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Abstract: Phenyl esters of carboxylic acids of varied chain length have been synthesized (compounds I-IV). The 
phenyl head groups of esters I-IV possess the charged groups -N+(CH3)3 and -SO3

- para to the ester moiety. The 
rate constants for the alkaline hydrolysis of esters I-IV were determined in the absence and presence of the neutral, 
negatively, and positively charged micelle-forming agents of VIII. The second-order rate constants for alkaline 
hydrolysis, in the absence of agents VIII, were found to vary as anticipated on the basis of the influence of elec­
tronic effects of substituents on the phenyl ring and the steric effect of the aliphatic chain. In all cases examined, 
increase in concentration of the micelle-forming agents of VIII resulted in a decrease of the observed rate constants 
for alkaline hydrolysis of the esters. These results establish that formation of salts, premicelles, and micelles of 
esters and detergents decreases the availability of the ester to nucleophilic attack by OH - . The secondary amines 
of structures V-VII have been synthesized. Agents V-VII are N-n-alkyl-N-benzylamines in which the benzyl 
head groups art para substituted by the substituents -H, -N+(CH3)3, and -SO3

- and the w-alkyl groups are of varied 
chain length. When n-alkyl = (CH2)3CH3 and the substituent on the benzyl group is -H or -N+(CH3)3, the disap­
pearance of esters from solution is found to be first order in ester and first order in amine. However, when n-
alkyl = (CH2)sCH3 and the para substituent = — N+(CH3)3, the rate of disappearance of ester from solution was 
found to be first order in ester and between first and fourth order in amine (depending on the ester) at low concen­
trations of amine and zero order (£pi) in amine at higher concentrations of amine. Plots of log kv\ vs. pH have 
been found to resemble the pH profiles anticipated for formation of complexes, premicelles, and micelles contain­
ing ester and total amine (i.e., amine plus conjugate acid in a ratio of 1:1 to 1:5, followed by reaction of ester with 
the amine free base species of the complex). The reactions of esters with amines is assumed to be an aminolysis 
reaction on the basis of deuterium solvent kinetic isotope effects though product analyses were not possible. The 
results are discussed with the model of structure IV in mind which considers electrostatic attraction of the charged 
head groups of amine and ester and lyophobic bonding of the n-alkyl groups of amine and ester. 

The bringing together of catalyst and substrate to 
form a complex undoubtedly accounts for much of 

the efficiency of enzymatic reactions.2 In the past, 
considerable effort has been expended in the syntheses 
and kinetic studies of intramolecular models in which 
a catalytic group (carboxyl, imidazole, hydroxyl, amino, 
amido, imide, etc.2) is placed in juxtaposition to a labile 
substrate bond in a single molecule. While these sys­
tems have been of great value in determining the rate 
enhancement that may be obtained on conversion of a 
bimolecular reaction into an intramolecular or intra-
complex reaction (as in the ES complex) they suffer in 
that no catalytic turnover is obtained. This objection 
is overcome in models in which catalyst and substrate 
are brought together by complexation, etc. Reactions 
in which close association of reactants occurs prior to 
reaction are found in processes in frozen solution,3-10 in 
inclusion compounds,11-19 and in complexes of reac-

(1) Postdoctoral Fellow, Department of Chemistry, University of 
California at Santa Barbara, Santa Barbara, Calif. 

(2) T. C. Bruice and S. J. Benkovic, "Bioorganic Mechanisms," 
Vol. I, W. A. Benjamin, Inc., New York, N. Y., 1966, Chapter 1. 

(3) S. Y. Wang, Nature, 190, 690 (1961). 
(4) N. H. Grant, D. E. Clark, and H. E. Alburn, / . Amer. Chem. Soc 

83, 4476 (1961). 
(5) W. Prusoff, Biochim. Biophys. Acta, 68, 302 (1963). 
(6) A. R. Butler and T. C. Bruice, J. Amer. Chem. Soc, 86, 313 

(1964). 
(7) T. C. Bruice and A. R. Butler, ibid., 86, 4104 (1964). 
(8) R. E. Pincock, ibid., 87, 1274 (1965). 
(9) R. E. Pincock and T. E. Kiovsky, ibid., 87, 4100 (1965). 
(10) R. E. Pincock and T. E. Kiovsky, ibid., 88, 51, 4455, 4704 

(1966). 

tants.20 Rates of reactions occurring in micellar solu­
tions may be increased by including both reactants in or 
on the micelle or decreased by excluding one.21-24 The 
influence of micellarization of a substrate on the rate 
constants for its hydrolysis has also been investigated.25 

Since micelles have structure26 it should, in principle, 
be possible to design a micelle possessing catalytic sites 
and a relative specificity toward a substrate of desig­
nated structure. Approaches to this problem appear 
particularly worthy since in both micelle and enzyme 
structure the nonpolar functional groups are located 
mainly in interior lyophobic regions while the polar 
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functional groups are predominantly at the periph­
ery.26-28 

Experimental Section 
Materials. Sodium lauryl sulfate and cetyltrimethylammonium 

sulfate were commercial samples recrystallized by the procedures of 
Duynstee and Grunwald.21 The nonionic detergent, composed of 
dodecylphenol condensed with 18 molecules of ethylene oxide, was 
a gift from Professor E. H. Cordes who obtained the material 
as a gift of the General Aniline and Film Corp. Potassium chloride 
was Baker and Adamson Reagent A grade and tetramethylammo-
nium bromide was Eastman White Label. p-Nitrophenyl acetate 
was that prepared for a previous study.29 o-Nitrophenyl acetate 
was prepared by the mixed anhydride method employing trifluoro-
acetic anhydride, mp 39-40° (lit.30 40.5-41°). p-Hydroxyphenyl-
trimethylammonium chloride was prepared by a literature proce­
dure.31 Inorganic salts were Baker Analyzed Reagent grade. 
Carbonate free potassium hydroxide was prepared by the method 
of Albert and Serjeant.32 AU compounds employed in this study 
were stored over P2O5 until used. 

Sodium 3-nitro-4-hydroxybenzenesulfonate was prepared from 
2-nitrophenyl (Eastman) and chlorosulfonic acid by the method 
of Gnehm and Krecht.33 The sulfonic acid was converted to the 
sodium salt by precipitation from saturated sodium chloride solu­
tion. 

Fatty acid esters of sodium 3-nitro-4-hydroxybenzenesulfonate or 
sodium 4-hydroxybenzenesulfonate were prepared by the following 
general procedure.34 Equimolar quantities of trifluoroacetic an­
hydride and fatty acid were allowed to react at room temperature 
for 30 min; a 0.5 M quantity of phenol was added with stirring and 
the mixture heated at 80° for 5 hr. The cooled reaction mixture 
was washed with ether to remove excess mixed anhydride and the 
residue recrystallized from methanol-ether or 70% aqueous meth­
anol and ether. Nitrophenyl esters are pale yellow in color and 
esters of sodium 4-hydroxybenzenesulfonate are white. The esters 
are water soluble but easily salted out of solution by sodium chlo­
ride. The ester carbonyl band in the infrared appears at 1775 c m - ' ; 
the compounds froth when vigorously shaken in water and form 
hydrates when exposed to air. Analyses were obtained on samples 
that were quantitatively dried before determinations.36 

Sodium 3-Nitro-4-hexanoyIoxybenzenesulfonate (NE5
-) . Anal. 

Calcd for C2H14NO7SNa: C, 42.50; H, 4.15; N, 4.13. Found: 
C, 42.11; H, 4.39; N, 4.32. 

Sodium 3-Nitro-4-octanovloxybenzenesulfonate (NE7"). Anal. 
Calcd for CuHi8NO7SNa: C, 45.77; H, 4.94; N, 3.81. Found: 
C, 45.50; H, 5.24; N, 3.74. 

Sodium 3-Nitro-4-decanoyloxybenzenesulfonate (NE9"). Anal. 
Calcd for Q6H22NO7SNa: C, 48.60; H, 5.56; N, 3.54; S. 8.11. 
Found: C, 48.61; H, 5.67; N, 3.89; S, 7.81. 

Sodium 3-Nitro-4-hexadecanoyloxybenzenesulfonate (NEi5"). 
Anal. Calcd for C22H34NO7SNa: C, 55.10; H, 7.09; N, 2.92; 
S,6.68. Found: C, 54.70; H, 7.42; N, 3.11; S, 6.43. 

Sodium 4-Acetoxybenzenesulfonate (Ei"). Anal. Calcd for 
C8H7O5SNa: C, 40.44; H, 2.94; S. 13.44. Found: C, 40.19; 
H, 3.13; S, 13.48. 

Sodium 4-Decanoyloxybenzenesulfonate (E9"). Anal. Calcd 
for Q6H26O5SNa: C, 54.85; H, 6.62; S, 9.15. Found: C, 
54.98; H,6.45; S,9.30. 

Sodium 3-nitro-4-acetoxybenzenesulfonate (NEi - ) was prepared 
by refluxing 1 g (0.00415 mol) of sodium 3-nitro-4-hydroxybenzene-
sulfonate and 25 ml of acetic anhydride for 15 hr. The mixture 
was filtered and the precipitate crystallized from glacial acetic acid. 
A 92.5% yield of pale yellow solid was obtained. The compound 
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D. R. Davies, D. E. Phillips, and V. C. Shore, Nature, 185, 422 (1960). 
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V. R. Sorms, Proc. Roy. Soc. (London), B167, 365 (1967). 

(29) T. C. Bruice and S. J. Benkovic, J. Amer. Chem. Soc, 86, 418 
(1964). 

(30) M. L. Bender and Y. L. Chow, ibid., 81, 3929 (1959). 
(31) S. Hiinig, Chem. Ber., 85, 1056 (1952). 
(32) A. Albert and E. P. Serjeant, "Ionization Constants of Acids 

and Bases," John Wiley and Sons, Inc., New York, N. Y., 1962. 
(33) R. Gnehm and O. Krecht, / . Prakl. Chem., 73, 521 (1906). 
(34) E. J. Bourne, M. Stacey, J. C. Tatlow, and J. M. Tedder, J. 

Chem. Soc, 2976 (1949). 
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did not melt below 300°. Anal. Calcd for C8H6NO7NaS: C, 
33.93; H, 2.14; N, 4.93. Found: C, 33.81; H, 2.28; N, 4.93. 

4-DecanoyloxyphenyltrimethyIammonium chloride (E9
+) was pre­

pared from decanoic acid and 4-hydroxy-3-trimethylammonium-
phenyl chloride in the same manner as N E r . The product was 
recrystallized from 75 % ethanol-water and methanol-ether solvent 
pairs, mp 135-137°. Anal. Calcd for C19H82NO2Cl: C, 66.56; 
H, 9.42; N, 4.12. Found: C, 65.66; H, 9.26; N, 3.84. 

p-Trimethylammoniobenzylbutylamine Chloride Hydrochloride 
(A4

+). p-Carboxaldophenyltrimethylammonium iodide (CPTA) 
was prepared by the procedure of Hodgson and Cooper,36 mp 149— 
152° (lit.38 152°). The infrared spectrum showed bands at 1700 
( C = O ) and 1605 cm"1 (C=C). A mixture of 8.73 g (0.03 mol) of 
CPTA and 2.92 g (0.04 mol) of «-butylamine (Eastman) in 50 ml of 
absolute methanol was refluxed for 0.5 hr, condensed to half its 
volume, cooled, layered with ether, and the precipitate collected. 
The crude rc-butylimine of CPTA, 10.3 g, mp 144-146°, showed in­
frared bands at 1645 ( C = N ) and 1605 cm"1 (C=C) . The imine 
was reduced with potassium borohydride by the method of Billman 
and Diesing.37 Potassium borohydride (1.01 g. 0.0188 mol) was 
added with stirring to 6.5 g (0.0188 mol) of the imine in 25 ml of 
absolute methanol and the reaction allowed to proceed at ambient 
temperature until effervescence ceased. The solution was then 
refluxed for 1 hr, cooled, filtered, evaporated to one-third its volume 
in vacuo, and filtered to remove inorganic material. Saturated 
methanolic hydrogen chloride was added to the residue and the 
solution evaporated to dryness on a steam bath. The residue was 
dissolved in methanol and decolorized with Norit. The solution 
was layered with ether and cooled in a refrigerator, yielding a white 
solid which, after successive crystallizations and drying over P2O5 

melted at 179-180°. The infrared spectrum showed a broad band 
ca. 3100-3200 era"1 (NH+) and the absence of the 1645-Cm-1 band 
characteristic of the imine. Secondary amine chloride hydrochlo­
ride (5.2 g, 98%) was obtained. Anal. Calcd for Q4H26N2Cl2 '0.5 
H2O: C, 55.62; H, 9.00; N, 9.27. Found: C, 55.51; H, 9.24; 
N, 8.89. 

