢ .+ . ‘ P

\ : - 57.0598(7.19) - 56.0520(67.65)



. &

H

N\/W“z
PR

-
L3
»
*
/
)
;\5‘

' . 165

' ’ H
H 4
o o
1,2-shift
1 * + B
[]
55.05651/12‘.27)
, rl
p
/
L\



#
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2.4.11.10 1-[(1'-amino-1 '-carboxypentyl)amino]-1-deoxy-

D-f ructose ow

T = 200°C : fm”':‘
No. of peaks = 94 : o
Mass range = 51.0232'-\1“77‘.101.9

]

. .
2.4.11,11 "* ac!d"‘.ﬁragmentations
d

e Fragmentations of the ‘M'sqjﬁg‘;'

TIC: 25,190 (4,852) | - coon@®
. R=z—(CH,) CH -
X NHZ .

AA by
1 ! '
r
»
™ ‘ )
" )
-4 . ., ‘ oo hE
§ T, 84.0816,(100)
A - - . N » H

LY

e Fragmentations of the BB sepies: ‘

| . BB |
’ —_’ . '
H - 74.0247(9.50)
N |

2 ,, 2 .

-



g
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e Fragmentations of the cC serxes.

CCI\‘t
129.078963.24)
y -
4 = .
H
A RSN
) H
. ] v
¢
H
. H
™ 130.0863(1.73) 7/
e Fragmentations of the DD series: "
Not possxble ”w ‘ .
° Fragmentatxons of the EE series:
Not possible, ' - ‘ o *

\/

‘ . o



o . P : - ' bl
, . ‘ r ) .- 168

et S

2.4.11.12 Specific- tragﬁentatidns

. 96.0450(8.16) @ | ¥y ' 3
[}



.

HN==
+

‘ v

54.0361(11.27)

HN.
+

55.0440 . 61)

, .




T, 170

L )

2.4,11,13 1-[(1'~carboxy-2'-imidazolylethyl)amino]-1-deoxy-
D-,tru'cto;c -

T = 200°C : R -

~n
No. of peaks = 118&7 - 'i,o,. .

Mass range = 51, 0109;’7‘\1133 .

TIC: 65,477 (24, 236) Mm ﬁ
:«3“’*‘ e e N \"% | N)

o R Ha‘u "Amino ;cﬂ tragucntanons

e Fragmentations _cg series:

A

110.0720(15,27) : . -9.3.0453(4.45)‘ .

¢

e Fragmentations of the BB series:

H
*BB, | 74.0246(2.58)



B -
o Fgagmentatiqns of ghe CC series:

v

\ [ |
e
@U‘”@
l1;i/’j; 83 0588 (11.66)

56.0471(5.83) -
+

--

bl

82.0531(100)

1M

+ H

<’

81.0453(49.73)
+ l

54.0358(17.03)



%3

.
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e Fragmentations of the DD series:
' “

-y

e

| 122.0711(0.53)

-HCN

\w@ .(‘:>' ,

95.16N07(2.23) 120.0557(0.65)

(f/,C@?

+

94.0§30(3.77) , | 1

2N

]
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-

® Fragmentations of the EE series:

‘

s
Z N
LD —
*EE h
122.0711(0.53)

H v
95.0607(2,23) - s

2.4.11,15 Specific Eragmentations w
) ~ . ' :
XL |
O
- A 0-e
f \\\\\\\*
.
v

”»

Iz +

.+
& [ ’ O-e Hz “
- b Y . - [ I . i
4 . 109.0642(2.69) °
H, S
~

111.0769(1.46) -
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2.4.11,16-14[(1'-carboxy-z'-phonqtbyl)amino]-!-dooky-

o .
D-fructose B ‘ ow .

o ' (I
T & 250°C if,
: , 00N

No. of peaks = 69
Mass range = 51,0235-206.1072

TIC: 23,971 (3,076) ,
7] } . ) ‘ XN

2.4.11,.17 "Amino acxd” traglnntatxons

F

L Frtgmentat1ons g‘ :he AA series:

-

77.0395(14.24) ‘
. . J

103 0547(13. 28

. l
"il‘,:'\d'f ( \

f\ﬁg}'0548(74 07)

*/ |

65.0403(19.84)

-’ ! r' - ) "v‘ -
it B




7

e

78.0466(3.11)
Mi\[::::n
92. 0614(19 84)

104.0612(5. 38)

175



>

*_Fragmentations of the DD series:

v H
4"?
H

176.0707(1.75) 139.0809(2.74)

*_Fragmentations of the EE series:

) |
A 2

; _—>
[E3 132.0809(2.74)

176.0707(1.75)

105.0702(4.18)

176
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~

2.4.11,18 Spdcffft fragmentations

. . 4
Ortho
Elimination

165.0783(3.31)
\



4 : 178
< . .
2.4.11.19 1-[(1’-carboxy—2‘-indol-3'-yl-gthyl)‘mino]-
1-deoxy-D-fructose - ' on
. : o "y NN
T = 250°C _ . o -i-«
No. of peaks = 212 | P '

Mass range = 51;0234-298,1297
TIC: 30,214 12,404) |

2.4.11.20 "Amino acid" fragmentations

e Fragmentations of the AA series:

H

142.0645(3.16) . 116.0503(4.45)
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e_fragmentations of the BB series:

No BB series. .
T4

*_Fragmentations of the cC series:

— 30

130. 0650 100)

O

103.0547(5.74) ‘ | {\.H

103.0547(5.74)

+I
H
117.0581(52.75) /
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CO Oi)—'

. 115.0543(11.36)
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e _Fragmentations of the DD series:

L]

==
anf
‘ DD1 ,
171.0922(6.20)

H - H
169.0744(19.72) 168.0692(72.46)

+

167.0639(19.63)+
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.®_Pragmentations of the EE series:

H

. .
EE
215.0816(1.96) ; - 3

' 171.0922(6.20) '
R | 1
: +
169.0744(19.72)
\ H ‘ ¢

) 144.0806(6.49)
2.4.11.21 specific fragmentations '

Another route to B-carbolines, besides the DD series:

*© 295.1127(1.91)



(‘?

;

E 294, 1020(2 00)
¢
/

9.1023(2.45)

»Q;Q 248.0952(3.54)
H

251.1183(5.70)

250.1101(3.37)

183
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H
269.1254(2.58) 251.1183(5.70)
HN -— - H
+ .
o G
I ‘
) 198.0796(52.45)
(} H
H = =
H H
+
+ -
197.:0720(34.90) -C0

169.0744(19.72)



211.0911(13.60)

H

HN

212.0946(2.79)

WS
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196.0976(10. 48) _ y

N

‘¢//194.0335(s.49) 195.0923(42.93)

Y

193.0763(10.11) <



182.0847(30.45)

- -co2
00y ———————> H — H
H oW o
H

143.0735(12.85)

RSO — {0

142. 0645(3 16). ] 141. 0573(11 11)



207.0915(8.57)

180
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T = 180°C
No. of beaks = 142
Mass range = 51,0231-241,0954

TIC: 67,763 (24,128) - R=
) .

