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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

Touring the past decade there has been a growing interest in all aspects 
of our food supply. This concern has been precipitated by a variety 

of factors such as predicted world food shortages, interest in the develop
ment of new foods and food analogs, diet and health, consumer concern, 
etc. In order to solve these problems we must know more about the 
chemistry of the foods we consume. Implicit in this is a better under
standing of flavor chemistry. 

In this respect, this volume is very timely since sulfur, nitrogen, and 
phenolic compounds ar
recently have we begun to realize how ubiquitous these chemicals are in 
food systems. The papers in this book will give some insight into the 
complexity and breadth of this area of food chemistry. Hopefully, it will 
stimulate the flavor chemist to continue and expand his endeavors. 

Anheuser Busch, Inc. GEORGE CHARALAMBOUS 
St. Louis, Mo. 

International Flavors and Fragrances IRA KATZ 
Union Beach, N.J. 
January 23, 1976 
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1 

Role of Flavones and Related C o m p o u n d s i n 

Retarding Lipid—Oxidative Flavor Changes i n Foods 

DAN E. PRATT 
Department of Foods and Nutrition, Purdue University, West Lafayette, Ind. 
47907 

The term f lavonoi
the group of p lant phenol
skeleton C6-C3-C6. The bas ic s t ructure of these 
compounds consis ts of two aromatic r ings l i nked by a 
three carbon aliphatic chain which normally has been 
condensed to form a pyran or less commonly a furan 
ring. As the name implies flavone may be considered 
the general type compound of the f lavonoid group. 
Based chiefly on the oxidat ion state of the a l i p h a t i c 
fragment, these compounds may be subdivided in to 
several groups (1, 2, 3). The widest and most in
clusive classification (2) places the flavonoids in to 
three c lasses : 

1) The anthoxanthins include all f lavonoids that 
possess a carbonyl group in the 4 - p o s i t i o n . 
The center condensed r i n g may be e i ther the 
pyran or furan s t ruc ture ; or in one case (the 
chalcones) the a lpha t ic fragment i s not con
densed in to a ring. 

2) The flavans include flavonoids that do not 
possess a carbonyl in the 4 - p o s i t i o n . The 
center condensed ring is always i n t ac t and i s 
the pyran s t ruc ture . 

3) The anthocyanins are f l avy l ium salts. These 
may be considered as flavans in the highest 
state of ox ida t ion . 

These three classes may be further d iv ided as 
shown in Figures 1 and 2. 

Several phenolic compounds that are not flavonoids, 
but are c l o s e l y re l a t ed to flavonoids b i o s y n t h e t i c a l l y 
and i n t h e i r d i s t r i b u t i o n , must a lso be considered. 
These compounds are i n the cinnamic acids (3-phenyl 
propenoic ac id d e r i v a t i v e s ) , esters of cinnamic acids 
and hydroxy and/or methoxy de r iva t ive of coumarin. 

In the p lant kingdom, the angiosperms account for 

1 
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2 PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

A. ANTHOXANTHINS 

TYPE COMPOUND DESCRIPTION OF CLASS 

2. Flavanones 

Hydroxylated and/or methoxy-
l a t e d d e r i v a t i v e s of f l a v o n e 
The 3-hydroxyf1avones are 
commonly r e f e r r e d to as 
f l a v o n o l s . 

l a t e d d e r i v a t i v e s of f l a v a -
none (2 , 3 - d i h y d r o f l a v o n e ) . 
The 3-hydroxyflavanones are 
commonly r e f e r r e d to as 
f l a v a n o n o l s . 

3. I s o f l a v o n e s 

OCM3 
Analogous to the flavones 
w i t h the aromatic r i n g 
l i n k e d to carbon 3 i n s t e a d 
of carbon 2. 

4. Chalcones 

4' 

Hydroxylated and/or methoxy-
l a t e d d e r i v a t i v e s of two 
aromatic r i n g s l i n k e d by a 
three carbon a l i p h a t i c 
fragment. 

Figure I. Classification of flavonoids 
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1. PRATT Fhvones and Related Compounds 3 

A. ANTHOXANTHINS 

TYPE COMPOUND DESCRIPTION OF CLASS 

5. Aurones Hydroxylated and/or methoxy-
l a t e d d e r i v a t i v e s of 
benzalcoumranone. a:>o 

Catechins 

HO 

B. FLAVANS 

(χχο 
3,7,4 f-Hydroxyflavans which 
may a l s o be hydr o x y l a t e d at 
the 5, 3 f, and/or 5 f p o s i 
t i o n s . 

Leucoanthocyanins Hydroxylated and/or methoxy-
l a t e d d e r i v a t i v e s of 3,4-di-
hydroxyflavan. 

OH 

Figure 1. Classification of flavonoids (continued) 
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PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

Cinnamic acids (3-phenylproponoic a c i d d e r i v a t i v e s ) 

CH-COOH 

Q u i n i c a c i d (1,3,4,5-tetrahydroxycyclohexanecarboxylic a c i d ) , 

Q u i n i c a c i d e s t e r s of cinnamic a c i d s , and coumarins 
(hydroxy and/or methoxy d e r i v a t i v e s of coumarin). 

00° 
Figure 2. Classification of related compounds 
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1. PRATT Ffovones and Related Compounds 5 

between 250 and 300 thousand s p e c i e s . Of t h i s number 
l e s s than 400 spec ies are c u l t i v a t e d or gathered as 
human f o o d s . These 400 s p e c i e s i n c l u d e 33 o f the 51 
orders and 89 of the 279 f a m i l i e s . A l l p a r t s o f p l a n t s 
are eaten - r o o t s , stems, l e a v e s , f l o w e r s , f r u i t , and 
seeds - b u t i n most species the e d i b l e p o r t i o n s are 
r e s t r i c t e d t o one p a r t . F l a v o n o i d s and r e l a t e d com
pounds have been i s o l a t e d from, or de tec ted i n about 
o n e - h a l f o f these e d i b l e p l a n t s , but not always i n the 
e d i b l e p o r t i o n s . The same compound, or group of com
pounds, are not always present throughout the p l a n t . 

F l a v o n o i d s occur i n a l l types of h i g h e r p l a n t 
t i s s u e - wood, b a r k , stems, l e a v e s , f r u i t , r o o t s , 
f l o w e r , p o l l e n and seeds . Table I shows the g e n e r a l 
d i s t r i b u t i o n o f f l a v o n o i d s and cinnamic a c i d s i n tlie 
v a r i o u s p a r t s o f th
n o i d s are more c h a r a c t e r i s t i c o f some t i s s u e s than 
o t h e r s . In f r u i t b e a r i n g p l a n t s , however, the same 
groups of f l a v o n o i d s t h a t occur i n the leaves a l s o 
occur i n the f r u i t i n a l e s s e r amount. Anthocyanins 
are t y p i c a l l y i n f r u i t s , f l o w e r s , and some l e a v e s . 
The g r e a t e s t n a t u r a l source of f l a v a n s - c a t e c h i n s and 
leucoanthocyanins - are from woods and b a r k s . How
ever , these do occur i n non-woody t i s s u e as t e a l e a v e s , 
cocoa beans, and f r u i t p u l p s . Chalcones and aurones 
are c h i e f l y found i n f lower p e t a l s , and t o a l e s s e r 
extent i n leaves and stems of some s p e c i e s but are not 
as w i d e l y d i s t r i b u t e d as other groups o f f l a v o n o i d 
compounds. Flavones and flavonones are present i n 
many p l a n t t i s s u e s and cannot be cons idered as com
ponents of any one type of t i s s u e . 

Perhaps the g r e a t e s t s t imulus t o the study o f 
f l a v o n o i d s and r e l a t e d compounds came w i t h the d e v e l o p 
ment of paper chromatography and i t s e v o l u t i o n i n t o 
t h i n - l a y e r t e c h n i q u e s . Paper chromatography p r o v i d e d 
the f i r s t s a t i s f a c t o r y procedures o f surveying p l a n t 
t i s s u e s f o r the presence of f l a v o n o i d s (4). These 
compounds possess j u s t the r i g h t range 6Έ s o l u b i l i t y 
c h a r a c t e r i s t i c s f o r ease i n s e p a r a t i o n (5, 6) and most 
of them possess c h a r a c t e r i s t i c s p e c t r a i n u l t r a v i o l e t 
and/or v i s i b l e regions (6, 1). 

N e a r l y t h i r t y years ago paper chromatography was 
employed f o r the s e p a r a t i o n o f f l a v o n o i d s . There have 
been many e x c e l l e n t reviews on the su b j ec t (5, (3, 8_, 
—* i £ ' ϋ . ) · The s e l e c t i o n of a s p e c i f i c chromatographic 
procedure depends on the o b j e c t i v e s of an i n v e s t i g a t i o n . 
The i s o l a t i o n and p u r i f i c a t i o n o f a f l a v o n o i d (or a 
cinnamic ac id) can be achieved by v a r i o u s p r e p a r a t i o n 
techniques u s i n g e i t h e r one- or two-dimensional p r o 
cedures . In p r e p a r a t i v e p r o c e d u r a l work i n our 
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6 PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

l a b o r a t o r y has u s u a l l y been by s e r i e s of one-dimension
a l t e c h n i q u e s . In e i t h e r case , s e v e r a l separa t ions 
are r e q u i r e d and s e v e r a l d e t e c t i o n techniques must be 
u s e d . 

Many o f the f l a v o n o i d s and r e l a t e d compounds have 
s t r o n g a n t i o x i d a n t c h a r a c t e r i s t i c s i n l i p i d - a q u e o u s 
and l i p i d food systems (Tables I I , H I , F i g u r e 3 ) . As 
may be seen c e r t a i n f l a v o n e s , f l a v o n o l s , f lavonones , 
f l a v a n o n a l s , and cinnamic a c i d d e r i v a t i v e s have c o n 
s i d e r a b l e a n t i o x i d a n t a c t i v i t y . The v e r y low s o l u b i l 
i t y o f these compounds i n l i p i d s i s o f t e n considered 
a disadvantage and i s cons idered a s e r i o u s disadvantage 
i f an aqueous phase i s a l s o present (12). However, 
f l a v o n o i d s suspended i n the aqueous phase o f a l i p i d -
aqueous system o f f e r a p p r e c i a b l e p r o t e c t i o n to l i p i d 
o x i d a t i o n (13, 14, 15
Swoboda (12J7 n e a r l y twenty years ago, found t h a t 
f l a v o n o l s were e f f e c t i v e a n t i o x i d a n t s when suspended 
i n l i p i d systems. 

The a n t i o x i d a n t a c t i v i t y was measured u s i n g 20 mg. 
o f l i n o l e i c a c i d , 200 mg. of Tween 40, and 1 m l . o f 
0.02% B-carotene i n c h l o r o f o r m . The chloroform was 
removed by evaporat ion on a water -bath a t 5 0 ° C . , u s i n g 
a r o t a r y evapora tor . 50 m l . o f oxygenated water was 
added, and 5 m l . a l i q u o t s of t h i s emulsion were p l a c e d 
i n spectrometer tubes w i t h 2 m l . o f the a n t i o x i d a n t 
s o l u t i o n under t e s t . For the c o n t r o l , 2 m l . o f d e i o n -
i z e d , d i s t i l l e d water, or e t h a n o l , as a p p r o p r i a t e , 
were added t o the e m u l s i o n . Readings at 470 nm. were 
taken immediately . The tubes were s toppered, and 
p l a c e d i n a water-bath a t 50 C . Readings o f the o p t i 
c a l d e n s i t y were taken at r e g u l a r i n t e r v a l s u n t i l the 
c o n t r o l was b l e a c h e d . The a n t i o x i d a n t index was c a l 
c u l a t e d by d i v i d i n g the l o s s o f o p t i c a l d e n s i t y o f the 
c o n t r o l at the end of the i n d u c t i o n p e r i o d , by the 
l o s s o f o p t i c a l d e n s i t y o f the t e s t s o l u t i o n at t h a t 
t i m e . 

P o l y p h e n o l i c a n t i o x i d a n t s , s p a r i n g l y s o l u b l e i n 
l i p i d systems, have been converted i n t o r e a d i l y f a t -
s o l u b l e form by a l k y l a t i o n or e s t e r i f i c a t i o n w i t h long 
c h a i n f a t t y a c i d s or a l c o h o l s . Such a procedure o f f e r s 
p r o m i s i n g r e s u l t s w i t h f l a v o n o i d s . 

The a c t i o n f l a v o n o l a n t i o x i d a t i o n i s b i - m o d a l . 
F l a v a n o l s are known t o form complexes w i t h m e t a l s . 
C h e l a t i o n occurs at the 3-hydroxy, 4 -keto grouping 
and/or at the 5-hydroxy, 4 -keto group, when the A r i n g 
i s k y d r o x y l a t e d i n the 5 p o s i t i o n . An o - q u i n o l group
i n g on the B - r i n g can a l s o demonstrate metal-complex-
i n g a c t i v i t y (19, 20) . However, the major va lue o f 
f l a v o n o i d s and cinnamic a c i d s i s i n t h e i r primary 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



1. PRATT Fhvones and Related Compounds 7 

TABLE I . The General D i s t r i b u t i o n of F l a v o n o i d Com-
pounds i n P l a n t T i s s u e s — 

P l a n t 
T i s s u e R e l a t i v e Concentra t ion o f Compounds 
Wood Catechins ^ Leucoanthocyanins > f l a v o n o l s > 

cinnamic a c i d s 
Bark As wood but greater t o t a l q u a n t i t y 
Leaf F l a v o n o l s cinnamic a c i d s > ca techins #w 

Leucoanthocyanins 
F r u i t Cinnamic a c i d s > ca techins ^ Leucoanthocyan

i n s > f l a v o n o l s 

TABLE I I , A n t i o x i d a n t A c t i v i t y o f Flavones 
A n t i o x i d a n t index 

Compound (
A g l y c o n e s : 

Q u e r c e t i n 3.8 
( 3 , 5 , 7 , 3 · , 4 · - P e n t a h y d r o x y ) 

F i s e t i n 3.8 
( 3 , 7 , 3 1 , 4 1 - T e t r a h y d r o x y ) 

M y r i c e t i n 4 .5 
( 3 , 5 , 7 , 3 1 , 4 1 , 5 1 - H e x a h y d r o x y ) 

R o b i n e t i n 4 .5 
( 3 , 7 , 3 ' , 4 * , 5 ' - P e n t a h y d r o x y ) 

Rhammnetin 3.6 
( 3 , 5 , 3 1 , 4 1 - T e t r a h y d r o x y 7-Methoxy) 

G l y c o s i d e s : 
Q u e r c e t i n 3.7 
(Quercetin 3-Rhamnoside) 

R u t i n 1.6 
(Quercetin 3-Rhamnoglucoside) 

TABLE I I I . A n t i o x i d a n t A c t i v i t y o f Flavanones 
A n t i o x i d a n t Index 

Compound (5 χ 10 M) 
A g l y c o n e s : 

Nar ingenin 
( 5 , 7 , 3 * - T r i h y d r o x y ) 

1.6 Nar ingenin 
( 5 , 7 , 3 * - T r i h y d r o x y ) 

D i h y d r o q u e r c e t i n 
(3 ,5 ,7 ,3 ' , 4 ' -Pentahydroxy) 

3.8 D i h y d r o q u e r c e t i n 
(3 ,5 ,7 ,3 ' , 4 ' -Pentahydroxy) 

H e s p e r i t i n 1.2 
( 5 , 7 , 3 * - T r i h y d r o x y - 4 1 - M e t h o x y ) 

G l y c o s i d e s : 
H e s p e r i d i n 1.2 
( H e s p e r i t i n 7-Rhamnoglucoside) 

Neohesper idin 1.3 
( H e s p e r i t i n 7 -g lucoside) 
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8 PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

Compound Structure Antioxidant 
Index 

(5 χ 10~%M) 
Hesperidin Methyl 

Chalcone 

D-Catechin 

Chlorogenic Acid 

Caffeic Acid 

Quinic Acid 

Propyl Gallate 

*C ^ O H 
OH M 

R-%hamnoglucoside 

OH G H ^ 

U V ^ O O H 
^ - ~ C H = C H - C 0 0 

OH 

CH=CH-C00H 

N u 7̂  COOH 
OH 

OH 

HO ^ ^ - C 0 0 C 3 H 7 

OH 

1.3 

3.5 

3.7 

3.6 

1.5 

2.1 

Figure 3. Antioxidant indices of some flavonoids and related compounds 
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1. PRATT Flavones and Related Compounds 9 

a n t i o x i d a n t a c t i v i t y ( i . e . , as f r e e r a d i c a l acceptors 
and as c h a i n - b r e a k e r s ) . 

The major evidence t h a t these compounds work 
mainly as primary a n t i o x i d a n t s i s t h e i r a b i l i t y t o 
work e q u a l l y w e l l i n metal c a y a l y z e d and u n c a t a l y z e d 
systems. They are a l s o e f f i c i e n t a n t i o x i d a n t s i n 
systems c a t a l y z e d by r e l a t i v e l y l a r g e molecules , such 
as heme and other p o r p h y i n compounds. They are a l s o 
e f f e c t i v e a g a i n s t l ipoxygenase c a t a l y z e d r e a c t i o n s . 
These compounds cannot be e n f i s a g e d as forming complex
es w i t h f l a v o n o l s . In a d d i t i o n , h e s p e r i t i n (5 ,7 ,3 ' -
t r i h y d r o x y - 4 ' me thoxyflavone) which possesses an a c t i v e 
metal -complexing s i t e has demonstrated n e g l i b i b l e 
a n t i o x i d a n t a c t i v i t y . 

The p o s i t i o n and the degree of h y d r o x y l a t i o n i s 
o f pr imary importanc
v i t y . There i s g e n e r a l agreement t h a t o r t h o - d i h y d r o x y l -
a t i o n of the Β r i n g c o n t r i b u t e s markedly t o the a n t i 
oxidant a c t i v i t y o f f l a v o n o i d s (12, 13, 14, 21, 22, 23, 
24) . The p a r a - q u i n o l s t r u c t u r e οΈ t E ê Β r i n g T i a F l > e e n 
sïïbwn t o impart even grea ter a c t i v i t y them the o r t h o -
q u i n o l s t r u c t u r e ; w h i l e the meta c o n f i g u r a t i o n has no 
e f f e c t on a n t i o x i d a n t a c t i v i t y (21). However, para 
and meta h y d r o x y l a t i o n of the Β r i n g apparent ly does 
not occur commonly i n n a t u r e . 

A l l f l a v o n o i d s w i t h the 3 ' , 4 1 - d i h y d r o x y c o n f i g u r 
a t i o n possess a n t i o x i d a n t a c t i v i t y . Two ( r o b i n e t i n 
and m y r i c e t i n ) have an a d d i t i o n a l h y d r o x y l group at 
the 5 1 p o s i t i o n , which increases the a n t i o x i d a n t a c t i 
v i t i e s over those of the corresponding f l a v o n e s w i t h 
the 5 1 - h y d r o x y l group, f i s e t i n and q u e r c e t i n . Two 
f lavanones (naringenin and h e s p a r i t i n ) h a v i n g a s i n g l e 
h y d r o x y l group on the Β r i n g possesses o n l y s l i g h t 
a n t i o x i d a n t a c t i v i t y . H y d r o x y l a t i o n o f the Β r i n g i s 
a major c o n s i d e r a t i o n f o r a n t i o x i d a n t a c t i v i t y . 

Meta 5 , 7 - h y d r o x y l a t i o n o f the A r i n g apparent ly 
has l i t t l e , i f any, e f f e c t on a n t i o x i d a n t a c t i v i t y . 
T h i s i s e f i d e n c e d by the f i n d i n g s t h a t q u e r c e t i n and 
f i s e t i n have r e l a t i v e l y the same a c t i v i t y and m y r i c e t i n 
possesses the same a c t i v i t y as r o b i n e t i n . Heimann and 
h i s a s s o c i a t e s (23, 24) r e p o r t e d t h a t meta 5 , 7 - h y d r o x y l 
a t i o n lowered a n t ï b x ï c t a n t a c t i v i t y . To the c o n t r a r y , 
Mehta and Seshadr i (22) found q u e r c e t i n t o be a more 
e f f e c t i v e a n t i o x i d a n t than 3 , 3 1 , 4 1 - t r i h y d r o x y f l a v o n e . 
Data from our l a b o r a t o r y support the f i n d i n g of Mehta 
and S e s h a d r i . 

The importance o f other s i t e s of h y d r o x y l a t i o n 
were s t u d i e d by Lea and Swoboda (12); Mehta and Seshadr i 
(22); Simpson and U r i (21); and UrT (25). The two 
former groups found q u e r c e t a g e t i n ( 3 , ¥ 7 5 , 7 , 3 , 4 ' - h e x a -
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hydroxyflavone) and g o s s y p e t i n ( 3 f 5 , 7 , 8 , 3 1 , 4 ' - h e x a -
hydroxyflavone) t o be v e r y e f f e c t i v e a n t i o x i d a n t s . 
U r i (25) found t h a t the o r t h o - d i h y d r o x y grouping on 
one r i n g and the paradihydroxy grouping on the other 
( i . e . , 3 , 5 , 8 , 3 * 4 ' - and 3 ,7 ,8 ,2 1 , 5 1 -pentahydroxy-

vlavones) produced v e r y potent a n t i o x i d a n t s . These 
f o u r polyhydroxyf lavones are the most potent f l a v o n o i d s , 
as a n t i o x i d a n t s , y e t r e p o r t e d i n non-aqueous systems. 
Simpson and U r i (21) found 7 - n - b u t o x y - 3 , 2 1 , 5 1 - t r i h y -
droxyf lavone t o be the most e f f e c t i v e a n t i o x i d a n t o f 
30 f lavones s t u d i e d i n aqueous emulsions o f methyl 
l i n o l e a t e . 

The 3 g l y c o s i d e s possess approximately the same 
a n t i o x i d a n t a c t i v i t y as the corresponding aglycone 
when the g l y c o s y l s u b s t i t u t i o n i s w i t h monosaccharide. 
In the case of r u t i
a d i s a c c h a r i d e a n t i o x i d a n t a c t i v i t y i s reduced. The 
a n t i o x i d a n t c a p a c i t y o f a commercial p r e p a r a t i o n of 
r u t i n i s c o n s i d e r a b l y lower than the corresponding 
aglycone, q u e r c e t i n . K e l l e y and Watts (19) s t u d i e d 
the a n t i o x i d a n t e f f e c t o f s e v e r a l f l a v o n ô T d s and found 
r u t i n womewhat i n f e r i o r t o q u e r c e t i n and q u e r c i t r i n 
b u t the d i f f e r e n c e s were not as great as we have found. 
Chromatographic p u r i f i c a t i o n and the use of s e v e r a l 
commercial ly a v a i l a b l e samples (to e l i m i n a t e the e f f e c t 
o f p o s s i b l e contamination) d i d not a l t e r the f i n d i n g . 
K e l l e y and Watts (19), u s i n g a c a r o t e n e - l a r d system 
a l s o found t h a t q u e r c i t r i n had approximately the same 
p r o t e c t i o n as q u e r c e t i n . Crawford e t a l , (26) found 
t h a t m e t h y l a t i o n o f the 3 - h y d r o x y l group of q u e r c e t i n 
o n l y s l i g h t l y lowered a n t i o x i d a n t a c t i v i t y . However, 
c o n s i d e r a b l e importance has been at tached t o the f r e e 
3 -hydroxyl by others (12, 21, 22, 23) . Mehta and 
Seshadr i (22) p o s t u l a t e d t h a t tEe "^hydroxy 1 and the 
2,3 double"T>ond al lowed the molecule t o undergo i s o 
meric changes t o d i k e t o forms which would possess a 
h i g h l y r e a c t i v e - C H group ( p o s i t i o n 2 ) . 

D i h y d r o q u e r c e t i n was found t o have the same a n t i 
oxidant a c t i v i t y as q u e r e c t i n i n d i c a t i n g e i t h e r t h a t 
the 2 ,3 , double bond i s not of major importance t o 
a n t i o x i d a n t a c t i v i t y or t h a t convers ion o f d i h y d r o 
q u e r c e t i n t o q u e r c e t i n took p l a c e w h i l e the compound 
was i n contac t wi th the o x i d i z i n g f a t . Mehta and 
Seshadr i (22) suggested t h a t convers ion might account 
f o r the a n t i o x i d a n t a c t i v i t y of d i h y d r o q u e r c e t i n . How
ever , chromatographic t e s t s demonstrated t h a t d i h y d r o 
q u e r c e t i n i s not converted t o q u e r c e t i n by the h y d r o l y 
s i s procedure , nor c o u l d q u e r c e t i n be chromatographi-
c a l l y detec ted i n the c a r o t e n e - l a r d system i n which 
d i h y d r o q u e r c e t i n was used as a n t i o x i d a n t . D i h y d r o -
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q u e r c e t i n was s t i l l p r e s e n t a f t e r 12 hours i n the 
sys tem. 

Perhaps the g r e a t e s t p o t e n t i a l source o f f l a v o n -
o i d s f o r food a n t i o x i d a n t s i s from wood as a b y - p r o 
duc t o f lumber and p u l p i n g o p e r a t i o n s . Whole ba rk o f 
the Douglas f i r c o n t a i n s about f i v e pe rcen t d i h y d r o -
q u e r c e t i n ( 3 , 4 , 7 , 3 ' , 4 pen tohydroxyf l avonone ) . The 
c o r k f r a c t i o n , r e a d i l y separa ted from the b a r k , c o n 
t a i n up t o 22% d i h y d r o q u e r c e t i n (27) . K i r t h (28) 
r e p o r t e d t h a t app rox ima te ly 150 m î T l i o n pounds o f 
d i h y d r o q u e r c e t i n are p o t e n t i a l l y a v a i l a b l e a n n u a l l y 
i n Oregon and Washington a l o n e . Q u e r c e t i n ( 3 , 5 , 7 , 3 *4' 
pen tohydroxyf lavone) has been produced c o m m e r c i a l l y 
as an a n t i o x i d a n t from wood sources (29) . Q u e r c e t i n 
i s p r e sen t i n much
i s d i h y d r o q u e r c e t i n
q u a n t i t y by o x i d a t i o n o f d i h y d r o q u e r c e t i n . 

As mentioned e a r l i e r o the r p l a n t c o n s t i t u e n t s 
wh ich might be expec ted t o show a n t i o x i d a n t powers 
would be p r i m a r i l y p h e n o l i c compounds, e x p e c i a l l y 
o - and p - d i h y d r o x y phenols such as the hydroxy 
c innamic a c i d s , c a f f e i c and f e r u l i c a c i d s . W h i l e 
these a c i d s u s u a l l y occur i n p l a n t t i s s u e as w a t e r -
s o l u b l e e s t e r s , commonly c h l o r o g e n i c a c i d o r d a f f e o y l -
q u i n i c a c i d , and sugar e s t e r s , t hey have a l s o been 
i s o l a t e d as complex l i p o p h i l i c e s t e r s o f g l y c e r o l , 
l o n g - c h a i n d i o l s , and -w-hydroxy a c i d s . These l i p o 
p h i l i c e s t e r s have been r e v e a l e d as a n t i o x i d a n t s i n 
a comprehensive i n v e s t i g a t i o n o f the a n t i o x i d a n t s i n 
oa t s (30, 31 , 32, 3 3 ) . The c a f f e o y l e s t e r s have c o n 

s i d e r a b l y more a n t i o x i d a n t a c t i v i t y than do those o f 
f e r r u l i c a c i d . Other l i p i d - s o l u b l e e s t e r s o f f e r u l i c 
a c i d w i t h c y c l o a r t e n o l and o the r t r i t e r p e n o i d s have 
been shown by Ohta e t a l . (34) t o occur i n r i c e b r a n 
o i l , w h i l e a f e r u l a t e o f d i H y d r o x y - B - s i t o s t e r o l has 
been i s o l a t e d from maize by Tamura e t a l . (35) . Wheat 
has a l s o been shown t o c o n t a i n s i m i l a r s t e r o i d e s t e r s 
(36) . 

The presence o f two isomers o f c h l o r o g e n i c a c i d , 
a l s o f e r u l i c a c i d , and s e v e r a l o the r p h e n o l i c a c i d s , 
has been conf i rmed i n hexane d e f a t t e d soy f l o u r b y 
A r a i e t a l . (37) . 
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2 
Contribution of Polyphenolic Compounds to the 

Taste of Tea 

GARY W. SANDERSON, ARVIND S. RANADIVE, LARRY S. EISENBERG, 
FRANCIS J. FARRELL, ROBERT SIMONS, CHARLES H. MANLEY, and 
PHILIP COGGON 

Thomas J. Lipton, Inc., 800 Sylvan Ave., Englewood Cliffs, N. J. 07632 

What Is Tea? 
Tea i s a processed vegetable material used to prepare a 

stimulating, delicately flavored beverage that i s one of the 
most popular drinks in the world. Tea is manufactured from the 
tender shoot tips ( i . e . the "flush") of the tea plant Camellia 
sinensis, (L.) O. Kuntze, cultivated in many t ropical and sub
tropical areas around the world. The tea manufacturing pro
cess (1,2,3) causes the fresh green tea leaf to be converted 
to commercial tea products such as green tea (not fermented), 
oolong tea (par t ia l ly fermented), or black tea (ful ly fermented). 

Tea fermentation refers to an oxidation of the flavanols found 
in the tea leaf which is brought about by a catechol oxidase 
enzyme that i s endogenous to the leaves of tea plants (2,4): 
Control of this reaction is central to good tea manufacturing 
practices. 

The chemical composition of a tea beverage prepared from a 
commercial black tea blend, i.e. a Lipton tea bag, is shown i n 
Table 1. This set of analyses agrees closely with other analy
ses that have been published (5,6,7) indicating that the black 
tea studied in this investigation is representative of black 
teas in general. 

As shown in Table 1, polyphenolic compounds are estimated to 
comprise about 48.5% of the tota l solids in a cup of tea. As wi l l 
be shown later in this paper, these polyphenolic compounds make 
a most important contribution to the taste of tea, and the ex
act nature of this contribution is determined by the kind of 
polyphenolic compounds that are present i n the tea beverage. 
Accordingly, to understand the chemistry underlying the taste of 
tea, one must understand the chemistry of tea manufacture, es
pecial ly the tea fermentation process, since this determines the 
makeup of the polyphenolic compounds in tea products. 

Returning for a moment to our question; namely, "What i s 
tea?", we recognize that most people think of tea as the bever
age that they obtain by steeping a tea bag containing black tea 

14 
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i n b o i l i n g hot water, or by d i s s o l v i n g instant tea i n cold water. 
In e i t h e r case, the average tea beverage i n the United States has 
a tea s o l i d s concentration of about 0.30% tea s o l i d s obtained by 
steeping a tea bag (contains about 2.27g black tea l e a f ) i n a cup 
with about 6 oz. of hot water ( i n i t i a l l y at about 100°C) f o r 
about 1 min. ( t h i s produces about 5.2 oz. of beverage a f t e r the 
tea bag i s removed), or by d i s s o l v i n g a gently rounded teaspoon-
f u l of instant tea (about 0.70g of instant tea s o l i d s ) i n 8 oz. 
of cold water. Most of our studies have been c a r r i e d out on an 
approximation of t h i s standard American black tea beverage pre
pared from tea bags (also c a l l e d a tea infusion) since i t i s of 
greatest concern to the authors. 

As w i l l be explained l a t e r , the caffeine i n tea has an im
portant modifying e f f e c t on the taste of tea beverages. Accord
i n g l y , i t i s noteworth
black tea beverage studie
0.026% (8.61% of the tea extract s o l i d s themselves) which equates 
to about 40mg caff e i n e i n the "average cup of tea". This value 
fo r the amount of caffeine i n a cup of tea compares with the value 
of 41 mg/cup reported by Burg (8) who investigated t h i s matter. 

The Chemistry Of Tea Manufacture 

The chemistry of tea manufacture i s described i n some de
t a i l elsewhere (2,9). In b r i e f , one begins the black tea manu
facturing process by plucking (harvesting) the f l u s h of the rap i d 
l y growing tea plants. The f l u s h i s p a r t i c u l a r l y r i c h i n poly
phenolic compounds C2,j)) and of p a r t i c u l a r importance are the 
flav a n o l s , i . e . (-)-epicatechin ( I ) , (-)-epicatechin-3-gallate 
( I I ) , (-)-epigallocatechin ( I I I ) , (-)-epigallocatechin-3-gallate 
(IV), (+)-catechin (V), and (+)-gallocatechin (VI). The t o t a l 
amount of flavanols present i n fresh tea fl u s h w i l l vary from 
about 15 to 25% (dry weight b a s i s ) : The exact amount of these 
compounds present i n any p a r t i c u l a r l o t of fres h l y harvested 
tea shoot t i p s i s determined by h o r t i c u l t u r a l factors such as 
the clones of tea plants from which the tea shoot t i p s were har
vested and the climate that prevailed while the tea shoot t i p s 
were developing. 

The tea manufacturing process begins w i t h i n a few hours a f t e r 
harvesting of the fresh tea f l u s h , and the fermentation step i s 
the most c h a r a c t e r i s t i c , and the most important, step i n the pro
cess. Tea fermentation i s i n i t i a t e d by macerating the fresh tea 
shoot t i p s causing the endogenous tea catechol oxidase to come 
in t o contact with the flavanols that are also present i n these 
tissues. The consequence of t h i s process i s an oxidation of the 
flavanols ( I - V I ) , and g a l l i c acid ( V i l a ) by coupled oxidation 
(10), which leads to the formation of the b i s - f l a v a n o l s A ( V I I I ) , 
Β (IX), and C (X); t h e a f l a v i n (XI); t h e a f l a v i n g a l l a t e s A (XII) 
and B ( X I I I ) ; t h e a f l a v i n d i g a l l a t e (XIV); e p i t h e a f l a v i c acid (XV); 
3 1 - g a l l o y l - e p i t h e a f l a v i c acid (XVI); and thearubigins which are 
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Table 1: Proximate Analysis of a Black Tea Infusion. (The black 
tea used was Lipton tea bag blend and the tea extract 
s o l i d s represented about 33% of the t o t a l tea l e a f dry 
weight. See the Experimental Section for more d e t a i l s 
on a n a l y t i c a l procedures). 

Amount of Each Constituent 

Chemical Constituent 

Water 
Polyphenols, t o t a l 

(-)-Epicatechin (I) 
(-)-Epicatechin-3-gallat
(-)-Epigallocatechi
(-)-Epigallocatechin-3-gallate 

(IV) 
Flavonol glycosides and others 
B i s f l a v a n o l s (VIII-X) 
Theaflavins (XI-XIV) 
E p i t h e a f l a v i c acids (XV-XVI) 
Thearubigins (XVII-XX and other 

unknowns) 
G a l l i c acid ( V i l a ) 
Chlorogenic acid 

In the 
Beverage, 
Calcd (% χ 10 2) 

In the Tea 
Extract 
Solids (%) 

9969 
16.0 

0.4 
1.2 

Trace 
Trace 
0.8 

Trace 
11.4 

4, 
48. 

75 
5 

15 
68 

Trace 
Trace 
2.50 

Trace 
34.2 

Caffeine 
Theobromine 
Theophylline 

2.4 
0.1 
0.2 

7.20 
0.24 
0.66 

Carbohydrates 
Polysaccharides, t o t a l (by 

difference) 
Pectin 

Sugars, t o t a l 
Fructose 
Glucose 
meso-Inositol 
Sucrose 
Maltose 
Raffinose 

1.3 

2.2 
0.05 

0.60 
0.57 
0.15 
0.48 
0.03 
0.10 

3.97 

6.52 
0.15 

2.0 
1.9 
0.50 
1.6 
0.1 
0.3 

(continued on next page) 
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Table 1, (continued) 
Amount of Each Constituent 

In the In the Tea 
Beverage, Extract 

Chemical Constituent Calcd (% χ 10 ) Solids (%) 
Organic Acids, t o t a l 0.8 2.52 

(pH) (5,1) 
(Total a c i d i t y as c i t r a t e ) (2.36) (7.85) 
Oxalic 0.42 1.4 
Malonic 0.01 0.02 
Succinic 0.02 0.09 
Malic 0.09 0.30 
trans-Aconitic 0.003 0.01 
C i t r i c 0.27 0.80 

L i p i d s , t o t a l 1.
Minerals (Ash) 3.0 9.08 

Potassium 1.37 4.6 
Sodium 0.03 0.11 
Calcium 0.02 0.08 
Magnesium 0.075 0.25 
Iron 0.0013 0.005 
Maganese 0.015 0.05 
Aluminum 0.014 0.05 

Peptides (6.25 χ N ) a 1.9 5.71 
Amino acids, t o t a l 2.1 6.29 

Aspartic acid Trace 0.39 
Threonine Trace 0.07 
Serine Trace 0.24 
Glutamic acid Trace 0.42 
Glycine Trace 0.02 
Alanine Trace 0.12 
Valine Trace 0.20 
Methionine Trace 0.02 
Isoleucine Trace 0.18 
Leucine Trace 0.19 
Tyrosine Trace 0.15 
Phenylalanine Trace 0.16 
Ammonia Trace 0.13 
Lysine Trace 0.04 
H i s t i d i n e Trace 0.002 
Arginine Trace 0.03 
Glutamine Trace 0.19 
Asparagine Trace 0.24 
Tryptophane Trace 0.09 
Theanine 1.1 3.40 

Total non-caffeine Ν (1.92%) χ 6.25 — amino acids 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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OH 

I, (-)-Epicatechin; R^=H; R2=H 
I I , (-)-Epicatechin-3-gallate; R =H; R =VIIb 

I I I , (-)-Epigallocatechin
I V > (-)-Epigallocatechin-3-gallate

V, (+)-Catechin; R=H 
VI, (+)-Gallocatechin; R=OH 

V i l a , G a l l i c acid V l l b , G a l l o y l group 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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XI, Theaflavin; R]=H; R2=H 
XI I , Theaflavin g a l l a t e A; Ri=H; R 2=VIIb 

X I I I , Theaflavin g a l l a t e B; R^VIIb; R2=H 
XIV, Theaflavin d i g a l l a t e ; R 1=VIIb; R 2=VIIb 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



20 P H E N O L I C , S U L F U R , A N D N I T R O G E N C O M P O U N D S I N F O O D F L A V O R S 

polymeric proanthocyanidins; i . e . procyanidin (XVII), procyanidin-
3-gallate (XVIII), prodelphinidin (XIX), prodelphinidin-3-gallate 
(XX). The chemistry of the thearubigins i s only poorly understood 
at the present time, but i t i s known that they are a heterogeneous 
group of polymers formed by the oxidative condensation of the sim
ple flavanols (I-VI) (11). Further, the thearubigins have been 
characterized as polymeric proanthocyanidins (12, 13, 14), with 
molecular weights ranging from 700-40,000 (7). F i n a l l y , the ex
act composition of the thearubigins probably varies with the con
d i t i o n s of t h e i r formation; i . e . the conditions of black tea manu
facture, which has made t h e i r determination a most d i f f i c u l t 
matter (15). The reactions of the tea polyphenols during tea 
fermentation and f i r i n g are outlined i n Figure 1. Fermentation 
and f i r i n g leads to the i n s o l u b i l i z a t i o n of Çhe tea leaf proteins, 
some of the tea polyphenoli  m a t e r i a l
considerable s o l i d matte
Those black tea substances that are extracted i n the "normal" 
brewing of black tea l e a f are l i s t e d i n Table I. 

In green tea manufacture, the harvested tea shoot t i p s are 
steamed p r i o r to maceration i n order to i n a c t i v a t e the endogenous 
catechol oxidase enzyme. As a r e s u l t , the tea flavanols undergo 
very l i t t l e change i n t h i s process and green tea i s r i c h i n un-
oxidized flavanols (I-VI). In black tea manufacture, the tea 
fermentation process i s allowed to proceed to near completion so 
there are usually only traces of unoxidized flavanols (I-VI) re
maining i n the f i n i s h e d product. However, the exact mix of f l a v a -
nol oxidation products (VIII-XX, and others) w i l l vary depending 
on the precise conditions under which the tea manufacturing pro
cess takes place. Oolong tea (commonly c a l l e d Chinese tea i n the 
United States) i s produced by a p a r t i a l fermentation so i t con
tain s an appreciable residue of unoxidized flavanols (I-VI) as 
w e l l as the f l a v a n o l oxidation products (VIII-XX and others). 

In a d d i t i o n to the polyphenolic compounds, aroma i s most im
portant i n determining the f l a v o r and q u a l i t y of tea products. 
Many chemical changes take place during the tea manufacturing pro
cess, e s p e c i a l l y during tea fermentation and the subsequent f i r i n g 
(drying) step, that are e s s e n t i a l to the formation of the aroma 
c h a r a c t e r i s t i c of tea. I t has been shown (16) that the oxidation 
of the tea flavanols that takes place during tea fermentation i s 
i t s e l f an e s s e n t i a l d r i v i n g force f o r reactions that are required 
to develop the aroma that i s c h a r a c t e r i s t i c of tea products, and 
f i r i n g has been shown to be e s s e n t i a l for black tea aroma forma
t i o n (17, 18). The chemistry of f l a v o r formation during the 
manufacture of black tea was recently reviewed (19, 20), and i t i s 
summarized i n Figure 2. 

Attention should be drawn to caffeine (XXI) since caffeine 
does play a part i n determining the taste of a cup of tea. Caf
feine i s biosynthesized i n the tea plant (21, 22), and i t under
goes p r a c t i c a l l y no change during the black tea manufacturing pro
cess (2). Therefore, the amount of caffeine present i n tea prod-

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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IH 

HO Τ^ , Ο Η 

XV, Ep i t h e a f l a v i d acid
R=H 

XVI, 3 f - G a l l o y l e p i t h e a f l a v i c 
acid; R=VIIb 

OH Η 0R 2 

Η or Y 
XVII, Procyanidin; R}=H; R2=H 

XVIII, Procyanidin g a l l a t e , 
RX=H; R 2=VIIb 

XIX, Prodelphinidin; R,=0H; R 2 

XX, Prodelphinidin g a l l a t e ; 
Rx=OH; R 2=VIIb 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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ucts i s f i x e d by h o r t i c u l t u r a l p r a c t i c e s , and cannot be changed 
by currently known tea manufacturing processes. 

The Taste of Black Tea Derives Mainly From The Tea Polyphenols 

The Taste of a Black Tea Infusion and Various Fractions of 
This Infusion. A black tea i n f u s i o n was chemically analyzed 
(Table 1 ) and o r g a n o l e p t i c a l l y evaluated (Table 2 , Fraction 1 ) as 
a f i r s t step i n our program to elucidate the chemistry underlying 
the taste of black tea. The beverage obtained was found to have 
a c h a r a c t e r i s t i c black tea taste that was described as being 
"flowery, pleasing, m i l d l y green and h a y - l i k e , and d i s t i n c t l y 
black tea l i k e " . When attention was given s p e c i f i c a l l y to the 
astringency of the i n f u s i o n , i t was decided a f t e r lengthy d e l i b 
e r a t i o n by the p a n e l i s t  that th  astringenc  best described 
as having two components
sharp and puckery with  ( t h i
f i c u l t to describe type of astringency that i s c h a r a c t e r i s t i c of 
black tea), and a non-tangy component that was completely taste
l e s s , mouth-drying and mouth coating, with a l i n g e r i n g (more than 
60 sec.) a f t e r taste e f f e c t ( t h i s type of astringency i s t y p i c a l 
of unripe bananas). I t i s noteworthy that there i s v i r t u a l l y no 
bi t t e r n e s s i n t h i s whole black tea i n f u s i o n . Chemical analysis 
of the "whole black tea i n f u s i o n " showed that the s o l i d s were 
composed of about 4 8 % polyphenols, 7 % caffeine and 4 4 . 3 % "other" 
materials (Table 1 ) . 

Next, we fractionated the black tea i n f u s i o n by a combination 
of solvent extractions and adsorption column treatments i n a n t i c i 
pation of being able to i d e n t i f y the group of compounds responsi
b l e for each component of black tea taste. And, of course, we 
were most interested i n i d e n t i f y i n g the c o n t r i b u t i o n of the poly
phenols to the taste of t h i s product. 

The trichloroethylene extract (Table 2 , Fraction 2 ) contained 
mostly caffeine (XXI) and i t was b i t t e r with no other noticeable 
taste a t t r i b u t e s . 

The e t h y l acetate extract (Table 2 , Fraction 4 ) contained 
mostly neutral black tea polyphenols. These polyphenols were 
found by paper chromatography to be composed of the traces of un-
oxidized tea flavanols (I-VI) and the simple polyphenolic oxida
t i o n products (VIII-XVI) and some of the thearubigins: Roberts 
et a l . ( 2 3 ) named these the thearubigins. This f r a c t i o n had 
a trace of tangy astringency and a moderate l e v e l of non-tangy 
astringency. 

The aqueous phase remaining a f t e r removal of Fractions 2 and 
4 (Table 2 , Fraction 5 ) contained some complex polyphenolic com
pounds named the S I A and S J J thearubigins by Roberts et a l ( 2 3 ) , 
and a l l the non-polyphenolic tea extract s o l i d s (Table 1 ) except 
caffeine. This f r a c t i o n tasted s i m i l a r to Fraction 4 i n that i t 
had a f a i r l e v e l of non-tangy astringency with none of the tangy 
astringency. 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
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Complete removal of polyphenolic compounds from the whole 
black tea extract (Fraction 1) was accomplished by passing t h i s 
extract through a polyamide column (Table 2, Fraction 6). The 
removal of the polyphenolic compounds from the tea extract was 
accompanied by a removal of a l l astringency from the whole tea 
extract with the concomitant appearance of b i t t e r n e s s that was 
not present on the whole tea extract. These r e s u l t s , together 
with the r e s u l t s obtained for Fractions 4 and 5, i n d i c a t e that 
the polyphenolic compounds i n a whole black tea extract are as
tringent and that t h i s astringency i s expressed i n the whole 
black tea extract. On the other hand, the caffeine i n a black 
tea extract (Fraction 2) i s present at a high enough concentration 
to produce a b i t t e r t a s t e , but t h i s b i t t e r n e s s i s not expressed 
i n the whole black tea extract (Fraction 1); i t i s only expressed 
when the polyphenols ar
Removal of the caffein
(Fraction 6 Fraction 7) was e f f e c t i v e i n removing the b i t t e r
ness from t h i s extract showing again that the caffeine i n a black 
tea extract i s responsible for a b i t t e r taste i n the absence of 
the black tea polyphenols. 

Fraction 8 (Table 2) was prepared by addition of pure caffeine 
i n the amount o r i g i n a l l y present i n the whole black tea i n f u s i o n 
(Fraction 1) to the neutral black tea polyphenols (Fraction 4). 
This caused a modest increase i n the tangy astringency of Fraction 
4 with no change i n the non-tangy astringency. Most important, 
there was no noticeable bitterness i n Fraction 8. 

Fraction 9 (Table 2) was prepared by adding caffeine to Frac
t i o n 5 ( i . e . the a c i d i c black tea polyphenols and non-phenolic 
s o l i d s ) . This caused a small but s i g n i f i c a n t decrease i n the 
non-tangy astringency of Fraction 5, but no appearance of tangy 
astringency and no appearance of b i t t e r n e s s . 

Fraction 10 (Table 2) i s v i r t u a l l y a r e c o n s t i t u t i o n of the 
whole black tea extract (Fraction 1), and, as might be expected, 
i t was found to have taste properties that were very s i m i l a r to 
the whole black tea extract. 

C o l l e c t i v e l y , these r e s u l t s (Table 2) indicated that the 
black tea polyphenols are a c e n t r a l e s s e n t i a l element i n deter
mining the taste of black tea infusions. This i s i l l u s t r a t e d 
best by n o t i c i n g Fraction 6 which i s v i r t u a l l y the complete 
black tea i n f u s i o n minus the black, tea polyphenols and which has 
p r a c t i c a l l y no taste other than some b i t t e r n e s s : The b i t t e r n e s s 
i s accounted for by the caffeine present i n t h i s f r a c t i o n . The 
primary contribution of the black tea polyphenols to the " t a s t e " 
of black tea infusions appears to be astringency, and the "tangy" 
portion of t h i s astringency was found to be most c h a r a c t e r i s t i c 
of, and important to, the taste of black tea. 

The r e s u l t s (Table 2) also suggest that caffeine plays a most 
important r o l e i n determining the l e v e l of tangy astringency i n a 
black tea i n f u s i o n . This was shown i n two ways. F i r s t , decaf-
f e i n a t i o n of a black tea i n f u s i o n ( i . e . Fraction 1 -*· Fraction 3) 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
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Table 2. Composition and Taste of Fractions of Black Tea. (The 
c a r r i e d out as described i n the Experimental Section.) 

Composition of Fraction 

Amount 
Total Solids of Poly-

Fraction of Tea Extract Present (%) phenols (%) 

(1) Whole black tea extract (Detailed 100^ 48.5 
composition shown i n Table 1) 

(2) Trichloroethylene solubles (Mainly 8.1 0 
caffeine) 

(3) Trichloroethylene extracted s o l i d s 92.3 48.5 
(Decaffeinated and dearomatized tea 
infusion) 

(4) Ethyl acetate solubles (Neutral 17.0 17 
black tea polyphenolsj i . e . f l a v a n o l s , 
th e a f l a v i n s , S j thearubigins, etc.) 

(5) Aqueous phase a f t e r removal of Frac- 74.9 31.5 
tions 2 and 4 (Acidic black tea poly
phenols; i . e . S I A and S - J - J thearubigins; 
and non-polyphenolic s o l i d s ) 

(6) Polyamide column ef f l u e n t of Frac- 51.5 0 
t i o n 1 (Polyphenol free tea s o l i d s ) 

(7) XAD-2 column e f f l u e n t of Fraction 43.4 0 
5 (Polyphenol and caffeine free tea 
extract) 

(8) Fraction 4 (Neutral black tea poly- 24.2 17 
phenols) + caffeine 

(9) Fraction 5 (Tea extract minus 82.1 31.5 
neutral black tea polyphenols) + 
caffeine 

(10) Fraction 4 + Fraction 5 + 99.1 48.5 
Caffeine + Aroma 

a Astringency ratings : 0 = none, 1 = threshold 
b The t o t a l s o l i d s extracted were about 33% of 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
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f r a c t i o n a t i o n of the black tea beverage, Fraction 1 , was 

2 7 

Taste Description of Fraction 

Polyphenol and Astringency a 

Amount of Caffeine Free Non-
Caffeine(%) Solids (%) Tangy Tangy Other 

7.2 

7.2 

44.3 

Trace 

Flowery, pleasing, 
mild green h a y - l i k e , 
black tea taste 

B i t t e r 

0.4 43.4 2 Very weak black tea 
taste 

Trace Trace 2 Sweetish a f t e r 
taste 

Trace 43.4 3 Chalky 

7.2 

Trace 

44.3 

43.4 

0 S l i g h t l y b i t t e r , 
green hay l i k e aroma 

0 Malty 

7.2 

7.2 

0 

43.4 

P l a i n 

Chalky 

7.2 43.4 3 Similar to Frac
t i o n 1 

l e v e l , 2 = weak, 3 = moderate, 4 = strong, 

the o r i g i n a l Lipton black tea bag blend. 
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caused a marked reduction i n the tangy astringency and i n the 
black tea taste of the i n f u s i o n . And second, while caffeine i t 
s e l f (Fraction 2) i s b i t t e r and has no astringency, the presence 
of caffeine together with the black tea polyphenols, and e s p e c i a l 
l y with the neutral black tea polyphenols, was necessary for the 
expression of a reasonable amount of tangy astringency (compare 
Fraction 4 and Fraction 8). 

