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The reaction of urea and acetaldehyde in molar ratio of over 3: 1 gives ethylidenediurea as a main product. 
The rate of reaction in aqueous solutions has been measured by means of spectrophotometric estimation of 
remaining acetaldehyde. The rate is expressed as v = k[HZNCONHz] [CHaCHO]. The reaction is reversible 
and the forward reaction is catalyzed by both general acid and general base. The Br@nsted catalysis law is 
applicable to the general acid catalysis of the forward reaction. The reverse reaction, the decomposition of 
ethylidenediurea, is general acid catalyzed in acidic buffered solutions. A probable mechanism is suggested 
for the forward reaction involving a rate-determining reaction of urea and acetaldehyde to form ethylolurea, 
as is a mechanism for the reverse reaction involving a preliminary rapid decomposition of ethylidenediurea to 
ethylolurea. 

There have been a number of kinetic studies on the 
condensation of formaldehyde with amides's2 involving 
urea. Most of the studies are concerned with the for- 
mation of methylolamides, and it is known that their 
rates are expressed as v = k[HCHO] [RCONH2]. 
However, the reaction of other aldehydes with amides 
have been scarcely studied. It is known that the re- 
action of urea with acetaldehyde gives various products 
with varying ratios of urea us. a~etaldehyde.~ It was 
confirmed that the reaction of more than 3 moles of 
urea with 1 mole of acetaldehyde gave ethylidenedi- 

2NHzCONHz + CHaCHO 
NH*CONH--CH( CHa)-NHCONH2 + HzO (1) 

urea. The present paper deals with the kinetic results 
obtained on the condensation of urea with acetaldehyde 
to form ethylidenediurea. 

Experimental 
Materials.-Commercial reagent grade acetaldehyde dried 

over Drierite was purified by rectification, b.p. 20.2'. Commer- 
cial reagent grade urea was purified by recrystallization from 
methanol, m.p. 132.5'. Ion-exchanged pure water was used 
as the solvent. 

The Reaction Products.-Ethylidenediurea was prepared by 
the reaction of 1 mole of acetaldehyde and more than 3 moles of 
urea in an aqueous solution a t  room temperature. The resulting 
solution was evaporated under reduced pressure at  40' and, 
after being washed with methanol, gave crystals, m.p. 182-183" 
(1k'm.p. 181'). 

Anal. Calcd. for C4HION402: mol. wt., 146. Found: mol. 
wt., 150 (cryoscopic method in aqueous solution). 

The decomposition of the product (0.292 8.) by heating with 
0.2285 N aqueous sulfuric acid (20 ml.) and 0.4 N hydroxylamine 
hydrochloride (10 ml.) for 2.5 hr. a t  60-80' gave acetaldehyde 
oxime which was estimated by titration with 0.1069 N sodium 
hydroxide (60.78 ml.); i.e.,  2.0 X mole of the sample gave 
1.93 x mole of acetaldehyde. The infrared spectra of 
this compound showed no OH peak a t  37W3500 and 1200-1000 
cm.-l. 

Rate Measurements.-The concentration of acetaldehyde was 
measured by its absorbance a t  277 mp (absorption maximum), 
where urea, ethylourea, and ethylidenediurea have no appreci- 
able absorption. The molar extinction coefficient of acetalde- 
hyde in water was as follows: 6.67 a t  12.0"; 8.02 at  24.2'; 
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and 9.05 at  36.3'. Except in phosphate buffer ( M  = 0.8) all 
runs were carried out a t  the same ionic strength ( p  = 0.2) by 
adding sodium chloride. The hydroxide-ion catalysis was 
measured in a borate buffer where no appreciable catalytic effect 
of the buffer was observed. 

A typical experiment for the rate measurements was as follows: 
0.150 M acetaldehyde (25 ml.) in a buffered aqueous solution and 
3.00 M urea (25 ml.) in the same buffered solution which had 
previously come to thermal equilibrium were mixed in a flask and 
immediately introduced to a glass-stoppered quartz cell thermo- 
stated at 24.2 f 0.2' in a Hitachi spectrophotometer, type EPU- 
2A. The absorbance at  277 mp was measured at  known inter- 
vals of time and the concentration of acetaldehyde was calculated. 

