
VoE. 33, No. 3, March 1968 REACTION OF CHLOROACETIC ACID WITH AMMONIA 1107 

the residue was recrystallized from 5 ml of 95% ethanol resulting 
in 0.28 g of 111, mp 107-108'. An analytical sample, mp 108- 
log', followed by solidification and remelting at 112-113", was 
prepared by recrystallization from alcohol: infrared absorption 
(Nujol mull) a t  5.57, 5.75, 7.40 (shoulder), 7.65, 7.88, 8.03, 
8.13,8.33,8.43,8.70,9.15,9.30,9.85,10.20,10.33,10.85,11.95, 
13.20 p;  nmr spectrum (CDCb), a doublet a t  7 5.18, a triplet 
a t  8.62, a quartet a t  5.70, and complex multiplets at 6.7 and 7.3 
with peak area ratios of 1 : 6: 4: 1 : 6. 

Anal. Calcd for C I J ~ P O ~ :  C, 53.50; H ,  5.77; mol wt, 314. 
Found: C, 53.24; H ,  5.76; sapon equiv X 4, 316. 

Reaction Intermediate.-To a solution of 2 g of I in 20 ml of 
95% ethanol was added 20 ml of 1 M hydrochloric acid. After 
2 min, the solution was added to 1750 ml of water and extracted 
three times with chloroform. The aqueous phase was neutralized 
with 40 ml of 1 M dipotassium phosphate and extracted three 
times with chloroform. The chloroform extract of the neutralized 
solution was dried over sodium sulfate and concentrated to 31 
ml under reduced pressure. A 3-ml aliquot was evaporated to  
dryness under reduced pressure, dissolved in 2 ml of CDC13, 
evaporated, and dried for 10 min under oil pump vacuum. 
The residue (0.15 g) was immediately dissolved in CDC13 for 
determination of the nmr spectrum (Figure lb). Absence of 
the T 2.78 and 4.65 furanoid proton bands indicates that I is 
not present in this material. The infrared spectrum of the 
chloroform extract shows intense absorption at 5.62, 5.80, and 
5.98 p.  Purification of the extracted material by crystallization 
or by thin layer chromatography was not successful. The re- 
mainder of the chloroform solution was evaporated, dissolved in 
10 ml of dioxane, and treated with 15 ml of 0.8 M hydrogen 
chloride in deuterium oxide. After 15 min the solution was con- 
centrated until an oil separated. After recrystallization from a 
mixture of chloroform and carbon tetrachloride, 0.35 g of product, 
mp 93-94', was obtained. The nmr spectrum was identical 
with that of 11. 

Hydrolytic Dimerization of I in Deuterium Oxide.-To a solu- 
tion of 1.7 g of I in 17 iml of dioxane was added 25 ml of 0.8 M 
deuterium chloride in deuterium oxide. After 15 min a t  room 
temperature, the solution was cooled at -10' for 1 hr. The 

yield of recrystallized product, mp 91-92', was 0.7 g. The nmr 
spectrum was determined in CDCla (Figure IC). The peaks at 
T 2.51 (triplet), 3.65 (doublet), and 6.55 (singlet) have relative 
areas of 1:0.33:1. 

Ultraviolet Absorption Studies.-A solution of 0.624 g (4.03 
mmol) of I in 10 ml of 95% ethanol was prepared. A 1-ml 
aliquot was added to 1 ml of 1 M hydrochloric acid in a 25-ml 
volumetric flask. After the desired reaction period, the solution 
was diluted to 25 ml with 1 M dipotassium phosphate. After 
diluting 1 : 100 with water, the ultraviolet absorption spectrum 
was determined. The half-life of I under these conditions is 
0.5 min. The formation of a reaction intermediate is indicated 
by the appearance of a peak at  208 mp. After a 15-min reaction 
period, only end absorption characteristic of I1 remains. 