N-AcetyI-N-(/Mrimethylarnmoniobenzyl)butylamine Iodide, p-
Dimethylaminobenzaldehyde (14.9 g, 0.1 mol) was refluxed with 
7.3 g (0.1 mol) of butylamine in 100 ml of absolute methanol for 6 
hr. After cooling the reaction solution was evaporated on a steam 
bath in vacuo and the yellow residue distilled to yield 15.4 g (75%) 
of the imine (bp 113 ° (0.35 mm)). 

To a solution of the imine (10 g, 0.05 mol) dissolved in 50 ml of 
absolute methanol was added 5.4 g (0.1 mol) of potassium boro­
hydride. After 3 hr the reaction solution was refluxed for 1 hr and 
solvent removed in vacuo. The crude amine was extracted from 
the residue with absolute ether and after evaporation of all solvent 
distilled at 125° (1.5 mm), yielding 8 g (76% yield) of p-dimethyl-
aminobenzylbutylamine. 

A solution of this amine (5 g, 0.025 mol) in 50 ml of chloroform 
containing 10 ml of acetic anhydride and a few drops of pyridine 
was stirred for 24 hr at room temperature. Solvent was removed 
in vacuo and the residue distilled (190° (3.75 mm)) to yield 5.2 g 
(86%) of the acetylated amine. 

N-Acetyl-N-(/?-dimethylaminobenzyl)butylamine (5 g, 0.0201 
mol) was dissolved in dry benzene (40 ml) and 10 ml of methyl 
iodide added. The reaction solution was refluxed for 20 hr and 
cooled and the precipitate collected and crystallized from methanol-
ether yielding 7.4 g (94%) of N-acetyl-N-(p-trimethylammonio-
benzyljbutylamine iodide, mp 147°. Anal. Calcd for Q6H29-
N2OI: C, 49.23; H, 6.92; N, 7.17; I, 32.56. Found: C, 49.18; 
H, 7.29; N, 7.02; I, 32.53. 

^-Trimethylammoniobenzyldecylamine Chloride Hydrochloride 
(Am"1"). Equimolar amounts of />-carboxaldophenyltrimethylam-
monium iodide (28 g) and decylamine (15.7 g) (Eastman) were re­
fluxed for 1 hr in 100 ml of absolute methanol, evaporated to ca. 50 
ml, cooled, filtered, and layered with ether; the resulting solid was 
collected. The crude p-trimethylammoniobenzaldecylimine iodide, 
41 g, mp 136-137 °, showed a band in the infrared spectrum at 1665 
c m - 1 (C=N) . The imine (8.6 g) was treated with an equimolar 
amount of potassium borohydride in 100 ml of absolute methanol. 
A calcium chloride drying tube was attached and the solution al­
lowed to stand for 15 hr at room temperature, at which time isola­
tion of a small amount of the material showed the absence of the 
1655-cm"1 ( C = N ) band. The solution was saturated with hydro­
gen chloride gas and the resulting inorganic material filtered off. 

(36) H. H. Hodgson and K. E. Cooper, / . Chem. Soc, 231 (1929). 
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The solution was concentrated to about 30 ml, resaturated with 
hydrogen chloride, filtered, evaporated to dryness, and decolorized 
with Norit in methanol. Layering with ether and cooling for a 
day produced a two-phase system; the oily lower layer was dis­
persed into the methanol-ether by vigorous shaking. Additional 
cooling yielded a white solid, which was recrystallized from meth­
anol-ether and dried over P2O5 (2.5 mm, 20 hr), yielding 4.2 g (56 %), 
mp 179-180°. Anal. Calcd for C20H33Cl2N2: C, 63.66; H1 

10.15; N, 7.43. Found: C, 63.01; H, 10.17; N, 7.42. 
4-Hydroxy-3-nitrophenyltrimethylammonium Iodide. A solution 

of 15.3 g (0.1 mol) of 4-amino-2-nitrophenol and 32 g (0.4 mol) of 
sodium acetate in 200 ml of absolute methanol was brought to pH 
3.5 by addition of glacial acetic acid. After addition of 50 ml of 
methyl iodide the solution was refluxed for 36 hr, the solution was 
cooled, and the resulting crude product collected by filtration and 
recrystallized once from water, yielding 22 g (68 % yield) of the 
product as lustrous orange needles, mp 220°. Anal. Calcd for 
C9H13N2O3I: C, 33.33; H, 4.01; N, 8.64; I, 39.19. Found: C, 
33.11; H, 4.15; N, 8.72; 1,39.24. 

All efforts to obtain the product by methylation of 4-amino-3-
nitrophenol either with methyl iodide or dimethyl sulfate at pH 
values between 6 and 8 or by direct nitration of 4-hydroxyphenyl-
trimethylammonium iodide were unsuccessful. 

Fatty acid esters of 4-hydroxy-3-nitrophenyltrimethyIammonium 
iodide were prepared according to the procedure previously de­
scribed for the preparation of esters of 3-nitro-4-hydroxybenzene-
sulfonate. Recrystallization of the products from ethanol-water 
(50% v/v) provided lemon yellow needles. The ester carbonyl 
band in the infrared appears at 1775 cm - 1 . Analytical samples 
were dried in vacuo at 100° over P2O5 to constant weight. 

3-Nitro-4-acetoxyphenyltrimethylammonium iodide (NEi+) 
melted at 152-155°. Anal. Calcd for G1Hi5N2O5I: C, 36.06; 
H, 4.09; N, 7.65. Found: C, 36.24; H, 4.37; N, 7.62. 

3-Nitro-4-octanoyloxyphenyltrimethyIammonium iodide (NE7
+) 

melted at 131-133°. Anal. Calcd for C17H25N2O5I: C, 45.33; 
H, 6.00; N, 6.20. Found: C, 44.99; H, 5.92; N, 5.95. 

Benzylbutylamine Hydrochloride (A4
0). A solution of 10.6 g 

of benzaldehyde (0.1 mol) and 8 g of butylamine (0.109 mol) in 100 
ml of absolute methanol was refluxed for 8 hr, and evaporated in 
vacuo to provide benzalbutylimine as a yellow oil. The imine (8.1 
g) was reduced with a slight excess of potassium borohydride in the 
same manner as A4

+, and the amine recrystallized from methanol to 
yield 6.7 g (67% over-all), mp 190° dec. Anal. Calcd for C11-
Hi8-HCl: C, 66.16; H, 9.02; N, 7.17; Cl, 17.71. Found: C, 
65.76; H, 9.20; N, 7.10; Cl, 18.43. 

Apparatus. A Zeiss PMQ II spectrophotometer equipped with a 
brass cuvette holder through which was circulated water at 30 ± 
0.1° and a Gilford 2000 recording spectrophotometer equipped 
with double thermospacers were used for those kinetic studies based 
on the rate of appearance of absorbing product. For rate deter­
minations dependent upon liberation of protons, a Radiometer 
TTT lb autotitrator and a Radiometer SBR 2c titrigraph were 
employed. The reaction cell was of 25-ml volume and water 
jacketed. The f top of the reaction cell was equipped with f 
ports which accommodated a thermometer, capillary buret, N2 inlet 
andoutlet, Metrohm type X f glass electrode, and a salt bridge fitted 
with an asbestos wick leading to a calomel electrode. pH measure­
ments were made with a Radiometer Model 22 pH meter equipped 
with a Model PHA 630 Pa scale expander. The combined glass-
calomel electrode (Radiometer G.K. 2021C) and cell compartment 
were thermostated at the same temperature employed for all kinetic 
measurements. pKJ measurements were made using a Radiom­
eter TTT lb autotitrator equipped with a Model PHA 630 Ta scale 
expander and the thermostated Metrohm microtitration cell and 
assembly described by Bruice and Bradbury.38 

Kinetics. Ester was added as an aqueous solution from a mi­
crometer syringe to solutions of amine of appropriate pH contained 
in T cuvettes of 2-2.5-ml capacity, air was displaced, with N2, and 
the reaction solution was mixed by inverting the stoppered cuvette. 
The appearance of substituted phenolate anion with time was fol­
lowed spectrophotometrically (410 mp for 2-nitrophenol-4-sul-
fonate). The amines employed supplied their own buffer capacity, 
and solutions were brought to the desired calculated ionic strength 
with KCl except where otherwise stipulated. All solutions were 
prepared from doubly glass-distilled water. In both the spectro-
photometric and autotitrimetric rate determinations, the concen­

tration of nucleophile was either constant (OH -) , or in excess 
(amines) of the concentration of ester (ca. 10~6 M) so that pseudo-
first-order kinetics were obtained. Reaction rates were generally 
followed to at least three half-times. The pH of each solution was 
determined at the beginning of each run and was periodically checked 
after some runs to ensure constancy of pH. In the case of the 
micelle-forming agents not containing ionizable functional groups 
of pKJ in the pH region of interest, buffering was supplied by a pH-
Stat. Pseudo-first-order rate constants were calculated from slopes 
of log (XJ(X^ — Xt)) vs. time where X refers to either OD or 
units of base added. All actual computations were carried out on 
either an IBM 1620 or an Olivetti-Underwood Programma 100 
computer employing programs written by Dr. Donald Tanner, 
formerly of this laboratory. 

pKJ Determinations. The pKJ of p-trimethylammoniobenzyl-
butylamine chloride hydrochloride was determined by both po-
tentiometric titration32 and by half-neutralization (30°, total amine 
at 0.05 and 0.01 M). The pKa' value determined by both methods 
was found to be 8.87 ± 0.02 (in D2O 9.46 ± 0.02 employing the 
proper electrode correction39) at /u = 0.1 and 8.91 ± 0.02 at ft = 
0.5. 

The pK„ of N-benzylbutylamine was determined potentiometri-
cally at 0.05 M. The pATa' value was calculated from ten titration 
points in the range of pH 7.33-9.05. Above pH 9.1 precipitation 
occurs. The pK„' value so determined was found to be 9.76 ± 0.01. 

The pKJ values of p-trimethylammoniobenzyldecylamine chlo­
ride hydrochloride as a function of amine concentration were deter­
mined by half-neutralizing a 0.05 M solution of the salt Ou = 0.1 
with KCl) and performing a serial dilution with 0.1 M KCl to pro­
vide a series of solutions 0.05-0.003 M in total amine. The pH of 
each solution was then taken as the pATa' at that concentration. 
The variation of pKa (pH) as a function of concentration is shown 
in Figure 4. 

Product Analysis. Various modifications of the hydroxamic 
acid method as developed for amides40 and employing N-acetyl-N-
(p-trimethylammoniobenzyl)butylamine iodide as standard were 
employed. However, because of the e of the colored products pro­
duced from the liberated phenols and the small color yield from the 
standard, no satisfactory procedure could be found to assay for 
acetylated secondary amines. Thus, we can not, on the basis of 
product analysis state that the reaction of amines with esters in this 
study produces amides. 

