
YOUNGSTOWN STATE UNIVERSITY 

Graduate School 

THESIS 

Submitted in Partial Fulfillment of the Requirements 

For the Degree of Master of Science 

TITLE 11 Kinetic Studies of the Alkaline Hydrolysis 

of Some Choline and Carnitine Esters. 11 

PRESENTED BY Andrew S. Krupa 

' icCEPTED GY THE DEPARTMENT OF Chemistry 

Major Professor 

Dean, Graduate School 

Date 

Date 

Date 

Date 

WILLIA M . MAAC1 f< v 



ABSTRACT 

KIIJETIC STUDIES OF THE AL KA LINE HYDROLYSIS 

OF SOME CHOLI NE AND CARNITINE ESTERS 

Andrew S. Krupa 

Master of Science 

Youngstown State University, 1978 

i i i 

The rates of alkaline hydrol ysis of the butyryl an d 

benzoyl esters of choline, and the butyry l ester of carnitine 

were measured. Reactions were conducted at 25. •0 c in aqueous 

solutions buffered with sodium glycinate-glycine or sod~·~m 

carbonate-sodium bicarbonate at ionic _strengths varying from 

0 . 2 - 1 . 2 . 

Changes were observed in the calculated psuedo-first 

order rate consta~ts due to p~oduction of acid during the run. 

Second order rate constants were calculated by dividing the 

first order constant by the hydroxide ion activity. General 

base catalysis was not observed because the rates of hydrol

ysis were found to be independent of buffer concentration for 

all three esters studied. The rates for the choline esters 

were found to be independent of ionic strength changes within 

experimental error, but butyrylcarnitine showed an increase 

in rate with increasing ionic strength. 

Aver~ge values of the second order constants (benzoy l

choline 0.58 sec-l M- 1 , butvrylcholine 0.73 sec- 1 M- 1 , and 

butyrylcarni ti ne 0.070 sec- 1 M- 1 ) are greater than values 
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reported for analogous neutral esters but less than second 

order constants reported for the activated p-nitrophenyl 

esters. Second order constants foJnd usinq the Saraent- Welch 

Recording pH Stat confirmed the findin gs in buffer solutions, 

thou gh r e sults from this instrument sho~1ed qreater exreri

mental errors. 

The aminolysis reaction of benzoylcholine with cyclo

he xylamine in dimethylsulfoxide was much slower than hvdro

lysis of t he same ester. 
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CHAPTER I 

INTRODUCTION 

Choline and carnitine are naturally occurring com

pounds which have similar functional groups and hence undergo 

similar reactions. Nevertheless, they have rather diverse 

functions in biological systems. Choline (2-hydroxy-N,N,N-

OH CH3 
+ I 

CH -N-CH -CH -OH 
3 I 2 2 

CH 3 

trimethylethanaminium hydroxide) when esterfied with acetic 

acid to form acetylcholine, functions as a chemical trans

mitter between nerve endings. It is also a component of 

several types of lipids. Carnitine (3-carboxy-2-hydroxy-

~· .•::, CH H 
OH I 3 I 0 

+ ~ 
CH -N-CH -C-CH -C 

3 I 2 I 2 'oH 
CH 3 OH 

N,N,N-trimethyl-1-propanaminium hydroxide) functions in_t3-ox-

idation of fatty acids by forming esters with these acids and 

thus permitting their movement across the inner mitochondrial 

membrane. These two compounds are of interest also because 

both form esters which yield a relatively larqe free enerqy 

change upon hydrolysis. For example, hydrolysis of acetyl

choline at pH 7.0 yields -6.0 kcal/mol. Similarly, acetyl

carnitine releases -7.2 kcal/mol . 1 By comparison, ethyl 
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acetate produces only -1.7 kcal/mol . 1 These values i~ply that 

choline and carnitine esters hydrolyze spontaneously and that 

this hydrolysis proceeds nearly to completion. The large neg

ative free energy changes do not, however, give any informa

tion on the rates of reaction of these esters. The purrose 

of this study is to determine the relative reaction rates of 

alkaline hydrolysis of some esters of choline and carnitine. 

There were several factors which became of interest 

during our study. As one can see, both choline and carnitine 

are cations. Because of this, it is rossible that ionic in

teractions may produce effects on the observed rates of hy

drolysis. To determine if- such effects exist, kinetic runs 

were conducted under identical conditions except that ionic 

strengths were varied. Another concern was to deter~ine if 

the concentration or co@position of buffer affected the rates 

-~f hydrolysis. The majority of the runs were conducted in 

sodium hydroxide-glycine buffers. Under alkaline conditions 

glycine posesses two basic groups: an amino group (-rlH2), anci 

a carboxylate group (-COO-) : It is possible that these groups 

may catalyze the hydrolysis reaction. In order to test this 

possibility, pH and ionic strength were maintained at constant 

values while buffer concentration and buffer coMpositinn were 

varied. 

