
I 

The Maillard Reaction in 

Foods and Nutrition 

George R. Waller, EDITOR

Oklahoma State University 

Milton S. Feather, EDITOR

University of Missouri 

Based on a symposium 

jointly sponsored by the Divisions of 

Agricultural and Food Chemistry 

and Carbohydrate Chemistry 

at the 183rd Meeting of the 

American Chemical Society, 

Las Vegas, Nevada, 

March 28-April 2, 1982 

ACS SYMPOSIUM S E R I E S 215 

AMERICAN CHEMICAL SOCIETY 

WASHINGTON, D.C. 1913 

Case No.: IPR2023-00207 
U.S. Patent No. 11,224,241

Motif Exhibit 1041, Page 1 of 21



♦ 
Library of Congress Cataloging in Publication Data 
Maillard reaction in foods and nutrition. 

(ACS symposium series, ISSN 0097-6157; 215) 
"Based on a symposium jointly sponsored by the 

Divisions of Agricultural and Food Chemistry, and 
Carbohydrate Chemistry at the 183·rd meeting of the 
American Chemical Society, Las Vegas, Nevada, 
March 28-April 2, 1982." 

Includes bibliographies and index. 
1. Maillard reaction--Congresses. 2. Food industry

and trade--Congresses. 
I. Waller, George R. II. Feather, Milton S., 1936-

. III. American Chemical Sociery. Division of
Agricultural and Food Chemistry. IV. American 
Chemical Society. Division of Biological Chemistry. 
V. Series.
TP372.55.M35M34 1983 664'.028 83-3852 
ISBN 0-8412-0769-0 

Copyright © 1983 
American Chemical Society 
All Rights Reserved. The appearance of the code at the bottom of the first page of each 
article in this volume indicates the copyright owner's consent that reprographic copies of 
the article may be made for personal or internal use or for the personal or internal use of 
specific clients. This consent is given on the condition, however, that the copier pay the 
stated per copy fee through the Coryright Clearance Center, Inc. for copying beyond that
permitted by Sections 107 or 108 o the U.S. Copyright Law. This consent does not extend 
to copying or transmission by any means-graphic or electronic-for any other purpose, 
such as for general distribution, for advertising or promotional purposes, for creating new 
collective work, for resale, or for information storage and retrieval systems. The copying 
fee for each chapter is indicated in the code at the bottom of the first page of the chapter. 
The citation of trade names and/ or names of manufacturers in this publication is not to be 
construed as an endorsement or as approval by ACS of the commercial products or services 
referenced herein; nor should the mere reference herein to any drawing, specification, 
chemical process, or other data be regarded as a license or as a conveyance of any right or 
permission, to the holder, reader, or any other person or corporation, to manufacture, repro­
duce, use, or sell any patented invention or copyrighted work that may in any way be 
related thereto. 
PRINTED IN THE UNITED STATES OP AMERICA 

Case No.: IPR2023-00207 
U.S. Patent No. 11,224,241

Motif Exhibit 1041, Page 2 of 21



CONTENTS 

Preface 

HISTORICAL 

1. Seventy Years of the Maillard Reaction
Sin'itiro Kawamura

CHEMICAL ASPECTS 

2. A New Mechanism of the Maillard Reaction Involving Sugar

:xi 

3 

Fragmentation and Free Radical Formation . . . . . . . . . . . . . . . . . . . . 21 
Mitsuo Namiki and Tateki Hayashi 

3. Analytical Use of Fluorescence-Producing Reactions of Lipid­
and Carbohydrate-Derived Carbonyl Groups with Amine End
Groups of Polyamide Powder . . . . . . . . . . . . . . . . . . . . . . . . . . 47 

W. L. Porter, E. D. Black, A. M. Drolet, and J. G. Kapsalis

4. Strecker Degradation Products from (l-13C)-o-Glucose and Glycine 71 
Tomas Nyhammar, Kjell Olsson, and Per-Ake Pernemalm 

S. Nitrite Interactions in Model Maillard Browning Systems . . . . . . . . . 83 
Gerald F. Russell 

6. Studies on the Color Development in Stored Plantation White Sugars 91 
Hung-tsai Cheng, Wai-fuk Lin, and Chung-ren Wang