Hydrolysis Studies.-Hydrolysis of the amine group during 
the hydrolytic dimerization of I was determined by liberation of 
ammonia using the Van Slyke aeration procedure.10 To a solu- 
tion of 30 mg of I in 0.5 ml of 95% ethanol was added 0.5 ml of 
1 M hydrochloric acid. Separate runs were made and in each 
run 5 ml of 1 M sodium hydroxide was added after the desired 
reaction period. Nitrogen was passed through the solution at  
0.5 ftz/hr for 90 min. The ammonia was absorbed in 10 ml of a 
2% boric acid solution containing bromcresol green indicator and 
was titrated with 0.02 N sulfuric acid. The yields of ammonia 
after 0.5-, 1-, 2-, 5-, and 15-min reaction periods are 32, 40, 44, 
57, and 77%. 

Registry No.-I, 15856-35-6; 11, 15814-68-3; IIa, 
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ological Chemistry." The Blakiston Co., Philadelphia, Pa., 1947, p 828. 

Kinetics of the Reaction of Chloroacetic Acid with Ammonia 
in an Aqueous Solution' 

YOSHIRO OQATA, ATSUSHI KAWASAKI, AND TAKAKIYO GOTO 
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya, Japan 

Received June 23, 1967 

The kinetics of the consecutive reactions between chloroacetic acid and ammonia in aqueous solutions to form 
glycine and iminodiacetic and nitrilotriacetic acids have been studied by following the produced chloride ion. 
The observed second-order rate law, v = k[chloroacetic acid] [amino compound], together with the relation 
between the rate constant and the pH of the solution confirms the ordinary S N ~  mechanism involving an attack 
of free ammonia or amino group on the chloroacetate ion. The reactivities of amino compounds are discussed 
in terms of their rate constants, activation parameters, and basicities of amino groups. 

Treatment of chloroacetic acid with ammonia gave 
glycine, iminodiacetic acid, and nitrilotriacetic acid. 

- HCI ClCHzCOOH 
NHs + ClCHzCOOH -+ HzNCHzCOOH - - HCI 

A large excess (cu. 60-fold) of ammonia was found to  
be favorable for the preparation of gly~ine.~-4 Cher- 
onis and Spitzmuller have studied qualitatively the effect 
of pH of the solution. on the yield of glycine; they sug- 
gested that the formation of secondary and tertiary 

(1) Contribution No. 101. 
(2) K. Kraut, Ber., 2S, 2577 (1890). 
(3) G. R. Robertson, J .  Amer. Chem. Soc., 49, 2889 (1927). 
(4) J. M. Orten and R. M. Hill. "Organic Syntheses," Coll. Vol. I, John 

Wiley and Sons, Ino.. New York, N. Y., 1941. p 300. 

amino compounds was reduced at  pH below 10 and 
that the reactive species are probably free ammonia 
and chloroacetate ion.5 Iminodiacetic acid has been 
prepared by the reaction of boiling aqueous chloro- 
acetic acid with ammonia.'j However, no report has 
appeared on the preparation of nitrilotriacetic acid 
from these materials. Few kinetic studies have been 
reported for this type of r e a c t i ~ n . ~ , ~  

The present study was undertaken to  obtain some 
information on the kinetics of the formation of glycine 
and iminodiacetic and nitrilotriacetic acids from chloro- 
acetic acid and ammonia together with the effect of pH 

(5) N. D. Cheronia and K. H. Spitrmuller. J .  O w .  Chem., 6 ,  349 (1941). 
(6) H. Heintr, Ann., 146, 49 (1867). 
(7) J. D. Johnson and L. J. Edwards, Tmna. F o m d a y  Soc.. 46, 286 (1949). 
(8) N. I. Darienko and N. V. Saposhinikova, Im. Vyssh. Ucheb. Zaved. 

Khim, Khim. Tekhnol.. S, 461 (1960); Chem Abstr., 64,21954 (1960). 
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Figure 1.-Pseudo-firsborder kinetics (left side of vertical axis) 
for the reaction of chloroacetic acid with ammonia (A) and with 
glycine (B) and second-order kinetics (right side of vertical axis) 
for the reaction of chloroacetic acid with iminodiacetic acid (C) in 
aqueous buffer solutions a t  30 =t 0.1'. Initial concentrations 
were (A) chloroacetic acid, 0.1 M ,  ammonia, 2.0 M ;  (B) chloro- 
acetic acid, 0.05 M ,  glycine, 0.50 M ;  (C) chloroacetic acid, 0.099 
M ,  iminodiacetic acid, 0.05 M .  The symbol a represents the 
initial concentration of chloroacetic acid and d, the initial concen- 
tration of iminodiacetic acid. All of the reaction were followed 
up to over 707, and all plots lie on good straight lines up to this 
high conversion. 

on the rate for the clarification of the reaction mecha- 
nism. 