The decomposition of ethylidenediurea was carried out in a 
chloroacetate buffer ( p  = 0.2) at  24.2', the resulting acetalde- 
hyde being determined spectrophotometrically. 

Results and Discussion 

The Order of the Reaction Rate.-Pseudo-first-order 
rate constants were calculated by measuring acetalde- 
hyde in kinetic experiments, where a 10-20-fold 
excess of urea to acetaldehyde was used. As shown in 
Figure 1,  the plot of the pseudo-first-order rate con- 
stant us. initial concentration of urea was a straight line 
passing through the origin. Therefore, the rate is 
expressed as v = k [H~NCONHZ] [CH3CHO]. 

Hydronium Ion and Hydroxide Ion Catalysis.-The 
reaction seems to be catalyzed by H30+ and OH- ions 
as in the case of formaldehyde.ld92 A linear relation- 
ship (Figure 2) was observed between the log k and 
log [H30+] or log [OH-] a t  pH of 2 . 9 4 . 2  or 8.2-9.6, 
respectively. The plot gives two straight lines with 
unit slope, and log k has a minimum a t  pH ca. 6.8, 
which indicates both hydronium ion and hydroxide 
ion catalysis. 

I n  unbuffered solutions the rate constants can be 
expressed as 

k = k'[Hz0] + k"[HsO+] + k"'[OH-] (2)  

The catalytic constants, k" and k" ', can be evaluated 
from Figure 2. 

k = k'[HzO] + 1.3[Ha0+] + 1.4IOH-I (3) 

A similar relationship has been reported for the con- 
densation of urea with formaldehyde. Id 

k = (5.6 X 10-8) + (1.4 X lo-' [HsO+]) + 1.7[OH-I 

Catalysis in Buffered Solutions. -A series of experi- 
ments were carried out in various acetate buffer 
concentrations with constant pH to examine the pos- 
sibility of general acid and general base catalysis. The 
plot of second-order constant us. concentration of acetate 
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Figure 1.-Plot of the pseudo-first-order rate constant us. 
the initial concentration of urea for the condensation of urea with 
acetaldehyde at 24.2". 
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Figure 2.-The relationships between the logarithm of the 
second-order rate constant and pH for the condensation of urea 
with acetaldehyde at 24.2' and ionic strength of 0.2. 

buffer shows straight parallel lines corresponding to 
their pH values (see Figure 3). This fact indicates 
that the reaction is subject to general acid catalysis 
with acetic acid, but not to general base catalysis with 
acetate ion. The slope of line gives the specific acid 
catalytic constant for acetic acid as 2.50 X 
M-2 sec.-l. Similar results were obtained with for- 
mate, chloroacetate, methoxyacetate, and pivalate 
buffers. The catalytic constants k, satisfy the Br#n- 
sted catalysis law (Figure 4), where KA is the acidity 
constant of the corresponding acid and GI and a are 
constants. 

log KA log GA + Q log KA (4) 

Figure 4 gives a! = 0.46 and GI = 0.41. 
On the other hand, the result with phosphate buffers 

shows the general acid and general base catalysis (see 
Figure 5 ) .  The phenomenon is explicable by the 
stronger basicity of monophosphate ion (secondary 
dissociation constant of phosphoric acid is 6.023 X 
1 0 - 8  a t  25') compared with the acetate ion (the dis- 
sociation constant for acetic acid is 1.75 X 
The similar phenomenon was observed with the urea- 
formaldehyde reaction.2 

The activation energy for the reaction was 9.97 
kcal. mole-' in water. 

Equilibrium Constants.-The calculation of the over- 
all equilibrium constant gave unsatisfactory results, 
which suggested an  intermediary formation of ethylol- 

0.02 0.04 0.08 0.08 
[CHrCOOH]. M .  

