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The reaction of malonaldehyde with the amino function of glycine has been investigated. 
It appears to involve a 1P-addition of the nucleophilic nitrogen atom of glycine to the 
enolic carbon atom of the alpha,beta-unsaturated carbonyl system of the enol of malon- 
aldehyde to form the enamine, N-prop-2-enal aminoacetic acid. 

ALONALDEHYDE has been found to M be one of the decomposition 
products of autoxidized, polyunsaturated 
lipid materials and its presence as deter- 
mined by reaction \vith 2-thiobarbituric 
acid (75, 78) serves as a measure of 
oxidative rancidity ( 7 .  3, 6, 70. 7 7 .  74, 
77). I t  also may be derived by further 
oxidation of secondary oxidation prod- 
ucts of lipids (8 ) .  

The purpose of this research was to 
investigate the conditions and mech- 
anism of the reaction between malon- 
aldehyde and the amino function of 
glycine. Since malonaldehyde in an 
aqueous system exists primarily as an 
alpha, beta-unsaturated carbonyl (9. 73). 
this investigation ivould also contribute 
insight into the probably similar reaction 
of other carbonyl compounds of this 
type. The reaction of these carbonyl 
compounds. derived from oxidized lipids, 
with the amino function of proteins and 
amino acids in vivo and in vitro may be of 
nutritional and physiological signifi- 
cance. 

Methods and Results 
Malonaldehyde obtained by hydrolysis 

of malonaldehyde acetals or from the 
enolic sodium salt, sodium 0-oxyacrolein, 
reacts with glycine under acid condi- 
tions to form the enamine, ,Y-prop-2- 
enal aminoacetic acid. 

1. 1. 3 - Trimethoxy - 3- 
ethoxypropane (26.7 grams, 0.15 mole) 
was mixed with 14.2 ml. of 1 S  HC1 
with warming until the liquids became 
miscible. After being cooled to room 
temperature, this solution was added 
with stirring to 7.5 grams (0.1 mole) of 
glycine in 20 ml. of water. After 
stirring for 1 hour. the solid product 
was filtered off and washed three times 
with 20-ml. portions of cold water. 
Upon drying in vacuum at  50" C. ,  
11.6 to 12.0 grams (45 to 477, yjeld) 
of yellow-orange crystals were obtained. 
The crude product (5.0 grams) was neu- 
tralized with 3 . 5 s  "OH, diluted to 
50 ml. with water, and precipitated 
by slow addition of 1 S  HCI with rapid 
stirring, to yield 3.7 grams 1747,) of 
nearly white crystals. The once-pre- 
cipitated product (3.7 grams) was 

Synthesis. 

neutralized with 3.5-Y NaOH, diluted to 
30 ml. with water, and added to 2 vol- 
umes of MeOH. To the hot: aqueous 
MeOH solution, 150 ml. of boiling 
acetone was added slowly. After being 
allowed to cool slightly: the solution \yas 
filtered rapidly with suction. Crystal- 
lization at  room temperature yielded 
3.3 grams (65y0) of a nearly white, 
crystalline sodium salt. Recrystalliza- 
tion from the aqueous MeOH-acetone 
solvent system was repeated twice and 
then the free acid \vas precipitated 
from aqueous solution (5 grams per 50 
ml.) by addition of 1-V HCI to yield a 
nearly \vhite, crystalline product. This 
product melted, with decomposition, a t  
157-58' C. Titration with XaOH 
revealed 1.007 equivalents per 129.114 
grams (theoretical molecular weight). 
Reaction with 2-thiobarbituric acid (75, 
78) cleaved the molecule and yielded 
1.003 moles of malonaldehyde per 
theoretical molecular weight. The semi- 
carbazone of iV-prop-2-enal aminoacetic 
acid melted at  225-27". The ultra- 
violet absorption spectrum (Beckman, 
Model DL)  showed a maximum in water 
at 271 to 272 mp ( E  22,434). An infra- 
red spectrum (Beckman. Model IR-5A) 
of this compound in a KBr pellet re- 
vealed a single N-H stretching absorp- 
tion at  3255 cm.-' 

Analysis. Calculated for C5Hi03N: 
C, 46.51; H, 5.46, N, 10.85. Found: 
C, 46.34; H, 5.35; N, 10.78. 