Experimental Section 
Materials.-Aqueous ammonia, sulfuric acid, nitric acid, 

sodium hydroxide, sodium sulfate, and sodium nitrate used were 
of guaranteed reagent grade. Chloroacetic acid was redistilled 
under vacuum, bp 97-98' (24 mm). Commercial glycine, mp 
235.2-237" (effervesces) (lit.@ 236-239" (dec), and iminodiacetic 
acid, mp 224-229' (edervesces) (lit.lo 225' dec), were recrystal- 
lized from aqueous methanol. 

Rate Measurements.-A solution (5 ml) of chloroacetic acid 
was pipetted into an :aqueous solution of amino compound (100 
ml) placed in a glass-stoppered flask which had reached thermal 
equilibrium in a thermostat. Aliquots (5 ml) were pipetted out 
at regular intervals and cold dilute nitric acid was added to them 
to stop the reaction. The concentrations of chloride ion were 
determined by the Volhard method." 

The hydrolysis of chloroacetic acid was negligible under the 
kinetic conditions a t  pH below 12, since practically no chloride 
ion was detected after 8 hr in an aqueous solution of chloroacetic 
acid in the absence of s.mmonia even a t  pH 12 and a t  30'. A re 
port8 that the rate of hydrolysis of chloroacetic acid in an aqueous 
solution a t  60" is ca. I / ~ O  of the rate of the ammonolysis under 
the same conditions was consistent with our observation. There- 
fore, the rate of appearance of chloride ion may be assumed to be 
equal to  the rates of the corresponding formation of glycine, 
iminodiacetic acid, and nitrilotriacetic acid. The concentration 
of ammonia was determined by titration with standard hydro- 
chloric acid. 

The pH and the ionic strength of the solution were controlled 
by adding a mixture of sulfuric acid and sodium sulfate or a 
mixture of nitric acid and sodium nitrate (for the reaction of 
chloroacetic acid with ammonia) or by adding a mixture of sodium 
hydroxide and sodium nitrate (for the reaction of chloroacetic 
acid with glycine or iminodiacetic acid). The p H  of the solution 
was determined by Hitachi-Horiba pH meter type M 4 which 
is reliable in the range of pH 0-14. 

(9) J. M. Hill and R. M. Hill, J .  Amer. Chem. Soe., It, 2797 (1931). 
(10) K. Polstorff and H. Meyer, Ber., 46, 1908 (1912). 
(11) J. R. Coldwell and H. V. Meyer, Ind. Eng. Chem. Anal. Ed., 7 ,  38 

(1835). 

Although hydrogen chloride was a reaction product, the change 
in pH of the solution is very small throughout the reaction as 
shown in Table I. 

TABLE I 
RATE CONSTANTS FOR THE REACTION OF CHLOROACETIC ACID 

WITH AMINO COMPOUNDS IN AN AQUEOUS SOLUTION AT 30 f 0.1" 
ClCHtCOOH, NH:, Hs804. Initial Final kb X 1W, 

PH pH0 880-1 

0 . 1  1 . 0  0.04 10.0 9 . 7  0.486 
M M M 

2 . 0  0.11 10.2 9 . 8  1.09 
3 . 0  0.23 10.2 9 . 9  1.68 
4 . 0  0.30 10.3 10.0 2.30 
5 . 0  0.36 10.4 10.2 3.14 

ClCHr NHtCHr NaOH, NaNOa, Initial Final kd X lW,  

0.05 0.50 0.33 2.42 9 . 5  9 . 4  2.66 
0.75 0.50 2.13 9 . 6  9 . 5  4.78 
1.00 0.67 1.83 9 . 8  9 . 7  6.75 
1.25 0.83 1.55 9 . 8  9 . 7  8.45 