2.4,11,23 "Amino acid" fragmentations

¢ Fragmentations of the}series:

_ k DH’
241.0954(2.04) v 196.0971(6.65)
, . T O-e
: N\
1 0 . ‘ '
¢ )
i . " -70.0657(100)

127.0382(3.84)  Befare Renormalization
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e Fragmentations of the BB series:

56.0519(3.18)

H

=]

54.0358(5.45)

e Fragmentations of the CC series:

No CC series.
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o_Fragmentations of the DD series:

~

A

82.0660(4.92)

2.4.11,24 Specific

{m

153.0781(1. 14)

OH \\\\\\\\\5* . 4 .
DD, H . 3

128.0712(4.62) ~

+

84.0814(9.05)

9
83.0793(20.62)

fragmentations

Qﬁ@h

154 0865(17.15)

198.0760(1.2N)
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H

198.076N(1. 20,)

%{__,

154.0865(17.15) ' 136.0768(2.10)

Ortho ‘ '
Elimination - E > :
- _ W

145.0459(7.07)

Reoy Q‘ Qﬁ

126.0317(11.21) 144.0421(100)
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. Orth : ‘
o] 2,
Elimination - +
115.0630(8.3
71. 0693(29 32

o .
R \@_,,@

69.0573(10.43) 68.0505(53.48)

'14§5;<ﬁ;~0r1 i Hréé;;)E’D = .41;;]¢D - .l;;;fp‘
. - . + R

87.0325(6.77)  70.0250(2.28) 169.0217(21.52)

+ :
55.0202(56.17) 57.0362(12.23) ) 56.0279(20.32)*



. 194
’\
2.4.11,25 1-[(2'-carboxy-l'-hydroxy-pyrrolidinyl]-1-?ooxy;
! ‘

D-fructose on

* 4 "y =R
T = 250°C ém‘
No. of peaks = 101 '

Mass range = 51,0235-213.1001

TIC: 53,606 (6,709) . ' Rz W

2.4.11.,26 "Amino acid” fragmentations

o_Fragmentations of the AA series:

“

2.0 . . A~
o+ 2 . p-e

219.1001(6.89) - | 87.0657(8.30)

195.0893(3.91) 8§.0608(100)

68.0505(62.05)



e Fragmentations of the BB series:

‘ ' +
o s H
M— — — Q(w

56.N521(10.43) - "/

Similar 'mechanism to that of page 190

e Fragmentations of the CC series:

No CC series.

QH

195

+,
HA
H
87.0322(12.62)
-

© 54.0358(3.98)

=>4
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N . ’

e Fragmentations of the DD series:

oo g O

144.0641(1.21)

==;<i:::I<34 Qﬂ ' - ’=‘(::::J

80.0501(70.50)

¢
2 m\@
|
H .
82.0631(5.68) 81.0577(67.52)

81.0577(67.52)
/ ;

79.0423(2.24)
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2.4.1 1.27 Specific fragmentations

o — oD = S

68.0505(62.05)

67.0428(18.05) - ’*4{::23

53.0401(31.21)

o _,,.@0 J@m

87. 0322 12. 62) 69. 0217(22 55)



[ 4 +

55.0201(19.91) 57.0362(10.05) 56.0282(6.20)
~
o 0 + 0
| — Hy
O,H N
pd
d I

161.0829(0.75)

177.0787(5.23)



94.1656(17.75)

152.0715(1.46)

134.0602(3.92)

133.0502(9.99)

199
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2.4.12 Discussion

In the.!ollowing section, some of the most important
aspects of the fragmentation patterns of Amodorf’roarrange-
ment products will be discussed. At this point it should be
emphasizéd that, to some of the assigned structures, other
possibilities also exist and some of the stipulated megha-
nisms can be envisaged to take place in more than one way.

—

However, as was méntioned in ‘he beginning of this ' chapter,

i S

structural assignments were made by assuming a minimum
change from the known molecular ion.

The behavior of Amadori rearrangement products under
electron impact conditions reflects the structural consider-
ations mentioned earlier. As expected, the two moieties,
sugar and amino acid, more or less controlntQS fragmentation
patterns 1if there are no interactions between the two
moieties, as in the case of tryptophan and proline.

Fragmentations 1initiated by the -frictose moiety are
termed "sugar fragmentation" patterns (A, B, C, D, F, H,) I,
J, L, P series in the pyranoid form; A, C, E series in the
furanoid form). On the other hang, fragmentatioﬁs initiated
by the amino acid moiety are termed "amino acid fragmenta-
tion" patterns (AA, BB, CC, DD and EE series). DD and EE
series are specific to Amadori rearrangement products since
these fragments incorporate C-1 of the sugar ;ing. In
addition, the fragmentation patterns not observed in the
mass spectra of fructosé or the amino acids are termed

"specific fragmentationé*.
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A quick look at sugar and amino acid fragmentation
patterns will golloJ some detailed discussion on specific

fragmentations.

Sugar fragmentation pattern A (pyranoid form) is mainly
responsible for the production of substituted pyrylium

cations, pyrans, pyrons and dihydropyrans.

Qo A Q

Pyrylium Pyran Pyrone  Dihdro-Pyran

Cation . .

The substituents on the ring are hydroxyl groups,
originating from the sugar, and the side chain R at C-2 is
H, CH,, CH,, CH,-NH,, CH;NH-CH, or any other fragment of the
particular amino acid, produced by the general rearrange-
ments discussed earlier or by known cleavage reactions.

The aA (pyranoidl—pattern 1is absent in all Amador:

-

rearrangement products/except for the case of glycine ARP.

F

~

aA1

This can be explained by the fact that the side chain of the

. . ’ . ) s
glycine is hydrogen, whereas the other amino acides can

J
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initiate reactions that might stabilize the ion product, but

in glycine it i§ easily cleaved due to lack of
functionality.

Fragmentations of &the B series are mainly responsible
for the produgtion of straight-chaiﬁ fragments of the iuqar.

| Furan derivatives are produced by C and L series of the
pyranoid form and A and E seriek of the furanoid form. These
include hydroxy-, aihydro- and dihydroxyfurans, and furans: '
with alkyl or aminoaikyl groups.

The a-cl@%vege of the carboxyl group of the amino acid
pr?duces the iA series. The secondary fragmefitations of the
AA, ion are either due to dehydration of the sugar ring or
fragmentations with neutral losses from the amino acid side
chain, The peaks of this series can give clues as to the
kind of amino acid in the Amadori rearrangement product.

The BB series is due to a-cleavage of the side chain of
the amino acid. BB, ions cen undergo secondary fragmenta-
tions with loss of water molecules from the sué;r ring or by

ortho elimination, giving a prominent peak at m/z 74 in mpany

mass spectra of Amadori products.

gt X

m/z 74
The CC series 1is indicative of the reactivity of the
side chain, especially if it contains a functional group or

atom with lov ionization energy, for example, sulfur atom in
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'methionfne;ﬁ;ﬂ

The DD séries is formed by a-cleavage of the sugar
ring.. The resulﬁing DD, ion has one. carbon atom more than:
the amino acid, henﬁe, DD ions c:ﬁ be used as a diagnost}c'
series for identification of Amadqri fearrangementiproducts.A

The same conclusion also applies to the EE series.

-
1

2.4.13 Amadori rearrangeheﬂ% Qroducts with alkyl side chains

Amadori rearrangement product of glycine represents ant

o extreme case in which only the sugar fragmentation pattern

/ ~is prgsent: All the peéKs of fructose are.found in glycine
ARP; the base peak, F,, 1is t?e_same as in fructosef

- Among other ARPs with alkyl side chains, valine will be

di§cussed as a representative compound, The secondary

'fragmenta{ions of the AA{ peak of wvaline include, in

- addition to the dehydrathons of the sugar ring, a 1,3-shift’

of ﬁhe methyl hydrogen, resulting in the loss vf a neutral

N mpreculé:

? H ':!.v . 7
,) ,

»

It is important to mention that the alkyl side chains
in the Amadori rearrangement products do not initiate

o-ionization at the branch points (hence no CC series).
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T

Ortho elimination 1is an importang_wprocess in all
Amadori rearrangement products. This process allows the
identification Qf.thé amino acid part of " the dolecule.
Before ortho elimination, the sugar should dehydrate to

acquire a «oplanar conformation with respect t& the ortho °

substituents,

\

_— +  AMINO ACID

which then passes through a sii-membawed activated complex.,
This elimination <can occur before or after the decarboxy-
lation of the amino acid or its a-cleavage.

