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Abstract 0 A novel method for the synthesis of methyl dialkylmalonuric 
esters was developed using the base-catalyzed ring opening of an iso- 
propylidene malonic ester with urea as the key step. The rates of cycli- 
zation of these malonuric esters to the corresponding barbituric acids then 
were studied a t  buffer concentrations ranging from 0.01 to 1.00M. The 
reaction was shown to be general base catalyzed, and the reaction rate 
was found to be subject to a deuterium isotope effect, k H 2 0 / k D 2 0  = 1.3. 
The thermodynamic activation parameters also were determined. A 
three-step mechanism for the conversion of malonuric esters to barbituric 
acids was proposed; it involved a rapid cyclization step, followed by 
proton removal by a general base catalyst and a rate-determining collapse 
of the resulting tetrahedral intermediate aided by a general acid. 

Keyphrases 0 Dialkylmalonuric esters-synthesis, cyclization to bar- 
bituric acids 0 Barbituric acids-mechanism for formation by cyclization 
of malonuric acids Activation parameters-cyclization of dialkyl- 
malonuric esters to barbituric acids 

Numerous barbituric acids have been synthesized over 
the past 75 years, but the mechanism of the reaction has 
not been defined. Barbituric acids usually are prepared by 
reacting a malonic ester with urea in the presence of a basic 
catalyst. The mechanism proposed some years ago (1) in- 
volved the formation of an intermediate malonuric ester 
(I), followed by rapid ring closure to the barbituric acid 
product (Scheme I). 

The fact that malonuric esters undergo facile cyclization 

I 
Scheme I 

7257. Accepted for 

in basic media was suggested in 1907 (21, and later these 
esters were shown to cyclize rapidly in weakly basic solu- 
tion (1). In a continuing effort to elucidate the mechanism 
of the reaction between malonic esters and urea, the 
present study focuses on the cyclization step. 

BACKGROUND 

Although no kinetic studies on the cyclization of malonuric esters have 
been reported, hydrolysis of barbituric acids in alkaline solution has been 
investigated. Such hydrolyses produce various products, including the 
malonuric acid. A complete scheme for the alkaline decomposition of 
barbiturates was given by Aspelund (3), and a kinetic study on the hy- 
drolysis rate of barbituric acid derivatives was reported by Garrett et al. 
(4). The latter report stated that malonuric acids are capable of hydrolysis 
to the barbituric acids at  pH 7-10, and the enthalpy (AH’) and entropy 
(AS*) of activation were determined for the hydrolysis of numerous 
barbituric acids. 

One facet of the present investigation involved determination of the 
mechanism of base catalysis in the cyclization of esters of diethyl- 
malonuric acid. The classical experiment for distinguishing general base 
catalysis from specific base catalysis involves determining the reaction 
rate in a series of buffers of constant pH but with varying concentrations 
of total buffer species at constant ionic strength (5). General base catal- 
ysis, which requires catalysis by all bases present, is demonstrated if the 
reaction rate depends on the total absolute buffer concentration. Specific 
base catalysis is independent of the absolute buffer concentration. 

UV spectrophotometry was employed to monitor the cyclization re- 
action of the malonuric esters. A pH 10 buffer system was chosen since 
a t  that  pH the barbituric acid product exists as the monoanionic species 
(99+%), which absorbs strongly at  240 nm (6), facilitating easy assessment 
of its formation rate. 

This method also was used to measure the reaction rates in deuterium 
oxide since a comparison of rates in heavy uersus light water can be 
valuable in mechanism elucidation. Jencks (7) reported that because of 
zero-point energy differences and different stretching frequencies, rate 
constants for OH and OD bond cleavage can be 10-fold larger for hy- 
drogen than for deuterium. 

Determination of the thermodynamic activation parameters also was 
undertaken. The entropy and enthalpy of activation were obtained from 
plots of log k/T uersus 1/T (8). 
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Scheme 11-Synthesis of methyl esters of dialkylmalonuric acids 

EXPERIMENTAL 

Synthesis of Reactants-The methyl esters of diethylmalonuric acid 
and ethylisoamylmalonuric acid were prepared by the sequence shown 
in Scheme 11. This reaction represents a novel procedure for the prepa- 
ration of various methyl dialkylmalonuric esters from the readily avail- 
able malonic esters. The isopropylidene malonate (111, prepared by a 
modified method of Davidson and Bernhard (91, serves as a convenient 
intermediate for the base-catalyzed conversion to the malonuric acid. 
This reaction presumably occurs uia a nucleophilic attack of urea on the 
carbonyl group of I1 with simultaneous ring opening and elimination of 
acetone. 