7. Colored Compounds Formed by the Interaction of Glycine
and Xylose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 

H. E. Nursten and Rosemary O'Reilly 

FLAVORS, TASTES, AND ODORS 

8. Conditions for the Synthesis of Antioxidative Arginine-Xylose
Maillard Reaction Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12S 

G. R. Waller, R. W. Beckel, and B. 0. Adeleye

9. The Variety of Odors Produced in Maillard Model Systems and
How They Are Influenced by Reaction Conditions 141 

M. J. Lane and H. E. Nursten

10. Characteristics of Some New Flavoring Materials Produced by
the Maillard Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1S9 

E. Dworschak, S. Turos, and V. Tarjan

11. The Maillard Reaction and Meat Flavor . . . . . . . . . . . . . . . . . . . . . . 169 
Milton E. Bailey 

12. Sensory Properties of Volatile Maillard Reaction Products and
Related Compounds: A Literature Review . . . . . . . . . . . . . . . . . . 18S 

Susan Fors 

vii 

Case No.: IPR2023-00207 
U.S. Patent No. 11,224,241

Motif Exhibit 1041, Page 3 of 21



13. Mechanism Responsible for Warmed-Over Flavor in Cooked Meat 287 
A. M. Pearson and J. I. Gray

FOOD TECHNOLOGICAL ASPECTS 

14. Maillard Technolezy: Manufacturing Applications in Food Products 303
James P. Danehy and Bernard Wolnak 

15. Maillard Reaction Products as Indicator Compounds for
Optimizing Drying and Storage Conditions . . . . . . . . . . . . . . . . . . . . . 317 

K. Eichner and W. Wolf

16. Characterization of .Antioxidative Maillard Reaction Products from
Histidine and Glucoae ..................................... 335 

H. Lingnert, C. E . .Eriksson, and G. R. Waller

NUTRITIONAL ASPECTS 

17. The Effect of Browned and Unbrowned Corn Products on
Absorption of Zinc, Iron, and Copper in Humans . . . . . . . . . . . . . . . 349 

P. E. Johnson, G. Lykken, J. Mahalko, D. Milne, L. Inman, 
H. H. Sandstead, W. J. Garcia, and G. E. lnglett 

18. Nutritional Value of Foods and Feeds of Plant Origin:
Relationship to Composition and Processing . . . . . . . . . . . . . . . . . . . . 361 

J.E. Knipfel, J. G. McLeod, and T. N. McCaig 

19. Effect of the Maillard Browning Reaction on the Nutritive
Value of Breads and P-izza Crusts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379 

C. C. Tsen, P.R. K. Reddy, S. K. El-Samahy, and C. W. Gehrke

20. Loss of Available Lysine in Protein in a Model Maillard
Reaction System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395 

Barbee W. Tucker, Victor Riddle, and John Liston 

21. Effect of a Glucose-Lysine Reaction Mixture on Protein and
Carbohydrate Digestion and Absorption . . . . . . . . . . . . . . . . . . . . . . . 405 

Rickard ◊ste, Inger Bjork, Arne Dahlqvist, Margaretha 
Jiigerstad, Per Sjodin, and Hans Sjostrom 

22. Determination of Available Lysine by Various Procedures in
Maillard-Type Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419 

H. F. Erbersdobler and T. R. Anderson 

MAILLARD REACTIONS IN VIVO 

23. Nonenzymatic Glycosylation and Browning of Proteins In Vivo 431 
V. M. Monnier and A. Cerami

24. Maillard Reactions of Therapeutic Interest . . . . . . . . . . . . . . . . . . . . 451 
L. Mester, L. Szabados, and M. Mester

TOXICOLOGICAL ASPECTS 

25. Nutritional and Toxicological Effects of Maillard Browned
Protein Ingestion in the Rat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467 

Stephen J. Pintauro, Tung-Ching Lee, and Clinton 0. Chichester 

viii 

Case No.: IPR2023-00207 
U.S. Patent No. 11,224,241

Motif Exhibit 1041, Page 4 of 21



26. Mutagens in Cooked Foods: Possible Consequences of the
Maillard Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485 