The esters used in this study were the butryl and 

benzoyl esters of choline and the butryl ester of carnitine. 



Butyrylcarnitine and benzoylcholine were synthesized 

by proceedures that will be described. The butyrylcholine 

was purchased. 

3 



CHAPTER II 

HISTORICAL 

Mechanisms of Ester Hydrolysis 

Kinetic studies have been an important technique in . 

gaining information concerning the mechanism of a reaction. 

In addition to measuring the reaction velocity, the order, 

i.e. the number of molecules participating in a reaction can 

also be determined. By observing the effects of temperature, 

ionic strength, solvent polarity, and acidic or basic cata

lysts on reaction rates further clues about the probable 

mechanism might be obtained. One can then pr opose how these 

molecules react with each other. Nevertheless, kinetic 

methods in themselves cannot prove that a particular mechan-
~~ 

ism is applicable. Together. with the results from other 

types of mechanistic studies (e.g. isotopic labeling, stereo

chemical changes, and intermediate trapping), · a particular 

mechanism may be confirmed or excluded. Even then, there may 

still be uncertainty about the details of a rP.action. 

The t y pe of reaction of interest in this study is the 

hydrol ysis of €Sters. No less than seven different mechan

isms have been proposed and observed. 2 Of these, four occur 

under alkaline or slightly alkaline conditions. Since the 

author's study has been done under basic conditions, mechan

isms proposed for alkaline hydrolysis only will be examined. 
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The mechanism which has been observed for most esters 

is the bimolecular cleavage of the molecule between the car

bony 1 ( a cy 1 ) caroon and the o x_y gen of the a 1 coho 1 i c ( a 1 ky 1 ) 

portion of the ester. 3 This reaction proceeds via the 

following mechanism involving an intermediate anion. 

I / Q 
R-C"' + OH 

'OR 

0 
I I 

R-C-OR 
I 
OH 

I /. 0 
~ R-C,., + OR 

'OH 
( 1 ) 

The evidence for the acyl-oxygen cleavage and for the exis

tence of an intermediate has been obtained from studies · with 
18 4 isotopic oxygen (0 ). Polanyi and Szabo showed that when 

water containing isotopic oxygen is used as a solvent, the 

label occurs only in the acid released in hydrolysis. None 

beca me incorporated into the alcohol portion of the ester. 

The rapid exchange: 

;·"~~, 0 H - + H 2 0 
18 ;;====:: ( 2 ) 

labels the hydroxide ion which, in subsequent attack on the 

ester, becomes sustituted into the acyl portion as shown in 

the above mechanism. 

Since an intermediate is relatively stahle with 

respect to an activated comple x , it is possible for proton 

exchange to occur in an intermediate but not in a co mplex. 

Studies by M.L . Bender 5, 6 on various esters showed that the 

rate of exchange of isotopic oxygen between the hy droxide 

ion and the e~ter was 10-40 % of the rate of hydrolysis. This 

exchange occurs because the intermediate is sufficiently long

lived to allow the acyl oxyg e ns to become equivalent with 



6 

respect to the time each spe nds i n the pronated state. 

0 OH 
18 l 18 I 

( 3 ) HO-C-OR c;; 0-C-OR 
I/ I ' 
R R 

The latter .of ·the two above intermediate forflls can revert to 

reactants by losing unlabeled hydroxide ion, thus completing 

exchange of the isotope label. That this occurs to the ex

tent observed by Bender is strong evidence of the stability 

of the intermediate. 

Because the intermediate is an anion, increased 

rates of reaction have been observed for esters with electron 

withdrawing, anion stabili~ing substituents on either the 

acyl or alkyl portion of the esters. For example, the accel

erating effects of electronegative chlorine atoms can be seen 

by the relative rates of hydrolysis of the esters 7 of form 

RCOCrl3: 
;,•II . ~o 

R: H 

Relative rate: 223 

CH 2Cl 

761 

CHC1 2 

16,000 

It has also been shown that the hydrolysis of esters 

following this bimolecular me ch anism is subject to steric 

hindrance. Gy varying · substituents on the alkyl part of the 
Q 

molecule, hydrolysis of esters of the form CH3COR have shO\Aln 

the following relative rates: 8 

R: 

Relative rate: 

The above decrease in relative rates has been attributed to 
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the increasingly crowded condition of the intermediate state; 

which, by destabilizing the intermediate form, reduces the 

overall rate. 