COOH,M COOH,M M M pH pH* 080-1 

ClCHr NH(CHr NaOH, NaNOa, Initial Final kf X 101, 
COOH, M COOH)r, M M M pH pH' M-lseo-'  

0,099 0.050 0.50 2.38 13.4 13.2 19.8 
0.075 0.75 2.08 13.1 13.0 18.0 
0.100 1.00 1.78 13.3 13.1 17.4 
0.125 1.25 1.48 13.6 13.1 18.3 
0.150 1.50 1.18 13.5 13.2 18.4 

After 38 hr. * Firsborder rate constants for chloroacetic acid 
a t  various ionic strengths. d First-order rate con- 
stants for chloroacetic acid at  ionic strength 3. * After 20 hr. 
f Second-order rate constants for chloroacetic acid and imino- 
diacetic acid at ionic strength 3. 

After 5 hr. 

The Preparation of Nitrilotriacetic Acid.-Aqueous ammonia 
(28%, 1 mol, 70 ml), 100 ml of an aqueous solution of sodium 
hydroxide (15 g, 0.375 mol), and 100 ml of an aqueous solution of 
chloroacetic acid (38 g, 0.4 mol) were mixed in a flask equipped 
with a reflux condenser a t  room temperature. The solution was 
then allowed to  stand for 24 hr. On heating a t  100" (of bath 
temperature) with vigorous stirring for 3 hr the solution became 
yellowish. The solution was then cooled and acidified with 
sulfuric acid. Nitrilotriacetic acid was formed immediately as 
a white precipitate, which was filtered off, washed with water, 
and recrystallized twice from water, giving 18 g of colorless crystals 
of nitrilotriacetic acid, mp 240" (effervesces) (lit.1a 242' dec); 
the yield after recrystallization from water was 73.4% based on 
chloroacetic acid. 

The product was identified by similarity in paper chromato- 
graphic behavior with an authentic sample.l3 A mixture of 1- 
butanol-water-acetic acid (4: 5: 1 in volume) was employed as a 
developer and an ascending method was used. The Rf valuea 
(and the characteristic color) were 0.11 (violet) for the product, 
0.19 (reddish violet) for glycine, 0.13 (reddish violet) for imino- 
diacetic acid, and 0.10 (violet) for nitrilotriacetic acid. 

The Measurement of pK,.-The ionic strength of the solution 
was controlled to 3 using sodium nitrate. The pK. value of the 
conjugate acids of amino compounds was measured using the 
potentiometric titration method.'* The pK. values at 30' were 
9.45, 9.60, and 9.15 for the conjugate acid of ammonia, imino- 
diacetic acid, and nitrilotriacetic acid, respectively. 

Results and Discussion 

Typical rate data are shown in Table I. The reac- 
tions of chloroacetic acid with ammonia to form glycine, 
iminodiacetic acid , and nitrilotriacetic acid are con- 
sec~tive.~-s The straight lines in the pseudo-first- 
order plot in Figure 1 show that the reaction rate of 
chloroacetic acid with formed glycine can be neglected 
in a large excess (over tenfold) of ammonia. Indeed, 

(12) J. V. Dubsky and W. D. Wensink, Bur.. 49, 1042 (1916). 
(13) A. E. Martell and F. C. Bereworth, J .  Org. Chem., l I , 4 6  (1950). 
(14) 8. Nakamura, J .  Svn. Org. Chem. Jap., 14,923 (1966). 
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Figure 2.-The relationship between log (pseudo-finborder 
rate constants) and log ((the initial concentration of ammonia) (A) 
and log (the initial concentration of glycine) (B) at  30 =k 0.1'. 

although the reactivity of glycine is ten times as much 
as that of ammonia as observed, the reaction with 
glycine may be neglected even at 50% conversion of 
chloroacet.ic acid because of the high molar ratio of 
ammonia to glycine. It has been reported that besides 
glycine (a main product) only a small amount of imino- 
diacetic acid and nitrilotriacetic acid were obtained under 
these  condition^.^-^ A similar consideration may be 
applied to the reaction of chloroacetic acid with glycine. 
If the reactivity of iminodiacetic acid is almost equal 
to that of glycine as observed, the effect of formed im- 
inodiacetic acid (bellow 5%) on the rate in a large ex- 
cess (over tenfold) of glycine can be neglected even if 
half of the chloroacetic acid is consumed. 