William Barnes, Neil E. Spingarn, Claire Garvie-Gould, 
Loretto L. Vuolo, Y. Y. Wang, and John H. Weisburger 

27. Creatinine and Maillard Reaction Products as Precursors of
Mutagenic Compounds Formed In Fried Beef . . . . . . . . . . . . . . . . . . 507 

M. Jagerstad, A. Laser Reuterswiird, R. Oste, A. Dahlqvist,
S. Grivas, K. Olsson, and T. Nyhammar

28. Mutagens Produced by Heating Foods . . . . . . . . . . . . . . . . . . . . . . . . 521 
M. Nagao, S. Sato, and T. Sugimura

29. Formation of Mutagens by the Maillard Reaction . . . . . . . . . . . . . . . 537 
Hirohisa Omura, Nazma Jahan, Kazuki Shinohara, and 
Hiroki Murakami 

Index 565 

ix 

Case No.: IPR2023-00207 
U.S. Patent No. 11,224,241

Motif Exhibit 1041, Page 5 of 21



The Maillard Reaction and Meat Flavor 

MIL TON E. BAILEY 

University of Missouri, Department of Food Science and Nutrition, 
Columbia, MO 65211 

Many desirable meat flavor volatiles are synthesized 
by heating water-soluble precursors such as amino 
acids and carbohydrates. These latter constituents 
interact to form intermediates which are converted 
to meat flavor compounds by oxidation, decarboxyla­
tion, condensation and cyclization. 0-, N-, ands­
heterocyclics including furans, furanones, pyrazines, 
thiophenes, thiazoles, thiazolines and cyclic polysul­
fides contribute significantly to the overall desir­
able aroma impression of meat, The Maillard reaction, 
including formation of Strecker aldehydes, hydrogen 
sulfide and ammonia, is important in the mechanism of 
formation of these compounds, 

11 

Raw meat has little desirable flavor, but each type of meat 
has a characteristic flavor due to the animal species and the tem­
perature and type of cooking. Both water-soluble and lipid-soluble 
fractions contribute to meat flavor and the water-soluble compo­
nents include precursors which upon heating are converted to vola­
tile compounds described as "meaty," 

There are two approaches to studying meat flavor: one is con­
cerned with identification of nonvolatile precursors of flavor 
components and the other involves isolation and identification of 
volatile flavor molecules, Water-soluble meat flavor precursors 
encompass a number of different organic classes of compounds, in­
cluding: nucleic acids, nucleotides, nucleosides, peptides, amino 
acids, free sugars, sugar amines, glycogen, and amines, Bender and 
co-workers (1,2) were perhaps the first to thoroughly examine con­
tents of water=-soluble extracts of boiled beef, which they believed 
contained precursors of meaty flavor, These investigators reported 
the presence of many low-molecular-weight nitrogen compounds, 
Kramlich and fearson (3) reported that pressed fluid from raw beef 
produced meat flavor upon heating. 

Hornstein and Crowe (4) found that flavor precursors of meat 
were extractable with cold-water and demonstrated that lyophilized 

0097-615 6/ 83 /0215-0169$06.00/0 
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170 MAILLARD REACTIONS 

diffusate from cold water extracts of raw beef and pork produced 
meaty odors upon heating. Wood (,2) demonstrated that heating at 
100° C resulted in increase in inorganic phosphate and a decrease in 
organic phosphate and reducing substances. This was accompanied by 
pronounced meat odor. Heating mixtures of amino acids in the ab­
sence of reducing sugars produced neither browning nor meaty fla­
vor. To obtain meaty aromas synthetically, a mixture of all com­
pounds identified in beef extract was required. Wood concluded, 
"it is shown beyond reasonable doubt that development of the brown 
color and meaty flavor characteristics of these extracts is a re­
sult of the Maillard reaction." 

Macy, et al. (6-10) studied the water-soluble precursors of 
beef, pork andlamb-including the dialyzable low-molecular-weight 
constituents, amino acids, carbohydrates, nucleotides, and nucleo­
sides. They studied the influence of heating on these constituents. 
The predominant amines in the dialyzable diffusate were alanine, 
anserine-carnosine and taurine, and these decreased considerably 
during heating. Other amino acids decreasing during heating in­
cluded methylhistidine, isoleucine, leucine, methionine, cystine, 
serine, lysine, glycine, and glutamic acid. 