Reaction Kinetics. As malonalde- 
hyde reacts with glycine to form 1V- 
prop-2-enal aminoacetic acid under 
acid conditions, there results a batho- 
chromic shift in the ultraviolet absorp- 
tion spectrum of the reaction mixture 
from that of the chelated enol of malon- 
aldehyde at  245 mp ( E  12$960) (73) to 
that of lV-prop-2-enal aminoacetic acid 
at 272 mp ( E  22,434). 

The formation of .V-prop-2-enal 
aminoacetic acid and its hydrolysis were 
spectrophotometrically followed using a 
Beckman, Model D K l  recording spec- 
trophotometer, equipped with a constant 
temperature cell holder. The reactions 
were carried out a t  20' C. in a 1-cm. 
silica cell and distilled water was used 
as a reference. The concentration of 
iV-prop-2-enal aminoacetic acid in the 

reaction mixture at any time. t .  during 
the reaction \vas based on Elcm.272~n~ 
and the molecular absorbancy. The 
observed rate constants were determined 
graphically from the appropriate first- 
or second-order plots of the data. 
The pH of the reaction mixtures was 
determined using a Beckman. Zeromatic 
pH meter. Glycine in the experiment 
\vas recrystallized once from rvater. 
Malonaldehyde in the form of the enolic 
sodium salt, sodium P-oxyacrolein (5). 
was prepared according to a modified 
procedure of Protopopova and Skoldinov 
(72)> from 1 %1!3:3-tetraethoxypropane. 
The hydrolysis of the acetal and simul- 
taneous neutralization of the enol were 
carried out slowly at  -14' C. The 
product was directly separated from 
the reaction mixture by the slow addition 
of excess acetone in the cold and purified 
by fractional precipitation from methanol 
with ethyl ether. 

Kinetic experiments showed that the 
over-all reaction of malonaldehyde with 
glycine to form .V-prop-2-enal amino- 
acetic acid conforms to a S.v2 mechanism 
and that the reaction rate is very de- 
pendent on the hydrogen ion con- 
centration (Table I, Figure 1). A 
maximum reaction rate was observed 
near pH 4.20. The rate of the reaction 
decreased rapidly at  hydrogen ion con- 
centrations greater and less than pH 
4.20. The rate constants listed in Table 
I should be considered as observed rate 
constants, since under the acidic condi- 
tions of the reaction the amino function 
of glycine exists largely as the protonated 
amine, Xvhich is not a nucleophile. 
.V-Prop-2-enal aminoacetic acid is readily 
hydrolyzed under acidic conditions to 
malonaldehyde and glycine by a re- 
action exhibiting kinetics which ap- 
parently conform to a S,' mechanism 
(Table 11, Figure 2). 

Discussion 

Chemical and spectral evidence indi- 
cates that malonaldehyde and glycine 
react to form the enamine, N-prop-2- 
enal aminoacetic acid. The presence of 
one titratable carboxyl function and one 
mole of malonaldehyde per theoretical 
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Table 1. Experimental Conditions for Reaction of Malonaldehyde with 
Glycine and Rate Constants Obtained under Those Conditions 

0 
-1 

0.1- 

Reaction Conditions 

x=pM N-prop-2-enol  amino  
acet ic  a c i d  1.' 

o=?M Glyc ine  I:' 
0.3 

Glycine, kobd x lo', 
Reaction Molonaldehyde, pmoles/liter HCI, l i ter  pMoles-' 
Number pmoles/liter x 10-3 pmales/liter PH Min. -I, 20' C. 

1 40 .0  1 0 . 0  7500.0 2 .60  0.567 
2 40.13 10 .0  2500.0 3 .20  0 .903  
7 40.13 1 0 . 0  1000.0 3 .60  1 .153  
4 40 ,13  1 0 . 0  500.0 3 .90  1 .453  
5 40.13 1 0 . 0  300.0 4 .10  1 .693  
6 40 . '3 1 0 . 0  250,O 4 .24  2 ,073  

4 0 . 3  10.0 125 .0  4 .64  1 .674  
8 40 .0  1 0 . 0  62 .5  5 .00  0 .510  
9 5 , 0 50 .0  780 .5  4 .20  1 .669  

10 1 0 . 0  50 .0  790 .0  4 .20  2.022 
11 20 .0  5 0 . 0  800.0 4 .20  2 .333  
12 3 0 . 0  50 .0  810 .0  4 .20  2.791 
13 40 .0  50 .0  820.0 4 .20  3.011 

- 

Table I I .  Experimental Conditions for Hydrolysis of Malonaldehyde and 
Rate Constants Obtained under Those Conditions 

Reaction Conditions ~. 
N-Prop-:?-enol 

Reocfion aminoacetic acid, HCI, k o t x  X lo', 
Number pmoles/liter prnoles/liter PH Min.-', 20' C. 

