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SUMMARY 

For the first time, the role(s) of selected amino acids and 
sugars in the production of volatile compounds in micro­
wave prepared heat treated tobacco suspensions (HTTS) 
has been unambiguously defined. The role can be ex­
pressed in two major reaction pathways: 1) Strecker 
degradation of amino acids and 2) amino acid/ sugar 
Maillard-type reactions. The mechanism of the Strecker 
degradation was confirmed by the addition of selected 
13 C- labeled amino acids to the reaction suspension. The 
addition of the amino acid resulted in a dramatic increase 
in the concentration of the specific, appropriate, low 
molecular weight Strecker aldehyde in the headspace 
above the reaction suspension. The mechanism of the 
amino acid/ sugar Maillard-type reactions was substanti­
ated by: 1) adding a wide array of amino acids to the 
suspension; 2) by employing 15N -labeled amino acids; and 
3) employing 13C-labeled sugars. Addition of amino acids 
to the suspension followed by heat treatment resulted in 
significant increases (2 x) in the concentration of volatile 
pyrazines relative to the control. Most amino acids 
significantly increased the concentration of headspace 
pyrazines. Reactivity differences, as a function of sugars, 
was also demonstrated. Analysis of the headspace above 
suspensions incorporating 15N-labeled amino acids and 
13C-labeled sugars revealed the 15N and 13C atoms to have 
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been distributed throughout a wide array of volatile pyra­
zines. The distribution of the 15N atoms within the 
pyrazines was unique to the amino acid and the distribu­
tion of the 13C atoms was linked to the type of sugar 
employed. These results have documented for the first 
time in a heat treated tobacco formulation the mecha­
nisms of amino acids and sugars in the production of 
volatile compounds which have documented intense 
sensory characteristics. 

ZUSAMMENF ASSUNG 

Zum ersten Mal wurde die Rolle ausgewahlter Amino­
sauren und Zucker bei der Bildung von fliichtigen Verbin­
dungen in mikrowellenerhitzten Tabaksuspensionen 
(HTTS) eindeutig definiert. Dieser Wirkungsmecha­
nismus laGt sich durch zwei Hauptreaktionswege be­
schreiben: 1) Streckerabbau von Aminosauren und 2) 
Aminosauren/Zucker-Umsetzungen nach Maillard. Der 
Mechanismus des Streckerabbaus wurde durch den Zusatz 
ausgewahlter 13C-markierter Aminosauren zum Reak­
tionsgemisch bestatigt. Die Zugabe von Aminosauren 
fuhrte zu einem starken Anstieg der Konzentration 
entsprechender, spezifischer, niedermolekularer Strecker­
aldehyde in der Gasphase iiber der Reaktionssuspension. 
Der Mechanismus der Aminosauren/Zucker-Umset­
zungen wurde durch folgendes V orgehen wahrscheinlich 
gemacht: 1) durch Zugabe verschiedener Aminosauren 
zum Reaktionsgemisch; 2) durch Einsatz von 15N -mar-
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kierten Aminosauren; 3) durch Einsatz von 13C-markier­
ten Zuckern. Der Zusatz von Aminosauren zur Re­
aktionssuspension mit nachfolgender Warmebehandlung 
fi.ihrte zu einer signifikanten Erhohung (zweifach) der 
Konzentration von Pyrazinen in der Gasphase im Ver­
gleich zur Kontrolle. Die meisten Aminosauren fi.ihrten 
zu einer signifikanten Erhohung der Konzentration der 
gasformigen Pyrazine. Der Zusatz von verschiedenen 
Zuckern fi.ihrte dari.iber hinaus zu Unterschieden in der 
Reaktivitat. Die Analyse der Gasphase i.iber dem mit 15N­
markierten Aminosauren unci 13C-markierten Zuckern 
versetzten Reaktionsgemisch ergab, d<ill die 15N- unci 13C­
Atome i.iber eine Vielzahl fli.ichtiger Pyrazine verteilt 
waren. Die Verteilung des 15N-Atoms bei den Pyrazinen 
war fi.ir jede Aminosaure charakteristisch unci die Ver­
teilung des 13C-Atoms war von dem jeweils verwendeten 
Zucker abhangig. Die Ergebnisse haben zum ersten Mal 
den Wirkungsmechanismus aufgezeigt, i.iber den Amino­
sauren unci Zucker bei erhitzten Tabaksuspensionen zur 
Bildung von volatilen V erbindungen beitragen, welche 
starke sensorische Eigenschaften aufweisen. 

RESUME 

Le role que jouent les aminoacides et les sucres clans la 
production de composes volatils clans les suspensions de 
tabac chauffees clans un four a hyperfrequence (HTTS) a 
pour la premiere fois ete clairement defini. Ce role est 
caracterise par deux processus reactionnels principaux: 1) 
degradation de Strecker des aminoacides et 2) trans­
formations des aminoacides/sucres d'apres Maillard. Le 
mecanisme de la degradation de Strecker a ete confirme a 
l'aide de !'addition des aminoacides radio marques au 
carbone 13C a la suspension reactionnelle. Dans la phase 
gazeuse au-dessus de la suspension !'addition des amino­
acides a mene a une forte augmentation des aldehydes de 
Strecker specifiques, conformes, de faible poid molecu­
laire. Le mecanisme de transformation aminoacides/ sucres 
d'apres Maillard a ete demontre par le procede suivant: 1) 
l'addition de divers aminoacides au melange reactionnel; 
2) l'emplois d'aminoacides radio marques a l'azote 15N; 3) 
l'emplois de sucres marques au carbone 13C. L'addition 
d'aminoacides a la suspension avec traitement thermique 
consecutif a conduit a une augmentation significative 
(deux fois) de la concentration en pyrazines volatiles par 
rapport au controle. La plupart des aminoacides a mene a 
une augmentation significative de la concentration en 
pyrazines volatiles. En outre, les variations de reactivite 
en fonction de sucres ont ete demontrees. L'analyse de la 
phase gazeuse au-dessus de la suspension a revele que les 
atomes cl' azote 15N et de carbone 13C ont ete distribues sur 
de nombreuses pyrazines volatiles. La distribution du 
radioazote 15N clans les pyrazines etait caracteristique 
pour les aminoacides et la distribution du radiocarbone 
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13C a varie en fonction du sucre utilise. Ces resultats ont 
pour la premiere fois demontre le processus reactionnel 
provoque par les aminoacides et les sucres qui conduit 
clans les suspensions de tabac chauffees a la production de 
composes volatils avec des caracteristiques sensorielles 
in tenses. 