Figure 3.-The illustration of the general acid catalysis for the 
condensation of urea with acetaldehyde in acetate buffers a t  
24.2' and ionic strength of 0.2. y = [CH8COO-]/[CHaCOOH]: 
0, y = 0.5; Q, y = 1. 

- 5  - 4  - 3  
Log KA. 

Figure 4.-Application of Br0nsted catalysis law, log k~ = 
log G A  + a log Ka, to the condensation of urea with acetaldehyde 
a t  24.2' and ionic strength of 0.2: a, chloroacetic acid; b, 
methoxyacetic acid; c, formic acid; d, acetic acid; e, pivalic 
acid. Q = 0.46, GA = 4.1 X lo-'. 

urea. Therefore, the equilibrium constants were cal- 
culated using following abbreviations to represent 
 participator^.^ 

KI 
H2NCONHz + CHsCHO Jr H*NCONHCH( CHs)OH (5)  

U A EU 

KI 
H*NCONHCH(CHs)OH + HzNCONHi )J 

EU U 
H2NCONHCH(CHa)NHCONHe + H2O (6)  

EDU 

Here, subscript 0 means the initial concentration. The 
introduction of the values of [EU] and (EDU] from eq. 
7 and 8 into eq. 9 leads to eq. 10. The binary equation 

(10) 
(5 )  Similar treatment haa been done in the reaction of formaldehyde and 

urea to form dimethylolurea: H. Sobue and K.  Murakami, Kobunshi 
Kagaku, 9, 454 (1952). 
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Figure 5.-The illustration of general base catalysis for the 

condensation of urea with acetaldehyde in phosphate buffers a t  
24.2' and ionic strength of 0.2. y = [HPOa-z]/[H~POa-]: 
0, y = 2; Q, y = 4. 
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Figure 6.-The decomposition of ethylidenediurea in chloro- 
acetate buffers (pH 3) with initial concentration of ethylidenedi- 
urea of 0.1000 M :  0,  [Uo] = 0; 0, [UO] = 0.250 M ;  A, [Uol = 
0 .500M;  0, [U,] = 0.750M. 

including unknown K 1  and Kz and measurable Ao, 
A ,  and Uo can be solved and the calculated values are 
listed in Table I. The constancy of K1 is satisfactory, 

TABLE I 
THE EQUILIBRIUM CONSTANTS FOR THE CONDENSATION 

OF UREA WITH ACETALDEHYDE IN WATER' 
[Uol 

[Aol, M [Vo], M [A],  M KI, M-1 Kz, M-1 [Aol 
__ 

0.1008 0.4506 0.0497 Standard 4 . 5  
0,1008 0,7496 0,0332 2.02 0.803 7 . 0  
0,1008 0,9001 0,0286 2.15 0,564 9 . 0  
0,1008 1.2009 0,0195 1.93 0,925 12 .0  
0,1008 1,4990 0.0148 2.01 0.804 15.0 
0,0873 1,5020 0,0142 2.10 0,540 17.1b 
0,0605 1,2009 0,0116 2.08 0,701 19.9' 

a At 24.2". * pH 4.9. pH 4.4. 
Av. 2.05 0.723 

while the constancy of Kz is considerably poorer, be- 
cause the value of K z  is sensitive to the small variation 
in K1. The value of K1, 2.05 M-I at  24.2', is smaller 
than the corresponding value of 25.7 M-' a t  25' for 
the reaction of formaldehyde and urealb and that of 
22.3 M-1 at  25' for the reaction of formaldehyde and 
benzaiiiide,2 which means a less favorable tendency 
for the acetaldehyde condensation. 

The Decomposition of Ethylidenediurea in Acidic 
Buffered Solutions.-The decomposition of ethylidene- 
diurea was kinetically studied in a chloroacetate buffer 
a t  pH 3.0. The following facts suggest that ethylidene- 
diurea forms ethylolurea in a rapid equilibrium (eq. 6) 
and the decomposition of ethylolurea to urea and acet- 
aldehyde is rate determining (reverse of step 5 ) .  (1) 
The rate of formation of acetaldehyde is of simple first 
order with ethylidenediurea as shown in Table 11. 