Results 
Esters were generally prepared by reaction of the 

appropriate phenol and carboxylic acid in trifluoro-
acetic anhydride. Amines were obtained by condens-

Na O3S 

N E r 1 R = CH3 

NE5"",R = (CH2)4CH3 

N E , " R = (CH2)6CH3 

NE 9 " R = (CHa)8CH3 

NE 1 6 -R = (CH2)UCH3 

OCOR Na O3S- OCOR 

II 

E i , R = CH^ 
Eg, R = (C H^sC H 3 

(CH3) 

C l - I -

,N^^)—OCOR (CH3) 3N—<J;^V-OCOR 

III 

E 9 +R = (CH2)SCH3 

NO2 

IV 
N E i ^ R = CH3 

N E 7 + R = (CH2)6CH3 

(38) T. C. Bruice and W. C. Bradbury, / . Org. Chem., 28, 3403 
(1963). 

ing t he a p p r o p r i a t e l y s u b s t i t u t e d b e n z a l d e h y d e a n d 
p r i m a r y amine^and r e d u c t i o n of t he r e s u l t a n t imine w i t h 
p o t a s s i u m b o r o h y d r i d e . 

(39) T. H. Fife and T. C. Bruice, J. Phys. Chem., 6S1 1079 (1961). 
(40) T. C. Bruice and F. R. Marquardt, J. Amer. Chem. Soc, 84, 365 

(1962). 
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Table I. The Effect of Initial Ester Concentration on the 
Pseudo-First-Order Rate Constants for Hydrolysis 

NE,-
pH 10.2 
M = 

Concn, 
M X 10s 

1.25 
2.08 
4.16 
6.25 
8.33 

12.6 
18.8 
31.3 
40.6 
50.0 
62.5 
72.9 
83.3 

0.1 
*obsd> 

min - 1 

0.123 
0.156 
0.157 
0.187 
0.185 
0.187 
0.205 
0.182 
0.185 
0.179 
0.159 
0.168 
0,158 

Eg 
pH 10.6 
M = 

Concn, 
MX 105 

2.58 
5.2 
7.8 

10.4 
13.0 
13.0 
13.0 
18.0 

130 
180 
342 

0.1 
^ o b s d , 

min - 1 

0.124 
0.126 
0.124 
0.125 
0.102 
0.089 
0.088 
0.104 
0.101 
0.080 
0.096 

E. ,+ 

pH 10.16 
M = 

Concn, 
M X 10« 

2.56 
4.27 

17.1 
42.7 

150 
275 
329 
490 
613 

0.1 
rCobsd, 

min - 1 

0.130 
0.152 
0.121 
0.147 
0.146 
0.133 
0.097 
0.071 
0.045 

linear Beer plots in the range of concentrations that 
were employed in this study at 0.1-0.5 n, indicating that 
the esters either do not aggregate in the concentration 
range employed or that aggregation is not accompanied 
by a change in absorbance. 

Aggregation of ester would be anticipated to be re­
flected in the rate of ester hydrolysis; in Table I are 
listed hydrolytic pseudo-first-order rate constants 
(̂ obsd) for three esters at constant pH and ionic strength 
but varying initial ester concentration. Inspection of 
Table I reveals that in the approximate concentration 
range 10 -5-10 -3 M no appreciable change in A:0bsd is 
noted for the hydrolysis of NE7

- . The average devia­
tion of the values of kobsd (0.172 ± 0.016; 9.3%) is 
about that anticipated when working at high pH values 
on the pH-Stat. For esters E 9

- and E9
+, however, 

aggregation is possibly indicated at concentrations of 
about 1 X 10-4 and 3 X 10-2 M, respectively. How-

Table II. Rate Constants for the Alkaline Hydrolysis of Esters in the Absence of Micelle-Forming Agents" 

Ester 
Initial concn, 

M X 105 
PH 

NO. Of fcobsd 
values 

determined 
Slope of plot of 
log &„bsd vs. pH 

mol" 
min" kon/koD 

N E r 

NE6-

NE,-

NE 9-
E r 

Eg-

E9
+ 

NE1
+ 

NE7
+ 

17.1 
17.1 
9.5-17.1 

17.1 
5.0-19.8 

15.6 
17.1 
5.0-17.1 

17.1 
5-14 

14.2 
4.9-17.1 

17.1 
7 
6 

8.00-10.1 
8.50-10.4 
8.00-10.1 
8.77-10.4 
8.53-10.5 
9.05-9.9 
9.07-10.31 
9.0-10.5 
9.05-10.4 
9.05-10.5 
9.0-10.41 
9.03-10.34 
9.03-10.43 
8.55-9.12 
8.54-9.40 

8 
4 
8 
7 
9 
3 
4 
6 
4 
6 
4 
8 
5 
2 
2 

0.1 
0.5 
0.1 
0.5 
0.1 
0.5 
0.1 
0.1 
0.5 
0.1 
0.5 
0.1 
0.5 
0.1 
0.1 

0.964 ± 
0.971 ± 
0.972 ± 
0.983 ± 
0.975 ± 
0.948 ± 
0.996 ± 
0.990 ± 
0.961 ± 
1.036 ± 
0.944 ± 
1.034 ± 
1.173 ± 

0.044 
0.11 
0.07 
0.038 
0.047 
0.008 
0.12 
0.055 
0.206 
0.152 
0.101 
0.080 
0.070 

2242 
2021 
1053 
850 
848 
589 
3406 

257 
312 
219 
177 
567 
422 

7270 
2850 

0.44 

0.64 

0.88 

0.76 

° Most &ob»d values were obtained on the pH-Stat, and some were obtained spectrophotometrically extrapolating to zero buffer concen­
tration. Buffers were amines employed in this study. b NE9

- was not sufficiently soluble at ii = 0.5. 

The amine Ai0
- (preparation not included in the 

Experimental Section) proved too insoluble to employ 
as a nucleophilic micelle-forming agent. 

(CH3)aN—^3—CH2NHR 

+ 
Na 

A4+ ,R=(CH2)3CH3 

A1c f ,R=(CH2)9CH3 

0 3 S ^ ^ J > — C H 2 N H ( C H a ) 9 C H 3 

VI 

A1 0
-

<^V-CH2NH(CH2)3CH3 

VII 

A4
0 

Alkaline Hydrolysis of Esters. Determination of 
the rate constants for the alkaline hydrolysis of the 
various charged esters and some knowledge of their 
physical state in solution was a prerequisite to the study 
of the rates of their hydrolyses in the presence of micelle-
forming agents. Esters NE7

- , Ei - , and E 9
- exhibit 

ever, these concentrations exceed those employed in 
all the kinetic studies described in this paper. 

The values of the second-order rate constants for 
alkaline hydrolysis of the esters are provided in Table 
II at /x = 0.1 and 0.5. Ester NEi5

- proved too in­
soluble in water to determine its rate of alkaline hy­
drolysis in the absence of added detergent. Plots of 
ôbsd vs. pH (not shown) were found to be linear in the 

alkaline pH range employed showing that spontaneous 
hydrolysis is unimportant. The slopes of plots of log 
ôbsd vs. pH were found to be between 0.948 and 1.17 in 

good agreement with the theoretical value of 1.0. The 
per cent mean deviations of the points from the best 
least-square line were found to be between 0 and 14 % 
depending upon the ester (Table II). Change in p. from 
0.1 to 0.5 causes a decrease in A:0H of 10-20% for all 
esters but Ei - , in accord with an anticipated salting out 
of the ground state. Ester NE 9

- is visibly salted out of 
solution on increase of ^ to 0.5 with KCl. 

The decrease in rate with chain length is as anticipated 
from steric considerations.41 The greater sensitivity 
of the NE n - esters ( N E r : NE 5

- : NE7-; NE 9
- = 1.0: 

0.44:0.36:0.14) to chain length as compared to the 

(41) M. S. Newman in "Steric Effects in Organic Chemistry," 
M. S. Newman, Ed., John Wiley and Sons, Inc., New York, N. Y., 
1956, Chapter 4. 
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E n - esters ( E r : E 9 - = 1.0:0.85) may be related to the 
greater steric requirements of the transition states for 
hydrolysis of the former due to the presence of the o-
nitro group. The greater rate constants for the esters 
NEi - and NE 9

- compared to E i - and E 9
- is to be ex­

pected on the basis of the electron-withdrawing nature 
of the o-nitro group. 

Hydrolysis of Esters in the Presence of Nonfunctional 
Micelles. Since our objective was to prepare micelles 
that would act as nucleophiles or nucleophilic catalysts 
after inclusion of substrate it was important to ascer­
tain: (a) whether the various esters I to IV are in­
corporated into micelles; (b) how formal electrostatic 
charges on the ester and detergent affected incorpora­
tion of the ester; and (c) how incorporation into 
neutral, negatively, and positively charged micelles 
affects the rates of alkaline hydrolysis of the various 
esters. For this study, the following micelle-forming 
agents were chosen. 

VIII 
NDA0 HOCH2CH2(OCH2CH2)nOC6H4(CH2)iiCH3 

LS- NaO3SO(CH2)IiCH3 

CTA+ Br(CH3)3N(CH2)i5CH3 

Pseudo-first-order rate constants for the hydrolysis 
of NE 6- as a function of the concentration of NDA0 at 
fj. = 0.5 and pH 9.55 ± 0.02 were determined on the 
autotitrator and presented in Table III. From Table 
III it is seen that Arobsd is not influenced by NDA0 until 
the agent reaches a concentration of ca. 5 X 1O-4 M, 
approximately three times the initial concentration of 
ester (1.7 X 1O-4), and that the values of kohsd decrease 
as [NDA0] is further increased reaching a constant 
value at [NDA0] = 0.952 X 10-2 to 4.76 X 10-2 M. 
This phenomenon may be attributed to either the forma­
tion of micelles of NDA0 or the formation of a com­
plex of NDA0 and substrate. From the concentration 
of NDA0 at which Arobsd becomes minimal it may be 
concluded that if a micelle is formed which incorporates 
ester this micelle must contain not more than 20 mole­
cules of NDA0 for each molecule of ester. 

The following kinetic scheme pertains for complex 
formation 

ester + mNDA0 :^=± ester-NDA„° 

ester-NDAm° — > • hydrolytic products 
* O H [ O H - ] 

(D 

ester • -> hydrolytic products 

for which 

d[P] _ Ar1[NDAT + fcoiJOH-]*! 
+ • dt 

and 

^obsd 

Kx + [NDA°]m 

Ar1[NDAT + fcoH[OH-]*i 
K1 + [ N D A T 

[estertotai] (2) 

(3) 

A very reasonable fit of (3) to the kinetic data is obtained 
if m = 2, ki = 0.0034 min-1J and the complex dissocia­
tion constant {Ki) is set equal to 8.47 X 1O - 7M (see 
Table III). In (3) it is assumed that all NDA0 is un-
dissociated. This assumption is not serious for this 
particular case. If the decrease in rate of hydrolysis of 
NE 5

- on increase of NDA0 concentration is due to in-

Table III. Comparison of Determined and Calculated (eq 1-3) 
Rate Constants for the Hydrolysis of NE5 -
in the Presence of NDA0 ° 

[NDA0], M X 10s 

0.0 
23.8 
47.6 
72.0 
95.2 

140 
238 
336 
576 
952 

2380 
4760 

• £obsd min : 

Calcd 

4.86 
4.57 
3.91 
3.14 
2.95 
1.70 
0.92 
0.65 
0.46 
0.38 
0.34 
0.34 

1 X 102 . 
Found 

4.86 
4.67 
4.67 
3.42 
2.30 
1.34 
1.15 
0.726 
0.556 
0.384 
0.354 
0.340 

° Initial ester concentration at 1.71 X 10~4; pH 9.57; n = 0.5. 

corporation of the ester into a micellar phase then the 
kinetics are probably best explained through a partition 
of ester between the bulk aqueous phase [EH2o] and the 
micellar phase [EM]. 

[EM](VOI bulk phase) 
[EH2O](VOI micellar phase) 

= C" (4) 

The volume of the bulk phase may be considered a con­
stant and the volume of the micellar phase {i.e., micelle-
forming agent plus trapped solvent, etc.) a function of 
some power of the concentration of micelle-forming 
agent. 