The mechanism described above is ap plicable to the 

large majority of esters that have been examin~d . The three 

other mechanisms to be described have been observed in only 

a small number of examples having particular characteristics. 

Two of them involve cleavage of the bond between oxygen and 

the al kyl carbon. Of the two, one is a un.i molecular process 

proceeding by an SNl mechanism and the other is b i molecular, 

and possesses SN2 mechanistic traits. The suggested mechanism 

for the SNl reaction proceeds: 

0 0 0 
II , + _ II I II 1 

R-0-C-R ~ R + 0-C-R --) R-OH + HO-C-R ( 4 ) 

through a carbocation. Esters proceeding by this mechanis m 
i.~:1 
must have substituents on the alcohol which can stabilize 

the cation. Examples of these are the substituent grou ps: 9 

Q-o-Q-cH2-

p- methoxy benzhydryl p-phenoxy benzhydryl benzhy dryl 

Based on stereochemical observations, esters of this type 

h y d r o l y z e by t w o .me ch a n i s ms . An o p t i c a l l y a c t i v e e s t e r s u c h 

WILLIA F_ AAG LIBRARY 



as 1-methyl ,3-phenyl al lyl h_ydrogen phthalate: 

0 H H _ II I 1-0 q-c-o-~-T=c 'I. J 

COOH CH3 H · 

was found to hydrolyze with retention of configuration under 

stongly alkaline conditions; but hydrolyzed with racemiza

tion in more neutral solutions. 1O The reason for this be

havior was that th~ SNl reaction was obscured by the faster 

bimolecular reaction until the hydroxide ion concentration 

was much decreased. Hydrolysis via the SNl mechanism has 

also been observed for esters of tertiary-alkyl alcohols. 11 

These non-aromatic esters Gan also stabilize a positive 

charge, thus allowing carbocation intermediates to form. 

The second mechanism resulting in alkyl-oxygen 

scission is the bimolecular substitution reaction · at the 

alcoholic carbon atom. 

0 
II / 

0 

8 

R-C-O-C- + OH 
11 I 

R-C-O· · ·C· · ·OH 
/ ' 

✓,_O 
R-C + C-OH (5) 

'o-'' 
This mechanism is an exceptional case, having been observed 

to occur in.,4-lactones under nearly neutral conditions. Al

kyl-oxygen cleavage has been demonstrated by observing inver

sion of configuration in optically active "-lactones 12 and 

by the finding of isotopically labeled alcohols upon hydrol-
18 

ysis with O H- 13 Like the SNl mechanism above, this reac-

tion is masked by the more rapid bimolecular ~cyl-oxygen 

fission mechanism when reaction conditions are made more basic. 
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The final mechanism that has been demonstrated is an 

elimination reaction. This type of reaction can occur only 

in esters in which the hydrogen atom~ to the carbonyl carbon . 

is able to dissociate. Under alkaline conditions, the base 

will abstract this proton, leaving the conjugate base of the 

ester. If the alcoholic portion of the ester is a good 

leaving group (i.e. if the conjugate base of the alcohol can 

form a fairly stable anion), then the anion formed upon _ab

straction of the proton can eliminate an alkoxide ion while 

itself rearranging to a ketene. 
i1 Q H Q 

RO - C - ~ ,- t -0 R + 0 H -~ 
R 

OR 

It Q + Q 
RO-t-c-t-OR + H2O 

~' 
./ 11- ,1 H /'.o 
+ RO-C-C=C=O ~ RO-C-C-C;,, 

0 f . ~ f 'OH 

( 6 ) 

+ HOR 

Evidence for this rather unusual mechanism has been provided 

by studies showing trapping of the very reactive ketene and 

by spectrophoto~etric observation of the carbariion. 14 
i . .......... 

Of all the mechanisms described above, the first ·is 

the only one possible for most esters. In almost all cases, 

this mechanism will also su~ersede the others · described if 

conditions are basic enough. 

Cataly s is of ester Hvd rol ysis 

Catal ysis is currently defined to be a process in 

which a molecular species participates in a fundamental way 

in a reaction mechanism to promote the rate of a reaction. 

In the overall process the catalyst re mains unchanged in 

structure and concentration. 15 The extent of the dependence 
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of a reaction on a catalyst can be deter mined kinetically. 

In some reactions only a trace of catalyst is required, while 

in other reactions the concentration of catalyst occurs to 

the first order or even higher in the rate expressions. 

Probably the most frequently encountered reactions involving 

catalysis are those occurring in solution which require the 

presence of either acid or base. Since this phenomena is 

very widespread and diverse·, the following discussion will 

concern itself only with the catalysis of ester hydrol ysis 

under alkaline conditions. 