Anothe; important fragmentation 1is the inductive
cleavage of the oxonium ioé A, and subsequ;ﬁ? fragmentation

of the sugar chain, giving fragment g{ which «can

subsequently cyclize into substituted pyrolidinone b.

O RtIV-arehs2d)
. Al u | |

o

t4

2Int. %

GLYCINE RoR,7H 34297 1.0
VALINE RiFR=CHY 10010y 013 H
LEUCINE T 126(0%) 9
e o
R, =CH™3
2 TN 2

)
s
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A cyclic structure is stipulated for the fragment a,
~after compafison of %ILs, values of a for glycine, valine and
leucine, since an sp’ hybridized carbon atom in a five-
membered ring (b) possesses a much smaller bond angle thén_
an sp’ hybridized carbon atom (a) and, hence, a larger
angulaf strain. This will be more pfonounced with larger

groups, as in leucine, which does not show the peak for a.

2.4.14 Amadori rearrangement pfodu&ts with side/ chaiﬁs
containihg carboxyl, hydroxyl or sﬁlfur groups

The Amadori rearrangement product of ;lutamic acid

methyl ester shows the known cyclization of the glutamic

acid into a S-membered lactam ring:

H ,
Serine and threonine ARPS show the following

rearrangement:

oty — o

in which the acidic hydroxy hydrogen undergoes a 1,3-shifz,
producing a glycine residue. This rearrangement s

facilitated by the loss of a stable neutral molecule,
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formaldehyde in the case of serine and acetaldehyde in the
case of threonine.

Unlike trzvﬁwps with alkyl side chains, thisl'group

shows CC series:

a.

O . O,H

rd 'COZ . | ‘;;7/ﬂ |

D
|

< A

R=H, Sekine'
R=CH3, Threonine
-- The M °, formed by ejection of an electron from the

side chain hydroxyl group, undergoes a rearr&ngement wiﬁh
dispacement (rd) which involves a bond-forming step between
two parts of.the ion in codbination with the cleavage of a
bond to expel an qxterior par£ of the ion.

The rearrangement with dispiacement (rd) is also
possible in the 6pposite direction in the fragment formed by

.

- ortho elimination in serine and threoninqﬁ*
' ‘ 5

)H | ff on "””’;r .PQN::X\R |
—xd o Ri ; | |
. \ , ' |

",

o
e .
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this produces aziridines and azirins, while the former gives

oxiranes.

The McLafferty rearrangeant is observed in serine and
threonxne due to the acidity of the hydroxyl hydrogen, and

in glutam1c acid methyl ester due to the ester group:

«
"+
—_—
HN H

The inductive ring opening of fragment A, is also
observed in this group.
Another example of rearrangement with displacement (rd)

is observed in methionine ARP in the CC series.

-

o,H ' o,H
<:)/\\u rd (:)/~$u
Me .
W/
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A cy%lization, similar to that of glutamic acid m@thyl

ester ARP, is

observed

thiolactone at m/z 131.

in methionine ARP, giving rise to

Iz

H
*—'MA’
<

m/z 73

2.4.15 Amadori rearrangement products with basic side chains

The following four derivatives

synthesized:

jor

m/z 84

T plote

ZX

ZInt.
3.35

4.81
100
100

2z

©1.25

1.30
19.26

24.18

jo

H
: ' d
NS
| m/i 84

of lysine

ZX

vere
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The prominent reaction in the lys{ne'derivatives having
a free amino group' (c and d) is the cytlization into the
piperidinum cation at m/z 84..From the above results, it can
be concluded that this intramolecular cyclization‘can occur
by two di rent mechanisms involving either Na or Ne as the
nucleophilxc' atom, and that tﬁe bulky sqgaisgroﬁp prevents

this cyclization to a great extent due to steric hindrance.
/_\ V)
+

&(,\/\gu . (};}u@\

_— , m/z 84
. H

{a

When Ne is formylated (b), the open-chain conformation
of the sugar predominates, contrary to all other ARPs,

giving rise to unique peaks at m/z 75 and m/z 76.
H | : ' H
H . +.H

m/z 75(65%) m/z 76(32%)
These two peaks are completely absent, not only from the

other three derivatives of‘lysine but also from all other
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maSs'spectpa of ARPS.
This phenomenon can be explained by analogy to ' the

v

catalytic effect of a-hydroxy pyridine on. mutarotation of

_sugdrs (Lemieux et al., 1971).

a -Hydroxypyridine

| R ekie ‘

a-hydroxy pyridine can act as an acid thrdugh the

hydroxyl group and as a base through the nitrogen atom and

thus assist in opening the sugar ring, as shown above.

H

The péutomeric equilibrium between the hydroxy imine
and the formyl amine can catalyze,.i}ke a-hydroxy pyridine,
the mutarotation of the sugar which is attached to ity A
model of the molecule shows»the proximity of the hydroxy

imine to the catalytic site, as shown below:
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b

Due to the predominance of the open-chaih foerm of the
sugar in the Ne-formyl ARP of lySine, the A series is almost
absent.

Another key feature of the mass gpectra of lysines with
free amino group is the "domino effect", which is an intra-
molecular nucleophilic substitution, followed by two

concerted trans-elimination reactions,

[eu G0 CF §

. m/z 72
A ] L"
A3
é?
m/z 70(80%)

Intramolecular nucleophiliC supgtitution reactions are
used for preparation of cyclic cOmpoynds, like pyrrolidine

from 4-chlorobutylamine.
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ey

C:j\\v//\\v/NH’———_*

T O

3

4-Chlorobutylamine Pyrrolidine

The driving force for the "domino effect™ 1is the
positive éharge on the oxonium 1ion and the loss of two

stable neutral molecules.

On the other hand, the most prominent peaks in the mass
spectrum of histidine ARP are due to the CC series and to

the r@arrangement shown below:

m/z 54 (17%) m/z 20 '49%]

This <cearrangement is facilitated by the fact that the
LY

activated complex passes through a six-membered ring.
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-

An interesting intramolecular cyclization of DD,
fragment® in the mass spectrum of histidine ARP produces

imidazo-pyridine derivatives:

e G N
- S -
00D,

m/z 1

2.4.16 Amadori rearrangement products with aromatic side
chains

The base peak at m/z,u}30 in the mass spectrum cf

tryptophan ARP is produced by ejecting an electrom from the

P
indole nitrogen.

R

4.
N
H

‘m/z 130

In fact, many of the fragméntations‘of naturally occurring
derivatives of indoles can be rationalized in this way
(Djerassi et al., 1964), §nd the peak at m/z 130 is by far
thg most abundant ion in all derivatives of indole

alkaloids.
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Another characteristic fragmentation of indole

derxvativesj.ptxts qommept:

\
‘o

.
E—
H
m/z 144 ‘

The driving force for this multiple bond scission and
hydrogen rearrangement from an intermediate such aslg would
have to be ascribed to the stability of the ion at m/z 144
and the favorable nature of the expelled neutral species
(H-N=CH-R) . .