[EH20]([MT] - cmc)" 

[EM] 
= C (5) 

At constant pH the hydrolysis of ester in both the micel­
lar [EM] and aqueous phases [EHlo] is pseudo first order 

ItOH[OH-] 
EH,O > product 

(6) 

EM product 

so that 

^obsd 
fcoH[OH-]C + Ar1(TMx] - cmc)" 

C + ([Mx] - cmc)" 
(7) 

The similarity of eq 3 and 7 is obvious. If m = 2 and 
the total concentration of micelle-forming agent 
[Mx] y> critical micelle concentration {i.e., cmc) then C 
is found to equal 8.47 X 10~7. 

In order to determine the cmc of NDA0, the ab-
sorbance of a 0.0027% (w/v) solution of pinacyanol 
chloride (610 imx at p = 0.5) was determined as a func­
tion of NDA0 concentration at pH 8.84 (Figure I).42 

A comparison of Table III and Figure 1 reveals that the 
increase in absorbance of the dye begins in a range of 
NDA0 concentrations lower than that noted for the 
decrease in the rate of hydrolysis of NE8

- . This may 
be ascribed to a lessened partitioning of NE 5

- into the 
micelles (as compared to dye) or to an induced premicelle 
or salt formation of dye with NDA0.43 

The negative micelle-forming agent L S - was investi­
gated with both a positively charged ester (E9

+) at pH 

(42) M. L. Corrin, H. B. Klevins, and W. D. Harkins, J. Chem. Phys., 
14, 480 (1946). 

(43) P. Murkerjei and K. J. Mysels, / . Amer. Chem. Soc, 77, 2937 
(1955). 
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Figure 1. Absorbance of pinacyanol chloride [0.0027% (w/v); 610 
m/i; n = 0.5; pH 8.84] as a function of NDA0 concentration. The 
values of OD were found to be constant from [NDA0] = 3.4 X 10~3 

to 9.6 X 10-3 M (last five points not shown). 

~i 1 1 1 1 1 1 1 T 

J L 

Figure 2. Absorbance of phenolphthalein [0.0022 % (w/v); 560 m\x; 
H = 0.5; pH 8.95] as a function of CTA+ concentration. 

9.60 and a negatively charged ester (NE5
-) at pH 9.35 

{p. = 0.1). It was found for both esters that at about 
the cmc of L S - a precipitate is formed which is visible 
to the eye.43,44 For NE5- no depression of rate is seen 
until [LS-] ^ 3[NE5

-] at zero time (plot not shown) 
which is just prior to precipitate formation. In the case 
of E9

+, a depression in kohsd occurs before [LS-] = 
[ester] at zero time and continues until precipitation is 
noted. Earlier precipitation with NE5

- , but greater 
rate depression with E9

+ is in accord with lessened solu­
bility of a double negatively charged (LS-NE5

2-) com­
plex which would have a formation constant smaller 
than the neutral complex (LS-E9). 

The influence of the concentration of the positively 
charged micelle-forming agent, CTA+, on the rates of 
hydrolysis of negatively charged esters NEi - , NE5

- , and 
NE 7

- was examined with the aid of the pH-Stat. At 
M = 0.1, CTA+ was found to have no effect on the hy­
drolysis of NE 5

- ; at /u = 0.5, however, the rates of 
hydrolysis of the esters were depressed, attaining a con­
stant value when [CTA +] approximately equals concentra­
tion of ester (1.7 X 10-4 M). The decrease in the rates 
of hydrolysis occurs before the cmc of CTA+ (~4 X 
10 -4 M a t / i = 0.5 with KCl)46 is reached. The ab­
sorbance of an 0.0022% (w/v) solution of phenol­
phthalein (560 m/x) as a function of [CTA+] at pH 8.95 
and /j. = 0.5 is shown in Figure 2. The absorbance of 
the indicator is seen to decrease precipitously at a concen­
tration about 40 times less than the cmc of CTA+ but at 
the same concentration at which the ester hydrolysis 
begins to decrease. One may therefore conclude that 
both ester and dye induce formation of micelles of 
CTA+ or form salts with CTA+ equally well. If the 
decrease in rate is due to salt formation, then there must 
be several molecules of ester per molecule of CTA+ in 
the salt. Precedents exist for the formation of highly 
insoluble salts with detergents in greater than 1:1 ratio 
of reagent.43 The kinetics for hydrolysis of the species 
EmCTA+ would, however, then be of the mth order 
in ester, whereas the hydrolysis is experimentally first 
order in ester regardless of [CTA+]. The ratio of the rate 
constants at zero and high [CTA+] is about fivefold 
(Table IV). It is interesting to note that NE9

- , though 
insoluble in water at M = 0.5 (with KCl), is soluble if 

(44) E. D. Goddard, O. Harva, and T. G. Jones, Trans. Faraday Soc, 
49, 980 (1953). 

(45) As extrapolated from the conductometric results of J. Steigman, 
I. Cohen, and F. Spingola, J. Colloid ScL, 20, 732 (1965). 

Figure 3. Dependence of the absorbance of NE5
- on CTA + con­

centration (m/i = 250; pH 6.17; M = 0.5). 

CTA+ is present at a concentration greater than its cmc. 
The hydrolytic rates for NE 5

- as a function of [CTA+] 
were determined at three pH values (10.27 ± 0.02, 
9.56 ± 0.03, and 8.77 ± 0.02). The dependence of the 
hydrolysis rate of NE 5

- on [CTA+] can be rationalized 

Table IV. Ratio of koa Values for the Hydrolysis of 
Nitro-Substituted Esters in the Absence and Presence of 
High CTA+ Concentrations (,u = 0.5) 

Ester 

NE1-
NE5-
NE7

-

NE9-

^OH 1 

[CTA+] = 0 

2021 
850 
589 

Insol 

mol -1 min-1-
[CTA+] = 
0.0192 M 

434 
160 
127 
135 

Ratio 

4.6 
5.3 
4.6 

via partitioning of the ester into the micellar phase by 
use of eq 7. A comparison of the values of feobsd to 
those calculated from eq 7 when m = 2 or 3 and [MT] » 
cmc is provided in Table V. At a constant initial con­
centration of 1.61 X 10-4 M in NE5

- , increase in 
[CTA+] brings about an increase in the optical density 
of the ester solution, reaching a constant value at high 
[CTA+]. The dependence of the absorbance of NE 5

-

on [CTA+] is shown in Figure 3. Inspection of Figure 
3 reveals that the break in the curve of [CTA+] vs. ab­
sorbance of ester occurs at 1.1 X 10 -4 M CTA+, a con­
centration below that of the ester but which corresponds 
to the essentially complete incorporation of ester into 
a micellar phase of CTA+ as predicted by eq 7 (Table 
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Table V. Comparison of Determined and Calculated Values 
of /tobsd for the Hydrolysis of N E 3

- at Three pH Values as a 
Function of CTA+ Concentration (M = 0.5 with KCl) 

[CTA+] X Ar„bBd calcd for 
105 M kob,d m = 2 m = 3 

0.0 
1.15 
3.08 
5.76 
5.76 
7.69 
7.69 
9.61 
11.5 
23.0 
30.8 
87.7 
384 
1900 
2000 

0.0 
1.15 
1.92 
3.08 
3.84 
5.76 
7.65 
9.61 
11.5 
38.4 
57.7 
76.9 
96.2 
154 
307 
1150 
1920 
3800 
19600 

4.46 X 10"2 

4.46 
4.41 
3.52 
2.86 
2.09 
2.31 
1.69 
1.20 
0.92 
0.98 
0.89 
0.85 
0.82 
0.82 

7.4 X 10"3 

7.15 
7.17 
6.31 
4.57 
3.34 
3.07 
2.13 
1.57 
1.37 
1.40 
1.38 
1.30 
1.46 
1.53 
1.38 
1.38 
1.38 
1.38 

4.46 X 10-2 

4.32 
3.67 
2.70 
2.70 
2.16 
2.16 
1.81 
1.57 
0.90 
0.94 
0.83 
0.82 
0.82 
0.82 

B" 
7.40 X 10'3 

6.92 
6.23 
5.10 
4.45 
3.28 
2.63 
2.23 
2.00 
1.40 
1.39 
1.39 
1.39 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 

4.46 X 1O-2 

4.44 
4.12 
3.00 
3.00 
2.22 
2.22 
1.70 
1.39 
0.90 
0.85 
0.82 
0.82 
0.82 
0.82 

7.4 X 10"3 

7.31 
7.02 
6.10 
5.30 
3.52 
2.52 
2.02 
1.76 
1.39 
1.39 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 

0.0 
0.94 
1.51 
2.83 
2.83 
3.78 
4.70 
4.74 
5.67 
5.67 
6.60 
7.56 
9.40 
18.8 
37.8 
151 
1900 

23.2 X 10~2 

23.1 
21.6 
20.2 
23.0 
17.2 
13.3 
14.65 
11.2 
12.5 
8.8 
8.02 
6.9 
6.0 
5.26 
5.30 
4.36 

23.2 X 10-2 

22.2 
20.9 
17.1 
17.1 
14.5 
12.4 
12.3 
10.8 
10.8 
9.5 
8.5 
7.3 
5.2 
4.57 
4.37 
4.36 

23.2 X 10-2 

23.0 
22.6 
19.9 
19.9 
16.8 
13.9 
13.9 
11.3 
11.3 
9.40 
8.00 
6.51 
4.65 
4.39 
4.39 
4.36 

" Conditions: A, pH 9.53-9.59, /toH[OH-] = 4.46 X 10~2 min"1, 
/ti = 0.818 X 10-2min-1, C = 3.47 X 10"9for/n = 2, C = 2.87 X 
10"13 for m = 3; B, pH 8.75-8.79, *OH[OH-] = 7.4 X 10~3 min"1, 
Zt1 = 1.38 X 10"3 min"1, C = 1.53 X lO"" for m = 2, C = 1.05 
X 10"13form = 3; C, pH 10.25-10.29, Zt0H[OH'] = 23.2 X 10~2 

min"1, ki = 4.36 X 10~2 min-1, C = 1.66 X 10-' for m = 2, 
C = 1.07 X 10-13 for m = 3. 

V). The phenol produced on hydrolysis of N E n
- esters 

appears not to be incorporated into CTA + , since it 
neither exhibits an absorbance dependent on [CTA+] 
nor shows a pKJ change with [CTA+] (pKJ = 5.52 ± 
0.01 when [CTA+] varies from 0.0 to 1.54 X 10 - 3 M). 

The nonnitrated, negatively charged esters E i - and 
E 9

- also exhibit a decrease in rate of hydrolysis in the 

Table VI. Ratio of £OH Values for the Hydrolysis of 
Nonnitrated Negatively Charged Esters and a Positively Charged 
Ester in the Absence and Presence of High CTA + Concentration" 

• &OH, 1. mol-1 min-1 . 
[CTA+] = 

Ester [CTA+] = 0 0.0192 M Ratio 

E r 312 198 1.6 
E9- 177 20 8.9 
E9

+ 422 218 1.9 

° pH range employed 9.00-10.5. 

presence of C T A + , this effect being greatly dependen t 
on the length of the al iphatic side chain (Table VI). F o r 
the esters E r and E9

- , depression in rate occurs in the 
same concentration range noted previously for the esters 
in Table IV. For the positively charged ester E9

+, how­
ever, no depression in the rate constant for hydrolysis 
was noted until [CTA+] was 20- to 30-fold greater than 
for the esters of Tables IV and V {i.e., depression in rate 
is not observed until the normal cmc of CTA+ is 
reached). For the complexing or incorporation of ester 
into micelles of CTA+ the results of Table VI suggest 
the importance of lyophobic bonding (Ei - vs. E9

-) and 
charge type (E9

- vs. E9
+). In Table VII, the experi­

mental kobsd values are compared to calculated values on 
the basis of eq 7. 

Table VII. Experimental and Calculated Values of kobs<i for E9
 + 

as a Function of CTA+ Concentration" 

K+] X 106 M 

0.0 
3.84 
7.74 
38.4 
40.0 
77.0 
154 
231 
384 
770 
1152 
2000 

Detd 

2.05 
2.28 
2.37 
2.41 
2.40 
2.30 
1.65 
1.36 
1.23 
1.12 
0.965 
1.00 

Calcd 

2.40 
2.27 
1.73 
1.39 
1.15 
1.03 
1.01 
1.00 

<" pH 9.50; cmc = 4.0 X 10~4, /tOH[OH-] = 2.40 X 10~2, fci = 
1.0 X 10"2, m = 2, C = 1.43 X 10"6. 