INTRODUCTION 

The term "Maillard reaction" is used to characterize, 
among the great number of reactions occurring during the 
heating of natural products, a group of chemical reactions 
involving the amino and carbonyl functions present in 
natural products, leading to browning and flavor produc­
tion (1). The principal reaction steps in the Maillard 
reaction were described by HODGE in 1953 (2). The first 
steps of the reaction involve the addition of the carbonyl 
group of the open-chain form of a reducing sugar to the 
primary amino group of an amino acid, peptide of other 
nitrogen containing compound. Fragmentation of this 
and other intermediates by a wide array of pathways 
yields a complex mixture of volatile, semivolatile and 
non-volatile compounds, including but not limited to 
aldehydes, ketones, pyrazines and pyridines. One such 
pathway, known as the Strecker degradation, involves the 
oxidative deamination and decarboxylation of an alpha­
amino acid in the presence of a dicarbonyl compound. 
The products from this reaction are an aldehyde contain­
ing one less carbon than the original amino acid and an a­
amino ketone (3). Thus, amino acids have been clearly 
shown to play a meaningful role in the synthesis of 
volatile and semivolatile material when reacted with 
sugars. 
Under sugar-amino acid reaction conditions, it is often 
difficult to distinguish Strecker degradation products 
from other reactions and estimation of the aldehydes 
produced may be confused by carbonyl compounds 
formed by ancillary reactions such as sugar thermal 
degradation (4, 5). However, in a number of investiga­
tions it has been demonstrated that over 90 % of the 
aldehydes produced in sugar-amino acids reactions come 
from the amino acid. The significant volatile aldehydes 
that result from sugar thermal degradation are furfural 
and substituted furfural derivatives (5). 
The volatile aldehydes resulting from the Strecker degra­
dation reaction are listed in Table 1. The sensory charac­
teristics of these aldehydes vary considerably; some are 
described as pungent (6). 
Across a wide series of studies, a majority of the array of 
aldehydes presented in Table 1 have consistently appeared 
in the headspace of heat treated tobacco materials. These 
aldehydes have also appeared in large quantities in the 
headspace above other heat treated natural products 
(7 -12). Thus, due to: 1) their ubiquitous nature across a 



Table 1. 
Amino acids and their corresponding strecker 
aldehydes. 

Amino acids 

Glycine 

a-Alanine 

a-Aminobutyric acid 

Valine 

Leucine 

Isoleucine 

Serine 

Threonine 

Methionine 

Phenyl glycine 

Phenylalanine 

Tyrosine 

Aldehydes 

Formaldehyde 

Acetaldehyde 

Propanal 

2-Methylpropanal 

3-Methylbutanal 

2-Methylbutanal 

2-Hydroxyethanal 

2-Hydroxypropanal 

3-Methylthiopropanal 

Benzaldehyde 

Phenylacetaldehyde 

2-(p-Hydroxyphenyl)ethanal 

extensive array of tobacco materials, and 2) the strength 
of their sensory effects, it was important to define the role 
of amino acids in the production of these aldehydes in a 
tobacco matrix. Furthermore, it was also important to 
determine if the levels of selected volatile pyrazines were 
influenced by the presence of increased levels of selected 
amino acids. Presumably, the nitrogen from the amino 
acid would find its way into the pyrazines following 
established pathways (13). Likewise, in earlier preliminary 
work in our laboratory with tobacco dust and amino 
~cids, it was observed that the addition of the amino acids 
to the tobacco dust matrix resulted in increased levels of 
pyrazines and selected Strecker aldehydes, such as 3-
methylbutanal and 2-methylbutanal (14). 
A very important effect of microwave heating of open 
systems relating to flavor and aroma production is the 
water vapor migration. Many flavoring substances are 
steam volatile and during microwave heating will evapo­
rate with the water. If no barrier is present the 
flavor/aroma compounds are lost to the atmosphere (15). 
Likewise, in an open system, the temperature of the 
process is controlled mainly by the boiling point of the 
water, 100 °C. Thus, optimum conditions favoring 
sugar I amine, Maillard, and sugar thermal degradation 
reactions may not be reached in a conventional micro­
wave setting. Thus, many efforts in the area of food 
production have focused on the addition of flavor supple­
ments to microwave cooked foods. 
Several comparisons exist covering the production of 
flavor compounds in open microwave and conventional 
cooking systems (15). In addition, characterization of 
model systems such as amino acids and reducing sugars 