The ethyl ester of diethylmalonuric acid was prepared by the sequence 
shown in Scheme 111. Preparation of the intermediate diethylmalonyl 
chloride monoethyl ester (111) was accomplished using standard proce- 
dures, and its conversion into the malonuric ester was reported previously 
(1). In this instance, the acyl isocyanate was not isolated but was treated 
immediately upon generation with aqueous ammonia to give a mixture 
of the desired ethyl ester of diethylmalonuric acid and a substantial 
amount of the ethyl ester of diethylmalonamic acid, which was separated 
by fractional crystallization from ligroin. 

Reagents-Ethanolamine was redistilled. Concentrated hydrochloric 
acid was refluxed until a constant vapor temperature of 107' was ob- 
tained, and then it was standardized as 6.36 M against tris(hydroxy- 
methy1)aminomethane. Reagent grade potassium chloride, sodium bi- 
carbonate, and sodium carbonate were used without further purification. 
The deuterium oxide, 99.8% pure, was used as received. Sodium deuter- 
iocarbonate was prepared by dissolving 0.5 g of sodium bicarbonate in 
10 ml of deuterium oxide and evaporating the solution to dryness (10). 
Syntheses'--Diethylmulonic Acid-Diethy1 diethylmalonate, 79.5 

ml(O.37 mole), was added dropwise to a refluxing solution of 123 g (2.20 
moles) of potassium hydroxide in 500 ml of ethanol. After the mixture 
was heated for 3-4 hr, a white solid began to separate. Then the mixture 
was cooled, and the precipitate was filtered off and washed once with cold 
ethanol. 

The solid was purified by dissolving it in water, acidifyjng the solution, 
and collecting the crystalline free acid by filtration. The yield was 39.4 
g (67%) of colorless crystals, mp 122-127' [lit. (11) mp 125'); IR (KBr): 
3440 (OH), 1700 (C=O), 1410, and 915 cm-*. 

Isopropylidene Diethylmalonate (II)-Sulfuric acid (0.5 ml) was 
added cautiously to a mixture of 10.0 g (62.5 mmoles) of diethylmalonic 
acid and 7.6 ml (70 mmoles) of isopropenyl acetate. Then a second 
equivalent (70 mmoles) of isopropenyl acetate was added, and the mixture 
was heated briefly to 40'. It then was stirred for 4-5 hr a t  room temper- 
ature. After removal of the volatiles a t  reduced pressure, the residue was 
dissolved in ether, washed with sodium bicarbonate and water, and dried 
over magnesium sulfate. 

Removal of the ether left an orange oil. This oil was vacuum distilled 
to yield 2.9 g (23%) of a colorless liquid, bp 97-100" (0.3 mm), which 

' Melting points were determined with a Fisher Mel-Temp apparatus and are 
uncorrected. IR spectra were recorded on a Perkin-Elmer model 457 grating spec- 
trophotometer, and NMR spectra were recorded on a Hitachi Perkin-Elmer R-20R 
spectrometer. Elemental analyses were performed by Galbraith Lahoratories, 
Knoxville. Tenn. 

\ /  C 
w*' 'CONHmNH, 

Scheme 111-Synthesis of ethyl diethylmalonurate 

crystallized on standing to a colorless solid, mp 35-37.5'; IR (KBr): 1785 
and 1755 (C=O) ern-'; NMR (acetone-d6): 6 1.93 (q, 4H, CHz), 1.66 [s, 
6H, C(CH&], and 0.87 (t, 6H, CH3). 

Anal. -Calc. for C10H1604: C, 60.04; H, 8.06; saponification equivalent 
200. Found: C, 60.16; H, 7.90; saponification equivalent 201. 

Methyl Diethylmalonurate-A solution of isopropyIidene diethyl- 
malonate (2.00 g, 10 mmoles) and urea (0.90 g, 15 mmoles) in 20 ml of dry 
dimethyl sulfoxide was added slowly, with stirring, to a solution of 2.24 
g (20 mmoles) of potassium tert-butoxide in 20 ml of dimethyl sulfoxide. 
Stirring was continued a t  room temperature for 4 hr. Then the mixture 
was poured into 100 ml of ice water and extracted once with 50 ml of 
ether. 