Reaction of Esters with Functional Micelles and Re­
lated Agents. The reaction of the amine A4

+ with six 
esters was investigated. Under conditions of constant 
pH and [A4

+] » [ester], the disappearance of ester(s) 
was found to be pseudo first order. The values of 
&obsd —

 ^ O H [ O H - ] were found to be in all cases linearly 
dependent on the first power of the concentration of the 
free base species of A4

+. 

v = fcA[A4+][ester] + /cOH[OH-][ester] (8) 

No evidence for micelle or complex formation was ob­
tained. The pertinent kinetic data is presented in Table 
VIII. Inspection of Table VIII reveals that the esters 
are more susceptible to hydroxide ion attack than 
aminolysis, a result anticipated from the basicities of 
O H - and A4

+. The NE+ esters are more reactive to 
both bases than the N E - esters, the ratio of kOH/kA be­
ing 2.5 times greater for NE+ than N E - esters. This 
greater reactivity of the NE+ esters is attributed to the 
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Table VIIL Reaction of A4
+ with Esters (M = 0.5)° 

Ester 

Concn 
X 

10B M 
PH 

range 

No. of 
^obsd 

values 

* A , I. 
mol"1 

min-1 
kAD,0c 

N E r 
NE 6-
NE7-
N E r 
N E r 
NE7

+ 

o-NPA* 

10 
9.4 
7 
5 
7 
6 
6 

8.45, 8.90 
9.2 
8.53-9.30 
8.43, 9.00 
8.55, 9.12 
8.54, 9.40 
8.62, 9.40 

10 
5 
5 
6 

10 
10 
10 

16.0 
2.6 
2.41 
1.93 

22.6 
4.71 
1.08 

1.2 
0.73 
0.66 

0 Kinetic data obtained spectrophotometrically employing A4
+ 

and its conjugate acid as buffer (pKJ = 8.87; by potentiometric 
titration) concentration 0.05-0.005 M. b o-Nitrophenyl acetate. 
c £A

D2° obtained in the same manner as fcA
H2° (p/tV in D2O = 

9.46). 

greater electron withdrawal by the N+(CH3)3 group as 
compared to the SO3

- group. The determined values 
of fcA

H:i0/^ADl0 are as anticipated for an aminolysis 
reaction unassisted by general acid or general base 
catalysis.46 The inability to carry out satisfactory prod­
uct analysis (see Experimental Section) precluded assay 
for amide products. Therefore, we can rely only on the 
isotope effect to distinguish between the amine acting 
as a general base catalyst for ester hydrolysis and as a 
nucleophile. 

To ascertain the influence of electrostatic charge on 
the bimolecular aminolysis reaction the reaction of six 
esters with A4

0 was investigated (Table IX). The larger 

Table IX. Second-Order Rate Constants for the Reaction of 
Esters with the Neutral Amine A4

0 (,u = 0.5, 30c) 

Ester pH 

No. of 
A:0bsd 

values UA M~l min-1 

NE1
+ 

N E r 
N E r 
NE7

+ 

NE-,-
o-NPA 

8.3 
8.3 
8.3 
8.3, 
8.3 
8.3 

8.88 

6 
6 
6 

12 
6 
6 

80.9 
38.65 
6.85 

17.7 
10.2 

5.08 

values of the second-order rate constants with A4
0 com­

pared to A4
+ can be attributed to the greater pKJ of the 

former (pKJ = 9.76 vs. 8.87, respectively). The posi­
tively charged esters again exhibit the larger rate con­
stants. The ratios of kA values for NE7

+VNE7
- = 1.72 

and NE1
+VNEr = 2.1 with A4

0 as compared to 1.97 
and 1.41 with A4

+ lead to the conclusion that there is 
little or no electrostatic facilitation for these bimolecular 
aminolysis reactions. 

The reaction of NE 7
- with A4

+ as a function of 
[CTA+] was investigated in order to ascertain whether 
the positively charged micelles of CTA+ would in­
corporate the oppositely charged ester while excluding 
the positively charged amine. As in the absence of 
CTA+, the reactions were found to follow pseudo-first-
order kinetics when [A4

+] (0.005-0.025 M) > [NE7
-] 

(6 X 10"5 M) and a plot of kobsd vs. [A4
+] at constant 

values of [CTA+] and pH 8.87 afforded linear plots (not 
shown) from whose slopes and intercept could be cal­
culated the CTA+-dependent second-order aminolysis 
rate constant (kA') and the CTA+-dependent second-
order rate constant for alkaline hydrolysis (k0n'), respec-

(46) T. C. Bruice, A. Donzel, R. W. Huffman, and A. R. Butler, 
/ . Amer. Chem. Soc, 89, 2016 (1967). 

tively (see eq 8). The results are presented in Table X. 
On increase of [CTA+] both kA' and kOH' decrease pre­
cipitously becoming rather constant at [CTA+] > 1,OX 
1O-4 M. The ca. 30- and 13-fold decrease in kA' 

Table X. Reaction of A4
 + with NE7 - as a Function of CTA + 

Concentration Gu = 0.5, pH 8.87) 

[CTA+] X 
106 M 

kk', 1. mole-
mi n-1 

0 
3. 
4 
5 
6 
8 
9 

50 

2.3 
0.77 
0.64 
0.48 
0.41 
0.26 
0.16 
0.075 

fcoH' 

972 
954 
862 
284 
243 
216 

46 
73 

No. of ^obsd 
determined 

5 
5 
5 
5 
5 
5 
5 
5 

and k0H', respectively, may be attributed to incorpora­
tion of NE 7

- into micelles of CTA+ from which A4
+ 

and O H - are excluded. An alternate explanation for 
the decrease in kA' would be that incorporation of 
A4

+ into CTA+ micelles reduces its reactivity toward the 
ester bond. This possibility does not appear to be in 
accord with the established reactivity of the ester when 
incorporated into micelles of A10

+ (see the following). 
Furthermore the pATa' of A4

+ is not influenced by the 
presence of CTA+ (ji = 0.5, [CTA+] = 6 X 10-6 to 5 X 
10-4 M), a finding more in accord with exclusion of 
A4

+ from micelles of CTA+. 
The reactions of A)0

+ with the same esters studied with 
A4

0 (Table VIII) do not follow the simple second-order 
kinetics scheme of eq 8 but provide evidence for the 
partitioning of ester into micelles of Ai0

+. Beer plots 
(pH 4.01, 8.65, and 9.03) of A10

+ at 256 mM are linear 
providing no evidence for micelle formation to [Ai0

+] = 
5.0 X 10-2 M (n = 0.1). The linearity of the Beer 
plots, however, was found to be not an index of lack 
of micelle formation, but an indication of lack of elec­
tronic perturbation of the aromatic ring of A i0

+ on 
micelle formation. In Figure 4 are plotted the pKJ 
values of the conjugate acid of Ai0

+, obtained by half-
neutralization and serial dilution vs. the concentration 
of [Ax] ( = [Ai0

+] + [Ai0H
2+]) (M = 0.1). Inspection 

of Figure 4 reveals that pKR' = 8.92-8.93 at [Ax] = 
0.0 to 5 X 10-3 M and then abruptly decreases with 
increase in concentration, the lowest pATa' determined 
being 8.07 at [Ax] = 5 X 10-2 M. The shape of the plot 
suggests micelle formation for which the cmc ^ 5 X 
10"3. The absorbance (460 m/u) of a phenolphthalein 
[0.0045 % (w/v)] solution at pH 9.07 and a methyl yellow 
(410 m/x) solution [0.00072% (w/v)] at pH 3.52 were 
determined as a function of [Ax] Ou = 0.1). Essentially 
no change of absorbance was noted at pH 3.52. This 
is in contrast to the observation that methyl yellow does 
give a decrease of 0.43 in absorbance on increase of 
[CTA+] at pH 3.52 (M = 0.5). At pH 9.07 (Figure 5) 
the absorbance of phenolphthalein decreases abruptly 
with increase in [Ax]. From the lack of absorbance 
change of methyl yellow at pH 3.52 it may be concluded 
either that only Ai0

+ and not Ai0H2+ forms micelles or 
that methyl orange does not incorporate into micelles 
of Ai0

+ + Ai0H2+ at n = 0.1, even though it does into 
CTA+ at p. = 0.5. The ionic strengths employed were 
those used in the kinetic experiments. 
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Figure 4. The pH of half-neutralized solutions of the amine 
hydrochloride of Ai0

+ as a function of the concentration of AT 
(= [AiO+] + [A10HS+]) a t M = o.l. 

Figure 5. Absorbance of phenolphthalein [0.0045% (w/v); 560 
mn; it = 0.1; pH 9.07) as a function of the concentration of AT 
C=[A10

+] + [A10HS+]). 

— 0-6 

c 

S 0.4 

I I I 
°_ B O O-

/ I 

I 

- ! - ^ -
/ NET y 
I ' / 
/ * / / 

- / 
I S / 
I / i / 

/ 
o / 

/ S 
Js i I i 

0 10 20 30 

A, x IO3 M 

Figure 6a. Plot of the pseudo-first-order rate constants (£0bsd) for 
appearance of 3-nitro-4-hydroxybenzenesulfonate from ester (O) 
NEr ([ester]0 = 5 X 10-6 M) vs. concentration of A]0

+ as free base 
species (pH 8.63; /J. = 0.1). Included are the values of &0bsd vs. A4

+ 

as free base (A). 

In Figure 6 are plotted the values of kobsd for the ap­
pearance of 3-nitro-4-hydroxybenzenesulfonate from 
N E r , NE6-, NE7

- , NE 9
- , and NEi5

- as a function of 
[Ai0

+] as the free base species at pH 8.63. [Ai0
+] was 

calculated from [AT] and the pKa' values of Figure 4. 
From inspection of Figure 6, we see that fc0bsd increases 
with increase in [Ai0

+], leveling off at high [Ai0
+]. Thus, 

A, x 10* M 

Figure 6b. Plot of the pseudo-first-order rate constants (A:„bsd) for 
appearance of 3-nitro-4-hydroxybenzenesulfonate from ester (O) 
NE5

- (see caption for Figure 6a). Included are the values of 
&0b»d vs. A1

+ as free base (A). 
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Figure 6c. Plot of the pseudo-first-order rate constants (&0bsd) for 
appearance of 3-nitro-4-hydroxybenzenesulfonate from ester (O) 
NE7

- (see caption for Figure 6b). Included are the values of kobad 
vs. A4

+ as free base (A). 
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Figure 6d. Plot of the pseudo-first-order rate constants (&t>bsd) for 
appearance of 3-nitro-4-hydroxybenzenesulfonate from ester (O) 
NE9

- (see caption for Figure 6a). Included are the values of /tobad 
vs. A4

+ as free base (A). 

although the esters are protected from hydrolysis by 
nonfunctional micelles, their rate of disappearance in-
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x I O 3 

Figure 6e. Plot of the pseudo-first-order rate constants (k0hsd) for 
appearance of 3-nitro-4-hydroxybenzenesulfonate from ester (O) 
NEi5- (see caption for Figure 6a). 

creases on formation of micelles of Ai0
+ . The decrease 

in O D of phenolphthalein occurs at about the same 
concentration as seen for the increase in rate of disap­
pearance of the N E n

- esters in the presence of Ai0
+ . 