However, the most promineﬁt feature of the mass

- spectrum of tryptophan ARP is the peaks due to derivatives

of PB-carbolines. These can be formed by two distinct
"mechanisms. v

The first mechanism involves intramolecuiar cyclization

A of the DD: ion, in a manner similar to that observed in the

case of histidine.
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2 i
H
H H
DD} . mfz I

In general, the electophilic substitution of indoles
yields C,-derivatyves, however, if this position is blocked,
as in this case, the substituent enters position 2 (position
3 has the highest m-electron density).

-_ The seéond mechanism involves the A series of the

furanoid form:
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In the first mechanism,” the driving force for the
intermolecular .cyclization is the electrophilic carbon atom ™
of the immonium ion (DD}), whereas in this mechanism it is
the electrophilic carbon in the oxonium jon of the. sugar
moiety. This mechanism produces substituted S-carbolines at
C-3, mostly furan derivatives.

B-carbolines undergo very characteristic decomposi-
tions. One of the chief diagnostic features of their mass

spectra is a pronounced M-1 peak.

XX+
:-0-

b

This peak is predominantly due to the loss of the hydrogen
attached to C-3, with formation of species b, in which the
positive charge is stabilized by conjugation with the indole

system, '

Another éﬁaracteristic decomposition of B-carbolines is

retro-aldolization:

m/z 143 (R=H)
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N . o
"2.4.17 Amadori rearrangement products of imino acids
Proline and hydrofysproline are other examples in which
the interaction between amino acid and sugar moieties

produces fused heterocyclic compounds.

>3
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o

The indu:;iVe cleavage of the A, ion gives ris; te the
aldehydé (a) which then undergoes a series of isomerizations
after a dehydration step, to give the diketone (b) which
subéequently cyclizes due to the aciFity of the hydrggén at

C-2, thus giving fisg to substituted pyrrolizines.

i
4 [}
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3. IMPLICATIONS OF THE FRAGMEP}TATI‘ON PATTERNS OF AMADORI

_COMPOUNDS TO THE MECﬁANISﬁ THE MAILLARD REACTION
The eStablished importance of the Maillard reaction for
foéd acéeptance led us to investigate the fragméntatioﬁ of
“Amadori compouﬁds under electron impact, since, in dqihg so,
the effect of changing am1no acid moiety would be evident on
the | products and the degradation pathways and would prov1de
us with important insights into their chemical behavior.
Since the fragment ions areA not isolated, only indirect
evidence cén be presented in tﬁe course of the analysis of
mass spectra, and, 1in order to compénsate for- this
defjg{ency, some .of the structures assigned to the ihportant
frag;énts will be compared to products isolated from similar
amino acid-sugar #odel systems or tb the products obtained

from the pyroly51s/of the Amadori compound. |

Brown1ng model systems have routinely been applied to
" the study of complex foodAsystems. Numerouﬁ chemicals have
been isolated (Shibamoto, 1983) and  identified in the
reaction mixtures from model systems consisting of anbamine
e amfné’acid and a sugar. ,The maai; constit%ent of the
organic solvent ektracts'prepared from these model systemé
have been identified as heterocyclic compounds; such as
furans, thiophénes, pyrroles) pyrazines, imidazoles and

other heterocycl1c compounds: ’ |
Another approach to the browning reaction has been the

study of pyrolysis products of Amadori compounds at

different temperatures. This approach<Aelimin;tes'-the

218
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possibili:y‘of the identified products originating from the
Sugar or the amino acid alone.r - | |

Studies on the pyrolysis of Amadori cbmpounds' indicate
that tﬁey are precursors ofdmany orgaholeptiﬁally important
volatile compounds (Hodge et ai., 1970a) in  addition: to
being intermediates in ﬁhé formation of b}own color. The
intermediacy of‘Amadpri compounds in the Maillard .reactién
provides a low-energy route to the ‘thermal degradation of
their amino acid and sugér.moieties (Birch et al., 1980).

Evidence suggests that degradatioh ﬁhrough 1,2-enoliza-
tion is the main. pathway to brown color, Jhergas 2,3-enoli-
zation 1is more imporﬁagt “in flavor production (Reynolds,
1970) .

It has been proposed (Reynoids, 193) that the Sicity
of tﬁe amino moietyginﬁluences the pathwa?iby which Amador:
éompounds undergo.degradé}ion. According to this hypothesis,
the relative amounts of 1,2- and 2,3-enolizations occurring
;duiing ‘degradation depend on the basicity of the amino

substituent.

3.1 Effect of amino acid moiety on the mechahism of the
} Maillard reaction
There are - conflicting reports :in the literature
‘regarding the influence of the amino acid moiety) fn terms
of enolizations, on the future irection of the Amador:
compounds. According to Birch et al. (1984), cthere is no

overall relationship between the basicity of the amino ac:id

;?A
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moiety and the quantities of the expected products from the

pyrolysate of the Amadori product. On the other hand,
according to Hodge énd Mills (1976), weakly'basic amines
will ﬁéfer 1,2-enolization and stfongly basic amines will
K . . -
’undggﬁb 2,3-enolization (Hodge and Mills, 1976). According
to the former view, the primary event in thé< decomposition
of Amadori compounds is the scission of thé carbon;ni:rogen
bgpd at C-1 of the sugar, releasing the f;ee amine, then ;he
resultant fructosyl moiety may degrade via 1,2- or 2,3-enol
»ihtermediates: without the inflpeﬁce of the amino acid
moiety. However, Hodge and Mills (13876) concluded that the
Amadori products undergo j,2— or 2,3-enolizations while the
amino acid moiety }s attached. Then. the formation of

2,3-dihydro-3,5-dihydroxy-6*me;hyl-4H-pyran--4—one (62)

62 ' Maltol

in these systems 1is evidence for the operation of the
- v

2,3-enolization pathway, whereas the isolation of 2-fural-
dehydes, N-substituted pyrroles, indicates that 1,2-enoli-
zation has occurred. Howevér, it is wvery ‘difficult to
determine the relatiQe importance of the two patﬁways since

some products can be formed by either.route. One-reason for

this confustion 1s the wuse of pk values as basicity
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indicators while studying pyrolytic reactions, which are gas

‘phase reactions. In agueous solutions (2° amine > 3° amine),

. ’ 1} .
the basicities of pmines are different from in the gas phase.

due to soldent effect (Brauman et al., 1971),
According to Anet (1964), a 2-ketose may enolize in two
ways: by the loss of a proton from either C-1 or C-3. A

B-elimination can then take place from C-3, in the first

case, and, in the éecond, from either C-1 or C-4. Under.

alkaline conditions,  the enolizations are rapid and

reversible, so that the.direction of the overall reaction
depends on the relative ease of elimination of the
functional grodps at C-1, C-3 and C-4. Under acidic
conditions, ‘the elimination ‘from D-fructose is nearly all
from C-3, that is, with 1,2-enolization, since the main

product is 5-(hydroxymethyl)-2-furaldehyde. However, a small

[ . ~ .
proportion of 2-hydroxyacetylfuran (Miller and Cantor, 1952)

is obtained, indicating 2,3-enolization with the elimination

rd

of the hydroxyl group from T-4. Therefore, the ratio of the

products indicates that, in acid, a proton is more easily

- removed from C-1 than_from C-3.

Amadori compounds in acidic solution dectmpose by

1,2-enolization followed by the elimination of the

functional group from C-3. However, under weakly alkaline
conditions those compounds derived from strongly basic
secondary amines, such as morpholine, proline, etc.,
éliminate the amine from C-1, with 2,3-enolization {Simon,

1962). Degradation, products arising from 2,3-enolization
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with elimination from C-4 -have not been observed with
Amadori compounds.