The aqueous layer was acidified with hydrochloric acid'and extracted 
three times with 50 ml of ether. These extracts were dried over magne- 
sium sulfate, and the solvent was removed under vacuum, depositing a 
crystalline residue. This residue was recrystallized from water, yielding 
0.47 g (25%) of diethylmalonuric acid as colorless platelets, mp 158-161' 
[lit. (12) mp 162'1; IR (KBr): 1710,1650, and 1250 cm-I. 

An ethereal solution containing a three- to fivefold excess of diazo- 
methane (generated from N-methyl-N-nitroso-p-toluenesulfonamide2) 
a t  0' was added, with stirring, to an ether solution of 0.26 g (1.3 mmoles) 
of diethylmalonuric acid a t  Oo. The mixture was stirred for 1 hr a t  room 
temperature, and the ether then was evaporated under a nitrogen stream 
to yield an oil that solidified on cooling. The solid was recrystallized from 
ligroin to give 116 mg (42% yield) of colorless needles, mp 112-114.5'; IR 
(KBr): 3420, 1725, 1700, and 1585 cm-I; NMR (CDC13): 6 3.70 (s, 3H, 
OCH3), 1.90 (q, 4H, CHz), and 0.78 (t, 6H, CH:j). 

Anal.-Calc. for CgH16N204: C, 49.99; H, 7.46. Found: C, 50.04; H, 
7.46. 

Mathyl Ethylisoamylmalonura te-Methyl ethylisoamylmalonurate 
was prepared from diethyl ethylisoamylmalonate by the same route as 
for methyl diethylmalonurate. It was obtained as colorless crystals from 
ligroin, mp 7476O [lit. (13) mp 7475'1; IR (KBr): 3410,1740,1715,1690, 
and 1570 an-'; NMR (CDC13): 6 3.70 (s, 3H, OCHs), 1.85 (m, CH2), and 

General Buffer Preparation3-Buffers for the kinetic studies were 
prepared with ethanolamine in carbon dioxide-free distilled water and 
were adjusted to pH 10.0 with constant boiling hydrochloric acid. Po- 
tassium chloride was added when necessary to maintain the ionic 
strength. The buffers were prepared on a cold plate a t  the experimental 
temperature a t  concentrations of 0.011,0.110, and 1.100M with respect 
to ethanolamine so that, upon dilution with the malonuric ester solutions, 
the final concentrations for the kinetic studies were 0.010,0.100, and 1.O00 
M, respectively. 

For the deuterium oxide study, the buffers were prepared from sodium 
carbonate and sodium deuteriocarbonate to give a final concentration 
of 0.18 M total buffer a t  pH 10.0 and 15". 

General Spectrophotometric Method4-Malonuric ester solutions 
were prepared with either carbon dioxide-free distilled water or degassed 
deuterium oxide a t  M and were used on the same day. The malonuric 

0.80 [d, 6H, CH(CH&]. 

Diazald, Aldrich Chemical Co. 
All pH measurements were made with a Corning model 10 pH meter equipped 

with a glass electrode and a potassium chloride reference electrode. The meter was 
standardized with buffer solutions at the experimental temperature before use. 

UV spectral data were obtained on a Beckman DK-'LA recording spectropho- 
tometer. 
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Table I-First-Order Rate  Constants for the Cyclization of 
Diethylmalonuric Esters 

k ,  min-’ a 
Methvl Ethvl 

Medium Diethylmalbnurate Diethylmaionurate 

0.01 M Bufferbsc 0.61 0.28 
0.10 M Bufferbsc 0.79 0.38 
1.00 M Bufferb,c 1.07 0.51 
Waterc,d 0.93 0.43 
Deuterium oxidecae 0.70 0.33 

The k values represent an average of at least six determinations. * Ethanol- 
amine-hydrochloric acid buffer; the ionic strength was maintained at 0.51 M with 
potassium chloride. Reaction temperature of 15.0 f 0.1’. Buffered with sodium 
carbonate-sodium bicarbonate at 0.18 M .  Buffered with sodium carbonate- 
sodium deuteriocarbonate at 0.18 M .  

ester solution, tLe appropriate buffer, and the cell compartment of the 
spectrophotometer were preequilibrated at the experimental temperature 
(*O.lo).  The reactions were initiated by injecting 0.3 ml of the malonuric 
ester solution from a calibrated syringe into the spectrophotometer cell 
already containing 2.7 ml of buffer. The solution was agitated and placed 
quickly into the spectrophotometer cell compartment. Absorbance at 
240 nm was recorded as a function of time compared to the pure buffer 
solution reference. 