The aroma i n the black tea i n f u s i o n was also found to be im
portant i n determining the f l a v o r of the beverages. None of the 
f r a c t i o n s ( i . e . Table 2, Fractions 2-9 ) of the whole black tea 
i n f u s i o n (Fraction 1) was noticeably black tea l i k e unless aroma 
was present with the black tea polyphenols and caffeine (compare 
Fraction 10 with Fraction 1). I t i s noteworthy i n t h i s connection 
that aroma with caffeine and a l l other black tea s o l i d s except 
the polyphenols (Fractio  6) had  weak  s l i g h t l  b i t t e r
greenish taste that was

The Ef f e c t Of Tea Fermentation And F i r i n g On The Taste Of 
Tea Infusions. Samples of tea were prepared that had been f e r 
mented for various periods of time and that had been ei t h e r 
f i r e d or not f i r e d ( i . e . frozen immediately a f t e r fermentation 
and freeze dried) f o r use i n determining the e f f e c t of fermenta
t i o n and f i r i n g on the tea polyphenols and on the taste of the 
r e s u l t i n g tea products. These samples were prepared i n our lab
oratory using fresh tea f l u s h , and i t i s recognized that the 
r e s u l t s of these experiments s u f f e r from the l i m i t a t i o n s imposed 
by these non-optimal conditions. In s p i t e of these l i m i t a t i o n s , 
we believe that our r e s u l t s are i n d i c a t i v e of the r o l e of tea 
polyphenols i n determining the taste of black tea infusions. 

The r e s u l t s of the analyses and the organoleptic evaluation 
of the infusions produced from these samples are summarized i n 
Table 3. These r e s u l t s may be b r i e f l y summarized as follows: 

(a) The amount of s o l i d s extracted from the tea l e a f by 
the brewing process increases appreciably during the i n i t i a l 
stage of tea fermentation, i . e . during the l e a f maceration pro
cess and the very f i r s t minutes of the formal tea fermentation 
period, a f t e r which the extractable s o l i d s decrease as the tea 
fermentation period increases. F i r i n g causes an a d d i t i o n a l ap
preciable loss of extractable s o l i d s . Apparently, the very f i r s t 
products of tea fermentation (Figure 1) are more e a s i l y extracted 
than the tea flavanols themselves, although tea fermentation (and 
f i r i n g ) do lead to the formation of l e s s and less soluble products 
as the length of the process increases. 

(b) The amount of t o t a l flavanols i n the i n f u s i o n decreases 
as tea fermentation proceeds: This decrease i n flavanols i s most 
rapid i n the early stages of tea fermentation. F i r i n g causes an 
appreciable a d d i t i o n a l decrease i n f l a v a n o l s , e s p e c i a l l y i n the 
i n i t i a l stages of tea fermentation. 

I t i s noteworthy that the g a l l o - f l a v a n o l s (III,IV) are o x i 
dized more ra p i d l y than the catechol-flavanols (1,11) (Figure 3). 
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Figure 3 . The disappearance of tea flavanoU in macerated tea flush as a result 
of tea fermentation and firing. Fermented and freeze dried (i.e. not fired): 0, ί and 
V; Δ , II; Ο , III; •, IV. Fermented and fired: •, I and V; A , II; ·, III; •, IV. 

These samples are described further in Table 3. 
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Table 3. Effect of Tea Fermentation and F i r i n g on the Taste of 

Composition of Tea Infusion Solids 

Length of Tea 
Fermentation 
Period (min.) 

Total Total 
Solids Flavanols 
(mg/cup) (mg/cup) 

A. Fermented and then Freeze Dried 
0 C (before maceration) 763 
0 (after maceration) 

15 

30 

60 
90 

120 
180 
240 
B. Fermented and Fi r e d 

0 C (before maceration) 
0 (after maceration) 

15 
30 
60 

90 

120 
180 
240 

872 

804 

824 
825 
781 
732 
746 

763 
851 

828 
786 
758 

735 

706 
680 
630 

283 

171 

111 

34 
26 

173 

154 
107 
92 

33 
29 

Thea 
Theaflavins rubigins 
(mg/cup) (mg/cup) 

2.3 
4.1 

12.7 

17.3 
16.3 
13.1 
13.6 
12.2 

2.3 
7.4 

10.1 
12.9 
14.7 

15.4 

13,3 
11.9 
11.5 

129 
202 

232 

274 
278 
276 
283 
294 

129 
242 

256 
271 
285 

293 

290 
276 
276 

a A l l tea infusions were prepared by extracting 2.27g of dry tea 
produced about 5.2 oz. of beverage ( i . e . the i n f u s i o n ) . Analysis 
caffeine/cup. 
b Astringency r a t i n g s : 0 = none, 1 = threshold, 2 = weak, 
c This sample of fresh green tea l e a f was analyzed before any 
macerated p r i o r to the formal tea fermentation period. Accord-
fermentation, would have taken place i n these samples p r i o r to 
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Table 3 (cont.) 

Tea Infusions 

Organoleptic Evaluation of Infusions 

Black Black 
Astringency b Tea Tea 

Tangy Non-Tangy Aroma Taste Other taste 

0 1 0 None Bland, s l i g h t l y green 
0 4 0 None Very green, harsh, 

b i t t e r 
0 4 0 

0 4 0 None Very green, harsh, 
s l i g h t l y b i t t e r 

0 3 0 None Green, harsh 
0 2 0 None Green, s l i g h t l y harsh 
0 2 0 None Green, s l i g h t l y harsh 
0 1 0 None Green, s l i g h t l y harsh 
0 1 0 None Green, s l i g h t l y harsh 

0 1 0 None Bland, s l i g h t l y green 
0 4 0 None Green, harsh, s l i g h t l y 

b i t t e r 
0 4 0 None Green, s l i g h t l y harsh 
0 3 0 None Green, s l i g h t l y harsh 
1 2 1 S l i g h t S l i g h t l y green, 

s l i g h t l y harsh 
1 2 1 Mild S l i g h t l y green, 

s l i g h t l y harsh 
1 2 1 Mild S l i g h t l y harsh 
1 1 2 Weak None 
1 1 2 Weak None 

leaf with 6.0 oz. b o i l i n g water i n a tea cup for 5 min. This 
showed that each i n f u s i o n contained between 38 and 40 mg. 

3 = moderate, 4 = strong. 

treatments. A l l other samples of tea leaf were withered and 
i n g l y , some oxidation of the tea lea f f l a v a n o l s , i . e . tea 
the s t a r t of the formal tea fermentation period. 
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The reason for t h i s d i f f e r e n t i a l i n s u s c e p t i b i l i t y to oxidation i n 
the tea fermentation system i s d i f f i c u l t to explain since a l l of 
the tea flavanols have s i m i l a r a f f i n i t i e s for the tea catechol 
oxidase enzyme (24), but the phenomena has been noticed before 
(18). C e r t a i n l y , the amount of each f l a v a n o l , and the r e l a t i v e 
rate of oxidation of each f l a v a n o l , must be important determinants 
of the exact composition of t h e i r oxidation products (Figure 1), 
and consequentially on the taste of the f i n i s h e d black tea product. 

(c) Theaflavins increase as the tea fermentation proceeds 
u n t i l a maximum i s reached (after about 60 min. i n the unfired 
samples and 90 min. i n the f i r e d samples) a f t e r which they de
crease i n amount. F i r i n g causes a larger amount of theaflavins to 
accumulate a f t e r short fermentation periods and smaller amounts to 
be present a f t e r longer fermentation periods. 

(d) An appreciabl f thearubigin  i  formed i  th
macerated tea l e a f p r i o
t i o n period: This must be due to the tea fermentatio  that takes 
place i n injured c e l l s of the tea f l u s h during withering and, most 
important, the tea fermentation that takes place during maceration 
of the tea f l u s h . The thearubigins continue to increase continu
ously as the tea fermentation period increases (Table 3, part A). 
F i r i n g causes an a d d i t i o n a l appreciable increase i n the amount of 
thearubigins extracted from samples with long, i . e . greater than 
about 120 min. i n these experiments, fermentation periods (Table 
3, part B). The decrease i n extractable thearubigins a f t e r r e l a 
t i v e l y long tea fermentation periods and f i r i n g appears to be 
c l o s e l y related to the decrease i n t o t a l extractable s o l i d s that 
i s associated with these treatments. 

(e) The tea fermentation that takes place p r i o r to the f o r 
mal tea fermentation period, i . e . during withering and maceration 
of the f l u s h , causes a large increase i n the non-tangy astringency 
of tea infusions prepared from t h i s material. Tea fermentation 
per se (Table 3, part A) causes a decrease i n non-tangy astringency 
that i s present i n withered, macerated tea l e a f p r i o r to the f o r 
mal tea fermentation period, but neither tangy astringency nor 
black tea aroma develop, hence no black tea taste develops unless 
the samples undergo tea fermentation (for at l e a s t about 90 min. 
i n these experiments) and are f i r e d (Table 3, part B). I t i s 
noteworthy that the theaflavins and thearubigins content of the 
i n f u s i o n from the unfired sample fermented for 180 min. was almost 
i d e n t i c a l to the theaflavins and thearubigins content of the i n 
fusion from the f i r e d sample that had been fermented for 120 min., 
yet these samples had e n t i r e l y d i f f e r e n t taste p r o f i l e s ( i . e . the 
former was green and harsh with no black tea character whereas 
the l a t t e r was midly astringent and pleasantly black tea l i k e ) : 
Very s i m i l a r r e s u l t s and conclusions were reported previously 
(18). This points out the serious f a i l i n g s of the Roberts 1 method 
(15) f o r evaluating tea beverages by measurement of theaflavins 
and thearubigins i n s p i t e of much work to e s t a b l i s h the v a l i d i t y 
of t h i s test (25, 26, 27, 28). 
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The Taste Of Individual Polyphenolic Compounds Present In 
Tea Infusions. The work described above established the impor
tance of the tea polyphenols i n determining the taste of black 
tea infusions. Next we were interested i n determining the taste 
properties of each i n d i v i d u a l black tea polyphenol as a step 
towards defi n i n g t h e i r separate contributions to the whole. Ac
cordingly, the polyphenolic compounds present i n tea beverages 
were p u r i f i e d and then they were or g a n o l e p t i c a l l y evaluated for 
t h e i r taste properties and t h e i r i n d i v i d u a l taste threshold values. 
The r e s u l t s (Table 4) indicated that the only taste properties as
sociated with the tea polyphenols are astringency and b i t t e r n e s s . 
The simple, non-gallated tea flavanols ( I , I I I , V) are not as
tringent, although they do have a b i t t e r taste. On the other 
hand, the simple, gallated tea flavanols ( I I , IV, VI) and the con
densed tea flavanols (XI-XIX)  astringent i  additio  t  havin
a b i t t e r taste. Of p a r t i c u l a
no case was the astringency y  p u r i f i e  polyphenol
of the tangy type. 

These r e s u l t s c l e a r l y show the importance of the g a l l o y l 
groups ( V l l b ) on the tea flavanols f o r the expression of a s t r i n 
gency and b i t t e r n e s s . Results (Table 4) obtained with the various 
theaflavins (XI-XIV) also indicates the importance of the g a l l o y l 
groups (Vllb) i n determining the astringency of condensed ( o x i 
dized) polyphenolic compounds i n tea. Theaflavin (XI) i s formed 
by oxidative condensation of (-)-epicatechin (I) and (-)-epigal-
locatechin ( I I I ) (which are not a s t r i n g e n t ) , yet t h e a f l a v i n (XI) 
has some astringency even though i t has no g a l l o y l groups ( V l l b ) : 
This i s presumably due to the r e l a t i v e l y large molecular s i z e 
and the large number of phenolic groups of t h i s molecule as com
pared to the simple non-gallated tea flavanols ( I , I I I , V). How
ever, there i s a progressive increase i n the i n t e n s i t y , i . e . de
crease i n the threshold l e v e l , of the astringency of the thea
f l a v i n s as the number of g a l l o y l groups (V l l b ) per molecule i n 
creases. That i s , t h e a f l a v i n (XI) i s less astringent that the 
t h e a f l a v i n monogallates A and Β (XII-XIII) which are less a s t r i n 
gent than t h e a f l a v i n d i g a l l a t e (XIV). 

The t o t a l of the unoxidized flavanols and the theaflavins i n 
black tea i s hardly enough to reach t h e i r taste threshold l e v e l . 
This leaves the thearubigins, which usually comprise over 30% 
of a l l the black tea s o l i d s extracted i n t o a cup of tea, to ac
count for most of the " t a s t e " of tea. Unfortunately, i t was not 
possible to p u r i f y the thearubigins s u f f i c i e n t l y to determine 
t h e i r threshold value, but i t was determined that they are as
tringent. The chemistry of the thearubigins i s only poorly under
stood at the present time, but i t i s known that they are a heter
ogeneous group of condensed flavans (11). I t i s noteworthy that 
the astringency of tea beverages increases appreciably during the 
very early stages of tea fermentation, i . e . before the beginning 
of the formal tea fermentation period. The astringency of the 
tea infusions then decreases s t e a d i l y even though the l e v e l of 
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Table 4: Threshold Levels For Astringency and Bitterness Of Tea 
Polyphenols 

Polyphenol 
(-)-Epicatechin (I) Not 
(-)-Epicatechin 

g a l l a t e (II) 
(-)-Epigallocatechin 

( I I I ) 
(-)-Epigallocatechin 

g a l l a t e (IV) 
(+)-Catechin (V) 
Crude Theaflavins, a 

natural mixture 
(XI-XIV) 

Theaflavin (XI) 
Theaflavin monogallates 

A and B, a natural 
mixture (XII-XIII) 

Theaflavin d i g a l l a t e 
(XIV) 

G a l l i c acid ( V i l a ) 
Thearubigins b (XVII-

Threshold Level 
(mg/100ml) 

Astringency Bitterness 
astringent 60 

50 20 

Not astringent 35 

60 30 

60 70 

Approximate Level 
i n a Cup of Black 
Tea a (mg/100ml) 
of beverage) 

Trace 
Trace 

Trace 

16-18 

5-11 

80 
36 

12.5 

75-
30-

100 
50 

0.6 
1.8 

1.2 
3.7 

Not determined 2.4 - 4.8 

XX, others) 
Tannic acid 

c 
Not astringent^ Not 
Not determined" Not 

20 80 

b i t t e r u 

determined^ 
3-

95-
5 
120 

aBased on amount of s o l i d s extracted from a standard American 
tea bag (2.27g. tea) brewed with 6 oz. b o i l i n g tap water i n 
a cup for 3 min. 

Polymeric proanthocyanidins (12, 13). 
cTested at up to 1000 mg/100ml: Taste at t h i s l e v e l was sour 

with sweet l i n g e r i n g a f t e r - t a s t e . 
I t was not possible to prepare samples of thearubigins of suf

f i c i e n t p u r i t y o r g a n o l e p t i c a l l y to evaluate. 
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thearubigins continues to increase. I t can be surmised that the 
astringency and the b i t t e r n e s s of the thearubigins derives both 
from the number of g a l l o y l groups per i n d i v i d u a l thearubigin 
molecule and from the degree of condensation (size) of each i n d i 
v i d u a l thearubigin molecule which changes continuously during tea 
fermentation and f i r i n g , but these factors have yet to be studied. 
The lack of tangy astringency i n any of the p u r i f i e d black tea 
polyphenols i s thought to be related to the absence of caffeine i n 
any of these p u r i f i e d preparations: Evidence f o r the importance 
of caffeine i n determining black tea taste i s given i n other parts 
of t h i s report (cf. Tables 2, 4 and 5). 

The E f f e c t Of Extraction Time On The Taste Of Black Tea In
fusions. Tea bags were infused for varying lengths of time (1, 
3, or 5 minutes) and th
the amount of s o l i d s extracte
The r e s u l t s (Table 5, part A) suggest that tea aroma i s extracted 
faster than the astringent p r i n c i p l e s ( i . e . the polyphenols), and 
that the tangy portion of the astringency i s not extracted as f a s t 
as the non-tangy portion of the astringency. However, the o v e r a l l 
"tea t a s t e " of the infusions appears to be determined by a com
bin a t i o n of the aroma and the astringent p r i n c i p l e s . These i n 
dications were v e r i f i e d i n the following further experiments:-

The E f f e c t Of Tea Aroma On The Taste Of Black Tea Infusions. 
F i r s t , the aroma was removed from the tea infusions (Table 5, 
part A) by s t r i p p i n g o f f the v o l a t i l e materials present i n the tea 
infusions under reduced pressure. Removal of the aroma from the 
tea infusions was found (Table 5, part B) to reduce the o v e r a l l 
t e a - l i k e q u a l i t y of the tea i n f u s i o n s , but i t had v i r t u a l l y no 
e f f e c t on the l e v e l of astringency i n the i n f u s i o n s . The e f f e c t 
of removing aroma from the tea i n f u s i o n could be reversed by add
ing the aroma back to the stripped i n f u s i o n s . 

The E f f e c t Of Degallating The Tea Polyphenols On The Taste Of 
Black Tea Infusions. The importance of g a l l o y l groups (VIlb) on 
the tea polyphenols i n determining the amount of astringency of 
these polyphenols was c l e a r l y indicated by r e s u l t s obtained by 
t a s t i n g i n d i v i d u a l tea polyphenols (see discussion above of results 
summarized i n Table 3). The importance of g a l l o y l groups on tea 
polyphenols to the taste of whole black tea infusions was tested 
by t r e a t i n g the whole black tea i n f u s i o n with a p u r i f i e d prepara
t i o n of the enzyme tannase (EC. 3.1.1.20). This enzyme i s an 
esterase that acts s p e c i f i c a l l y on the ester bond between g a l l o y l 
groups ( V l l b ) and g a l l a t e d tea polyphenols ( I I , IV, V I I I , IX, X I I -
XIV, XIX, XX, and others) (29, 30, 31). 

Degallating a 3-minute i n f u s i o n of black tea l e a f (Table 5, 
part C) completely eliminated the tangy portion of the astringency 
of the i n f u s i o n but had no e f f e c t on the non-tangy portion of the 
astringency. Dearomatizing the degallated tea i n f u s i o n had the 
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Table 5: The Effe c t of Various Treatments on the Taste of 

Total Amount of 
Tea Solids i n 

Description of the Tea Infusion Infusion (mg) 

A. E f f e c t of length of i n f u s i o n period: 
Tea leaf i n f u s i o

- 5 minutes 670 

B. Ef f e c t of aroma removal ( s t r i p p i n g ) : 
Tea leaf i n f u s i o n - 3 minutes 590 
Stripped i n f u s i o n (aroma removed) 590 
Aroma 0 
Reconstituted stripped i n f u s i o n + aroma 590 

C. Effe c t of de g a l l a t i n g tea polyphenols ( i . e . , t r e a t i n g 
Tea leaf i n f u s i o n - 3 minutes 590 
Infusion a f t e r d e g a l l a t i n g 590 
Stripped i n f u s i o n a f t e r d e g a l l a t i n g 590 
Degallated stripped i n f u s i o n + aroma 590 

D. Ef f e c t of decaffeination ( i . e . f b l a c k tea l e a f d e c a f f e i n -
Infusion (3 minutes) of decaffeinated (and 
dearomatized) tea l e a f 535 

Decaffeinated i n f u s i o n + caffeine 580 
Decaffeinated i n f u s i o n + aroma 535 
Decaffeinated i n f u s i o n + caffeine + aroma 580 

E. Ef f e c t of milk ( i . e . , adding 1 teaspoon milk to tea i n f u -
1 minute i n f u s i o n + milk 490 
3 minutes i n f u s i o n + milk 590 
5 minutes i n f u s i o n + milk 670 

F. Effect of adding lemon j u i c e ( i . e . , j u i c e squeezed from a 
Tea l e a f i n f u s i o n - 3 minutes (pH 4.8) 590 
Infusion + 3 ml lemon j u i c e (pH 3.2) 590 
Infusion + HC1 (pH 3.2) 590 
2.27g black tea l e a f was infused i n a tea cup with 6 oz. 

Key to r a t i n g s : 0 = none; 1 = threshold; 2 = weak; 3 « 
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Table 5 (eont.) 

Black Tea Infusions 

Amount of 
Caffeine i n 
Infusion (mg) 

Organoleptic Evaluation 

Astringency 
Tangy Non-Tangy Aroma 

Black 
Tea Taste 

41 
48 
54 4 Very strong 

48 
48 
0 

48 

3 
3 
0 
3 

the tea i n f u s i o n with tannase enzyme): 
48 
48 
48 
48 

3 
0 
0 
0 

Strong 
F l a t 
Flavory, pungent 
Strong 

Strong 
Mild 
Weak 
Mil d 

ated, and consequently dearomatized, by solvent extraction): 

3 
48 
3 

48 

Weak 
Mild 
Mild 
Strong 

sions from A above): 
41 0 2 
48 0 3 
54 1 3 

lemon wedge) : 
48 3 3 
48 1 2 
48 1 2 

3 Weak, milky 
3 M i l d , milky 
3 Strong, milky 

3 Strong 
3 M i l d , lemon 
3 M i l d , sour 

f r e s h l y b o i l e d tap water producing on average 5.2 oz. 
moderate; 4 = strong. 

of beverage. 
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e f f e c t of reducing both the tangy and the non-tangy portions of 
the astringency and reducing the o v e r a l l t e a - l i k e q u a l i t y of the 
i n f u s i o n to a barely perceptible l e v e l . The e f f e c t of dearomatiz-
ing the infusions was e n t i r e l y reversed by r e s t o r a t i o n of the 
aroma removed. 

The Effect Of Caffeine (XXI) On The Taste Of Black Tea In
fusions. Samples of decaffeinated black tea l e a f and regular 
black tea l e a f were brewed side by side and the infusions obtained 
were chemically analyzed and o r g a n o l e p t i c a l l y evaluated. The 
r e s u l t s (Table 5, part D) indicated that removal of caffeine from 
the tea i n f u s i o n has a s i g n i f i c a n t e f f e c t on the taste of the i n 
fusion. S p e c i f i c a l l y , decaffeination causes the b i t t e r n e s s of a 
black tea i n f u s i o n s l i g h t l y to increase and decaffeination changes 
the nature of the astringenc  i  th  i n f u s i o  fro  th  tang  type
which i s c h a r a c t e r i s t i c
ther, the r e s u l t s (Tabl , par  d e g a l l a t i o
tea polyphenols has only a r e l a t i v e l y small e f f e c t on the taste 
of decaffeinated tea beverages (t h i s e f f e c t i s a small general 
decrease i n a l l taste p r o p e r t i e s ) , whereas d e g a l l a t i o n of the tea 
polyphenols i n a regular tea i n f u s i o n causes a marked reduction 
i n the astringency of the i n f u s i o n . 

I t has long been known that caffeine (the predominant xan
thine compound i n tea; see Table 1) complexes with tea polyphenols 
In f a c t , the complexation of black tea polyphenols and caffeine i s 
responsible for much, but not a l l , of the tea cream formation 
( i . e . the p r e c i p i t a t i o n of tea s o l i d s ) that occurs when black tea 
infusions cool down (32, 33, 34). A more deta i l e d i n v e s t i g a t i o n 
by C o l l i e r et a l . (35) showed that condensation of the tea f l a v a -
nols (ex. I + I I I + 02** X) and the presence of g a l l o y l groups 
(Vllb) on the tea polyphenols, decreases the s o l u b i l i t y of caf
feine/tea polyphenol complexes. 

Our r e s u l t s (Table 5, part D) suggest that caffeine com
plexes with the black tea polyphenols i n a way that prevents 
these polyphenols from complexing with themselves to form larger 
polyphenolic molecules. These caffeine/black tea polyphenol com
plexes are less soluble i n cold water than the i n t e r n a l black tea 
polyphenol/polyphenol complexes, and the caffeine/polyphenol com
plexes have a more sharp tangy astringency than the polyphenol/ 
polyphenol complexes which have a l i n g e r i n g mouth-drying, mouth-
coating e f f e c t ( i . e . non-tangy astringency). 

The a b i l i t y p a r t i a l l y to transform the astringency i n regular 
black tea infusions (containing caffeine) to something very close 
to the astringency of the decaffeinated tea infusions by degal
l a t i n g the tea polyphenols (Table 5, parts C and D) suggests that 
the g a l l o y l groups on the black tea polyphenols are the s p e c i f i c 
s i t e s involved i n the complexation with c a f f e i n e , or other black 
tea polyphenols. I f the above i s true, then i t i s also true that 
the g a l l o y l groups on the tea polyphenols are c r i t i c a l determin
ants of the type of astringency that e x i s t s i n tea beverages. I t 
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i s noteworthy that i t i s now known (36, _37, 38) that d e g a l l a t i o n 
of black tea polyphenols w i l l eliminate most of the black tea 
cream furnishing another piece of evidence for the importance of 
the s p e c i f i c nature of the complexation between caffeine (XXI) 
and the g a l l o y l groups (V l l b ) of black tea polyphenols ( I I , IV, 
V I I I , IX, XII-XIV, XVI, XIX, XX, and others). 

The E f f e c t Of M i l k On The Taste Of Tea Infusions. M i l k i s 
often added to black tea infusions to ameliorate the taste of the 
beverage. The e f f e c t of t h i s p r a c t i c e was studied by adding milk 
to black tea infusions and determining the organoleptic properties 
of the r e s u l t i n g beverage. The r e s u l t s (Table 5, part E) showed 
that the a d d i t i o n of milk to black tea infusions caused a marked 
lowering of the astringency of the infusions. The reduction of 
astringency i n these experiment
and 3-min. infusions an
Of course, the e f f e c t noted here w i l l be highly dependent on the 
amount of tea s o l i d s i n the cup and the amount of milk added. 

I t i s noteworthy that the addition of milk to these tea i n 
fusions had p r a c t i c a l l y no e f f e c t on e i t h e r the o v e r a l l t e a - l i k e 
q u a l i t y or the aroma. The a d d i t i o n of milk to black tea i n f u 
sions d i d cause other effects on the taste of the tea infusions 
(not noted i n Table 5); such as an increase i n the body of the 
beverage, contribution of a smoothness to the t a s t e , and c o n t r i 
bution of a milky taste per se; but these e f f e c t s are foreign to 
the subject of t h i s discussion. 

Since the astringency of black tea infusions i s established 
to be due to the phenolic compounds present, i t can be s a f e l y as
sumed that the milk has i t s e f f e c t by t y i n g up the tea polyphenols 
i n such a way that they no longer have astringent properties: The 
milk proteins are prime candidates for the agents i n milk that 
cause t h i s t y i n g up of the tea polyphenols. Brown and Wright (39) 
i s o l a t e d milk protein/black tea polyphenol complexes and studied 
t h e i r e l e c t r o p h l o r e i c properties. The i n t e r a c t i o n of proteins 
with polyphenolic compounds i s a w e l l known, frequently observed 
phenomena (40), but i t i s important to t h i s discussion to note 
two consequences of the reaction between tea polyphenols and milk 
proteins: F i r s t , the complexes do not p r e c i p i t a t e as do v i r t u a l l y 
a l l other protein/tea polyphenol complexes. Presumably, the milk 
protein-tea polyphenol complexes form stable c o l l o i d a l suspensions. 
Second, these complexes have the e f f e c t of appreciably reducing 
the astringency of black tea infusions which i s desirable to most 
consumers (G.W. Sanderson, unpublished data). 

The Effect Of Lemon Juice On The Taste Of Black Tea Infusions. 
Lemon j u i c e added to a black tea i n f u s i o n was found (Table 5, 
part F) to cause a marked reduction i n the astringency of the 
beverage. Further, the tangy part of the tea astringency was 
more affected than the non-tangy part. The o v e r a l l e f f e c t of 
t h i s reduction i n astringency was to reduce the tea taste im-
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pression of the beverage from "strong" to "mild". 
The pH of a second black tea i n f u s i o n was adjusted down with 

hydrochloric acid from an i n i t i a l pH 4.8 to pH 3.2 (the same pH 
change effected by addition of the lemon j u i c e described above). 
This tea beverage with pH adjusted by means of an inorganic acid 
was found (Table 5, part F) to have v i r t u a l l y the same taste 
properties as the tea beverage with lemon j u i c e , e s p e c i a l l y as 
regards the astringency and the strength of the tea taste. 

These r e s u l t s i n d i c a t e that s l i g h t l y reducing the pH of a 
tea beverage (such as from pH 4.8 to about 3.2) w i l l reduce the 
astringency of the beverage and that t h i s change i s most pleas
antly accomplished by adding a l i t t l e lemon j u i c e : This, of 
course, has the added advantage of contributing a touch of lemon 
f l a v o r which complements the tea f l a v o r . The fa c t that the tangy 
part of the tea astringenc
the caffeine/polyphenol
change. The chemistry underlying t h i s phenomena i s not under
stood, but the phenomena, i . e . the reduction i n astringency 
caused by lowering pH, has been described more than once before 
(40). 

Summary And Conclusions 

The r e s u l t s of our investigations confirm and extend e a r l i e r 
research (9, 15, 41, 42, 43) that indicates the prime importance 
of the tea polyphenols i n determining the taste of black tea 
infusions (beverages). Through the process of tea fermentation 
(Figures 1 and 2) the green tea flavanols (I-VI) are oxidized 
and condense to form the theaflavins (XI-XIV), the thearubigins 
(VII-XX, and other unknowns), and other minor products (VIII-X, 
XV, XVI, and other unknowns). These changes are accompanied by 
changes i n the taste of infusions from green, grassy, harsh, 
b i t t e r , with s l i g h t non-tangy astringency (fresh green tea f l u s h ) , 
to green, very harsh, with strong non-tangy astringency (fermented 
but not f i r e d ) , to flowery, s l i g h t l y green, with pleasant tangy 
astringency, and mild black tea f l a v o r (fermented and f i r e d ) . 
These changes were found to be d e f i n i t e l y associated with the o x i 
dation of the tea flavanols i n that e l i m i n a t i o n of both the tea 
fermentation and the f i r i n g processes prevented the development 
of a c h a r a c t e r i s t i c black tea taste (Table 3) and removal of the 
polyphenols from a black tea i n f u s i o n e f f e c t i v e l y removed a l l 
recognizable black tea character (Table 2). 

F i r i n g of the fermented tea f l u s h material was shown i n our 
i n v e s t i g a t i o n (Table 3) to be e s s e n t i a l to the development of 
black tea f l a v o r . This f i n d i n g has been reported previously by 
Bokuchava et a l . (17) and by Bhatia and Ullah (18). The r o l e of 
f i r i n g i n the development of black tea f l a v o r i s not w e l l under
stood but the a v a i l a b l e evidence suggests that the following 
changes are brought about by f i r i n g that are important i n t h i s 
context: (a) F i r i n g following tea fermentation causes some 
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further changes i n the polyphenols that resemble the changes tak
ing place during tea fermentation, i . e . changes i n the amounts of 
theaflavins and thearubigins. However, these changes which take 
place at higher temperatures and i n a more concentrated environ
ment may be q u a l i t a t i v e l y d i f f e r e n t from those occuring during tea 
fermentation i t s e l f . (b) F i r i n g causes considerable i n s o l u b i l i -
z ation of tea s o l i d s and the materials i n s o l u b i l i z e d include both 
polyphenols and non-ρ οlyphenolie compounds. The polyphenolic 
materials l o s t to the i n f u s i o n in this way are mostly thearubigins 
and the non-polyphenolic materials l o s t are probably small amounts 
of peptides (44) and polysaccharides (45). These losses may be 
most important e s p e c i a l l y i f i t were found that the compounds with 
the harshest, strongest non-tangy astringency were p e r f e r e n t i a l l y 
l o s t i n t h i s process. ( c ) . The formation of black tea aroma i s 
e n t i r e l y dependent on tea fermentation and f i r i n g (16  17  18
Table 3), and black te
ment to the black tea s o l i d
f l a v o r (Table 5). I t i s also known that f i r i n g drives off ap
preciable amounts of aroma constituents (17, 46), and t h i s may 
lead to an improved balance of aroma constituents as f a r as black 
tea aroma i s concerned. The above 3 points c e r t a i n l y deserve f u r 
ther i n v e s t i g a t i o n . 

The r e l a t i o n s h i p of g a l l o y l groups (VIlb) and caffeine (XXI) 
to the tangy astringency of tea infusions i s most important 
(Tables 2 and 5). Tangy astringency i s possibly what some other 
researchers (9, 25, 43), and the tea trade (47) c a l l briskness. 
In any case, tangy astringency i s d i f f i c u l t to define, a f a c t 
recognized long ago by Bate-Smith (48) i n h i s review of a s t r i n 
gency i n food products, yet i t i s a most important c h a r a c t e r i s t i c 
part of the taste of black tea infusions. Roberts (9^, 49) had 
found that "briskness" i n black tea infusions was correlated to 
some extent with the theaflavins and the caffeine content of 
these infusions and Wood and Roberts (25) provided some a d d i t i o n a l 
evidence i n support of t h i s contention. However, we can now say 
that i t i s the g a l l o y l groups on the t h e a f l a v i n g a l l a t e s (XII-
XIV) and other g a l l a t e d black tea polyphenols ( V I I I , IX, XVI, 
XX, and other gallated unknowns) that react with caffeine (XXI) 
to produce the tangy astringency associated with "briskness" i n 
black tea infusions. 

I t i s noteworthy that studies of consumer practices and pre
ferences i n the United States (G.W. Sanderson, unpublished) i n 
dicate that tea bags are usually brewed for only about 1 min. 
Further, the c r i t i c i s m of tea beverages that i s obtained more 
often than any other i s that the beverage i s too b i t t e r (consum
ers appear to confuse b i t t e r n e s s with astringency i n the case of 
tea beverages). Apparently, consumers i n the United States con
t r o l the l e v e l of astringency i n t h e i r cup of tea by using a 
rather short e x t r a c t i o n time, thereby l i m i t i n g the amount of tea 
s o l i d s extracted. As shown i n Table 5, part A, t h i s i s an ef
f e c t i v e means of minimizing the astringency of the i n f u s i o n while 
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at the same time providing for a reasonable amount of tea f l a v o r 
to be extracted. Of course, reducing the pH of the black tea i n 
fusion by adding lemon j u i c e i s also a sound means of reducing 
the astringency of the i n f u s i o n (Table 5, part F) and t h i s too i s 
a common pr a c t i c e i n the United States. 

In many places outside the United States, i t i s customary to 
brew tea much stronger than w i t h i n the United States (by brewing 
for 3 to 5 min. rather than f o r 1 min. and/or by using more tea 
to prepare a serving). However, i t i s also customary to add milk 
to tea infusions i n these places. The United Kingdom, India, 
and S r i Lanka are good examples of countries where such practices 
are almost u n i v e r s a l . The r e s u l t s shown i n Table 5, part D, i n 
dicate that the high l e v e l of astringency n a t u r a l l y associated 
with the stronger tea infusions preferred i n many countries out
side the United States i s neutralized with milk  rather than be 
l i k e d or t o l e r a t e d , b

On The Chemistry Of The Taste Of Green Tea 

A d e t a i l e d discussion of green tea i s outside the scope of 
t h i s paper. However, attention should be drawn to a recent paper 
by Nakagawa (50) that provides much useful information on the 
chemistry underlying the taste of green tea infusions. Nakagawa1s 
(50) r e s u l t s i n d i c a t e that the major components of taste i n green 
tea are b i t t e r n e s s , astringency, brothy, and sweetness. The 
bitterness and astringency was shown to be due to the green tea 
polyphenols: The tea flavanols ( I - V I ) , e s p e c i a l l y the g a l l a t e d 
flavanols ( I I , IV), and leucoanthocyanins were considered to be 
most important i n determining these taste c h a r a c t e r i s t i c s , but 
some u n i d e n t i f i e d phenol-type materials were also thought to make 
a s i g n i f i c a n t and desirable contribution to green tea bitterness 
and astringency. The brothy taste of green tea was shown to be 
due to amino acids, and the sweetness to sugars. Caffeine was 
reported to play no s i g n i f i c a n t r o l e i n determining the taste of 
green tea. The contrast between Nakagawa1s (50) r e s u l t s for 
green tea and the r e s u l t s discussed above for black tea derive 
i n part from the d i f f e r e n t clones of tea plants c u l t i v a t e d f o r 
green tea manufacture, but mostly from the tea fermentation pro
cess (Figure 2) which i s part of the black tea manufacturing 
process but which i s purposely prevented i n the green tea manu
facturing process (51, 52). 

Experimental 

The beverage strength extract was prepared by brewing black 
tea l e a f i n 75 times i t s weight of d i s t i l l e d deionized water for 
5 min. The extract was freeze-dried from about 2% s o l u t i o n for 
use as required. 

Aroma Recovery. Tea aroma was recovered by c o l l e c t i n g about 
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25% d i s t i l l a t e from a f r e s h l y prepared tea beverage. D i s t i l l a 
t i o n was c a r r i e d out i n a rotory evaporator under vacuum at 40°C 
and with a condenser temperature at -5°C 

Fractionation. The beverage strength tea extract was concen
trated to about 2% (w/w) s o l i d s p r i o r to f r a c t i o n a t i o n by solvent 
extraction. Caffeine and other purines of tea were removed by 
extracting the tea concentrate with trichloroethylene (TCE) for 
48 hr. using a l i q u i d - l i q u i d extractor. A f t e r the ext r a c t i o n was 
completed TCE was d i s t i l l e d under vacuum to recover caffeine. 
Traces of TCE were removed from the aqueous tea extract under 
vacuum using a rotory evaporator. Next, tea polyphenols were 
recovered from the caff e i n e free tea extract by et h y l acetate 
(EtAc) e x t r a c t i o n for 48 hr. using a l i q u i d - l i q u i d extractor. 
Polyphenols were recovered from the EtAc f r a c t i o n by removing 
EtAc under vacuum a f t e  d i s t i l l e d wate  added t  that 
f r a c t i o n . Added water
by freeze-drying. The  polypheno  aqueou
f r a c t i o n of the tea was then freeze-dried a f t e r removal of traces 
of EtAc under vacuum. 

A tea extract free of a l l tea polyphenols was obtained by 
passing a fr e s h l y brewed tea s o l u t i o n through a column packed 
with hydrated polyamide CC6 (Brinkmann). The column was then 
washed 3 times with hot d i s t i l l e d water. The eluates obtained 
were completely free of polyphenols as judged by paper chroma
tography. A t o t a l polyphenol and caffeine free tea extract was 
obtained by passing the above polyphenol free extract through a 
presolvated XAD-2 column (53). P u r i f i e d tea flavanols were ob
tained or prepared as described previously (54). 

A n a l y t i c a l Methods. Organoleptic evaluations were done 
using a panel consisting of laboratory personnel. The panel was 
trained for t h i s work and a l l the t e s t i n g was c a r r i e d out under 
standard conditions. 

Minerals were determined by atomic absorption and flame 
emission spectroscopy. 

Pectins were determined by the method of McComb and 
McCready (55). 

Sugars were determined by a modification (R. Simons, un
published) of a procedure by which sugars are p u r i f i e d by ion 
exchange chromatography (56) and determined by quantitative gas 
chromatography (57). 

Organic acids were separated by a modification (R. Simons, 
unpublished) of a procedure by Fujimaki et a l . (58), and de
termined by gas chromatography (59). 

Amino acids were determined by automatic amino acid analyzer. 
Caffeine was determined by g.l. c . a f t e r chloroform extrac

t i o n (P.D. C o l l i e r , unpublished method). 
Individual flavanols were estimated using the method of 

C o l l i e r and Mallows (60). 
Theaflavin and thearubigins analysis of tea solutions was 
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carried out using the method of Roberts and Smith (15). 
A l l other analyt ical methods were o f f i c i a l A.O.A.C. methods 

(61). 

Black Tea Manufacture: Freshly harvested green tea flush 
was air-freighted so as to reach our laboratory in the evening 
of the day of harvesting (54). Black tea manufacture (62, 63) 
was carried out according to the following laboratory scale pro
cedure : 

The flush was spread out on a bench top to wither overnight 
to a moisture content of about 65%. The withered flush was 
macerated by passing i t 3 times through a r o l l m i l l . The macerated 
tea flush was spread about 3 cm. deep i n trays covered with damp 
cheesecloth and allowed to undergo tea fermentation for the 
times specified. At the end of the desired tea fermentation 
period, one sample of fermente
with crushed dry ice an  sampl
by forcing a i r at 97°C through the sample for about 25 min. A l l 
samples were dried to a moisture content of about 5% which ren
dered them stable and ready for chemical analysis and organolep
t i c evaluation. 
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W i n e Flavor and Phenolic Substances 

V. L. SINGLETON and A. C. NOBLE 
Department of Viticulture and Enology, University of California, Davis, Calif. 95616 

Phenolic substance
odor of wines. They make direct contributions to flavor which 
may be very large and overriding as in some astringent red 
wines, but can be very subdued compared to the effects of 
other compounds in wines of other types. In dry red wines 
they usually are the most p len t i fu l constituents after alcohol, 
tar tar ic acid, and unfermentable sugars. Indirect effects of 
phenols on flavor can be large and both psychological and 
chemical. For example, sensory quality of wine is d i rect ly 
influenced to a considerable degree by color and the influence 
of color on judgement of flavor is difficult to avoid. The 
colors of wines are largely the result of anthocyanins, other 
phenols, and their reaction products whether the wines are 
pink, red, purplish, red-orange, yellow, golden, or amber. 
Reactions associated with the oxidation of the wine's phenols 
normally produce taste and odor changes as wel l as color 
changes. Therefore, wine that appears oxidized from its 
color is likely to be judged as oxidized in flavor even if 
it is not. In most wines, polyphenols are the main pool of 
substances capable of autoxidation under normal wine-aging 
conditions (ambient or lower temperature, about pH 3.3, a i r 
access often restricted and at ambient pressure, etc.). Thus, 
processing and aging of wine produce direct taste or odor 
changes by modifying the phenols themselves, but also produce 
indirect flavor effects through associated reactions. 

The ideal si tuation has not been reached wherein we know 
the complete specific Qualitative and quantitative phenolic 
composition of wines and these substance's individual and 
collect ive role in flavor. Considerable progress is currently 
being made to this goal. The phenolic substances of wine and 
their direct and indirect effects i n wine have been reviewed 
(1). Further effects associated with coloration and dis
coloration reactions have also been reviewed (2). In this 
paper the focus i s on the speci f ic , direct effects of wine 
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phenols on odor and taste of wine emphasizing the present 
status of our knowledge with onlv a few observations on the 
reactions of phenols of i n d i r e c t but great importance to wine 
f l a v o r . Color as such i s ignored. Tn an e f f o r t to be com
plete and to encourage further work, we have included pertinent 
findings not d i r e c t l y i n v o l v i n g wines and have d e l i b e r a t e l y 
included some observations and opinions not s o l i d l y based on 
proven f a c t , Data drawn from the. l i t e r a t u r e are documented, 
but not exhaustively. Facts considered common knowledge i n 
enology can be checked i n general texts (e.g., 3)· 

!· Phenols as Flavorants. What ef f e c t s on wine taste and 
odor might be expected from the general knowledge of phenols 
and flavor? Certain phenols are known to have several d i f 
ferent types of d i r e c
pungents, sweet substances
Odorants must, of course, be reasonably v o l a t i l e . To i n t e r a c t 
at the odor sensing s i t e and cause an odor sensation, ap
preciable l i p i d s o l u b i l i t y and some water s o l u b i l i t y are 
considered r e q u i s i t e s (4). Manv small or simple phenols 
can be seen to f i l l these requirements w e l l . Odorous phenols 
of some i n t e r e s t i n foods range from phenol, c r e s o l s , and 
guaiacol with "medicinal," "phenolic," or possibly smoky 
odors to more c h a r a c t e r i s t i c a l l y pleasant odorants such as 
v a n i l l i n and methyl s a l i c y l a t e . Flavonoids and other sizeable 
phenols have no s i g n i f i c a n t odor i n the pure state nor do 
highly polar phenol d e r i v a t i v e s , glucosides or g a l l i c acid 
for example, which have high water s o l u b i l i t y or low vapor 
pressure. In wine, the odorous phenols would be sought i n 
the v o l a t i l e , solvent extractable, nonflavonoid f r a c t i o n . 

Pungency i s considered a "hot," penetrating, burning 
sensation i n the mouth which at lower l e v e l s may be "warm," 
spicv, sharp or harsh. I t i s also an odor descriptor and part 
of the burning, penetrating, harsh, spicy "phenolic" odors of 
some phenols i s believed another expression of pungency i n 
v o l a t i l e compounds. Pungency i s not confined to phenols; 
consider, for example, a c r o l e i n , cinnamaldehyde and even high 
concentrations of ethanol which give burning " t a s t e " sensa
ti o n s . Many phenols have a pungency component i n t h e i r 
f l a v o r and notable pungents include eugenol from cloves, 
gingerols from ginger, and capsaicin from c h i l e peppers. 
These l a t t e r compounds and some pungent synthetic analogs a l l 
are οrtho-methoxypheno1s with a nonpolar para side chain. 
Pungent phenols are also expected to be i n the nonflavonoid 
f r a c t i o n extractable with immiscible solvents such as e t h y l 
acetate, but may (eugenol) or may not (gingerols) be v o l a t i l e 
even with steam (5). 

Astringency i s a contracting (puckering), drying, mouth 
f e e l i n g i n v o l v i n g p r e c i p i t a t i o n of the proteins of s a l i v a and 
the mucous surfaces (5, 6). Astringency among food c o n s t i t -
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uents i s almost e n t i r e l y from "tannins," the l a r g e r natural 
polyphenols. Based p a r t l y on t h e i r a b i l i t y to p r e c i p i t a t e 
proteins, polyhydroxyphenols with a molecular weight of the 
order of 500 are considered the minimum f o r appreciable 
astringency and astringency generally increases with increased 
degree of polymerization up to some point or the s o l u b i l i t y 
becomes l i m i t i n g (1, 6). 

None of the e f f e c t s mentioned have involved the primary 
tastes: s a l t , sour, sweet, and b i t t e r . The s a l t y taste i s 
r a r e l y of anv s i g n i f i c a n c e i n wine, but the sour taste i s 
quite important. Substances g i v i n g s a l t y or sour tastes are 
ioni z a b l e (7) and phenols without carboxy groups (which do not 
i o n i z e appreciably under wine conditions) are not d i r e c t l y i n 
volved i n these tastes. Sweetness can be and b i t t e r n e s s often 
i s a property of phenoli
l i k e phloroglucinol ar
sweetness i s weak compared to sugars and accompanied by 
"medicinal" or other f l a v o r s . A few phenols derived from 
natural flavonoids are intenselv sweet, naringin dihydro-
chalcone, for example. There i s , however, no evidence of a 
s i g n i f i c a n t sweetness contribution by any phenol found i n 
grapes or wine. 

I t i s not uncommon that sweet, b i t t e r , and t a s t e l e s s 
members occur w i t h i n the same serie s of compounds and t h i s 
i s true of phenols. Naringin i s the intensely b i t t e r 7-β-
neohesperidoside of naringenin; 4 1,9,7-trihydroxvflavanone. 
I t i s the predominant b i t t e r substance i n grapefruit and can 
be converted to the intensely sweet dihvdrochalcone. Naringenin 
7-P-rutinoside i s t a s t e l e s s (8, 9). Current theories i n d i c a t e 
that sweetness requires two electronegative atoms such as 
oxygen about 3 angstroms apart, one with an a v a i l a b l e proton 
and the other as a p o t e n t i a l proton acceptor f o r intermolecular 
hydrogen bonding with the receptor s i t e (7). B i t t e r substances 
appear to have a s i m i l a r arrangement except that the proton to 
negative center distance i s reduced about h a l f , producing 
intramolecular hydrogen bonding and r e l a t i v e hydrophobicity 
(7). 

The s p a c i a l arrangement of the key groups i s also important 
i n whether a given compound w i l l be sweet or b i t t e r and how 
intensely so. I t seems pertinent that i n the i n o s i t o l s e r i e s 
substances with more than 4 hydroxv rroups are only sweet 
whereas those with l e s s than 4 were b i t t e r and one with 4 
hydroxvIs was t a s t e l e s s (10). The p i c t u r e of a water soluble 
hydroxylated r i n g with some hydrophobic character f i t s natural 
phenols w e l l and many phenols have some b i t t e r character i f 
they have fl a v o r at a l l . A few examples include p i c r i c a c i d , 
matairesinol glucoside i n safflower (11), an isocoumarin i n 
c a r r o t s , oleuropein i n o l i v e s , and 2,4,5-trimethoxybenzaldehyde 
i n carrot seed (12)» Of course, manv terpene, tropolone, 
glycoside, a l k a l o i d , and peptide d e r i v a t i v e s are also b i t t e r , 
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but no b i t t e r s other than phenolic have, to our knowledge, 
been demonstrated i n wines unless they were d e l i b e r a t e l y 
flavored as with vermouths. 

1 1 · Sources of Phenols i n Wines. The major source of phenols 
i n wine i s , of course, the grapes used to make the wine. The 
natural phenols p r e e x i s t i n g i n the grape may be modified by 
the enzymes and exposure incident to crushing and preparation 
for fermentation. The yeasts increase phenol content by con
version of nonphenolic substrates to phenolic d e r i v a t i v e s and 
w i l l modify the phenolic mixture by i n f l u e n c i n g e x t r a c t i o n 
or s o l u b i l i t y through the alcohol produced, by adsorption 
and p r e c i p i t a t i o n with the yeast c e l l , and by metabolism 
i n t o new phenols. Other microorganisms, p a r t i c u l a r l y the 
malic acid fermenting l a c t i
organisms causing i n c i p i e n
modify wine's phenols. 