Kinetics of the Formation of Glycine.-Curve A in 
Figure 1 shows that the rate of formation of glycine is 
first order in chloroa cetic acid. For the determination 
of the order with respect to ammonia, the rate was 
measured at constant concentration of chloroacetic acid 
(0.1 M) and at  various concentrations of ammonia, 
Le.,  1.0, 2.0, 3.0, 4.0, and 5.0 M. The logarithm of the 
observed rate constants was plotted against the log- 
arithm of the initial concentration of ammonia (Figure 
2, curve A). 

Since the plotted line has a slope of almost unity 
(l.lO), the reaction forming glycine also follows first- 
order kinetics with ammonia, and the rate equation is 
expressed in eq 1. 

v = k,[ainmonia] [chloroacetic acid] (1) 

Effect of pH on the Rate of Formation of Glycine.- 
It is shown in Figure 3, curve A, that the rate of fonna- 
tion of glycine decreases sharply at  pH below 10 and 
gives a line having a slope of unity a t  pH below 9.5. 

If the rate-determining step consists of an attack of 
free ammonia on chloroacetate ion as postulated by 
Cheronis and Spit~muller,~ the over-all reaction is ex- 
pressed in eq 2-4. 

K2 

mobile 
NHI+ NHa + H +  (2) 

Ka 

mobile 
ClCHzCOOH e ClCHzCOO- + H + (3) 

ka 

slow 
"3 + ClCHzCOO- + NHzCHzCOO- + H +  + C1- (4) 

4 

7 8 9 10 11 12 
Initial pH of solution. 

Figure 3.-The effect of pH on the rate of reaction of chloro- 
acetic acid with ammonia (A), glycine (B), and iminodiacetic acid 
(C) at 30 =k 0.1" and ionic strength 3, and the effect of pH on the 
rate of reaction of chloroacetic acid with ammonia (A') at 30 f 
0.1' and various ionic strengths. Initial concentrations were (A) 
chloroacetic acid, 0.1 M ,  ammonia, 2.5 M ;  (B) chloroacetic acid, 
0.05 M ,  glycine, 0.75 M ;  (C) chlorocetic acid, 0.099 M ,  iminodi- 
acetic acid, 0.1 M ;  (A') chloroacetic acid, 0.1 M ,  ammonia, 5.0 M .  

The stoichiometric concentration of ammonia (b  - z) 
is the sum of the concentrations of free and protonated 
amines (see eq 5 ) .  In  the same way, the stoichiometric 

(5) 

concentration of chloroacetic acid (a - x) is expressed 
as in eq 6. The term, [H+]/Ka, may be negligible 

under all conditions studied (pH >7), since the value 
of Ka at  25" is 1.4 X and chloroacetic acid may be 
almost completely anionic; hence (a - 2) is equal to 
[C1CH2C00-]. Therefore, the rate of formation of 
glycine may be expressed as in eq 7, where k and K are 

v = kc ["a] [ClCHL!OO-] 

(7) 

rate and equilibrium constants for the subscripted step, 
respectively. 

The comparison of eq 7 with eq 1 leads to an expres- 
sion for the apparant rate constant k, (see eq 8). The 

average value of rate constant, k4, for the rate-deter- 
mining step was calculated to be 1.12 X M-I sec-' 
from eq 6 at pH above 10.5 and ionic strength 3. The 
solid curve A in Figure 3 is the theoretical curve for 
log ka-pH profile calculated from eq 8 assuming 
IC4 of 1.12 X M-' sec-' a t  constant ionic 
strength 3 and pK2 of 9.0Q; the observed values of ka 
lie on the curve A. The assumed value of basicity of 
ammonia, pK2 = 9.60, agrees within experimental error 
with the observed value of pK, (9.45) determined at  31)" 
and ionic strength 3. This agreement shows that the 
above rate law is sufficient to describe the pH-rate pro- 
file. 