There are three types of bimolecular catalysis which 

esters can undergo in basi~ solutions that are pertinent to 

the present study. These are specific base, general base, 

and nucleophilic catalysis. 

The division of base catalysis into specific and gen

eral is based on whether the catalytic species is the conju-
.. .:::;1 

gate base of the solvent or whether it is some other basic 

substance present in solution. Specific base catalysis 

occurs when a basic substance (E) reacts with the solvent 

(SH) to produce the catalyst (S-). 

B + SH (7) 

In water, the specific base is the hydro xid e ion, ~nd a 

hydrolysis reaction proceeding with specific base catalysis 

will go at a rate directly proportional to concentration of 

hydroxide ion. Chu and Mautner have demonstated specific 

catalysis for benzoylcholine, one of the esters involved in 

this study, by showing a linear relationship of rH versus 
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the logarithm of the psuedo-first order rate constant. 16 The 

mechanism by which specific catalysis occurs is the direct 

attack by the hydroxide on the carbonyl carbon to produce the 

tetrahedral intermediate (see Equationl ). Even though (1) 

shows that the hydroxide ion is consumed in the reaction 

(which violates the definition of a catalyst) the process is 

still considered a catalytic one because the hydroxide ion 

catalyst is actually neutralized by a reaction product. The 

alkoxide ion (Ro-) from (1) reacts with water to produce hy

droxide ion: 

( 8) 

The hydroxide reacts immediately with the acid (RCOOH) pro

duced in the hydrolysis reaction, thereby depleting the con

centration of catalyst. 

General base catalysis occurs when the catalytic 

_species is some basic substance in solution other than the 
? .:S 

conjugate base of the solvent: General catalysis is demon

strated when the -rate of a reaction is shown to he propor

tional to the total concentration of basic substances present 

rather than just the concentration of hydroxidP. ion. General 

base catalysis of ester hydrolysis operates by increasing the 

polarity of an oxygen-hydrogen bond of a water molecule which 

has become aligned at the carbonyl carbon of an ester as 

shown· in Equation ( 9 ). This proceeds to form the intermed-

i ate anion when the proton is completely removed. 17 

0 0 0 

' II I II I II 
BH+ ( 9 ) R-~-OR + B__., R-C-OR ~ R-C-OR + 

,,a, I .,,o. /0 
H H H 'H · · B H 



The occurrence of general base catalysis of esters was first 

definitely demonstrated by Jencks and Carriulo in 1961. 18 

12 

They observed that the rates of hydrolysis of the acyl acti

vated esters of ethaiol (ethyl diflouroacetate, ethyl di

chloroacetate, ethyl chloroacetate, and ethyl trichloroacetate) 

were proportional to the concentration of conjugate bases of 

the buffer so1utions they employed. Though the occurrence 

of this phenomena in esters had been suggested as early as 

19 2 8 , 19 ' 2 O the me ch an i s m had not .been proven ti 11 19 61 "''hen 

it was. shown that the hydrolytic rates were sl0wer in 

deuterium oxide (•20) than in water.1 8 This finding implied 

that an O Dor an O - H bond was being stretched. Since 

the bonds in deuterium oxide are stronger than in water, the 

increased resistance to stretch and hence to polarization 

resulted in slower rates. 

General base catalysis involves a proton transfer 

from an ester associated water molecule to the general base 

to form the intermediate ( 9 ). If this reaction is fast, and 

if the subsequent reaction of intermediate into products is 

slow, an eq~ilibrium concentration of intermediate will de

velop and then resist any further change with increasing con

centration of general base. This is because the strongP.st 

base that can exis·t in water is the hydroxide ion. Any for

mation of intermediate anion above the equilibrium concentra

tion will react reversibly with water to form the neutral 

ester-water complex plus an hydroxide ion. Thus, the reaction 

rate will be proportional only to concentration of specific 



base. If, however, the proton transfer from the ester-water 

complex is slow, and the subsequent decomposition of inter

mediate to products is fast, the equilibrium concentration 

will not devel9p and addition of any more general base will 

cause an increase in the total rate. 21 

13 

A third type of catalysis that esters ~ay experience 

is through nucleophilic attack. This type of catalysis does 

not involve a proton transfer in its rate determining step. 22 

Nucleophilic catalysis occurs through the attack of a nu

cleophile (N) upon the carbonyl center of the ester. Once 

formed, this intermediate rapidly reacts with a water ~ole

cule to produce the catalyst and the acid of the ester. 23 

0 0 
, \I , ii H 2 0 , 

R-C-OR + N - R-C-rl + •R- --- R-COOH + ROH + M (10) 