have been performed on products made in open micro­
wave systems (15) . In some cases very similar products 
have been formed while in other cases meaningful differ­
ences have been detected between conventional and 
microwave produced materials, particularly in foods . 
However, with the advent of microwave transparent­
sealable containers, conditions necessary for the accelera­
tion of chemical reactions have been possible. For exam­
ple, on a more fundamental level, single-step organic 
reactions, such as esterification, hydrolysis, cyclization 
and Diels-Alder type reactions, have been performed in 
the conventional reflux mode as well as in sealed micro­
wave vessels (16, 17) . These studies show there to be no 
fundamental differences between microwave and reflux 
methods of heating. The reactions proceed through the 
same mechanisms, to produce similar products, in compa­
rable yields. However, if the microwave heating is done 
in a closed system, the rate of the microwave assisted 
reaction becomes faster, up to several hundred times. This 
rate increase is due to the superheating of the solvent 
system. 
Very recently a review of the development of laboratory 
scale continuous and batch microwave reactors has been 
published (18). The capability of controlled heating under 
controlled pressure was described. Therefore, it occurred 
to us that production of Maillard reaction products in 
aqueous based tobacco formulations might be acceler­
ated/ controlled through the use of microwave technology 
on formulations enclosed in a sealed system. 
Hence, to more fully and clearly define the role of amino 
acids and other reagents in the production of volatiles in 
heat treated tobacco materials, a series of experiments was 
designed. These experiments involved the use of a newly 
developed microwave heat treatment process for the 
preparation of aqueous tobacco dust heat treated tobacco 
suspensions with and without the addition of selected 
amino acids and sugars. The resultant very aromatic/ 
flavorful suspensions were examined closely by means of 
a purge and trap (P & T)/ gas chromatography (GC)/ 
selected ion monitoring (SIM)-mass selective detection 
(MSD)/ flame ionization detection (FID) approach for the 
presence of selected pyrazines, sugar degradation products 
and Strecker aldehydes. 

EXPERIMENTAL 

Sample preparation 

To generate the selected heat treated materials, a micro­
wave based heat treatment protocol was employed (15). 
To 3.0 g of tobacco dust was added 27 g of water and 
0.03 g of the selected amino acid and/or 0.0225 g of the 
selected sugar, if required. The suspension was microwave 
heated at 175 °C in a sealed microwave-permeable vessel 

77 



for 30 minutes. The special vessel was obtained from 
CEM Corporation and assembled closely following the 
manufacturer's instructions. A ramp time of 10 minutes 
was used to bring the suspension from room temperature 
to 175 °C. All microwave reactions were performed in a 
CEM Corporation, Model MES-1000 system. The micro­
wave power was set at maximum, 950 ± 50 watts at a 
frequency of 2450 MHz. A turntable located inside the 
oven cycled back and forth during the nm to insure even 
adsorption of the microwave energy. 
Microwave heat treated samples were either analyzed 
immediately after returning to room temperature or 
stored in a freezer ( - 18 oq prior to analysis. 

Headspace measurements 

The headspace measurements were conducted as previ­
ously described (9) with only minor changes. In these 
experiments 1 mL of the heat treated suspension was 
added to a 5 mL purge tube followed by the addition of 
1 mL of a deionized water solution containing cyclo­
hexanone at a known concentration, - 20 ng/ 11L. The 
response of the internal standard cyclohexanone was used 
to calculate the amount of volatile material produced as a 
result of the heat treatment reactions. The suspensions 
were purged with dry He for 20 minutes at 70 °C. 
For this work, the mass spectrometer was sometimes 
operated in the selected ion mode to detect the presence 
of selected volatile pyrazines. For example, the selected 
ions, m/z, employed for the pyrazines were as follows: 
pyrazine, 80, 81, 82; methylpyrazine, 94, 95, 96; 
C2 pyrazines, 107, 108, 109, 110; C3 pyrazines, 121, 122, 
123, 124; and C4 pyrazines, 135, 136, 137,138. The terms 
C2 , C3 , and C4 pyrazines are used to denote pyrazines 
having 2, 3, and 4, carbons attached, respectively. For 
example, C2 pyrazines would refer to ethylpyrazine and 
all of the dimethylpyrazine isomers. 

Reagents 

The 13C-labeled and 15N-labeled amino acids and 13C­
labeled sugars were obtained from Cambridge Isotope 
Labs, Andover, MA, USA, and used as received. 

RESULTS AND DISCUSSION 

Strecker aldehydes 

Tables 2 and 2a contain a list of the major volatile compo­
nents found in the headspace above a series of microwave 
heat treated tobacco dust suspensions with and without 
added amino acids. If Strecker degradation were a path-
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way in the microwave heat treated tobacco suspensions, 
then significant increases should be found in the appropri­
ate Strecker aldehydes associated with the specific amino 
acid. The data in Tables 2 and 2a indicate that this was the 
case. For example, upon addition of valine, a dramatic 
increase of the comparable Strecker aldehyde, 2-methyl­
propanal, was evident, when compared to the Strecker 
aldehyde level in the control reaction, containing no 
added amino acid. Likewise, dramatic increases in 3-
methylbutanal, 2-methylbutanal, benzaldehyde and phe­
nylacetaldehyde were observed for heat treated suspen­
sions wherein the amino acids leucine, isoleucine, 
phenylglycine, and phenylalanine were added, respec­
tively. It was obvious that increases in benzaldehyde and 
phenylacetaldehyde do not arise through any known 
sugar reaction, especially thermal degradation wherein 
furfurals are known to be dominate. These increases in 
Strecker aldehyde concentrations resulted in a dramatic 
increase in the amount of volatile material detected in the 
headspace above the microwave heat treated tobacco dust 
suspension formulations (Figure 1). Use of the two 
optical isomers of phenylglycine produced no meaningful 
changes in the profiles of the volatile materials (Table 2). 
This was somewhat expected in light of the fact that the 
mechanisms established in the literature for model 
systems would not implicate stereochemical consider­
ations. 