Processing, p a r t i c u l a r l y operations such as oxidation 
(as i n sherry making) or p a s t e u r i z a t i o n , modifies nhenols i n 
wine. Aging produces c m a l i t a t i v e and Quantitative changes 
i n the phenolic makeup of wine and p a r t i c u l a r l y f i n e wines 
are often aged for several years. The f i r s t stage of aging 
i s often i n wooden containers. Depending on p r i o r container 
useage, surface of wood per u n i t of wine, and time of contact, 
a d d i t i o n a l phenols are contributed from the container wood to 
the wine (13b). F i n a l l y , phenols might be i n wine as inad-
vertant contaminants or as part of f l a v o r s added to such wines 
as vermouths. 

I I I . T otal Phenol Contents of Wines. The t o t a l concentration 
of a l l phenols can be determined auite s a t i s f a c t o r i l y i n sub
stances such as wine by molybdotungstophosphoric colorimetry 
(14). The r e s u l t s are expressed as mg of g a l l i c acid equivalent 
(CAE) per l i t e r of wine. By comparison with s u i t a b l e known 
phenols the contribution of any other nhenol to the t o t a l mg 
OAE/1 of the wine can be predicted s a t i s f a c t o r i l y (13a). For 
example, (+)-catechin behaves as an equimolar mixture of 
phloroglucinol and catechol and gives 1.5 times the molar 
color y i e l d of g a l l i c a c i d i n t h i s assay. 

I f the phenols of grape b e r r i e s are exhaustively extracted 
with aqueous ethanol, the t o t a l i s considerably dependent upon 
the grape v a r i e t y as shown i n table 1 (15). 
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Table I 
Total Extractable Phenols In Ripe Grape Berri e s 

Berry color 
White -j • 

A l i g o t e 
Emerald R i e s l i n g 
French Colombard 
Muscat Alexandria 
Pinot blanc 
Sauvignon blanc 
Sémi l i o n 
Calζin 
Catawba 
Grenach
P e t i t e Sira
Delaware 

Variety 
T o t a l phenol mg. 

°Brix GAE/kg. fresh wt. 

Red 

I I 

I f 
I f 
I t 

I I 
I I 

I I 

t l 

I t 

I I 20.7 3240 
20.6 5470 
18.7 2530 
18.8 2840 
20.1 6060 
21.8 2090 
19.8 2430 
21.0 4980 
22.1 4060 

20.6 4360 

I t follows from these figures that i f a l l the phenols present 
i n the grape berry were f r e e l y extracted i n t o the wine the 
phenol content would be about 2000-6000 mg/1. These values 
may be somewhat low since grapes grown i n cooler regions 
have more t o t a l phenol and these grapes were from a warm 
area. Wines with 6500 mg GAE/1 have been prepared when we 
de l i b e r a t e l y attempted to r a i s e the t o t a l phenol as much as 
possible. Such wine i s undrinkably astringent. I f c l u s t e r 
stems were extracted, a d d i t i o n a l t o t a l phenol content could 
be contributed up to about 2000 mg GAE/1. Stems give to wine 
a somewhat hot or peppery character the chemistry of which 
has not been c l a r i f i e d (1). 

The data a v a i l a b l e from several sources (1) suggest about 
5500 mg GAE/kp t o t a l phenol i n the average red wine grape and 
about 4000 mg GAE/kg i n the average white wine grape. The 
difference i s p a r t l y that the white grapes do not make antho-
cyanins and t h i s portion of the t o t a l phenol appears to be 
l o s t rather than diverted to other phenolic d e r i v a t i v e s . 
Furthermore, the red b e r r i e s tend to be smaller, thus have 
more seeds and skins f o r a given weight of f r u i t (16). The 
t o t a l phenol was d i s t r i b u t e d about 3.3% i n the s k i n s , 0.7% 
i n the pressed f l e s h , 3.4% i n the j u i c e and 62.6% i n the seeds 
for a series of red grapes and 23.2, 0.9, 4.5, and 71.4% 
respectively i n a serie s of white wine grapes (1). Seedless 
grapes' t o t a l i s reduced about 2/3 by the absence of the seeds. 

I n i t i a l winemaking practices greatly influence the 
amount of phenols which t r a n s f e r from the grape to the wine. 
Light white wines of high q u a l i t y are us u a l l y made by separ
ating the j u i c e immediately upon crushing the grapes. The 
contact with pomace (skins and seeds) i s thus minimal and 
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the pressing i s restrained i n j u i c e recovery. The j u i c e i s 
frequently c l a r i f i e d p r i o r to fermentation. The phenols of 
such wines are those of the j u i c e with minimal t r a n s f e r from 
the skins or seeds. The t o t a l phenol content i s usually about 
50 to 350 mg GAE/1 i n these wines, averaging about 250 mg 
GAE/1 (1). I f the grapes are overripe, s h r i v e l e d , heated, 
frozen or otherwise damaged so as to cause e x t r a c t i o n of the 
phenols from the s o l i d p a r t s , the t o t a l phenol content w i l l 
r i s e . The same i s true of prolonged pomace contact before 
ju i c e separation or excessive pressing f o r j u i c e recovery. 
Good white table wine may be d e l i b e r a t e l y made with some 
pomace contact to increase f l a v o r and part of the increase 
i s phenolic. Lower q u a l i t y white wines may have t r i p l e the 
usual phenol content. White dessert wines and sherries are 
normally made from r i p e
conditions such that th
higher, 300 to perhaps 800 mg GAE/1. 

Pink wines are o r d i n a r i l y made by fermenting the mixed 
whole mass of destemmed, crushed red grapes f o r about one day 
to extract some anthocyanins from the sk i n s . The time before 
f l u i d separation from the fermenting mixture i s extended 
for red wines; perhaps 3-4 days i s t y p i c a l at present. Max
imum red color release i n t o the wine i s reached w e l l before 
maximum phenol e x t r a c t i o n . This i s p a r t l y because of slower 
d i f f u s i o n and extraction of molecularly l a r g e r tannins 
e s p e c i a l l y from the seeds. About h a l f of the seeds 1 phenol 
content should be extracted i n the usual conditions of red 
wine making (17). Carignane rosé made by fermentation at 
25°C had only 1.65% of the anthocyanin and 7.6% of the berry 
t o t a l phenols and red wine made by fermenting some of the 
same grapes 10 days at 25°C had 26.8% of the berry anthocyanin 
and 31.2% of the t o t a l phenol (18). I f fermentation on the 
pomace i s continued long enough the t o t a l phenol content of 
the wine decreases, evidently due to polymerization and pre
c i p i t a t i o n . Bourzeix et a l . (19) found the maximum phenolic 
content occurred at about 11 days of pomace fermentation. 

Considerable data on the t y p i c a l phenol content of pink 
and red wines was reviewed by Singleton and Esau (1). Although 
wines from i n d i v i d u a l grape v a r i e t i e s d i f f e r considerably, 
rosé wines fermented one day on the skins had about 500 mg/1 
of t o t a l phenol and about 10% of the red col o r of wines made 
from the same grapes and fermented 3-5 days on the skins to 
reach about 1900 mg/1 of t o t a l phenol. Sel e c t i v e heating of 
grape skins to produce presumably complete release of antho
cyanins and other phenols from the skins without contribution 
from the seeds produced about 1200 mg GAE/1 t o t a l phenol. 

The lower content of t o t a l phenol i n wine compared to 
the content i n grapes r e f l e c t s mainly incomplete extraction 
from the grape's seeds and s k i n s . However, p r e c i p i t a t i o n , 
p a r t i c u l a r l y of the tannins with the grape proteins or yeast 
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c e l l s also i s appreciable i n the course of wine making and 
c l a r i f i c a t i o n . Further p r e c i p i t a t i o n and lo s s occurs during 
aging (1). Berg and Akiyoshi (20) found that a wine prepared 
without fermentation by alcohol addition to red j u i c e had 
1240 mg/1 t o t a l phenol. Wine made by fermenting another 
portion of the same j u i c e was s i m i l a r i n co l o r but the phenol 
content f e l l to 1020 mg/1. Other studies show even greater 
losses of tannin added before fermentation. 

There appears to be a sudden t r a n s i t i o n i n t o t a l phenol 
contents i n wines from those under about 500 mg/1 to those 
above about 1000 mg/1. This seems to represent the bu f f e r i n g 
e f f e c t of yeast and grape p r o t e i n tannin p r e c i p i t a t i o n 
capacity, followed by a rapid r i s e to higher l e v e l s as t h i s 
capacity i s exceeded (1)  White wines tend to have excess 
protein and no true tannin
tannin content and undetectabl
on low-color, low-sugar grapes at crushing and at d a i l y 
i n t e r v a l s of fermentation on the pomace thereafter the phenol 
contents of the samples were 240, 600, 640, 660, 700, 1220 
and 1490 mg/1 (22). The r i s e would be f a s t e r with more 
phenol-rich v a r i e t i e s and also with higher alcohol production 
or warmer fermentation temperature. 

I V * T o t a l Phenol Content and Wine Flavor and Quality. I t 
has long been known that increased t o t a l phenol content r e 
s u l t i n g from increased ex t r a c t i o n of grape s o l i d s during wine 
preparation produces increased f l a v o r , p a r t i c u l a r l y increased 
astringency i n the wine ( I ) . In l i p h t white table wines i n 
creased phenolic content has usually been associated with 
reduced q u a l i t y of the wine, although s t r i p p i n g of such wines 
with e f f i c i e n t phenol adsorbing agents (charcoal, polyamides, 
polyvinylpyrrolidinone) i s also believed to produce i n s i p i d , 
lower q u a l i t y wines. On the other hand, very r i p e grapes and 
some pomace contact are associated with higher phenol content 
and high q u a l i t y i n more robust white table and dessert wines. 
Examples of both types are provided by a study of 554 German 
wines (23). The average phenol content increased i n the order 
Mosel, Rheingau, Rheinhessen, Rheinpfalz and Baden and t h i s 
i s also the series considered to be decreasing i n l i g h t n e s s , 
elegance, and q u a l i t y toward heavier wines. However, the 
phenol (leucoanthocyanidin) content for wines of increasing 
q u a l i t y and made from i n c r e a s i n g l y " r i p e " grapes averaged 
10.6 mg./l. for Kabinett, 12.6 for Spatlese, 17.9 f o r Auslese, 
18.0 f o r Beerenauslese, and was between 24 and 133 mg./l. f o r 
Trockenbeerenauslese wines, i n s p i t e of the fact that B o t r y t i s 
cinerea, a mold increasingly involved with grapes f o r the 
l a t t e r types, commonly lowers the leucoanthocyanin content 
(24). Increased phenol (10 times normal leucoanthocyanidin) 
content i s also considered responsible f o r decreased q u a l i t y 
and increased inharmonious, b i t t e r , heavy or coarse taste i n 
white wines from frosted grapes (25). Over 35 mg/1 leuco-
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anthocyanidin i s rare among German wines except i n the l a t e 
or b o t r y t i z e d s p e c i a l i t y harvests (23). This 35 mg/1 would 
he included i n a t o t a l phenol content of about 250 mg GAE/1 
(26). 

White wines fermented i n the normal fashion from only 
j u i c e may not have s i g n i f i c a n t l y d i f f e r e n t q u a l i t y than those 
made with up to 12 hours pomace contact a f t e r crushing (27), 
but longer contact lowered q u a l i t y . Phenol content and 
astringency r a t i n g increase with time of fermentation with 
the pomace of white or red grapes as shown by the average 
values for 7 sets i n v o l v i n g 6 white grape v a r i e t i e s , table 
2 (28). Ratings for astringency and b i t t e r n e s s are on a 
0-low to 5-high scale and maximum q u a l i t y r a t i n g i s 20. 

Phenol Content an
Pomace Contact During Fermentation 

Total phenol, mg GAE/1 
Astringency, mean ra t i n p 
B i t t e r n e s s , mean r a t i n g 
Q u ality, mean ra t i n g 

0 1 day 2 days 5 days 
207 261 312 405 

3.4 3.8 3.8 4.5 
3.3 3.6 3.7 3.5 

14.1 11.8 11.7 11.0 

A l l of the q u a l i t y ratings (table 2) and a l l but the 1-
and 2-day astringency ratings were s i g n i f i c a n t l y d i f f e r e n t 
(95% confidence), but the b i t t e r n e s s ratings were not. From 
these data and comparisons w i t h i n each i n d i v i d u a l set of wines 
i t was concluded that pomace contact s u f f i c i e n t to give about 
100 mg GAE/1 a d d i t i o n a l phenol would give a recognizable i n 
crease i n astringency whereas l e s s would not. That i s , the 
difference threshold f o r recognizable astringency increase i n 
white wine i s about 100 mg GAE/1 of t o t a l grape phenols. 
Paired t e s t i n g rather than sample r a t i n g f o r astringency or 
bi t t e r n e s s would probably show a lower threshold. In t h i s 
study the highest q u a l i t y r a t i n g f o r j u i c e - o n l y wine (table 2) 
was mainly for nonphenolic reasons, but the association of 
high phenol content with decreased q u a l i t y i n dry white wine 
agrees with other reports (e.g., 1, 23, 27). Since 
astringency increased but b i t t e r n e s s ratings increased only 
to a point with increasing phenol, i t appears perception of 
b i t t e r n e s s was suppressed, presumably by interference by high 
astringency (28). 

Red wines cover a much wider range of phenol content 
and astringency than whites (1). Astringency i s a very s i g 
n i f i c a n t part of a red wine's character. M i l d l y astringent 
red wines o r d i n a r i l y have a t o t a l phenol content of the order 
of 1300 mg GAE/1 or l e s s , more robust wines about 1400 mg 
GAE/1, and over 2000 mg GAE/1 i n d i c a t e s a wine excessively 
astringent for most people's preference today. The t y p i c a l 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



3 . SINGLETON AND NOBLE Wine Fhvor and Phenolic Substances 5 5 

phenol l e v e l i n red wines has been moving downward apparently 
i n response to the public's desire f o r l i g h t e r l e s s astringent 
red wine. The trend appears to be world wide at l e a s t i n wine 
we import. About 500 mg/1 of t o t a l phenol f o r whites and 2250 
mg/1 for red C a l i f o r n i a wines were considered preferable i n 
1935 (1). Commercial C a l i f o r n i a c l a r e t had about 2000, 1600, 
and 1500 mg GAE/1 t o t a l phenol i n 1935, 1940, and 1946, r e 
sp e c t i v e l y . C a l i f o r n i a port samples were l e s s than h a l f 
these values and burgundy about 20% higher, but showed s i m i l a r 
trends. Wines made experimentally by recommended practices 
averaged about 1300 mg/1 p r i o r to 1941 and about 1150 mg GAE/1 
since 1946. Much of t h i s downward s h i f t was accomplished by 
shortening the fermentation time on the skins which probably 
has now reached the l i m i t of further reduction f o r most pro
ducers. A seri e s of 5
commercial C a l i f o r n i a
1186 mg GAE/1 t o t a l phenol. This indicates a very low 
astringency l e v e l i n such wines and the taste e f f e c t of the 
phenols i s lowered s t i l l f u rther by the masking presence of 
a s l i g h t sweetness from r e s i d u a l sugar. Premium dry red table 
wines, p a r t i c u l a r l y those intended f o r appreciable aging, are 
s t i l l generally 1400 mg GAE/1 or more. 

On the basis of the data quoted f o r white wines and con
sid e r i n g the t y p i c a l Weber-Fechner r e l a t i o n s h i p s the difference 
threshold f o r astringency i n the normal red wine would be ex
pected to be about 250 mg GAE/1 of the mixture of phenols 
extracted from pomace. Chis compares rather x*ell with values 
estimated by tannin addition (1). Astringency ratings by an 
expert panel rose s i g n i f i c a n t l y i n red wines averaging 1500 
mg GAE/1 when the flavonoid content increased 280 mg GAE/1, 
but differences were not s i g n i f i c a n t when the increase was 
only 150 mg GAE/1 (16). 

V. Nonflavonoids of Wine and Wine Flavor. The content of 
phenols which are not flavonoids i s r e l a t i v e l y constant i n 
a l l young wines at about 200 mg GAE/1 (29). This group of 
compounds accounts for nearly a l l of the phenols i n c l a r i f i e d , 
unheated, white grape j u i c e whereas the flavonoids are es
s e n t i a l l y confined to the skins and seeds. The only appreciable 
source of nonflavonoids known from the s o l i d parts of the grape 
i s the hydroxycinnamic a c y l groups which e a s i l y hydrolyze from 
anthocyanins. Heating or mi c r o b i a l action can also lead to 
some conversion of flavonoid to nonflavonoid phenols (1, 30)· 
Wines aged i n wooden containers extract phenols from the wood 
that are nearly a l l nonflavonoid i n nature (31). 

A. Odorous Phenols of Wine. The content of phenols d i s t i l -
l a b l e from wines i s normally low. Young white wines had about 
1.5-3.2 mg/1 calculated as phenol (32). With older wine t h i s 
increased to 11.5 mg/1 i n one 9 years o l d . Red wines, par
t i c u l a r l y Georgian s t y l e which are stored on the grape pomace 
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and had 2400-2800 mg GAE/1 t o t a l phenol, gave considerably 
higher d i s t i l l a b l e phenol i n i t i a l l y 22-36 mg/1, and also i n 
creased with aging to 42 mg/1 or so. The small phenols 
solvent-extractable without d i s t i l l a t i o n from commercial red 
wines were m-cresol, 4-ethylphenol, 4-vinylphenol, 4-ethyl-
guaiacol, and t y r o s o l (33). Also present i n smaller amount 
were p-eresol, guaiacol, 4-vinylguaiacol, isoeugenol, v a n i l l i n , 
and ( i n one of those wines) 2,6-dimethoxyphenol. Several of 
these had been reported previously i n wine or wine d i s t i l l a t e s 
along with phenol, s a l i c y l i c acid and i t s methyl and e t h y l 
esters, and v a n i l l i c acid (34). A l l of these plus a d d i t i o n a l 
phenols of s i m i l a r types have been found i n d i s t i l l e d beverages 
aged i n oak containers or i n the oak i t s e l f i n c l uding £-
c r e s o l , 2'-hydroxyacetophenone, 2-ethyl phenol, 4-methyl-
guaiacol, 2'-hydroxy-5
s y r i n g i c a c i d , 2-isopropylphenol
coniferaldehyde, eugenol, e t h y l v a n i l l a t e , and sinapaldehyde 
(34). 

These compounds may enter wine as extractants from wood, 
but some of them evidently can be generated i n wine by other 
means. Thermal degradation of f e r u l i c acid produces guaiacol 
and i t s 4-methyl, 4-ethyl, and 4-vinyl d e r i v a t i v e s , v a n i l l i n , 
acetovaniHone, and v a n i l l i c acid (35). C a f f e i c and £-
coumaric acids would be expected to produce analogous deriva
t i v e s . These along with a t o t a l of 32 phenols are p r i n c i p a l 
components of smoke and smoky f l a v o r s (36). However, these 
compounds are produced under conditions much short of p y r o l y s i s 
such as mashing of grain for whiskey (37) or heating of apple 
j u i c e (38). Certain s t r a i n s of l a c t o b a c i l l i have been shown 
to convert chlorogenic or c a f f e i c and £-coumaric ac i d i n cider 
v i a reduction and decarboxylation to 4-ethylcatechol and 4-
ethylphenol (39). In f a c t , the same organism can convert 
shikimate or quinate to catechol thus generating a new 
odorous phenol from nonphenolic precursors (40)· 

The e f f e c t of most of these phenols i n grape wine f l a v o r 
has not been determined, but information can be drawn from 
other studies. In aqueous ethanol s o l u t i o n 4-ethylguaiacol 
has a sensory threshold of 0.05 m*/l with a warm, sweet, spicy, 
burnt t o f f e e , phenolic character. S i m i l a r l y 4-ethylphenol had 
a threshold of 1.0 mg/1 and was described as woody, phenolic, 
medicinal, and heavy c i d e r i n odor (41). These odorants are 
considered part of the c h a r a c t e r i s t i c odor of bitter-sweet 
English ciders since t h e i r content i s about double the threshold 
for 4-ethylphenol and 20-fold that of 4-ethylguaiacol. At high 
l e v e l s they also contributed to o f f - f l a v o r . Four-vinylphenol 
and 4-vinylguaiaco1 are reported to have thresholds i n water 
of 0.02 and 0.01 m/1 respectively (38). In beer the threshold 
of 4-ethylphenol was 0.3 mg/1 (phenolic, a s t r i n g e n t ) ; 4-ethyl-
euaiacol was 0.13 mg/1 (phenolic, b i t t e r ) ; and 4-vinylguaiacol 
was 0.30 mg/1 (astringent, b i t t e r ) ( 4 2 ) . The taste thresholds 
i n water of three major smoke constituents guaiacol, 4-methyl-
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guaiacol, and 2,6-dimethoxyphenol were 0.013, 0.065, and 
1.65 mg/1 and the odor thresholds were un to 60% higher (43). 
The combined recognition threshold of the phenol complex 
from smoke vapor i n water was £ 6.2 mg/1 of phenol by taste 
and < 21 mg/1 by odor while the most desirable concentration 
was 27 mg/1 by taste or 42 mg/1 by odor or l e s s depending on 
the method of smoke generation (44). 

The sum of the i d e n t i f i e d v o l a t i l e phenols extracted by 
pentane from Jamaica rum was 1.52 ppm with 4-ethylphenol, 
guaiacol and v a n i l l i n each at 0.25 pom (45). The content i n 
Scotch whiskey of a l l i d e n t i f i e d v o l a t i l e phenols was 0.12 
ppm, about 1/3 was eugenol (46). Phenols and cresols give 
detectable o f f f l a v o r s when added to beer at 0.03 mg/1 (47). 

I t i s obvious that  stud  i  needed d i r e c t l
wines, but i t seems ver
group of v o l a t i l e phenol , e s p e c i a l l y  age
oak cooperage, can contribute detectable f l a v o r to wines. 
While the content i s low and may not reach threshold f o r any 
one component i n wine, the f l a v o r s of many are s i m i l a r l y 
described as s p i c y , smoky, phenolic, medicinal, etc. and 
should be additive i n f l a v o r (42). An absorption of only 
0.2 mg/1 of phenol and cresols i n t o wine from atmospherically 
contaminated grapes grown near a factory which emitted these 
phenols produced objectionable o f f - t a s t e i n the wine (48). 
I t also appears that a s l i g h t warm, sharp, pungent f l a v o r 
may be contributed i n part by these compounds. The content 
of pungent phenols i s much l e s s than i n such very hot pro
ducts as clove o i l or ginger o l e o r e s i n , but ethanol de
monstrably potentiates such "hotness." 

V a n i l l i n and the rel a t e d coniferaldehyde, syringaldehyde, 
sinapaldehyde, v a n i l l i c a c i d , and e t h y l v a n i l l a t e are be
l i e v e d to be i n wine p r i m a r i l y as alcohol extractants and 
alcoholysis products from wood (1). In a few very o l d wines 
and brandies v a n i l l i n odor becomes recognizable. The recog
n i t i o n threshold of v a n i l l i n i n water i s v a r i o u s l y reported 
to be 0.5-4 mg/1 with the detection threshold about 0.1 mg/1 
(49) . The threshold of v a n i l l i c acid i n beer i s about 10 mg/1 
(50) . In brandy aged i n American oak b a r r e l s the content of 
v a n i l l i n i s about 11 mg/1, syringaldehyde about 16 mg/1, and 
a l l aromatic aldehydes about 55 mg/1 calculated as v a n i l l i n 
(51) . Up to 0.25 mg/1 of v a n i l l i n has been reported i n wines 
aged i n wood, but over 0.5 mg/1 was considered as presumptive 
evidence of v a n i l l i n addition (52). Addition of only 0.05 to 
0.5 mg/1 of v a n i l l i n or jv-hydroxybenzaldehyde to synthetic 
sake improved the q u a l i t y (53). I t appears and c e r t a i n l y i s 
the b e l i e f of wine tasters that v a n i l l i n and r e l a t e d f l a v o r s 
can be part of the mellowing e f f e c t of b a r r e l aging on wine, 
but they are not usually present at i n d i v i d u a l l y supra-
threshold l e v e l s . 
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B. Flavor Effects of Nonflavonoids of Low V o l a t i l i t y . The 
odorous, v o l a t i l e phenols of wine apparently account for only 
a few ppm of the t y p i c a l 200 mg GAE/Ï of nonflavonoids. The 
remainder i s largely accounted for by cinnamic and benzoic 
acid derivatives plus some tyrosol and related compounds. 
Tyrosol i s the only phenol known to be produced i n s i g n i f i c a n t 
amounts from nonphenolic precursors by yeast fermentation. I t , 
l i k e other "f u s e l o i l " alcohols, i s produced by fermenting 
yeasts from carbohydrate by decarboxylation and reduction of 
the <X-keto acid analogous to the amino acid, tyrosine i n this 
case (54). It i s produced i n much larger amounts i f tyrosine 
i s present as the major nitrogen source, a condition not found 
i n wine but ea s i l y produced a r t i f i c i a l l y . Wine fermentations 
or d i n a r i l y produce more of these higher alcohols when the 
i n i t i a l sugar content i
ture i s warmer. This
a higher tyrosol content than beer. The tyrosol content of 
wine i s occasionally as high as 45 mg/1 (1). Red wines 
averaged 29 mg/1 and whites 22 mg/1 (55). Age of the wine has 
no s i g n i f i c a n t effect on the tyrosol content. Tyrosol has an 
agreeable odor described variously as honey-like, waxy, or 
o l d - f r u i t , but addition of 10-fold the normal content (500 
mg/1) did not much accentuate the odor while depressing the 
flavor quality of white wine (56). Tyrosol i s b i t t e r and the 
taste threshold has been reported to be 10 to 200 ppm i n 
beer (42, 57, 58, 59). Since beer i s carbonated and contains 
considerable background of hop b i t t e r s one would expect a 
lower threshold i n white table wine. Tyrosol thus could 
account for some of the natural bitterness of wine and would 
account for about 15 mg GAF/1 of the nonflavonoid phenol. 
Part of the bitterness of apple wine has been attributed to 
tyrosol (60). 

Tyramine occurs i n t y p i c a l wines at 2-3 mg/1, but i n a 
few i t has been reported as high as 25 mg/1 (61, 62). I t 
would be expected to have a b i t t e r flavor threshold of about 
20 mg/1 based on studies with beer (57). 

The remainder, 180 mg GAF./l or so, of the nonflavonoid i n 
t y p i c a l wines i s largely cinnamic and benzoic acid derivatives. 
Benzoic acid derivatives account for only a few ppm of the 
phenol content i n white wines. Although they are liberated by 
alkaline hydrolysis from red wines i n the aggregate of up to 
perhaps 100 mg GAE/1, a major portion of t h i s amount seems to 
arise from degradation of other phenols and considerably 
smaller amounts are isolated by simple extraction. G a l l i c 
acid i s known to occur as flavanol gallates which would 
liberate free g a l l i c acid into the wine with time U, 63). 
The source i s unclear of the "bound" forms of the 4-hydroxy-
benzoic, protocatechuic, v a n i l l i c , s y r i n g i c , s a l i c y l i c , and 
gentisic acids found i n traces before but i n increased amounts 
after saponification of wine ÇL). Badic and Belleau (50) 
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tested a l l these substances except s a l i c y l i c a c i d and found 
them to be b i t t e r i n water and beer with a d d i t i o n a l harsh or 
other character i n some cases. The thresholds i n beer were 
about 10-50 mg/1 for each of these phenols and about h a l f 
these values i n water. Meilgaard (42) as part of h i s compre
hensive study with p u r i f i e d compounds reported thresholds i n 
beer of 80 mg/1 for v a n i l l i c and 360 mg/1 of g a l l i c acid and 
the f l a v o r character was described as astringent. Thresholds 
of "astringency" i n water are reported to be 30 mg/1 f o r 
protocatechuic and v a n i l l i c a c i d s , 40 me/l f o r g a l l i c , and 
240 mg/1 for s y r i n g i c acid (64). I n d i v i d u a l l y , the hydroxy-
benzoic acids appear too low i n concentration to produce 
appreciable taste contributions to usual wines, but the t o t a l 
of 30 mg GAE/1 or so ma  w e l l add to the o v e r a l l b i t t e r im
pression. 

The major phenoli
acid and i t s d e r i v a t i v e esters l i k e chlorogenie a c i d or caf-
f e o y l t a r t a r i c acid (1). F e r u l i c a c i d , p_-coumaric a c i d , and 
dihydrocaffeic acid also are present i n appreciable amounts 
depending on the grape v a r i e t y or the wine (1, 65, 66)· 
Estimating from the a v a i l a b l e data, we assume that the remain
ing 150 mg GAE/1 of nonflavonoid phenol i n a t y p i c a l unaged 
wine i s about h a l f c a f f e i c acid and i t s d e r i v a t i v e s , and one 
quarter each f e r u l i c and n_-coumaric d e r i v a t i v e s . There are 
also small amounts of e s c u l e t i n , d a f f n e t i n and a few other 
nonflavonoids which need to be accounted f o r (1), but which 
appear very u n l i k e l y to have f l a v o r importance i n wine. 

The f l a v o r e f f e c t s of the hydroxycinnamates are e v i 
dently mild. Pure chlorogenic acid has only a mild b i t t e r -
sour taste when applied to the tongue. F e r u l i c a c i d has a 
660 mg/1 threshold i n beer, £-coumaric had 520 mg/1, and 
c a f f e i c acid 690 mg/1 i n beer with the f l a v o r described as 
astringent (42). However, c a f f e i c a c i d , chlorogenic a c i d , 
f e r u l i c acid and sinapic acid were a l l reported to have 20 
mg/1 thresholds i n beer i n another study (50). The f l a v o r of 
f e r u l i c acid was described as sweet i n beer but bitter-sweet 
i n 5% alcohol. The others were b i t t e r or harsh and c a f f e i c 
and f e r u l i c were considered astringent. In aqueous s o l u t i o n 
the thresholds for "astringency" by the acids were 40 mg/1 
for £-coumaric, and 90 mg/1 f o r c a f f e i c and f e r u l i c (64). 
Chlorogenic acid at 600 mg/1 was rated 3.7 on a 0-5 scale of 
increasing b i t t e r n e s s , s l i g h t l y higher than the same concen
t r a t i o n of caffeine (67). In cooked hybrid potatoes where 
chlorogenic acid was the major and c a f f e i c acid a minor com
ponent, there was a +0.72 c o r r e l a t i o n f o r b i t t e r n e s s and 
+0.82 f o r astringency with higher phenol content i n the 
range 350 to 640 mg/kg fresh weight (68). 
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Destruction of chlorogenic acid i n instan t coffee by 
oxidation i s reported to make i t milder and b e t t e r (69) and 
hydrolysis of chlorogenic acid by tannase i s stated to 
greatly improve the taste of grane -juice or wine (70). A 
pungent taste has been reported to r e s u l t i n synthetic sake 
from the addition of only 2-3 mg/1 of f e r u l i c acid or i t s 
e t h y l ester (71). Pending a d d i t i o n a l studies i n wine, i t 
appears that there are s u f f i c i e n t amounts of hydroxycinna-
mates i n wines to a f f e c t the b i t t e r n e s s and perhaps other 
aspects of f l a v o r . I f the concentration estimate of about 
75 mg OAE/1 for c a f f e o y l esters s i m i l a r to chlorogenic a c i d 
i s correct, i t may be above threshold i n wine and considering 
the probable additive e f f e c t of b i t t e r n e s s i n the phenolic 
series the o v e r a l l influence of these compounds on f l a v o r 
seems c e r t a i n . 

C. Nonflavonoid Tannins from Wood Aging. The phenols con
tr i b u t e d to wine by aginp i t i n oak b a r r e l s can be f a i r l y 
large i n amount and include only a small amount of flavonoids 
(13b, 31). About 1 year i n a new 60-gallon European oak 
b a r r e l can contribute 250 mg OAE/1 of nonflavonoids to the 
wine (31). American ο a1' would contribute about h a l f as much 
phenol but more oak odor (31, 51). Longer storage w i l l con
t r i b u t e more wood phenols; o l d brandy may have 2 g/1 of 
extracted s o l i d s and 600 mg OAE/1 or more phenol. The phenols 
of oak extract include e l l a g i t a n n i n s as major components 
(72, 73) along with some alcohol soluble l i g n i n fragments 
and a long l i s t of other phenols i n small amounts including 
e s c u l i n , s c opolin, t h e i r aglycones, umbelliferone and 6-
methylumbelliferone (73, 74, 75, 76). The conversion of 
b i t t e r e s c u l i n i n t o i t s l e s s b i t t e r aplycone e s c u l e t i n i s 
believed one of the reasons stave wood improves with season
ing before making i n t o b a r r e l s (76). 

The f l a v o r contribution of oak i s such that the extract 
to give a threshold f l a v o r change i n a l i t e r of table wine was 
equivalent to 320-350 mg of oven-drv wood f o r American oak and 
210-270 mg for European oak (13b). This i s equivalent to 
about 22 mg of extracted s o l i d s or 7 mg of GAE nonflavonoid 
phenols for the American oak and 25 mg of extracted s o l i d s or 
13 mg of GAE nonflavonoids f o r the European oak (13b, 31). No 
doubt an important part of the added f l a v o r from the wood ex
t r a c t was from components other than phenols, but i t i s equally 
c e r t a i n that extra f l a v o r contributed by oak phenols can be 
recognized i n oak-aged wines. I t has been estimated from the 
amount of oak extracted i n used b a r r e l s that about 100-fold 
the indicated threshold value can be contributed by a b a r r e l 
to wine (13b) and one year i n a new b a r r e l may contribute 20 
times the f l a v o r threshold. 
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V I * Flavonoids and Wine Flavor. The flavonolds i n a t y p i c a l 
white table wine with a t o t a l phenol of 250 mg GAE/1 would be 
of the order of 50 mg/1. Considering 1400 mg GAE/1 as the 
t y p i c a l t o t a l phenol of a red table wine and the nonflavonoid 
f r a c t i o n s t i l l 200 mg GAK/1, the flavonoid would be about 
1200 mg GAE/1· I t would be expected that the monomeric 
flavonoids would d i f f u s e from the grape c e l l s during wine-
making more ra p i d l y than the condensed tannins of increasing 
flavonoid polymerization. There obviously can be some of t h i s 
e f f e c t from the fact already mentioned that the t o t a l phenol 
content increases a f t e r anthocvanin color has become maximal 
i n fermentation on the pomace. However, during the 3-4 dav 
pomace contact commonly used today, the e x t r a c t i o n of antho-
cyanins, f l a v o n o l s , small and larpe leucoanthocyanidins and 
t o t a l phenols appear t
each other for any give
then s i m p l i f y by assuming that the flavonoids i n wine represent 
a f a i r l y constant mixture of types anproximately the same as 
that i n the s o l i d parts of the grape. 

The anthocyanins of t v p i c a l wine grapes t o t a l about 500-
1000 mg/kg (77) but i n young wines they are usually 200-500 
mg/1 and with aging both break down and combine with tannins 
i n t o complexes or polvmers (1, 2̂ , 78, 79). Anthocyanins when 
is o l a t e d from grapes, p u r i f i e d as a group and placed on the 
tongue as s o l i d or i n anueous s o l u t i o n as red as wine had 
only a very miId u n d i s t i n c t i v e f l a v o r . However, white grapes, 
made into wines as i f they were, red, make astringent wines 
which do not resemble red wines i n f l a v o r (28). Since the 
only appreciable difference appears to be the anthocyanin 
content of the red wines, t h e i r p a r t i c i p a t i o n i n f l a v o r i s 
suggested. This may w e l l be through reactions which occur 
l a t e r rather than d i r e c t l y from the anthocyanin. A p u r i f i e d 
preparation of cranberry anthocyanins containing 17% antho
cyanins, 18% flavonols and 36% t o t a l phenols gave a difference 
threshold of 290 mg/3 when added to cranberry c o c k t a i l and 
produced changes described as increased richness and f r u i t i -
ness (80). We would estimate therefore that unchanged grape 
anthocyanins i n young red wine would have a mild but approx
i m a t e d threshold e f f e c t on f l a v o r , since they occur i n con
centrations exceeding these. A report that young red wine 
d u a l i t y correlated p o s i t i v e l y with increased percent of the 
anthocyanins ionized rather than anthocyanin t o t a l content 
(81), i s interpreted as showing the e f f e c t of v i s i b l e color and 
pH on wine q u a l i t y r a t i n e rather than a d i r e c t e f f e c t on f l a v o r 
by anthocyanins. 

The content of flavonols i n l i g h t white wine i s vanish
ing l y small and only reaches about 40-310 mg/kg of grapes 
calculated as r u t i n (77). T y p i c a l content i n red wine appears 
to be about 20-100 mr/1. The ready hydrolysis of f l a v o n o l 
glycosides apparently causes the predominant form i n wine to 
be the aelvcones, miercetin accounting f o r about 85% with 
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myricetin and kaempferol the remainder (1). Rutin, hesperidin, 
and the flavanone glycoside naringin have been reported at 
about 3 to 9 mg/kg each i n the skin of a series of white grapes 
(82). 

The bitterness of naringin i s nearly as great as quinine 
with 6 mg/1 easily detectable i n water (8) and 300 mg/1 or 
more found i n grapefruit juice. The b i t t e r thresholds for 
kaempferol, quercetin and myricetin i n 5% aqueous ethatiol 
were 20, 10, and 1Π mg/1 and i n beer over 50, 20, and 10 mg/1 
respectively (50). Ouercitrin, on the other hand, was reported 
to be b i t t e r , threshold 250 mg/1, i n beer (42) and glycosides 
are ordinarily more bi t t e r than aglycones. The isoflavone 
glycosides from subterranean clover were about 1/10 as bitter 
at about 6-30 mg/1 as isomola
tasteless at the same
flavones of orange juice were b i t t e r and had thresholds i n a 
synthetic medium l i k e orange juice of 15-46 ppm (84). 

The two major flavan-3-ols of wine are (+)-catechin and 
(-)-epicatechin with small amounts of gallocatechin and gallate 
derivatives (1, £3, 85). The total catechin group content i n 
white wines from juice i s about 10-50 mg/1 and up to perhaps 
800 mg/1 in red wines (1, 85, 86). Monomeric flavan-3,4-diols 
do not appear to occur i n grapes or wine, but polymeric forms 
of anthocyanogens do. These condensed tannins can be converted 
in poor yield to anthocyanidins, but they can be considered as 
catechin or leucoanthocyanidin polymers since the usual linkage 
involves the 4 position and catechin as well as cyanidin are 
usual products of depolymerizing reactions. 

The catechins usually account for much of any flavonoid 
content in the lightest white wines with l i t t l e or no leuco-
anthocyanidins present. As pomace contact i s increased, both 
the catechin and anthocyanοgenie fractions increase, the poly
meric tannins faster than the catechins. A white wine i n the 
high end of the usual total phenol range for white wine had 
about equal anthocvanoeen and catechin contents based on a d i f 
ferential browning versus reddening reaction, whereas in a red 
wine the "anthocyanogen" was about 4-fold the apparent catechin 
content (86). The method was developed for beer and i t s appli
cation to anthocyanin-bearing red wine i s questionable without 
further study, but this result seems reasonable. 

If we estimate that tvpical red wine contains about 250 
mg GAE/1 as catechins then the remaining unassigned flavonoid 
content should be a reasonable estimation of the dimeric and 
larger condensed tannins. Thus a young red wine of 1400 mg 
GAE/1 of total phenol might be expected to have at least 
200 mg GAE/1 nonflavonoid, about 120 mg GAE/1 anthocyanin 
(calculated from 350 mg malvidin-3-glucoside), perhaps 50 mg 
GAE/1 flavonols, 250 mo GA^/1 catechins and by difference 
about 750 mg GAE/1 as polymeric anthocyanogens. With a proce
dure involving precipitation with methyl cellulose of the 
condensed tannins but not the monomeric flavonoids, the ap-

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



3 . S I N G L E T O N A N D N O B L E Wine Flavor and Phenolic Substances 6 3 

parent tannin content of a white wine having 337 mg GAE/1 t o t a l 
phenol was 0-66 mg GAE/1 depending on the conditions. Red 
wines with t o t a l phenols of 1560 and 1250 mg GAE/1 gave 273 
and 488 mg GAE/1 of tannin (87). A d i f f e r e n t procedure also 
designed to p r e c i p i t a t e s e l e c t i v e l y the l a r g e r astringent 
tannins p r e c i p i t a t e d 22 mg GAE/1 from a white wine of 350 mg 
GAE/1 t o t a l phenol and 460 mg GAE/1 from a 1460 mg/1 t o t a l 
phenol red wine (88). In general, about 1/3 of the t o t a l 
phenol was p r e c i p i t a t e d from red wines. S i m i l a r data have 
been obtained by other workers and with other techniques. 

The fact that i n commercial red wines, even of minimum 
age, a majority of the anthocyanin pigment i s incorporated 
i n t o the polymeric portion does not seem to i n v a l i d a t e the 
general conclusions. Since the u n i t s with which the pigments 
combine are already dimeri
would already have bee
and the spectrophotometric determination of the t o t a l colored 
anthocyanins should be reasonably correct even i f the red 
chromophores are incorporated i n t o polymers. The red but 
nondialyzable polymeric tannin from older red wine i s s t i l l 
astringent to t a s t e , but whether anthocyanin incorporation 
has affected f l a v o r i s not s p e c i f i c a l l y known. 

The molecular weight of the polymeric tannin i n very 
young wine i s apparently of flavonoid dimer or trimer s i z e 
and increases to about 8-14 flavonoid u n i t s a f t e r a few years 
of aging (MW 2-4000) eventually decreasing again i n very o l d 
wine (89). 

The fact that astringency r e s u l t s from pr o t e i n p r e c i p i t a 
t i o n i n the mouth and these tannins can be separated from wine 
by p r e c i p i t a t i o n with proteins U , 21) indicates t h e i r im
portance i n red wine f l a v o r . The catechin and tannin f l a v o r s 
we have studied together, s p e c i f i c a l l y the f r a c t i o n s from 
grape seeds which can be prepared i n large amount without 
contamination from anthocyanins. 

(+)-Catechin has been reported to have a b i t t e r t aste i n 
5% ethanol or beer and thresholds i n the two f l u i d s of 20 mg/1 
(50). The grape seed phenolic complex has been studied as such 
and a f t e r f r a c t i o n a t i o n by p a r t i t i o n chromatography i n t o 
chromatographically d i s t i n c t catechins (ether s o l u b l e ) , small 
leucoanthocyanins (ethyl acetate s o l u b l e ) , l a r g e r anthocyano-
genic tannins (butanol s o l u b l e ) , and the l a r g e s t anthocyanogens 
and phlobaphenes (retained on the column). These f r a c t i o n s 
are designated respectively Ε, A, B, and 0 and contain the 
major phenolic f r a c t i o n s indicated on the paper chromatogram 
i n figure 1 (63, 90). 

These f r a c t i o n s had the approximate absolute thresholds 
i n water of 25 mg/1 for the whole phenol complex, 3.5 mg/1 f o r 
the 04-B group, and 20 mg/1 f o r the A or Ε (catechin) groups. 
When added to a l i g h t white table wine a l l the f r a c t i o n s were 
b i t t e r and astringent at the l e v e l s tested except the catechin 
f r a c t i o n was not found to be astringent. The thresholds i n 
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GRAPE SEED POLYPHENOLS 
j , , 1 1 1 1 1 1 11.0 

- . 8 

H .7 

<—BAW 4-1-5 
Figure 1. Paper chromatogram of grape seed phenols. Fractions separated by 
column partition chromatography are: É, catecnins (eluted by ether); A, smallest 
leucoanthocyanidins (éluted by ethyl acetate); B, leucoanthocyanidin oligomers 
(eluted by butanol); and O, tanninphlobaphenes (washed off with etnanol). 
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wine were for b i t t e r n e s s : E-200 mg/1, A-120 mg/1, 0+B-12 
rag/1, and the t o t a l complex 80 rap/1 (91). Note that the 80 
rag/1 taste threshold f o r the seed complex i s nearly i d e n t i c a l 
with the 100 mg GAE/1 indicated e a r l i e r as the minimum i n 
crement for recognizable astringencv increase from t o t a l 
pomace phenols. The sane f r a c t i o n s had the same thresholds 
for astringencv i n white wine except the catechins lacked 
astringencv and the o+B f r a c t i o n astringencv threshold, 20 
mg/1, was nearly double i t s b i t t e r threshold. I t appears 
from these data that the phenols of white wine c e r t a i n l y i n 
sum would produce b i t t e r n e s s and probablv account f o r the 
bitterness l e v e l i n these wines. In red wines the catechins 
alone would appear to be above the threshold f o r b i t t e r n e s s 
and the anthocyanogeni
times the threshold l e v e l

In on-ooing work (92), the average b i t t e r n e s s r a t i n g 
for grape seed phenol complex i n a model wine by a trained 
panel was 4.7 at 55 mg GAE/1, 5.7 at 110 mg GAE/1 and 5.3 
at 160 mg GAE/1 while the astringencv increased r e g u l a r l y 
2.4, 3.1, 3.4 with increasing phenol concentration. Both 
were evaluated on unstructured scales where 0 equalled no 
bitterness or astringency and 10 equalled extreme. These 
data are considered to show that s u f f i c i e n t l y increased 
astringency masks b i t t e r n e s s as was also indicated i n the 
pomace ext r a c t i o n data i n table 1. This i s an important 
observation because i t explains the unmasking of b i t t e r n e s s 
which i s sometimes observed as a wine ages and loses t o t a l 
tannin. 

With the separate f r a c t i o n s , f r a c t i o n A was s i g n i f i c a n t l y 
more astringent at 225 mg GAE/1 than at 175 mg GAE/1. The 
f r a c t i o n 0 was s i g n i f i c a n t l y more astringent and more b i t t e r 
per mg GAE than any of the other f r a c t i o n s . This may have 
s p e c i a l importance since t h i s f r a c t i o n seems to increase as 
an a r t i f a c t of processing the grape seed complex. The mean 
bitterness ratings per u n i t mean astringency ratings were 
E-2.4, A-1.9, B-1.7, and 0-2.2. Thus the catechin and the 
tannin-phlobaphene f r a c t i o n s appear more b i t t e r and the 
leucoanthocyanidin f r a c t i o n s , p a r t i c u l a r l y that soluble i n 
butanol, more astringent, although a l l f r a c t i o n s exhibited 
both b i t t e r n e s s and astringency. 

Pertinent comparisons can be made with the excellent work 
of Lea and Timberlake (93) on the phenols of c i d e r . They 
found that oxidation decreased the astringency and/or b i t t e r 
ness and that most of the astringency was associated with 
units more complex than t r i m e r i c anthocyanogens. 

VII. Indirect Flavor E f f e c t s of Phenols. The b i t t e r and 
astringent phenols have i n t e r a c t i n g e f f e c t s on other sensory 
characters of wine, but they have not yet been w e l l studied. 
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Astringency has been shown to affect bitterness, and mutual 
interactions can also be expected with sweetness, acidity, 
alcohol level, etc. These interactions plus the direct and 
additive effects of the various phenols in wine certainly 
indicate the importance of phenols in wine flavor and the 
need for more study. 

The indirect chemical effects are also verv large 
between phenols and flavor. Only two examples will be 
mentioned. It has recently been shown that the autoxidation 
of phenols in wine solution leads to the coupled oxidation 
of ethanol to acetaldehyde (94). This oxidation does not 
occur without the phenol under the conditions pertaining in 
wine. It occurs because a strong oxidant is cogenerated as 
the phenol oxidizes. This system is believed to have con
siderable importance i
aging. 

A specific type of bitterness is sometimes generated 
in wine by the action of bacteria. This has been linked to 
the formation of acrolein, but acrolein added to wine or 
dist i l late does not have the same effect (82, 95). It 
appears that the bitterness results from reaction of the 
acrolein and perhaps other aldehydes- with the phenols of 
wine. 

Abstract 

Phenols other than flavonoids are similar in all wines 
and make up most of the phenols in light white wines, about 
200 mg/1 calculated as gallic acid. Volatile phenols, per
haps 5 mg/1, appear to be below their individual flavor 
thresholds in most wines, but are probably additive to give 
sensory effects as a group. Tyrosol (15 mg/1), hydroxy-
benzoates (30 mg/1) and hydroxycinnamates (150 mg/1) are 
individually near or below estimated threshold flavor levels, 
but have similar bitter or harsh effects and probably are 
additively important to wine flavor. Flavonoids have large 
flavor effects in red wines. Typical young red table wines 
have, as gallic acid, about 120 mg/1 anthocyanins, 50 mg/1 
flavonols, perhaps 5 mg/1 flavanones, 250 mg/1 catechins, 
and 750 mg/1 anthocyanogenic tannins. This tannin level is 
5-10 times the flavor threshold, contributing bitterness and 
astringency very important to wine quality. The other 
flavonoid groups appear to be close to their flavor threshold 
concentrations, and together certainly make direct and in
direct contributions to wine quality. 
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4 
Surveillance and Control of Phenolic Tastes and Odors 

i n W a t e r to Prevent T h e i r Effects o n 

Taste and Flavor of Foods 

B. F. WILLEY 
Water Purification Laboratory, City of Chicago, 
1000 East Ohio St., Chicago, Ill. 60611 

Cool, sparkling clear
essentially tasteless ye
able to man. Safe potable water in ample quantity is necessary 
to man's very existence. He needs it physiological ly, from a 
sanitation (cleanliness) standpoint and also to make the products 
he uses and the foods and beverages he consumes. Since it i s so 
bland, so nicely tasteless, it becomes extremely sensitive to any 
substances having taste or odor properties, whether pleasant or 
unpleasant. I t i s unfortunate, however, that our appreciation 
for a safe, good tasting water supply has not caused us to be 
v ig i lan t in protecting the quali ty of the sources from whence 
comes our palatable and potable water. Domestic and industr ia l 
discharges have been carelessly allowed to enter our raw water 
sources, pol lut ing them to greater or lesser extent with toxic 
metals and organic compounds. The resulting pollutionary changes 
has given water utility people an ever increasing problem in 
providing consumers with a satisfactory product at reasonable 
pr ices . 

Water utilities which use ground water sources (well waters) 
have been more fortunate than those which must use surface waters. 
Although the towns having well water are greater i n number than 
cities using surface water, the percentage of the population 
which must re ly on surface supplies is much higher. Most urban 
areas, inhere the bulk of our population lives, are served by 
utilities which use and treat surface waters to supply their 
customer's needs. (Figure 1.) It follows then, that 
most ci t izens use, drink and prepare their food with water sub
ject to contamination and which must be carefully treated to re
move these potential contaminants. Unwanted organics can be 
either man made or naturally occurring. Both types can cause 
tastes or odors or in some other manner affect the quali ty of a 
domestic supply. 