, For enolization to take place, Amadori compounds must

be in one of the keto forms. In the free-base form (gg),'

RR, | : '
-enol. ¥ ‘ |
2’3__3'1_0: m% — B-elimination

63 © 64

4

the flow of electrons from the nitrogen atom increases' the
electron density at C—1' and makes 1,24enolization more
difficuit. This effect is more importaﬁt with strongly basic
amines and may be negliéible with weékly basic amines.

Therefore, under alkalinéi conditions Amadori compounds

;dérived from strong bases undergo 2,3-enolization. Hence,

‘the degradations involving 2,3-enolizatibn with amine elimi-
nation are best carried out in the presence of amine salts
with excess amine (Hodge and Nelson, 1961).

Under acidic conditions, the Amadori product is in the

lar, NRR, |
=iz H — 5_—e1iminat1’on
) H
[ ] 1.

salt form (65);
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1,2-enolizatior 15 assisted by the withdrawal of electrons
from C-1 by the positively chargéd nitrogen atom. This
effect is strongest with derivatives of weak bases. Pro;ona-
tion of the carboﬁyl group would accelerate the reaction,
The elimination frombc—3,'as shown in 66, i's assisted by the
amines being in the free-base form,

At a low pH, strongly basic, as weil as weakly basic

derivatives, decompose, although slowly, by 1,2-enolization

and C-3 élimination. In +4he decompositions that go most
smoothly, both the salt and the base forms of Amadori
prodhct are required, one form assisting the enolization and'
the other the eliminétion. Therefore, the determining factor
for the future course of the vdegradation of Amadori
compoundé-is the pH of the medium. At alkaline pH's,
strongiy basic ARP's will undergo 2,3-enolization, whereas
at highly acidic pH's ARP's with weqkly basic amino écid
will mostly undergo 1,2-enolization. m

In order to ascertain the effect of the basicity of
amino acid moieties in the degradation of Amédori compounds,
irrespective of the pH of the medium, studies of the frag--
mentation of these products should be‘done in the gaseous
phase (pyrolysis, electron impact). Since the method of
choice was electron impact mass spectroscopy, a relationship
shOuld be found between gas-ph#ge basicities of amino acids
and their ionization energieﬁp According to Morishima et al.
(1374), a relationship does exist between ionization

energies, basicities “and the hybridized nature of the lone

L 4
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pair electrons in amines. According-to this study, as the
percent S ch¥racter of the lone pair electrons of nitrogen
increases, the ionization energy increases with subsequent
decreaée in basicity. Theoretically, therefore, those
Amadori compbunds that show dominantifamino acid fragments”
should have,}elatively lower ionization energies for the
nitrogen atom and, hence, will have a higher gas phase
basicity and vice versa.

The assumption that Amadori compounds undergo
decomposition by 1,2~ or 2,3-enolizations is based on Lobrey
de Bruyn-Alberda van ERenstein transformation (Speck, 1958).
This transformation 1is subject to general acid-base
catalysis and, .although its highest  rate is in alkaline
solution, it also takes pﬁace uﬂder neutral and acidic
conditions, but at very Slbw rafes. The open-chain form of
the compound must be present for 1,2- and 2,3-enclizations.

According to '‘C-NMR studies, 99% of the, Amadori
compoundsf(regardleéé of the kind of amino acid) exist in
cyclic forms and only 1% are in open chain form. Therefore,
it is not realistic to evoke acyclic, open chain forms In
proposing a mechan{sm for the Maillard reaction. High pH
conditidns are required for attaining reasonable reaction
rates, especially with 1,2- and 2,3-enolizations, and in
food systems this is seidom achieved. Therefore, the new
reaction mechanism shown in Figure 3.1 is proposed. It 1is
based on fragmentations observed 1in the mass spectr of

4

Amadori compounds.
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H | 1.2-enoliut1oll F.J-eno”ution

H
T o e

el — e

-Dehvdrations of the furanoid . -Dehydrations of the pyranoid

rina. ring.

-Secondary fraamentations -Secondary fraamentations

of the amino acid moiety. +of the amino acid moiety.
-Ring openina. . -Ortho elimination.
'c. ‘ -Ring onenina.
‘ -ttc.

A

a 0,2-dehydroxylation
b 1,2-dehydration
c 2,3

d
-dehydration

Figure 3.1 Proposed mechanism for the Maillard reaction.
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Acyclic 2-ketoses may decompose by enolization at two
positions, 1,2 and 2,3, whereas cyclic forms decompose by
1,2- or 2,3-dehydrations and 0,2-dehydroxylations a§ the
anomeric hydroXylvgroup since the presence of two ‘oxygen-
containing groups on the same carbon provides a powerful

reaction initiating site.

2nn02)r

a 0,2-dehydroxvlation

b 1,2-dehydration

¢ 2,3-dehydration
The driving force for path a is the creation of a stable
oxonium ion (0,2-dehydroxylation). In the mass spectrometer
this path becomes dominant when the molecular ion is formed

at the ring oxygen and, since five-membered oxonium ions are

more planar than six-membered ones, it is
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expected that the furanoid oxonium ion will be formed at a
faster rate. However, the ratio of furanoid to pyranoid
forms is 38/61!, so the final copcentrations of each form
might be comparable. In foo;'systems, this path might be
preferred in cases of high 1ionic strength or polar
conditions.

Paths b and ¢ <cannot be distinguished by  mass

spectroscopy.

A

68 : 67

However, the 2,3-dehydration path 1s preferable over
1,2-dehydration for-two reasons. First, compound 67 is more
.stable than 68, since it is a product of Saytzef eliminat:ion
(more. substituted double bond). Second, '’C-NMR, circular
dichroism.and X-ray analysis of a large number of 1-deoxy-
2-ketose sugar derivatives (Mester et al/., '979b) indica:e
the presence of a hydrogen bond between -he C-3 hydroxyl and
the nitrbgen of the amtqg'acid (in the case of the furanoid

form, the hydrogen bond is between the anomeric hydroxyl of
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C-2 and the nitrogen of the amino acid). Therefore,
2,3-dehydration preserves this hydrogen bond, whereas
1,2-dehydration breaks it by freezing the -NH-CH(COOH)-R,
group away from tg: C-3 hydroxyl hydrogen., In the furanoid
form, both 1,2- and 2,3-dehydrations are unable to preserve
the hydrogen bonding, therefore both paths may be operative
in certain cases. )

1t follows that 0,2-dehydroxylation (pathh a) -cén be
initiated in the mass spectrometer by the for;ation of the
molecular ion at the ring oxygen, and in food systems' by
highly polar conditions. Path a corresponds to the
fragmentations of the A series (sugar fragmentation
pattern). ‘

1,2- and 2,3-dehydrations might be iq{tiated in the
mass spectrometer by the formation of the molecular ion at
the amino acid niirogen due’ to the electron withdrawing
effect of positively-charged nitrogen atom. However, it will
iﬁomerize into the more stable 2,3-dehydration product to

restore the six-membered ring hydrogen bond. Paths b and ¢

constitute AA and BB series of the "amino acid

8
ﬁ"é 4 9 o &

- H ]

fragmentation" pattern.

i
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In the mass spectrometer, amino acid nitrogens with
relatively low ionization potentials (having high gas phase
basicities a;d low solution phase basicities) and protonated
amino acid nitrogen épecies might prefer the 2,3-dehydratioﬁ
path. ' * »

According to the proposed mechanism 1in Figure 3.1,
Maillard reactions operating under kinetic control (frying,
- baking, 'broiling, etc.) might decompose f{rom cyclic

structurés follgu%ﬁg O, 2-dehydroxy ion or 2,3-dehydration,

whereas under conditions of ther namic control and mild

conditions 1,2- and 2,3-enoliz might lead to the

decompositiorn of Amadori ‘product , especially 1in foods
stored for longer times at room-temperature.