To more clearly and directly establish the link between 
the addition of selected amino acids and the presence of 
Strecker aldehydes, a selected number of 13C-labeled 
amino acids (valine, isoleucine, and phenylalanine) were 
individually reacted with the tobacco dust. Since the 
amino acids were uniformly 13C-labeled, then the peaks 
attributable to their Strecker aldehydes should have mass 
spectra consistent with the uniformly 13C-labeled alde­
hydes. For example, the mass spectrum of naturally 
abundant 2-methylpropanal reveals an ion at m/z = 72, 

assignable to the molecular ion. If the 2-methylpropanal 
results from uniformly 13C-labeled valine, then the mole­
cular ion should increase by 4 m/z units to yield a new 
m/z = 76. Examination of the mass spectrum of the 2-
methylpropanal in the headspace above the reaction 
containing uniformly 13C-labeled valine revealed the mass 
spectrum to contain a parent ion at m/z = 76, confirming 
valine as the source of the 2-methylpropanal (Figure 2). 
Identical trends in appropriate m/z increases were noted · 
for both the uniformly 13C-labeled isoleucine and phenyl­
alanine experiments, i. e., the parent ions in mass spectra 
of 3-methylbutanal and benzeneacetaldehyde in the head­
space above reactions containing uniformly 13C-labeled 
leucine and phenylalanine were consistent with molecules 
containing all 13C atoms. Thus, for the first time, a direct 
link between the presence of Strecker aldehydes and 
precursor free amino acids has been established in heat 
treated tobacco materials. 
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Therefore, under microwave heat treatment of aqueous 
suspensions, the free amino acids native to the tobacco 
dust are reacting with carbonyl containing species to yield 
the predicted Strecker aldehydes. Since the same types of 
volatile materials have been found in the headspace of 
other natural systems, it seems reasonable to now con­
clude that the same type of reaction(s) are occurring 
during the heat treatment of tobacco. Thus, the Strecker 
reaction pathway involving amino acids and sugar derived 
carbonyl compounds, previously demonstrated to occur 
in model reactions and other natural products, has been 
shown unambiguously to occur in tobacco as well. 

Pyrazine formation: source ofN 

In addition to those amino acids capable of yielding 
Strecker aldehydes, several other amino acids were added 
to the array in an attempt to discover if the amino acids 
could be tied to the production of increased pyrazine 
levels, through the Maillard reactions (13, 16). The data in 
Tables 2 and 2a would strongly indicate that the levels of 
pyrazines increased relative to the control when some of 

the ammo acids were added to the formulation. An 
increase in the amounts of volatile pyrazines was not 
demonstrated by all of the amino acids. Of the 18 amino 
acids examined, all resulted in an increase in the amount 
of volatile pyrazines (Table 3). In some of the cases such 
as serine, valine and alanine, the amount of volatile 
pyrazines increased significantly relative to the control 
containing no added amino acids. 
The question still lingers as to the exact contribution of 
amino acid to the nitrogen content in the volatile pyra­
zines. In other words, what is the extent of amino acid 
participation in the synthesis of pyrazines in a tobacco 
matrix? To gain a better perspective on this issue, a 
somewhat limited series of 15N-amino acids were em­
ployed as added reagents to microwave prepared 
formulations in the same manner as described earlier for 
the unlabeled amino acids. 14N is the most abundant 
isotope comprising approximately 99.6 % of all nitrogen 
atoms. Thus, use of 15N isotopes is a very acceptable way 
to assess nitrogen incorporation into synthesized mole­
cules due to relatively simple increases in molecular 
weight. 
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Figure 2. 
Mass spectra of 2-methylpropanal. 

Incorporation of one 15N atom versus one 14N into the 
pyrazine molecule leads to an increase in molecular 
weight of one unit while incorporation of two 15N atoms 
into a pyrazine would thus result in an increase in molec­
ular weight of two over the naturally abundant 14N­
containing species. For example, the molecular weight of 
pyrazine and the most abundant ion in the electron 
impact mass spectrum of pyrazine is 80 due to the natural 
abundance of 14N being 99.6 %. Therefore, any contribu­
tion from a 15N atom in a naturally occurring arrange­
ment is negligible. Such is observed in the mass spectrum 
of pyrazine. On the other hand, by purposely substitut­
ing one of the 14N atoms with 15N, the molecular weight 
increases to 81. Incorporation of a second 15N would thus 
yield a molecular weight of 82. These identical arguments 
can be made for any other pyrazine. Therefore, since the 
molecular weights and resulting molecular ions of the 
pyrazines will change systematically upon incorporation 
of the 15N, selected ion monitoring (SIM) mass selective 
detection (MSD) was employed to speciate the variety of 
pyrazine molecular structures produced in the presence of 
15N amino acids. 
Before proceeding to the data containing the results of the 

Tobacco Dust 

58 72 

ljii!Ljlilil liiljil iljlliijiiiiji I ll!lliijiilljji liljlllijllii)lilij 

~ ~ ~ ~ ~ M M ~ m n M ro m 

SIM experiments, it is important to examine very closely 
the ion fragmentation pattern(s) for the naturally occur­
ring pyrazines. The fragmentation pattern presented by 
each pyrazine molecule can and will influence the ability 
to define exactly the amount of 15N incorporated into the 
molecule. For pyrazine and methylpyrazine, the fragmen­
tation patterns are relatively simple and, as such, clear 
interpretations of minimal 15N incorporation are possible. 
However, for example, the fragmentation pattern for one 
of the C3 pyrazines is much more complex and contains 
ions at m/z = 121, 122, 123, and 124. Contributions to 
the abundance of these ions can come from an array of 
several combinations of 14N and 15N in the C3 pyrazine, 
thereby complicating the clear assignment of an ion as 
arising from a molecule containing only 15N. To illustrate 
this complicating effect, the ion at m/ z of 121 can only be 
due to the parent C3 pyrazine containing two 14N atoms 
(