Tastes and Odors in Water. 
According to psychologists there are only four true taste 
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sensations; sour, sweet,salty and bit ter . Dissolved inorganic 
salts of copper, iron, manganese, potassium, sodium and zinc can 
be detected by taste. Concentrations producing taste are stated 
to range from a few tenths to several hundred milligrams per 
l i t e r of water (1). A l l other sensations ascribed to the sense 
of taste are actually odors, even though the sensation is not 
noticed unti l the material is taken into the mouth. In contrast 
to the quantities of material required to provide a true taste 
sensation, those which can be classified as odorous materials 
are detectable when present in only a few micrograms per l i t e r . 
Most of these are also of organic origin and include the phenols 
and phenol-like substances. 

Phenol in Water and Its Removal. 
Of the organic pollutants which affect the palatability of 

drinking water, pheno
studied. Baylis (2), Burtshell(3), Snoeyink (4) and Lee (5) 
have led the way to proper use oT chlorine and activated carbon 
for complete removal and/or destruction of the odorous chloro-
phenols. Carol J . Murin summarized the work of the above l isted 
authors and the chemistry involved in the development of chloro-
phenolic compounds in a paper recently released by the university 
of I l l i n o i s , Department of C i v i l Engineering. In i t he states, 
•The chlorination of phenol according to Burtshell, et a l . , pro
ceeds stepwise with substitution of the 2, 4 and 6 positions of 
the aromatic ring. Chlorine can react to form 2" or 4" chloro-
phenol and secondarily 2, 4" or 2, 6 dichlorophenol and u l t i 
mately 2,4,6" trichlorophenol. Finally, and most importantly 
excess free available chlorine then reacts with 2,4, 6 trichloro-
phenol (T.O.1000) to form a mixture of nonphenolic and essential
ly non-odorous oxidation products." 

Lee has shown that the formation of chlorophenols and their 
ultimate destruction involves complex kinetics with as much as 
eight interdependent reactions occurring simultaneously. U l t i 
mately phenol destruction occurs when chlorine dosage is 6-20 
times the phenol concentration with 1.5 to 5 hours of contact 
time and a pH range of 7-8. Chicago provides 8 hours contact 
time from plant inlet to outlet, a l l of which is maintained with 
free chlorine residual between 0.4 to 0.8 mg/1. The pH values 
range between 7.8 to 8.3. Therefore, the chlorophenols have 
been destroyed long before the finished water leaves the plants. 
Other cities with lesser contact times are not so fortunate and 
undoubtedly must rely more heavily on activated carbon to re
move any residual chlorophenols. 

Other Taste and Odor Sources, 
Phenolics are not the only chemicals which produce undesir

able tastes or odors in potable water supplies. One type which 
has provided Chicago with some of i ts worst problems is classi
fied as CH or Chemical Hydrocarbon odor arising from refinery 
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wastes or o i l slicks from barges or ship ballast tanks. A l 
though these have been reduced in both number and intensity, we 
w i l l experience Ol odor episodes several times a year, especial
ly during December and January. Like phenols, they are easily 
but not economically removed with powdered carbon. 

Perhaps the most persistent source of taste and odor 
troubles are those due to certain plankton (6) and to the Ac-
tinomycetes, molds and fungi. I can say persistent because 
they can occur a l l around the year and problems do not relate 
to the same organisms a l l of the time. The organism counts w i l l 
vary depending on lake conditions and temperature, with d i f 
ferent organisms reaching their peak counts at different times 
during the year. Among the plankton which cause odors are the 
Blue-green algae (Cyanophyta), most of the Pigmented Flagellates, 
especially Dinobryon, (Figure 2) and even some of the Diatoms. 
The nature of the odor
growths are moderate or abundant (2). * folds and fungi have 
typical odors which are handled rather easily in the treatment 
process. The problem which can exist with these organisms, how
ever, is the necessity to be sure the spores are ki l led along 
with the parent growth. This requires sufficiently high chlo
rine dosages, together with adequate contact time. If the 
spores are not ki l led they may find haven and nutrients in dead 
end mains producing local pockets of odor bearing water (7). 

Perhaps the most significant odor nroducing organisms en
countered in Lake Michigan are the Actinomycetes. Four have 
been isolated, speciated using Electron Microscopy, and have 
been individually cultured providing us with opportunity to 
identify specific odors produced by each pure culture (8). 
(Figures 3 through 8 ) . Streptomyces longispororuber, S". grie-
seus and S. lavendulae plus one more Streptomyces have been i -
dentified in Lake Michigan water, also the Actinomyces of the 
genus Micromonospora (Figure 9;) are found sporadically, more 
often from late spring to early f a l l . 

Actinos present a special problem since they produce one or 
more water-soluble, odoriferous chemical substances which can 
persist even after the organism i t s e l f is k i l l e d and removed 
from the water by sedimentation and f i l t r a t i o n . The most well 
known of these compounds is a chemical called Heosmin which has 
a T.O. Number in excess of 10,000. We have not been able to 
grow or identify Actinos from treated water samples which have, 
on occasion, contained an identifiable musty-moldy odor, char
acteristic of that produced by growing Actino cultures. The 
odor was very similar to Ceosmin. Furthermore, the water leaving 
the plant had no detectable odor except slightly chlorinous (lCc 
or 2Cc) but apparently developed a reaction product with 
chlorine out in the distribution system. Once detected, i t was 
corrected by increased activated carbon treatment at the plant. 

Analysis of Water for Taste and Odor Substances. 
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Figure 1. Central water filtration plant, worlds largest (1964) 

Figure 2. Dinobryon, a pigmented fiagellate producing a fishy 
odor 
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Figure 3. Light microscope photomicrograph of Streptomyces 
lavenduhe. Note "fried egg" or halo effect. 

Figure 4. Light microscope photomicrograph of S. griseus "fan" 
pattern 
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Figure 5. Light microscope photomicrograph of S. longisporo-
ruber 

Figure 6. Electron microscope photomicrograph of S. longisporo-
ruber. Note straight chain and smooth spores. 
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Figure 7. Electron microscope photomicrograph of S. griseus. 
Spores smooth tear-drop shape spores with dark internal bands 

(fimbria). 

Figure 8. Electron microscope photomicrograph of S. Invendu-
he. Note spores have spines and hairy appearance. 
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Although a few specific compounds responsible for taste and 
odor problems have become known, most are s t i l l unidentified. 
The analytical approach therefore is largely of an empirical 
nature. The human nose is s t i l l the best instrument we have, 
and f inal proof of effective treatment is based on either of two 
methods : 

1. Threshold odor panels or teams, or, 
2. Olfactory monitoring devices 

1. Threshold Odors 
The threshold odor number of a water is determined by d i 

luting a sample of water with odor-free water unti l a dilution 
is found which is of the least definitely perceptible odor to the 
tester, or to each tester of a panel. For greatest accuracy a 
test panel of 5 to 10 persons is recommended. For day to day 
work in a water plant, however, two persons, who become quite 
experienced and capable
ing. Odors are run both at ambient temperature and at 60°C 
( 1 4 0 ° F ) . The latter permits detection of odors that might other
wise be missed. (Figure 10). 

2. Odor Monitors 
Odor Monitors are also used in the plant and provide for 

frequent comparisons of influent and finished water. Detection 
of any marked increase in raw water odor by the control lab 
chemists is reported immediately to the Filtration Engineer in 
charge and adjustments in treatment are made. (Figures U and 

12). 

Phenols and Phenol-Like Substances. 
The term "phenols" as used in Standard Methods includes 

those hydroxy derivatives of benzene which can be determined 
using one or more variations of the 4-aminoantipyrene method 
prescribed in the manual. Limit of detection is approximately 
1 ug/1. Phenolic compounds vary in their reactions to amino 
antipyrene, therefore, the method is not perfect. It is suit
able, however, to determine a number of phenolics in terms of 
phenol which is used as the standard. (Figure 13). 

(las chromatography has been applied effectively for determi
nation of a number of phenolic compounds. The method ( s t i l l 
f ,tenative , f) uses a flame-ionization detector and three columns. 
Full directions with 12 suggested standards are given in section 
222 F-of the 13th Edition of Standard Methods. It has been a-
dopted from ASTM D-2580-68 Standard, see ASTM Book of Standards, 
Part 23 (1968). 

Nitrogen Compounds. 
riitrogen determinations such as NH3-N or organic nitrogen 

can be helpful in indicating the presence of pollution of a 
water supply. Odorous substances may accompany increases in 
ammonia nitrogen or organic nitrogen readings. We have found i t 
advantageous to run NH3-N, Nitrate-Nitrite and organic nitrogen 
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Figure 9. Electron microscope photomicrograph of Actinomy-
cetes, genus Micromonospora. Does not produce pronounced 

odors and has lateral single spores. 

Figure 10. Chemists making threshold odor tests 
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Figure 11. Continuous-flow odor monitors, note spray 

Figure 12. Closeup mew of osmoscope 
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as regular surveillance parameters on raw water at both crib and 
shore intakes. Methodology used is covered in Standard Methods, 
13th Edition; sections 132 through 135. 

Treatment of Water for Taste and Odor Removal. 
The treatment process in Chicago consists of superchlorina-

tion, followed by alum coagulation, the addition of activated 
carbon when required, lime to adjust pH, sedimentation, f i l t r a 
tion, post chlorination and final pH adjustment with caustic 
soda. Fluoride, in small quantity, is also added to reduce 
dental caries. 

It was stated earlier that most odor problems result from 
soluble organic matter present in the water supply. Since we 
have learned much about chlorine chemistry and the types of 
activated carbons availabl
been developed which permi
ics by proper sequential application of these two chemicals 
during the coagulation, sedimentation and f i l t ra t ion process. 
Superchlorination well beyond the breakpoint followed by powder
ed activated carbon during the coagulation process removes or
ganisms, turbidity and adsorbable organics, mostly during sedi
mentation, with f inal polishing occurring as the water nasses 
through clean f i l te rs into the clearwells. 

Previously, at much lower chlorine dosages, chlorophenols 
and other odorous reaction products were formed which were not 
readily adsorbed by activated carbon. At that time i t was 
necessary to use ammonia or ammonium sulfate to t ie un the 
chlorine as chloramine to avoid chlorophenol odors. Super
chlorination overcomes this problem, providing the excess chlo
rine required to convert phenols rapidly through the mono, d i -
and trichlorophenol steps and on to oxidative breakdown products, 
non-odorous or easily adsorbed on activated carbon, as described 
by Burtshell,et. a l . (3). If the chlorine demand is low, super
chlorination alone wilT destroy tastes and odors to the extent 
that carbon may not be necessary. The quality of Lake Michigan 
water has improved noticeably and now taste and odor incidents 
are much easier to treat and control. 

In closing I would like to quote a paragraph from a paper 
on the benefits of free chlorine residuals presented by the 
writer at the 1974 conference of the American Water Works Associ
ation, since i t pretty well summarizes present conditions and 
improvements which have occurred. 

"Remarkable improvement has occurred in recent years in raw-
water quality of both plants. By 1972 phenols were usually <1 
ug/1 and ammonia nitrogen rarely exceeded 0.01-0.02 mg/1. Or
ganic nitrogen has varied from a minimum of 0.03-0.12 mg/1 ex
cept for two davs in May of 1972 when the level reached a high 
of 0.22 mg/1. None of these values are high enough to make 
significant effect on chlorine demand, which is about Π.2 mg/1 
before a chlorine residual begins to appear. No true breakpoint 
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Figure 13. Phenol distillation rack 

Figure 14. Superchlorination curve for Lake Michigan water. 
Note no breakpoint. Free residual occurs beyond 0.2 mg/l. 

chlorine dosage. 
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Figure 15. Tracor 550 gas chromatograph with Hall detector, 
used to determine low molecular weight, volatile, chlorinated 

hydrocarbons considered to be potential carcinogens. 
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occurs, as i s shown by the curves i n Figure 14. Taste 
and odor problems have v i r t u a l l y disappeared. Carbon feed has 
been reduced from 365 days/year to a low at Central Plant of 
only 50 davs requiring carbon feed, during the entire vear of 
1973." 

Work i s s t i l l going on in the separation, i sola t ion and i -
dentification of aany trace organics, not only those which are 
odorous, but those which may be potential carcinogens. Figure 
15 i l lus t ra tes some o^ the equipment required. A l 
though we have come a long way - wefve lots farther to go! 
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Simultaneous Detection of Nitrogen and Sulfur 

Containing Flavor Volatiles 

DONALD A. WITHYCOMBE, JOHN P. WALRADT, and ANNE HRUZA 
International Flavors and Fragrances, Inc., 1515 Highway 36, Union Beach, N. J. 07735 

Element s e l ec t iv
are used extensivel
environmental chemistry. Their relative merits have 
been compared in recent reviews (1 ,2 ,3 ) . A very r e 
cent paper by McLeod et al. (4) described the s imul ta 
neous operation of 5 detectors for pes t i c ide residue 
ana lys i s . The detectors which they used were: flame 
ion i za t i on (FID), flame photometric (FPD) at 526 nm 
for phosphorous, FPD at 394 nm for su l fu r , Coulson 
electrolytic conduct iv i ty for ni t rogen, and e lec t ron 
capture for halogen. 

Our own system, which utilizes flame photometric 
(FPD) and alkali flame i o n i z a t i o n (AFID) detectors for 
the analys is of su l fur and nitrogen containing com
pounds in addi t ion to the FID,has been the subject of 
a short appl ica t ions note (5) and will be described i n 
detail here. 

While there are several a l t e rna t ive detector types 
which are sens i t ive to nitrogen and/or su l fu r conta in
ing compounds t h i s discussion will be l im i t ed to those 
we consider to be the most usefu l . For su l fur selec
tive response, the flame photometric detector (FPD) i s 
by far the easiest and most reliable to use. Organics 
in the column effluent stream are burned in a hydrogen
-rich flame in which they are fragmented and exci ted to 
higher energy s ta tes . The exci ted S2 species formed 
from the combustion of su l fur containing compounds 
emits photons at a wavelength of 394 nm. The emitted 
light is passed through an appropriate interference 
filter and detected by a photomul t ip l ier tube. The 
response to su l fur containing compounds i s virtually 
free from interference by other compounds normally en
countered in f lavor research (selectivity i s about 
10, 000:1). The su l fur response curve i s p e c u l i a r l y 
non- l inear . Recently, e lec t ron ic linearizing circuits 
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have been o f f e r e d by instrument manufacturers f o r the 
flame photometric s u l f u r d e t e c t o r . 

The two detec tors most o f t e n used f o r n i t r o g e n are 
the a l k a l i flame i o n i z a t i o n detec tor (AFID or therm
i o n i c ) and the e l e c t r o l y t i c c o n d u c t i v i t y d e t e c t o r . The 
AFID i s the s imples t i n d e s i g n , r e q u i r i n g only a source 
of a l k a l i metal as an a d d i t i o n to the u s u a l flame i o n 
i z a t i o n d e t e c t o r . The mechanism of enhanced response 
to n i t r o g e n and phosphorous compounds i s s t i l l l a r g e l y 
unknown. In the most f a v o r a b l e cases , s e l e c t i v i t y f o r 
n i t r o g e n c o n t a i n i n g components may approach 10,000:1. 
However, i n p r a c t i c e , s e l e c t i v i t i e s on the order of 100 
to 500:1 are more common. 

The AFID i s very s e n s i t i v e to changes i n the gas 
mixture and p o s i t i o n of the a l k a l i metal s a l t s o u r c e . 
A l t e r i n g the s i z e o
temperature of the a l k a l i metal source and can dramat
i c a l l y change the mode of response, s e l e c t i v i t y , and 
noise l e v e l . For example, the degree of response to 
s u l f u r and halogen c o n t a i n i n g compounds when o p e r a t i n g 
as a n i t r o g e n detector are c o n t r o l l e d to a c o n s i d e r a b l e 
extent by the flame c o n d i t i o n s . Recent ly , Perkin-Elmer 
has introduced an improved AFID which they c l a i m to be 
v i r t u a l l y f r e e of these e f f e c t s . 

The e l e c t r o l y t i c c o n d u c t i v i t y detec tor (ECD) (6, 
7 ) , while a more complex d e v i c e , i s probably a more 
r e l i a b l e q u a n t i t a t i v e detec tor f o r n i t r o g e n compounds 
than the AFID. The GC e f f l u e n t i s p y r o l y z e d i n a hy
drogen atmosphere to produce N H 3 which i s absorbed i n 
a water or e thanol stream and passed through an e l e c 
t r o l y t i c c o n d u c t i v i t y c e l l f o r measurement. Halogen 
response may be e l i m i n a t e d by u s i n g a b a s i c absorber 
a f t e r the p y r o l y s i s u n i t . In the o x i d a t i v e mode t h i s 
de tec tor i s s e n s i t i v e to halogens and s u l f u r . 

For the purposes of the l a r g e l y q u a l i t a t i v e s u r 
vey type analyses which we perform,the improved v e r 
s i o n s of the AFID would be p r e f e r r e d over the ECD f o r 
n i t r o g e n d e t e c t i o n from the s tandpoint of s i m p l i c i t y . 
The flame photometric detec tor f o r s u l f u r compounds 
has been extremely r e l i a b l e i n our hands and we see no 
other detec tor comparable to i t . 

Instrument Design and M o d i f i c a t i o n s 

The primary o b j e c t i v e i n the design of our c h r o 
matographic system was the achievement of a t o t a l l y 
i n e r t system i n which even the most unstable compounds 
could be d e l i v e r e d to the p o i n t of d e t e c t i o n and/or 
e v a l u a t i o n without decomposi t ion. Many commercially 
a v a i l a b l e instruments and systems reported i n the 
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l i t e r a t u r e incorpora te an e s s e n t i a l l y i n e r t i n j e c t i o n 
system and column, o n l y to d e l i v e r the sample to the 
detec tor through a h i g h l y r e a c t i v e hot metal t r a n s f e r 
l i n e . When chemicals are to be evaluated f o r use i n 
f l a v o r s and f r a g r a n c e s , even the s l i g h t e s t decomposi
t i o n of the chemical may lead to erroneous c o n c l u s i o n s 
concerning i t s t rue aroma. 

Although the chromatographic system which w i l l be 
discussed i s compatible wi th a l l types of columns, i t 
has been s p e c i f i c a l l y m o d i f i e d and optimized f o r use 
with la rge bore w a l l - c o a t e d g l a s s c a p i l l a r y columns. 
We have found i n our l a b o r a t o r y that many n a t u r a l l y 
o c c u r r i n g s u l f u r c o n t a i n i n g compounds are l e s s subjec t 
to decomposition on a l a r g e bore g l a s s c a p i l l a r y column 
than on a packed g l a s s column. 

The instrument
t o r y i s a Tracor MT-220 gas chromatograph equipped wi th 
a l i n e a r temperature programmer, three e l e c t r o m e t e r s , 
dual flame i o n i z a t i o n detec tors (FID), and a Melpar 
flame photometric detec tor (FPD) (8) ( F i g . 1 ) . The 
Melpar flame photometric detec tor incorporates a flame 
i o n i z a t i o n e l e c t r o d e which permits the simultaneous 
output of a flame photometric response and a flame i o n 
i z a t i o n response . The FPD has been r e p o s i t i o n e d on the 
i n j e c t o r and detec tor m a n i f o l d to accommodate the a d 
m i s s i o n of the column e f f l u e n t d i r e c t l y i n t o the f lame, 
as i n d i c a t e d by the g l a s s - l i n e d s t e e l l i n e s , thereby 
e l i m i n a t i n g the p o s s i b i l i t y of contact between the 
sample gas and metal detec tor components p r i o r to com
b u s t i o n . 

One of the standard flame i o n i z a t i o n detec tors has 
been converted to an a l k a l i flame i o n i z a t i o n detec tor 
( A F I D ) ( F i g . 2)by c a r e f u l l y p o s i t i o n i n g a s m a l l wedge-
shaped segment of a 1.5 χ 10 mm rubidium s u l f a t e - p o t a s 
sium bromide p e l l e t on the annular g l a s s s leeve which 
surrounds the burner t i p . The p e l l e t i s h y d r a u l i c a l l y 
pressed from a homogeneous 1:1 mixture of rubidium 
s u l f a t e (99% Matheson Coleman & B e l l ) and i n f r a red 
q u a l i t y potassium bromide (Harshaw Chemical C o . ) (9) . 
The sample i s combusted i n a hydrogen-poor f lame. When 
the flame has been p r o p e r l y o p t i m i z e d , the AFID p r o 
vides an i o n i z a t i o n c u r r e n t which i s approximately 100 
f o l d enhanced i n response to n i t r o g e n c o n t a i n i n g com
pounds . 

A diagram i l l u s t r a t i n g the r e l a t i o n s h i p of the 
v a r i o u s components of the system i s shown i n F i g u r e 3. 
The i n j e c t i o n port i n s e r t i s const ruc ted from a 15 cm 
segment of 6 mm o . d . χ 1 mm i . d . c a p i l l a r y bore g l a s s 
t u b i n g . One end i s s l i g h t l y f l a r e d to f a c i l i t a t e 
d i r e c t s y r i n g e i n j e c t i o n and the o ther end i s drawn to 
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Figure 1. Schematic of Melpar flame photometric detector designed for simultaneous 
flame ionization and flame photometric (sulfur) operation with glass capillary columns 

Figure 2. Schematic of a Tracor flame ionization detector modified for 
operation as an alkali flame ionization detector (nitrogen) 
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a tapered 1/16" o . d . t i p . The 400 f χ 0.032" i . d . g l a s s 
c a p i l l a r y column (C) i s connected to the i n j e c t i o n port 
i n s e r t and the e x i t s p l i t t e r assembly by s m a l l segments 
of h e a t - s h r i n k a b l e T e f l o n tubing (B) . 

The column e f f l u e n t i s d i r e c t e d i n t o one port of a 
5 -port e f f l u e n t s p l i t t e r assembly. The s p l i t t e r i s 
d i v i d e d i n t o two s e c t i o n s with a l l i n t e r c o n n e c t i n g 
l i n e s f a b r i c a t e d from 1/16" o . d . χ 0.5 mm i . d . g l a s s 
l i n e d s t e e l tubing ( S c i e n t i f i c Glass Engineer ing P t y . 
L t d . ) ( A ) . The j u n c t i o n p o i n t s are f a b r i c a t e d from 
low dead volume Swagelok unions , s p e c i a l l y bored and 
f i t t e d to minimize sample contact with s t a i n l e s s s t e e l 
s u r f a c e s . To f u r t h e r reduce the p o s s i b i l i t y of sample 
decomposit ion, the i n t a c t s p l i t t e r assembly was d e a c t i 
vated by c o a t i n g wi th a 10% SE-30 s o l u t i o n and h eat i ng 
at 4 0 0 ° C a c c o r d i n g t
Goode (22)· The f i r s t s e c t i o n of the s p l i t t e r assembly 
merely provides f o r the a d d i t i o n of helium make-up gas 
from one of the a u x i l i a r y i n j e c t i o n port f low l i n e s 
(D). The d i l u t e d e f f l u e n t i s then d i r e c t e d to the 3-
way s p l i t t e r of the second s e c t i o n . At t h i s p o i n t , 
20% of the e f f l u e n t i s d i r e c t e d to the FID/FPD, 30% to 
the AFID, and 50% to a heated e x i t p o r t . The s i g n a l s 
from the three detec tors are fed in to three e l e c t r o 
meter channels which are connected to a S o l t e c / 
Rikadenki three -channel r e c o r d e r . The FID s i g n a l i s 
connected i n p a r a l l e l to a c e n t r a l GC computer system 
which provides a q u a n t i t a t i v e e s t i m a t i o n of the sample 
components and c a l c u l a t e s t h e i r r e t e n t i o n index ( I E ) 
(11). 

The heated e x i t por t i s a m o d i f i c a t i o n of a t h i r d 
i n j e c t i o n port which provides two opt ions : 1) sample 
c o l l e c t i o n f o r subsequent a n a l y t i c a l r o u t i n e s , or 2) 
simultaneous odor e v a l u a t i o n of the e l u t i n g components. 
When used i n the l a t t e r manner, a d d i t i o n a l helium i s 
provided (E) c o n c e n t r i c to the flow l i n e to " l i f t " the 
components away from the hot s u r f a c e . The chromatogram 
d i s p l a y i n g the responses from the three detec tors i s 
s imul taneously annotated to p r o v i d e an "aroma p r o f i l e " 
of the chromatographica l ly r e s o l v e d sample. 

Detector s e l e c t i v i t y i s demonstrated i n F i g u r e 4 . 
Shown i s the s e p a r a t i o n of a model system composed of 
a number of s u l f u r and/or n i t r o g e n c o n t a i n i n g com
pounds . The top t race i s the FID response . As i n d i 
cated i n the second t r a c e , the FPD responds e x c l u s i v e l y 
to components 2, methyl e t h y l d i s u l f i d e ; 15, 2 - n - p e n t y l 
thiophene; and 8, te t rahydrothiophene-3 -one . The AFID 
responds to components 3, 1 - n - p e n t y l p y r r o l e ; 6, 2-
m e t h y 1 - 5 - v i n y l p y r i d i n e , and 10, n - p e n t y l p y r a z i n e . 
Dual responses are observed on the FPD and AFID f o r 
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Figure 3. Schematic of the Tracor MT-220 gas chromatograph equipped with a 400* X 
0.032" id glass capillary column and modified for simultaneous detection and aroma evalua

tion of nitrogen and sulfur containing compounds 

Figure 4. Chromatogram of synthetic 
mixture using 3-detector chromato

graphic system 
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component 7, 4 - m e t h y 1 - 5 - v i n y l t h i a z o l e , as would be 
expected. A l s o observed i s a r e l a t i v e l y s m a l l r e 
sponse of the AFID to the l a r g e q u a n t i t y of s o l v e n t , 
e t h a n o l . T h i s sympathetic response can r e a d i l y be 
d i s t i n g u i s h e d from a t rue response by comparing the 
FID and AFID recorder t races and c o i n c i d e n c e t imes . 
Under normal o p e r a t i n g c o n d i t i o n s the detec tor s e n s i 
t i v i t y i s adjusted to g i v e comparably s i z e d peaks f o r 
a l l three d e t e c t o r s . The useable s e n s i t i v i t y ( c o n s i d 
e r i n g the S/N r a t i o ) of t h i s AFID i s of the same order 
of magnitude as the FID; however, the FPD may achieve 
10 to 100 times greater s e n s i t i v i t y . 

The p r i n c i p l e fea tures and advantages of t h i s 
m u l t i p l e s e l e c t i v e de tec tor system may be summarized 
i n the f o l l o w i n g three p o i n t s : 

1. An Inert , High C a p a c i t y , High R e s o l u t i o n 
Chromatpgraphic System. The column systems 

developed permit the r e s o l u t i o n of 1 to 2 m i c r o l i t e r 
d i r e c t i n j e c t i o n s of s o l v e n t - f r e e n a t u r a l e x t r a c t s 
w h i l e m a i n t a i n i n g column e f f i c i e n c e s on the order of 
0.5 to 1.0 χ 1 0 6 t h e o r e t i c a l p l a t e s . The use of wide 
bore c a p i l l a r y columns i s e s s e n t i a l s i n c e the sample 
c a p a c i t y of narrow bore columns with i n j e c t i o n s p l i t 
t e r s i s not s u f f i c i e n t f o r use with m u l t i p l e e f f l u e n t 
s p l i t t i n g . Our columns provide s u f f i c i e n t c a p a c i t y to 
a l low p r e p a r a t i v e i s o l a t i o n of microgram q u a n t i t i e s of 
m a t e r i a l f o r f u r t h e r s p e c t r a l c h a r a c t e r i z a t i o n . 

2. Simultaneous N i t r o g e n , S u l f u r , Flame I o n i z a 
t i o n , and P h y s i o l o g i c a l D e t e c t i o n . The s e n 

sory e v a l u a t i o n of GLC e f f l u e n t s has been recognized 
as an a i d i n a s s e s s i n g the s i g n i f i c a n c e of the var ious 
components to the aroma of the t o t a l sample. When s e n 
sory é v a l u â t ions are made in p a r a l l e l with a FID, 
aromas and aroma changes are detected i n areas which 
cannot be assigned s p e c i f i c a l l y to a change i n detec tor 
response . However, when m u l t i p l e s e l e c t i v e detec tors 
are used, these aromas may o f t e n be assigned s p e c i f i 
c a l l y to t race or unresolved n i t r o g e n and/or s u l f u r 
c o n t a i n i n g components, many of which e x h i b i t extremely 
low odor t h r e s h o l d s . T h i s c a p a b i l i t y provides the 
f l a v o r i s t , perfumer, or a n a l y s t wi th the a b i l i t y to 
b e t t e r c h a r a c t e r i z e the sample and l o c a t e components of 
spec i f i c i n t e r e s t . 

3. Provide Maximum Information f o r the A c q u i s i 
t i o n and I n t e r p r e t a t i o n of GC-MS Data . In the 

same manner as above, i t i s p o s s i b l e to e f f e c t i v e l y l o 
cate t race and unresolved components p r i o r to analysis by 
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gas chromatography - mass spectrometry (GC-MS) and, 
through the a i d of computerized MS data h a n d l i n g f a c i l 
i t i e s , o b t a i n i d e n t i f i a b l e mass s p e c t r a of components 
which would normally be o v e r l o o k e d . When t h i s t e c h 
nique i s used i n c o n j u n c t i o n with s p e c i f i c or m u l t i p l e 
ion moni tor ing of the mass s p e c t r a l data the a n a l y s t i s 
armed with powerful a n c i l l a r y techniques f o r the l o c a 
t i o n and mass s p e c t r a l c h a r a c t e r i z a t i o n of organic 
f l a v o r and aroma components. 

A p p l i c a t i o n 

In our l a b o r a t o r y n a t u r a l e x t r a c t s are r o u t i n e l y 
surveyed with the system j u s t descr ibed before GC-MS 
a n a l y s i s . An a n a l y s i s of the v o l a t i l e components of 
pressure cooked por
reported i n par t by Mussinan and Walradt (12) w i l l p r o 
v i d e an example of the a p p l i c a t i o n of the technique . 
The d e t a i l s of the sample p r e p a r a t i o n are e s s e n t i a l l y 
the same as p r e v i o u s l y r e p o r t e d , the product being a 
concentrated ether s o l u t i o n of cooked pork l i v e r v o l a 
t i l e s . The three chromatograms shown i n F i g u r e 5 are 
those of a 2 ^ul i n j e c t i o n of the ex t rac t on a 
400 f χ 0.032" i . d . g l a s s SE-30 c a p i l l a r y column, tem
perature programmed from 5 0 - 1 9 0 ° C at l ° C / m i n u t e . The 
upper t race i s the flame i o n i z a t i o n response. The 
second t race i s the AFID response to n i t r o g e n compo
nents and the flame photometric response to s u l f u r com
pounds i s the t h i r d t r a c e . Due to the i n a b i l i t y to 
s u i t a b l y annotate the f i g u r e with the odor d e s c r i p t o r s , 
they have been omit ted . 

The major component of the sample, 1_, i s f u r f u r y l 
a l c o h o l . The response of the AFID to the pyraz ines and 
p y r r o l e d e r i v a t i v e s compared to other c o n s t i t u e n t s of 
s i m i l a r FID response i l l u s t r a t e s the detec tor s e l e c t i v 
i t y as i n the case of components 2_ (methyl p y r a z i n e ) , 
3 ( 2 , 5 ( 6 ) - d i m e t h y l p y r a z i n e ) , 4 ( 2 - e t h y l - 6 - m e t h y l 
p y r a z i n e ) and <5 ( t r i m e t h y l p y r a z i n e ) . The i n f o r m a t i o n 
obtained from the flame photometric detector l i k e w i s e 
enhances the conf idence i n the l o c a t i o n and i d e n t i f i c a 
t i o n of s u l f u r c o n t a i n i n g components. The response of 
the FPD to components 6 (methyl mercaptan), 7_ (dimethyl 
d i s u l f i d e ) , and 8 (dimethyl t r i s u l f i d e ) i s o b v i o u s . 
B e n z o t h i a z o l e , 9, i s d r a m a t i c a l l y h i g h l i g h t e d by the 
dual response of the AFID and FPD. The i d e n t i f i c a t i o n 
of component 10·, 2 - a c e t y l t h i a z o l e , may be r e a d i l y a t 
t r i b u t e d to the s e l e c t i v e detec tors i n that the FID 
response i s only s l i g h t l y greater than the background. 
Through the use of the s e l e c t i v e detectors and the r e 
t e n t i o n index, increased confidence was gained i n the 
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TIME (minuta) 

Figure 5. Chromatogram of cooked pork liver volatiles showing selective 
detector responses to nitrogen (AFID-N) and sulfur (FPD-S) containing 
compounds. Conditions: 400" χ 0.032" id glass capillary SE-30 column pro

grammed at rC/min from 50° to 190°C. 
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Figure 6. Computer regenerated total ion chromatogram of the 
GC-MS analysis of cooked pork liver volatiles with specific ion 

plots for masses (m/e) 111, 81,47, and 45 
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mass spec t ra l i d e n t i f i c a t i o n of t h i s compound. The 
methyl thiophene carboxaldehyde (11) i s r e ad i l y h igh
l igh ted by the su l fur response. 

More s p e c i f i c s t r u c t u r a l information may be ob
tained from a computerized GC-MS ana lys i s . We are 
presently using a Varian MAT-III GC-MS f i t t e d with a 
400 τ χ 0.032" i . d . glass c a p i l l a r y column and i n t e r 
faced to a Varian SpectroSystem 100-MS. Figure 6 de
p i c t s the t o t a l ion p lo t of a por t ion of the pork 
l i v e r analys is and, i n add i t ion , s p e c i f i c ion p lo t s of 
masses 111, 81, 47, and 95. This type of analys is i s 
an a id in d i f f e r e n t i a t i n g s p e c i f i c classes of compo
nents from the more generalized element s e l ec t i ve 
a n a l y s i s . In t h i s case the mass 47 p lo t d is t inguishes 
the a l k y l mercaptan d s u l f i d e s  exemplified b
methyl mercaptan (C)
methyl t r i s u l f i d e (E) . The loca t ion of a c y l t h i o
phenes may be h ighl ighted by the use of the mass 111 
p lo t as indicated by the thiophene carboxaldehyde (A), 
and methyl thiophene carboxaldehyde (B) . The system 
may a lso be manipulated to provide s p e c i f i c i n d i 
cat ions of other classes of compounds not selected for 
by other techniques, i . e . , masses 81 and 95 p lo t s for 
a l k y l and a c y l furans, r e spec t ive ly . 

While computerized GC-MS analys is can provide 
more de ta i led s t r u c t u r a l information, the element se
l e c t i v e detectors are a more economical and valuable 
a id for r ap id ly loca t ing and evaluat ing nitrogen and 
su l fur compounds of in teres t i n complex mixtures and 
monitoring t h e i r presence through the necessary i s o 
l a t i o n and f rac t iona t ion procedures. It provides i n 
formation comp1ementary to that obtained from GC-MS 
ana lys i s , g iv ing increased confidence i n the v a l i d i t y 
of i d e n t i f i c a t i o n s . With appropriate c a l i b r a t i o n , the 
element s e l ec t i ve detectors can a lso provide quant i t a -
t i v e estimations of low leve l s of s p e c i f i c heteroatomic 
compounds in mixtures where non-select ive detectors 
would not be r e l i a b l e . 
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LEONARD SCHUTTE 
UniMills Β. V., Lindtsedijk 8, Zwijndrecht, The Netherlands 

The Role of Food
of a food by which it
propert ies may be subdivided into primary and secondary 
ones. The primary function of food i s nutrition or 
fue l for the maintenance of life. Food should there
fore be nourishing, have a proper nutritive value and 
be devoid of tox ic or harmful e f fec t s . Few materials 
in nature fulfill these requirements entirely: some are 
poisonous, others may contain enzymes that in ter fere 
with the function of the body (biochemical poisons) , 
and still others are simply not d i g e s t i b l e . 

Animals are general ly thought to know by i n s t i n c t 
what i s good for them and what i s not. In human beings 
this i n s t i n c t has been suppressed and replaced by an
other process - that of learning from experience. The 
na tura l mater ials that , through the ages, have been 
found to be nutritive and b e n e f i c i a l are fed to chil
dren, who in turn become accustomed to them and con
tinue to f l o u r i s h on them. The same mechanism may also 
apply to animals; what we call "instinct" may be no 
more than a process whereby customs are passed on from 
parents to of fspr ing . 

Years of experience have determined not only the 
range of nu t r i t i ous foods ava i l ab l e , but also the meth
od of t rea t ing them. For instance, natural materials 
sometimes have to be heated to kill enzymes which have 
adverse e f fec t s . 

The nutritive effect and harmlessness of food have 
been establ ished by experience, however, t h i s choice i s 
no longer determined on th i s bas i s . One does not eat a 
natura l mater ia l at random and wait to see whether i t 
does one good or makes one ill. Instead, the food i s 
recognized by its secondary proper t ies . The process by 
which memory and tradition link the secondary prop
erties of the food i s represented in Figure 1. 

9 6 
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B e n e f i c i a l or adverse p h y s i o l o g i c a l e f f e c t s of 
food are e s t a b l i s h e d by experience and can be c o r r e 
l a t e d o n l y i n d i r e c t l y with the primary p r o p e r t i e s . On 
the other hand, r e c o g n i t i o n of a food by i t s secondary 
or sensory p r o p e r t i e s , which may be d i v i d e d in to a p 
pearance, texture and f l a v o r , i s d i r e c t . Today, i n 
the case of packaged foods , "appearance" may be ex
tended to the package and to the image created by a d 
ver t isements , i n which consumer's a t t e n t i o n may be 
c a l l e d to the primary p r o p e r t i e s . Such f a c t o r s tend 
to complicate the p i c t u r e . 

F l a v o r i n Food. The preference f o r p a r t i c u l a r 
combinations of secondary p r o p e r t i e s i s known as p e r 
s o n a l l i k i n g , or " t a s t e " i n the broad sense of the 
word. The pleasure
secondary p r o p e r t i e s . Taste i s a c q u i r e d , o f t e n over 
g e n e r a t i o n s . T h i s e x p l a i n s why e a t i n g i s a s o c i a l -
c u l t u r a l phenomenon, not only the method of s e l e c t i n g 
and p r e p a r i n g the food , but even the way of consuming 
i t , the s o - c a l l e d t a b l e manners. T h i s a l s o e x p l a i n s 
why the i n t r o d u c t i o n of n o v e l food products i s so 
d i f f i c u l t . These products w i l l only stand a chance of 
success i f they bear some resemblance to f a m i l i a r foods 
which appeal to the t a s t e of the consumer. 

The secondary or sensory p r o p e r t i e s by which a 
food product i s judged are appearance, c o l o r , t a s t e , 
tex ture , temperature and i n the case of popcorn and 
c h i p s f o r ins tance , even sound. As shown i n F i g u r e 2, 
these f a c t o r s are c l o s e l y connected and i t i s o f t e n 
impossible to separate one from another (.1). They 
determine whether, and to what extent , a p a r t i c u l a r 
d i s h i s acceptable to the consumer. The secondary 
p r o p e r t i e s are very important as people do not eat 
n u t r i e n t s , they eat f o o d ; the n u t r i t i o n a l impact of a 
balanced mixture of n u t r i e n t s that i s not accepted as 
a food i s n i l . 

Taste i n the broad sense i s not very f l e x i b l e , 
but t h i s does not mean that some tas tes have not g r a d 
u a l l y changed. For i n s t a n c e , i n the recent past peo
p l e i n the United States and i n Europe have grown a c 
customed to canned tomato soup and tomato j u i c e , and 
many p r e f e r the " s t e r i l i z e d f l a v o r " of these products 
to f r e s h tomato f l a v o r . Fresh apple sauce i s no 
longer p r e f e r r e d to canned apple sauce. Many of the 
younger generat ion brought up on margarine do not l i k e 
the tas te of b u t t e r . 
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F l a v o r i n Food Systems 

Taste Compounds. Although f l a v o r i s mainly asso
c i a t e d with tas te and odor, the other e n t i t i e s i n 
F i g u r e 2 p l a y an inseparable r o l e . For ins tance , i t 
i s very hard to i d e n t i f y banana f l a v o r i n a p ink i c e 
cream. F l a v o r chemists , however, t r y to i s o l a t e those 
f a c t o r s impart ing tas te and odor from the other 
e n t i t i e s . Consequently, f l a v o r chemistry deals with 
those compounds r e s p o n s i b l e f o r the t a s t e and odor of 
f o o d . These f l a v o r compounds can be s u b d i v i d e d into 
two c l a s s e s : tas te compounds and odor compounds. 
T h e i r c h a r a c t e r i s t i c s are summarized i n Table I . 

TABLE I 

CHARACTERISTICS OF TASTE AND ODOR COMPOUNDS 

Taste Compounds Odor Compounds 

Perceived by tongue 
N o n - V o l a t i l e 
P o l a r , w a t e r - s o l u b l e 
Present i n r e l a t i v e l y 

high concentra t ions 

S a l t , sweet, sour , b i t t e r 

Perceived by nose 
More or l e s s v o l a t i l e 
More or l e s s non-polar 
Present i n low concen

t r a t i o n s (mg/kg or 
A i g / k g range) 

Many d i f f e r e n t f l a v o r 
sensat ions 

One can p e r c e i v e tas te compounds on t h e i r own by 
p i n c h i n g the nose d u r i n g e a t i n g or when one s u f f e r s 
from a heavy c o l d . In t h i s way the odor compounds are 
prevented from reaching the n a s a l c a v i t y , e i t h e r d i 
r e c t l y or i n d i r e c t l y . Taste compounds are i n genera l 
n o n - v o l a t i l e , water s o l u b l e and u s u a l l y present i n the 
food i n r e l a t i v e l y high c o n c e n t r a t i o n s . They give a 
combination of s a l t , sweet, sour and b i t t e r im
p r e s s i o n s . Examples are common s a l t , sucrose , c i t r i c 
a c i d , c a f f e i n e and monosodium glutamate. 

Odor Compounds. Odor compounds have a f i n i t e 
vapor p r e s s u r e . They are never completely p o l a r or 
n o n - p o l a r , al though some are more s o l u b l e i n water and 
others i n organic s o l v e n t s . They are u s u a l l y present 
i n low c o n c e n t r a t i o n s , i n the mg per kg or/ug per kg 
range, and they g ive a la rge v a r i e t y of f l a v o r s e n 
s a t i o n s . In contras t to the n o n - v o l a t i l e s , few v o l a 
t i l e s are e s s e n t i a l intermediates i n the biochemis t ry 
of the l i v i n g organism. They may be considered as 
being der ived from the b a s i c bulk i n g r e d i e n t s of the 
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l i v i n g organism, i . e . carbohydrates , p r o t e i n s and f a t s 
( t r i g l y c e r i d e s ) . The l a t t e r can thus be considered as 
the precursors of the v o l a t i l e f l a v o r compounds. As 
these bulk i n g r e d i e n t s are s i m i l a r i n most l i v i n g 
s p e c i e s , i t i s not s u r p r i s i n g that some odor compounds 
are common to q u i t e d i f f e r e n t groups of f o o d s . Ex
amples are furanones i n f r u i t s and meat, s u l f i d e s i n 
meat and vegetables , and p y r a z i n e s i n vegetables and 
baked or roasted products l i k e bread and c o f f e e . 

The p r e c u r s o r s , however, are present i n d i f f e r e n t 
p r o p o r t i o n s i n the var ious l i v i n g s p e c i e s and f u r t h e r 
more the mode of formation of the v o l a t i l e s may vary 
from one food to another . P o s s i b l e modes of formation 
are b i o f o r m a t i o n i n the l i v i n g s p e c i e s , enzymatic f o r 
mation by f l a v o r enzymes or i n fermentat ion processes , 
or non-enzymic M a i l l a r d - t y p
which the v a r i o u s odor compounds are present , t h e i r 
p r o p o r t i o n s and t h e i r mode of r e l e a s e determine the 
o v e r a l l f l a v o r of the f i n a l food p r o d u c t . 

In theory , a l l v o l a t i l e s present i n a food 
product c o n t r i b u t e to the o v e r a l l odor , which makes 
the f l a v o r of every food product unique. Some com
pounds are , however, more important than others and 
these are o f t e n r e f e r r e d to as "key compounds". It 
would though be an o v e r - s i m p l i f i c a t i o n to t h i n k that 
the f l a v o r of a food product can be r e c o n s t i t u t e d by 
proper combination of these key compounds. T h i s has 
been p o s s i b l e only i n some e x c e p t i o n a l cases , l i k e 
v a n i l l a or cucumber. 

The importance of f l a v o r i n determining the a c 
c e p t a b i l i t y of food c e r t a i n l y warrants the study of 
n a t u r a l f l a v o r compounds. S t r u c t u r a l e l u c i d a t i o n of 
these compounds not only adds to our knowledge of the 
types of molecules which produce f l a v o r , but i t a l s o 
s u p p l i e s us with s u i t a b l e m a t e r i a l s f o r making h i g h l y 
n u t r i t i o u s but l e s s t a s t y foods more p a l a t a b l e . More
over , f l a v o r i n g can help to make acceptably p r i c e d , 
a t t r a c t i v e products more widely a v a i l a b l e . Knowledge 
of the mechanism of f l a v o r formation from precursors 
i s t h e r e f o r e not only of s c i e n t i f i c i n t e r e s t . T h i s 
knowledge may be a p p l i e d i n s e l e c t i n g good f l a v o r i n g 
methods and i n choosing p r o c e s s i n g c o n d i t i o n s , so that 
o f f - f l a v o r formation i s prevented . It i s t h e r e f o r e 
the task of the f l a v o r chemist not o n l y to i s o l a t e and 
i d e n t i f y o d o r i f e r o u s compounds i n food products , but 
a l s o to study t h e i r formation from precursors i n order 
to be able to apply the r e s u l t s to the f l a v o r i n g of 
processed and novel food p r o d u c t s . T h i s w i l l be i l l u s 
t r a t e d u s i n g meat f l a v o r as an example. 
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Meat F l a v o r Compounds 

Taste Compounds. There are , of course , many 
types of meat f l a v o r s , e . g . b o i l e d , brothy , r o a s t , 
e t c . and beef , pork, lamb, c h i c k e n , e t c . A l l these 
f l a v o r s have many c h a r a c t e r i s t i c s i n common and I w i l l 
only d i s t i n g u i s h between the var ious types when a p 
p r o p r i a t e . The tas te compounds i n meat are r a t h e r 
u n i v e r s a l . The most important tas te compounds i n meat 
are given i n Table I I . The n a t u r a l pH of meat i s 
about 5 .5 , which should be borne i n mind when a s s e s s 
ing t h e i r c o n t r i b u t i o n to the t a s t e of meat. 

TABLE II 

SOME IMPORTAN
(pH VALUE 5.5) 

glutamic a c i d 
i n o s i n i c a c i d 
s u c c i n i c a c i d 
l a c t i c a c i d 
phosphoric a c i d 
p y r r o l i d o n e c a r b o x y l i e a c i d 

Odor Compounds and t h e i r P r e c u r s o r s . The v o l a 
t i l e par t of meat f l a v o r i s more c o m p l i c a t e d . For the 
sake of argument l e t us assume that an i d e a l gas c h r o -
matogram of meat f l a v o r v o l a t i l e s i s as shown i n 
F i g u r e 3. In t h i s gas chromatogram a l l v o l a t i l e s are 
represented as separate peaks and the heights are p r o 
p o r t i o n a l to the r e l a t i v e amounts present i n the head-
space of the meat product concerned. By d i v i d i n g the 
c o n c e n t r a t i o n of each compound by i t s f l a v o r t h r e s h o l d 
v a l u e , an "aromagram" which shows the r e l a t i v e f l a v o r 
impression of each compound i s o b t a i n e d . T h i s i s 
shown i n F i g u r e 4 which represents the h y p o t h e t i c a l 
aromagram of meat f l a v o r , more or l e s s comparable with 
the s k y l i n e of a c i t y . 

The f l a v o r compounds i n the aromagram of a cooked 
meat product are formed from precursors present i n the 
raw meat. Precursors are those i n g r e d i e n t s i n the 
food that are the most r e a c t i v e d u r i n g i t s p r e p a r a 
t i o n . Some s o r t of heat treatment i s u s u a l l y r e s p o n 
s i b l e f o r f l a v o r formation i n meat. The precursors of 
meat f l a v o r are c e r t a i n amino a c i d s and sugars which 
react together i n s o - c a l l e d M a i l l a r d r e a c t i o n s . Some 
of these r e a c t i o n s w i l l be b r i e f l y d i s c u s s e d . The 
f i r s t r e a c t i o n i s the s o - c a l l e d Amadori rearrangement 
(Figure 5) i n which monosaccharides l i k e g lucose , 
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PRIMARY 
PROPERTIES 

FOOD 

SECONDARY 
PROPERTIES 

PHYSIOLOCICAL 
EFFECTS 

> EATER 

EXPERIENCE 

Figure I. Classical relations between primary and 
secondary

Figure 2. Interconnection between 
sensory properties of food 

Recorder 
response 

Figure 3. Hypothetical gas chromato-
gram of meat flavor 
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Flavor 
impression 

Figure 4. Hypothetical aromagram of 
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Figure 5. Amadou rearrangements of sugars 
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f r u c t o s e or r i b o s e reac t with amines by which c a r b o n y l 
groups are moved w i t h i n the sugar molecule (2) . In 
subsequent c y c l i s a t i o n r e a c t i o n s h e t e r o c y c l i c com
pounds l i k e furanones, pyranones or even p y r r o l e s are 
formed. The rearranged sugar may a l s o break down i n t o 
s m a l l e r molecules l i k e diketones or hydroxy acetone, 
which i n turn may form a c y c l o t e n e i n a condensation 
r e a c t i o n . Another type of r e a c t i o n i s the Strecker 
degradation (Figure 6) , i n which aldehydes are formed 
from amino a c i d s which have been o x i d i z e d by d i k e t o n e s . 
Examples are the formation of acetaldehyde from a l a 
n i n e , methional from methionine, phenylacetaldehyde 
from p h e n y l a l a n i n e and benzaldehyde from p h e n y l g l y -
c i n e . Strecker degradation of c y s t e i n e y i e l d s hydro
gen s u l f i d e , which i t s e l f i s a meat f l a v o r compound as 
w e l l as being an importan
c o n t a i n i n g meat f l a v o r compounds (3) . For ins tance , 
r e a c t i o n of hydrogen s u l f i d e with h e t e r o c y c l i c com
pounds l i k e furanones, leads to the formation of s u l 
f u r c o n t a i n i n g h e t e r o c y c l e s which have a roasted meat 
f l a v o r (Figure 7 ) . Methanethio l , which i s developed 
from methionine, i s a s i m i l a r compound, y i e l d i n g mono-, 
d i - and t r i s u l f i d e s . Some other compounds formed from 
these s m a l l precursor molecules are 1 - m e t h y l t h i o -
e t h a n e t h i o l and d i m e t h y l t r i t h i o l a n e . 