As with CTA + , therefore, phenolphthalein and the 
N E n

- esters are comparable in inducing micelle forma­
tion with Ai0

+ . The kinetics for appearance of phenol 
from ester can be treated via eq 7. For this purpose 
we assume that [AT] » cmc. In Table XI are re-

Table XI. Values of Rate Parameters Which Provide a 
Correlation of the Values of fcob«d to the Concentration of Ai0"

1 

Species at pH 8.63 (T = 30°; ^ = 0.3) 

Ester 

N E r 
NE 5-
NE7-
N E r 
NE15-

' "^o b a 

No. of 
^obsd 

values 

11 
11 
15 
9 

11 

W O H - ] C + An[A10+]4 

C + [Ai0+]4 

&OH[OH-] 

min-1 

0.014 
0.00662 
0.00533 
0.00224 
0.001 

An, 
min - 1 k 

0.793 
0.0775 
0.071 
0.075 
0.062 

hi 
DH[OH-] 

56.6 
11.7 
13.3 
33.5 
62« 

3.40 
8.40 
8.02 
3.09 
9.16 

C 

X 
X 
X 
X 
X 

io-
io-
io-
io-
io-

12 

12 

12 

12 

12 

° The value of &OH[OH-] was obtained from best fit of eq 7 to 
kinetic data. 

corded the best parameters for eq 7 to fit the experi­
mental data of Figure 6—in which the points are 
experimental and the curves theoretical. Unlike the 
solvolysis of the esters in CTA+ and NDA0 where it was 
necessary to assume m = 2 or 3 and 2, respectively, for 
the reaction of the N E n

- esters in Ai0
+ a reasonable fit 

is obtained only if m = 4 (for Figure 6 the values of 
[AiO+] were employed but m remains the same if [AT] is 
used). The values of the calculated partition coefficient 
C may be seen to be quite comparable for NE5

- , NE7
- , 

NE9
- , and N E u - (i.e., 6.1 ± 3 X 10-12) but much 

greater for N E r (340 X 1O-12). Thus, the partitioning 
of N E r into micelles of Ai0

+ is about 50 times less 
favorable than for all the other esters. Apparently 
once the chain is extended from acetyl to hexanoyl 
further extension does not increase the relative parti­
tioning of the ester into A10

+ micelles. The increase in 
kohsd on incorporation of ester into micelle is shown 

by the ratio of kJkOK[OH-]. Inspection of Table 
XI reveals that although the acetyl ester NEi - is the 
most poorly absorbed into the Ai0

+ micelle, it is quite 
reactive once it is incorporated. The ratio of kx\ 
/C 0 H[OH - ] decreases in going from N E r to NE 5

- but 
then steadily increases from NE 5

- through NEi5
- . The 

per cent increase in kobsd is actually greater for NEi5
-

than for N E r on incorporation into the Ai0
+ micelle. 

Because of the much more favorable partitioning of 
NEi5

- into Ai0
+ and the greater per cent increase of 

kobsd accompanying incorporation, the values of kobsd 

are comparable for N E r and NEi5
- at [A10

+] = 2 X 1O-3 

M even though both / C 0 H [ O H - ] and k\ are themselves 
about 10 times less for NEi5

- than for N E r . Included 
in Figure 6 as dashed lines are the values of kohsd vs. 
[A4

+]. It may be seen that incorporation into the 
micelle makes Ai0

+ a much better nucleophile than A4
+ 

at low concentration of amine. Even though C is 
largest for N E r , A10

+ at 1.2 X 10-2 M is as good a nu­
cleophile toward this ester as is A4

+ at 5 X 10-2 M. 
For the experiments of Figure 6 and Table XI the con­
centration of the N E n

- esters was 5 X 10-5 M. For 
N E r the concentration of ester at constant [Ai0

+] = 
5 X 10-2 M was shown not to affect /cobsd (Table XII). 

Table XII. Values of &0bsd Determined at Various Values of 
[NEr] and Ai0

+ = 5 X 10~2 M (n = 0.1; pH 8.70; T = 30°) 

Concn of ester 
X 105 M kobuu min-1 

Concn of ester 
X 10 5 M 

4.01 
6.60 
7.40 

14.20 
15.40 
29.0 

Arobsd, mir 

0.935 
0.960 
0.938 
0.960 
0.911 
0.926 

35.6 
39.8 
47.8 
60.0 

0.940 
1.13 
0.896 
0.915 

The influence of the ester charge type on reaction 
with Aio+ has been studied employing esters NEi + , 
NE 7

+ , and o-nitrophenyl acetate (o-NPA). The values 
of fc0bsd as a function of [Ai0

+] are shown in Figure 7 and 
the best fits of the experimental data to eq 7 are provided 
in Table XIII. Comparison of the results reported in 

Table XIII. Values of Rate Parameters Which Provide a 
Correlation of Values of Ar„bsd to the Concentration of A10

 + 

at pH 8.63 (7/ = 30°; M = 0.1) 

^obsd 
kOH[OH-]C + Ar1[A10

+]2 

C + [A10+]2 

Ester 

No. of 
Arobsd A:OH[OH-], 
values min-1 

An, 
min- Ar0H[OH-] 

NEi+ 
NE,+ 
o-NPA 

12 
11 
21 

0.0448 
0.0179 
0.00646 

0.18 
0.30 
0.064 

4.0 
17 
9.9 

1.67 X IO-5 

7.81 X 10-5 
10.0 X 10-5 

Tables XI and XIII reveals that the best fit to the 
experimental data is obtained when m = 4 for N E n

-

esters and m = 2 for NEn
+ esters. The value of m, as 

well as that of C appears, therefore, to be an index of the 
association of ester with amine, the lower value being 
obtained when the association is not electrostatically 
facilitated by unlike charges on ester and amine. On 
comparison of £;I//C0H[OH -] it is found that electrostatic 
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A, x 10s M 

Figure 7. Plot of the pseudo-first-order rate constants (fcobsd) for 
appearance of 4-hydroxy-3-nitrophenyltrimethylammonium from 
esters NE1

+ and NE7
+ and o-nitrophenol from o-NPA vs. [A1 0

+] as 
free base (pH 8.63; pi = 0.1) as determined on the autotitrator (O). 
Included are the values of k0bed vs. [A4

+] as free base (A). 

attraction is of much more importance for the short-
chain esters NEi+ and NEi - than for the longer chain 
esters as NE7

+ and NE7
- . Thus, &I /& 0 H[OH - ] is 14.5-

fold greater for NEi - than for NEi+ while the ratios 
are comparable for NE 7

- and NE7
+. Also, inspection 

of Figures 6 and 7 reveals that A4
+ approaches Ai0

+ 

as a nucleophile toward NE x
- at high concentrations 

while, toward NEi+, A4
+ is a better nucleophile than 

Ai0
+ at all concentrations. With NE 7

- and NE7
+, how-

2.0 -

+ 

x 
O 

Ol 
o 

0.5 -

7.5 8.0 8.5 9.0 9 .5 

Figure 8a. The log k\ vs. pH profiles for the reaction of ester o-NPA 
with AT C = [A10

+] + [A10H
2+] = 0.025 M), n = 0.1. 

ever, Ai0
+ is the better nucleophile at low concentra­

tions. For the short-chain esters, attraction of A i0
+ and 

N E r must be primarily electrostatic, while for NE7
- , 

lyophobic. On the basis of the values of m, C, and 
ki/kodOH-] the best substrates (Tables XI and XIII) 
for micelles of Ai o+ are NEi - and NEi5

-. Incorporation 
of NEio- is much more favorable than NEi - and the 
values of ki/k0H[OH~] are comparable for the two esters 
but the values of both kx and Ar0H[OH-] are greater for 
N E r . It should be noted that for the plots of Figures 
6 and 7 and the parameters derived therefrom (Tables 
XI and XIII), kohsd is not corrected for & 0 H [ O H - ] . This 
may be an error on our part, but it is not obvious what 
correction should be made. In the hydrolysis of esters 
in the presence of NDA0, LS - , and CTA+ the value 
of k0u decreases when ester is complexed or incorpo­
rated into the micelles. It is, therefore, reasonable to 
assume that this would be the case for reaction with 
Ai0

+. If this is so, the rate constant for reaction of 
ester incorporated into micelles of Ai0

+ is not /c0H-
[OH -] — ki but is essentially ky. The ratio of ki/k0Ii-
[OH -] is a legitimate constant with which to compare 
the reactivities of esters, however, since it represents the 
ratio of VJk0^OIl-] at a constant pH and levels elec­
tronic effects on the reactivity of esters due to their 
differential substitution. 

The data presented to this point have dealt with the 
reactions OfAi0

+ with ester at the pH of 8.6-8.70. Since 
the reactions are aminolytic, a priori, the rates should be 
sensitive to the ratio of Aio+/Ai0H2+. 

In Figure 8 are presented log /ri-pH profiles for the 
reaction of esters o-NPA, NEi+, NEi - , NE5

- , and 
NE 7

- with AT ( [A T ] = [Ai0
+] + [ A I 0 H 2 + ] = 0.025 Af/ 

JX — 0.1; T = 30°). The plots are seen to resemble 
titration curves. For the reaction of a base species B 
with ester 

p = ZC2[E][B] (9) 
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Figure 8b. The log ki vs. pH profiles for the reaction of ester NEi+ 

with AT (see caption for Figure 8a). 
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Figure 8c. The log ki vs. pH profiles for the reaction of ester NEr 
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Under the pseudo-first-order conditions of ([B] + 
[BH] = [Bx]) » [E] 

fcobsd = /C2[B] = /c2[BT] **' 

and when [BT] = constant 

log kobsd = log kJKJ + log 1 
KJ + aH 

(10) 

( H ) 

CM 

+ 
T1 0.9 -
X 
O 

X 
o 

O 

0.8 

0.7 -

0 .6 

Figure 8e. The log ki vs. pH profiles for the reaction of ester NE7' 
with AT (see caption for Figure 8a). 

WhenaH»AV 

log /cobsd = log kJKJ + pH (12) 

and when KJ » aH 

log kobsd = log kj (13) 

From (12) and (13) it is anticipated that a plot of log 
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fcobsd vs. pH should be linear of slope 1 when «H » 
KJ and that at KJ » an a plateau should be reached 
with log fcobsd = log kj. When K* = aH then pH = 
pA"a so that the intersection of tangents to the plateau 
and ascending portion of the plot should occur at pH = 
pKJ. The plots of Figure 8 do plateau above the pH 
range where KJ » aH and have a positive slope in the 
pH range where aH » KJ, but not necessarily a unit 
slope. In Table XIV are recorded the plateau rate 
constants (Zc2), the pATapp's and slopes of the ascending 
legs of the log fci-pH profiles. The value of pKJ for 
A10

+ has been established to depend upon AT concentra­
tion (see Figure 4), varying from 8.92 to 8.07 in going 
from [AT] = 0 to 5 X 1O-3 to [Ax] = 5 X K)-2 M. At 
the [AT] = 0.025, pKJ = 8.32. This value is reason­
ably close to the pK'^p's listed in Table XIV. We may 
conclude that only the species A10

+ is involved in the 
aminolysis reaction. The slopes of the pH vs. log k\ 
plots of Figure 8 appear to have some relationship to the 
values of m necessary to fit eq 7 to the experimental 
data for the reaction of esters with Ai0

+ at constant 
pH and varying amine concentration (i.e., for NEi+ and 
o-NPA slopes = 1.0 and 2.2 and m = 2 while for NEi -

and NE 6
- slopes = 5 and 4 and m = 4, respectively). 