Ribose-S-phosphate, ribose, glucose and fructose decreased 
extensively in concentration during heating at 100 °C for one h. 
Ribose and ribose-5-phosphate decreased most readily under these 
conditions. Similar results were published by Wasser111an and Spi­
nelli (11),who examined the amino acids and sugars in beef diffu­
sate after heating for one h at 125 ° C. They also studied changes 
in amino acids and sugars during heating in model systems. Wasser­
man (12) also concluded that Maillard browning was important for 
the formation of desirable flavor compounds during heating of meat, 
but that the relationship between compounds formed by this reac­
tion and meat flavor was unknown. 

These statements concerning the Maillard reaction are associ­
ated with the formation of l-amino-l-deoxy-2-ketose addition pro­
ducts during heating of reducing sugars and amines. These add;L­
t;lon products can then degrade by several pathways to form ;Uavor 
compounds. The addition product for one pathway enolizes at 
C-2 - C-3 and eliminates the amine from C-1 to form methyl dicar­
bonyl intermediates (13,.!i), whic� further react to give fission
products such as C-methyl reductones, keto aldehydes, dicarbonyl
compounds and reductones (15). Important volatile flavor produc­
ing compounds include pyruvaldehyde, diacetyl and hydroxyacetone.
Another pathway begins with 1,2-enediol form of the addition pro­
duct with subsequent deamination at C-1 yielding 3-deoxyhexosone
(16). Dehydration results in the formation of important flavor
compounds such as 2-furaldehydes (furfural), a formylpyrrole, and
similar compounds. Another pathway possibly beginning with the 2

1
3

enediol involves the enolic form of a 1-deoxy-2,3-dicarbonyl inter­
mediate or an equilibrium enolic form which leads to formation of
flavor compounds such as methylfuranones, isomaltol, and maltol
(.!Z_). The acidity of the reaction medium and the basicity of the 
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11. BAILEY Maillard Reaction and Meat Flavor 171 

amine constituting the addition product (Amadori compound} are iJll­
portant variables for the formation of these various flavor vola� 
tiles. 

Two branches of the above reaction pathways provide active 
reagents for the degradation of a-amino acids to aldehydes and ke­
tones of one less carbon atom (Strecker degradation), which is an­
other arm of the Maillard reaction. Strecker aldehydes from these 
reactions are important flavor compounds (18). 

Further evidence of the importance ofthe Maillard reaction 
in the formation of volatile flavorants from meat precursors is 
gleaned by examining ingredients in reaction mixtures patented as 
synthetic meat constituents. Ching (19) examined 128 patents o� 
meat flavor and found that 55 specified use of both amino acids 
and sugars. Amino acids were the predominant components of these 
mixtures, and among the amino acids, sulfur-containing cysteine 
and/or cystine were used in 39 mixtures. Glutamic acid was also 
used in 39 such mixtures. 

In their recent comprehensive review of natural and synthetic 
meat flavors, MacLeod and Seyyedain-Ardebili (20) listed 80 patents 
describing "reaction products'' procedures that produced meat-like 
flavors upon heating. Approximately one-half of these precursor 
mixtures included amino acids and reducing sugars. Most of the 
mixtures described in patented procedures for synthetic meat fla­
vor are modeled after ingredients found in the water-soluble dialy­
zable fraction of fresh 111eat. Thes.e constituents serve as reagents 
for Maillard reactions. 

Many investigations have been made of the volatile flavor com­
pounds resulting from meat cookery or heating of mixtures simula­
ting meat flavor precursors in model systems. These have been re­
viewed by Herz and Chang (21), Dwivedi (22), Ching (19) and Mac­
Leod and Seyyedain-Ardebili(20). It hasbeen estimated that 
approximately 600 volatiles have been identified from meat or sim­
ulated meat precursors (23). These volatiles are not only from 
pre-formed volatiles in "iiieat but largely from changes of precur­
sors by oxidation, decarboxylation, fragmentation, recombination, 
rearrangement, condensation, and cyclization. 