14 40 .0  15.6 3 . 0 3  14 .1  
15 40 .0  62 .0  2 .35  47 .0  
16  40 .0  250.0 1 . 8 2  77 .9  
1-  40 .0  
18 60 .0  
19 80 .0  

1000.0 
1000.0 
1000.0 

1 .25  
1 . 2 5  
1 . 2 5  

186 .7  
197 .4  
184 .2  

molecular xveight indicates a condensa- 
tion in a 1 to 1 molar ratio. This conclu- 
sion is further verified by the formation 
of a semicarbazone of the free carbonyl 
group. The absorption (log e 4.35) in 
the ultraviolet region at 272 mw reveals 
the strong ?r + A* elisctronic transitions 
of a conjugated system in the molecule. 
This ivould preclude the presence of an 
imine linkage betwelm malonaldehyde 
and glycine. This conclusion is verified 
by a sharp. single N-H stretching absorp- 
tion band at  3255 icm.-l Elemental 
analysis confirmed thr. above conclusions 
made on the basis of chemical and 
spectral evidence. 

The proposed mechanism of the re- 
action of malonaldehyde and glycine in- 
volves the nucleoph:.lic attack of the 
amino nitrogen of glycine upon the enol 
carbon atom of the alpha,beta-un- 
saturated carbonyl system of the enol of 
maIonaldeh?.de tvhich is follo\ved by loss 
of water to form the enamine: 

centration \vould not change significantly 
during the reaction, the kinetics ap- 
pear to follo\v only a S.v' mechanism. 

Cromwell ( 2 )  has postulated a similar 
mechanism for the reaction of 1,3- 
diketones which exist primarily in the 
enol form-that is, the 1,4-addition of 
the nucleophilic nitrogen of the amine to 
the enolic carbon atom, yielding a 
hydroxy intermediate which sub- 
sequently loses Ivater to form either the 
imine or the enamine. Like the keto- 
enol tautomerism exhibited by carbonyls, 
imines exhibit an imine-enamine tau- 
tomerism (I? 7). The enamine structure 
is favored in most cases ivhere there are 
possibilities for conjugation, resulting in 
resonance stabilization of the molecule. 
Imines derived from carbonyl com- 
pounds of types RCOCHsCOR, 
RCOCHsCO?R. and RCOCHsCN exist 
as enamines. although under certain 
conditions they may exist as imine? (7).  

The marked dependence of the rate of 

OCH-CH=CHOH t H 2 - C H - C O O H  e 
- H20 1 +Hp0 

- 
v 

7 ,--i_- 

O'CH''CHOH-SH-CH?-COOH 

OHC-CH=CH-NH-CHz-COOH 

[ 
The h\drol\sisof .Y-prop-2-enal amino- the reaction on the hydrogen ion con- 

acetic acid, although kinetically con- centration indicates that a particular 
forming to a S\' mechanism. probably molecular species of malonaldeh) de 
proceeds by a Sv2 mvchanism involving is most susceptible to nucleophilic attack 
the nucleophilic attack by 15ater on the by the amino nitrogen of glycine. 
protonated enamine. Since the attack- Malonaldehyde exists in aqueous solution 
ing nucleophile is the solvent and its con- predominantly in the enol form (9, 73) 

1 b p M  Malona ldehyde  I-' 9 

I O  20 30 40 5.0 

Figure 1 .  Reaction of rnalonaldehyde 
and glycine as a function of malonalde- 
hyde concentration 

T i m e  (min) 

Numbers in parenthesis correspond to reactions 
described in Table I 

i o  20 3 0  4 0  
T i m e  (mln)  

Figure 2. Hydrolysis of N-prop-2 
enal aminoacetic acid as a function o 
hydrogen ion concentration 

Numbers in parenthesis correspond t o  reactions 
described in Table II 

and belo\\- pH 4.5 largely as the cyclic 
chelated enol (73). The enolic hydroxyl 
function has a pK, of 4.6 (9) and forms 
stable enolic salts (31; 72). Malonalde- 
hyde in the cyclic chelate or in the 
enolate ion form ivould tend to stabilize 
the enolic hydroxyl and make it difficult 
to displace by nucleophilic attack. The 
protonated enolic hydroxyl of malon- 
aldehyde would be most susceptible to- 
\Yard nucleophilic displacement. The 
enolic form of malonaldehyde Lvould 
exist in highest concentration at  a pH 
slightly belo\v its pK,. 