In this scheme, the 2,3-dehydration path produces
compound 62 by ortho elimination (similar to p-elimination
in the open-chain counterpart) since compound 62 appears (at
m/z 144) in the majority of the mass ‘spectra of Amadori
products. Therefore, we can' consider percent total
ionizatioﬁ of m/z 144 as a measure of the tendency of
Amadori produéts‘to undergo 2,3-dehydration path (see Table
3. .

There 1is a significant difference in relative amounts
of m/z 144 in the first four Amadori compounds, relative to
the rest, in Table 3.1,

The presence of fructosyl-proline in £he top four

Amadori compounds can be explained by the fact {hat it is a

3° amine and, hence, possesses a high gas phase basicity and
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Table 3.1 Relative amounts of m/z 144 and"NH}fQE—R,'as

%¥Zso . ' : \/

- )

SO ;;”” ——

Amino acid moiety m/z 144 o *NH,;=CH-R, .
Glutamic acid methyl ester 8,06 - ' N 0
Difructosyl lysine 7.74 ' ' 0

. . : ) 7 .
Proline :. ‘ \Ji‘27 '3 00
Lysine-CHO » : 5.25 0
Alanine v 3.56 ? -
Valine : 1,18 11.82
Glycine A '9.90 -
Leucine "0.84 15.15
Threonine 0.71 --
Methionine 0.45 --
Hydroxyproline 0.28 12.51
Isoleucine _ | 0.23 --
Na-lysine _ , 0 0
Ne-lysine O’ 0
Serine 0 0

) ;2,‘;":

Histidjne . 0 0
Phenylalanine 0 0
Tryptophan . . 0o : 0
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1oy'ionfzation energy at the aq}no acid nitmogeh. As a
result, thé },3—dehydrqbion path will dominate. However, the
three remaiQ}ng Amadori compouhds aré 2° Smines. The common
property underlying these compounds 1is their ability to
cyclize into fide- or six-membered nitrogen-containing

rings,.thus convertihg them into 3° amines, as follows:

2,3-dehydration then
ortho elimination

. f T'ﬂ. <::r4 , 2,3-dehydration
' ' - ' then
ortho elimination

The cyclized structures contain an ammonium ion which 1is

more electron withdrawing than the radical 1ion of the

*

'sécondafy amine, thus favéring 2,3-dehydration, Cyclizationi

-

is faster than the dehydration step.'Amadori compounds that

AN

cdannot cyclize and contain 2° amines (valine, alanine,

glycine) produce less of the 2,3-dehydration product because

.
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the radical cation .that initiéges 2,3*dehydration iS lessi'
electron withdrawing than the ammonium ion.

Mills (1979)‘subjected‘N4methylglycine Amadori compound
(3° amine) to thernial degraaation and is@lated compound 62
in 63% yield from the distillate, whereas g}ycine Amédo;i

compound (Birch et al., 1980),gave,«as the major component

in the pyrolysate, compound 69,

69

which 1s an aA series = compound = formed by  "sugar
fragmentation pattern", and was observed only in the glycine
ARP mass spectrum. .

Ortho elimination proceeds. by the movement of two
electrons. Since the resuiting peak at m/z 146 is ;gn even
eléctron species, this can Efppeh either by charge migration
or charge retention (see Figure.3.2).

In the case o{ profine,'éharge migration and. charge

retention products have similar stabilities (oxonium ion wvs.

. : ‘,"rf .

¥ .
immonium ion), eﬂﬂgnce both products were obtained in
appreciable amounfz;(see Table 3.1), wherea54 in cyclized

@

structures ohé charge migratiqn produces the more stable
oxonium ion. . ' | "

Although the othef two lysine derivét@ﬁés can glso
cyclize to produce protonated 3° amines, they do vnot yield
the ion uat m/z 144, the indicakor i02 for 2,3-dehydration.

The reason for this "anomaly"” is the pteSence of free .amino

. ' t
® ¥ )
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’ e H
.ﬁﬁ%&ﬂﬁ
/@hrde migration product
e A g :
H
+

H \

'H,

'Charge retention product

Charage migratien product

A
+

H

v ' Charge retention product

Figure 3.2 ., = ’

T 3
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groups Nin the two derivatives, thereby removing the
competition between the two nitrogens (Na, Ne) to act as a
nucleophili in the’ cyclization reaction. The free amino
g;ouﬁ will Qlways act as a nucleophile, so the_mblecule will
cyclize .in such a” way that the sugar moiety is always

displaced after cyclization because they are on the opposite

sides of the molecule (see below).,

There is another apparent "anomaly" in Table 3.1, the.

v

case of hydroxy-proline,which is a 3° amine in the ARP, and
yet, does not yield the ion at 'm/z_ 144 in the expected

‘quantities (7.74 for proline vs 0.28 for hydroxy-proline).

\
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. . } \ ,
— 9,
o ‘ .
*x=0.28 %E =12.51 (*”>

h H

Charge migratidn product  Charge retention product

Figure'3.3.
The presence of the hydroxyl group, however, on the
five-membered ring causes aromatization and hence the charge
retention product 1s prefered éxtensively ‘oyer lthe charge

migration product (see Figure 3.3).

"3.1 Comparison of the Fragments obtained by EIMS to those of

Solution and Pyrolytic Réactions

A few selected examples of important fragment ions
identified in the mass ' spectra will be compared to the
products isoléted {n browning model systems or in the
pyrolysates of Amadori réarrangement products.

The initial 1identification of a peak in the mass
spectra was done according to the strategy outlined in

f .
Chapter 2. Since even high resolution mass spectrometers

canngt differentiate - between two structural isomers, the
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final distinction was made by comparison with literature

fragmentation patterns and relative intensities of the
particular compound. The "best match” was chosen according
to the highest number of common peaks and highest number of
common acceptable ratios of any two intense‘ peaks. The
émphasis was placed on the number of common peaks rather
than on the ratios.of intensities for several reasons:
<« a. Different instruments with different operating

temperatures and repeller voltages will 'give different
relative intensities, . | Q

b. Only odd electron fragment ions are expected to
produce coﬁbarable relative intensities.

c. Relative intensities are reduced if the compouna in
*question is in a mixture.

8. Contributions froﬁ other sources to the same peak
make the intensities higher.

Because of the above mentioneéd reasons, two ratibs‘ of
the same two peaks in the standard and the unknown are
considered acceptable if they are wit%in 20% range. This

value 1is based on the Crawford-Morr son method of comparing

mass spectra (Crawford and Morrison, =68).
Hodge et al. (1970b) identified =-- cmpound (62).
9
H H
o L ]
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that is the major product which is volatilized during the
" pyrolysis of 1-deoxy-1—(proliné)-D—fructbse at 138°/1 mm. 62
is importamt in the production of characteriétic_browned
cereal flavor and is the precursor for—maltol.

The same compound was also identified by Shigematsu
- et al. (19?7) in. the Eyrolysates' of alanine andA valine
Amadori products, with glucose. .

Kato et al. (1982) incubated a mixture of D-glucose and
L-lysine at '7$°C for 48 hr, then the mixture was extracted
with ethyl acetate and the concentrate was analeed by
GC-MS. One of the main products was compound 62. In the
above -'mixture the possible lysine-Amadori products are
difructosyl lysine and Ne-fructosyl lysine.