Meat aroma is not the result of one chemical constituent but 
the sum of the sensory effects of many of these volatiles. Over 
90% of the volume of volatile constituents from freshly roasted 
beef is from lipid, but approximately 40 percent of the volatiles 
from the aqueous fraction are thought to be heterocyclic compounds, 
many resulting from Maillard reaction products or their interac­
tions with other ingredients. 

Heterocyclic compounds as meat volatiles have been reviewed 
recently by Ohloff and Flament (23) and by Shibamoto (24). More 
comprehensive coverage of these constituents as food flavorants is 
currently being published (Vernin, 25). 

Heterocyclic compounds contribute significantly to the over­
all aroma impression of meat. They include 0-, N-, and S-hetero­
cyclic structures. Meat flavor heterocyclics include furans, 
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172 MAILLARD REACTIONS 

furanones, pyrazines, thiophenes, thiazoles, thiazolines, oxazo­
lines and cyclic polysulfides. These compounds can all be formed 
by Maillard type interactions. 

Furans and Furanones 

Heterocyclics, particularly the s-containing ones, are ex­
tremely important contributors to "meaty" flavors. Ch;i.ng (19) 
identified 11 furans and 7 furanones from reaction m;i.xtures con­
taining precursors responsible for beef flavor. Furfural der;i.va­
tives were obtained by heat;i.ng several reaction mixtures including 
low-molecular-weight water-extractable components from beef and 
simple amino acid-sugar mixtures. 4-Hydroxy-2,5-dimethyl-3(2!!)­
furanone, 4-hydroxy-5-methyl-3-(2!!)-furanone, and four similar 
compounds were identified by Ching (.19) from beef by dialyzi.ng 
water-soluble materials and concentrating the diffusible solutes. 
The diffusates were then heated with or without sugars at 130°C 
for 2 h. Furanones can be formed by Amadori compound pathways (J7, 
18). Some of these compounds were originally isolated and identi­
fied from beef by Tonsbeek, et al. (26), who stated they might be 
formed through interaction of ribose-5-phosphate and taurine dur­
ing heating. Hexoses form 5-methylfufurals and 4-hydroxy-2,5-
dimethyl-3(2H) furanone, while pentoses produce furfural and 4-
hydroxy-5-methyl-3(2!!) furanone. Hicks and Feather (JJ_) and Hicks, 
et al. (28) synthesized the latter compound by heating amines with 
xylose, ribose, ribose-5-phosphate, or gluconic acid. 

Although exact mechanisms have not been described for the for­
mation of other furanoid compounds through amine-carbohydrate in­
teractions, probably many of the 32 furans described by Ohloff and 
Flament (23) from meat aroma mixtures are from this source. Shiba­
moto (�)described many of the same components from mixtures pro­
ducing meat odors. 

Herz and Chang (21) examined several furan compounds which had 
a wide variety of aromas, but none of them were meaty. Furans that 
do not contain sulfur are usually fruity, nutty, and caramel-like 
in odor. The furanones described above have burnt pineapple and 
roasted chicory odors, but these contribute to overall flavor im­
pression of meat and important N and S meat flavor compounds might 
be fonned from them during cooking. 

Thiophenes 

MacLeod and Seyyedain-Ardebili (20) listed 36 thiophene deri­
vatives as having been found during various invest;i.gations of meat 
or meat constituents. Ch;i.ng (19) found 18 and Shibamoto (24) 
listed 29. 

- -

Thiophenes are extremely ;important in flavor and are responsi­
ble for the mild sulfurous odor of cooked meat. Numerous other 
thiophenes have been identified during heating of meat or meat con­
stituents. The sulfur in thiophene may be derived from amino acidE 
(cyste;i.ne, cystine, methionine) or from vitamin B1•

Case No.: IPR2023-00207 
U.S. Patent No. 11,224,241

Motif Exhibit 1041, Page 9 of 21



11. BAILEY Maillard Reaction and Meat Flavor 173 

Probably the most important reactant in the formation of vola­
tile meat flavor compounds is hydrogen sulfide. It can be formed 
by several pathways during meat cookery, but one mechanism is 
Strecker degradation of cysteine in the presence of a diketone as 
established by Kobayashi and Fujimaki (29). The cysteine conden­
ses with the diketone and the product inturn decarboxylates to 
amino carbonyl compounds that can be degraded to hydrogen sulfide, 
a111111onia and acetaldehyde. These become very reactive volatiles for 
the formation of many flavor compounds in meat and other foods. 