I t  is possible that alpha,beta-un- 
saturated aldehydes and ketones as \vel1 
as various dicarbonyl compounds de- 
rived from oxidized lipids could undergo 
similar reactions. Ideal conditions for 
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the reaction of malonaldehyde and 
other secondary oxidation products of 
lipids with various biologically im- 
portant nucleophiles exist in food prod- 
ucts, in the mammalian gastrointestinal 
tract, and possibly at  a cellular level in 
various tissues. 

Enamines have chemical properties 
which make them of great interest. 
Stork (76) has indicated the great ease 
with which enamines of aldehydes and 
ketones undergo alkylation and acyla- 
tion by numerous electrophiles. This 
could point to a possible mechanism for 
the formation of C-C bonds between 
certain aldehydes and ketones derived 
from oxidized lipids and various electro- 
philes of a biological origin. 

Ac &no wledgment 
Elemental analysis was conducted by 

Galbraith Laboratories, Inc., P. 0. Box 
1187, Knoxville 21, Tenn. 

Literature Cited 
(1) Bernhein, F., Bernhein. M. L. C., 
_ I  

Wilbur, K’. G., J .  Biol. Chem. 174, 
257 11948). 

(2) Cromwell, N. H., Chem. Rws. 38, 
83 (1946). 

(3) Dahle, L. K., Hill, E. G.? Holman, 
R. T., Arch. Biochem. Biophjs.  98, 
253 (1962). 

(4) Dudek, G. O., Holm, R. H., J .  A m .  
Chem. Soc. 83, 3914 (1961). 

(5) Huttle, R., Ber. 74, 1825 (1941). 
(6) Jennings, W. G., Dunkley: W. L.: 

Reiber, H. G., Food Res. 20, 13 (1955). 
(7) Layer, R. W., Chem. Revs. 63, 489 

(1963). 
(8) Lillard, D. A., Day, E. A., J .  A m .  
Oil Chemists’ Soc. 41, 549 (1964). 

(9) Mashio, F., Kimura, Y., JVippon 
Kagaku Zasshi 81, 434 (1960). 

(10) Patton, S., Keeney, M., Kurtz, 
G. W., J .  A m .  Oil Chemists’ Sac. 28, 
391 (1951). 

Sci. 34, 669 (1951). 
(11) Patton, S., Kurtz, G. W., J .  Dairy 

(12) Protopopova, T. \’., Skoldinov, 
A. P.? J .  Gen. Chem. CSSR 28, 241 
(1 958). 

(13) Saunders, J., May, T. R. K.?  
Chem. Znd. (London) 1963, 1355. 

(14) Sidwell, C. G., IValwin, H. ,  Benca. 
M., Mitchell, J. M.? Jr., J .  A m .  Oil 
Chemists’ Sac. 31, 603 (1954). 

(15) Sinnhuber, R. O., Yu. T. C., Yu. 
C. T.: Food Res. 23, 626 (1958). 

(16) Stork, G.? Brizzolara. H. ,  Landes- 
man, H., Szmusckovics, J., Terrell. 
R., J .  A m .  Chem. Soc. 85,  207 (1963). 

(17) IYatts, B. M.. .4dcan. Food Res. 5, 
i (1954). 

(18) Yu, T. C., Sinnhuber, R .  0.. 
Food Technol. 11, 194 (1957). 

Receiced for review June 18, 7965. dccepted 
‘Vouember 22, 1965. Technical Paper -Vo. 7 799, 
Oregon Agricultural Experiment Station, Cor- 
valli.r, Ore. Investigation supported in part by 
Public Health Seruice Research Grant G M -  
07006, from the .Vatzonal Institutes oj’ Health, 
General Medical Sciences. Part of this work 
zcas done by D .  L .  Crawford during the tenure 
oj’ a j’elloznship ,from Carnpbrll Soup Co. 

184 J. A G R .  F O O D  C H E M .  