TABLE I1 
THE DECOMPOSITION OF ETHYLIDENEDIUREA IN 

CHLOROACETATE BUFFER' 
[EDUol, M ki X 10' %ec.-l 
0.1500 1.23 
0.1250 1.33 
0.1000 1.41 
0.0750 1.37 
0.0500 1.47 

Av. 1.37 
pH 3.0, a t  24.2', p = 0.2. K1 = (2.30 X 10-3)/(1.37 X 

10-3) = 1.68 M - 1 .  

(2) If the decomposition of ethylidenediurea (the re- 
verse step of eq. 6) were rate determining, the rate 
should not be affected by the addition of urea. As 
shown in Figure 6, the apparent rate falls with increas- 
ing concentration of added urea, which implies the shift 
of equilibrium 6 to the right side by the addition of 
urea. (3) The decomposition of ethylidenediurea as 
well as the formation of ethylolurea is general acid 
catalyzed. In  spite of this, the decomposition of 
methylenediurea to methylolurea which corresponds 
to the reverse of step 6 has been known to be not general 
acid catalyzed, but specific oxionium ion catalyzed. Id 

In  analogy, it is probable that the reverse of step 5 is 
rate determining and general acid catalyzed. 

The value of K z  (0.72 M - l )  in Table I implies that 
most of the ethylidenediurea is converted immediately 
to ethylolurea which decomposes slowly to urea and 
acetaldehyde and that the formation of ethylidenedi- 
urea needs a large excess of urea. The value of K1 
(1.68 M-1) obtained from the ratio of the rate con- 
stants of the forward and the reverse reactions agrees 
in order with the value (2.05 M - l )  that was measured 
directly. 

Reaction Mechanism.-As stated above, the forma- 
tion of ethylolurea from urea and acetaldehyde is 
rate determining because of the observed second-order 
kinetics. 

In  a dilute aqueous solution about half of the amount 
of acetaldehyde is hydrated, since KU [HzO] = 1.02.6 

Kll 

CHsCHO + HzO Jr CH3CH(OH)t (11) 

Hydrated acetaldehyde is inactive as in the case of 
formaldehyde. l s 2  

The observed general acid catalysis may be explained 
by a mechanism involving a simultaneous attack of 
urea and acid (HA) on acetaldehyde, which is analo- 

(6) The equilibrium constant was determined spectrophotometrically 
according to R. Bieber and G .  Trampler [Helu. Chim. Acta. 80, 1860 
(1947) 1. 
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gous to amide-formaldehyde1V2 and ammonia-aldehyde' 
reactions. 

H2NCONH2 + b=o.. - .HA ~r H2NCO~Hz--cHOH + A- 

H 

AH3 CHs (12) 

slow 

slow I 

HzNCONH4HOH + HA (13) 

AH* 
fast 

fast 
HzNCONHz4HOH + HdVCONHz 

I 
CH3 

HZNCONHCHNHCONHz + HzO (14) 

AH3 
(7) Y. Ogata and A. Kawasaki, Tetrahedron, 90, 855, 1573 (1964). 

Similarly, the following mechanism may be suggested 
for the base catalysis. 

H 

HzNCON + =O 1_ I I z N C O N H C H 4 -  + BH' (15) 
I 

A 
H AH, CHs 
B 

HzNCONHCHOH + B (16) 

AH1 

However, the possibility of the specific oxonium ion 
and the specific hydroxide ion catalysis is not ruled out 
on the basis of the present data. 