Pyrazines are a l s o formed as a r e s u l t of St recker 
degradat ions . Here the diketone moiety i s held r e 
s p o n s i b l e f o r the d i r e c t formation of the p y r a z i n e s 
(4) . 

As shown i n F i g u r e 8 some r e a c t i o n s i n v o l v e the 
formation of a c y l t h i a z o l e s from c y s t e i n e and d i k e -
tones, such as pyruvaldehyde (3) , and the format ion of 
unsaturated lactones from α - k e t o b u t y r i c a c i d , an o x i -
dat ion product of threonine (5) . 

F igure 9 shows the f l a v o r compounds formed from 
thiamine or v i t amin B l . As the b i o s y n t h e s i s of the 
t h i a z o l e moiety of thiamine involves r e a c t i o n of 
methionine wi th a l a n i n e , there i s some connect ion be
tween the formation of these f l a v o r compounds and that 
of those formed d i r e c t l y from amino a c i d s . It again 
i n d i c a t e s that the formation of meat f l a v o r compounds 
may f o l l o w complicated pathways i n v o l v i n g var ious i n 
termediates . 

The r e a c t i o n s discussed lead to w e l l - i d e n t i f i e d 
f l a v o r v o l a t i l e s , which correspond to the prominent 
t a l l b u i l d i n g s i n the s k y l i n e shown i n F i g u r e 4. They 
may be regarded as the "key compounds" or t o p - n o t e s . 
In meat f l a v o r such compounds are : c a r b o n y l compounds, 
h e t e r o c y c l e s , s u l f u r and n i t r o g e n compounds and f i n a l 
l y , some p h e n o l s . Some of them c o n t r i b u t e more to 
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meat f l a v o r s than others and some may g ive a t y p i c a l 
charac ter to the meat f l a v o r , f o r ins tance , thiophenes 
g ive a roasted charac ter and decadienal a more c h i c k e n 
l i k e f l a v o r . 

Although q u i t e a v a r i e t y of meat f l a v o r compounds 
has been mentioned, there are s t i l l many others that 
c o n t r i b u t e to a s m a l l e r degree, many of which have not 
yet been i d e n t i f i e d . These compounds may be envisaged 
as the s m a l l b u i l d i n g s i n the s k y l i n e , g i v i n g a more 
or l e s s b a s i c meat f l a v o r . Without them the s k y l i n e 
would seem unnatural and the f l a v o r would have a s y n 
t h e t i c c h a r a c t e r . 

In other words, i n a balanced meat f l a v o r many 
f l a v o r compounds play a r o l e , which themselves are not 
at a l l reminiscent of meat f l a v o r . An a p p r o p r i a t e 
name f o r such an e f f e c t
compounds together g ive a completely d i f f e r e n t f l a v o r 
s e n s a t i o n , i s a "synosmic e f f e c t " . It may be compared 
with the mixing of c o l o r s , e . g . blue and yel low t o 
gether g i v e a completely d i f f e r e n t c o l o r : green; or 
with the sound of an o r c h e s t r a , which i s d i f f e r e n t 
from that of any of the i n d i v i d u a l instruments . A 
"synosmic e f f e c t " should be d i s t i n g u i s h e d from an 
" a d d i t i v e e f f e c t " , f l a v o r s with the same f l a v o r 
charac ter adding t h e i r i n t e n s i t i e s , a n d from a " s y n e r 
g i s t i c e f f e c t " , well-known i n t a s t e mixtures , where 
one compound enhances the f l a v o r s e n s a t i o n of another , 
to a l a r g e r degree than i n an a d d i t i v e e f f e c t . 

A p p l i c a t i o n of Meat F l a v o r s 

G e n e r a l . How can t h i s knowledge be a p p l i e d i n 
the f l a v o r i n g of food products? F i r s t we must r e a l i z e 
what t o o l s we have and secondly where and how these 
t o o l s can be used (6) . If we s t a r t by l o o k i n g at the 
meat f l a v o r i n g s developed so f a r , we can f i r s t d i s t i n 
g u i s h t a s t e mixtures and tas te enhancers i n which 
monosodium glutamate and r i b o n u c l e o t i d e s are the com
ponents most f r e q u e n t l y a p p l i e d . Then we have t o p -
note mixtures c o n s i s t i n g of v o l a t i l e odor compounds. 
Release of these compounds may be c o n t r o l l e d by m i c r o 
e n c a p s u l a t i o n (7) . 

In some cases , use of d e r i v a t i v e s of f l a v o r v o l a 
t i l e s with a l a b i l e " b l o c k i n g " group may enable the 
gradual f o r m a t i o n , and hence gradual r e l e a s e , of the 
v o l a t i l e s i n q u e s t i o n . Examples of such a r t i f i c i a l 
f l a v o r precursors are the O - t - a l k y l thiocarbonates of 
t h i o l s , which upon heat ing form the corresponding 
t h i o l f l a v o r compounds (3) . T h i s i s i l l u s t r a t e d i n 
F i g u r e 10. 
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F i n a l l y , there are the b a s i c f l a v o r mixtures 
which balance the o v e r a l l meat odor . They are u s u a l l y 
formed by l e t t i n g s u i t a b l e precursors reac t together . 
P r o t e i n hydrolysa tes are f r e q u e n t l y employed f o r t h i s 
purpose. The f l a v o r of p r o t e i n hydrolysa tes i s formed 
by r e a c t i o n s between the amino a c i d s and carbohydrates 
l i b e r a t e d dur ing the h y d r o l y s i s of proteinaceous mate
r i a l s such as soy or g l u t e n . More s o p h i s t i c a t e d p r e 
cursor mixtures y i e l d i n g meat f l a v o r s on heat ing have 
been widely patented (3) and (8) . 

As shown i n F igure 11, the pr e cur sor systems gen
e r a l l y c o n s i s t of s u l f u r - c o n t a i n i n g compounds such as 
c y s t e i n e , thiamine or hydrogen s u l f i d e on one hand, 
and c a r b o n y l compounds l i k e monosaccharides, aldehydes 
or furanones on the o t h e r . When such precursor s y s 
tems are heated i n water
formed, whereas heat ing i n f a t g ives r i s e to a meat 
f l a v o r with a roasted c h a r a c t e r . The f a t i s a l s o h e l d 
r e s p o n s i b l e f o r the development of the t y p i c a l f l a v o r 
charac ter of the var ious types of meat, such as c h i c k 
en, pork or lamb. For ins tance , p o l y - u n s a t u r a t e d a l d e 
hydes and gamma lac tones i n chicken f l a v o r are d e r i v e d 
from unsaturated f a t t y a c i d s (9) . The precursors may 
a l s o be added as such to the food product before p r o 
c e s s i n g , i n which case the meat f l a v o r i s formed d u r 
ing c o o k i n g . 

The b a s i c meat f l a v o r may a l s o be d e r i v e d from 
n a t u r a l products such as meat e x t r a c t , c h i c k e n powder 
or a smoke s o l u t i o n . In these cases , of course , the 
compounds present i n the n a t u r a l m a t e r i a l s have p e r 
formed as the f l a v o r p r e c u r s o r s . It goes without s a y 
ing that the use of more t r a d i t i o n a l f l a v o r i n g s l i k e 
s a l t and s p i c e s remains i n d i s p e n s a b l e (6) . The cases 
i n which the t o o l s i . e . the meat f l a v o r mixtures are 
a p p l i e d may be s u b d i v i d e d into three c a t e g o r i e s . 

Processed Meat Products . F i r s t there i s the p r o 
cessed meat product which d u r i n g p r o c e s s i n g , e . g . heat 
s t e r i l i z a t i o n or d r y i n g , has l o s t some of the f l a v o r 
c h a r a c t e r i s t i c s that are u s u a l l y present i n the e q u i v 
a lent f r e s h l y cooked f o o d . In some cases a r t i f a c t s 
i . e . f l a v o r compounds not predominant i n the f r e s h food 
may be formed. These are u s u a l l y perce ived as o f f -
f l a v o r s . The aromagram or " s k y l i n e " w i l l look l i k e 
F i g u r e 12. 

G e n e r a l l y the most v o l a t i l e or the most l a b i l e 
f l a v o r compounds have disappeared . T h i s i s most r e a d 
i l y n o t i c e d by the l a c k of " t a l l b u i l d i n g s " . Changes 
i n the s m a l l e r b u i l d i n g s of the s k y l i n e are l e s s d r a 
m a t i c . The b a s i c meat f l a v o r i s t h e r e f o r e s t i l l p r e -
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s e n t . In a d d i t i o n , b u i l d i n g s that do not belong to 
the s k y l i n e appear. These are " a r t i f a c t s " . Examples 
of a r t i f a c t s due to p r o c e s s i n g are excesses of a l d e 
hydes or of c e r t a i n s u l f u r compounds l i k e hydrogen 
s u l f i d e , methanethiol and dimethyl s u l f i d e i n canned 
meat p r o d u c t s . T h i s e f f e c t may be prevented or at 
l e a s t reduced by the choice of proper s t e r i l i z a t i o n 
c o n d i t i o n s and of pH, or the a d d i t i o n of i n h i b i t o r s 
l i k e s a l t s of fumaric , maleic or s o r b i c a c i d (10). 
Such processed foods , i n which the b a s i c meat f l a v o r 
i s s t i l l present can u s u a l l y best be f l a v o r e d by the 
a d d i t i o n of a mixture of top-notes , e i t h e r i n excess 
or i n a s t a b i l i z e d form. 

Products with L i t t l e Meat. The second type of 
a p p l i c a t i o n i s i n product
part of the meat has been l e f t out of the f o r m u l a t i o n . 
T h i s r e s u l t s i n a d i l u t i o n of the meat f l a v o r . An ex
ample i s a f a b r i c a t e d soup, which i s not u s u a l l y p r e 
pared i n the same way as a home-made soup. The meat 
f l a v o r i n such a product should be enhanced by t a s t e 
mixtures and mixtures based on precursors e . g . h y d r o l 
y s a t e s . As these products a l s o f a l l i n the f i r s t c a t 
egory, top-note mixtures are recommended as w e l l . 

Products without Meat - Vegetable P r o t e i n Products . 
F i n a l l y , there i s the extreme case of a m e a t - l i k e 
product which conta ins no meat at a l l . Examples are 
some of the products based on textured vegetable p r o 
t e i n m a t e r i a l s , e . g . the s o - c a l l e d f u l l analogues (8) . 
The development of such products , which i s c u r r e n t l y of 
great i n t e r e s t , provides a major c h a l l e n g e to the 
f l a v o r chemist , and i t t h e r e f o r e i s worthwhile to 
dwel l upon i t f o r a few moments. 

Textured vegetable p r o t e i n m a t e r i a l s are a new 
type of food i n g r e d i e n t s , which may appeal to the c o n 
sumer provided the food i t s e l f f i t s i n t o the genera l 
consumption p a t t e r n . Since the n u t r i t i o n a l p r o p e r t i e s 
of these vegetable p r o t e i n m a t e r i a l s , p a r t i c u l a r l y soy 
p r o t e i n m a t e r i a l s , resemble those of meat, i t i s l o g i 
c a l to a l low meat to serve as a model f o r these new 
i n g r e d i e n t s . It s h o u l d , however, be s t r e s s e d that 
vegetable p r o t e i n m a t e r i a l s should not be seen j u s t as 
meat i m i t a t i o n s , but r a t h e r as n o v e l , p r o t e i n - r i c h 
food i n g r e d i e n t s , no more than s p a g h e t t i should be seen 
as an i m i t a t i o n of p o t a t o e s . 

There are some problems a s s o c i a t e d wi th the f l a 
v o r i n g of textured soy p r o t e i n m a t e r i a l s . Appearance 
and texture of the products based on them are d i f f e r e n t 
from those of e x i s t i n g p r o d u c t s ; t h i s d i f f e r e n c e i n 
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tex ture r e s u l t s i n a d i f f e r e n t mode of f l a v o r r e l e a s e 
d u r i n g chewing. Then there i s the t y p i c a l soy f l a v o r 
i n the u n r e f i n e d soy m a t e r i a l s to which people do not 
grow a d j u s t e d . Masking of t h i s o f f - f l a v o r , f o r i n 
stance with s t rong s p i c y and savory notes i s not 
s a t i s f a c t o r y , as the o f f - f l a v o r penetrates the masking 
f l a v o r s on repeated consumption. The e f f e c t i s not 
u n l i k e that of p a i n t i n g a car without removing the o l d 
p a i n t . A f t e r some weeks the new p a i n t w i l l p e e l o f f 
and the o l d l a y e r w i l l g r a d u a l l y become v i s i b l e . The 
only way i n which the i n c o r p o r a t i o n of soy p r o t e i n 
m a t e r i a l s at h igh l e v e l s i n food products can be made 
acceptable i s by removing the o f f - f l a v o r compounds and 
t h e i r p r e c u r s o r s , f o r instance by solvent e x t r a c t i o n . 
People i n the O r i e n t have always been aware of t h i s , 
s i n c e the t r a d i t i o n a
c o u n t r i e s have been p r e t r e a t e d i n some way, e . g . by 
e x t r a c t i o n or fermenta t ion , which e f f e c t s the removal 
of the o f f - f l a v o r s . If we assume that the o f f - f l a v o r 
inherent to the soy p r o t e i n m a t e r i a l s has been removed, 
i t s aromagram w i l l be s i m i l a r to that shown i n 
F i g u r e 13. Thus, the meat f l a v o r of the product to be 
developed has to be b u i l t up from s c r a t c h . T h i s would 
mean t h e r e f o r e a combination of n o n - v o l a t i l e tas te 
compounds, bas ic meat f l a v o r (the s m a l l b u i l d i n g s ) and 
the top-notes ( t a l l b u i l d i n g s ) . The most d i f f i c u l t 
par t i n t h i s seems to be the b a s i c meat f l a v o r ; the 
combination of tas te compounds and top-notes alone 
leads to a s y n t h e t i c , u n r e a l f l a v o r impress ion . Meat 
f l a v o r s based on precursor systems t h e r e f o r e p l a y a 
very important r o l e i n t h i s type of a p p l i c a t i o n . Of 
course , i t helps tremendously i f some n a t u r a l meat 
f l a v o r i s present i n the form of meat i t s e l f or as 
meat e x t r a c t , c h i c k e n powder, e t c . The food product 
then moves i n t o the second category mentioned b e f o r e , 
i n which only par t of the n a t u r a l meat ingredient has 
been r e p l a c e d , and the n a t u r a l f l a v o r i s only d i l u t e d . 
T h e r e f o r e , textured vegetable p r o t e i n m a t e r i a l s w i l l 
f r e q u e n t l y be introduced as meat extenders . 

In t h i s context I would l i k e to comment on the 
recommendations of some l e g i s l a t i v e a u t h o r i t i e s c o n 
c e r n i n g the supplementation of soy p r o t e i n m a t e r i a l s 
with f r e e methionine with the aim of enhancing t h e i r 
p r o t e i n v a l u e . Apart from the q u e s t i o n whether t h i s 
i s necessary i n view of the reasonably high q u a l i t y of 
soy p r o t e i n and the more than adequate p r o t e i n intake 
i n Western c o u n t r i e s , there are a number of d i s a d v a n 
tages a s s o c i a t e d with such supplentat i o n s , which are 
r e l e v a n t to the subject of t h i s paper . Free methio
nine i s l a b i l e and acts as a precursor of v o l a t i l e s . 
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Figure 13. Aromagram of flavorless meat analog 
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It has been found that 30 - 80% of the added methio
nine i s degraded, depending on the type of process
ing (11). Thus, only part of the added methionine i s 
e f fec t ive as a n u t r i t i o n a l supplement ; the rest gives 
r i s e to a r t i f a c t s , some of which, e .g . methional, 
cause objectionable o f f - f l a v o r s . And the l eve l s of 
methionine recommended for n u t r i t i o n a l f o r t i f i c a t i o n 
are an order of magnitude higher than the l eve l s of 
amino acids normally used for f l avor ing purposes. 

Conclusion. In t h i s survey I have attempted to 
indicate the importance of acquir ing knowledge on the 
ro l e of precursors i n the formation of f l a v o r . At 
present i t i s s t i l l very d i f f i c u l t to compound compl i 
cated f lavors l i k e meat f lavo  without usin f 
the natural produc
the foundation onto whic e added f lavo s b u i l t . 
Appropriate use of precursors may lead to a wide range 
of processed and novel food products, which pa r t l y on 
account of t he i r good f lavor cha rac t e r i s t i c s w i l l be 
acceptable and even a t t r a c t i v e to the consumer in our 
sophis t icated Western soc ie ty . This may be a goal i n 
i t s e l f , but i t i s a lso the only way by which increased 
amounts of food can be made ava i l ab le to the growing 
world populat ion. 

ABSTRACT 

Three types of f lavors may be d is t inguished: 
taste mixtures composed of non-vo la t i l e s ; mixtures of 
volatile compounds ("top-notes"); like furanones, and 
so -ca l l ed " reac t ion f l a v o r s " . The latter comprise 
precursors which react upon heating to yield mixtures 
with a basic f lavor balancing the rather harsh top-
-notes. 

The precursors of meat f lavor general ly consis t 
of su l fur compounds like cyste ine , thiamine or hydro
gen su l f i de releasers and carbonyl compounds like 
monosaccharides, aldehydes or furanones. They may r e 
act i n water, fat or the food product itself. Each of 
the three f lavor types makes its s p e c i f i c cont r ibu t ion 
to the formation of meat f l a v o r . A we l l balanced com
bina t ion of the three leads to a total meat f l avor , 
although the presence of some natura l meat f lavor is 
still required for best r e s u l t s . 
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Sulfur compounds have been found in many aromas as well as in 
several essential o i l s . Although the concentration of these com
pounds is often very low the contribution to the overall flavor 
can be important due to their odor strength. As a consequence of 
the low concentration and in some cases the lack of stability the 
analysis can be extremely diff icult . Therefore much attention is 
paid to the investigation of model systems in which only a few 
compounds are present which are considered to be precursors of 
flavor components. 

An extensive survey of sulfur compounds detected in model 
systems has been given by Schutte in his review on precursors of 
sulfur containing flavor compounds (1). 

Reaction products of aldehydes and hydrogensulfide 

Our approach was to investigate the compounds formed by 
reaction of important flavor components with hydrogensulfide, 
ammonia and thiols. We f irs t investigated the reaction products 
of aldehydes and hydrogensulfide. At atmospheric pressure, mainly 
cyclic trimers like dioxathianes, oxadithianes and trithianes 
were formed. However, in a closed glass vessel with excess of 
hydrogensulfide the reaction mixture consisted mainly of 1,1-
alkanedithiols and bis-(1-mercaptoalkyl)sulfides (2) . Although 
these compounds have not been found in aromas they can be inter
mediates for a number of important flavor compounds. The follow
ing reactions with bis-(mercaptoalkyl)sulfides have been observed 
(figure 1): 
- under oxydative circumstances dialkyltrithiolanes are readily 

formed 
- under the influence of acids a complete conversion into trial

kyltrithianes does occur 
- at elevated temperatures isomerisation into trisulfides occurs, 

which compounds disproportionate into d i - and tetrasulfides 
- with ammonia dithiazines are formed. 
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Reaction products of o< -dicarbonylcompounds, aldehydes, hydrogen
s u l f ide and ammonia 

We now wish to report on our r e s u l t s of the analysis of r e 
ac t i o n mixtures obtained from o< -dicarbonylcompounds, aldehydes, 
hydrogensulfide and ammonia. The following combinations of 
^<s-dicarbonylcompounds and aldehydes were used: 
2,3-butanedione + acetaldehyde 
2,3-butanedione + propionaldehyde 
2,3-butanedione + crotonaldehyde 
2,3-pentanedione + acetaldehyde 
2-oxopropanal + acetaldehyde 
The experiments were c a r r i e d out i n closed glass vessels i n 
buffered solutions (pH 5) at 20° and 90°C. 
The reactants were use
dicarbonylcompound: aldehyd
1 : 1 : 2 : 1 . The ether extracts of the reaction mixtures were 
analysed with a mass spectrometer d i r e c t l y coupled to a gas-
chroma tograph . 

In a l l r eaction mixtures, with the exception of that of 
crotonaldehyde, we observed the presence of 1,1-alkanedithiols and 
3.5- d i a l k y l - l , 2 , 4 - t r i t h i o l a n e s , o r i g i n a t i n g from the aldehydes. 
S t a r t i n g from butanedione 2-mercaptobutanone-3 was formed (figure 
2), while i n the mixtures derived from pentanedione both possible 
mercaptopentanones were found. In a few cases the formation of 
3.6- dimethy}.-1,2,4,5-tetrathiane was observed. The d i e t h y l analog 
of t h i s compound was found by Ledl (3) i n a reaction mixture of 
propionaldehyde, hydrogensulfide and ammonia. They can be regarded 
as oxidation products of the i n i t i a l l y formed a l k a n e d i t h i o l s . 

Two other nitrogen free compounds have been found, namely 2-
mercapto-butene-2 and 3,5,6-trimethyl-1,2,4-trithiane (figure 3). 
The f i r s t product can be derived from mercaptobutanone, the l a t t e r 
can be formed from the intermediate b u t a n e d i t h i o l , acetaldehyde 
and hydrogensulfide. In the reaction mixture of butanedione with 
propionaldehyde a compound derived from the intermediately formed 
butenedithiol was detected namely 2-ethyl-4,5-dimethyl-l,3-di-
thiolene. The corresponding compound derived from 2-oxopropanal 
was also detected. So, although they have never been found, 2,4,5-
trimethyl-1,3-dithiolane and 2,4,5-trimethyl-1,3-dithiolene can 
be expected to be f l a v o r components. 

The compounds mentioned so f a r can be formed without ammonia. 
We w i l l now pay attention to the nitrogen containing products. In 
a l l r eaction mixtures, again except that of crotonaldehyde, the 
2,4,6-trialkyldihydro-1,3,5-dithiazines were found. These com
pounds are r e a d i l y formed from aldehydes, hydrogensulfide and 
ammonia. The t r i m e t h y l d e r i v a t i v e , known as t h i a l d i n e , i s i d e n t i 
f i e d by Brinkman (4) i n beef broth and by Wilson (5) i n b o i l e d 
meat. 
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Figure 1. Reaction products of acetaldehyde and hydrogen sulfide 
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Figure 2. Formation of a-mercaptoketones and dimethyltetrathiane 
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The concentration of the d i t h i a z i n e formed i s always lower i n the 
high temperature experiment. Thialdine seems to be rather unstable 
under the reaction conditions chosen. Ledl (6) recently published 
the r e s u l t s of h i s i n v e s t i g a t i o n of the aroma of roasted onion. 
He was surprised not to be able to detect t r i a I k y l d i h y d r o d i t h i a-
zines. Viewed i n the l i g h t of the above mentioned u n s t a b i l i t y t h i s 
i s not s u r p r i s i n g because he c a r r i e d out h i s experiments at 150 C. 

The most s t r i k i n g difference between the low and high temper
ature experiments i s the formation of two isomeric hydroxythia-
zo l i n e s at room temperature (figure 4). These compounds are absent 
i n the reaction mixtures of 90 experiments, probably due to a 
dehydration reaction i n t o t h i a z o l e s . Besides these t h i a z o l e s 
t h i a z o l i n e s are present. 

The combination of butanedione and propionaldehyde yi e l d e d 
the expected t h i a z o l e s d t h i a z o l i n e s  but als  th  tr i m e t h y l 
d e r i v a t i v e s were detected
these products i s give  f i g u r
of 2-butanone and i t s incorporation i n a t h i a z o l i n e d e r i v a t i v e . 

Due to the asymmetric structure of 2,3-pentanedione the 
formation of two sets of t h i a z o l e s , t h i a z o l i n e s and hydroxy-
t h i a z o l i n e s can be expected and indeed proved to be present 
(figure 6). 

A f t e r reaction of 2-oxopropanal, acetaldehyde, hydrogensul-
f i d e and ammonia the expected dimethylthiazoles and t h i a z o l i n e s 
were detected (figure 7). Moreover, 2-acety1-4(and 5) -methyl-
t h i a z o l e are formed due to a reaction of 2 moles pyruvaldehyde. 
2-Acetyl-4-methylthiazole i s also found by Kato et a l . (7) i n 
reac t i o n mixtures of cystine and pyruvaldehyde. 

Besides the mentioned t h i a z o l e s the corresponding oxazoles 
were present i n a l l r eaction mixtures. 

Trimethylisothiazole was detected i n the mixtures obtained 
a f t e r reaction of butanedione, acetaldehyde, hydrogensulfide and 
ammonia, preferably at low temperature. We have synthesized a 
number of these i s o t h i a z o l e s from 1,3-diketones with hydrogen
s u l f i d e , ammonia and s u l f u r (figure 8). I t seems l i k e l y that 
s t a r t i n g from 2-mercaptobutanone v i a aldolcondensation with acet
aldehyde a 1,3-dione i s formed i n our experiments. Transformation 
i n t o i s o t h i a z o l e may than occur according to the route given i n 
f i g u r e 8. 

We observed a large s i m i l a r i t y i n the composition of the 
reac t i o n mixtures from the d i f f e r e n t combinations of dicarbonyl-
compounds and aldehydes, however, with the exception of the 
mixture obtained from butanedione and crotonaldehyde with hydro
gensulf ide and ammonia· The main product i n t h i s r eaction mixture 
was 3-mercaptobutanal. Moreover we detected 3-methyl-l,2-dithio-
lane and 3-methyl-l,2-dithiolene. In f i g u r e 9 a route f o r the 
formation of these compounds i s suggested. In the same mixture 
we observed the presence of 5,6-dihydro-2,6-dimethylthiopyrane 
-2H-3-carboxaldehyde and 2,6-dimethyl-2H-thiopyrane-3-carbox-
aldehyde. The f i r s t aldehyde i s also found by Badings et a l . (8) 
i n reaction mixtures of crotonaldehyde and hydrogensulfide. 
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Figure 3. Formation of 2-mercaptobutene-2, l£,4-trithiane, and 1,3-
dithiolenes 
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thiazoline from butanedione, HgS, and NHS 

""PS 
OH 

Ν 
A 

=N 

OH 

_Ν Figure 6. Hydroxythiazolines, thiazoles, 
JL and thiazolines from 2,3-pentanedione, 

acet aldehyde, HMS, and NHS 

XX 
M r l l ^ j l ^ ^ . Figure 7. Thiazoles, thiazolines, and oc 

etylthiazoles from pyruvaldehyde, acetal-
0 dehyde, HgS, and NHS 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

Figure 8. Formation of isothiazoles 
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Figure 9. Reaction products from crotonaldehyde and HgS 

Figure 10. Formation of trimethylthiazole from butanedione, croton
aldehyde, HgS, and NHS 
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Reactions with crotonaldehyde y i e l d e d only trimethyloxazole 
and t h i a z o l e . No products with a propenyl or mercaptopropyl group 
were present. This might be due to a quick r e t r o a l d o l reaction 
of the i n i t i a l l y formed mercaptopropylthiazole (figure 10). 

Conclusion 

The r e s u l t s of our analysis of reaction products from - d i -
carbonyl compounds, aldehydes, hydrogensulfide and ammonia show 
that a number of already known f l a v o r components are formed. More
over several so f a r unknown compounds have been detected. These 
compounds can be expected i n aromas. Therefore we believe that 
study of t h i s type of model systems can be of great help to the 
analysis of f l a v o r complexes. 
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N o n - E n z y m i c Transamination of Unsaturated Carbonyls: 

A General Source of Nitrogenous Flavor 

C o m p o u n d s i n Foods 

GEORGE P. RIZZI 
The Procter & Gamble Co., Winton Hill Technical Center, Cincinnati, Ohio 45224 

Vola t i le nitroge
as significant contributor
range in complexity from the simplest alkylamines commonly 
associated with the aroma of f ish to diverse heterocyclics 
such as pyridines, pyrroles and pyrazines which form 
during the cooking or roasting of foodstuffs. 

α-Amino acids are frequently implicated as precursors 
to vo la t i l e flavor components and reaction pathways have 
been described to explain the transfer of nitrogen to 
non-nitrogenous substrates. In this paper we present 
data which extends the scope of the Strecker degradation 
to allow for the incorporation of amino acid nitrogen 
into unsaturated aldehydes and ketones. 

Perhaps the most thoroughly studied transamination 
reaction is that of pyridoxal ( I ) , which through enzyme 
intervention is converted to the reductively aminated 
product pyridoxylamine (II) (1). 

Except for i ts ring nitrogen compound I can be included 
in the general class of compounds, III , predicted (2) to 
be active participants in the Strecker degradation. In 
view of the reactivity of I , i t is apparent that many 
types of conjugated carbonyl compounds like III might 
participate in Strecker-like reactions whether or not 
they contain a second carbonyl oxygen. More fundamentally 
one can predict, on the basis of the accepted mechanism (3), 
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that any compound which contains a carbonyl group attached 
to a system of atoms capable of d e l o c a l i z i n g a formal 
negative charge, i . e . extended conjugation, should y i e l d 
S t r e c k e r - l i k e reactions. The predicted net e f f e c t i s 
conversion of conjugated carbonyl substrates, generalized 
i n Figure 1, to t h e i r r eductively aminated counterparts 
with concomitant formation of the usual Strecker carbonyls. 
This process d i f f e r s from the usual, reductone mediated, 
Strecker degradation i n that a s t a b l e , monofunctional 
product, i . e . an unsaturated amine, i s obtained. In 
contrast, the usual nitrogen-containing product i s an a-
aminoketone which polymerizes or dimerizes to form pyrazines 
Φ  Α wide v a r i e t y of unsaturated, conjugated carbonyls 
e x i s t i n foods, e.g
and flavonoids whic
become or g a n o l e p t i c a l l y more important. In t h i s study our 
main concern was with types of molecules found i n foods 
and models f o r study were selected on that b a s i s . 

The reactions of amino acids and unsaturated, a l i p h a t i c 
carbonyl compounds have received l i t t l e a t t e n t ion according 
to published l i t e r a t u r e . Similar reactions i n v o l v i n g 
aromatic carbonyls l i k e benzaldehydes, acetophenones and 
f u r f u r a l occur r e a d i l y and have been w e l l documented by 
R i z z i (5), (6) and Chatelus (7). Anet (8) has shown that 
c e r t a i n unsaturated aldose sugars react with amino acids 
to form melanoidins, but s p e c i f i c nitrogeneous products 
were not mentioned. Reactions of simple a, β-unsaturated 
aldehydes and ketones were studied by Burton et. a l . (9) 
again with the emphasis on pigment formation. Unsatu
rated, a l i p h a t i c amines, have not been reported i n foods, 
however, analogous saturated a l k y l amines have been recognized 
and they are believed to be formed during thermal and/or 
enzymic breakdown of amino acids and phosphatides. 

Experimental Section 

Model systems were examined to test our t h e o r e t i c a l 
p r e d i c t i o n s . In general, equimolar quantities of dl-B-
phenylalanine (PA) or dl-2-amino-2-methylbutyric acid 
(AMBA) and various unsaturated carbonyl substrates were 
heated i n r e f l u x i n g diglyme for 1-2 hours. Under these 
conditions decarboxylation occurred r e a d i l y and one-phase 
reaction mixtures were usually obtained by the end of the 
reaction period. Diglyme was removed by vacuum d i s t i l l a t i o n 
and residues were hydrolyzed with Ν HC1 at 25 C to convert 
imines completely to amines before a n a l y s i s . The hydrolysates 
were extracted with ether to separate neutral and a c i d i c 
products and samples of the aqueous-HCl phase were analyzed 
by ei t h e r h o r i z o n t a l paper chromatography (HPC) using 
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Whatman No. 1 paper and the upper phase of an n-butanol-
a c e t i c acid-water (4:1:5 v/v/v) mixture for e l u t i o n or by 
t h i n layer chromatography on S i l i c a Gel - G plates and a 
4:1:1 r a t i o of the same solvents. In a l l cases amines 
were v i s u a l i z e d by spraying with d i l u t e ninhydrin s o l u t i o n 
and heating b r i e f l y i n an oven at 80-100 C. In some 
cases, i n d i v i d u a l pure products were separated by d i s t i l l a t i o n 
or c r y s t a l l i z a t i o n and i d e n t i f i e d by customary physical 
and chemical means (cf. examples below). 

Reference compounds were prepared by standard methods 
of organic synthesis. Infrared (IR) spectra were recorded 
on a Perkin Elmer Infracord spectrophotometer and melting 
points were taken i n open c a p i l l a r i e s and are uncorrected. 
U l t r a v i o l e t (UV) spectra were taken with a Gary Model 14 
instrument. Preparativ  GLCseparation  performed 
isothermally with a
χ 0.25 i n . s t a i n l e s g
20M on 60/80 mesh Chromosorb W at 200°C. Amino acids and 
organic reagents were obtained from the A l d r i c h Chemical 
Company, Milwaukee, Wisconsin 53233, or Matheson, Coleman 
& B e l l , Norwood, Ohio 45212. 

Reaction of AMBA with C i t r a l . 

A s l u r r y of AMBA (3.36 g, 0.0286 mol), 4.50 ml 
(0.0263 mol) of c i t r a l and 30 ml of diglyme was s t i r r e d 
and refluxed under a N ? atmosphere 2 hrs. The mixture was 
hydrolyzed with 30 ml Ν HC1 (3 hrs.) and neutral products 
were separated by ether e x t r a c t i o n (3 χ 100 ml). Evaporation 
of the aqueous phase gave crude geranylamine hydrochloride 
which was treated with Na2C0^ to l i b e r a t e the free base. 
Ether e x t r a c t i o n followed by d i s t i l l a t i o n gave 1.2202g 
(30.3% y i e l d ) of geranylamine, bp 100-102°C/13 mm, n^ 1.4711. 
In a separate experiment the amine hydrochloride was 
r e c r y s t a l l i z e d from isopropanol to give 25% y i e l d of 
co l o r l e s s product, mp 145.5 - 146 C, l i t e r a t u r e reported 
mp 145-146 C, (10). Calcd for C- nH ? NCI : C, 63.4; H, 
11.55; N, 7.39. Found: C, 63.5; H, I I . 1 ; N, 7.3. 

Reaction of PA with d-Carvone. 

PA (3.727 g, 0.0226 mol), d-carvone (3.12 ml, 0.020 
mol) and 30 ml of diglyme were refluxed 1.25 hr. under 
nitrogen i n which time a l l s o l i d s o r i g i n a l l y present had 
disappeared. Hydrolysis was effected by adding 30 ml of Ν 
HC1 and r e f l u x i n g 1 hr. The cooled mixture was d i l u t e d 
with water (3 volumes) and extracted with ether to provide 
2.646 g (88%) recovered d-carvone, authentic by IR an a l y s i s . 
Concentration of the aqueous phase gave 3.393 g (96% 
yi e l d ) of 2-phenylethylamine hydrochloride. R e c r y s t a l l i -
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zation from isopropanol gave 2.737 g, mp 218-223°C; the IR 
spectrum was i d e n t i c a l with a spectrum of the authentic 
material. 

Reaction of AMBA with Trans-2-Hexenal. 

Trans-2-hexenal (2.31 ml, 0.020 mol) was added to a 
s t i r r e d s l u r r y of AMBA (2.34 g, 0.020 mol) i n 30 ml of 
fr e s h l y r e d i s t i l l e d diglyme (bp 59 C/12 mm). The mixture 
was refluxed under nitrogen 2 hrs, cooled, d i l u t e d with 
ether and f i l t e r e d to y i e l d 0.432 g of unchanged AMBA 
(18%). The f i l t r a t e was evaporated to remove ether and 20 
ml of QN HC1 was added to e f f e c t h y d r o l y s i s . A f t e r 2 hrs 
at 25 C, the mixture was d i l u t e d with water (100 ml), 
extracted with ether
phase was concentrate
moist c r y s t a l s . HPC analysis indicated a si n g l e ninhydrin 
p o s i t i v e product, R^ 0.71, yellow-tan color changing to 
purple on standing. The crude product was washed with 
ether and r e c r y s t a l l i z e d from e t h y l acetate to give 0.84 g 
of tan p l a t e s , mp 194-209°C dec. (38% y i e l d ) . F i n a l 
r e c r y s t a l l i z a t i o n from ethanol/ethyl acetate gave a n a l y t i c a l l y 
pure trans-2-hexenylamine hydrochloride as c o l o r l e s s , 
broad p l a t e s , mp 207-210°C, IR ( K B r p e l l e t ) 10.25u (trans 
C = C, no c i s absorption observed). Calcd f o r : c ^ H - I A 

NCI: C, 53.2; H, 10.3; N, 10.3; CI 26.2. Found: C, 53.1; 
H, 10.6; N, 10.0; CI, 26.8. The free amine obtained by 
ba s i f y i n g the hydrochloride with sodium hydroxide was an 
o i l , bp 33-37°C/12 mm, n ^ 1.4373. 

2,4 Hexadienylamine. 

Hydroxylamine hydrochloride (3.544 g, 0.051 mol) was 
added to a mixture of 2,4-hexadienal (5.29 ml, 0.050 mol) 
and 3N NaOH (50 ml) and s t i r r e d f o r 2 hrs at ambient 
temperature. N e u t r a l i z a t i o n at 0 C with 4N HC1 followed 
by ether e x t r a c t i o n (5 χ 100 ml), drying of the ether 
(MgSO^) and concentration gave crude 2,4-hexadienaldoxime, 
ca. 5 g. The oxime was dissolved i n a mixture of ethanol 
(80 ml) and agetic a c i d (80 ml) and cooled to 0 C. While 
s t i r r i n g at 0 40 g of powdered zinc was added gradually 
during 1 hr. The reaction was completed by heating at 
40 C for 0.5 hrs and the s o l i d s were removed by f i l t r a t i o n . 
The f i l t r a t e was concentrated to remove ethanol, b a s i f i e d 
to pH 12 with 33% aqueous KOH s o l u t i o n and extracted with 
ether to provide 4.16 g of crude amine. D i s t i l l a t i o n gave 
I. 5 g of 2,4-hexadienylamine, bp 51-55°C/12 mm, n^ 1.4970. 
The amine was characterized as i t s N-acetyl d e r i v a t i v e 
prepared i n pyridine with a c e t i c anhydride. A f t e r r e c r y s t a l 
l i z a t i o n from benzene/hexane the acetamide was obtained as 
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c o l o r l e s s p l a t e s , mp 82.5-83.5°C; UV 228 nm (log ε 4.51); 
IR (CHC1 ) 2.92 u (NH), 5.98 u (amidemë=0), 10.1 u (trans 
C=C). Calcd f o r C J NO: C, 69.1; H, 9.35; Ν 10.07. 
Found: C, 69.4; H, 973; Ν 9.9. 

Trans-Cinnamylamine. 

The two-step procedure of Gensler and Rockett (11) 
was used without e s s e n t i a l modification except that cinnamyl 
bromide was substituted f o r the chloride because of i t s 
a v a i l a b i l i t y . N-cinnamylphthalimide was obtained i n 73% 
y i e l d , mp 152-154°C (reported, mp 153-153.5°C). Following 
hydrazinolysis cinnamylamine hydrochloride was i s o l a t e d as 
g l i s t e n i n g , c o l o r l e s s p l a t e s , mp 225-230 C (reported 209-
219 C). Calcd f o r C
Found: C, 64.1; H, 7.4

3-Amino-l-phenyl-l-butene (V) 

The oxime of trans-benzalacetone was reduced with 
zinc dust i n a c e t i c a c i d (12). The unsaturated amineQwas 
characterized as i t s N-benzoyl d e r i v a t i v e , mp 134-137 C, (VI). 
Baddiley reported mp 137°C (12). 

Dihydrobenzalacetone. 

Benzalacetone (14.62 g, 0.10 mol) i n 100 ml of e t h y l 
acetate was treated with 0.1 g of 10% palladium-
on-charcoal c a t a l y s t and hydrogenated i n a JJarr apparatus. 
The hydrogen pressure ( i n i t i a l l y 42.0 l b / i n ) f e l l to 
33.5 l b / i n during 90 min which corresponded to an uptake 
of one mol equiv of H„. Following f i l t r a t i o n of c a t a l y s t 
and removal of solvent the r e s i d u a l o i l was d i s t i l l e d to 
a f f o r d 13.6 g of dihydrobenzalacetone, bp 115-117 C/12 mm; 
IR (film) 5.80 u (saturated C=0). 

Results 

A. Reactions of Aldehydes. 

Trans-2-hexenal, a w e l l known constituent of food 
f l a v o r s ( e s p e c i a l l y o f f f l a v o r s r e s u l t i n g from f a t autoxi-
dation), reacted vigorously with PA i n r e f l u x i n g diglyme. 
Paper chromatographic analysis (HPC) of the product a f t e r 
HC1 hydrolysis revealed two major ninhydrin p o s i t i v e 
materials. The major product (purple spot, 60% r e l a t i v e 
y i e l d ) was shown to be 2-phenylethylamine by comparison of 
i t s R^ with the R^ of an authentic sample. A second 
product (tan spot, 40%), obviously an amine was observed 
at an R^ somewhat greater than 2-phenylethylamine. Reaction 
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of trans-2-hexenal with AMBA led to a preponderance of the 
second product which was.isolated and proved to be trans-
2-hexenylamine. 

C i t r a l , a natural mixture of the stereoisomeric 
terpenes geranial and n e r a l , reacted s i m i l a r l y with PA. 
Besides 2-phenylethylamine (70% r e l a t i v e y i e l d ) a second, 
l e s s polar substance was observed (yellow spot with 
ninhydrin, 30%) which was subsequently i d e n t i f i e d as 
geranylamine, the predicted product of reductive amination. 
Upon reaction of c i t r a l with AMBA, geranylamine proved to 
be the major reaction product thus f a c i l i t a t i n g i t s i s o l a t i o n 
and char a c t e r i z a t i o n . 

2,4-hexadienal reacted too vigorously with both amino 
acids at 160 C and milder reaction conditions, 120 C/l hr, 
had to be employed. I
(70%), a second, l i g h
(30%). Reaction of the d i e n a l was slower with AMBA as 
evidenced by more recovered amino acid but the major 
product i s o l a t e d was shown to be trans, trans-2,4-
hexadienylamine, the product of reductive amination. 

Trans-cinnamaldehyde reacted r e a d i l y with PA i n 
b o i l i n g diglyme; and, a f t e r hydrolysis and concentration 
of the HC1 s o l u t i o n , 2-phenylethylamine hydrochloride 
separated i n c r y s t a l l i n e form, mp 210-222 C dec. (afte r 
r e c r y s t a l l i z a t i o n from isopropanol). The in f r a r e d spectrum 
of the reaction product was i d e n t i c a l with a spectrum of 
the authentic material. HPC analysis of the mother l i q u o r 
indicated besides a d d i t i o n a l 2-phenylethylamine at R^ 0.70 
an overlapping, but e a s i l y d i s t i n g u i s h a b l e , yellow spot at 
R, 0.74. Subsequent reaction of trans-cinnamaldehyde with 
AMBA led to a preponderance of the second substance which 
was i s o l a t e d and shown to be trans-cinnamylamine. 

Β. Ketones. 

Conjugated, a l i p h a t i c ketones do not occur as abundantly 
i n foods as unsaturated aldehydes. d-Carvone, a widespread 
terpene ketone, reacted completely with one equivalent of 
PA i n b o i l i n g diglyme a f t e r 1.25 hours. Hydrolysis of the 
reaction mixture gave a 96% y i e l d of c r y s t a l l i n e 2-phenyl-
ethylamine hydrochloride; 67% y i e l d a f t e r r e c r y s t a l l i z a t i o n , 
mp 218-223 dec. No evidence was found for d-carvylamine, 
the expected reductive amination product. Reactions of d-
carvone and AMBA proved to be extremely slow at ca. 160 C; 
however, decarboxylation of the AMBA did take place to a 
s l i g h t extent as evidenced by formation of a p r e c i p i t a t e 
when gaseous reaction products were swept int o a 5% Ba(OH)^ 
s o l u t i o n with A f t e r two hours most of the AMBA was 
recovered unchanged and the neutral products i s o l a t e d 
a f t e r HC1 hydrolysis contained 43% recovered d-carvone 
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plus a 51% y i e l d of cavracol (2-methyl-5-isopropylphenol). 
The l a t t e r material apparently resulted v i a acid catalyzed 
isomerization of d-carvone. 

Because of the apparent low r e a c t i v i t y of d-carvone 
with AMBA a ketone containing more extensive conjugation, 
i . e . trans-benzalacetone (IV) was t r i e d . Reaction of IV 
and PA gave, a f t e r HC1 hydr o l y s i s , a quantitative y i e l d of 
2-phenylethylamine s i m i l a r to the d-carvone reaction. No 
trace of the expected reductive amination product, 3-
amino-l-phenyl-l-butene (V) was detected by HPC. Reaction 
of IV and AMBA led to 39% consumption of the amino acid i n 
3 hours. Hydrolysis and the usual workup gave the amine V, 

H H H 
C e H s - C - C — C - C H  CeHs-C=C—Ç—CHa 

H II H i 5 NHR 

IV V, R=H 
VI, R=gCeH5 

HPC R^ 0.79, i n 48% y i e l d (based on amino acid consumed) 
and a trace of sec.-butylamine, R f 0.68. The neutral 
products of the reaction consisted of recovered IV 90.8% 
(80% recovery) and dihydrobenzalacetone 9.2% (8% y i e l d ) . 
The l a t t e r product was i s o l a t e d by preparative gas chroma
tography (GC) and i t s structure was established by comparing 
GC retention times (Rfc) and in f r a r e d spectra with authentic 
data. 

Discussion 

When a, ^-unsaturated aldehydes and ketones were 
heated with $-phenylalanine (PA) or 2-amino-2-
methylbutyric acid (AMBA) and the i n i t i a l reaction products 
were hydrolyzed, unsaturated amines representing products 
of carbonyl reductive amination were obtained (Table I ) . 
Other products formed included C0 2, saturated amines 
derived from the amino acids and saturated carbonyls. 
Generally PA (an α-monosubstituted amino acid) yielded 2-
phenylethylamine, the product of simple decarboxylation 
plus unsaturated amines, while AMBA (an a-disubstituted 
amino acid) usually gave unsaturated amines e x c l u s i v e l y . 
Q u a l i t a t i v e l y , the rate of reaction increased with the 
degree of extended conjugation, i . e . f or aldehydes: 
dienals > enals > saturated carbonyls. This i s consistent 
with our hypothesis which predicts f a s t e r reactions i n 
systems capable of extensive charge d e r e a l i z a t i o n . 
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Y Ri yNH 2 Yx NH2 Ri 
C=0 + XC -* c \ + ,c=o + co2 

Z / Rz ^0 2 Η Z/ H R2 

Υ, Ζ = H, Alkyl Group or conjugated elements of 
unsaturation. 

Ri, R2 = Η or Alkyl Group 

Figure I

Table I 
Products Identified in Reactions of α -Amino Acids and 

αβ -Unsaturated Carbonyl Compounds 

Aldehydes Amino Acid8 Unsat. Amines Sat. Amines Sat Carbonyls 
trans-2-Hexenal PA 2-Hexenylamine 2-phenylethylamine — 

AMBA 2-Hexenylamine (31) — 
— 

Citral PA Geranyiamine 2-phenylethylamine — 

AMBA Geranylamine (30) . c 
trans-Clnnamaldehyde PA Cinnamylamine 2-phenytethylamine Dihydrocinnamaldehyde 

AMBA trans-Cinnamyiamine (30) 
2,4-Hexadienal PA 2,4-Hexadienylamine 2-phenylethylamine — 

AMBA 2,4-Hexadienylamine sec.-Butylamine 

Ketones 
d-Carvone PA 2-phenylethylamine (96) Recovered d-Carvone 

AMBA — sec.-Butylamine Recovered d-Carvone 
trans-Benzalacetone PA — 2-phenylethylamine (100) — trans-Benzalacetone 

AMBA 3-Amino-1-phenyl-1- sec.-Butylamine Dihydrobenzaiacetone (8) 
butene (48) 

a P A = d1-/3-phenylalanine, AMBA = d1 -2-amino-2-methylDutyric acid 

b Numbers in parentheses represent % of theoretical yields based on the limiting reagent used. 

0 Trace product, tentatively identified by gas chromatography. 
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R 2 

R,—Q—NH2 

C O 2 H 

Ra FU Rs 
C - R s 

- H 2 O 

-é N«6

— C O 2 —H® 

—C—N=r 1 C — C = C — <*-

H® 

H 

H 2 O 

R* Fb R« Rs 
I I I I 

-C—NHa + 0«C—C«C—Rt 
H 

I I I I 
-C—C=*C— 

H 

H 2 O 

R 2 R3 R 4 Rs 

Ri—C=0 -ι- H 2 N — C — C = C — R $ 
H 

I I I I 
-C«N—C=C—C— 

θ 

| H® 

1 I I I 

H 

j 
Ra 

NH3 + Ri—é=0 
R 3 FU Rs 

0=é—é—0—Ri 
H H 

Figure 2. Proposed reaction sequence 
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Ketones showed l e s s tendency to react than aldehydes 
perhaps due to s t e r i c factors involved i n the i n i t i a l 
carbonyl-amine addition step. Simi l a r rate e f f e c t s are 
known f o r reactions of simple amines with aldehydes vs. 
ketones (13). Q u a l i t a t i v e l y the disubstituted amino acid 
AMBA reacted more slowly with aldehydes and ketones than 
PA. This e f f e c t has been observed previously i n the case 
of the Strecker degradation where the difference was 
a t t r i b u t e d to i n h i b i t i o n of the carbonyl-amine a d d i t i o n by 
s t e r i c h i n d r a n c e , c f . Friedman and S i g e l (14). 