The requirement for this type of catalysis is that the al

coholic portion of the ester be a good leaving group. This 

would typically be an alcohol ·with electron withdra wing 

substituents. For example, two esters which have been shown 

to und e rgo nucleophilic catalysis readily are: 24 

p-nitrophenyl acetate 

CH 3t-S-CH 2CH 3 
0 

ethyl thioacetate 

This requirement exists because an incoming nucleo phile cannot 

readily displace an alkoxide ion which is a poorer leaving 

group than itself. Therefore nucleophilic catalysis is not 

seen in esters having unactivated alcoholic g~o~ps. 
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The rates of general base and nucleophilic catalysis 

are dependent upon the pKa of the conjugate acid of the base 

that produces the catalytic effect. In 1924, Bronsted and 
• ?LJ 

Pederson proposed the following relation:~ · 

( 11 ) 

This equation correlates the magnitude of the catalytic rate 

constant (k 8 ) to the base strength of the catalyst (pKa). 

G8 is a constant for a particular substrate. Jl is the slope 

of the line derived from (11) and is a measure of the sen

sitivity of the reaction to changes in pKa. 25 For general 

base catalysis of the ester ethyl dichloroacetate, it has 

been found that various types of bases with pKa's ranging 

from 4-8 (formate, aniline, pyridine, succinate, phosphate, 

imidazole, and water) all fit on the line. However for 

stronger bases such as ammonia, hydro xide ion, and tris

~hydroxymethyl) aminomethane, there is a devi .ation from lin-

earity. The non-linearity of the points for these stronger 

bases coincided with a change in mechanis m which was con

firmed by a product analy s is showing that nucl.eophilic su b

stitution had occurred instead of catalysis. 18 The de par

ture of the hydro xide ion from linearity confirmed the dif

ferenc e in mechanism between specific and general base catal

ysis of esters. 

The comparison of diversive nucleophiles do e s not 

produce a similar linear relationship. flowever, comparison 

of a group of structurally similar nucleophiles does obey 

the Bronsted catalysis law. 26 



Cataljsis of ester hydrolysis can also occur as a 

unimolecular process in which a functional group on another 

part of an ester molecule promotes attack by another mole

cule or ion. The possibilities for the occurrence of intra

molecular cat~lysis for esters used in this study are dis

cussed in the next section. 

Intramolecular Catalysis 

Fro~ a study of the rates of alkaline hydrolysis of 

various esters, Davis and Ross postulated a mechanism for 

the intramolecular catalysis of esters containing a quater

nary amino group. 27 The formation of a cyclic intermediate 

which facilitated nucleophilic attack by polarization of the 

carbonyl bond was suqgested. 

+ 
O· · ·N(CH ) 

~ 3 3 
R- C I 

' O-(CH 2)n 

They found that under basic conditions (0.005 N sodium hy

droxide, pH~ll.7) the hydrolysis at ~o 0 c in 80 % aqueous

acetone of acetylcholine proceeded about 150 times faster 

than ethyl acetate and about 32 times faster than ~-dime

thylaminoethyl acetate. The dissociation constant· for the 

di met h y l am 111 on i um g r o up at 5 0 ° C i n 8 0 % aqueous - a c et one 

l 5 

(Ka= 5.2 x 10- 9 ) predicts .the ratio of R-N(CH3)2H+/R-N(CH3)2 

at pH 11.7 would be about 1:2600. 28 This implies that the 

unprotonated amino group, acting as a nucleophilic catalyst 



is not nearly effective as catalysis through the quaternized 

nitrogen. 
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The evidence for this mechanism was supplemented by 

Zaslowsky and Fischer, 28 who showed using the 4-diethylamino

ethyl acetate and acetylcholine esters, that under more 

neutral conditions where the protonated species of the 

diethylaminoethylamine is predominant, that the rate of hv

drolysis of the diethylammonium ester was about 20 times 

faster than the acetylcholine ester. This apparent reversal 

in the relative reactivity of the two esters is postulated 

to occur because the methyl group produces greater shielding 

of the positive charge compared to hydrogen. Additionally, 

the protonated diethylamrnonium species allows closer aoproach 

of the po~itive charge center to the carbonyl oxygen. 