14N 14N) minus a proton. However, the ion at m/z = 122 
can arise from the parent 14N 14N C3 pyrazine as well as a 
c3 14N 15N pyrazine minus a proton. Furthermore, the 
ion at m/ z = 123 can arise from a 14N 15N C3 pyrazine as 
well as a 15N 15N C3 pyrazine minus a proton. Finally the 
ion at m/z = 124 can only arise from a 15N 15N C3 
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pyrazine. Similar arguments and approaches occur for the 
C

2 
and C

4 
pyrazines. By calculating the difference be­

tween the 14N 14N abundance in the naturally occurring 
formulation and the 14N 14N abundance in a 15N formula­
tion, an additional percent contribution due to a molecule 
containing a 15N can be obtained. Thus, given the frag­
mentation patterns of the c 2, c3 and c4 pyrazines, the 
minimal amount of 15N incorporation can be obtained. 
That is, only the ions known to positively arise from 
molecules containing 15N can be used to calculate the 
estimate. This estimate of minimal incorporation is 
gathered from the data on c 2 pyrazines using the abun­
dances at ions 107, 109, and 110, from the c3 pyrazines by 
using ions at 121, 123 and 124, and from the c4 pyrazines 
by using ions at 135, 137, and 138. It is obvious that this 
estimate of 15N incorporation is minimal because at least 
one of the ions that possibly contains a 15N is not in­
cluded in the abundance calculation. 
To illustrate more clearly that the estimate of 15N incor­
poration is minimal, the following approach is provided 
for the c3 pyrazines: 
1) the abundances in the naturally occurring formulation 
at ions 121, 122 were measured, 
2) the abundances in a 15N formulation at ions 121,123, 

and 124 were measured, 
3) the abundance in a 15N formulation at ion 122 arising 
from the 14N 14N c3 pyrazine was estimated by the 
following equation 

where A = abundance in a 15N formulation; A'' = 

abundance in naturally occurring formulation; and the 
superscript indicates the m/z value; 
4) the incorporation was thus calculated by the following 
equation 

A m + A 124 1 A 121 + A m (cafe.) A 123 + A 124 

and finally, 5) because the abundance at ion 122 arising 
from the 14N 15N C3 pyrazine minus one proton was not 
included in the calculation the estimates provided will be 
minimal in nature. 
The data contained in Table 4 reveals clearly and unam­
biguously that 15N is being incorporated in all of the 
volatile pyrazines studied and that all of the amino acids 
studied participated in contributing their 15N to the 
quantified pyrazines. For example, the percent of ions 
containing 15N in a C2 pyrazine (retention time 27.7 

minutes) from the naturally occurring formulation was 
approximately 7 %, while for the formulation containing 
1 % 15N-leucine the minimal 15N abundance for the same 
C2 pyrazine was approximately 92 %. Scanning the data 
in Table 4 reveals that the range of 15N incorporation 
spans from a low of 27 % in pyrazine from the 15N-
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leucine experiment to a high of 95 % in a c2 pyrazine in 
the same leucine experiment (Figure 3). It also appears 
that leucine and alanine are more effective in availing 
their N for the formation of pyrazines. This observation 
is consistent with the earlier findings, ·vide supra, in this 
report wherein not all of the amino acids participated to 
the same extent in the production of pyrazines. 
Therefore, for the first time, under microwave heat 
treatment of aqueous tobacco suspensions, the free amino 
acids native to the tobacco dust are shown to react with 
carbonyl-containing species to yield the predicted volatile 
pyrazines. Since the same types of volatile materials have 
been found in the headspace of other natural systems, it 
seems reasonable that the same type of pyrazine forma­
tion reaction(s) are occurring during the heat treatment of 
tobacco. Thus, the pyrazine reaction pathway involving 
amino acids and sugar-derived carbonyl compounds, 
previously demonstrated to occur in model reactions and 
other natural products, has now been shown unambigu­
ously to occur in tobacco as well. 

Pyrazine formation: source of carbon 

In earlier reports on model systems, it had been shown 
that the carbon source in the pyrazines originated from 
the sugar (16-25). However, no direct, unambiguous 
molecular-based link has been established between the 
presence of selected sugars and resultant volatile pyrazines 
in heat treated tobacco suspensions. It is relatively easy to 
envision a pyrazine molecule such as methylpyrazine as 
arising from one molecule, A, containing 2 carbon atoms 
plus another molecule, B, containing 3 carbon atoms 
(Figure 4). Should the source of these carbon containing 
pyrazine molecules arise for a precursor compound 
uniformly 13C-labeled, then the resulting methylpyrazine 
molecule could possess increases in mass of either 2 or 3 
or 5 m/z units depending on the extent of incorporation 
of the 2 and 3 carbon units. For example, naturally 
abundant methylpyrazine displays a molecular ion at m/z 
= 94. Should the methylpyrazine be produced from a 
carbon source uniformly 13C-labeled, then, increases in 
mass would display themselves in the form of the pres­
ence of ions at m/z of either 96, 97 or 99 corresponding 
to incorporation of a 2 or a 3 carbon unit as well as 
simultaneous incorporation of both the 2 and 3carbon 
units. Similar arguments and deductions can be made for 
all of the pyrazines found in the headspace above the heat 
treated tobacco dust suspensions. 
Thus, a variety of microwave heat treated tobacco dust 
suspension reactions were conducted employing a selected 
group of 13C-labeled sugar compounds (Table 5). The 
headspace above these reaction products was closely 
monitored for the presence of volatile pyrazines with 
particular attention being paid to the mass spectrum of 
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Figure 3. 
Incorporation of 15N into volatile pyrazines. 