A mechanism for reductive amination which accommodates 
our data i s shown i n Figure 2. I n i t i a l reaction of the 
amino ac i d and carbonyl proceeds with dehydration and loss 
of carbon dioxide to form a resonance s t a b i l i z e d a z a l l y l i c 
carbanion whose s i t e
at the (amino acid) α-carbo
carbons along the conjugated carbon chain. Subsequent 
protonation can lead to a mixture of imines and enamines 
which on hydrolysis gives the observed products. The 
exact nature and r a t i o s of f i n a l products i s a complex 
function of reaction conditions and the choice of substituents 
on the reactants. From our study i t was clear that amino 
acids with two a l k y l substituents l ed to a greater pre
ponderance of reductive amination. This fact i s consistent 
with our proposed mechanism since i t i s known that a l k y l 
groups tend to d e s t a b i l i z e neighboring carbanions ( r e l a t i v e 
to hydrogen). This e f f e c t could retard protonation at the 
(amino acid) α-carbon atom and favor increased charge 
density elsewhere i n the molecule. Under these circumstances 
protonation i s more l i k e l y to occur at s i t e s along the 
conjugated carbon chain. 

When protonation occurs at the next alternate s i t e 
adjacent to the (amino acid) α-carbon atom products of 
reductive amination w i l l r e s u l t . Protonation further down 
the conjugated chain i s apparently rare but the fact i t 
does occur, e.g. trans-benzalacetone conversion to dihydro-
benzalacetone (Table 1), substantiates the proposed mechanism. 
No evidence was found for analogous dihydro products i n 
other conjugated carbonyl reactions. Such a transformation, 
i f i t were more general, could be of great importance 
o r g a n o l e p t i c a l l y , e.g. conversions of 2-hexenal to hexanal, 
2,4-hexadienal to 4-hexenal, etc. 
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Identification and F l a v o r Properties of Some 

3-Oxazolines and 3-Thiazolines Isolated from C o o k e d Beef 

CYNTHIA J. MUSSINAN, RICHARD A. WILSON, IRA KATZ, 
ANNE HRUZA, and MANFRED H. VOCK 
International Flavors and Fragrances, Inc., 1515 Highway 36, Union Beach, N. J. 07735 

The f lavor of mea
actions occurring whe
precursors i s heated i n an aqueous environment. A t 
tempts to e lucidate the s p e c i f i c pathways involved have 
shown that while M a i l l a r d type reactions are important 
for the development of meat f l avor , they are only part 
of a complex process. Recent work, therefore, has been 
increas ingly concerned with the isolation and identi
fication of the volatile f lavor chemicals from cooked 
meat. As these studies continue, more and more hetero-
cycles containing su l fur and/or nitrogen are being 
identified. Typ ica l of these are the compounds shown 
in Table I which have been reported as const i tuents of 
beef volatiles. Tri thioacetaldehyde, t r i th ioace tone , 
and t h i a l d i n e , according to the patent literature (1), 
are useful for chicken and beef f l avo r s . According to 
Brinkman et al (2), the t h i a ld ine "can be considered as 
a contr ibutor to beef broth f l a v o r " . The 3,  5-dimethyl
-1,  2, 4-trithiolan was reported by Chang et al (3) i n 
1968 i n boi led beef. 1-Methylthioethanethiol was r e 
ported i n the headspace volatiles of beef broth by 
Brinkman et al (2) and was described as having the odor 
of fresh onions. The other two mercaptans shown i n 
Table I were first reported by Wilson et a l (4) and 
were subsequently patented for use in meat and roasted 
meat f lavors (5) . 

We bel ieve that one of the reasons why more of 
these compounds have not yet been reported i s that 
most of them are present i n only trace quan t i t i e s . 
Since these are new compounds, t he i r identification i s 
even more difficult due to the lack of ava i l ab le r e f 
erence spectra . The instability evidenced by many of 
them may also be a fac tor . 

It i s the purpose of th i s paper to present the 
identification and f lavor propert ies of some new su l fur 
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TABLE I CHEMICALS ISOLATED FROM COOKED BEEF 

CH 

Trithioacetaldehyde 

Trithioacetone 

Thialdine 

3,5-Dimethyl-l,2,4-Tr ithiolane 

J 3 

s ^ s 

CH^ SAC H 
3 

CH3 CH3 CH_ 
s s 

CH 3 r CH 
Η 0 

C H r / S ~ S \ C H Q 3 \ S S 3 

1-Methylthioethanethiol ÇH^ 
CH3-S-CH-SH 

3-Methyl-2-Butanethiol ^Η ̂ Η3 
CH3-CH-CH-CH3 

2-Methyl-l-Butanethiol 9H 3 
CH3-CH2-CH-CH2-SH 
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and n i t r o g e n c o n t a i n i n g h e t e r o c y c l e s , s p e c i f i c a l l y 3-
oxazol ines and 3 - t h i a z o l i n e s , from cooked beef . 

The f i r s t report of a 3 - o x a z o l i n e i n meat was made 
by Chang et a l (3) i n 1968. These workers i s o l a t e d and 
i d e n t i f i e d 2 , 4 , 5 - t r i m e t h y l - 3 - o x a z o l i n e from b o i l e d 
beef . The v o l a t i l e s were separated by a combination of 
f l a s h v a p o r i z a t i o n and evaporat ion from a t h i n heated 
f i l m and f r a c t i o n a t e d by p r e p a r a t i v e gc . The compound 
was then i s o l a t e d from one of two f r a c t i o n s that , a c 
c o r d i n g to these authors , possessed a " c h a r a c t e r i s t i c 
b o i l e d beef aroma". 

2A5-TRIMETHYL-3-0XAZ0LINE 2-ACETYL-2-THIAZOLI NE 

Tonsbeek et a l (6) i s o l a t e d a compound with the 
aroma of " f r e s h l y baked bread c r u s t " from beef b r o t h . 
In t h i s work, beef broth was simmered f o r 2.5 h r s . i n 
a v e s s e l covered with a s t a i n l e s s s t e e l l i d . A f t e r 
f i l t e r i n g the s l u r r y , var ious techniques were used to 
o b t a i n a f a t and f a t t y a c i d - f r e e ex t rac t from which 
the d e s i r e d compound was i s o l a t e d . T h i s compound was 
l a t e r i d e n t i f i e d as 2 - a c e t y l - 2 - t h i a z o l i n e . The i d e n 
t i f i c a t i o n of 2 , 4 , 5 - t r i m e t h y l - 3 - o x a z o l i n e and 2 - a c e t y l -
2 - t h i a z o l i n e represent the f i r s t reported i s o l a t i o n of 
compounds of t h i s type from f o o d s . The occurrence of 
the t r i m e t h y l oxazol ine i n beef was l a t e r confirmed by 
Pokorny (7) . 

The i s o l a t i o n scheme used i n t h i s i n v e s t i g a t i o n i s 
shown i n F i g u r e 1. F o r t y pounds of lean ground round 
beef were s l u r r i e d with water and cooked i n a s t a i n 
l e s s s t e e l v e s s e l at 1 6 2 . 7 ° f o r 15 min . A second 40 
l b . cook was made at 182 ° . The lower temperature sam
p l e was f i l t e r e d through c h e e s e c l o t h . The f i l t r a t e 
was s imultaneously a t m o s p h e r i c a l l y steam d i s t i l l e d and 
c o n t i n u o u s l y ex t rac ted with d i s t i l l e d d i e t h y l ether i n 
a W i l l i a m f s apparatus (8) . The 182 ° sample was atmo
s p h e r i c a l l y d i s t i l l e d , and the d i s t i l l a t e was sa tura ted 
with sodium c h l o r i d e and c o n t i n u o u s l y ex t rac ted with 
d i s t i l l e d d i e t h y l e t h e r . The ex t rac t i n each case was 
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d r i e d over sodium s u l f a t e and concentrated by c a r e f u l 
d i s t i l l a t i o n i n a Kuderna-Danish c o n c e n t r a t o r . 

The concentrates were f r a c t i o n a t e d by p r e p a r a t i v e 
gas chromatography and analyzed on a H i t a c h i Model RMU-
6E mass spectrometer coupled with a Hewlett -Packard 
Model 5750 gas chromatograph. The chromatographic 
columns used were 500 and 1000* χ .03" s t a i n l e s s s t e e l 
open tubular columns coated with CBW 20M and SF-96. 

Further d e t a i l s of the i s o l a t i o n procedures were 
repor ted i n two previous p u b l i c a t i o n s (4), (9) . 

The compounds were i d e n t i f i e d by comparing t h e i r 
mass spec t ra and r e t e n t i o n times with those of authen
t i c compounds synthes ized i n our l a b o r a t o r y . 

As an a i d i n the d e t e c t i o n of these h e t e r o c y c l e s , 
the t o t a l samples and each t rap were analyzed on a 
Tracor MT 220 gas chromatograp
neously detect s u l f u r and/or n i t r o g e n c o n t a i n i n g com
pounds . 

The compounds i d e n t i f i e d and t h e i r IE va lues , or 
r e t e n t i o n i n d i c e s r e l a t i v e to a s e r i e s of e t h y l es ters 
of normal a l k a n o i c a c i d s (10), are given i n Table I I . 
The 2 , 4 - d i m e t h y l - 3 - o x a z o l i n e was only t e n t a t i v e l y i d e n 
t i f i e d due to the presence of another component i n the 
spectrum of the unknown. A l s o found were the t r i -
methyl , 2 , 4 - d i m e t h y l - 5 - e t h y l - a n d 2 , 5 - d i m e t h y l - 4 - e t h y l -
3 -oxazol ines and the 2 ,4-dimethy1-and t r i m e t h y l - 3 -
t h i a z o l i n e s . 

The oxazol ines were a l l found i n both prepara t ions 
whi le the t h i a z o l i n e s were only i d e n t i f i e d i n the lower 
temperature sample. It would appear from these data 
that the t h i a z o l i n e s are l e s s s t a b l e to heat than the 
o x a z o l i n e s . In 1960, Asinger et a l (11) observed that 
3 - t h i a z o l i n e can be thermal ly dehydrogenated i n the 
presence of elemental s u l f u r to the corresponding t h i a -
z o l e . These t h i a z o l e s were, indeed, found i n both 
cooks . Of course , i t ' s a l s o p o s s i b l e that the t h i a 
z o l i n e s were present i n the high temperature sample, 
but not de tec ted . None of these compounds except 2 ,4 , 
5 - t r i m e t h y l - 3 - o x a z o l i n e have ever been reported as c o n 
s t i t u e n t s of food v o l a t i l e s . 

The 3 - t h i a z o l i n e s were prepared according to the 
method of A s i n g e r et a l (12) as shown below f o r 2 , 4 , 5 -
t r i m e t h y l - 3 - t h i a z o l i n e . Ammonia was reacted with the 
appropr ia te aldehyde and mercapto ketone. A f t e r r e -
f l u x i n g and steam d i s t i l l i n g , the products were ex-

CH3 
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BEEF + WATER 

COOK 162.7 COOK 1820 

FILTER THROUGH 
CHEESECLOTH 

ATMOSPHERIC 
DISTILLATION 

RESIDUE FILTRATE DISTILLATE 

DISCARD STEAM DISTILL 
& EXTRACT 

SALT SATURATE 
& EXTRACT 

ETHER EXTRACT AQUEOUS AQUEOUS ETHER EXTRACT 

DRY & I I 
REMOVE DISCARD DISCARD 
SOLVENT 

CONCENTRATE 

PREP GC 

7-FRACTIONS 

REMOVE 
SOLVENT 

CONCENTRATE 

PREP GC 

9-FRACTIONS 

ANALYSIS BY 
GC & GC-MS 

ANALYSIS BY 
GC & GC-MS Figure 1. Isolation procedures 

3-QXAZOLINES AND THIA70LTHFS IN RFFF 

COMPOUND 

2,1-DIMETHYL-3-0XAZ0LINE B 

2A5-TRIMETHYL-3-0XAZ0LINE 

2,1-DIMETHYL-5-ETHYL-3-0XAZ0LINE 

2,5-DIMETHYL-1-ETHYL-3-0XAZ0LINE 

2,1-DIMETHYL-3-THIAZ0LINE 

2A5-TRIMETHYL-3-THIAZ0LINE 

I E KNOWN A 

3.61 S F " 9 6 

1 . 9 0 

5.62 

5.10 

7.50 

7.35 

I E UNKNOWN 

3.66 

1.81 

5.61 

5.11 

7.60 

7.11 

COOK 

162.7°, 182° 

162.7% 182° 

162.7°, 182° 

162.7°, 182° 

162.7° 

162.7° 

I E - VALUES WERE DETERMINED ON A 500 FT. X 0.03 IN. L B . STAINLESS STEEL OPEN 
TUBULAR COLUMN COATED WITH CARBOWAX 20M UNLESS OTHERWISE INDICATED. 

Β - THIS COMPOUND WAS ONLY TENTATIVELY IDENTIFIED DUE TO THE PRESENCE OF 
ANOTHER COMPONENT IN THE SPECTRUM OF THE UNKNOWN. 
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t r a c t e d with ether. The solvent was removed and the 
product was p u r i f i e d by preparative gas chromatography. 
The oxazolines were synthesized i n a s i m i l a r manner as 
described by Jassman and Schulz (13) s u b s t i t u t i n g the 
appropriate a c y l o i n f o r the mercapto ketone. This i s 
i l l u s t r a t e d below f o r 2,4,5-trimethyl-3-oxazoline. 
The r e a c t i o n mixture was s t i r r e d at room temperature, 
and the products were extracted with ether. A f t e r r e 
moving the solvent, the product was p u r i f i e d by f r a c 
t i o n a l atmospheric d i s t i l l a t i o n . 

Figures 2, 3, and 4 show the mass spectra of the 
oxazolines and t h i a z o l i n e s found by us i n cooked beef. 
The spectra of a l l compounds except 2,4-dimethyl 
oxazoline were obtained on a CEC-103C mass spectrometer 
with an i o n i z a t i o n voltage of 70eV and source and i n l e t 
temperatures of 150°. The spectrum of 2,4-dimethyl 
oxazoline was obtained on a H i t a c h i RMU-6E mass spec
trometer operated under the same co ndit ions. 

We b e l i e v e that i t ' s p o s s i b l e that these com
pounds form i n beef i n a manner s i m i l a r to that by 
which they are synthesized. In the case of 2 , 4 , 5 - t r i -
methyl-3-oxazoline, the s t a r t i n g materials, ammonia, 
acetaldehyde, and acetoin have a l l been reported as 
constituents of cooked meat. The same i s true f o r the 
corresponding t h i a z o l i n e . In t h i s case, however, the 
alpha mercapto ketones have not been reported i n beef 
or any other nat u r a l product. This is not too s u r p r i s i n g 
since these compounds are probably highly r e a c t i v e . 
Nevertheless, the mercapto ketones could e x i s t as 
tr a n s i e n t species formed from a v a i l a b l e precursors. It 
has been suggested and confirmed i n our laboratory that 
hydrogen s u l f i d e can react with and replace a carbonyl 
fu n c t i o n . Thus, as shown below, with a dicarbonyl such 
as d i a c e t y l which does occur i n beef, one could expect 
a mixture of products including the t h i a z o l i n e precur
sor 2-keto-3-butanethiol. This compound, together with 

CH 

il 1 II 
NH3 + CH3CH + CH3CH CCH3 

ο ο SH 0 
ι ;s CH3C CCH3 + H2S * CH3CH CCH3 

II 
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the other p r e c u r s o r s , ammonia and acetaldehyde, c o u l d 
react to form 2 , 4 , 5 - t r i m e t h y l - 3 - t h i a z o l i n e . 

Since u l t i m a t e l y the value of chemicals i d e n t i f i e d 
i n n a t u r a l products depends upon t h e i r o r g a n o l e p t i c 
p r o p e r t i e s , the remainder of t h i s paper w i l l be c o n 
cerned with t h i s aspec t . 

Table III g ives the f l a v o r t h r e s h o l d i n s p r i n g 
water, as determined by one of our f l a v o r i s t s , f o r the 
t h i a z o l i n e s , o x a z o l i n e s , and some s t r u c t u r a l l y r e l a t e d 
oxazoles and t h i a z o l e s . As expected, the s u l f u r c o n 
t a i n i n g compounds, i n g e n e r a l , have lower t h r e s h o l d s , 
the lowest being 2 , 4 - d i m e t h y l - 5 - e t h y l - t h i a z o l e at 
2 ppb. 

A panel of expert f l a v o r i s t s assigned the f l a v o r 
d e s c r i p t o r s shown i n Table IV to the t h i a z o l i n e s and 
oxazol ines and some
t h i s t a b l e r e v e a l s s e v e r a l i n t e r e s t i n g c o r r e l a t i o n s . 
F i r s t , almost a l l of these c l o s e l y r e l a t e d compounds 
have been descr ibed as n u t t y . That i s , a l l except 2 ,4 -
dimethyl t h i a z o l e , 2 , 4 , 5 - t r i m e t h y l - 3 - o x a z o l i n e , and 2-
a c e t y l - 2 - t h i a z o l i n e . Second, most of the s u l f u r com
pounds were a l s o descr ibed as meaty or roasted whi le 
none of the oxazol ines were. T h i s f a c t together wi th 
t h e i r lower thresholds would seem to i n d i c a t e that 
these compounds would be more l i k e l y to c o n t r i b u t e to 
the r o a s t e d , meaty charac ter of beef . It should a l s o 
be mentioned here that a l l of the compounds shown i n 
t h i s t a b l e have been found by us i n beef v o l a t i l e s ex
cept the 2 - a c e t y l - 2 - t h i a z o l i n e . The l a t t e r compound, 
as p r e v i o u s l y mentioned, was found by Tonsbeek et a l 
i n beef broth (6) . A l s o apparent from t h i s t a b l e i s 
that most of the oxygenated compounds were found to be 
sweet and green i n charac ter whi le none of the s u l f u r 
compounds were so d e s c r i b e d . 

Thus, when we compare the f l a v o r d e s c r i p t o r s of 
the t h i a z o l i n e s and o x a z o l i n e s , we f i n d that while 2 ,4 -
dimethyl t h i a z o l i n e i s n u t t y , r o a s t e d , and vegetable , 
the corresponding o x a z o l i n e was nutty and vegetable , 
but not r o a s t e d . The 2 , 4 , 5 - t r i m e t h y l - 3 - t h i a z o l i n e i s 
meaty, n u t t y , and o n i o n - l i k e whi le i t s oxazol ine ana
logue i s woody, musty, and green. The 2 , 4 - d i m e t h y l - 5 -
e t h y l t h i a z o l e i s n u t t y , r o a s t e d , and meaty while the 
2 , 4 - d i m e t h y l - 5 - e t h y l o x a z o l i n e i s n u t t y , sweet, green 
and woody. 

The t h i a z o l e s and t h i a z o l i n e s are o b v i o u s l y much 
more c l o s e l y r e l a t e d to each other than to the oxy
genated d e r i v a t i v e s . The same, of course , i s t rue f o r 
the o x a z o l i n e s and the one oxazole s t u d i e d . Thus, 
while many of the s u l f u r compounds are meaty and 
roasted most of the oxygenated compounds are sweet and 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



MUSSINAN ET A L . 3-Oxazolines and 3-Thiazolines in Cooked Beef 

IEMZQLE& 

tri 
0.1 PPM 

THRESHOLD DATA 

tri 
0.02 PPM 

-N 

• 0X 
1.0 PPM 

QXAZûLEa 

xx 
0.05 PPM 

> = - N 

0.5 PPM 1.0 PPM 

3a 
0.005 PPM 

0.002 PPM 

> = N 

0.5 PPM 

Ν 

X 
1.0 PPM 

IHIAZOLES 

MEATY 
COCOA-LIKE 

COCOA 
NUTTY 

ι ^ S 
NUTTY 
ROASTED 
MEATY 

C7V 
0 

NUTTY, 

T A B L E I V 

piuVflR DESCRIPTORS 

IEMZÛL1ES 

Λ 
NUTTY 
ROASTED 
VEGETABLE 

XX 
MEATY 
NUTTY 
ONION 

BREADY 

ÛMZÛLUO 

.1 
NUTTY 
VEGETABLE 

x. Ν 

Λ 
WOODY 
MUSTY 
GREEN 

Ν 

X 
NUTTY 
SWEET 
GREEN 
WOODY 

NUTTY 
SWEET 
VEGETABLE 

JMZQLLS 

XX 
NUTTY 
SWEET 
GREEN 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



144 PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

g reen . The l i m i t e d number o f compounds s t u d i e d must 
be kept i n mind i n drawing any c o n c l u s i o n s from t h i s 
d a t a . N e v e r t h e l e s s , i t seems to v e r i f y the w e l l known 
f a c t t ha t changing one o f the he te ro atoms o f a com
pound has a much g r e a t e r e f f e c t on i t s f l a v o r than the 
degree o f u n s a t u r a t i o n i t pos ses ses . The 2 - a c e t y l - 2 -
t h i a z o l i n e was d e s c r i b e d by Tonsbeek et a l as bready 
(6). The co r r e spond ing t h i a z o l e , w h i l e not s p e c i f i 
c a l l y "bready" , was n e v e r t h e l e s s d e s c r i b e d as c e r e a l or 
p o p c o r n - l i k e . The presence o f the a c e t y l group appar
e n t l y makes these compounds more s i m i l a r to each o the r 
than to o the r members o f t h e i r r e s p e c t i v e c l a s s e s . 

The data f o r most o f the t h i a z o l e s was taken from 
a paper by P i t t e t and Hruza e n t i t l e d "Comparat ive Study 
of F l a v o r P r o p e r t i e f T h i a z o l  D e r i v a t i v e s " (14 )
These au thors compare
t h i a z o l e d e r i v a t i v e s to those o f the co r r e spond ing 
p y r a z i n e s and p y r i d i n e s . 

The u t i l i t y of o x a z o l i n e s and t h i a z o l i n e s as 
f l a v o r a n t s i s e x e m p l i f i e d by the pa tent l i t e r a t u r e . 
For i n s t a n c e , German pa ten t no . 2120577 (15) concerns 
the use o f 3 - o x a z o l i n e s t o g i v e cocoa , f r u i t , o r 
b u t t e r - l i k e aromas. German pa tent no . 2226780 (16) 
d e s c r i b e s the use o f 2 - a l k y l - 3 - t h i a z o l i n e s i n f l a v o r i n g 
compos i t i ons f o r food, and U . S . pa tent no . 3778518 (17) 
concerns the use of 2 - a c y l - 2 - t h i a z o l i n e s to improve the 
f r i e d , r o a s t , o r baked f l a v o r of foods . 

In summary, cooked beef c o n t a i n s n i t r o g e n and s u l 
f u r h e t e r o c y c l e s among which are t h i a z o l e s , t h i a z o l i n e s , 
o x a z o l e s , and o x a z o l i n e s . Based upon t h e i r f l a v o r 
p r o p e r t i e s , i t i s apparent tha t they c o n t r i b u t e t o the 
o v e r - a l l f l a v o r p r o p e r t i e s o f cooked beef . As new and 
improved a n a l y t i c a l t echniques and a d d i t i o n a l r e f e r 
ence s p e c t r a become a v a i l a b l e , we are c o n f i d e n t t ha t 
the iden t i f i c a t i o n of many more of these h e t e r o c y c l e s 
w i l l be fo r thcoming . 
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Nonvolatile Nitrogen and Sulfur Compounds in Red 
Meats and Their Relation to Flavor and Taste 

A H M E D F A H M Y M A B R O U K 

Food Science Laboratory, U.S. Army Natick Development Center, Natick, Mass. 01760 

Each meat has
be m o d i f i e d by changing cooking conditions: r o a s t i n g , 
p a n - f r y i n g , b o i l i n g , or b r o i l i n g * The d i f f e r e n t f l a v o r s 
which a r i s e under these c o n d i t i o n s are more e a s i l y ac 
counted f o r . I f meat i s b o i l e d , the chemical r e a c t i o n s 
whioh produce f l a v o r s take place at 1 0 0 e C , but when i t 
i s r o a s t e d , the temperature may r i s e to 15 0° C , or h i g h 
er* Thus, i n addition to the reactions t a k i n g p l a c e i n 
the hot Juices of the meat, the p y r o l e t l c r e a c t i o n s oc 
c u r r i n g at the surfaoe are r e s p o n s i b l e f o r the roas ted 
f l a v o r notes* 

As i t i s necessary to heat meat to develop the de
s i r e d f l a v o r s , meat must c o n t a i n substances which p r o 
duce these f l a v o r s upon cooking* These compounds are 
c a l l e d f l a v o r p r e c u r s o r s ; they may occur n a t u r a l l y i n 
raw meat or may be produced d u r i n g p r o c e s s i n g . The non
aqueous f l a v o r p r e c u r s o r s ( l i p i d s ) produce compounds 
which take p a r t i n browning r e a c t i o n s f o r the develop
ment of cooked meat aroma notes* Species aroma d i f f e r 
ences r e s u l t i n g from t h i s r e a c t i o n seem to be more i n 
q u a n t i t y than i n q u a l i t y . While odd-numbered n - f a t t y 
a c i d s , and abnormal p r o p o r t i o n s of branched c h a i n f a t t y 
a c i d s are r e s p o n s i b l e f o r the c h a r a c t e r i s t i c species 
f l a v o r notes of cooked lamb and mutton (1 ) , 5 - a n d r o s t -
l 6 - e n e - 3 - o n e i s r e s p o n s i b l e f o r the t a i n t notes i n boar 
meat ( 2 ) . 

Two approaches are used i n meat f l a v o r r e s e a r c h . 
The most common approach i s the i s o l a t i o n and i d e n t i f i 
c a t i o n of v o l a t i l e f l a v o r components. The other one i s 
t o e s t a b l i s h the I d e n t i t y of the i n d i v i d u a l components 
of f l a v o r p r e c u r s o r s . Both approaches have p r o v i d e d i n 
d i s p e n s a b l e i n f o r m a t i o n s . S e v e r a l hundred compounds had 
been i d e n t i f i e d i n cooked beef v o l a t i l e s whioh had odor 
or t a s t e reminiscent of cooked b e e f . These components 
are n o t , however, the compounds we would recognize as 
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beef f l a v o r s * In t h i s paper , 1 w i l l be c o r r e l a t i n g the 
work done on beef f l a v o r p r e c u r s o r s i n our l a b o r a t o r y 
and by other researchers w i t h p u b l i s h e d data on v o l a 
t i l e s c o l l e c t e d from cooked meats and. from pure compo
nents of f l a v o r p r e c u r s o r s * 

Aqueous meat f l a v o r p r e c u r s o r s encompass f i f t e e n 
c l a s s e s of organic compounds:l) g l y o o p e p t i d e s , 2) n u 
c l e i c a c i d s , 3) f r e e n u c l e o t i d e s , 4) peptide-bound n u 
c l e o t i d e s , 5) n u c l e o t i d e sugar , 6) n u c l e o t i d e sugara
in i n e , ?) n u c l e o t i d e aoetylsugaramlne, 8) n u c l e o s i d e s , 
9) p e p t i d e s , 10) amino a c i d s , 11) f r e e sugars , 12) sug
a r phosphate, 13) sugaramine, Ik) amines, and 15) o r 
ganic a c i d s # Compounds b e l o n g i n g to these f i f t e e n sets 
c o n t r i b u t e f l a v o r notes to the o v e r a l l impress ion of 
cooked meat* 

A l l raw red meat
which was superimposed f l a v o r notes d i s t i n c t i v e of spe
c i e s , f o o d , and environment of the animal (3). The f l a 
vors developed on cooking were s i m i l a r f o r zhe var ious 
meats but a g a i n m o d i f i e d by s p e c i e s , f o o d , and e n v i r o n 
ment of the a n i m a l . These c h a r a c t e r i s t i c s tended to be 
l o s t w i t h prolonged c o o k i n g . Such d i f f e r e n c e s seemed to 
be more i n q u a n t i t y than i n q u a l i t y * A l l red meats were 
found to have some of the f l a v o r c h a r a c t e r i s t i c s of 
f i s h , and b i r d s ; and the meat of b i r d s and f i s h had red 
meat c h a r a c t e r i s t i c s * 

The d i a l y z a b l e w a t e r - s o l u b l e f r a c t i o n of ox muscle 
was repor ted to c o n t a i n p r i m a r i l y amino a c i d s and r e 
ducing sugars ( 4 ) . When a mixture of these I d e n t i f i e d 
amino a c i d s was heated w i t h g l u c o s e , a meaty aroma and 
f l a v o r was produced ( 5 ) · Omission of glucose r e s u l t e d 
n e i t h e r i n browning c o l o r nor i n f l a v o r development, 
thus browning-type r e a c t i o n may be r e s p o n s i b l e f o r l e a n 
meat f l a v o r p r o d u c t i o n . Some of beef f l a v o r p r e c u r s o r s 
have been repor ted to be a r e l a t i v e l y simple mixture of 
g l u c o s e , l n o s i n l o a d d , and a g l y c o p r o t e i n ( 6 , j O · G l u 
tamic a d d , s e r i n e , g l y c i n e , a l a n i n e , ρ - a l a n i n e , i s o -
l e u o i n e , l e u c i n e , and p r o l i n e were the amino a c i d com
ponents of the g l y c o p r o t e i n . When these amino a c i d s 
were used i n c o n j u n c t i o n w i t h g l u c o s e , i n o s i n e , and i n 
organic phosphate, meaty odors and f l a v o r s were p r o d 
uced upon h e a t i n g . The v o l a t i l e s from l e a n meats such 
as b e e f , p o r k , and lamb were found t o c o n t r i b u t e an 
i d e n t i c a l meaty f l a v o r , and that s p e c i e s 1 f l a v o r d i f 
ferences can be t r a c e d to the f a t content (8) * T h i r t y 

b e e f , p o r k , and lamb (9_, 10) . Methionine was present i n 
the meaty aroma f r a c t i o n s obtained by d i a l y s i s and g e l 
permeation chrometography of aqueous beef e x t r a c t s ( 1 1 ) · 
A study to evaluate the i n d i v i d u a l c o n t r i b u t i o n of tRe 
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nitrogenous components of beef f l a v o r p recursors i n d i 
cated that t y r o s i n e , phenylalanine, t a u r i n e , a n d glutamic 
a c i d may be removed from the f l a v o r f r a c t i o n s without 
s e r i o u s l y a f f e c t i n g the aroma ( 1 2 ) · Furthermore, c r e a 
t i n e , c r e a t i n i n e , p u r i n e , and purine d e r i v a t i v e s are 
not i n v o l v e d i n the development of meaty aroma. Beef 
f l a v o r precursors were found to be d i s t r i b u t e d among 
seven major f r a c t i o n s obtained by d i a l y s i s (or u l t r a 
f i l t r a t i o n ) and g e l permeation chromatography of aque
ous e x t r a c t s (12, 14) . The methods employed were s u f f i 
c i e n t l y p r e c i s e to permit d i s t i n c t i o n between d i f f e r e n t 
muscles . Methionine and cysteic a c i d were found to be 
the most important amino acids c o n t r i b u t i n g to f l a v o r . 
Evidence suggests that p r e c u r s o r s c h a r a c t e r i s t i c s r e 
s i d e i n more than one molecular s t r u c t u r e and are c o r 
r e l a t e d w i t h s u l f u
complexity of meat f l a v o r precursors w i l l be c l e a r from 
the f o l l o w i n g d i s c u s s i o n on the unpublished data from 
our l a b o r a t o r y on the g lyc op ep t id es f r a c t i o n (15)· 

An aqueous s o l u t i o n of (oa . 20g.) f r e e z e d r i e d raw 
beef d l f f u s a t e prepared a c c o r d i n g to Mabrouk et a l . ( 1 3 ) 
was f r a c t i o n a t e d by p r e p a r a t i v e g e l permeation chroma
tography (PGPC) on three columns (4.5X110 om) of Sepha-
dex. The v o i d volume from Sephadex 0-10 column was 
passed through Sephadex 0-15 column. The excluded f r a c 
t i o n from the second oolumn was f r a c t i o n a t e d on 0-25F 
column. A l l r e s u l t i n g f r a c t i o n s were f r e e z e d r i e d and 
t h e i r odor upon h e a t i n g were e v a l u a t e d . The second 
f r a c t i o n from 0-10 column gave an intense meaty odor 
when heated . The t o t a l n i t r o g e n and carbohydrate con
t e n t s of t h i s f r a c t i o n are 7 . 9 6 - 0 . 2 3 and ( c a l c u 
l a t e d as g l u c o s e ) , r e s p e c t i v e l y . Q u a n t i t a t i v e data on 
i t s amino oompounds content (mg./100 g . ) a r e : g l u c o s 
amine (1 .11 ) , h y d r o x y l y s i n e (0 .19) , l y s i n e ( 0 . 4 5 ) , 

glutamic a c i d ( 2 1 . 3 0 ) . p r o l i n e (1 .02) , g l y c i n e (5 .00) , 
a r g i n i n e (1 .00) , phosphoserine ( t r a c e ) , t a u r i n e (9 .17) , 
methionine s u l f o x i d e (2 .16), a s p a r t l c a c i d ( 3 . 9 4 ) . 
(X-alanlne (16 .00) , v a l i n e (5 .64) .methionine (3*55), 
i s o l e u c i n e (4 .81) , l e u c i n e ( 9 · ? 4 ) f p h e n y l a l a n i n e ( 2 .01) , 

^ - a l a n i n e (0 .76) , and two unknowns. Upon f u r t h e r f r a c 
t i o n a t i o n of t h i s f r a c t i o n on an a n a l y t i c a l column 
(1 .1 X 110 cm) of Sephadex G-25F , i t was r e s o l v e d to 
f o u r peaks (F igure 1 ) · While the second and t h i r d f r a c 
t i o n s had Intense meaty odor , the f i r s t and f o u r t h d i d 
n o t . Attempts to improve the f r a c t i o n a t i o n by u s i n g 
Sephadex G-10 (1 .1 X 110 cm) were u n s u c c e s s f u l as none 

s e r i n e (3*96), 
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of the r e s u l t i n g f i v e f r a c t i o n s developed the pleasant 
meaty odor upon h e a t i n g . While t h i n l a y e r chromatogra
phy i n d i c a t e d the presence of at l e a s t seven compounds 
i n POPC beef f l a v o r p r e c u r s o r , t h i n l a y e r e l e c t r o p h o r e 
s i s showed only three r e s o l v e d spots upon r e a c t i n g w i t h 
n i n h y d r i n . 

To provide s u f f i c i e n t m a t e r i a l f o r f r a c t i o n a t i o n 
and sensory e v a l u a t i o n , a p r e p a r a t i o n of beef u l t r a -
f i l t r a t e (14) f o l l o w e d by p r e p a r a t i v e g e l permeation 
chromatography was achieved ( F i g u r e 2 ) . 

The meaty f r a c t i o n obtained by POPC was f r a c t i o n 
ated by p r e p a r a t i v e t h i n l a y e r chromatography(PTLC) ,us
i n g MN 300 c e l l u l o s e p l a t e s , 20X20 cm. , precoated ( o a . 
500 -mioron t h i c k n e s s ) . About 200-jul of 0*075 g . / m l . s o 
l u t i o n of t h i s f r a c t i o n was a p p l i e d to each p l a t e . The 
p l a t e s were develope
d r i e d , v i s u a l i z e d and scraped (F igure 3)  The r e s u l t i n g 
PTLC c e l l u l o s e f r a c t i o n s were ex t rac ted twice w i t h 50% 
e t h a n o l , the a l o o h o l e x t r a c t s were concentrated under 
vacuum at room temperature, f r e e z e d r i e d and s tored i n 
a d e s s i o a t o r under vacuum above phosphorus pent oxide a t 
-20° C . The n i t r o g e n content and odor e v a l u a t i o n of each 
PTLC f r a c t i o n are l i s t e d i n Table I . 

The r e s u l t i n g seven PTLC f r a c t i o n s were h y d r o l y z e d 
by i o n exchange r e s i n c a t a l y s i s f o l l o w i n g the procedure 
of Paulson et a l ( 1 6 ) . The amino a c i d s present i n these 
f r a c t i o n s are recorded i n Table I I . The major amino 
a c i d s i n each f r a o t i o n are l i s t e d i n Table I I I . 

T a b l e I Indica tes that PTLC f r a c t i o n # 2 e x h i b i t e d 
s t rong meaty aroma I n t e n s i t y . When t h i s f r a o t i o n was 
subjected to p r e p a r a t i v e T L C , e i g h t s u b f r a c t i o n s r e 
s u l t e d (F igure 4 ) . About 2 0 0 - j i l of 0.075 g . / m l . s o l u 
t i o n of t h i s f r a c t i o n was a p p l i e d t o 108 p r e p a r a t i v e 
TLC p l a t e s M l 300 c e l l u l o s e ( c a . 500 -mioron t h i c k n e s s ) . 
Thus , a t o t a l of 1 .62 g . of TLC f r a c t i o n # 2 was sub
m i t t e d t o a second step of f r a c t i o n a t i o n by PTLC. 
E i g h t PTLC s u f r a c t i o n s were c o l l e c t e d . Table IV l i s t s 
the weight of each s u b f r a c t i o n recovered . The excess 
recovery of 0.82687 g « , appears to be due to the p r e s 
ence of m a t e r i a l s i n the p l a t e s which were s o l u b l e i n 
the 50% e thanol used to ex t rac t each s u b f r a c t i o n * PTLC 
p l a t e s used i n f r a c t i o n a t i o n proved to c o n t a i n m a t e r i 
a l s that were ex t rac ted wi th e thanol d u r i n g recovery of 
the s u b f r a c t i o n s . The coat ings of ten p l a t e s were 
scraped and ex t rac ted w i t h 50% e t h a n o l . About 60 mg. 
"contaminants" were recovered , i . e . , about 6 m g . / p l a t e . 
The chromatograms obtained w i t h a n a l y t i c a l g e l permea
t i o n chromatography u s i n g Sephadex O-10 (0.7*28 cm.) o f 
the contaminants ( F i g u r e 5) and PTLC s u b f r e c t l o n # 3 
(F igure 6 ) , i n d i c a t e the f e a s a b i l l t y of separa t ing the 
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Figure 1. Gel permeation chromatography of GPC-BFP, 
110 X 1.1 cm column, Sephadex G25F 

% OF FRESH BEEF 

1- TRIM, GRIND, BLEND WITH WATER (1 LITER /KG.) 

2 - FREEZE DRY, LYOPHILIZED BEEF 28.20 
3 - EXTRACT WITH PETROLEUM ETHER, LIPIDS 3 5 0 

4 - BLEND FREE-LIPIDS FREEZE DRIED BEEF WITH WATER,(10 ML. / G.), 
STIR SLURRY FOR THREE HOURS AT 5 ° C , CENTRIFUGE ,FILTER 

5 - REPEAT STEP 4, FREEZE DRY FILTRATES 6 7 0 

6 - DIALYSIS 

a—ULTRAFILTRATION 3.68 

b—CONVENTIONAL 2.98 

7 - PREPARATIVE GEL PERMEATION CHROMTOGRAPHY 1 6 6 

(BROILED BEEF AROMA WHEN HEATED) 

Figure 2. A schematic outline of the method used to prepare aqueous beef flavor 
precursors 
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Figure 3. Preparative thin layer chromato-
gram of PGPC-BFP, MN 300 cellulose plate, 
500 μ thickness, developing solvent: propa-
nolr-water, 7:3 (v/v), silver nitrate visualiza

tion 

Table I. Comparison of PTLC Fractions of PGPC of 
Beef Flavor Precursors 

Fraction Nitrogen Yield % 
No. Content I of PGPC Odor Description 

1 4.42 ) BFP, Very Sweet. 
)29 

2 9.87 ) Strong BFP, Very Sweet. 
3 13.13 ) Weak BFP,Oily,Not Sweet. 

)45 
4 7.03 ) Weak BFP, Sweet. 
5 4.28 10 Heated Protein,Fishy,Musty, 

Not Sweet. 
6 3.52 Wet Cardboard. 
7 2.88 Musty, Hay. 

PGPC-BFP 7.92 
Ultrafiltrate 9.20 
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Table II. Amino Acids Present in PTLC Fractions of PGPC-Beef 
Flavor Precursors. 

Amino Acids μΜ/mg. of Fraction No. 
1 2 3 4 5 6 7 

Histidine 0.]26 0.023 0.003 0.001 . . . . . . . . . . 
Glutamic 0.098 
B-alanine 0.110 
Aspartic 0.052 0.023 0.004 0.001 0.003 0.001 0.0004 
Glycine 0.059 0.281 0.020 0.003 0.003 0.012 0.0001 
Alanine 0.040 0.078 0.503 0.207 0.008 0.006 0.0001 
Arginine 0.017 0.014 
Serine 0.022 0.171 0.023 0.003 0.008 0.006 0.0004 
Tyrosine 0.009 0.001 
Leucine 0.010 0.003 0.003 0.004 0.051 0.427 
1-methylhisti-

dine 0.008 0.004 
Tryptophan 0.005 0.023 0.041 0.017 0.001 
Threonine 0.008 0.020 0.066 0.011 0.004 0.002 0.0001 
Lysine 0.006 0.003 0.001 
Valine 0.006 0.006 0.006 0.014 0.413 0.009 
Isoleucine 0.004 0.002 0.002 0.002 0.047 0.223 
Ammonia 0.024 0.212 0.091 0.019 0.020 0.021 0.005 
Ornithine 0.001 0.002 0.001 0.0001 
Phenylalanine 0.001 0.001 0.001 0.006 0.003 
a-amino-n-buty-

ric acid 0.001 0.003 
Proline 0.010 0.048 0.005 0.002 
Methionine ) 

0. 001 Methionine ) 0.002 0. 001 0.041 
Sulfoxide) 

Cysteic Acid 0.001 
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Table III. The Major Amino Acids i n PTLC Fractions 

Amino Acids yiM/mg. of Fraction No. 
1 2 3 4 5 6 

Histidine 0.126 
Glutamic 0.098 0.299 
B-alanine 0.110 
Aspartic 0.052 
Glycine 0.059 0.281 
a-alanine 
Arginine 
Serine 0.171 
Ammonia 0.091 
Tryptophan 0.041 
Proline 0.048 
Valine 0.413 
Leucine 0.051 0.427 
Isoleucine 0.047 0.223 
Methionine + 0.041 
Methionine Sulfoxide 
Threonine 0.066 

Figure 4. Preparative thin layer chro-
matogram of PTLC, fraction #2, MN 
300 cellulose plate, 500 μ thickness, 
developing solvent: propanolr-water, 

7:3 (v/v), ninhydrin visualization 
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Table IV. Weight of PTLC Subfractions of PTLC Fraction 2 

% of Recovered 
Subfraction No. Weight g. Material 

1 0.31091 12.7 
2 0.47833 19.6 
3 0.33921 13.9 
4 0.18154 7.4 
5 0.24900 10.2 
6 0.41012 16.8 
7 0.25748 10.5 
8 0.22028 9.0 

Weight of PTLC Fraction #2 used = 1.62 g. 

Figure 5. Gel permeation chro
matography of "contaminants," 28 
X 0.7 cm column, Sephadex G-JO 

Figure 6. Gel permeation chromatog- 15 25 35 45 55 65 75 
raphy of PTLC subfraction #3, 28 X 

0.7 cm column, Sephadex G-10 TUBE NUMBER 
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s u b f r a o t l o n s from the contaminants. The homogeneity of 
each s u b f r a c t i o n needs to be evaluated before subject
ing to sensory evaluation and analysis* 
Amino Aolds 

Of 27 amino compounds i n aqueous beef extract, 23 
were i d e n t i f i e d and quantified (mg./lOQ g . fresh weight 
meat): phosphoser ine ,1 .84 ; taurine,0.09 ; a s p a r t i c , 
0 .95 ; t h r e o n i n e , 3 . 1 ? » s e r i n e , 3 . 6 0 ; g l u t a m i c , 1 1 · 6 0 ; p r o 
l i n e , 0 . 9 ^ 5 g l y c i n e , 3 * 1 0 ; c<-alanine,18 . 17; c y s t i n e . 0 . 6 0 ; 
v a l i n e , 6 . 9 0 ; methionine and methionine s u l f o x i d e (as 
methionine) , 6 . 4 8 ; i s o l e u c i n e , 5 . 0 ? ; l e u c i n e , 9 · 7 3 ; t y 
r o s i n e ,5 « 4 4 ; p h e n y l a l a n i n e , 6.04 ; , β - a l a n i n e , 0 . 9 6 ; g l u c o 
samine, 3 .04; h y d r o x y l y s i n e , 0 . 5 9 ; l y s i n e , 2 . 4 0 ; a n s e r i n e , 
2 9 . 4 3 ; and arginine,
compounds of b e e f , p o r k , and lamb are remarkably s i m i l a r 
but d i f f e r q u a n t i t a i v e l y ( 9 , 1 0 ) . Beef contained the 
l a r g e s t amount of the f r e e amino compounds ( l 6 l . 5 3 m g . / 
100g. f r e s h w e i g h t ) , pork the l e a s t amount ( 109.86mg./ 
1 0 0 g . ) , and lamb components t o t a l l e d 1 3 0 . 0 1 m g . / l 0 0 g . 
Table V shows the r e l a t i v e amounts of amino a c i d s i n 
l y o p h l l l z e d d i f f u s a t e of b e e f , lamb, and p o r k . The r a 
t i o s of the d i f f e r e n t f r e e amino compounds i n red meats 
vary according to the species (Table V I ) . 

Each c l a s s of amino compounds ( n e u t r a l , a romat ic , 
h e t e r o c y c l i c , hydroxy, s u l f u r - c o n t a i n i n g , a o l d l c , and 
pept ides ) most p r o b a b l y make s p e c i f i c c o n t r i b u t i o n s to 
the f l a v o r of red meats. Lamb content of a o i d i c amino 
a c i d s ( g l u t a m i c , and a s p a r t i c ) i s approximately double 
that i n e i t h e r beef or p o r k . Lamb i s a l s o r i c h i n 
s u l f u r - c o n t a i n i n g amino a d d s ; i t s content i s twice 
that of pork and three times the value i n b e e f . The 
percentage of b a s i c amino compounds i n lamb Is three 
times that In pork and twice the value of b e e f . D u r i n g 
p r o c e s s i n g , each c l a s s of amino compounds produces spe
c i f i c v o l a t i l e s due to non-enzymlo browning r e a c t i o n s , 
p y r o l y s i s , e t c . The data In Tables V and V I , as w e l l as 
the v a r i a t i o n i n the pH values of red meats—beef (5 · 5 -
6 . 0 ) , pork ( 6 . 3 ) , lamb ( 7 . 0 ) — i s suggest ive that the 
v o l a t i l e s of processed lamb, p o r k , and beef w i l l d i f f e r 
e i t h e r q u a l i t a t i v e l y or q u a n t i t a t i v e l y or i n b o t h . I t 
i s p o s s i b l e that a r e l a t i o n s h i p could be found between 
the r e l a t i v e amount s of c e r t a i n amino compounds and 
meat f l a v o r s as represented by s p e c i e s . The d i s t i n c t i v e 
t a s t e of beef and i n s i p i d t a s t e of v e a l i s r a t i o n a l i z e d 
by the increase i n the content of s p e c i f i c amino a c i d s 
( v a l i n e , methionine , l e u c i n e , i s o l e u c i n e , l y s i n e , t h r e 
o n i n e , and tryptophan) w i t h age (18) . A l s o , the values 
of the i n d i v i d u a l e s s e n t i a l amino a c i d s and hydroxypro-
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Table V. Relative Amounts of Amino Compounds in Lyophilized 
Diffusate from Beef, Lamb and Pork. 

Amino Compound Beef Lamb Pork 

Phosphoserine 36 36 36 
Glycerophosphoethanolamine 2 1 2 
Phosphoethanolamine 66 115 45 
Taurine 
Urea 
Aspartic 82 178 137 
Threonine 111 367 48 
Serine+Asparagine(as serine)753 555 295 
Glutamic 463 711 195 
Proline — 357 64 
Glycine 240 503 275 
Alanine 1128 1074 419 
Cystine 437 756 211 
Valine 299 51 30 
Methionine 201 277 69 
Isoleucine 204 326 103 
Leucine 381 658 168 
Tyrosine 185 232 56 
Phenylalanine 136 216 51 
Ornithine — 111 tr 
NH3 + Lysine 619 1230 427 
Histidine 410 1135 255 
Anserine+Carnosine 9014 2989 6794 

(as anserine) 
1 - me thy lhis t idine 480 242 49 
a- amino -n- butyric acid — tr — 

(1) Arbitrary Units. 
(tr) To Represent Trace Amounts Only. 
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l i n e d i f f e r with respect to species of the a n i m a l s . 
Furthermore, the most expensive outs, such as f i l l e t 
and round cuts, contain t h e g r e a t e s t amount of t h e s e 
amino acids. 

Beef, pork , l a m b , and mutton from animals i n p o o r 
condition produced more l a b i l e s u l f u r i n the form of 
hydrogen s u l f i d e than did the meats from animals i n 
good c o n d i t i o n ( 1 9 ) · The amount of hydrogen s u l f i d e 
produced was d i r e c t l y related to the pH of the meat, 
i r r e s p e c t i v e of whether the pH was varied a r t i f i c i a l l y 
by the use o f a c i d , or a l k a l i or whether the u l t i m a t e 
pH was Increased b i o l o g i c a l l y by s t a r v a t i o n . 