A study by Ch0 and Mautner 16 on benzoylcholine, ben-

'~oylthiocholine, benzoylselenocholine, and their dimethyl

amino analogs has confirmed the above observations. By vary

; ng the pH of their kinetic runs, they showed a linear re

lationship for log kobsd (the psuedo-first order rate con

stant) versus pl-I for the trimethylammonium esters but a sig

moid curve was produced when a si milar plot was made for the 

dimethylamino esters. Below a pH of about 9.8, dimeth y l

aminoethyl benzoate underwent hydrolysis faster than benzoyl

choline. However, above t his pfi the opposite \vas true. As 

in the other works cited above, the faster rate was observed 

when the dimethylamino group was protonated. Like choline, _ 

carnitine also contains a trirnethylam~onium grour and 



t h e re f o re r.1 i g h t s h o 1v a fa s t e r r a t e o f h y d r o l _v s i s t h a n s i r.~ p l e 

esters. 

17 

Because the carnitine molecule also nn~seses a car

boxylic acid moiety, it was thought that it might be pos s ible 

for rate acceleration to occur via intramolecular nuclen

philic catalysis. Thanassi and Bruice 29 found th~t facili

tation of hydiolysis by the carboxylate anion occurs in 

monohydrogen phthalate esters when the pKa of the conjug~te 

acid of the leaving alcohol anion is less than 13.5. Thus, 

it was found that esters of phenol and 2,2,2-trifluoroethanrl 

with respective pKa's of 9.98 and 12.36 were susce • table to 
,.:.:.:·_. 

carboxylate catalysis while methanol and 2-chloroethanol 

with pKa's of 15.5 and 14.3 were catalyzed by the undisso

ciated acid. Though the pKa of - the hydroxyl group of carni

tine has no t been reported, under the alkaline conditions nf 

the pre~ent study, only the possibility of carboxylate anion 

catalysis exists. 

In studying esters containing carboxylate anions, the 

most effectively catalyzed examples have been those in which 

the anion is constrained so that it must closely approach 

the carbonyl center of the ester. This has been very well 

demonstrated by the 53,000 fold increase in rate of hydrol

ysis of 3,6-endoxo-A4-tetrahydrophthalate monoester over 

COOR_ 

~rnoH 

0 
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the monoester of glutaric acid. 30 , 31 In the latter there are 

R CC-OR 
~-OH 
0 

two axes of rotational freedom whereas in the for mer there 

are none. In the same study it was also shown that geminal 

dimethyl groups on the glutaric acid monoester produced a 

CH :..._rtOR 
C H:"\_k-OH 

0 
20 fold rate increase beca~se they constrained rotation. In 

carnitine the location of the N,N,tJ-trimethylmethanammi~,ium 

group 

r,iay restrict the rot a tional free dom and might thu s increase 

the probability of the carbo xy late anion being in a cata

lytically favorable position. At the present, no non-enzy

matic rate studies of carnitine esters have been rerorted. 

Ionic Strength Effects 

According to the Debye-Huckel theory the effects of 

ionic strength of rate of reaction between two ions can be 

described by the following equation. 32 



Za and Zb are the charges on the reacting ions; A is the 

Debye-H~ckel constant for water at 25°C (0.509 l-mol- 1); 

k0 is the rate at zero ionic strength and Bis an empirical 

constant dependent upon specific salt effects such as che

late and complex formation. k0 and P. are determined from 

experimental data. 33 The above equation predicts an in

crease in rat"e for a reaction between ions of like charge, 

but a decrease · in rate when ions of opposite charge react. 

The alkaline hydrolysis of choline esters is a reaction be

tween a positive ion and the negative hydroxyl ion. The 

expected decrease in rate with increasing ionic strength 

has been confi ·rmed by the --studies of Asknes and Prue on es

ters with quaternary nitrogens. 34 

The above relation is valid only for syste~s near 

ideality. At ionic strength above 0.1 the Debye-HLlckel 

theory no longer is a good approximation of reality. Theory 
.. ...... "; 

has been proposed for predicting ionic strength effects at 

higher salt concentratio~s 35 for reactions between neutral 

molecules and ions. However, the use of this thenry depends 

on the evaluation of several experimentally determined co

efficients and hence cannot be used to predict a priori, 

what kind of deviations from ideality would be observed. 

At ionic strengths up toµ= 5 it has been demon

strated that both the magnitude and the sign of the change 

in activity coefficient of a neutral molecule in a reaction 

are dependent on the particular salt used for ionic strength 

adjustment. 36 For sodium chloride this study showed that 

19 
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increasing concentrations of the salt produced a positive 

effect on the activity coefficient of the substrate ~olecule. 

This implies that an increase in rate would be observed in 

a reaction between an ion and a neutral molecule in an 

aqueous solution of sodium chloride. This ~nalysis cannot 

be used for choline esters bec~use they have o net positive 

charge. However, for carnitine esters, which have no net 

charge in basis solution, an increase in rate with increasing 

ionic strength might be anticipated. 
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CHAPTER III 

EXPERIMENTAL 

Reagents and Materials 

All pH mea~ureraents were made with a Sargent-Welch 

High Temperature-High Alkaline electrode using either an Orion 

801 or a Sargent-Welch NX digital ~H meter. Some kinetic runs 

were conducted on a Sargent-Welch Recording rH Stat. 