Therefore, it is concluded that the main reactive 
species are not ClCHzCOOH but ClCHzC00-, a t  
least, in this pH range. 
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The existence of a maximum a t  pH of m. IO a t  vari- 
ous ionic strengths was observed in a plot of log k, us. pH 
(Figure 3, curve A'). However, the fact that the salt 
effect is observed a t  high ionic strength even in the re- 
action between neutral and ionic species'68'6 and that the 
pH of the solution was prepared by adding sulfuric acid, 
suggests a positive salt effect. Indeed, the maximum 
rate disappears a t  constant ionic strength 3 (Figure 3, 
curve A). It is probable that this positive salt effect 
appears to be due to the reaction between chloroacetate 
ion and free ammonia, since a molecule of ammonia 
having a strong dipole may behave in a manner similar 
to  an anion a t  high ionic strength.15J6 

Kinetics of the Formation of Iminodiacetic Acid.- 
The rate of iminodiacetic acid formation from gly- 
cine and chloroacetic acid measured a t  constant ionic 
strength 3 follows first-order kinetics with chloroacetic 
acid (Figure 1, curve B) and with glycine (Figure 2, 
curve B), respectively. Therefore, the rate is ex- 
pressed as in eq 9. The slope (1.26) of the plot of 

2) = kp [glycine] [chloroacetic acid] (9) 

log k, us. log [glycine] in Figure 2 is larger than unity. 
This may be due to a slight increase in pH of the solu- 
tion with increasing concentration of glycine and hence 
sodium hydroxide causes an increase in rate as stated 
below (Table I). 

Effect of pH on the Formation of Iminodiacetic Acid. 
-It has been reported5 that the formation of imino- 
diacetic and nitrilotriacetic acids is difficult at pH 
<10 and that the reaction between glycine and glucose 
is influenced by the pH of the s~lution. '~ The effect 
of pH on the rate of iminodiacetic acid formation may 
then be discussed in the same way as in the reaction 
between ammonia and chloroacetic acid. It is ap- 
parent in curve B of Figure 3 that the rate of formation 
of iminodiacetic acid sharply decreases a t  pH below 10 
and gives a straight line having a slope of ca. 1 a t  pH 
below 9. 

Glycine exists in an aqueous neutral solution as a 
zwitterion, +?iTH,CH,COO-. Considering that the 
solution is basic and assuming that the rate-determin- 
ing step is the reaction between chloroacetate ion and 
glycine anion, the over-all reaction is expressed as in eq 
10 and 11. 

Kio 

mobile 
+NH3CH&OO- 1_ NHzCHzCOO- + H + (10) 

kri 

slow 
NHzCH2COO- + ClC:H&00- + 

NH(CHzCOO-)2 + H +  + C1- (11) 

As in the reaction between ammonia and chloroacetic 
acid, the rate equation of iminodiacetic acid formation 
can be derived frorn eq 10 and 11. The comparison 
of the rate equation with the observed eq 9 leads to eq 
12. 

(12) 

(15) A. A. Frost and R.  G. Pearson, "Kinetics and Mechanism," John 

(16) E. S. Gould, "Mechanism and Structure in Organic Chemistry," 

(17) M. Nikonorow and H. P.-Karpinska, Roc+. Panstwowego Zakladu 

Wiley and Sons, Inc., New 'fork, N.  Y . ,  1953. p 151. 

Henry Holt and Co., Inc., New York, N.  Y., 1959, p 186. 

H i g . ,  11, 23 (1960); Chem. Abstr . ,  66, 10545 (1961). 

The average value of the rate constants of the rate- 
determining step, k11, was calculated to be 1.22 X 
M-' sec-' (ionic strength 3) from eq 10 together with 
the observed data a t  pH >lo. Assuming kl1 of 1.22 X 

M-I sec-l and pKlo of 9.80, curve B in Figure 3 is 
drawn by using the value of k, which is a constant cal- 
culated from eq 10 a t  various pH. The observed rate 
constants at pH 8-12 lie on curve B as shown in Figure 
3. The pKlo of 9.80 assumed here agrees with the ob- 
served value of pK"+ (9.60) determined by potentio- 
metric titration a t  30" and ionic strength 3. There- 
fore, it  is concluded that the main reactive species in 
this reaction are CICHzCOO- and NHzCH2COO-, at 
least under these conditions. The rate constant of 
iminodiacetic acid formation was ten times as high as 
that of glycine formation. 