Free c r e a t i n e and c r e a t i n e phosphate are by f a r 
the most abundant e x t r a c t i v e compounds of muscles as 
they c o n s t i t u t e about 0.5# of f r e s h muscle. Most of the 
c r e a t i n e i s present
c l e s . C r e a t i n e phosphate i s an important p h o s p h o r y l a t -
i n g agent and i s conoerned i n the chemical processes of 
muscle c o n t r a c t i o n . The means f o r c r e a t i n e content i n 
ox, sheep, and p i g muscles are 2.13, 2 .06, and 2.11 % 
of crude p r o t e i n , r e s p e c t i v e l y (20) . While c r e a t i n e has 
l i t t l e t a s t e , c r e a t i n i n e has a markedly b i t t e r t a s t e . 
In pure s o l u t i o n s , the b i t t e r n e s s i s o n l y n o t i c e a b l e at 
double the c o n c e n t r a t i o n present i n meat, when conver
s i o n to c r e a t i n i n e i s complete ( 2 1 ) · 

Red meat p e p t i d e s may be as complex as those ob
t a i n e d by p a r t i a l h y d r o l y s i s of a p r o t e i n , I . e . , there 
may be hundreds of components. The s e p a r a t i o n of pure 
i n d i v i d u a l compounds from such a mixture i s o b v i o u s l y 
d i f f i c u l t , but i t could be a c h i e v e d . With the excep
t i o n of repor ts (4>9,10) on the presence of carnos ine , 
a n s e r i n e , and g l u t a t h i o n e , no p u b l i s h e d work e x i s t s i n 
l i t e r a t u r e on the presence of other pept ides In red 
meats. As the t o t a l content of the amino a c i d s i d e n t i 
f i e d In aqueous meat e x t r a c t s account f o r a smal l p o r 
t i o n of the t o t a l n i t r o g e n content , the balance of the 
ni trogenous compounds should account f o r p e p t i d e s , 
g l y o o p e p t i d e s , n u c l e o t i d e s , n u c l e o t i d e d e r i v a t i v e s , and 
amines. The i n c r e a s e i n the number of the components 
obtained by f r a c t i o n a t i o n of meat f l a v o r p r e c u r s o r s by 
PGPC, PTLC, and a n a l y t i c a l GPC , i n d l o a t e s the presence 
of p e p t i d e s and/or g lyoopept ides depending upon the 
presence of carbohydrate moie t ies (F igures 3 and k) and 
(Tables I I , 1 1 1 and I V ) · 
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N u c l e o t i d e s and Nucleotide Derivatives 
Nucleotides present i n red meats vary according 

not only to species, breed, age of the animal, and feed 
but also to the freshness of the meat* 5 1 - I n o s l n e mono
phosphate (IMP) and 5 ' - g u a n o s l n e monophosphate(GMP) 
have f l a v o r enhancing e f f e c t s , and these effects are 
considered to be es s e n t i a l l y the same. The f l a v o r ef
fect of GMP i s said to be broader than that of IMP and 
generally produces a more harmonizing effect* GMP i s 
about 4 times stonger t h a n IMP i n aqueous solutions» 
Meats contain a very small quantity of GMP i n addition 
to IMP, b u t the l e v e l i s so small that i t cannot be 
considered to have any effect on t a s t e ( 2 2 ). Eight f r a c 
tions of pept ide-bound nucleotide  reported i  beef, 
one f r a c t i o n e x h i b i t e
l e d meats contain nucleotid  sugar y 
related to the metabolism and biosynthesis of sugars. 
Nucleotide choline i s i n v o l v e d i n l i p i d metabolism. 
5 f - c y t l d l n e monophosphate, 5 ' - a d e n o s i n e monophosphate, 
and 5 1 u r i d i n e monophosphate are a l s o present i n meat 
i n smal l c o n o e n t r a t i o n s . N u c l e o t i d e content i n red 
meats i s t a b u l a t e d i n Table V I I . 

E f f e c t Of Heat ing On Meat F l a v o r Precursors 

D u r i n g heat p r o c e s s i n g , the types of r e a c t i o n s 
which can occur to the non-aqueous f l a v o r precursors 
a r e : a u t o x l d a t i o n , h y d r o l y s i s , d ehydr a t i on and decar 
b o x y l a t i o n of f a t s g i v i n g r i s e to a ldehydes , f a t t y a c 
i d s , l a c t o n e s , ketones , hydrocarbons, a l c o h o l s , . . e t c . 
The aqueous f l a v o r p r e c u r s o r s may be subjected to g l y 
coside s p l i t t i n g , o x i d a t i o n , p y r o l y s i s ( thermal decom
p o s i t i o n ) t o y i e l d v o l a t i l e and n o n - v o l a t i l e compounds 
that i n f l u e n c e f l a v o r . Products of amino a c i d s p y r o 
l y s i s are very complex. The most Important f l a v o r p r o 
ducing chemical r e a c t i o n i s the non-enzymic browning 
r e a c t i o n of the amino a c i d s . T h i s r e a c t i o n i n v o l v e s 
o x i d a t i v e deamination of an amino a c i d molecule w i t h 
the format ion of an aldehyde w i t h one carbon atom l e s s 
than the o r i g i n a l a c i d . 

a - N u c l e o t i d e s . In a study on the browning r e a c 
t i o n of 5 ' - r i b o n u c l e o t i d e s w i t h D - g l u o o s e , F u j i m a k i et 
a l . (26) concluded that phosphate p l a y s an important 
r o l e In the browning r e a c t i o n of aldoses w i t h n u c l e o 
t i d e s , and that the phosphate e s t e r at the primary a l 
cohol of r l b o s e r e s i d u e , as w e l l a s , the i n o r g a n i c 
orthophosphate which i s l i b e r a t e d due to the h y d r o l y s i s 
of the e s t e r causes the development of the r e a c t i o n . At 
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Table VI. Classification of Free Amino Compounds in 
Red Meats. 

Amino Compound 
Beef 

Percent 
Lamb Pork 

Neutral Amino Acids 14.4 18.1 9.4 
Hydroxy Amino Acids 5.5 6.2 3.4 
Acidic Amino Acids 3.4 5.9 2.9 
Sulfur - Containing 

Amino Acids 
Basic Amino Acids 9.8 20.2 7.1 
Aromatic Amino Acids 2.0 2.9 1.0 
Dipeptides "Anserine + 55.8 19.7 61.1 

Carnosine" 

Table VII. Nucleotide Content in Red Meats 

Meat Nucleotide Content, mg/100g. Reference Meat 
CMP IMP IMP GMP AMP 

Beef 12.0 13.0 150.0 8.0 17.0 24 Beef 1.0 1.6 107.0 2.1 6.6 22 Pork 1.9 1.6 123.0 2.5 7.6 22 Mutton 1.9 0.6 83.5 5.1 6.8 25 
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higher temperature ( 1 2 0 ° C ), glucose accelerate the de
gradation of IMP, which may be attributed to interac
t i o n of the nucleotide with some reactive compounds 
such as osones and others which are possibly formed 
through 1 , 2 - and/or 2 , 3 - e n o l i z a t i o n of aldoses and fur
ther degradation, condensation, and p o l y m e r i z a t i o n * a l 
though IMP i s more stable than GMP, IMP-glucose solu
t i o n produced more 3 -deoxy-D-gluoosone and developed 
more intense brown color than OMP-glucose solution d i d , 
these differences may be a t t i b u t e d to the amino group 
on the purine r i n g i n GMP. In a study on the effect of 
heating on nucleotides i n beef, pork, and lamb, Maey 
et a l (2?) repor ted the f o l l o w i n g c o n c l u s i o n s . In the 
case of b e e f , CMP was not g r e a t l y Inf luenced by heat 
i n g to 49°C and ?? 6G i n t e r n a l temperature. AMP content 
a p p r e c i a b l y increase
tures , t h i s Increase might be due to the h y d r o l y s i s of 
adenosine diphosphate(ADP) and adenosine t r iphosphate 
(ATP) . UNP and IMP contents decreased by h e a t i n g to 
%^C and ?7°C. The influence of roasting to ^9°C and 
71 C i n t e r n a l temperatures, on pork n u c l e o t i d e s was 
s i m i l a r to that on b e e f . A l l n u c l e o t i d e s decreased 
d u r i n g r o a s t i n g except AMP which increased i n q u a n t i t y 
when heated to 7 1 ° C . When lamb was heated t o 6O0C i n 
t e r n a l temperature, GMP and UMP were destroyed a f t e r 5 
and 15 minutes r e s p e c t i v e l y . CMP doubled i t s o r i g i n a l 
c o n c e n t r a t i o n and then degraded g r a d u a l l y . About 85% 
of IMP content was l o s t a f t e r heat ing f o r 30 m i n . ( F i g 
ure 7 ) . 

b - Amino Compounds and G u a n i d l n e s . Cooking caus
ed s i g n i f i c a n t increases i n c r e a t i n e and decrease i n 
amino a c i d s , c r e a t i n e , non-amino n i t r o g e n and t o t a l 
carbohydrates (28, 29) · In the case of b e e f , c r e a t i n e 
content l o s s was dependent on the heat ing temperature. 
The l o s s amounted to 10 and 20$ of the o r i g i n a l con
c e n t r a t i o n , when heated up to k^°t and 7 7 ° C , respec
t i v e l y . D u r i n g cooking to 77*C, a l l f r e e amino ac ids 
of beef r o a s t s i n c r e a s e d , exoept t h r e o n i n e , s e r i n e , 
g l u t a m i c , h i s t i d l n e , and a r g i n l n e , which decreased. The 
o v e r a l l e f f e c t of cooking was an Increase of 38.3# I n 
the t o t a l amino a c i d s . T o t a l e x t r a c t a b l e amino n i t r o g e n 
i n c r e a s e d approximately 18# In the same sample d u r i n g 
c o o k i n g . These increases were probably due to p r o t e i n 
h y d r o l y s i s and p o s s i b l y i n v o l v e d cathepsins or other 
p r o t e o l y t i c enzymes i n the t i s s u e , s ince i t has been 
shown that most f r e e amino a c i d s decreased d u r i n g heat 
i n g when i s o l a t e d from the p r o t e i n s by d i a l y s i s ( T a b l e 
V I I I ) . T a u r i n e , a n s e r i n e , and carnosine increased to the 
grea tes t extent d u r i n g c o o k i n g . These were the major 
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Figure 7. Effect of heating lamb to 60° C internal 

temperature on inosine 5''-monophosphate 
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Table VIII. Percent Change in Free Amino Compounds of 
Lyophilized Red Meats Diffusâtes 

Amino Compounds Percent Change 
Beef Lamb Pork 

Phosphoserine -19.4 - 26.7 - 34.3 
Glycerophosphoethanolamine -50.0 - 100.0 - 50.0 
Phosphoethanolamine + 24.2 + 65.2 +320.0 
Taurine 
Urea 
Aspartic - 61.0 - 10.5 - 67.2 Threonine - 33.3 - 56.7 - 6.3 
Serine+Asparagine - 82.1 - 52.3 - 82.0 
Glutamic Acid - 52.1 - 53.1 - 39.0 Proline - 72.8 - 62.5 
Glycine - 45.0 - 47.6 - 42.5 
Alanine - 44.9 28.9 - 33.2 
Cystine -100.0 - 18.9 - 57.8 
Valine - 50.8 - 59.1 - 33.3 
Methionine - 62.7 - 35.4 + 44.9 
Isoleucine - 57.4 - 33.0 - 19.4 
Leucine - 38.6 - 45.6 - 40.5 
Tyrosine - 56.8 - 15.7 - 33.9 
Phenylalanine - 28.7 _ 39.5 - 23.5 Ornithine - 31.6 
NH3 + Lysine - 33.6 - 46.8 - 4.9 
Histidine + 1.7 26.2 + 22.0 
Carnosine + Anserine - 57.7 - 36.3 - 14.1 
1-Methylhistidine - 89.8 - 47.8 -100.0 
aAmino-n-butyric acid 
Total -55.77 - 37.3 - 19.8 

(-) decrease in value 
(+) increase in value 
From reference (9) 
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amino compounds present In both, raw and cooked beef. 
The increase i n free amino compounds content during 
cooking i s important f o r meat f l a v o r development due to 
t h e i r p a r t i c i p a t i o n i n the browning r e a c t i o n . The rec
ommended usage of carnosine i n soup preparation and 
creatine i n meat extracts are due to t h e i r contribution 
the mouthfeel . anserine i s desired as i t s f l a v o r l i n 
gers i n the mouth and was therefore savored more 
strongly than would be expected simply from a consider
a t i o n of taste i n t e n s i t y as measured by threshold 
d i l u t i o n technique (JO). A r g i n i n e , l y s i n e and h i s t I d i n e 
exert the same e f f e c t as the f l a v o r sensation clung 
tenaciously to the mouth. The odor and taste of cooked 
beef were improved by contracting raw beef with basic 
amino acids. Smearin  beef with arginin  befor  b r o i l 
ing or roasting, resulte
evaluation (31)· 

Seventeen amino acids and ten peptides were sub
jected to pyr o l y s i s (Barber Coleman unit Model 4180) 
and the products were i d e n t i f i e d by mass spectrometry, 
Table I X (32). Benzene, t o l u e n e , e t h y l benzene, and 
styrene were i d e n t i f i e d i n the products of the thermal 
degradadatlon of p h e n y l a l a n i n e ( 3 3 , 3^) . These r e p o r t s 
were r e s u l t s of work done at very higK temperatures 
above 700° C . , which i s f a r higher than the temperature 
of the oven used i n c o o k i n g . U s u a l l y , the oven used f o r 
r o a s t i n g i s set between 1 7 6 ° and 1 9 0 ° C . D u r i n g b r o i l 
i n g , the temperature at the surface of the meat might 
reach a degree as h i g h as 280~300°C. depending upon i t s 
d i s t a n c e from the source of heat . Thus, my d i s c u s s i o n 
w i l l be l i m i t e d to r e p o r t s i n the l i t e r a t u r e where the 
temperature d i d not exceed 300* C . 

c - P y r o l y s i s of S u l f u r C o n t a i n i n g Amino A c i d s . 
P y r o l y s i s of c y s t e i n e and c y s t i n e r e s u l t e d i n 7-8 v o l a 
t i l e compounds i n c l u d i n g 2 - m e t h y l t h l a z o l o d l n e which i s 
considered to be a a product of the r e a c t i o n of a c e t a l -
dehyde and meroaptethylamine(35 ) · E l e v e n compounds were 
i d e n t i f i e d i n the products of methionine p y r o l y s i s . 
Beside these v o l a t i l e compounds, a l a n i n e , c y s t i n e and 
1 s oleuc ine ( non- vola t i l e s);and a l a n l n e , i s ο leuc i n e , and 
methionine were detected i n the p y r o l y z e d products of 
c y s t e i n e and c y s t i n e , r e s p e c t i v e l y , but no amino a c i d s 
were found among methionine p r o d u c t s . The mixture of 
the seven i d e n t i f i e d v o l a t i l e compounds produced from 
c y s t i n e developed a pop-corn l i k e aroma w i t h a roasted 
sesame-l ike one. Methyl mercaptan seemed to be the main 
c o n t r i b u t o r to a p i c k l e d r a d i s h odor produced from the 
p y r o l y s i s of methionine . In 1973, Kato et a l .(36) i d e n 
t i f i e d f i f t e e n new v o l a t i l e compounds i n the p y r o l y s i s 
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Table IX. Pyrolysis Products of Amino Acids and Dipeptides 

Compound Product 

Glycine Acetone 
Alanine Acetaldehyde 
B-alanine Acetic Acid 
Valine 2-Methyl propanal 
Norvaline n-But anal 
Leucine 3-Methyl butanal 
Isoleucine 
Serine Pyrazine 
Threonine 2-Ethylethyleneimine 
Taurine Thiophene 
Methionine Methyl propyl sulfide 
Cystine Methyl thiophene 
Phenylalanine Benzene 
Tyrosine Toluene 
Tryptophan Ammonia, Carbon dioxide 

Pyrrole Proline 
Ammonia, Carbon dioxide 
Pyrrole 

Hydroxyproline N-Methyl pyrrole 
Glycyl-glycine Acetone 
Glycyl-valine Acetone, 2-Methyl propanal 

Acetone, Pyrrole Glycyl-proline 
Acetone, 2-Methyl propanal 
Acetone, Pyrrole 

Glycyl-methionine Acetone, Methyl propyl sulfide 
Glycyl-serine Acetone, Pyrazine 
Glycyl-tryptophan Acetone, Anmonia 
Glycyl-alanine Acetone, 2-Methyl pyrrole 
Alanyl-glycine Acetone, Acetaldehyde, anmonia 
Glycyl-leucine Acetone, Cyclopentane 
Leucyl-glycine Acetone, Acetic Acid 

Fran reference (32) 
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products of c y s t e i n e and f i v e more from c y s t i n e * The 
p o p c o r n - l i k e aroma most probably i s made up from the 
aroma of many compounds such as hydrogen s u l f i d e , t h i a -
z o l e s , p y r i d i n e s and 2 - m e t h y l t h i a z o l i d i n e . T h i a z o l e s 
and r e l a t e d compounds g ive a p y r i d i n e - or p i c o l i n e - l i k e 
odor . û c - P i o o l i n e g i v e s a m i l d p y r i d i n e - l i k e aroma and 
resembles p o p c o r n - l i k e one produced from p y r o l y z e d s u l 
f u r c o n t a i n i n g amino a c i d s (35)· Thiophenes were detec 
ted i n the v o l a t i l e s of p y r o l y z e d c y s t e i n e , b u t were not 
detected i n those of p y r o l y z e d c y s t i n e , t h e y g e n e r a l l y 
g ive s l i g h t l y unpleasant and c h a r a c t e r i s t i c odors* The 
d i f f e r e n c e s i n odor between c y s t e i n e and c y s t i n e may be 
p a r t l y a t t r i b u t e d to the presence of thiophenes In the 
v o l a t i l e s * T a b l e X l i s t s the compounds i d e n t i f i e d i n 
p y r o l y s i s products of s u l f u r - c o n t a i n i n g amino a c i d s . 
T h i a z o l e s and t h l a z o l l n e
t i o n of 2-methyl t h l a z o l l d l n e ; and c^-plcol ine and 2
ethyl-5 -methyl p y r i d i n e may produced by the r e a c t i o n of 
acetaldehyde and ammonia. 2 - M e t h y l t h l a z o l l d l n e Is 
thought to be produced from cystearnine and acetaldehyde 
(37)· I t i s q u i t e obvious that simple compounds such as 
ammonia, aceta ldehyde, cysteamine appear to be impor
tant precursors of many v o l a t i l e compounds. 

d - P y r o l y s i s of Aromatic Amino A c i d s . A m i n e - l i k e , 
p h e n o l - l i k e and i n d o l e - l i k e odors developed from p y r o l 
yzed p h e n y l a l a n i n e , t y r o s i n e and t r y p t o p h a n , r e s p e c t i v e 
l y ( 3 8 ) . Twelve compounds, many of which have aromatic 
r i n g s , were i d e n t i f i e d i n the v o l a t i l e s from thermal 
degradat ion of p h e n y l a l a n l n e ( T a b l e X I ) . T y r o s i n e and 
tryptophan produced some phenols and I n d o l e s , respec
t i v e l y , a long w i t h s e v e r a l other compounds. 

e- P y r o l y s i s of Hydroxy Amino Compounds. Ten 
v o l a t i l e compounds i n c l u d i n g s e v e r a l p y r a z i n e s were 
i d e n t i f i e d i n the p y r o l y s i s products of L - s e r i n e ( 3 9 ) . 
P y r a z i n e s were a l s o i d e n t i f i e d i n the p y r o l y s i s p r o d 
uc ts of L - t h r e o n i n e , but not from a l a n i n e and are con 
s i d e r e d to be c h a r a c t e r i s t i c p y r o l y s i s products of 
^-hydroxy amino compounds. A l s o , d i k e t o p l p e r a z i n e s . 
amines and carbonyl compounds were i d e n t1 f i e d , T a b l e X I I . 
Pyraz ines are h e t e r o c y c l i c n i t r o g e n compounds which 
c o n t r i b u t e s i g n i f i c a n t l y t o the d e s i r a b l e unique f l a v o r 
and odor a s s o c i a t e d w i t h r o a s t i n g o r t o a s t i n g of f o o d s . 
The odor of p y r a z i n e s has been d e s c r i b e d as c h a r a c t e r 
i s t i c a l l y e a r t h y , n u t t y and r o a s t e d . Maga and Sizer(40) 
reviewed p y r a z i n e s i n f o o d s . Pyraz ines c o u l d not be 
found when g l y c i n e , a l a n i n e , p h e n y l a l a n i n e , β - a l a n i n e , 
l e u c i n e , i s o l e u c i n e , v a l i n e , methionine, c y s t i n e , hydro
xy l y s i n e , t y r o s i n e , h i s t i d i n e , p r o l i n e , h y d r o x y p r o l i n e , 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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Table Χ. 

PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

Pyrolysis Products of Sulfur-Containing Amino Acids 

Compounds Cystine Cysteine Methionine 

Ethylamine 35 35 35 
Propylamine - - 35 
Allylamine - - 35 
Cr ο ty lamine - - 35 
α-Alanine 35 35 
Isoleucine 35 - 35 
2-Amino-4-methylthiobutyri
2- Methylthiazolidine 35,36 35,36 
Mercaptehylamine 35 35 
Hydrogen Sulfide 35 35 
Sulfur 35 
3- Methylthiopropylamine - - 35 
Methional -
Acetaldehyde 35 
Propionaldehyde 35 
Isobutyladehyde 35 
Acetone - - 35 
Ammonia 35 35 
Ammonium carbonate 35 35 
2-Methyl thiazoline 36 36 
a-Picoline 36 36 
2 - Ethyl - 5-methylpyridine 36 36 
2-Ethylthiazole - 36 
Thiophene - 36 
2- Methyl thiophene - 36 
3- Methyltetrahydrothiophene - 36 
2,5-Dimethyl thiophene - 36 
2,3-Dimethyl thiophene - 36 
2 (or 3)-Ethylthiophene - 36 
2.3- Dihydro-4(or 5) ethylthiophene - 36 
2-Methyl-3(or 4)-ethylthiophene - 36 
2,3,5-Trimethylthiophene - 36 
3 - Methyl - η - propy 1 thiophene - 36 
2.4- Dimethyl-5-ethylthiophene - 36 
2-Methylthiazole 36 
2-Methyl-5-ethyl thiazole 36 

From reference (35) and (36) 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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Table XI. Volatile Compounds Produced From The Pyrolysis of 
Aromatic Amino Acids 

Volatile Compounds Phenylalanine Tyrosine Tryptophan 

Benzylamine + 
Bibenzyl + 
p-Cresol + 
m-Cresol + 

Ethyl Benzene + 
3-Ethylindole + 

Indole + + 

Phenol + 

3-Phenyl ethylamine + + 

3-Phenylpropionitrile + 
Skatole + 

Stilbene + 
Toluene + 

Vinylbenzene + 
Phenylacetaldehyde + 
Acetaldehyde + 
Benzaldehyde + 
Ammonia + 

Methylamine + + 

Aniline + 

Tyramine + + 

Ethylamine + 

From reference (38) 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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tryptophan, l y s i n e , a s p a r t i c , asparagine , glutamic, 
glutamlne , adenine, and adenosine were i n d i v i d u a l l y 
subjected to p y r o l y s i s * On the other hand, pyrazines 
were obtained by heating i n d i v i d u a l amino-hydroxy com
pounds, notably those having amino and hydroxy groups 
i n adjacent carbon p o s i t i o n s without the p a r t i c i p a t i o n 
of sugars . I t i s obvious that the amino-hydroxy com
pounds themselves serve as a source of both carbon and 
nitrogen i n the pyrazine molecule. Thus,these compounds 
are important precursors i n foods, e . g . , ethanolamlne, 
glucosamine, serine, threonine, 4-amino-3-hydroxybuty 
r i e a c i d , and a l a n y l s e r l n e . The composition of pyra
z i n e mixtures and the r e l a t i v e amounts of each pyrazine 
produced v a r i e d from one amino-hydroxy compound to a n 
other* For example, pyrazine  2-methyl p y r a z i n e , 2 , 5 - d i -
methyl p y r a z i n e , 2 , 3 - d l m e t h y
p y r a z l n e wi th(2 -methyl p y r a z i n e f o r the l a r g e s t peak) 
r e s u l t e d from glucosamine; w h i l e t r i m e t h y l - , 2 , 5 - d i -
m e t h y l - , and 2 , 5 - d i m e t h y l - 3 - e t h y l p y r a z i n e ( w l t h 2 , 5 - d i -
methyl p y r a z i n e f o r the l a r g e s t peak were obtained from 
4 - a m i n o - 3 - h y d r o x y - b u t y r l c a c i d (hi). Dawes and Edwards 
(42) speculated on the mechanism of format ion of sub
s t i t u t e d p y r a z i n e s i n sugar-amine systems. 

f- Nonenzymlo Browning R e a c t i o n . React ions i n 
duced by h e a t i n g amino a c i d s and sugars are known as 
nonenzymic browning or M a i l l a r d r e a c t i o n s . Meat f l a v o r s 
are a l s o generated i n r e a c t i o n s of t h i s t y p e . T h i s had 
been the subject of s e v e r a l reviews (43, 44, 45, 46 ) . 
The M a i l l a r d r e a c t i o n i s the react!on^between an amino 
compound (amine, amino a c i d , p e p t i d e , or a p r o t e i n ) and 
a g l u c o s i d i c hydroxy group i n a sugar · Hodge (44) p r o 
posed a seven-step mechanism: 
1- Sugar-amino a c i d condensation ( formation of N - s u b s t i -
tuted glycosylamine ) . 
2- Amadori rearrangement ( rearrangement to produce a 
s u b s t i t u t e d l - a m i n o - l - d e o x y - 2 - k e t o s e ) · 
3- Sugar d e h y d r a t i o n . 
4- Sugar f ragmentat ion . 
5 - Amino a c i d d e g r a d a t i o n . 
6- A l d o l condensat ion. 
?- Aldehyde-amine p o l y m e r i z a t i o n . 
Products of the M a i l l a r d r e a c t i o n i n c l u d e a l i p h a t i c a l 
dehydes, f u r f u r a l , f u r f u r a l d e r i v a t i v e s , ketone, and 
1 , 2 - d l c a r b o n y l compounds. The a l i p h a t i c aldehydes are 
produced by the o x i d a t i v e degradat ion of the amino acide 
(known as S t r e c k e r d e g r a d a t i o n ) . The r e s u l t i n g aldehdes 
c o n t a i n one carbon atom l e s s than the i n i t i a l amino 
a c i d . The Streoker degradat ion can occur by r e a c t i o n of 
amino a c i d s e i t h e r w i t h Amadori rearrangement products 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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or with d l c a r b o n y l compounds present i n the reaction 
mixture* F u r f u r a l and i t s d e r i v a t i v e s are produced by 
dehydration of the amadori rearrangement products, and 
they can p a r t i c i p a t e i n the Streoker degradation. 

There i s no d e f i n i t e r e l a t i o s h i p between the odor 
produced and the temperature to which various individual 
amino a c i d s were heated with g lucose ( 4 7 ) · For example , o 

with l e u c i n e and threonine the odor was"pleasant at 100? 
but unpleasant at 1 8 0 ° C . With h l s t i d l n e an odor appear
ed at 1 8 0 ° C . Irrespective of the temperature, glycine, 
c i -a lanlne , / ^ - a l a n i n e and glutamic a c i d produced only 
the odor of burnt sugar when heated wi th g l u c o s e ; while 
t ryptophan, t y r o s i n e , a r g l n i n i n e , a n d « - a m l n o b u t y r i c 
a c i d produced the burnt sugar odor only at 1 8 0 ° C # 

Table XII I l i s t s the v o l a t i l e compounds produced 
by the r e a c t i o n of c y s t e i n
and pyruvaldehyde (48) , there are not too many 
d i f f e r e n c e s between the aroma produced by the r e a c t i o n 
of pyruvaldehyde and glucose• Pyrazines had been i d e n t i 
f i e d as the v o l a t i l e s c o n t r i b u t i n g to the f l a v o r s p r o d 
uced by the sugar-amino a c i d r e a c t i o n . 2 , 5 - D l m e t h y l - , 
and 2 , 5 - d i m e t h y l - 3 - e t h y l p y r a z l n e were detec ted i n the 
v o l a t i l e s r e s u l t i n g from h e a t i n g c y s t e i n e and c y s t i n e 
w i t h pyruvaldehyde. Trime thyIpyra ζ ine was found only i n 
the presence of c y s t e i n e . While m e t h y l - , 2 , 5 - d i m e t h y l - , 
2- m e t h y l - 3 - e t h y l - , 2 - m e t h y l - 6 - e t h y l - , and 2 , 5 -d lmethyl -
3- e t h y l p y r a ζ ine were products of h e a t i n g glucose w i t h 
c y s t e i n e ; methylpyrazine was the only p y r a z i n e present 
i n the v o l a t i l e s r e s u l t i n g from a mixture of glucose 
and c y s t i n e . S e v e r a l thlophenes were detec ted i n the 
v o l a t i l e s produced by the r e a o t i o n of c y s t e i n e w i t h 
pyruvaldehyde except 2 - th lophenolc a d d which e x i s t e d 
only i n the presence of c y s t i n e . Thiophene and hydroxy-
thiophene were found i n the v o l a t i l e s produced from heat
ed g l u c o s e - o y s t e i n e . T h l o p h e n e s g e n e r a l l y g i v e a l i t t l e 
unpleasant and c h a r a c t e r i s t i c odor . T h i a z o l e s were prod
uced from s u l f u r - c o n t a l n i n g amino a c i d s i n the presence 
of e i t h e r glucose or pyruvaldehyde, but t h e i r species 
were d i f f e r e n t . 

g - P e p t i d e s . I n f l a v o r chemistry , pept ides have 
been s t u d i e d as components which c o n t r i b u t e a b i t t e r , 
sour and sweet t a s t e . Reports on pept ides as o o n t r t r i b -
u t o r s to d i s c o l o r a t i o n and aroma of foods was seldom 
r e p o r t e d . R e l a t i n g to the p r o d u c t i o n of food f l a v o r and 
nonenzymic browning, s t u d i e s were concentrated on amino 
a c i d s , amines and p r o t e i n s . The order of the browning 
r a t e of amino compounds i s : t e t r a g l y c i n e > t r i g l y c i n e > 
diglycine^> D L - a l a n y 1-DL-alanine]> g l y c i n e > D L - a l a n i n e , 
and the r e a c t i v i t y of p e p t i d e i s much h i g h e r than that 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



172 PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 

Table XIII. Volatile Compounds Produced by the Reaction of 
Sulfur-Containing Amino Acids with Glucose or 
Pyruvaldehyde. 

Volatile Compounds Glucose and Pyruvaldehyde § 
Cysteine Cystine Cysteine Cystine 

Thiophene X - X -
Hydroxy thiophene X 
2- Methylthiophene -
3- Methyl Thiophene - - X -
2,5-Dimethyl thiophene X 
2.3- Dihydro-4(or 5)-ethyl- -

thiophene 
2 (or 3-)Ehtylthiophene -
2- Methyl-3(or 4-)ethyl

Thiophene 
2,3,5-Trimethy1thiophene - - - -
3- Methyl-n-propylthiophene -
2.4- Dimethyl-5-ethylthiophene -
2-Thiophenoic acid _ - - X 
2-Methyltetrahydrothiopehen-3-one - - X -
Thiazole - - X -
2-Ethylthiazole - - X -
2-Methylthiazole - X - X 
5 (or 4)-Methyl thiazole - - X -
5 (or 4)-Ethylthiazole - - X -
Trimethyl thiazole - X - -
2-Methylthiazoline X 
2-Acetyl-4-methylthiazole - - - X 
Pyridine X X " " 
α-Picoline X 
β-Picoline Χ X 
2-Methyl-5-ethylpyridine X 
Methylpyrazine X X - -
2.5- Dimethylpyrazine X - Χ X 
2-Methyl-6-ethylpyrazine X 
2-Methyl-3-ethylpyrazine X 
2,5-Dimethyl- 3-ethylpyrazine χ - Χ X 
Trimethylpyrazine - - X -
Furfural X 
2-Methyl-5-ethylfuran X 
2-Acetylfuran X 
2-Acetyl- 5-methylfuran X 
Furfural alcohol X 
5-Methylfurfural - X - X 
2,5-Dimethyl-3-ethylfuran - - - X 
2-Furoic acid - - Χ X 
Phenol - - X -
p-Nfethylbenzoic Acid - - - X 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



10. MABROUK Nonvolatile Nitrogen and Sulfur Compounds in Red Meats 173 

Table XIII. Volatile Compounds Produced by the Reaction of 
Sulfur-Containing Amino Acids with Glucose or 
Pyruvaldehyde. (cont'd) 

Volatile Compounds Glucose and Pyruvaldehyde ξ 
Cysteine Cystine Cysteine Cystine 

Ethyl Alcohol X X - -
2,4 (or 5) Dimethyl thiazole X 
2-Methyl-4(or 5) ethylthiazole X - x 

2-Ethylthiazoline - - X -
Benzoic Acid Χ X 
p-Methylbenzoic Acid Χ X 
Acetic Acid Χ X - X 
2-Methylthiazoline -
Furfuryl alcohol X 
Benzene - - X -

From reference (48) 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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of the amino a c i d ( ^ 9 ) · The taste of g ljoy 1 - L -leucine i s 
very b i t t e r , but the product of i t s r e a c t i o n w i t h g l y -
oxal at !OO 0C ,pH 5·00; has an a s t r i n g e n t , β l i t t l e sour 
and l a t e r a m i l d t a s t e . A s e r i e s of new pyrazlnones 

2-( 3 1 - a I k y 1 - 2 1 - o x o - p y r a z i n - 1 1 - y l ) a l k y l a o i d s were p r e 
pared from v a r i o u s d i p e p t i d e s , Table X I V . Pyraz ine p r o 
ducts r e s u l t i n g from the reaction of amino acids with 
oarbonyl compounds and by the pyrolysis of some amino 
aoids were considered to be s t a b l e , especially when i t s 
s u b s t i t u e n t s are a l k y l groups* Pyrazines w i t h s u b s t i 
tuent s other than a l k y l group such as i n the case of 
d ihydropyra ζ ine was shown to be reactive* The addition 
of pyrazinone to d i p e p t i d e - g l y o x o l s o l u t i o n Increased 
the browning w h i l e amino a c i d - p y r a z i n o n e or g l y o x a l -
pyrazinone s o l u t i o n caused no browning (49)» One can 
assume that pyrazinon
a c t i o n , and i t probably reacts w i t h n e i t h e r the amino 
a c i d nor w i t h g l y o x a l , but w i t h the product produced i n 
the r e a c t i o n . The experimental r e s u l t s i n d i c a t e d that 
2 - ( 3 , - m e t h y l - 2 l - o x o - p y r a z l n - l , - y l ) p r o p l o n i c a c i d was 
more a c t i v e i n browning than 2 - ( 2 1 - o x o p y r a z l n - 1 r - y l ) 
i s o c a p r o l c a c i d , the s u b s t i t u e n t may be considered as a 
causat ive f a c t o r . 

In a study on l i p i d browning,Dugan and Rao (50) 
reported that the r e a c t i o n s proceed r e a d i l y at low mois
ture l e v e l s ( 2 . 5 $ ) and ambient or e levated temperatures. 
The r e a c t i o n between p h o s p h a t i d y l e tha nola m ine(PE) and 
nonanal (Table XV) on p r o t e i n matr ix ( l l p l d - f r e e beef 
muscle f i b e r s ) i n d i c a t e d that the carbony l r e a c t i o n s 
prooeeded w i t h both amino groups from PE and from the 
p r o t e i n m a t r i x . C e r t a i n amino a c i d s , such a s , l y s i n e , 
a l a n i n e , p h e n y l a l a n i n e , and t y r o s i n e reac ted w i t h a l 
dehydes (nonanals or o x i d a t i o n products of unsaturated 
Ρ Ε ) , s u f f i c i e n t l y to reduce t h e i r q u a n t i t y i n the t o t a l 
amino a c i d content i n the system. The r e a c t i o n s were 
competi t ive that the presence of PE had a spar ing e f 
f e c t on amino a c i d s i n the p r o t e i n m a t r i x . T h i s obser
v a t i o n may p r o v i d e a r a t i o n a l e f o r the changes In tex
t u r e , c o l o r , f l a v o r , and n u t r i t i v e value of d r i e d foods 
c o n t a i n i n g p r o t e i n s and p h o s p h o l i p i d s . 

Furans i n Meat 

Tonsbeek et a l . (51) reported the presence of 
4 -hydroxy-2 .5 -dimethyl^3(2K)- furanone and 4 -hydroxy-5 -
methyl-3(2H)-furanone i n beef b r o t h . The p r e c u r s o r s of 
these compounds are r i b ο s e-5-pho spha t e and e i t h e r t a u r 
ine or p y r r o l i d o n e c a r b o x y l i c a c i d . I n the products of 
the r e a c t i o n of these two hydroxy furanones w i t h hydro
gen s u l f i d e , w e r e repor ted s u b s t i t u t e d 3-meroeptofurans, 
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ana 3-meroaptothiophenes i n v a r i o u s degrees of s a t u r â t -
ion(52) .The thiophene analogs of the hydroxyfurenones 
s t a r t i n g m a t e r i a l s were a l s o formed i n these r e a c t i o n s . 
These analogs i n t u r n a f f o r d e d s t i l l more meroaptothio-
phenes and mercaptothiophenones.The r e a c t i o n systems 
and many of p u r i f i e d i s o l a t e d compounds had m e a t - l i k e 
odors . As hydroxyfuranones and hydrogen s u l f i d e had 
been repor ted i n b o i l e d beef( 5 1 ) , i t i s expected that 
t h e i r r e a c t i o n products are a l s o p r e s e n t , though i n con
c e n t r a t i o n s undetected by the a v a i l a b l e ins t rumental 
t e c h n i q u e s . 

Taste of F l a v o r Precursors 

The o v e r a l l ttflavor" s e n s a t i o n may convenient ly be d i 
v i d e d i n t o s e n s a t i o
case of cooked meats, the c o n t r i b u t i o n of aromatic com
pounds would be large i n comparison with that due to 
the n o n - v o l a t i l e t a s t e - b e a r i n g components. A l l D-amino 
a c i d s have sweet t a s t e . With the except ion of L - p h e n y l -
a l a n l n e which i s b i t t e r , a n d 1 -a lanine which i s s l i g h t l y 
sweet, a l l L-amino a c i d s are t a s t e l e s s * Free L - g l u t a m l c 
a c i d has a w e l l known brothy t a s t e . Some of the L - g l u t -
amyl d i p e p t i d e s formed from c o u p l i n g an amino a c i d to 
the (X-oarboxyl group of L - g l u t a m i c a c i d were found to 
t a s t e b r o t h y : glutamyla spart1ο , g lutamylthreonine , 
g l u t a m y l s e r i n e , and glutamylglutamic (53)· Glutamy1 -
g l y c y l s e r i n e i s r e s p o n s i b l e f o r the b r o ï B y t a s t e of an 
enzymat loa l ly m o d i f i e d soybean p r o t e i n . About t h i r t y 
a c i d i c o l i g o p e p t i d e s were i s o l a t e d and I d e n t i f i e d i n a 
f l a v o r p o t e n t i a t i n g f r a c t i o n from f i s h p r o t e i n hydro-
l y s a t e (5*0 · Four d i p e p t i d e s (glutamyla spar11c, g l u t a 
my Ig lutamlo , g l u t a m y l s e r i n e , and t h r e o n y l g l u t a m i c ) , and 
f i v e t r i p e p t l d e s ( a s p a r t y l g l u t a m y l s e r i n e , g l u t a m y l a s p a r -
t y l g l u t a m i c , glutamylglutanrineglutamic , g l u t a m y l g l y c y l -
s e r i n e , and sery lg lutamylglutamic ) had a f l a v o r q u a n t i 
t a t i v e l y resembling that of monosodium glutamate(MSG). 
The t h r e s h o l d l e v e l of g l u t a m y I g l y c y l s e r i n e , f o r exam
p l e , was estimated to be approximately 0.2$ i n water at 
pH 5.0 , whereas that of MSG was almost one tenth of 
t h i s l e v e l under the same c o n d i t i o n s . Some i s o l a t e d 
pept ides were repor ted to e x h i b i t b i t t e r taste(glutamyl-
a s p a r t y l v a l i n e , a s p a r t y l l e u c i n e . i s o l e u c y l g l u t a m y l -
g l u t a m i c , and i s o l e u o y l g l u t a m i c ) w h i l e others had a 
f l a t t a s t e . A s t rong s y n e r g i s t i c r e l a t i o n s h i p e x i s t s 
between n u c l e o t i d e s and MSG w i t h the r e s u l t that b lends 
of MSG and n u c l e o t i d e s exceed the potency and v e r s a t i l 
i t y of e i t h e r m a t e r i a l alone.The optimum b l e n d which 
o f f e r s the greatest e f f e c t i v e n e s s f o r the l e a s t cost i s 
a b l e n d of 95% MSG and 5% n u c l e o t i d e s . D e s i r a b l e f l a -
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vors were enhanced by addition of sodium lnosinate re
gardless of the type of the meat or cooking method (5§)« 
Disodium lnosinate oonsistently produced an Impression 
of greater viscosity and Increased flavor. 

Amino acids play an Important part In the palata
ble taste of foods* When glycine was added to a 1# NaCl 
solution containing L-glutamlo or L-aspartlo and IMP 
plus GMP at 0.1# , the palatable taste of the medium 
was significantly Improved. The ternary synergism among 
L-glutamic or L-aspartic,5'-nucleotides and glycine Is 
different from the binary synergism already known be
tween L-glutamlo a d d and 5'-nucleotides (56) . The ter
nary synergism i s significant at the concentration of 
the stimulus threshold of these components. The 
ternary synergism wa t du  t  th t tast f 
glyolne. No binary synergis
served between glyolne and L-glutamic or L-aspartlo, or 
glycine and 5'-nucleotides.Extending the study to i n 
clude other o(-amlno adds, Indicated the absemoe of any 
binary synergism of palatable taste between IMP plus 
GMP or MSG and glyolne, L-alanine, L-serine, L - h l s t l -
dine-HCl, L-methlonine, or DL-tryptophan In 1$ NaCl so
lutionis?) •However, L-alanlne (0 .05) , L-eystine (0 .05) , 
Çlyclne(O.lO), L-histldlne-HCl (0.004), ^methionine 
10 . 0 3 ) . L-prollne (0 .20), L-serIne(0.10), DL-tryptophan 
(0*015), or L-valine(0.15g./dl.) gave a ternary syner
gism with IMP plus GMP and MSG(0.01#, respectively) In 
1# NaCl solution. When two or three of this group of 
amino aoids were added to 1# NaCl solution containing 
MSG and IMP plus GMP at 0.01JÉ, the ternary synergism 
caused by these amino acids was estimated as the alge
braic sum of the a c t i v i t y of the Individual amino acids 
( 5 8 ) · 

PfcaymaoolgKlogl Effect? 
Bed meat flavor precursors have well known functions In 
human nutrition. The evidence of their pharmacological 
properties has been known for many decades before their 
contributions to flavor were established. Suoh proper
ties of amino acids, peptides, sugars,nucleotides..etc 
have been reviewed In human physiology ,human biochem
i s t r y and human nutrition books and reviews (££,60). 

Meat extract, which Is a concentrate of aqueous 
beef extract, Is olalmed to be a stimulant. Products 
containing meat extract, have been regarded as general 
tonics and stimulants, assisting recovery from exhaus
tion and fatigue. Preoise information about these ef
fects are lacking. It Is, of course possible that the 
well-known promotion of gastric and Intestinal seore-
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tion and motility might cause secondary,more general
ized effects and result In a real or apparent stimula
tion. Injecting creatine in frogs before setting them 
to work on a treadmill, proved to be responsible for 
Improving muscular performance and hastened recovery 
after work(61). In his classical fistulas experiments 
with dogs,. Pavlov (62) had Indicated that meat extract 
was a powerful stimulant of gastric secretion. He eval
uated some of meat extract components and concluded 
that creatIne,hypoxanthlne, xanthine,leucine and a mix
ture of inoslne and hypoxanthlne were Ineffective* La
ter, Krimberg and Komarov (63,64,6j>) and Korohow (66) 
demonstrated that carnosine at a concentration of 0*02 
g./kg was the compound responsible for the gastric 
stimulating properties* Using a dose of 0*005 g./kg
Schwarz and Goldschmld
retion following th
dogs with gastric f lstulas(6£) · Evaluating pure samples 
of carnosine, carnitine and methyl guanidlne for their 
effect as stimulant of gastric secretion, proved that 
carnosine was the most powerful one. Intravenous injec
tion of carnosine was most effective than subcutaneous 
and oral administration. The principal funotlon of an
serine and carnosine Involves the coupling of phospho
rylation with glycolysis and the synthesis of adenosine 
triphosphate. Carnitine which had been reported in meat 
extracts is Identical with vitamin % (68) . Methionine 
has been reported to be beneficial In the prevention 
and treatment of l iver Injury due to poisoning by arse
nic, chloroform, carbon tetraohoride, or trinitro -
toluene.lt has been recommended in the treatment of 
eclampsia, shook, infectious hepatitis and cirhosls of 
the l iver. It has been prescribed In the management of 
obese, and patients with severe burns(69)· 

"The whole f ield of flavor precursor chemistry is 
In its Infancy, and It is reasonable to say that no 
study — be i t academic or commercial — of a natural 
flavor can be considered oomplete unless i t includes 
the precursors of that flavor. An approach to any f la 
vor problem which recognizes the importance of the two 
complementary approaches is more likely to give a com
plete picture of the flavor and the mechanism of Its 
formation than attempts to Interpret its chemical 
constitution 1 1, Rohan1 s statement(70) expresses my views. 

ABSTRACT 
Red meats exhibit d i s t inct taste and f lavor which 

are characterist ic of the i r animal speies. Age of the 
animal, type of feed, animal condition, type of meat 
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cuts, meat processing, etc., strongly affect the taste 
and flavor of individual meats. Non-volatile nitrogen 
and sulfur compounds play an important role in the 
development of the characteristic flavors of red meats. 
Their pharmacological effect, relative importance, and 
their role in the formation of flavor components were 
discussed. Speculations on the reasons for differences 
in red meat flavors that intrigue flavor chemists were 
reported. 
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F u r a n s Subst i tuted at the T h r e e P o s i t i o n  w i t h  S u l f u r 

WILLIAM J. EVERS, HOWARD H. HEINSOHN, JR., 
BERNARD J. MAYERS, and ANNE SANDERSON 

International Flavors and Fragrances, Inc., 1515 Highway 36, Union Beach, N. J. 07735 

During recent years the a n a l y s i s of cooked meats 
and of model systems has been reported by numerous investigators; 
 l ead ing re ferences inc lude Wilson et  al  
(1) , Mussinan and Katz (2) , Persson and von Sydow (3) , 
Schutte (4) , and van den Ouweland and Peer (5) . 

We now report the isolation, identification and 
synthes i s of two important meat f l a v o r and aroma chemicals, 
2 - m e t h y l - 3 - f u r a n t h i o l (1) and b i s (2-methyl-3-
furyl) disulfide (2).
 

While prepar ing smal l batches (1000 g) of a p r o 
cessed meat f l a v o r which cons i s t ed of a mixture of L -
cys te ine h y d r o c h l o r i d e , thiamine c h l o r i d e h y d r o c h l o r 
i d e , hydro lyzed vegetable p r o t e i n and water heated at 
reflux for four hours (6), it was noted that the c o n 
densate possessed an intense roasted aroma. The material 
respons ib le f o r the aroma proved to be e x t r a c t -
able with methylene c h l o r i d e but when the methylene 
c h l o r i d e was removed, only a minute amount of m a t e r i a l 
remained. In order to obta in workable q u a n t i t i e s of 
aroma m a t e r i a l f o r a n a l y s i s a large s ca l e preparat ion 
was undertaken. T h i s r e a c t i o n t o t a l e d 4,000 l b s . and 
gave 40 ga l lons condensate from which 16 liters  of 
methylene c h l o r i d e e x t r a c t was obta ined . C a r e f u l s o l 
vent removal of the e x t r a c t under mi ld vacuum and 
f i n a l c o n c e n t r â t ion with a stream of n i t rogen gave 

1 2 
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50 ml of concentrate possessing a powerful roas t aroma. 
T h i n - l a y e r chromatography of the concentrate i n 

d i c a t e d the presence of a r e a d i l y i s o l a b l e compound 
near the so lvent f r o n t . Repeated prepara t ive t h i n -
l a y e r chromatography gave, from 2.4 g of concentra te , 
a 66 mg sample of the d i s u l f i d e 2. The s t r u c t u r e i s 
assigned on the b a s i s of mass s p e c t r a l , proton magnetic 
resonance and i n f r a r e d d a t a . When the concentrate was 
subjected to examination by GLC, i t gave a success ion 
of peaks b l e n d i n g i n t o a complex chromotogram. One 
p a r t i c u l a r s e c t i o n of the GLC e f f l u e n t when organolep-
t i c a l l y evaluated had what was descr ibed as a 1 1 pot 
r o a s t " type aroma. I s o l a t i o n of the compound or com
pounds r e s p o n s i b l e f o r t h i s odor was undertaken. As a 
r e s u l t of repeated t r a p p i n g and rechromatography 
i t became apparent tha
present i n very minute amounts. With much t r i a l and 
e r r o r , a scheme f o r the i s o l a t i o n of t h i s compound was 
worked out . Thus, from 4 ml of concentrate we obtained 
2- 3 λ of the f u r a n t h i o l 1. As i n the case of the d i 
s u l f i d e , the s t r u c t u r e proposed was based on mass 
s p e c t r a l , proton magnetic resonance and i n f r a r e d d a t a . 

In order t o c o n f i r m the proposed s t r u c t u r e s of 1 
and 2, t h e i r s y n t h e s i s was undertaken and i s o u t l i n e d 
i n Table I . S u l f o n a t i o n of 5 - m e t h y l - 2 - f u r o i c a c i d 
(3) with fuming s u l f u r i c a c i d gave the known 2 - m e t h y l -
3 - s u l f o - 5 - f u r o i c a c i d (4) (7) which was decarboxylated 
with mercuric c h l o r i d e to y i e l d 2 - m e t h y l - 3 - f u r a n s u l -
f o n i c a c i d (5) . Treatment of 5 w i t h t h i o n y l c h l o r i d e 
gave the s u l f o n y l c h l o r i d e 6, which was reduced w i t h 
l i t h i u m aluminum h y d r i d e , g i v i n g 2 - m e t h y 1 - 3 - f u r a n t h i o l 
(1) . T h i s m a t e r i a l has an i d e n t i c a l mass spectrum, 
proton magnetic resonance and i n f r a r e d spectrum as the 
m a t e r i a l s i s o l a t e d from the r e a c t i o n meat f l a v o r . O x i 
d a t i o n of 1 wi th iodine gave b i s ( 2 - m e t h y l - 3 - f u r y l ) 
d i s u l f i d e (2) which a l s o has i d e n t i c a l s p e c t r a l p r o 
p e r t i e s as the i s o l a t e d m a t e r i a l . These syntheses 
thus conf i rm the s t r u c t u r e s proposed from the a n a l y -
t i c a l data f o r the i s o l a t e d m a t e r i a l s (8) . 

S i m i l a r compounds were synthes ized i n order to 
compare the f l a v o r p r o p e r t i e s of these compounds. The 
corresponding 2 , 5 - d i m e t h y l - 3 - f u r a n t h i o l (8) was p r e 
pared by h y d r o l y s i s of 2 , 5 - d i m e t h y l - 3 - t h i o a c e t y l f u r a n 
(7) (10) . 