Absorbance measurements were obtained using a Bausch 

and Lomb Spectronic-20 spectrophotometer. 

Ali chloride analyses were performed by the author on 

a Buchler-Cotlove chloridometer. 

The melting points reported in this investigation are 

uncorrected. Melting points were deterwined using a Tho~as-

Hoover capillary melting point apparatus. 

below: 

Reagents and their respective purity grades are listed 

l. Carnitine chloride - Aldrich, 99 % 
2. Choline chlori •de - Aldrich, 99 % 
3. Genzoyl chloride - J. T. Baker, reagent grade 
4. Sodium chloride - Fischer Scientific U.S . P. 
5. Sodium hydroxide - Fischer Scientific, re

agent grade 
6. Chloroform - J. T .. Saker, reagent grade 
7. Glycine - Eastman, reagent grade 

· a. Butyryl choline chloride - Aldrich, 'Aldrich 
Analyzed' 

9. Ferric chloride hexahyd~ate - Fischer Sci
entific, reagent grade 

10. flitric acid (cone) - Mallinckrodt, reagent 
grade 



11. 

l 2. 
l 3. 
14. 
l 5. 
l 6. 
l 7. 
l 8. 
l 9 . 

Hydroxylamine hydrochloride - Eastman, 
reagent gra de 
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Standard buffer, pH 9.00 ± 0.02 - Banco 
Standard buffer, pH 10.00 ± 0.01 - Banco 
Standard buffer, pH 11.33 ± 0.02 - Banco 
Anhydrous ether - J. T. Ba ker, reagent grade 
Cyclohexyl amine - Eastman, reagent grade 
t- Butanol - Fischer Scientific, reagen5 grade 
Butyryl chloride - Prep a red by author 7 
Dimethylsul f oxide - J. T. Ba ker, reagent 

.grade 

Preparation of Benzoylcholine Chlo r ide 

I n a 3 - n e c k e d , 2 5 0 - m l , r o u. n d - b o t t o r,1 f l a s k f i t t e d 1tii t h 

a mechanical stirrer, a reflux condenser, and a 50- ml addi

tion funnel, was placed a 100 ml volu me of chloroform and a 

27.90 g (0.200 mol) sample of choline chloride. The flask 

was cooled in an ice bath and the mechanical stirrer was 

started. Over a thirty minute period, 56.20 g (0.400 mol) 

of benzoyl chloride was slowly added through the addition 

funnel. The flask was then fitted with a heating mantle and 

the mixture was reflu xed for twelve hours. When the reflux 

was stopped, the mixture appeared as a suspension of a white, 

finely divided solid in a clear colorless liquid. The mi xture 

was th e n washed with a 400 ml volume of diethyl ether and fil

tered. The product was recrystallized twice from boiling ter

tiary butyl alcohol and then washed with anh ydrous ether to 

re move traces of tertiary butyl alcohol. The melting ran ge 

of the crystals was found to be 206.5-207 ~5°C. This co mpares 

with the reported values of 200°c 38 and 205-207°c. 39 The 

14.58% chloride determined experimentally agrees with theo

retical value of 14.58%. 
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. Preparation of Butyrylcarnitine Chloride 40 

In a 100-ml round-bottom flask were combined a 9.45 g 

(0.048 mol) sample of carnitine chloride, a 31.5 g (0.3 mol) 

sample of butyryl chloride and a 15.75-ml volume of trifluor

o a c e t i c a c i d . A . h o s e co n n e c t e d t o a w a t e r a s p i r a t o r 1v a s 

placed in the neck of the flask to remove the hydrogen chlor

ide gas that was evolved. The reaction ~ixture was then 

heated in a 40°c 6il bath with stirring for forty-eight 

hours. Then, the mixture was poured into 150 ml of dry ace

tone and stored at o0 c for four hours. Any unreacted carni

tine was then filtered off. When the filtrate had warmed to 

room temperature, anhydrous ether was added to incipient 

cloudiness. After precipitation had begun, an additional 

300 ml of anhydrous ether was added and the _ covered mixture 

was set aside overnight at room temperature. The orecipitate 

·was then recrystallized twice using the following proceedure. 

Dissolution of the product (approximately 10 g) in 30 ml of 

absolute ethanol was followed by addition of 50 ml of dry 

acetone. Anhydrous ether was added to incipient cloudiness, 

and the solution was covered and left at room temperature 

overnight. 8ecause the product is hygroscopic, it must be 

dried following filtration and stored in a vacuum dessicator. 