The Chemistry of Carbonyl Chloride Fluoride. I. 
The Ring Opening of Cyclic Ethers with Carbonyl Chloride Fluoride 
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Ring opening of cyclic ethers by carbonyl chloride fluoride yielded w-chloroalkyl fluoroformates. The re- 
activity of carbonyl chloride fluoride with cyclic ethers was found to decrease in the order ethylene oxide > tri- 
methylene oxide > tetrahydrofuran > tetrahydropyran. In addition, its reaction with substituted ethylene 
oxides and butadiene dioxide was investigated. The w-chloroalkyl fluoroformates, a new class of compounds, 
are useful for the preparation of w-chloroalkyl fluorides or w-fluoroalkenes. T'inyl fluoride has been prepared 
from ethylene oxide and carbonyl chloride fluoride in an over-all yield of about 70%. A new method for the 
preparation of carbonyl chloride fluoride is described. The ring opening of tetrahydrofuran with phosgene 
resulted in a mixture of 1,3- and 1,4-dichlorobutane. Attempts to replace the carbonyl chloride fluoride by 
thionyl or sulfuryl fluoride were not successful. 

The chemistry of carbonyl chloride and carbonyl 
fluoride has been extensively investigated. Among 
many others, the reactions of carbonyl chloride with 
ethylene oxide and substituted ethylene oxides' form- 
ing w-chloroalkyl chloroformates have been described. 
In the case of carbonyl fluoride and ethylene oxide2 the 
unexpected CF30CH2CH20COF has been obtained. 

Ring-opening reactions of larger rings with phosgene 
or carbonyl fluoride have not been reported, but it is 
known3 that the ring of tetrahydrofuran can be opened 
with hydrogen chloride, thionyl chloride, or phospho- 
rous oxychloride, in the presence of catalysts such as zinc 
chloride, aluminum chloride, or aluminum oxide, yield- 
ing exclusively 1,Pdichlorobutane. In the case of car- 
bonyl chloride fluoride, however, no other reactions 
with organic compounds except for ethanol and amines4 
have been described. 

Since the organic fluoroformates proved in the course 
of our investigations to be very useful intermediates in 
the preparation of such compounds as fluorinated aro- 
matics, 1,2-difl~oroalkanes,~ w-chloroalkyl fluoride, etc., 

(1) J. I. Jones, J .  Chem. Soc.. 2735 (1957). 
(2) P. E. Aldrich and W. A. Sheppard, J .  Org. Chem., 99, 12 (1964). 
(3) French Patent 864,758; Chem. Abetr., 48, 1433d (1949); Italian 

Patent 424,590; Chem. Abstr., 48, 42840 (1949); V. I. Lutkova, et al.. 
Zh. Obehch. Khim., 96, 2102 (1955); N. I. Shuikin, I. F. Bel'skii, Im. Akad. 
Nauk SSSR,  Old. Khim. Nauk, 747 (1956): German (East) Patent 10,675; 
Chem. Abatr., 69, 16373h (1958). 

(4) H. J. Emelbus and J. F. Wood, J .  Chem. Soc., 2183 (1948). 
(5) K. 0. Christe and A. E. Pavlath, J .  070. Chem., 80, 1644 (1965). 

more systematic work was done in this field, part of 
which will be reported in this paper. 

Preparation of Carbonyl Chloride Fluoride.-COFC1 
was first prepared from COClz and SbF3.4 We found 
that it can be prepared more easily from COClz and 
SiF2 or on laboratory scale from COClz and AsF3. The 
purity of the COFCl used for the ring-opening reac- 
tions was not critical. Therefore, the crude reaction 
product consisting of 84 to 90% COFCl (the rest being 
COFz and COC12) could be used without further puri- 
fication. 

Ring Opening of Unsubstituted Cyclic Ethers with 
Carbonyl Chloride Fluoride.-w-Chloroalkyl fluoro- 
formates are formed when carbonyl chloride fluoride 
reacts with ethylene oxide, trimethylene oxide, tetra- 
hydrofuran, or tetrahydropyran. 

catalyst (CH& + COFCl - C1 (CH2)ZOCOF 

Reaction conditions, physical and spectral properties, 
and analytical data of the new compounds are summa- 
rized in Tables I, 11, and 111. 

The reactivity of carbonyl chloride fluoride with 
cyclic ethers was found to decrease in the order ethylene 
oxide > trimethylene oxide > tetrahydrofuran > tetra- 
hydropyran. This order could be expected from the 

(6) K. 0. Christe and A. E. Pavlath, abad., 99, 3007 (1964). 