Data for the calculation of the rate constants were obtained directly 
from the absorbance plots and were treated by the Guggenheim method 
(14). 

RESULTS 

The cyclization of the dialkylmalonuric esters was studied in aqueous 
ethanolamine-hydrochloric acid buffers at pH 10.0 over total buffer 
concentrations ranging from 0.01 to 1.00 M. The rate constants for the 
methyl and ethyl esters of diethylmalonuric acid are given in Table I. The 
rates varied with total absolute buffer concentration, consistent with a 
mechanism involving general base catalysis. Since the reaction is an ester 
aminolysis, the mechanism proposed by Bunnett and Davis (15) impli- 
cating general base catalysis in the reaction of butylamine with ethyl 
formate might he expected to apply. In addition, general base catalysis 
in the aminolysis of phenyl acetate was observed (lo), and susceptibility 
to general base catalysis appears to he a general characteristic of ester 
aminolysis reactions (15). 

The thermodynamic activation parameters are shown in Table I1 for 
the same two esters and the methyl ester of ethylisoamylmalonuric acid. 
The values of the thermodynamic parameters indicate that the variation 
in overall cyclization rates was due largely to the AS* term. The AH* 
values were all close (<5% difference) and actually in reverse order to the 
measured rates. The methyl ester, which reacted fastest, had the highest 
AH* value. However, the AS* values were significantly different and 
closely paralleled the observed rates. In fact, a plot of AS* uersus k for 
the three esters was linear. Combining the AH* and AS* terms produced 
an overall AC* that paralleled the observed rate differences. 

The cyclization rates in water and deuterium oxide containing sodium 
carbonate-bicarbonate buffers also are shown in Table I. Both esters 
showed a rate decrease in deuterium oxide of approximately the same 
magnitude, kHzO/kDzO = 1.3. 

I 

DISCUSSION 

A probable mechanism for the cyclization of malonuric esters, based 
on the general mechanism for ester aminolysis given by Bunnett and 

Table 11-First-Order Rate Constants and  Activation 
Parameters  for the  Cyclization of Dialkylmalonuric Esters 

0 -9 /OY 
R / ‘co-NH 

cyclization 

k, C-NH2 
II 

\ /+-OR’ - - R‘c’ )co C 
R ’ \CONHCONH, 

-0 
\ /T catalysis 

R\C’c-*z )CO+B--  k2 

R ’ ‘CO-NH 

R’ 

I -  
Iv 

0 

C-NH 

CO-NH 

II 

/ \  
‘\C/ 

R 
‘CO / t ROH + B- 

Scheme IV-Proposed mechanism for cyclization of dialkylmalonuric 
esters to barbituric acids 

Davis (15), is shown in Scheme IV. Several kinetic pathways are possible, 
depending on which step is rate determining. If the cyclization step is slow 
(k2  and k 3  > k l ) ,  the reaction is subject to specific base catalysis since 
the strongest base in the medium, OH-, should eliminate catalysis by the 
weaker bases once the cyclization occurs. However, if catalysis is rate 
limiting ( k l  > k2 and k3) .  then general base catalysis is observed since 
all basic species present should catalyze these steps a t  individual mea- 
surable rates. 

Since the reaction rate of both the methyl and ethyl esters has been 
shown experimentally to decrease by a factor of 1.8 as the total buffer 
concentration is varied 100-fold, the reaction must be subject to general 
base catalysis, and the rate-determining step is either the catalytic step, 
k p ,  or the collapse of the tetrahedral intermediate aided by the general 
acid (HB), k3. The measured deuterium isotope effect, k t3 lkD = 1.3, tends 
to implicate k g  as the limiting step. Even though the ohserved isotope 
effects are small compared to normal d2 isotope effects, k H / k D  values in 
the range of 1.1-1.5 have been reported for the general base-catalyzed 
reaction of phenyl acetate with glycine and ammonia (10). 

The observations that substitution of an isoamyl group for an ethyl 
group in the acyl portion of the malonuric ester caused a rate decrease Activation 

Methyl diethylmalonurate 0.59 1.06 1.91 18.8 -3.2 19.7 
Methyl ethylisoamylmalo- 0.47 0.80 1.49 18.4 -5.1 19.9 

Ethyl diethylmalonurate 0.29 0.51 0.89 17.9 -7.8 20.1 

concentration was 1.00 M, and the ionic strength was 0.59 M. 

nurate 

a The k values represent an average of at least six determinations. The buffer 

- B- 
NH,CONH, - NH&ONH * 
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