Treatment of 2 , 5 - d i m e t h y l furan with e i t h e r s u l 
f u r monochloride or s u l f u r d i c h l o r i d e gave, i n low 
y i e l d , a mixture c o n t a i n i n g both b i s ( 2 , 5 - d i m e t h y l - 3 -
f u r y l ) s u l f i d e (10c) and b i s ( 2 , 5 - d i m e t h y l - 3 - f u r y l ) d i 
s u l f i d e ( l O d ) . The corresponding t r i - and t e t r a s u l -
f i d e s of 2 were a l s o prepared. Thus the r e a c t i o n of 1 
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TABLE I 

3 4 5 

1 

7 1 , R=H 6 

2, R » H , n - 2 9 
10a,R=-H,n=-3 
10b,R-H,n~4 
10c,R=»Me,n=0. 
10d,R-Me,n=»2 
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with s u l f u r d i c h l o r i d e gave b i s ( 2 - m e t h y l - 3 - f u r y l ) 
t r i s u l f i d e (10a) and the r e a c t i o n of 1 w i t h s u l f u r 
monochloride gave b i s (2-methy1-3-fury1) t e t r a s u l -
f i d e (10b). For comparison, 5 - m e t h y l - 2 - f u r a n t h i o l 
(12) and b i s ( 5 - m e t h y l - 2 - f u r y l ) d i s u l f i d e (13) were 
prepared. Treatment of the l i t h i o d e r i v a t i v e of 
s y l v a n (U) wi th s u l f u r gave the t h i o l 12 which was 
o x i d i z e d with iodine to give 13. 

11 1

A summary of the o r g a n o l e p t i c e v a l u a t i o n s of the 
v a r i o u s compounds i s contained i n Table I I . It i s 
apparent from a b r i e f study of the t a b l e that a l l of 
the furans where the s u l f u r atom i s bound to the β 
carbon have meaty aroma and t a s t e c h a r a c t e r i s t i c s . 
However, when the s u l f u r atom i s i n the a p o s i t i o n 
only hydrogen s u l f i d e l i k e , burnt and chemical notes 
are observed. It i s somewhat s u r p r i s i n g that a one 
carbon s h i f t i n s u b s t i t u t i o n would produce t h i s s u b 
s t a n t i a l change i n f l a v o r c h a r a c t e r . 

Experimental 

I s o l a t i o n of 1 and 2. In a s u i t a b l e v e s s e l a mix
ture of 35 l b s . of thiamine c h l o r i d e h y d r o c h l o r i d e , 35 
l b s . of L - c y s t e i n e h y d r o c h l o r i d e , 1,238 l b s . of vege
table p r o t e i n hydrolysate (carbohydrate f ree) and 2,692 
l b s . of water was heated at r e f l u x f o r f o u r hours . 
A f t e r 45 minutes, 40 g a l l o n s of condensate was removed 
dur ing 3^ h r s . Each g a l l o n was ex t rac ted with 400 ml 
of CHgClg a n d t h e e x t r a c t s were combined and d r i e d with 
sodium s u l f a t e . Solvent removal i n m i l d (100 mm) 
vacuum and f i n a l c o n c e n t r a t i o n wi th a stream of dry 
n i t r o g e n gave 50 ml of concentra te . 

2 - M e t h y l - 3 - f u r a n t h i o l (1) : Preparat ive GLC of 
the concentrate ( 2 x 2 ml) on an 8' χ 3/4", 25% SE 
30 on A/W DMCS column, programmed from 7 0 ° t o 2 2 5 ° C at 
l ° / r a i n y i e l d s about 300 λ c o n t a i n i n g a s t rong pot roast 
aroma. Rechromatography of the 300 λ on a 10 f χ 3/8", 
20% CBW 20M A/W DMCS column programmed from 8 0 ° to 
2 2 5 ° C at l ° / m i n y i e l d s about 100 λ of m a t e r i a l c o n t a i n 
ing a very intense pot roast aroma. F i n a l chromato
graphy of t h i s m a t e r i a l on a 10 1 χ 1/4" g l a s s , 20% 
Apiezon L column gave 2-3 A of 2 - m e t h y l - 3 - f u r a n t h i o l 
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h a v i n g : i r (neat, ΚBr p l a t e s ) 3120, 2960, 2925, 2540 
( -SH), 1595, 1514, 1222, 1136, 1092, 938, 888 and 730 
cm ; nmr (CC1 4 )8 2.32 ( s , 3 , a r i n g CHo), 2.47 ( s , l 
β SH), 6.19 ( d , l , J = 1 . 5 H z , β r i n g Η ) , 7715 ppm ( d , l , 
J=1.5Hz, a r i n g Η ) ; mass spectrum (70 ev) m/e ( r e l . 
i n t e n s i t y ) 116 (5) , 115 (8) , 114 (100), 113 (29), 86 
(10), 85 (23), 71 (14). 

b i s ( 2 - M e t h y l - 3 - f u r y l ) d i s u l f i d e (2 ) : Repeated 
prepara t ive t h i n - l a y e r chromotography on 8" χ 8" p l a t e s 
coated with 1.25 mm of s i l i c a - g e l G (200 X p o r t i o n s per 
p l a t e , developed with 1:10 ether/hexane) gave from 2.4 
g of concentrate 0.066 g of b i s (2 -methy1-3- furyl ) d i 
s u l f i d e h a v i n g : i r (neat , ΚBr p l a t e s ) 3120, 2955, 2920, 
1580, 1512, 1222, 1120, 1085, 936, 885, 730 c m " 1 ; nmr 
( C C 1 4 ) * 2.08 ( s , 3 , a r i n g CHo), 6.27 (d ,1 , J=1 .5Hz, 
β r i n g H ) , and 7.16
spectrum (70 ev) m/e ( r e l i n t e n s i t y ) 228 (6) , 227 (9) , 
226 (60), 115 (5) , 114 (17), 113 (100), 85 (13). 

2 - M e t h y l - 3 - s u l f o - 5 - f u r o i c a c i d (4 ) : The barium 
s a l t of 4a was prepared i n 93% y i e l d from 3 according 
to S c u l l y and Brown (7) . The f r e e a c i d was i s o l a t e d 
f o r nmr by t r e a t i n g the barium s a l t wi th HgSO^ f o l l o w e d 
by f i l t r a t i o n and evaporat ion under vacuum. Nmr (D 9 0) 
$ 2 . 6 2 ( s , 3 , a r i n g CHg) and 7.47 ppm ( s , l , β r i n g H) . 

2 - M e t h y l - 3 - f u r a n s u l f o n i c a c i d (5) : A s o l u t i o n of 
33 g of the barium s a l t of 4a i n 450 ml of HoO was 
t r e a t e d with 20% H 2 S 0 4 u n t i l no f u r t h e r p r e c i p i t a t i o n 
was observed. A f t e r f i l t r a t i o n , the f i l t r a t e was a d 
j u s t e d to pH 7 with s o l i d NaHCOg. A f t e r a d d i t i o n of 
26.3 g of mercuric c h l o r i d e the r e s u l t i n g mixture was 
heated at r e f l u x and monitored f o r C 0 2 e v o l u t i o n . 
When C 0 2 e v o l u t i o n had stopped, the mixture was cooled 
to room temperature and t r e a t e d w i t h hydrogen s u l f i d e . 
A f t e r s tanding overnight p r e c i p i t a t e d mercuric s u l f i d e 
was removed by d é c a n t a t i o n and f i l t r a t i o n . The s o l u 
t i o n was evaporated t o dryness iri vacuo and the r e s i 
due r e c r y s t a l l i z e d from a minimum of b o i l i n g water to 
give 4.25 g of 2-methy1-3-furan s u l f o n i c a c i d as the 
sodium s a l t . Ir ( n u j o l mull) 3140, 1240, 1229, 1190, 
1110, 1075, 1018, 898 cm"" 1 ; nmr (D„0) 6 2.48 ( s , 3 , a 
r i n g C H 3 ) , 6.62 ( d , l , J = 2 H z , β r i n g Η) and 7.43 ppm 
( d , l , J - 2 H z , a r i n g H ) . 

2 - M e t h y l - 3 - f u r a n s u l f o n y l c h l o r i d e (6 ) : A mix
ture of 80 g of 5 (sodium s a l t ) , 880 g t h i o n y l c h l o 
r i d e and 15 drops of dimethyl formamide was heated at 
r e f l u x f o r 100 min, cooled to room temperature and 
f i l t e r e d . A f t e r washing the f i l t e r cake wi th benzene 
(20 ml) and combining with the f i l t r a t e , c o n c e n t r a t i o n 
i n vacuo gave 58 g of a brown o i l . D i s t i l l a t i o n of 
the o i l gave 45.4 g of 2 -methy1-3 - furansufonyl c h l o 
r i d e as a l i g h t y e l l o w l i q u i d b o i l i n g at 5 5 ° C at 0.55 
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t o r r . and h a v i n g : i r (neat, ΚBr p l a t e s ) 3115, 1570, 
1520, 1380, 1360, 1220, 1158, 1129, 1092, 1024, 948, 
880, 740 c m " 1 : nmr ( C C 1 4 ) 6 2.71 ( s , 3 , a r i n g CHo), 
6.86 ( d , l , J - 2 H Z , β r i n g Η) and 7.52 ppm ( d , l , J = » 2 H z , 
a r i n g Η ) ; mass spectrum (70 ev) m/e (decreasing i n 
t e n s i t y , mol , ion) 145, 97, 53, 43, 180, and i n t e n s i t y 
of P+2 (182) i s 43% of P. 

2 - M e t h y l - 3 - f u r a n t h i o l (1 ) : A s o l u t i o n of 45.4 g 
of 2 - m e t h y l - 3 - f u r a n s u l f o n y l c h l o r i d e (6) i n 540 ml of 
anhydrous ether was added dropwise to a s o l u t i o n of 
l i t h i u m aluminium hydride i n 1200 ml e t h e r . A f t e r 
h e a t i n g at r e f l u x one hour , excess hydride was d e s 
troyed by the a d d i t i o n of e t h y l ace ta te . The r e s u l t 
ing mixture was poured i n t o 1,500 ml water and the 
e ther l a y e r separa ted . The aqueous phase was ex t rac ted 
w i t h e ther (4 χ 250

combined, washed wi th 5% NaHCOg s o l u t i o n (150 m l ) , 
water (2 χ 200 ml) and d r i e d over sodium s u l f a t e . S o l 
vent removal i n vacuo gave 18 g crude 1. D i s t i l l a t i o n 
gave 11.6 g of 2 - m e t h y 1 - 3 - f u r a n t h i o l b o i l i n g at 57-
5 8 . 5 ° at 36 t o r r and h a v i n g : i r , (neat, KBr p la tes ) 
3110, 2955, 2925, 2540 Î S H ) , 1594, 1512, 1223, 1134, 
1092, 937, 889, 732 c m " 1 ; nmr ( C C I . ) 6 2.34 ( s , 3 , a 
r i n g CHo), 2.47 ( s , l , β r i n g SH), 6.19 ( d , l , J = 1 . 5 Hz , 
β r i n g H) and 7.15 ppm ( d , l , J - 1 . 5 Hz , a r i n g H ) ; mass 
spectrum (70 eu) m/e ( r e l . i n t e n s i t y ) 116 (5) , 115 (8) , 
114 (100), 113 (29), 86 (10), 85 (23), 71 (13). 

b i s (2-Methy1-3-fury1) d i s u l f i d e (2 ) : A s o l u t i o n 
of 7.4 g of sodium hydroxide , 10 g of sodium carbonate 
and 21 g of 2 - m e t h y 1 - 3 - f u r a n t h i o l (1) i n 344 ml of 
water was prepared. To t h i s s o l u t i o n was added a s o l u 
t i o n of 77.3 g of potassium i o d i d e and 23.2 g of i o 
dine i n 780 ml of water u n t i l the i o d i n e c o l o r p e r 
sisted f o r 1 min. A f t e r r e n d e r i n g the s o l u t i o n c o l o r 
l e s s wi th 0.1 sodium t h i o s u l f a t e s o l u t i o n , the mixture 
wasextracted with pentane (3 χ 150 m l ) . The pentane 
e x t r a c t s were combined, washed with water (2 χ 100 ml) 
and d r i e d over sodium s u l f a t e . Solvent removal i n 
vacuo gave 10 g of an amber o i l . D i s t i l l a t i o n of the 
o i l gave 15.4 g of b i s (2 -methy1-3- furyl ) d i s u l f i d e 
(2) b o i l i n g at 7 7 - 7 8 ° at 0.3 t o r r and h a v i n g : i r (neat, 
KBr p la tes ) 3120, 2955^,2920, 1580, 1512, 1222, 1122, 
1082, 938, 885, 730 cm ; nmr (CCI. ) <f 2.07 ( s , 3 , a 
r i n g CHo), 6.25 ( d , l , J - 1 . 5 H z , β r i n g H) and 7.14 ppm 
( d , l , J = I . 5 Hz , a r i n g H) ; mass spectrum (70 ev) m/e 
( r e l . i n t e n s i t y ) 228 (6) , 227 (10) 226 (61), 115 (4) , 
114 (16), 113 (100), 85 (13). 

b i s (2 ,5 -Dimethy1-3-fury1) s u l f i d e (10c) and b i s 
< (2 ,5 -dimethy1-3 - furyl ) d i s u l f i d e ( l O d ) : A mixture of 

175 g of 2 , 5 - d i m e t h y l - f u r a n (9) and 0.4 g of s t a n n i c 
c h l o r i d e was cooled to - 2 0 ° and 75.3 g of s u l f u r 
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d i c h l o r i d e was added whi le m a i n t a i n i n g a temperature 
of - 2 0 ° . A f t e r s t i r r i n g at - 2 0 ° f o r 100 m i n s . , the 
r e a c t i o n mixture was warmed to 3 4 ° and poured i n t o 
i c e water (1 l i t e r ) . E x t r a c t i o n with hexane, and c o n 
c e n t r a t i o n iri vacuo, a f t e r d r y i n g over sodium s u l f a t e , 
gave 64.8 g of r e s i d u e . Column chromatography of the 
res idue on 1625 g of s i l i c i c a c i d wi th ether/hexane 
(1:20) gave 14.4 g of a mixture of 10c and l O d . D i s 
t i l l a t i o n of 11 g of the mixture gave 3 .8 g of b i s 
( 2 , 5 - d i m e t h y l - 3 - f u r y l ) s u l f i d e , b . p . 8 1 - 8 5 ° C at 0.15 
t o r r , and 5.1 g of b i s ( 2 , 5 - d i m e t h y l - 3 - f u r y l ) d i s u l 
f i d e , b . p . 1 1 2 - 1 1 6 ° C at 0.45 t o r r . 

10c: i r (neat, KBr pla tes ) 3100, 2940, 2910, 
1600, 1560, 1425, 1372, 1330, 1220, 1110, 1060, 979, 
918, 790 c m " 1 ; nmr (CCI. ) 6 2.2 ( s , 3 , a r i n g CHo), 2.3 
( s , 3 , a r i n g CHo) an
spectrum (70 ev ; m/e (decreasing i n t e n s i t y , mol, ion) 
43, 222, 126, 125, 179, 96, i n t e n s i t y of P+2 i s 5% of 
P. 

l O d : i r (neat, KBr pla tes ) 3100, 2942, 2910, 
1598, 1560, 1423, 1372, 1330, 1218, 1110, 1060, 979, 
918, 790 cm ; nmr (CC1 4 ) S 2.1 ( s , 3 , a r i n g CHo), 2.27 
( s , 3 , a r i n g CHo) and 6?0 ppm ( s , 1 , β r i n g H ) ; mass 
spectrum (70 evf m/e (decreasing i n t e n s i t y , mol , ion) 
127, 43, 254, 128, 39, i n t e n s i t y of P+2 i s 8% of P. 

Repeating the above experiment but r e p l a c i n g the 
s u l f u r d i c h l o r i d e with 98.5 g of s u l f u r c h l o r i d e gave 
a 54 g res idue which when c h r o m â t o g r a p h e d gave 13.9 g 
of mono- and d i s u l f i d e . D i s t i l l a t i o n of 11 g of the 
mixture gave 1.96 g of a 40/60 mixture of mono- and 
d i s u l f i d e and 6.6 g of b i s ( 2 , 5 - d i m e t h y l - 3 - f u r y l ) d i 
s u l f i d e b o i l i n g at 1 1 5 ° at 0.45 t o r r . 

b i s ( 2 - M e t h y l - 3 - f u r y l ) t r i s u l f i d e (10a): To a 
mixture of 5 g of 2 - m e t h y l - 3 - f u r a n t h i o l (1) , 8 .7 g of 
sodium bicarbonate and 25 ml of e ther cooled to - 3 0 ° 
was added a s o l u t i o n of 2.24 g of s u l f u r d i c h l o r i d e i n 
20 ml of ether d u r i n g 24 min. A f t e r s tanding 5 min 
the mixture was allowed to warm to - 5 ° and poured i n t o 
125 ml of i ce water . E x t r a c t i o n with e ther (2 χ 25 ml^ 
d r y i n g the ether e x t r a c t s (sodium s u l f a t e ) and concen
t r a t i o n i n vacuo gave 5.1 g of crude D a . Chromato
graphy on 15 g of s i l i c i c a c i d wi th hexane gave 3.6 g 
of b i s ( 2 - m e t h y l - 3 - f u r y l ) t r i s u l f i d e as a l i g h t ye l low 
o i l , homogeneous by t i c and h a v i n g : i r (neat, KBr 
pla tes ) 3120, 2950, 2919, 1580, 1512, 1384, 1225, 
1122, 1085, 935, 885, 730 c m " 1 ; nmr ( C D C l o ) * 2.36 
( s , 3 , a r i n g CHo), 6.35 ( d , l , J = 2 H 2 , β r i n g H) and 7.21 
ppm ( d , l , J = 2 H z , a r i n g Η ) ; mass spectrum (70 ev) m/e 
(decreasing i n t e n s i t y , mol, ion) 113, 43, 258, 45, 51, 
145, 226, 194. 
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b i s ( 2 - M e t h y 1 - 3 - f u r y l ) t e t r a s u l f i d e (10b): To a 
mixture of 1.65 g 2 - m e t h y 1 - 3 - f u r a n t h i o l (1) , 10 ml 
ether and 3 g sodium bicarbonate cooled to - 3 0 ° C was 
added dropwise a s o l u t i o n of 1.0 g of s u l f u r mono-
c h l o r i d e i n 10 ml e t h e r . A f t e r s tanding 45 min at 
- 3 0 ° the r e a c t i o n mixture was poured i n t o water 
(75 m l ) , the upper l a y e r was separated and washed 
with 25 ml water . A f t e r e x t r a c t i n g the combined 
aqueous and wash l a y e r s with 25 ml e t h e r , the ether 
l a y e r s were combined, washed wi th water (2 χ 25 ml) 
and d r i e d (sodium s u l f a t e ) . Solvent removal i n vacuo 
gave 1.6 g of crude ]0b. Chromatography on 60 g of 
s i l i c i c a c i d with hexane gave 1.1 g of b i s (2 -methyl -
3 - f u r y l ) t e t r a s u l f i d e as a l i g h t ye l low o i l homogen
eous by t i c and h a v i n g : i r (neat, KBr pla tes ) 3100, 
2900, 1570, 1510, 1435
887, 730 cm"" 1; nmr (CCI. ) $ 2.37 ( s , 3 ,  r i n g CHo) 6.38 
( d , l , J=2Hz, β r i n g H ) , 7.20 ppm ( d , l , J - 2 H z , a r i n g Η) ; 
mass spectrum (70 ev) m/e (decreasing i n t e n s i t y , mol , 
ion) 113, 114, 43, 45, 51, 226, 85, 69, 64, 290, 145. 

5 - M e t h y l - 2 - f u r a n t h i o l (12) : Prepara t ion of 12 
according to G o l d f a r b and Danyushevskii (9) gave, 
from 45.1 g of 2-methyIfuran (11), 5.9 g of 5 - m e t h y l -
2 - f u r a n t h i o l b o i l i n g at 5 6 . 5 ° at 33 t o r r ( l i t . 4 4 - 4 6 ° 
at 17 t o r r , (9)) and h a v i n g : i r (neat, KBr pla tes ) 
3130, 2965, 2940, 2538, 1590, 1510^,1450, 1345, 1222, 
1200, 1120, 1024, 960, 930, 790 cm ; nmr (CCI. ) S 2.4 
( s , 3 , a r i n g CHo), 3 .4 ( s , b r o a d , 1 , a r i n g SH), 6.15 
(m,1, β r i n g H) and 6.58 (m,1, β r i n g H ) ; mass spectrum 
(70 ev) m/e (decreasing i n t e n s i t y , mol, ion) 114, 43, 
71, 53, 85, 86, P+2 i n t e n s i t y 5.5% of P. 

b i s ( 5 - M e t h y l - 2 - f u r y l ) d i s u l f i d e (13) : A 3.0 g 
sample of 5 - m e t h y 1 - 2 - f u r a n t h i o l (12) was o x i d i z e d with 
an aqueous potassium i o d i d e / i o d i n e s o l u t i o n as i n the 
p r e p a r a t i o n of 2. A 2.6 g sample of crude 13 was o b 
t a i n e d . Chromatography on 81 g of s i l i c i c a c i d w i t h 
ether/hexane (1:9) as e luent gave 2.2 g of b i s (5-
m e t h y l - 2 - f u r y l ) d i s u l f i d e (13) as a b r i g h t ye l low o i l 
h a v i n g : i r (neat, KBr p l a t e s ) 3135, 2965, 2938, 1590 1 > 1 

1485, 1450, 1224, 1198, 1118, 1022, 960, 929, 790 cm ; 
nmr (CCI. ) J 2.47 ( s , 3 , a r i n g CHo) , 6.22 (m,l , J=3Hz, 
β r i n g H J , 6.66 ( d , l , J = 3 H z , β r i n g Η ) ; mass spectrum 
(70 ev) m/e (decreasing i n t e n s i t y , m o l . i o n ) 114, 113, 
43, 71, 53, 85, 84, 226, 150, 160, 194, P+2 i n t e n s i t y 
8.5% of P. 

2 1 5 - D i m e t h y 1 - 3 - f u r a n t h i o l (8) : A mixture of 35 g 
of 2 , 5 - d i m e t h y l - 3 - t h i o a c e t y l f u r a n (10) and 350 ml of 
15% aqueous sodium hydroxide s o l u t i o n was heated at r e 
f l u x f o r 1 h r , cooled to room temperature, a c i d i f i e d 
to pH 1 w i t h 20% s u l f u r i c a c i d , and ex t rac ted with 
ether (3 χ 100 m l ) . The combined e x t r a c t s were washed 
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with s a t . s a l t s o l u t i o n (4 χ 75 ml) and d r i e d (sodium 
s u l f a t e ) . Solvent removal i n vacuo gave 26 g of crude 
8 which on d i s t i l l a t i o n gave 17.3 g of 2 , 5 - d i m e t h y l -
3 - f u r a n t h i o l b o i l i n g at 7 9 ° at 43 t o r r and h a v i n g : i r 
(neat, KBr p l a t e s ) 3110, 2980, 2950, 2920, 2530, 1610. 
1572, 1445, 1430, 1378, 1222, 1063, 982, 920, 790 c m " 1 ; 
nmr ( C D C 1 3 ) 6 2.2 ( s , 3 , a r i n g CHo), 2.25 ( s , 3 , a r i n g 
Clio) , 2.59 (s , 1, β r i n g SH) and 5.86 ppm ( s , l , β r i n g 
H ) ; mass spectrum (70 ev) m/e (decreasing i n t e n s i t y , 
mol, ion) 43, 128, 85, 127, 95, 113 (P+2 i n t e n s i t y 
4.5% of P ) . 
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The cat, Felis catus
Felidae, a family whic
the bobcat, lynx, lion and tiger. As a carnivore and a felid 
the cat shares certain common characteristics with these wild 
species. The primary behavioral distinguishing characteristic 
of the carnivores, and especially of the felids, is their ability 
to kill and eat other animals. 

In the natural nutritional ecosystem of the felids, vege
table material contributes little directly to the nutrition of 
the animal (1, 2, 3). Thus the cat's natural diet consists 
largely of small animals, with small mammals and birds predom
inating and reptiles and invertebrates playing a lesser role. 
If small enough, the prey is eaten whole; if large, most of the 
soft tissues are consumed. 

The major elements of a cat's ecosystem can be considered 
in terms of a flow diagram in which the cat can be black boxed 
and the input and output signals indicated (Figure 1). In
putting into the cat are a variety of small organisms and out-
putting are various byproducts, such as feces, urine, volatiles 
and eventually the cat itself. These inputs and outputs can be 
considered complex chemical signals and the species itself as a 
transforming element. 

In any natural nutritional ecosystem, various animal species 
will be available as foodstuffs to the cat. These animal species 
will vary widely in their chemical composition, and some may 
even be poisonous to the cat. To aid in the selection of an 
adequate diet, the cat 1s equipped with a wide variety of chem
ical sensory systems at its oral input end. These sensory 
systems monitor various aspects of the chemical nature of the 
food input signals, with some systems maximal 1 ν responsive to 
volatiles and others to water soluble compounds (4, 15, 6). 

The chemical senses of the tongue are maximally responsive 
to water soluble compounds found in foods (7). That these 
tongue sensory systems are used in the selection of foodstuffs 
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o f animal o r i g i n has been demonstrated by Cott (8, 9) who found 
t h a t there e x i s t s wide v a r i a b i l i t y i n the t a s t e o f the f l e s h and 
eggs of b i r d s , and t h a t c a t s and humans agree on t h e i r p r e f 
erences. Presumably there a l s o e x i s t wide v a r i a t i o n s i n the 
p a l a t a b i l i t y of mammalian and i n v e r t e b r a t e t i s s u e s . The kinds 
o f n u t r i e n t s eaten by the c a t would i n p a r t be determined by the 
sensory neural responses t o t h e i r chemical composition. 

The types o f chemoreceptors found on the c a t ' s tongue are 
s i m i l a r i n most respects to those found on the tongues of other 
mammals. The chemical sensory systems which have been the most 
stu d i e d are those a s s o c i a t e d with t a s t e buds: re c e p t o r complexes 
d i s t r i b u t e d on fungiform p a p i l l a e on the f r o n t p a r t o f the tongue 
and on the back of the tongue i n the p i t s of the v a l l a t e p a p i l l a e . 
F o l i a t e p a p i l l a e t a s t e systems are apparently absent i n the c a t 
(10). 

The t a s t e buds o
neurons th a t have t h e i r c e l l bodies i n the g e n i c u l a t e ganglion. 
By p l a c i n g microelectrodes i n t o t h i s ganglion we can record 
neural pulse s i g n a l s from s i n g l e neurons (Figure 2). These pulse 
s i g n a l s represent neural s i g n a l s conveying information concern
ing the chemical nature o f the input s i g n a l . By re c o r d i n g pulses 
when d i f f e r e n t chemicals are placed on the tongue we can u t i l i z e 
changes i n pulse t r a i n s to d e f i n e the nature o f a c t i v e chemical 
parameters. In t h i s manner we can e m p i r i c a l l y d e s c r i b e our input 
v a r i a b l e s . 

By u t i l i z i n g various p h y s i o l o g i c a l measures (11) we have 
determined t h a t there are a t l e a s t three d i s t i n c t neural groups 
t h a t innervate fungiform p a p i l l a e o f the tongue. T h i s r e p o r t 
w i l l concentrate on group I u n i t s , p r e f e r e n t i a l l y i n n e r v a t i n g 
fungiform p a p i l l a e on the back p a r t o f the tongue, and on group 
II u n i t s , p r e f e r e n t i a l l y i n n e r v a t i n g p a p i l l a e on the f r o n t p a r t 
o f the tongue (Flcmre 3). Neural groups s i m i l a r to g e n i c u l a t e 
g a n g l i o n groups I and II have been reported 1n c a t chorda tympani 
f i b e r s t u d i e s (12, V3, 14) and i n the dog g e n i c u l a t e ganglion 
(15). We know r e l a t i v e l y l i t t l e about the chemical s t i m u l i o f 
group III u n i t s . In the pages to f o l l o w the responses o f group 
I and group II u n i t s to a wide range o f compounds w i l l be 
examined (in p a r t i c u l a r , n i t r o g e n compounds which e x h i b i t max
imum s t i m u l a b i l i t y f o r c a r n i v o r e t a s t e systems). 

Both group I and group II u n i t s are s e n s i t i v e to water 
s o l u t i o n s o f animal t i s s u e s . When chicken, pork, beef, f i s h e t c . 
are chopped up and mixed with d i s t i l l e d water, the s o l u t i o n s are 
o f t e n potent s t i m u l i f o r e l i c i t i n g neural discharge from genicu
l a t e ganglion u n i t s when a p p l i e d to the a p p r o p r i a t e tongue 
r e c e p t i v e f i e l d (Figure 4 ) . Measures such as those i n Figure 4 
i n d i c a t e t h a t these chemical sensory systems are concerned with 
f o o d s t u f f s , but these s t i m u l i do not d e f i n e our Input s i g n a l s 
p r e c i s e l y enough. The water s o l u b l e substances e x t r a c t a b l e from 
t i s s u e s are o f wide v a r i e t y , although the bulk c o n s i s t s of 
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Figure 1. Diagrammatic representation of the flow of nutrients 
in the cat's natural nutritional ecosystem (simplified) (4) 

Figure 2. A. Diagram of the 
experimental setup. Single unit 
spike responses are recorded 
from neurons in the geniculate 
ganglion of the cat while chem
ical solutions are applied to the 
tongue. B. A representation of a 
stimulus-evoked single unit spike 
train. C. A simplified schematic 
of ganglion cell system. The out
put spike train is functionally 

related to the input stimulus. 

HERVE PULSES 

i i i a ni t itiiiii mu u m un mu mn llll I 

OISTILLEO H £ 

STIMULUS 
INPUT s GANGLION 

CELL 
SYSTEM 

SPIKE 
OUTPUT v 

? 
X 

GANGLION 
CELL 

SYSTEM Y 

Y* F (Χ) 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



BOUDREAU ET AL. Cat Neural Taste Responses to Nitrogen Compounds 197 

AVERAGE TONGUE OF CAT 
• vallate 
Λ clavat* 
• fungiform 

GROUP I UNITS GROUP II UNITS 

cat's tongue. Numerical values 
averaged from 10 cat tongues: 
226 fungiform papillae; 34 όίαυ-
ate, and 6 vallate papilhe. B. 
Approximate locations of the 
fungiform papillae projection 
zones for group I and group II 
units. Only one dot is used for 

each cell 

Figure 4. Responses of group I and group II units to distilled 
water solutions of various animal tissues 
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Inorganic s a l t s , organic a c i d s , amino a c i d s , p e p t i d e s , p r o t e i n s , 
n u c l e o t i d e s and n u c l e o t i d e byproducts. To determine which 
compounds might be s t i m u l a t o r y , a great many commercially a v a i l 
able compounds were tested i n 50mM concentrat ion (or l e s s ) i n 
d i s t i l l e d water or 50mM s a l i n e . In t h i s r e p o r t , c e r t a i n st imulus 
response p r o p e r t i e s ( p a r t i c u l a r l y w i t h respect to nitrogen 
compounds) w i l l be summarized. More d e t a i l e d reports are a v a i l 
able elsewhere (J6_, 17_). 

Group II u n i t s innervate chemoreceptive elements on f u n g i 
form p a p i l l a e on the t i p and s i d e s o f the tongue w i t h medium s i z e 
f i b e r s . Group II u n i t s are the only u n i t s t h a t f a i r l y consistently 
d i s p l a y high r a t e s of spontaneous a c t i v i t y (5 spikes/sec or 
greater) and t h e r e f o r e can e x h i b i t an increase ( e x c i t a t i o n ) or 
decrease ( i n h i b i t i o n ) i n s p i k e r a t e with chemical s t i m u l a t i o n . 
D i s t i l l e d water by i t s e l f i s f r e q u e n t l y i n h i b i t o r y . Monovalent 
s a l t s such as NaCl and KC
only occurs a t l e v e l s above 0.1M. Sodium phosphate (Na^PCty) i s 
a potent stimulus a t 50mM c o n c e n t r a t i o n . 

In a study of the responsiveness of group I I u n i t s t o a 
wide range o f chemicals found i n animal t i s s u e s , i t was found 
t h a t two major c l a s s e s of compounds a f f e c t e d group II u n i t d i s 
charge: sodium s a l t s o f d i - and t r i - p h o s p h a t e nucleosides and 
c e r t a i n amino a c i d s (Figure 5 ) . Group II u n i t s are the only u n i t s 
t h a t respond to a v a r i e t y of nitrogen compounds. The response to 
nucleot ides seems i n p a r t independent of the response to the 
amino a c i d s , upon which we s h a l l report i n some d e t a i l . 

Amino a c i d s may e x c i t e or i n h i b i t group II u n i t s . Those 
compounds t h a t i n h i b i t are L-tryptophan, L - i s o l e u c i n e , L - t y r o s i n e , 
and L-phenylalanine. Those compounds t h a t e x c i t e are L - p r o l i n e , 
L - c y s t e i n e , L - l y s i n e , L - o r n i t h i n e , L - h i s t i d i n e , and L - a l a n i n e ( 4 ) . 
The neural response to amino a c i d s i s s t e r e o s p e c i f i c i n t h a t t f re 
response may be d i f f e r e n t to the D-and L-forms. Thus the 
response to D - p r o l i n e and D - h i s t i d i n e i s but a f r a c t i o n of t h a t 
to the L-forms (16). 

Upon t e s t i n g a v a r i e t y of compounds r e l a t e d to p r o l i n e and 
h i s t i d i n e , i t was found t h a t the h e t e r o c y c l i c r i n g components 
were as a c t i v e as the parent amino a c i d s . Thus the h e t e r o c y c l i c 
r i n g p y r r o l i d i n e was as s t i m u l a t o r y as L - p r o l i n e and the 
imidazole r i n g was as a c t i v e as L - h i s t i d i n e . These r e s u l t s 
suggested t h a t the a c t i v i t y of these two amino a c i d s r e s i d e d i n 
the n i t r o g e n h e t e r o c y c l i c r i n g s . 

To f u r t h e r explore the s t i m u l a b i l i t y of h e t e r o c y c l i c r i n g 
compounds on group II u n i t d i s c h a r g e , a wide range of h e t e r o 
c y c l i c compounds were t e s t e d . I t was found t h a t h e t e r o c y c l i c 
r i n g s with only heteroatoms of oxygen were i n a c t i v e . The few 
s u l f u r compounds tested were often s t i m u l a t o r y but i n a complex 
manner ( e . g . , e x c i t a t i o n fol lowed by i n h i b i t i o n ) . The most 
a c t i v e compounds discovered were four to s i x member nonaromatic 
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ring compounds with a single nitrogen. Imidazole was the excep
tion in that it is aromatic with two nitrogens. The most stimu
latory heterocycles were 3-pyrroline, pyrrolidine, morpholine, 
azetidine carboxylic acid, imidazole, piperazine, and p i p e r i d i n e . 
The five member, single nitrogen, aromatic compound pyrrole was 
strongly inhibitory. In general, any substituent added onto the 
ring lowered group II response. 

The results of the nitrogen heterocyclic experiment on group 
II neurons are summarized in Figure 6, a plot of the neural 
response against the pKa of the nitrogen heterocycles. All 
compounds were tested at a pH of 7.0 in 50mM saline. Response 
seemed to be determined by two factors: relative basicity and 
a steric factor. Compounds with low pKa values were inhibitory 
or nonstimulatory. As pKa values increase above 5.0 to about 
10.0, so also does the neural response. The relative basicity 
of the compounds is onl
factor comes Into play at pKa values of 11.0. As the ring size 
increases from 5 to 8, the neural responses changes from excita
tion to inhibition. Thus pyrrolidine and piperidine are excitatory 
but azacycloheptane and azacyclooctane are inhibitory. 

Group I neurons, those innervating chemoreceptors at the 
back and sides of tongue, also respond to a variety of chemical 
solutions. They are the only units discharged by distilled water 
preceeded by saliva, saline, or Ringer's solution. They are only 
marginally responsive to NaCl and KC1; although at concentrations 
of 50mM, NaCl will eliminate the discharge to distilled water. 
Group I units are responsive to inorganic acids and a wide variety 
of organic compounds, including many organic acids, certain di-
and tri- phosphate nucleosides and a few other compounds (Figure 
7). 

In a study (17) on a wide variety of compounds mixed in 
distilled water, the most stimulatory compounds turned out to be 
compounds with carboxylic and phosphoric acid residues and a 
small group of nitrogen compounds. The response to all compounds 
showed a strona DH dependency. Maximum response occurred when 
the pH of the solution was at or below the pKa of the active group. 
Thus at a pH of 7.0 malic acid (pKa 3.5, 5.1), a prominent 
stimulus at lower pH's was entirely ineffective. Similarly, 
compounds with phosphate groups showed maximum activity when the 
solution pH was below 5.0. 

Although only a few nitrogen compounds were stimulatory for 
group I neurons, they were highly stimulatory in the pH range 
from 5.0 to 7.0. The most active compounds proved to be nitrogen 
heterocycles or to have a nitrogen heterocyclic ring as a 
component. Many compounds with an imidazole ring proved to be 
highly effective stimuli. Thus L-and D-histidine, 1-methyl-L-
histidine, 1-methyl-imidazole and some histidine dipeptides, 
including anserine and carnosine, proved to be stimulatory at a 
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Figure 5. Responses of group II units to a variety of chemicals (the ; 
series) in distilled water in 50mm concentration 
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Figure 6. Refotionship between mean percent maximum discharge of group II units 
and pK a values of nitrogen and nitrogen-oxygen heterocycles. Values below dotted 
line indicate inhibition, where inhibition is defined as a decrease in spontaneous 

activity. Chemicals in 50mm saline at pH 7.0 (16). 
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Figure 7. Responses of group I units to a variety of chemical compounds (the test 
series) in distilled water at 50mm concentration 
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pH of 7.0. In addition, many of these solutions showed a sharp 
increase in stimulation when pH was lowered (Figure 8). Imidazole 
compounds, particularly anserine and carnosine, are of widespread 
occurrence in animal tissues (18, 19). 

The response of group I neurons to the heterocyclic stimulus 
series was examined. As can be seen 1n Figure 9, the response 
to most compounds was minimal. A peak seems to occur near the 
pKa of 5.0. with the most stimulatory compounds at a pH 
of 7.0 being pyridine, fused rings with pyridine, and thiazoli-
dine. As was true with other group I stimuli, the response to 
pyridine and thiazolidine proved highly pH dependent; as pH 
decreased from 8.0 to 5.0 response increased from near zero to 
the largest spike discharges yet elicited from group I neurons 
(Figure 10). 

It is possible to classify all group I stimulatory molecules 
as Brjinsted-Lowry acids
active molecular species in HC1 would be the hydronium ion and 
the active form of carboxylic and phosphoric acids the undisso-
ciated molecular form (Figure 11). Relatively few nitrogen 
groups seem stimulatory but those that do, possess cyclic amine 
groups which are maximally stimulatory in the protonated state. 

On a purely empirical basis we have determined that many of 
the compounds naturally present in a cat's diet are stimulatory 
for geniculate ganglion chemoresponsive neural systems. It is 
probably appropriate that the cat with his animal diet should 
possess a taste system oriented toward nitrogenous substances. 
The most stimulatory compounds discovered to date hbwever are 
certain five and six member nitrogen heterocycles. Thus the most 
intense taste stimuli for the cat would most likely contain 
heterocyclic nitrogen groups. Both nitrogen and sulfur hetero
cyclic compounds have been implicated in cooked meat flavor (20, 
21,22 and papers in this symposium). A pKa fee tor seems present 
in tïïê cat since group I units are maximally responsive to 
nitrogen groups with pKa values less than 7.0 and group II units 
to nitrogen groups with pKa values greater than 7.0. 

At the present time it is difficult to compare among species. 
It is not known if the neural organization of the cat geniculate 
ganglion is similar to other mammals. Group I and group II units 
have been definitely identified only in the dog geniculate 
ganglion (15). The most distinguishing feature in the carnivore 
is the differential response of group I and II units to nitrogen 
compounds, particularly amino acids. It is possible that this 
distinction will be evident in other species. 

The species that has been studied with the widest variety of 
compounds is the human, although no single unit recordings have 
as yet been taken in this species. The most common taste 
response to a nitrogen compound is that it is sweet or bitter. 
Group II excitors often taste sweet to humans, whereas inhibi
tors taste bitter (16). Cats when given a choice between saline 
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pKa values of nitrogen heterocycles. Chemicals in 50mm saline at pH 7.0 (17). 

In Phenolic, Sulfur, and Nitrogen Compounds in Food Flavors; Charalambous, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



204 PHENOLIC, SULFUR, AND NITROGEN COMPOUNDS IN FOOD FLAVORS 
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Figure 10. Responses of group I units to solutions of pyridine 
and thiazolidine presented at different pH's (17) 
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Figure 11. Chemical groups and their 
effectiveness in stimuhting group I 

units (17) 
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and saline with neurally active compounds preferred the excitors 
and avoided the inhibitors (23). It is apparent, though, that if 
a neural system similar to the cat's underlies in part the human 
sensations of sweet and bitter then there exists great variance 
in the compounds that stimulate the different species. The 
compounds that stimulate group I units are in the main quite 
similar to those eliciting a human sour sensation (17). 
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Methyl thiophene carboxaldehyde .... 94 
1-Methylthioethanethiol 134 
Milk 39 
Minerals 43 
Molds 73 
Monosaccharide reaction with amines 103 
Monosdium glutamate (MSG) 177 

Muscle fiber 176 
Myricetin (3,7,3',4',5'-hexahydroxy) .. 7 

Ν 
Naringenin ( 5,7,3'-trihydroxy ) 7 
Neohesperindin ( hesperitin 7-glusco-

side ) 7 
Neural groups 195 
Neural taste responses to nitrogen 

compounds, cat 194 
Nitrogen 197 
compounds 78 

in red meats, non-volatile 146 
taste response to a 194,202 
volatile 122 

containing flavor volatiles 85 

Nitrogenous flavor compounds foods .. 122 
Nonflavonoids of low volatility 58 
Nonflavonoids of wine flavor 55 
Nucleic acids 147 
Nucleosides 147 
Nucleotide(s) 158 
acetylsugaramine 147 
content in red meats 159 
derivatives 158 
free 147 
peptide-bound 147 
sugar 147 
sugaramine 147 

Nutrients in cat nutritional ecosystem 196 

Ο 
Oak 60 
Odor(s) 
chemical hydrocarbon 72 
compounds, characteristics of 98 
compounds and their precursors .... 100 
monitors 78,80 
removal, treatment of water for 81 
sources 72 
substances, analysis of water for 73 
threshold 78,79 
in water 4 

Odorous phenols of wine 55 
Off-flavors 110 
Oil slicks 73 
Organic acids 43,147 
Organic pollutants of water 72 
Organoleptic evaluations 31,43 
Osmoscope 80 
Oxazoles 143 
Oxazolines 143 
Oxazolines 143 
3-Oxazolines in beef 133,137 
Oxygen heterocycles, nitrogen- 200 
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Ρ 
PA (DL-^-phenylalanine) 123,124 
Papillae projection zones, fungiform . 197 
PE (phosphatidyl ethanolamine) 174 
Pectins 43 
3,5,7,3',4'-Pentahydroxy ( dihydro-

quercetin) 7 
3,5,7,2',4'-Pentahydroxy (quercetin) . 7 
3,7,3',4',5'-Pentahydroxy (Robintin) .. 7 
2,3-Pentanedione 119 
Peptides 147,157,171 
-bound nucleotides 147 

PGPC (preparative gel permeation 
chromatography) 158,151,152 

Pharmacological effects 178 
Phenol(s) 
content, dry white wines 5
content and wine flavor
distillation rack 8
as flavorants 48 
grape seed 64 
indirect flavor effects of 65 
from Jamaica rum, volatile 57 
and phenol-like substances 78 
plant 1 
in ripe grape berries 57 
of wine, odorous 55 
in wines, sources 50 

Phenolic 
cinnamic acids of wine 59 
substances, wine flavor and 47 
tastes and odors in water 4 

DL-/?-Phenylalanine (PA) 123 
3-Phenylproponoic acid derivatives 4 
Phosphatidyl ethanolamine (PE) 174 
Phospholipids 176 
Phosphate, sugar 147 
Photomicrograph, electron micro
scope 76,77,79 

Photomicrograph, light microscope 75,76 
Physiological detection 91 
Pigment, anthocyanin 63 
Plankton 73 
Plant phenols 1 
Plant tissues, compounds in 7 
Pollutants of water, organic 72 
Polyphenol complexes, caffeine/black 

tea 38 
Polyphenolic antioxidants 6 
Polyphenolic compounds in tea infu

sions, taste of 14,33 
Polyphenols, tea 24,34,35 
Pomace contact 52 
Pork, lyophilized diffusate 156 
Pork liver, volatile components in 

cooked 92,93 
Precursor, flavor (see Flavor pre

cursor ) 
Precursors, odor compounds and their 100 

Procyanidin 21 
gallate 21 

Prodelphinidin 21 
gallate 21 

Projection zones, fungiform papillae .. 197 
Propyl gallate 8 
Protein products, meat-vegetable 109 
Protein, textured vegetable 109 
PTLCfraction(s) 151-154 
Pungency 48 
Pyrazines 165,171 
Pyrazinones 175 
Pyridine 204 
Pyridoxal 122 
Pyridoxylamine 122 
Pyrolysis 

of aromatic amino acids 164,165,167 
f hydrox  amin  compound  165 

Pyruvaldehyde 119,172,173 

Q 
Quercetin ( quercetin 3-rhamnoside ) .. 7 
Quercetin 3-rhamnoglucoside (Rutin) 7 
Quinic acid 4, 8 

R 

Reaction, rate of 128 
Reaction sequence 130 
Red meat (see Meat, red) 159 
Refinery wastes 72 
Rhammnetin (3,5,3',4'-tetrahydroxy-

7-methoxy) 7 
Robinetin ( 3,7,3',4',5'-pentahydroxy ) 7 
Rum, volatile phetnols from Jamaica 57 
Rutin (quercetin 3-rhamnoglucoside) 7 

S 
Sensory properties of food 101 
Sensory ratings of dry white wines ... 54 
S. griseus 75,77 
S. lavendulae ...75,77 
S. longispororuber ..... 76 
Spike responses 196 
Strecker degradation 104,122,170 
Stimulatory molecules 202 
Storage with phospholipids and/or 

aldehydes 176 
Sugar(s) 43 
Amadori rearrangement of 102 
amine 147 
nucleotide 147 

free 147 
nucleotide 147 
phosphate 147 

Sulfides, alkyl 94 
3-Sulfo-5-furoic acid 185 
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Sulfonyl chloride 185 
Sulfur 
compounds in red meats, non-vola

tile 146 
containing amino acids .163,166,172,173 
containing flavor volatiles 85 
detection 91 
furans substtiuted with 184 
source 108 

Superchlorination 81,82 
Sylvan 187 
Synergistic effect 106 
Synosmic effect 106 

Tannins 49,60 
Taste(s) 9
of a black tea infusion 24,35,38,3
compounds, characteristics of 98 
compounds in meat flavor 100 
of flavor precursors 177 
of green tea 42 
of polyphenolic compounds in tea 

infusions 33 
removal, treatment of water for 81 
response to a nitrogen compound 194,202 
sources 72 
substances, analysis of water for .... 73 
of tea, contribution of polyphenolic 

compounds to the 14 
of tea infusions, effect of tea fermen

tation and firing on the 28 
of tea infusions, effect of milk on 

the 39 
in water 4 

Tea 
35 
42 aroma 

green 
polyphenolic compounds in the 

taste of 14 
fermentation and firing 22,28-30 
flavanols 22,29 
flush, macenated 29 
fractions of black 26 
infusions 
taste of black 24,28,355,38,39 
compounds in 33 
organoleptic evaluation of 31 
proximate analysis of black 16 
solids 30 

manufacture, black 15, 22,23,44 
polyphenols 24,34,35 
polyphenol complexes, caffeine/ 

black 38 
Tetraglycine 171 
3,7,3'4'-Tetrahydroxy (fisetin) 7 
1,3,4,5-Tetrahydroxycyclohexanecar-

boxylic acid 4 

3,5,3'4'-Tetrahydroxy 7-methoxy 
rhammnetin) 7 

Theaflavin(s) 19,32,43 
digallate 19 
gallate A 19 
gallate Β 19 

Thearubigins 32,43 
Thialdine 134 
Thiamine 105 
Thiazoles 119,143 
Thiazolidine, solutions of 204 
Thiazolines 119,133,137,143 
3-Thiazolines 133,136 
Thiols, O-T- alkyl thiocarbonates of.... 108 
Thiophenes 171 
carboxaldehyde 94 

Threonine 105 
Threshold 

of tea polyphenols 34 
odors 78,79 

3'3,4-Trihydroxy-4'-methoxy 
(Hesperitin) 7 

Tissues, animal 197 
Tissues, plant 7 
Tongue, cat 195,197 
Top-notes 103 
Transamination of unsaturated car-

bonyls 122 
Trans-benzalacetone 127 
Trans-cinnamaldehyde 127 
Trans-cinnamylamine 126 
Trans-2-hexenal 125,126 
Triglycine 171 
5,7,3'-Trihydroxy (Naringenin) 7 
Trimethyl-hydroxy thiazolines 118 
2,4,5-Trimethyl-3-oxazoline 135,138 
Trimethyl pyrazine 92 
Trimethylthiazole 118-120 
Trimethylthiazoline 119 
1,2,4-Trithiane 118 
Trithioacetaldehyde 134 
Trithioacetone 134 
Tyramine 58 
Tyrosol 58 

Vegetable protein products, meat 109 
Vegetable protein, textured 109 
Volatile(s) 
components of cooked pork liver .... 92 
compounds from hydroxy amino 

compounds 168,169 
compounds from the pyrolysis of 

aromatic amino acids 167 
compounds from the reaction of sul

fur-containing amino acids with 
glucose or pyruvaldehyde .172,173 
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Volatile ( s ) ( continued ) 
cooked beef 146 
nitrogen and sulfur containing flavor 

volatiles 85 
Volatility, nonflavonoids of low 58 

W 
Wastes, refinery 72 
Water 

filtration plant, central 74 
organic pollutants of 72 
phenolic tastes and odors in 4 
solutions of animal tissues, distilled 197 
superchlorination curve for Lake 

Michigan 82 
for taste and odor removal, treat

ment of 81 

Water (continued) 
for taste and odor substances, 

analysis of 73 
Wine(s) 
alcohol extractants in 57 
benzoic acid derivatives in 58 
flavonols in light white 61,62 
flavor 61 
nonflavonoids of 55 
and phenolic substances 47 
and quality, phenol content and .. 53 

odorous phenols of 55 
phenol content and sensory ratings 54 
phenolic cinnamic acids of 59 
sources of phenols 50 

Wood aging, nonflavonoid tannins 
from 60 
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