Shibamoto (30) formed a-thiophenecarboxaldehyde by reacting 
furfural and hydrogen disulfide. This means that there probably 
was exchange between the S and O in the furan ring during heating. 

van den Ouweland and Peer (31) made a significant contribu­
tion to the elucidation of meat flavor when they demonstrated that 
4-hydroxy-5-methyl-3(2H)-furanone formed a number of "meat-like"
mercapto-substituted f�ran and thiophene derivatives when heated
in the presence of hydrogen sulfide. These authors postulated that
the initial stage in forming the thiophene derivatives involves a
partial substitution of the ring oxygen by sulfur to give the thio
analog. Compounds having a meaty odor included 3-mercapto-2-
methyl-2,3-dihydrothiophene, 3-mercapto-4-hydroxy-2-methyl-2,3-
dihydrothiophene, 4-mercapto-2-methyltetrahydrothiophene, and 3-
mercapto-2-methyltetrahydrothiophene, The proposed (31,32) reac­
tions for the formation of some of these "meaty" compounds is sum­
marized in Figure 1. Although these authors assumed that the di­
hydrofuranone was derived from ribose-5-phosphate via a dephos­
phorylation-dehydration reaction (31), there is evidence which in­
dicates that the furanone can be formed by a reaction of aldose
sugars with amines to produce Amadori products which subsequently
dehydrate with amine elimination (17,28,33). The amine could be
taurine,which is in ample supply inmuscle (7) and was mentioned
by Tonsbeek, et al. (26) in their original discovery of these com­
pounds. Noneofthesecompounds have been identified from meat
extracts, but Ching (19) identified 4-mercapto-2-methyl-4,5-dihy­
drothiophene from synthetic beef diffusate. The mercaptothiophenes
are undoubtedly formed at low concentrations in meat.

Evers, et al. (34) identified several S-substituted furans 
having meatyaroma including 3-mercapto-2-methylfuran and 3-mer­
capto-2,5-dimethylfuran from Maillard reaction mixtures, These 
compounds were readily oxidized to sulfides, some of which re­
tained meaty odors. All furans having the sulfur atom bound to the 
$-carbon had meaty aromas, whereas those with sulfur bound to the 
a-carbon had hydrogen sulfide-like odors.

Maillard reaction products formed by interaction of reducing 
sugar and amino acids such as a-dicarbonyl compounds, aldehydes, 
hydrogen sulfide, and ammonia can react further to form deriva­
tives that have been identified from meat or its components during 
heating. Important reviews of sulfur compounds that might be pro­
duced by these reactions have been published by Schutte (35) and 
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174 MAILLARD REACTIONS 

RIBONUCLEOTIDE 

RIBOSE-5-PHOSPHATE 

Figur_e I. Reaction of 4-hydroxy-5-methyl-3(2H)-furanone with hydrogen sulfide 
to form mercaptofurans and mercaptothiophenes having beef-like odors (31). 
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11. BAILEY Maillard Reaction and Meat Flavor 175 

by Takken, et al. (36}. Some of the important sulfur-containing 
compounds include thiazoles, th;i.azoli.nes, and polysulfide hetero­
cyclics. 

Thiazoles and Thiazolines 

Takken, et al. (36) found that these compounds could be 
formed by combining butane-2,3-dione (diacetyl), pentane-2,3-dione, 
or pyruvaldehyde with acetaldehyde, hydrogen sulfide, and ammonia. 
Some of the reaction pathways suggested for thiazole and thiazo­
line formation for these reaction ingredients are outlined in Fig­
ure 2. Thiazoles have also been identified in volatiles resulting 
from heating cysteine and cystine with glucose and pyruvaldehyde 
at 160° C (37) and by Mulders (38) who heated a similar system at 
125° C and pH 5.6 for 24 h. Possible pathways for these reactions 
were discussed by Schutte (35). Corresponding thiazolines and 
thiazoles frequently coexist due to the dehydration of thiazolines 
during heating (39). 