each of the pyrazines. An examination of the mass 
spectral data set confirmed the anticipated incorporation 
of the 13C label in a wide array of the volatile pyrazines 
(Table 5). Closer detailed examination disclosed some 

, very informative results in terms of the mechanistic 
incorporation of the 13C-label as a function of sugar type 
and pyrazine structure. Four types of sugars, i.e. , carbon 
sources, were used in the study: uniformly 13C-labeled 
glucose and fructose as well as 13C-labeled C 1 and C2 

fructose. The presence of naturally abundant fructose, 
glucose and sucrose in the tobacco dust tobacco material 
at 1.74 %, 0.90 %, and 0.22 %, respectively, prevents the 
absolute assignment of the degree of 13C-label incorpora­
tion, but does not preclude the confirmation of 13C-label 
incorporation as a function of carbon source. 
The ion abundances from pyrazine, m/z = 80 (Table 5), 
strongly indicated that at least one 2 carbon unit from 
both uniformly 13C-labeled glucose and fructose was 
incorporated into the molecule due to the increase in 
abundance of the ions at m/ z = 82. It is clear that carbons 
1 and 2 of the fructose molecule did not find their way 
into the pyrazine molecule, since no increase in the 
abundance of the ion at m/z 81 was observed in either 
case. The ion abundances from methylpyrazine indicated 
the incorporation of the 13C-label was significantly 
different than that observed for unsubstituted pyrazine. 
Both a 2 and a 3 carbon unit were incorporated into the 

methylpyrazine from uniformly 13C-labeled glucose. 
However, no simultaneous inclusion of both the 2 and 3 
carbon unit appeared to occur. On the other hand, for 
fructose, there appeared to be a small amount of methyl­
pyrazine that included both the 2 and 3 carbon units from 
the uniformly 13C-labeled fructose, 0.67 %. The C 1 and 
C2-carbons from the 13C 1 and 13C2 fructose also found 
their way into the methylpyrazine molecule. This 
pathway seems very clear mechanistically in light of the 
literature (19-29). 
A symmetrical molecule and as such 2,6-dimethyl­
pyrazine offers a unique chance to examine the incorpora­
tion of either one or two 3 carbon units into the mole­
cule. For glucose, it appears that only one side of the 
molecule incorporated the label, but for fructose there 
was sufficient evidence to indicate incorporation of two 
3 carbon units into one pyrazine molecule. That is, notice 
the 0.7% abundance of m/z = 114, corresponding to an 

---- .... 

A B 

Figure 4. 
Formation of methylpyrazine from two molecules. 
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increase of 6 m/z units from the parent ion at m/z = 108. 
Both the C

1 
and C2-carbons from the 13C 1 and 13C2 

fructose were incorporated into a 2,6-dimethylpyrazine 
molecule. Furthermore, there was evidence that two 13C 1 

and 13 C, fructose carbons found their way into a 2,6-
dimethylpyrazine molecule. For ethylpyrazine, the 
evidence supported the incorporation of a 2 carbon or a 
4 carbon unit into the molecule from uniformly 13C­
labeled glucose but not both a 2 carbon or a 4 carbon unit 
simultaneously. However, for ethylpyrazine produced 
from uniformly 13C-labeled fructose the evidence appears 
to support in incorporation of a 2 carbon or a 4 carbon 
unit into the pyrazine molecule from the uniformly 13C­
labeled fructose as well as simultaneous inclusion of a 2 
carbon or a 4 carbon unit to yield a molecule with an m/z 
= 113. The ion abundances for 2,3-dimethylpyrazine 
indicated a different incorporation of the labels when 
compared with the abundances for ethylpyrazine and 2,6-
dimethylpyrazine. For example, uniformly 13C-labeled 
glucose appeared to incorporate both a 2 carbon and a 4 
carbon units, as well as, simultaneous incorporation of 
both the 2 carbon and a 4 carbon units. Evidence for this 
conclusion rested with the 2.32% ion abundance of m/z 
= 114 corresponding to an increase of 6 m/ z units from 
the parent ion at m/z = 108. Uniformly 13C-labeled 
fructose produced 2,3-dimethylpyrazine with a 2 carbon 
and a 4 carbon 13C unit, but no evidence was found for 
the simultaneous incorporation of both. Both the C 1 and 
C2-carbons from the 13 C 1 and 13C2 fructose were found in 
the 2,3-dimethylpyrazine molecule. 
From the evidence gathered on the dimethyl- and ethyl­
substituted pyrazines, it appears that the type of sugar 
employed can provide measurable influence on the 
distribution of the pyrazine substitutions. This is very 
significant because the odor threshold of various alkyl­
pyrazines ranges over at least 4 orders of magnitude (29). 