In the construction of Figure 8 and the derivation of 
the parameters of Table XIV, log (kobsd — /C 0 H[OH - ] ) , 
i.e., log (/ci — /C 0 H[OH - ] ) at high [Ax], has been plotted 
vs. pH. This procedure differs from that employed for 
Figures 6 and 7 and Tables XI and XIII. The change 
in convention was dictated by the large alteration of 
[OH -] with change of pH for the data of Figure 8 and, 
as explained previously, by the expectation that ^0H • 
[OH -] should decrease on increase of [Ax] at constant 
pH. The convention employed, plus the known con­
centration dependence of pKJ of Ai0H2+ undoubtedly 
effects the slopes of the pH profiles recorded in Table 
XIV. From the data of Tables XI, XIII, and XIV, how-

Table XIV. Constants Obtained from the Log ki vs. pH Profile 
for the Reaction of Esters ([E] = 5 X 10~5 M) with Ai0

 + 

( [AT] = 0.025 M; n = 0; T = 30°) 

Ester 

NEi+ 

N E r 
NE5-
NE7-
o-NPA 

N o . &0bsd 

14 
19 
19 
12 
17 

Slope 

1.0 
5.0 
4.0 
1.0 
2.2 

P^app 

8.2 
8.0 
7.9 
8.0 
8.4 

k%, min - 1 

0.148 
0.933 
0.084 
0.088 
0.056 

ever, it is obvious that the relative values of k\ and Zc2 are 
comparable regardless of the convention employed in 
their derivation (Table XV) and that, regardless of 

Table XV. Relative Values of the Apparent (k{) and True (fe) 
Rate Constants for Reactions of Esters within Micelles of Ai0

 + 

and the Relative Second-Order Rate Constant (£A) for Reaction 
of Esters with A 4

+ and A4
0 

Ester 

NEi+ 

N E r 
NE5-
NE,-
N E r 
NEi5-
o- NPA" 

An„, 

2.8 
12.2 

1.21 
1.11 
1.17 
0.97 
1.0 

* 2 r . l 

2.31 
14.55 

1.31 
1.375 

1.0 

^ A r 8 I A 1
 + 

20.9 
14.8 
2.41 
2.23 

1.00 
a Rate constants relative to o-NPA for Zt2 and ku 

charge type and chain length, these constants are quite 
similar, with the single exception of N E r , whose reac­
tion with Ai0

+ is most facile. If k2,tl is compared to 
/CA„I, it is seen that the reaction of NEi+ with A4

+ and 
A4

0 in a bimolecular aminolysis reaction is relatively 
more efficient than the reaction of NEi+ with Aio+ in an 
"intramicellar" aminolysis reaction (see also Figures 6 
and 7). The values of kini and kATCl are, however, com­
parable for the neutral and negatively charged esters. 
This lessened relative reactivity of NEx

+ with Aw
+ may 

be due to repulsion of like charges, a factor of little 
importance in the less structured transition state of the 
bimolecular reaction.47 

In Figure 8 the maximum velocities obtained under 
saturating [Ax] and constant pH are plotted vs. pH. 
If association of esters and the ensuing reaction involves 
Aio+ and not Ai0H2+ then the maximum velocity should 
be pH independent (as the mole fraction of Ai0

+ de­
creases a larger value of [Ax] would be required to 
saturate the ester but the maximum velocity would be 
the same). Since this is clearly not the case we must as­
sume association of ester with both Aw

+ and Ai0H
2+ 

but that the ensuing chemical transformation involves 
only Ai0

+. An alternate and kinetically identical 
mechanism would involve association of ester with 
Ai0

+ + Ai0H2+ and the bond-breaking mechanism in­
volving the species ester + Ai0H2+ + OH - . 

Discussion 

The purpose of this initial study has been to determine 
the feasibility of designing substrates and nucleophiles 
which would exhibit a significant heightening of chemi­
cal interaction due to salt or micelle formation resulting 
from properly oriented electrostatic and hydrophobic 
attraction. The structures of the esters as well as the 
shorthand symbolism employed are given in I-IV and 
those of the amines in V and VII. The sought for 
interaction of esters and amines is shown in IX. To 
our knowledge this represents the first instance of an 
investigation of this nature.48'49 

-<— lyophobic 

CH3 CH3 
E A 

IX 

Kinetic studies have revealed that at the concentra­
tions employed in this study the various esters do not 

(47) T. C. Bruice and B. Holmquist, / . Amer. Chem. Soc, 89, 4028 
(1967). 

(48) A portion of this study was reported in a communication (T. C. 
Bruice, J. Katzhendler, and L. R. Fedor, J. Phys. Chem., 71, 1961 
(1967)). 

(49) A. Ochoa-Solano, G. Romero, and C. Gitler, Science, 156, 1243 
(1967), have recently reported studies of the hydrolyses of p-nitrophenyl 
acetate and p-nitrophenyl carpylate by N-a-myristoyl-L-histidine when 
incorporated into micelle of acetyltrimethylammonium bromide. The 
micelle-forming nucleophile (N-a-myristoyl-L-histidine) itself was found 
not to be a nucleophilic catalyst for ester hydrolysis. 
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exist as aggregates. As a prelude to the investigation 
of IX the hydrolysis of various of the esters of I and 
IV in the presence of nonnucleophilic micelle-forming 
agents was studied. For this purpose pseudo-first-
order rate constants for ester hydrolysis as a function 
of the concentration of the neutral (NDA0), negative 
(LS-), and positive (CTA+) micelle-forming agents VIII 
were determined. For all cases investigated the value 
of fe0H[OH~], at constant pH, was found to decrease 
with increasing concentration of the micelle-forming 
agents, reaching a constant minimum value at high 
detergent concentrations (Tables III, IV, V, VI, and 
VII). Therefore, association with or incorporation of 
esters into nonnucleophilic micelles must either de­
crease the availability of the esters to O H - attack or 
provide a less favorable media for the hydrolytic reac­
tion. Previous investigations have revealed that the ob­
served pseudo-first-order rates for O H - attack on sub­
strate in a micellar phase are generally increased if the 
micelle is of positive charge but decreased if the micelle 
is of negative charge.21,24'25 Since in the present study 
kOH[OH~] is decreased regardless of the charge of the 
micelle the kinetic effect presumably has nothing to do 
with the concentration of or restriction of hydroxyl ions 
from the Stern layer. This observation might suggest 
that the ester bond is buried and not near the surface 
of the micelle. A similar explanation has been sug­
gested for the marked decrease in the spontaneous rate 
of hydrolysis of ethyl trichloroacetate.50 It should be 
noted that the inclusion of a substrate molecule within 
a micelle is not strictly akin to placing the molecule in 
an organic phase since nmr studies have clearly shown 
that the interior of micelles are quite wet.51'32 Ap­
parently the nature of the substrate may determine its 
positioning within a micelle By nmr methods it has 
been concluded53 that CTA+ absorbs cyclohexane and 
cumene into the inner hydrocarbon portion of the 
micelles, whereas N,N-dimethylaniline and nitroben­
zene residues are absorbed in the aqueous section of the 
interior not far from the surface. This would imply 
that the very polar esters of the present investigation 
should also be in the aqueous section of the interior 
not far from the surface. This, however, would not 
appear to be the case. For the various esters investi­
gated the charged head groups may be at the Stern 
layer but the ester bond must be inside the micelle. 

77p7g777 
Y ^ N O 2 

O 
I 

C=O 
R 

X 

The dissociation constant of water is known54 to be 
markedly suppressed on addition of dioxane and the 
micellar media is best characterized as a mixed aqueous-
organic solvent.51 Possibly the most satisfactory ex-

(50) A. Veis and C. W. Hoerr, J. Colloid Sci., IS, 427 (1960). 
(51) N. Muller and R. H. Birkhahn, / . Phvs. Chem., 71, 957 (1967). 
(52) J. Clifford, Trans. Faraday Soc, 61, 1276 (1965). 
(53) J. C. Eriksson and G. Gillberg, Acta Chem. Scand., 20, 2019 

(1966). 
(54) H. S. Harned and L. D. Fallon, J. Amer. Chem. Soc, 61, 2374 

(1939). 

planation for the observed decrease in rates of hydrolysis 
is found in a decrease in the autoprotolysis constant of 
water within the micelle, which would be akin to a less­
ened incorporation of O H - into the micelle. 

For the hydrolysis of NE 5
- in the presence of NDA0 

the rate constant for alkaline hydrolysis decreased at an 
NDA0 concentration higher than that found for the 
increase of absorbance of pinacyanol (Figure 1). It is 
known that the dye method55 does not provide a true 
cmc but that the change in absorbance of the dye solu­
tion on increase of micelle-forming reagent is due to salt 
and premicelle formation followed by micelle forma­
tion.43'56 Undoubtedly the same is true for the esters 
employed in this study. For LS - the esters E9

+ and 
NE 5

- form insoluble salts. With the esters NE1
- , 

NE5
- , NE7

-, Ei - , and E9
+ no decrease of the hydrolytic 

rate was noted at JX = 0.1 on increase of concentration 
of CTA+ but at /I/ = 0.5 the values of kobsd decrease as 
previously described. Increase in JX is known to in­
crease the association of detergent molecules as attested 
to by the accompanying decrease in the cmc and 
increase in the number of molecules composing the 
micelle.57 At /x = 0.5 with CTA+, the decrease in the 
values of kobsi for the hydrolysis of the negatively 
charged esters at constant pH occurs below the true 
cmc of the detergent45 but at the same concentration of 
CTA+ at which the absorbance of phenolphthalein 
precipitously decreased (Figure 2). Thus, both phenol­
phthalein and the negatively charged esters have similar 
tendencies to induce micelle formation and/or form 
salts with CTA+. In contrast, with the positively 
charged ester E9

+ no depression in the rate constant 
for hydrolysis was noted (Table VII) until a concentra­
tion of CTA+ was reached which is 20- to 30-fold 
greater than for the esters of negative charge. Clearly 
electrostatic attraction appears to play a role in the 
combination of ester and CTA+. The depression in 
rate on incorporation into micelles of CTA+ (i.e., at 
high CTA+ concentration) is 5.5-fold greater for E 9

-

than for Ei - but about equal for NEi - , NE3
- , and NE7

- . 
Lyophobic bonding apparently orients the less polar 
En" esters in the salt or micelle more unfavorably than 
the N E n

- esters. 

In this study we have considered the alteration of rate 
constants on increase of micelle-forming agent as either 
a salt formation (eq 1-3) or a partitioning of ester into 
a micellar phase (eq 4-7). It is, of course, unlikely that 
either situation prevails alone but that the esters prob­
ably form salts which induce micelle formation and that 
the micelles formed at higher concentration of deter­
gent then dissolve the salts and premicelles. However, 
assumption of either limiting case leads to kinetic equa­
tions of the same mathematical form. The decrease in 
rate of ester hydrolysis is found to be dependent upon 
the second or third power of NDA0 (Table I) or CTA+ 

concentration (Table V). This infers that the salt or 
induced micelle has a composition of ester: detergent = 
l :2(or3) .2 4 

For the amines of V and VII reactions with esters 
NE1

-, NE5
- , NE7

- , NE6
- , NE1

+, and NE7
+ were found 

to be first order in amine and first order in ester when 
the butylamines A4

+ and A4
0 were employed (Tables 

VIII and IX). No evidence for association of ester with 
(55) G. S. Hartley, Trans. Faraday Soc, 30, 444 (1934). 
(56) T. Nash, J. Appl. Chem., 8, 440 (1958). 
(57) M. J. Shick, / . Phys. Chem., 68, 3585 (1964). 
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the butylamines could be detected; moreover, electro­
static attraction or repulsion was not found to contribute 
to the determined second-order aminolysis rate con­
stants. The latter result is in accord with our previous 
findings46 that electrostatic attraction between nucleo-
phile and o-nitrophenyl hydrogen oxalate anion is un­
important. 

When the reaction of NE 7
- with A4

+ was carried out 
at constant pH but increasing [CTA+], it was found that 
the second-order rate of aminolysis decreases in the same 
manner as the second-order rate constant for alkaline 
hydrolysis (Table X). Furthermore, the decreases 
parallel each other. For the aminolysis reaction it can 
be shown (from the fact that the dissociation constant 
for A4H2+ is not influenced by CTA+) that positive 
amine is not incorporated into CTA+. 