Both pyrolytic and solutiﬁ&-'teéetions, therefore,
support the f%ndings in Tégig 3.1 both qualiﬁatively and
quéntitatively:‘ | |

Hodge and Mills (1976) proposed the following scheme

for the decomposition of the proline Amadori product under

pyrolytic conditions.

’
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f . l-deoxy-l-]-piglfnefo-fructose

oy .

1,2-enb1ization 2,3-enolization

a

After heating the Amadori compound, the distillate wasv
condensed and the above compounds were identified. All the
furan derivatives were also 1identified by Tressl ef al.
(1985a) in a browning model system.

The electron impact mass spectrum of prcline Amadori
product also reveals the cationic counterparts of all the
above shown products.

Hodge and Mills (1976), however, proposed a
1,2-enolization mechanism for the formation of the furan
derivatives, in which C-2 of the sugar moiety aids in the
decarboxylation of the amino acid during the ’prpqqss> of

1,2-enolization.
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Proposed 1,2-enolization mechanism of Hodég and Mills (1976)

The identificatioh cf the'following fragments disputes
that claim since the proposed mechanism claims decarboxyla-

tion before cyclization of the.sugar moiety.

+

zH
-C0 |
2 i
,/// m/z 241 \\\‘”20 g
: | -¢o,
+ +
-H,0
-C0,
m/z 196 4 Hy m/z 180
4

m/z 178
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It is more likely that it proceeds by cis-elimination

reaction, in the case of formation of pyrroline

2

Cis-elimination

and by Sn, (substitution nucleophilic internal) in the case
- of the formation of pyrollidines.

SN, is an intramolecular (unimolecular) nucleophilic
interchange in which the attacking nucleophile is part of
thé substrate.

{n 1975 Shigeﬁatsu et al. characterized several 1H-

pyrrolizines, among them compound 71,

HO
/ - N HQ
G
‘ H
71 m/z 154 (17.55%)

on heating equimolar amounts of L-proline and D-glucose at
200°C. These compounds, which possess smokey, roasty aromas,

vere also determined in beer. Compound 71 and other

> .



242

pyrrolizine derivatives were also identified in proline-
glucose model systems by Tressl et al. (1985b).

The peak at m/z 154, which is a cationic precursor of
compound 71, was cha;acterized in the mass sgpectrum of
proline-Amadori product in 17,.55% relative intensity,

Brautigam and Severin (1974) isolated the following
B-carboline derivatives from a model system consisting of

tryptophan and glucose or zylose,

»
R=H : m/z 168(72%)
R=CH2-OH m/z 198(52%)
H R=COCH4 m/z 212(14%)
R=EH—-OH m/z 238(2% )
Hy
|
H
H2 .

R:@ m/z 234(2¢% )

Figure 3.4.
The fragmentation pattern of tryptophan Amadori'product
vas dominated by the formation of B-carbolines. Figure 3.4
shows the relative intensities qf the B-carbolines
identified in the mass spectfum that corresponds to the

structures identified in the model system.
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In the last few years, interest in q'carbolxnes has

'greatly increased due to the detection of these compougss in

human tissue (Airaksinen and Kari, 1981). 1,2,3,4-tetra-
hydro-Bf-carboline (THBC) is avnormal constituept of human
plasma and platelets, however, 1;methylj%HBC is normally not
prgs;nt in human plasma in detectable amounts, 6 but only
after bacute intake of ethanol.uas this compound found to
occur in w{dely varying concentrations. The maxiumum level
seems to coincide with the time of hangover. The effects
assumed for B-carbolines in man cbrrgspond Quite well to the

symptoms observed during alcohol withdrawal., In addition,

B-carbolines were found to act physiologically -on

GABA-receptors, being possibly endogenous ligands at benzo-.

diazeprine receptors (Braestrup and’Nizlson,'1980).

It has been shown that pB-carbolines are fogrmed in

tobacco smoke (Poindexter and Carpenter, 1962) and }}ﬁ i8

, .

possible that, after inhalation, traces of these compbgndé

may diffuse into the blood. ‘ Aé'i'
& ‘ e

All the above mentioned examples demohst;aﬁe"théz

=,
ah

e
-

o,
- T

s

physiological importance of B-carbolines and, since t éy an .

bevformed abundantly in tryptophan-rich food productsjdfRing.

processing, their importance in the so called "mood al ng
. ’ u'

foods" becomes evident.

P
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3.2 Implications of the Fragmengation Patterns of Amadori
Compounds to the Formation of Early r.illard Polymers
The- importance of O,2-dehydroxylation pathway of
Amadori produgts t;‘the formation of early Maill;ra pol&mcrs
becomes evident if we consider the ionid nature of the
products which serve as an initiator for chain polymeri-
zation or as a monomer for cdndensation or addition

polymers. ‘

. . . . R | . .
Chain polymerxzat1ons require an initiator species with:
tﬁ, a reactive center which can be either s, tre? radical,’cation

T ﬁpr and anion. Polymerlzatlon occurs by the* propagation of

» -» 3

hﬁ;{¢§4 %he*ﬁgeactxve center by the successive addjtions of large
H ’.‘ T

h

207 numbers of monomers in a chain reactxon happenxng_ in a

matter of a second ?r sO.

G - OO

.
initiator

A

etc.

Alternatively, if the pyrrilium ion contains a nucleo-

philic center, it can act as a monomer in a condensatxon or

¥

addition polymerizations.
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.
°
M) iy .
\\ cu,);—x—- M), )_
pyrr111um
cat1on | ~h\ -
' * etc
- ‘ \ o

Feather and Nelson (1984) isolated 'a water soluble

| M;illafd polymer (M.Wt. = 16,500) frqm'a mixture of glucose
,and glyéine, after reflyxing for ei;ht hours. Elemsntal
analysxs suggesﬂga that the polymer is composed of ! mole of
sugar, 1 mole of glysine, minus three moles of water.

studies .using S0 atom % enriched D-glucose-1-'’°C,

, )
glycine-'’C and glycine-2-'2C as precursors in the reaction
I

and '°C-NMR probe show that both carbon atoms of glycine are

[

incorﬁorated into the poiymer and that C-1 of D-glucose

'mppears as a substxtg&ed methyl group. The NMR data further

’ L}
, suggested that the main mfnomeric un1ts are unreacted sugar
. L 4 \
and.am1no acid or Amadori derivatives. ,4*\

Olsson et al.}(ﬁ982) isaﬁéted the same polymer and

reportéd‘ that it showed np UV absorbance at 230 or 280 nm,
. ) ) , /1" -
and that the '*C-NMR spectrum of the polymer resembled that
) . 1,
of Amadqri compound derived from glucose and glycine.
o

Similar results were obtained when glycine was replaced

with meth1on1ne. ‘ e Q!V

All the above data about the polymers can be incor-

porated into the fpllowing polymerization reaction: M

i ~

-~



where the monomer is the pyrylium ion 72.

—t H

72 does not appear 1in the mass spectrum, bgt the

decarboxylated pfoduct does, at m/z 140.

&, : .
The same holds true in the.methionine case, where the -

hd . . . : ' ’ N
mohomeric unit 73 does not show 1n the mass spectrum, but

/ - | . a | " -
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its product at m/i 212 does.

The repeating units in ®the -early Maillard polymers'
might be attributed to the productsL/bgzﬁineduip the A,
series after O0,2-decarboxylation pathway. VThe A, series
constitutes a series of éubstitutéd pyrylium cations that

 are known to possess pronounced electrophilic reactivity

. ‘ ‘ N
. H 3 : ’ : i ) .
.- 6©2 | 0 A+‘ o + 0 ) . .
‘ ' + : : .