MacLeod andSeyyedain-Ardebili (20) listed 12 thiazoles and 
thiazolines that had been identified in beef samples by different 
investigators. Some patented compounds listed as having meaty 
flavor are 4-methyl-5-(2-hydroxyethyl)thiazole, 4-ethyl-5-(3-ace­
t oxypropyl)thiazole, 2-acetyl-2-thiazoline and 2-acetyl-5-propyl-
2-thiazoline. Ching (19) identified 12 thiazole derivatives in
her studies of the volatile produced by heating components of
meat. Important thiazoles identified in these studies included 2
and 4-acetyl derivatives. It was postulated by Tonsbeek, et al.
(iQ) that 2-acetyl-2-thiazoline is formed by Strecker degradation
of cysteine with methylglyoxal or similar compounds followed by
oxidative cyclization as shown in Figure 3. This compound was
isolated from 225 kg of cooked beef and had a strong odor of
freshly baked bread. Other thiazoles have been isolated from meat
or meat constituents which have undergone Maillard-type reactions
(Wilson, et al., 41).

Polysulfide Heterocyclics 

Wilson, et al. (41) also confirmed the presence of polysulfur 
heterocyclicsin--;eatincluding thialdine (5,6-dihydro-2,4,6-tri­
methyl-1,3,5-dithiazine) and trithioacetone (2,2,4,4,6,6-hexame­
thyl-1,3,5-trithiane). Wilson (42) later discussed the possible 
routes of formation of some of these compounds from cysteine. 
Thialdine was found by Brinkman, et al. (43) in the headspace 
volatiles of beef broth. These workers also identified 3,S-di­
methyl-1,2,4 -trithiolane from the same source. Both cis and 
trans isomers of this compound had previously been identified as 
flavor components of boiled beef by Chang, et al. (44) and Herz 
(45). 

-- -

Chicken has also been found to be a source of polysulfide 
heterocyclics. Pippen and Mecchi (46) theorized that 2,4,6-tri-
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Figure 2. Reaction pathways for formation of thiazoles and thiazolines by heating 
Maillard degradation products of meat precursors (36). 
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Figure 3. Formation of 2-acetyl-2-thiazoline by Strecker degradation of cysteine. 
(Reproduced from Ref. 40. Copyright 1971, American Chemical Society.) 
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178 MAILLARD REACTIONS 

methyl-1,3,S-trithiane might be formed in chicken by indirect com­
binations of hydrogen sulfide and acetaldehyde in fat. The same 
heterocyclic was listed as a flavor volatile in chicken by Wilson 
and Katz (47) in their review of chicken flavor. These same wor­
kers (48) also identified this compound in lean ground beef. 

The formation of S,6-dihydro-2,4,6-trimethyl-1,3,S-dithiazine, 
2,4,6-trimethyl-1,3,S-trithiane, and 3,S-dimethyl-1,2,4-trithiolane 
by heating of acetaldehyde, hydrogen sulfide, and ammonia was out­
lined by Takken and coworkers (36} and is summarized in Figure 4. 
Under oxidative conditions, dialkyltrithiolanes are formed; at low 
pH there is conversion to trialkyltrithianes; at elevated tempera­
ture isomerization into trisulfides occuIB,which compounds dispro­
portionate into di and tetrasulfides; and in the presence of ammo­
nia, dithiazines are formed. These compounds and the conditions 
for their formation are of extreme importance for the production of 
desirable meat flavors. 

1-(Methylthio)ethanethiol 

This important flavor compound was identified in the head­
space volatiles of beef broth by Brinkman, et al. (43) and although 
it has the odor of fresh onions, it is believed to contribute to 
the flavor of meat. This compound can be formed quite easily from 
Strecker degradation products. Schutte and Koenders (i2) conclud� 
ed that the most probable precursors for its formation were etha­
nal, methanethiol and hydrogen sulfide. As shown in Figure 5, 
these inunediate precursors are generated from alanine, methionine 
and cysteine in the presence of a Strecker degradation dicarbonyl 
compound such as pyruvaldehyde, These same precursors could also 
interact under similar conditions to give dimethyl disulfide and 
3,S-dimethyl-1,2,4-trithiolane previously discussed. 