The carbons from both uniformly 13C-labeled glucose and 
fructose were incorporated into 2-ethyl-6-methylpyrazine 
in both 3 carbon and 4 carbon units as evidenced by 
increased ion abundances at m/z = 124 and 125. No 
evidence was suggested of simultaneous incorporation of 
both the 3 carbon and 4 carbon units for either the 
glucose or fructose reactions. The 13C-labeled C 1 and C2 of 
fructose appeared in 2-ethyl-6-methylpyrazine. Interest­
ingly enough, a very similar pattern of incorporation was 
discovered for 2-ethyl-5-methylpyrazine. 
For 2-ethyl-3,6-dimethylpyrazine, the data indicated that 
for uniform 13C-labeled glucose and fructose that a 3 
carbon unit was incorporated into the molecule. There 
was no indication with either sugar that a 5 carbon unit 
had been added to the molecule. Very strong evidence 
shows that both 13C-labeled cl and c 2 of fructose are 
incorporated into 2-ethyl-3 ,6-dimethylpyrazine. 
A detailed analysis of the data in Table 5 revealed that the 
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use of either uniformly 13C-labeled glucose or fructose 
produced similar amounts of incorporation of 13C into 
the pyrazine structures. However, in some pyrazine 
structures, the carbons from glucose were more effec­
tively incorporated, while in an equal number of other 
cases, the carbons from fructose were more effectively 
incorporated. At first glance, this is a somewhat unex­
pected result in light of the literature which indicates that 
fructose reacts more rapidly than glucose in the formation 
of pyrazines. On the other hand, there have been no 
reports of reactions of this type conducted within a sealed 
microwave reaction vessel at 175 °C and - 200 psi. Such 
stringent reaction conditions may serve to eliminate any 
substantial differences in the reactivities of glucose and 
fructose. 
In addition to the reactions of sugars with nitrogen 
sources, the sugars may at elevated temperatures and 
pressures participate in thermal degradation to yield 
substituted furans, ketones and aldehydes. Some of the 
more predominant volatile compounds from sugar 
thermal degradation, documented in the literature, are 
listed in Table 6. Also listed are the percent ion abun­
dances for these selected compounds. The information in 
Table 6 confirmed that thermal degradation reaction 
pathway(s) occurs during the heat treatment of the 
tobacco dust suspensions for both glucose and fructose. 
For example, ions attributable to molecules containing 
uniform 13C-label were discovered for 2-butanone; 2,3-
butanedione; 2,3-pentanedione; furfural, and 5-methyl­
furfural, but surprisingly enough, not for the methyl­
furans. These aldehydes and ketones have been produced 
during the heat treatment of other natural products (10). 
Therefore, for the first time, sugar thermal degradation 
has been confirmed to occur during the heat treatment of 
a tobacco material. 

SUMMARY AND CONCLUSION 

The results reported herein have documented for the first 
time the mechanisms of amino acid/ sugar reactions as 
major pathways in the production of volatile components 
in microwave heat treated tobacco suspensions. Two 
reaction pathways account for a large part of all the 
observed volatile components. These pathways, Strecker 
degradation and Maillard reactions, are very similar to 
those found in other natural products and model systems. 
Use of uniformly 15N -labeled amino acids confirm that 
the nitrogen from the amino acids is distributed through­
out the entire variety of volatile pyrazines. Use of uni­
formly 13C-labeled amino acids confirm that the source of 
selected aldehydes can be attributed to Strecker degrada­
tion. Use of uniformly 13C-labeled sugars confirm that the 
source of carbons in formation of selected volatile py­
razines can be attributed to the uniformly llC-labeled 
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Table 5. 
Percent ion abundances in pyrazines from microwave heat treated tobacco dust suspensions with 13C-sugars. 

Pyrazine, 15.5 min 

Ions monitored, m/z 80 81 82 83 84 

Glucose, natural 100.00 ND ND ND ND 
U 13C Glucose 88.12 ND 11.88 ND ND 

Fructose, natural 90.39 9.61 ND ND ND 
U 13C Fructose 91.10 ND 8.90 ND ND 
13C1 Fructose 89.56 10.44 ND ND ND 
13C2 Fructose 92.94 7.06 ND ND ND 

Methylpyrazine, 22.7 min 

Ions monitored, m/z 94 95 96 97 99 

Glucose, natural 99.73 ND ND 0.27 ND 
U 13C Glucose 88.42 ND 7.37 4.21 ND 

Fructose, natural 91.92 7.66 0.25 0.17 ND 
U 13C Fructose 85.00 ND 6.00 8.32 0.67 
13C1 Fructose 86.23 13.04 0.59 0.15 ND 
13C2 Fructose 88.52 10.56 0.92 ND ND 

2,6-Dimethylpyrazine, 27.3 min 

Ions monitored, m/z 108 109 110 111 114 

Glucose, natural 99.46 ND ND 0.54 ND 
U 13C Glucose 87.67 ND ND 12.33 ND 

Fructose, natural 91.40 7.52 0.78 0.30 ND 
U 13C Fructose 87.27 ND ND 12.06 0.67 
13C1 Fructose 84.04 14.16 1.34 0.46 ND 
13C2 Fructose 83.97 15.10 0.93 ND ND 

Ethylpyrazine, 27.5 min 

Ions monitored, m/z 107 108 109 11 0 111 112 113 114 

Glucose, natural 59.02 38.35 2.63 ND ND ND ND ND 
U 13C Glucose 52.37 35.73 6.52 2.84 2.18 0.35 ND ND 

Fructose, natural 60.08 37.39 2.53 ND ND ND ND ND 
U 13C Fructose 53.92 34.39 5.88 1.87 2.38 1.03 0.52 ND 
13C1 Fructose 55.26 40.04 4.51 0.19 ND ND ND ND 
13C2 Fructose 59.58 36.28 4.14 ND ND ND ND ND 
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Table 5 (contd). 