Kinetics of the Formation of Nitrilotriacetic Acid.- 
The reaction between ammonia and chloroacetic acid 
in a basic solution produces nitrilotriacetic acid in a 
good yield (73%). The rate of nitrilotriacetic acid 
formation is expressed as eq 13 derived from curve C of 
Figure 1. 

t~ = k,[iminodiacetic acid] [chloroacetic acid] (13) 

Effect of pH on the Formation of Nitrilotriacetic Acid. 
-Considering the dissociation of reactants, the over-all 
reaction may be written as eq 14 and 15. Here, the 

CH,COO- + pH+ 
"<CH,COO- (14) 

CH,COO- hi + C1CH2C00- 
"<CH,COO- 

CH,COO- 

CH?COO- 
N<CH,COO- + H+ + ci- (15) 

contribution of K14' is negligible, since this value is 
more than 

The relationship between the rate constant and pH of 
solution expected from this scheme leads to eq 16. This 
equation agrees with the experimental results as shown 
in Figure 3. Hence the main reactive species of this 

reaction are NH(CH2COO-)z and CICHzCOO-. The 
rate constant,  IS, was 1.12 X M-I sec-' and pKll 
was 9.15 a t  30" and ionic strength 3. The rate con- 
stant is comparable with that of iminodiacetic acid. 

The Reactivity of Amino Compounds and the Reac- 
tion Mechanism.-The rate constants for the reaction 
of chloroacetic acid with ammonia and amino acids 
were estimated at various temperatures and are shown 
in Table 11. The activation parameters were calcu- 
lated and they are listed in Table I11 together with the 
pKa values of the conjugate acids of the amines. 

Both glycine and iminodiacetic acid having a car- 
boxymethyl group are about ten times as reactive as 
ammonia. On the other hand, there is little difference 
in reactivity between glycine and iminodiacetic acid : 
NH&HzCOO- 'v NH(CH&OO-), > iYH3. This is 
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TABLE I1 

(106 M sec-') 
THE SECOND-ORDER R.4TE: CONSTANT AT VARIOUS TEMPERATURES 

-Temp, OC 
Reactants ( M )  60 50 45 40 35 30 

CICHsC00- (0.1) + NHs (5;' , . . 10.0 6.13 3.25 2.17 . . , 
ClCHzC00- (0.055) + 

NHzCH2COO- (0.15) 209 90.0 , , .  36.3 . . . 13.3 
ClCHzC00- (0.055) + 

NH(CHzCOO-)? (0.15) 223 96.7 , , , 28.9 , . . 15.1 

TABLE I11 
pK, VALUES FOR THE CONJUGATE ACID OF AMINO COMPOUNDS 

AXD ACTIVATION PARAMETERS FOR THE REACTION O F  
CHLORO.4CETIC ACID WITH AMINO COMPOUNDS I N  AN AQUEOUS 

SOLUTION AT 30 & 0.1' AND IONIC STRENGTH 3 
kC X 106, E., AS*, 

Reactants pKI" pK,* M-1 sec-1 kcal/mol eu 

ClCHzCO0- + 
ClCH2C00- + 
ClCHzC00- + 

"3 9.45 9.25 1.12 20.9 -16 

NHzCHtCOO- 9 60 9.74 12.2 18.5 -17 

NH(CH%COO-)z 9 15 9 89 11.2 18 7 -17 
a The acidities of protonated amines were measured at  30' 

The acidities of protonated amines taken and ionic strength 3. 
at  30" and lower ionic strength. Second-order rate constant. 

apparent from the energy of activation, but not from 
the entropy of activation which is in the order NH2- 
CHzCOO- 11 NH(CH2COO-)z < "3. The observed 
pKa values a t  30" and ionic strength 3 for conjugate 
acids of amines are in the order NH2CH2COO-- > 

NHs > NH(CH2COO-),, but the basicities and nucleo- 
philicities of these amines a t  lower ionic strength are in 
the order: NH(CH2COO-)2 'v NH2CH2COO- > 
NH,. The difference between these values may be due 
to the difference of ionic strength. 