Pyrazines 

The formation of pyrazines in foods has been reviewed exten­
sively by Mega and Sizer (SO). Temperature and pH are very impor­
tant factors in the formation of specific pyrazines. Forty-two 
pyrazines have been identified in meat from various sources by 
these authors. MacLeod and Seyyedain-Ardebili (lQ.) listed 49 pyra­
zines found in beef by various investigators. Ching (19) identi­
fied 28 pyrazines in her studies of sugar-amine reactions simula­
ting beef flavor. 

Several mechanisms have been reported for pyrazine formation 
by Maillard reactions (21,52,53). The carbon skeletons of pyra­
zines come from a-dicarbonyl (Strecker) compounds which can react 
with anunonia to produce a-amino ketones as described by Flament, 
et al. (54) which condense by dehydration and oxidize to pyrazines 
{Figure 6), or the dicarbonyl compounds can initiate Strecker de­
gradation of amino acids to form a-amino ketones which are hydro­
lyzed to carbonyl amines, condensed and are oxidized to substituted 
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180 MAILLARD REACTIONS 

ALAN INE -+ ETHAN AL 

CYSTEINE-+ HYDROGEN SULFIC"E 

METHIONINE -+ METHIONAL -+ METHANETHIOL 

I- ( METHYL THIO)ETHANE THIOL

p OH 
H C-� +HS-CH,..-_-+ H C-C:-S-CH 

3 H .. --- 3 H 3 

OH 
I S (.) -._ H c-c-S-CH + w --

3 � 
3 

H C-t-S-CH,. +OHe 

3 I ., 

SH 

Figure 5. Formation of secondary reaction products involved in production of 
1-(methylthio)ethonethiol by Strecker degradation of amino acids. (Reproduced 

from Ref. 49. Copyright 1972, American Chemical Society.) 

R R' 

.P. 

R,C=NH 

C•O 
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Fisure 6. Interaction of Maillard reaction products to form pyrazines (54). 
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11. BAILEY Maillard Reaction and Meat Flavor 181 

pyrazines. The latter mechanism was proposed by Hodge and Osman 
®· 

Some meat flavor-contributing pyrazines patented for use for 
synthetic purposes are methylpyrazine, 5,7-dihydro-5,7-dimethyl­
furo-(3,4-E.)pyrazine, and 5-methyl-(7H)-cyclopenta[b]pyrazine (20). 

Present Outlook 

Even though many compounds discussed in the above presenta­
tion are thought to be important in meat flavor, a delicate blend 
of these compounds and other ingredients at the appropriate con­
centration is needed to synthesize acceptable flavor. In view of 
the possible instability of the flavor compounds themselves, pre­
cursors that supply the precise mixture of volatiles upon heating 
will be needed. Attempts have already been made to use this ap­
proach as judged by the numerous patented mixtures of precursors 
listed in the literature, More effort should be given to the quan­
titative aspects of meat flavor production and work must be con­
tinued on the qualitative aspects of the volatiles and the appro­
priate Maillard reaction precursors chosen. 

One method presently being used to determine the contribution 
of volatile compounds to food flavor is to combine sensory analy­
ses with GC/MS fractionation technics. Using these combined pro­
cedures, Persson and coworkers (56-59) were able to correlate ac­
ceptability of canned beef with levels of different compounds in 
the product. Pearson and coworkers (60,61,62) have used a similar 
method to optimize the ingredients responsible for desirable beef 
aroma. In their most recent publication (62) they report that 
heterocyclic compounds containing oxygen, nitrogen and sulfur were 
the most important ingredients for beef aroma. Hydrophilic com­
pounds contributed more to meat aroma than did hydrophobic com­
pounds, verifying the importance of water-soluble compounds in meat 
flavor. Important mixtures of ingredients were found to be hydro­
gen sulfide with 2-acetyl-3-methylpyrazine and hydrogen sulfide 
with 4-hydroxy-5-methyl-3(2H)-furanone. This approach will ulti­
mately be useful in solving-the problem of producing desirable meat 
flavors from purified precursors and certainly lends support for 
the importance of the Maillard reaction in the formation of these 
flavors. 
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