2,3-Dimethylpyrazine, 27.7 min 

Ions monitored, m/z 108 109 110 111 112 114 

Glucose, natural 98.38 ND ND ND 1.62 ND 

U 13C Glucose 87.23 ND 5.55 ND 4.89 2.32 

Fructose, natural 89.21 7.55 ND ND 3.24 ND 
U 13C Fructose 87.29 ND 8.72 ND 4.00 ND 
13C1 Fructose 76.91 17.69 1.47 ND 3.93 ND 
13C2 Fructose 83.48 12.06 ND 2.22 2.25 ND 

2-Ethyl-6-methylpyrazine, 30.8 min 

Ions monitored, m/z 121 122 123 124 125 126 128 129 

Glucose, natural 64.54 34.59 ND ND 0.87 ND ND ND 
U 13C Glucose 59.90 32 .37 ND 4.70 2.57 0.47 ND ND 

Fructose, natural 63.03 32 .98 3.10 0.30 0.59 ND ND ND 
U 13C Fructose 56.90 33.26 0.00 5.05 4.18 0.62 ND ND 
13C1 Fructose 55.58 35 .75 7.77 0.44 0.46 ND ND ND 
13C2 Fructose 58.50 36.40 4.34 ND 0.76 ND ND ND 

2-Ethyl-5-methylpyrazine, 31 min 

Ions monitored, m/z 121 122 123 124 125 126 128 129 

Glucose, natural 48.34 51.18 ND 0.48 ND ND ND ND 
U 13C Glucose 52.78 38.55 ND 4.65 3.20 0.46 0.36 ND 

Fructose, natural 48.47 47.17 4.10 0.26 ND ND ND ND 
U 13C Fructose 48.99 41 .31 ND 4.17 4.88 0.65 ND ND 
13C1 Fructose 47.10 43.77 8.12 1.01 ND ND ND ND 
13C2 Fructose 46.56 46.69 6.13 0.62 ND ND ND ND 

2-Ethyl-3,6-dimethylpyrazine, 33.5 min 

Ions monitored, m/z 135 137 138 139 140 141 143 144 

Glucose, natural 62.69 37.31 ND ND ND ND ND ND ND 
U 13C Glucose 55.26 37.35 ND 2.68 3.48 1.23 ND ND ND 

Fructose, natural 47.07 40.75 8.94 3.24 ND ND ND ND ND 
U 13C Fructose 42.53 40.83 ND 8.60 8.04 ND ND ND ND 
13C1 Fructose 48.89 42.44 8.67 ND ND ND ND ND ND 
13C2 Fructose 49.72 37.05 13.23 ND ND ND ND ND ND 

Nd* = Not detected 
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Table 6. 
Percent ion abundances in ketones/furans from microwave heat treated tobacco dust suspensions with 
13C-sugars. 

Methylfuran, 1.6 min 

Ions monitored, m/z 82 83 87 

Glucose, natural 100.00 ND* ND 
U 13C Glucose 98.93 ND 1.07 

Fructose, natural 95.61 3.25 1.15 

U 13C Fructose 92 .91 7.09 ND 
13C1 Fructose 92 .92 7.08 ND 
13C2 Fructose 93.20 6.80 ND 

Methylfuran, 2.4 min 

Ions monitored, m/z 82 83 87 

Glucose, natural 100.00 ND ND 
U 13C Glucose 100.00 ND ND 

Fructose, natural 96.70 3.30 ND 
U 13C Fructose 88.92 11.08 ND 
13C1 Fructose 91 .22 8.78 ND 
13C2 Fructose 86.80 13.20 ND 

2-Butanone, 4.5 min 

Ions monitored, m/z 72 73 76 

Glucose, natural 100.00 ND ND 
U 13C Glucose 97.69 ND 2. 31 

Fructose, natural 96.55 3.45 ND 
U 13C Fructose 93.96 5.27 0.77 
13C1 Fructose 93.29 6.71 ND 
13C2 Fructose 94.77 5.23 ND 

2,3-Butandione, 5.0 min 

Ions monitored, m/z 86 87 90 

Glucose, natural 100.00 ND ND 
U 13C Glucose 99.06 ND 0.94 

Fructose, natural 95.20 4.80 ND 
U 13C Fructose 94.37 5.20 0.42 
13C1 Fructose 93.50 6.50 ND 
13C2 Fructose 93.23 6.77 ND 
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Table 6 (contd). 

2,3-Pentandione, 13.5 min 

Ions monitored, m/z 100 101 105 

Glucose, natural 100.00 NO NO 
U 13C Glucose 97.94 NO 2.06 

Fructose, natural 93.06 6.94 NO 
U 13C Fructose 91.96 5.47 2.57 
13C1 Fructose 90.14 9.86 NO 
13C2 Fructose 92 .34 7.66 NO 

Furfural, 26.4 min 

Ions monitored, m/z 95 96 97 100 101 

Glucose, natural 49.36 50.60 NO 0.04 NO 
U 13C Glucose 48.11 49.30 NO 1.38 1.21 

Fructose, natural 48.10 49.15 2.75 NO NO 
U 13C Fructose 47.80 47.03 2.96 1.16 1.04 
13C1 Fructose 47.44 49.15 3.41 NO NO 
13C2 Fructose 48.08 48.08 3.84 NO NO 

Acetylfurfural, 29.5 min 

Ions monitored, m/z 95 96 101 110 111 116 

Glucose, natural 67.53 NO 0.15 32.32 NO NO 
W 13C Glucose 69.40 NO NO 30.29 NO 0.31 

Fructose, natural 61.48 5.74 NO 31.40 1.39 NO 
U 13C Fructose 67.00 4.80 NO 24.79 3.04 0.36 
13C1 Fructose 63.73 6.12 NO 26.92 3.22 NO 
13C2 Fructose 65 .38 5.60 NO 25 .96 3.06 NO 

5-Methylfurfural, 32.2 min 

Ions monitored, m/z 109 11 0 111 115 116 

Glucose, natural 48.50 51.48 NO 0.02 NO 
U 13C Glucose 47.24 52.23 NO 0.28 0.25 

Fructose, natural 46.54 50.07 3.39 NO NO 
U 13C Fructose 45.38 50.84 3.49 0.16 0.13 
13C1 Fructose 46.25 50.03 3.73 NO NO 
13C2 Fructose 46.64 49.37 3.99 NO NO 

Nd* = Not detected 
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sugars. The findings documented here demonstrate for the 
first time pathways associated with the production of 
volatile materials in heat treated tobacco suspensions. 
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