A

v

3 i L .
at position 2, 4 and 6, which enables it to add nucleophile

in these postions. With basic nucleophiles (Pearson, 1963),
such as amines ahd'éyanide,'thé addition oc;ﬁrs at position
2or 4 or 6 and a pyran is fofmed. Thé nucleophilic.
reactivit§ of 2- or 6-positions usuaily exceeds that of the

»
a3

'~ 4-position (see below),,

o
NH,—R

The pyrans thus formed are susceptible, to electrocyclic ring

opening, giving rise to the conjugated product.

t * ! B
o ] . : ]



4. SYNTHESIS OF AMADORI! REARRANGEMENT PRODUCTS
‘The synthesis of Amadori reérréngement préddcts'was
first conducted by Amadori (1931). With “D—glucose i énd
afomatic amines. Kuhn and Wegand (193?4 vere the first to
correétly interpret the reaction and named it ‘the Amadori
rearr;ngement; »theh the reaction had been extended to
condensation products of a varliety of sugars with most

MBasses ‘of "amines, including the naturally occurring amino

acids.
’ The first synthesis and 1isolation of 1-(N-amino
gcid);1-deoxy-D—fructose was achieved by Gottschalk (1952)

by refluxing a solution of DL—phenylalanine énd gquose in
methanol. Abrams, Lowy and Bb;sook (1955) sYnthesizgd nine
- members of this series by the same method, purifying small
guantities by -elution chromatOgrapﬁy on cation-exchange
resin. |

Roper: et al. (1983)" synthesizéd' ﬁqurteén Amador i
products of D-glucose with aﬁino acids following‘the me t hod
of.Hodge and Fisher (1963b). |

The présent‘hethodiis a general.procedyre of synthesis
based én the metnods of Sgarbiéri et al. @4%&9) and Lee and
Liau (1971); : ' .?#g Cr

. , v

.4.1 General Procedure for the Synthesis of Amadori Products
1.0 g of the L-amino acid and 15.0 g ofﬂbé%lﬁcose were

refluxed for 3 h in 500 mL of énhydrous methanol in a 1 L

. . o ~ . ~,
zound bottom flask. Unreacted D-glucose (if any) wa§\

¢

~2éﬁk‘,

<.
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filtered and the filtrate was evaporate in vacuo at 40°C.

§
{

The we51due was dissolved in a minimum amount of watef and
dxrectiy applled on a column (6 cm x 12 cm) of 'Dowex
SOX4 4@0 ion exchange fesin (H"-form) and eluted with water
untzl the eluent was negat1vé to TTC test. |

After the separation of excess sugar,‘the celumn was
eluted with 5 N'NH.OH solutibn until the éluentvwas negative
to Elson- Morgan te§t (a specxflc test for amino sugars). The
eluted NH,OH soluﬁﬂﬁn was evaporated under the fume hood in
an ~evaporat1nq” dish. The resxdue was dissolved in 25 mL

) :

water and decolorized (room temp.) with charcoal several
times wuntil the solution w%s colorless. The filtraté from
the }ast deto;orization was evdporaied again unaer the fume
hood. ' i

To’further separate th; Amadori product from the free
amino acid contaminaﬁfén, the amorphous solid was dissolved
in avminimum amount of water and then‘loaded'on a ceilulose
column (2 cm x 20 cm). The"colq@n was packed with Whatmén
CF,, fibfous ﬁowder suspended in water-saturated "n-butanol
and eluted with the same solvent. The fractions were
collected yfgh an automatic fraction collector . (1 mL/min)
until -the -eluent was negative to Elson-Morganltest. The
purity of the fractions was tested by TLC (cellulose;
solvent system of n-butancl:H,0:acetic acid,.12f5:3 v/v;
ninhydrin spray).

All the fractions that showed one spdt on TLC were

combined, treated with charcoal and the filtrate evaporated.
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The remaining white solid was crystallized several times
from solvents recommended in the literature. Melting points
and H'-NMR data were compared with those reported in the

literature.

Synthesis gg'Na,Ne-di(deoxy—1—D-fructo$yl)—L-lzsfne

General procedure was followed, except that a cataly:ic
amount of ethyl malonate was added to the refluxing mixture

of lysine and D-glucose.

Siﬁfhesis gi- Ne-(deoxy-1-D-fructosyl)-L-lvsine, Na-(deoxy-

D-fructosvl)-L-lysine and Ne-forhyl,Na*(deoxy-D—fructosyl)-

L-lysine
Same procedufe as that of Finot and Mauron (1969) was

followed.

4.2 Chemical Tests

TTC test for carbohggratesg(Horn ef al., 1968)

- To 1 drop of sample were added 4 drops of TTC reagent
(3% methanol solution of 2,3,5-triphenyl-2H-tetrazolium
chloride) and 3 drops of 6 N NaOH. The mixture was shaken
and alléwed to stand at room temperature. A pink to ﬁfick

red color was a positive test.

Ninhydrin test for amino acids. (Horn et al., 1968)

To 1 drop of sample were adde@s’ drogs ofwa“"J;rin

reagent (4% methanox solution of nlnhquxp) and '

propionate. buffer (199.2 mL of oropxonlc ac1d add?¥ slowly
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" with stirring agg;? cool solution of 67.2 g NaOH in 150 mL.
t

water, then dilu to 400 mL with water). The mixture was

~)Lhaken arfd heated to 100°C for 30 min. A positive test was a

-

blue-violet color.

Morgan-Elson test for Amadori products (Elson and'Mofqan,
11933)

To 1 mL of samble.wa; added one mL of acetyl acetone
solution (1 mL of acetyl acetone was dissolved in 50 mL of
0.5 N. Na,CO, solution; prepared fresh daily), folibwed by
heating fof 15 min in a boiling water bath. After heating,
the tube wa§ cooled and ! mL ethanol and 1 mbL of Ehrlich
reagent (1% acidified methanol solution of 4-dimethylamino
benzaldehyde) were added. The appearance of red color and

evolution of CO, was a positive test.



5. CONCLUSION

The applicatién of electron impact mass spe;trometry td
the study of the fragmenta;ion of 1-(amino acid)?1-deoxy;.
D-fructoses brb&iﬁes a useful tgchnique‘ to identify the
possible fragments of Amadori reagrangement products formed
in food systems, especially dﬁ;{;g the psé ©of Maillard
reaction in flavour production, since this mgthod ailows the
recognition of different heteroeyclic compounds . associated
with specific amino acids in.the production of a particular
flavour compound. In addition, it can be used as aﬁ identi-
fication toolvfor Amadori rearrangement ﬁroducts.(the‘DD and
EE diagnostic series). "

The behavior of Amadori rearrangment products under
electron impact conditibns feflects the structural charac-
teristics of the molecule. The two moieties, sugar ‘and amino
acid, more or less control the fragmentation patterns (see

below), 1f there are no 1interactions. between the two

moieties, as in the case of tryptophan.

Y
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Based on the fragmentations observed 1in the mass
spectra of Amadori reafrangement products and ' 3C~NMR
studies, a new mechanism for the Maillard reaction is
proposed (see page 227) in which a greater role is allocated

, ‘
to the furanose and pyranose forms of the Amadori
rearr;ngement products in the production‘ of ingermediates
and polymers, in relation to the open-chain form. ‘

Therefore, in addition to its importance in the flavour

[} .
industry, such a study provides important insights into the

mechanism of Maillard reaction.
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