Unlike A4H2+ the pKJ of A10H2+ is markedly con­
centration dependent above [AT] = 5 X 1O-3 M (Figure 
4); in addition, the absorbance of a phenolphthalein 
solution exhibits a marked decrease, becoming inde­
pendent of [Ax] at about 5 X l O - 3 M (Figure 5). These 
results establish association of the decylamine and/or its 
conjugate acid. The rates of appearance of 3-nitro-4-
hydroxybenzene sulfonate from esters N E r , NE6

- , 
NE7

- , NE9
- , and NEi6

- (Figure 6); of 4-hydroxy-3-
nitrophenyltrimethylammonium from the esters NEi+, 
NE7

+; and of o-nitrophenol from o-nitrophenyl acetate 
(Figure 7) were found to depend on the concentration 
of the decylamine at constant pH. For the N E n

-

esters, the increase in fc0Dsd was found to depend on the 
fourth power of {AT] at low concentrations of amine 
(Table XI) and to become independent of [AT] at the 
higher concentrations employed. For the NEn

+ esters 
and o-NPA the increase in kobsd at low amine concentra­
tion was dependent on the second power of [AT] and 
independent of [AT] at its higher concentrations (Table 
XIII). It would thus appear that salts or premicelles 
are formed in the former case with stoichiometry 
NEK

-(AT)4 while in the latter complexes of the type 
NE„+(AT)2 are involved. It is not unreasonable to 
suppose, a priori, that the negative esters might be as­
sociated with more molecules of the positive amine than 
would the positive esters. For the esters o-NPA, 
NEi+, N E r , NE5

- , and NE 7
- it was found that plots of 

the log of the constant rate constants obtained at the 
higher values of [AT] vs. pH provided curves (Figure 8) 
resembling log kT vs. pH profiles for the intramolecular 
participation of a functional group of pA"app'.

2 The 
values of p^ a Pp' were found to resemble closely the 
pKJ of Ai0H2+ at the concentration of AT employed 
(Figure 8; Table XIV). The slopes of the ascending 
portion of the curves were found to be similar to the power 

(CHa)3 N 

in [AT] necessary to fit the value of kobsd to plots of A:obsd 

vs. [Ax] at constant initial ester concentration and con­
stant pH. Thus, esters studied are associated with m 
numbers of A x and the rate of aminolysis is dependent 
on the mole fraction of A x as Ai0

+. The dependence of 
the maximum velocities at saturation by A x on the mole 
fraction of A x in the form of Ai0

+ is in agreement with 
the aminolysis reaction of IX. An alternate mechanism 
which is kinetically indistinguishable from IX is XI in 
which O H - attack is facilitated via intramicellar gen­
eral acid catalysis (ester + Ai0H2+ + OH -) . The 
equation of (14) provides an approximate correlation 
of the reaction of esters with the decylamine in buffers 
prepared from the amine and its conjugate acid 

kobsd - ^ O H [ O H - ] = 

Vf * JA T ] 

C + 
/ J A T ] A 5 - V 

Ua + aj 

(14) 

where C is a partition coefficient, m the number of 
Ai0

+ and Ai0H2+ molecules per ester in the premicelle, 
and K& the dissociation constant of Ai0H2+. At con­
stant pH, (14) reduces to (7) and at constant [Ax] to a 
form which provides the essence of the theoretical plots 
of Figure 8. 

Though NEi - is poorly absorbed by micelles of the 
decylamine, the esters NE 5

- and NEi6
- are strongly ab­

sorbed and to about the same extent indicating the chain 
length is of little significance beyond hexanoyl. The 
relative rate (i.e., relative to ^ O H [ O H - ] in the absence 
of Ai0

+) of disappearance of esters once absorbed into 
micelles of Ai0

+ was found to be dependent upon the 
chain length of the acyl moiety (Table XI). The order 
of maximum rate for disappearance of N E n

- esters in 
Ai0

+ is NE 1
- » NE 5

- S NE 7
- £* NE 9

- > NE i 5
- while 

for hydroxide ion catalyzed hydrolysis (Table II) the 
order is NEx

- > NE 5
- > NE 9

- > NEi6
-. Intramicellar 

aminolysis is, therefore, less sensitive to steric effects 
than alkaline hydrolysis. Since Ai0

+ is of much greater 
bulk than O H - it might be supposed that the lessened 
steric demand of Aj 0

+ may be due to alignment of the 
esters and amines as shown in IX. Electrostatic at­
traction of ester and amine within the micelle of amine 
is of kinetic significance for the short-chain ester NEi -

but not for NE7
- . This conclusion stems from a com­

parison of the maximum rate of reaction, at high [Ax] 
and constant pH, of NEi - vs. NEi+ and NE 7

- vs. NE7
+. 

Thus, the NEn
+ esters exhibit the greater rate constants 

in bimolecular reactions with OH - , A4
0, and A4

+, but 
the ester N E r exhibits a rate constant 4.4 times greater 
than that of NEi+ on reaction with A10

+. On the other 
hand, the rate constant for reaction of Ai0

+ with NE 7
- is 

4.3 times less than that for NE7
+—a ratio comparable to 

the ratio of rate constants for alkaline hydrolysis (3.4) 
of the same two esters. For the longer chain esters, 
therefore, electrostatic effects are important only in 
the incorporation of ester into micelles of Aw

+ + 
Ai0H2+ and have no effect on the ensuing reaction of 
ester with A10

+ within the micelle. 
The results of our studies with the amine A10

+ bear 
some semblance to enzymic catalysis. Substrates at 
low concentration (~5 X 1O-5 M) have been shown 

jto be effectively complexed by positive amine-amine 
^conjugate acid (Ax), half-saturation of substrate oc­
curring at ~ 1 to 5 X 1O-3 M in Ax . Some specificity 
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has been established which involves lyophobic and elec­
trostatic binding. The ester in the resulting complex 
has been shown to undergo an "intramicellar" displace­
ment, the rate of which is dependent upon the mole 
fraction of AT as Ai0

+. The maximum first-order rate 
constants for ester disappearance (M3.06 to 0.2 min -1) 

Synthesis by the Merrifield Method of a Protected 
Nonapeptide Amide with the Amino Acid 
Sequence of Oxytocin1 

Sir: 

Since the synthesis of oxytocin was first accomplished 
by du Vigneaud, et al.,2 several other syntheses have 
been reported,3-12 all utilizing the same nonapeptide 
intermediate as was used in the original synthesis but, 
in some cases, with different protecting groups. With 
all of these approaches, in which the classical methods 
of peptide chemistry are employed, many weeks and, 
in some cases, months are required for the synthesis 
of the required protected nonapeptide amide inter­
mediate and the over-all yields are low. Using the 
method of solid-phase peptide synthesis recently intro­
duced by Merrifield,13 a protected nonapeptide has 
been synthesized in high yield in a few days. Removal 
of the protecting groups followed by oxidation and 
purification yielded oxytocin. 

The protected nonapeptide was synthesized in a 
stepwise manner beginning with 6 g of J-butyloxycar-
bonylglycyl resin containing 1.236 mmoles of glycine 
according to the general procedure of Merrifield,13,14 

with the following modifications. (1) Chloroform was 
used as a solvent for the triethylamine neutralization 
steps and for the washes immediately preceding and 
following these steps.16 (2) Trifluoroacetic acid was 

(1) Supported by grants from the Medical Research Council of 
Canada and the Quebec Medical Research Council. 

(2) V. du Vigneaud, C. Ressler, J. M. Swan, C. W. Roberts, P. G. 
Katsoyannis, and S. Gordon, J. Am. Chem. Soc, 75, 4879 (1953); 
V. du Vigneaud, C. Ressler, J. M. Swan, C. W. Roberts, and P. G. 
Katsoyannis, ibid., 76, 3115 (1954). 

(3) R. A. Boissonnas, S. Guttmann, P. A. Jaquenoud, and J. P. 
Watter, HeIv. CMm. Acta, 38, 1491 (1955). 

(4) J. Rudinger, J. Honzl, and M. Zaoral, Collection Czech. Chem. 
Commun., 21,202 (1956). 

(5) L. Velluz, G. Amiard, J. Bartos, B. Goffinet, and R. Heymes, 
Bull. Soc. CMm. France, 1464 (1956). 

(6) C. H. Beyerman, J. S. Bontekoe, and A. C. Koch, Rec. Trail. 
CMm., 78, 935 (1959). 

(7) (a) M. Bodanszky and V. du Vigneaud, J. Am. Chem. Soc, 81, 
2504 (1959); (b) ibid., 81, 5688 (1959). 

(8) L. Kisfaludy, S. Dualsky, S. Bajusz, M. Low, A. Uskert, and 
K. Medzihradsky, Hungarian Patent 151,959 (1965). 

(9) (a) A. P. Fosker and H. D. Law, J. Chem. Soc, 4922 (1965); 
(b) R. W. Hanson and H. D. Law, (6W1, 7285 (1965). 

(10) S. Sakakibara and Y. Nobuhara, Bull. Chem. Soc. Japan, 38, 
120 (1965). 

(11) I. Photaki, J. Am. Chem. Soc, 88, 2292 (1966). 
(12) F. H. C. Stewart, Australian J. Chem., 19, 2361 (1966). 
(13) R. B. Merrifield, / . Am. Chem. Soc, 85, 2149 (1963); Science, 

150, 178 (1965). 
(14) R. B. Merrifield, Biochemistry, 3, 1385 (1964); G. R. Marshall 

and R. B. Merrifield, ibid., 4, 2394 (1965). 

are comparable to those for the poorer substrates of 
esteratic enzymes. We believe our initial endeavors 
in this new field show sufficient promise to pursue the 
topic further. 
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used to remove the ;-butyloxycarbonyl (Boc) group 
from the glutamine residue before the addition of the 
next protected amino acid residue.16 (3) All coupling 
reactions were allowed to proceed for 4 hr. (4) The 
protected peptide was cleaved from the resin by am-
monolysis.17 Eight cycles of deprotection, neutraliza­
tion, and coupling were carried out with appropriate 
Boc-amino acids,18 producing the protected nonapep­
tide esterified to the resin. Boc-amino acids with pro­
tected side chains were S-Bzl-Cys and O-Bzl-Tyr. The 
final cysteine residue was added as the N-carbobenzoxy-
S-benzyl (N-Z-S-BzI) derivative. All coupling reactions 
to form peptide bonds were mediated by dicyclohexyl-
carbodiimide19 in methylene chloride except those in­
volving the carboxyl groups of Asn and GIn, which 
were allowed to react in dimethylformamide (DMF) 
as their nitrophenyl esters.7b 

Following the coupling of the final residue, the dried 
resin weighed 7.24 g. The weight increase of 1.24 g 
represents the incorporation of 1.00 mmole of pro­
tected nonapeptide on the resin. This is 81% of the 
amount expected, based on the original glycine content 
of 1.236 mmoles of the esterified resin. Ammonolytic 
cleavage was effected as follows: the protected nona­
peptide resin (2.5 g) was suspended in 85 ml of anhy­
drous methanol and the stirred suspension was bubbled 
with a stream of ammonia from a renuxing solution of 
ammonia, which contained sodium as a drying agent, 
at a temperature of —5° for 2.5 hr with exclusion of 
moisture. Stirring at 4° was continued overnight and 
subsequently at 23° for 2 hr. The flask containing 

(15) J. M. Stewart, J. D. Young, E. Benjamini, M. Shimizu, and 
C. Y. Leung, ibid., 5, 3396 (1966). 

(16) The author is indebted to Dr. V. du Vigneaud and Dr. H. Taka-
shima for suggesting this modification which circumvents the problem of 
a chain-terminating reaction, possibly due to pyroglutamyl formation, 
which has been observed in exploratory experiments in both labora­
tories when the normal procedure for deprotection using 1 N hydro­
chloric acid-acetic acid was employed. The modified procedure, 
utilized in this synthesis, was as follows: the resin was washed with 
three 30-ml portions of dry glacial acetic acid and rinsed through with 
one 30-ml portion of trifluoroacetic acid. A 30-ml portion of trifluoro­
acetic acid was added and the suspension was rocked at room tempera­
ture for 15 min. After removing the trifluoroacetic acid the resin was 
washed with three 30-ml aliquots of dry glacial acetic acid and the 
subsequent neutralization and coupling were carried out in the usual 
manner. 

(17) M. Bodanszky and J. T. Sheehan, Chem. lnd. (London), 1423 
(1964). 

(18) The abbreviations used for amino acids and protecting groups 
are those recommended by the IUPAC-IUB Commission on Bio­
chemical Nomenclature, J. Biol. Chem., 241, 2491 (1966); Biochemistry, 
5, 1445, 2485 (1966). 

(19) J. C. Sheehan and G. P. Hess, / . Am. Chem. Soc, 11, 1067 
(1955). 
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