Therefore, the reactivities of these amino compounds 
depend more on the basicity or nucleophilicity of amino 
nitrogen. A slight decrease in rate for iminodiacetic 
acid, compared with the rate for glycine, may have been 
due to the steric effect. However, the reaction of 
chloroacetic acid with these amino compounds possesses 
comparable entropies of activation. Hence, the steric 
effect of the introduced carboxymethyl group seemed to 
be negligible. 

= k [amine] X 
[CICHzCOO-1, where k depends on the basicity (and 
nucleophilicity) of amino nitrogen. Further, the en- 
tropy of activation is ca. - 16 to - 17 eu. These facts 
suggest that these reactions proceed by the Sx2 mecha- 
nism. 

A mechanism involving carbonium ion or a-lactone 
is excluded, since the rate did not decrease in spite of 
the accumulation of chloride ion as the reaction pro- 
ceeded; ie., no common ion effect was observed, and 
the rate of the hydrolysis of substrates compared with 
ammonolysis is slow. 

The rate of reaction is expressed as 

Registry No.-Chloroacetic acid, 79-1 1-8; ammonia, 
7664-41-7; glycine, 56-40-6; iminodiacetic acid, 142- 
73-4. 
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On heating to 200-240' with a catalytic amount of sodium hydride, phenylurethans of allylic alcohols re- 
arrange, with expulsion of carbon dioxide, to N-phenylallylamines. Predominant inversion of the allyl moiety 
occurs and the reaction is considered to proceed by a cyclic electron reorganization process. Rearrangement of 
optically active Az-cyclohexenylphenylurethan is accompanied by 65y0 retention of configuration and 35y0 
racemization. Small amounts of imidazolidones are found as by-products and a pathway for their formation, 
involving base-catalyzed cyclization of N-allylureas, is proposed and supported by testing the presumed inter- 
mediates. 

Of the thermal reorganization reactions which in- 
volve six-membered cyclic transition states,2 one of 
the mechanistically most interesting and synthetically 
most useful families is that whose prototype is the 
Claisen rearrangement of allyl vinyl ethers (Chart I, 
reaction a">. A number of variations on this theme 
are known, some of which are listed in Chart I. These 
include the rearrangement of allylic imidates to amides 
(b),4,5 the rearrangement of ketene acetals and their 
nitrogen analogs to esters and amides (c),~,' the py- 

(1) This study was initiated with the support of a Research Fellowship to 
R. K. H. from the Alfred P. Elloan Foundation and supported by a research 
grant (GP-3811) from the Xational ScienceFoundation, to both of whom the 
authors express their gratitude. 

(2) J. Mathieu and J. Valls, BuZ1. Soc. Chim. Fr. ,  1509 (1957). 
(3) (a) C. D. Hurd and &I. A. Pollock, J .  Ame? Chem. Soc., 60, 1905 

(1938); (b) W. J. Croxall and J. 0. Van Hook, %bid., 72, 803 (1950); (c) A. W. 
Burgstahler and I. C. Nordin, ibid., 8% 198 (1961). 
(4) 0. Mumm and F. Molltar, Ber., 70, 2214 (1937). 
(5) R. M. Roberts and F. A. Hussein J .  Amer. Chem. Soc., 89, 1950 (1960). 
(6) S. M. JlcElvain, H. I .  Anthes, and 9. H. Shapiro. ibid., 64, 2526 

(1942). 

rolysis of allylic acetoacetates and cyanoacetates (d) 
and the rearrangement of carbanions of allylic esters to 
a-allyl carboxylic acids (e), lo Similar rearrangements 
are observed in reactions which verge on the SNi '  type, 
such as the thermal isomerization of allyl esters ( f ) , 1 1 p 1 2  
and the recently reported conversion of allyl sulfamates 
into allylamines (g).I3 
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