The final product showed a melting range of 144-146°C in a 

sealed capillary. The reported melting point is 147°c. 41 

The 12.9 % chloride determined experimentally comoares with 

the theoretical value of 13.25 %. A yield of 8 g, represent

; ng about 60 % of theoretical, was obtained. 
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Preparation of Buffers 

The sodium hydroxide-glycine buffers were prepared 

according to the method of Sorenson. 42 The amounts of sodium 

hydroxide and glycine given in Table 1 were disso)ved in 

distilled water up to 1000 ml to produce a pH of 10.80. The 

ionic strength values reported in the table were derived 

·using a pKa value of 9.778 for the substituted ammonium 

group of glycine. 43 

The sodium bicarbonate-sodium hydroxide buffer of pH 

10.80 was prepared according to the specifications of Bates 

and Bower. 44 In order to increase the buffer capacity, the 

concentrations of the components were increased five fold 

over the values given in the reference. Ionic strength cal

culation was based on a pKa for the bicarbonate ion of 

10.33. 45 Total volume of solution is 1000 ml. 



Table 1 

Grams of 
i~ a OH 

7.37 

14. 72 

22.08 

36.81 

Gra ms of 
r~ a OH 

4.25 

~-;_ ,, 

Buffers Used in Kinetic Runs 

flaOH - Glycine Buffer s 

i·1olarity Grams of Molarity 1·1 o l a r i ty of 
of i'J a OH Glycine of Glycine Glycine ,L\nion 

0.184 15.02 0.200 0.183 

0 .36 8 30.03 0.400 0.365 
I 

0.552 45.04 0.600 0.5~8 

0.920 75.07 1.000 0.913 

r~a.Ofl - NaHco 3 6 1Jffer 

:-l olarity Grams of r1 o la r i ty Mo 1 a r i ty 
of NaOH NaOH of NaHC0 3 of ( HC03)-

0.106 10. 501 0. 125 0.032 

Molari t y of Glycine Ionic 
Zv-litterion Strength 

0.017 ().201 

0.035 ') . 4!J 2 

0.052 0.602 

0 .0 87 1.003 

Molarity Icnic 
of (C03)- 2 Strength 

0.093 o.318 

N 
CJ1 
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Proceedure for Kinetic Assavs in 8uffer Solutions 

Kinetic assays v1ere conducted using the constant tem

p e r a t u re p 1 a t f o rm of a S a r g e n t - ~~ e 1 c h R e co r d i n g p H S t a t . T h e 

thermistor was immersed in a 100-ml beaker containing 75.0 ml 

of buffer and a teflon-coated magnetic stirring bar. The 

bottom of the beaker had been ground thinner with carborun

dum to permit more efficient temperature regulation. Absar

bance of- atmospheric carbon dioxide v1as preven·ted by posi

tioning a gas purge tube immediately above the surface of 

the buffer and maintaining a steady flow of nitrogen. A 

high temperature-high alkaline electrode (Jena type H glass) 

was also inserted in the buffer to monitor pH. The buffer 

was then brought to and maintained at 2S.o ± 0.1°c. The 

ionic strength of the buffer was then adjusted by adding the 

appropriate amount of sodium chloride. After the salt had 

~~issolved and the temperature had restahilized, 50.0 ml of 

solution were withdrawn and added to approximately 0.000175 

r.1 o l o f e s t e r i n a n i de n t i c a 1 b e a k e r . T h e 5 0 . 0 m l o f e s t e r 

solution was then placed on the constant temperature platform 

and brought to 25.o 0 c. When the temperature had stabilized 

the pH meter was turned on and a 1.0 ml aliquot was with

drawn for a zero time determination of ester concentration. 

The timed removal of 1.0 ml aliquots were assayed 

fo r es t er con cent rat i on by the method of Hes tr i n46 w i th on l y 

slight modification: To a 1.0 ml sample of ester solution 

was added 2.0 ml of 2 M alkaline hydroxylamine. After one 

minute 1.0 ml of 1:3 nitric acid 47 (4.0 N) solution was added. 



This was immediately followed by addition of 1.0 rnl of a 

0.37 M solution of ferric chloride hexahydrate in 0.1 N ni

tric acid. The assays were done in eight inch test tubes 

which were thoroughly mixed on a Vortex Jr. Mixer after each 

addition in order to prevent the formation of bubbles when 

poured into the spectrophotometer tubes. A reference hlank 

was also set up for each assay using 1.·o ml of the remaining 

25 ml of the buffer-sodium chloride solution. Absorbance at 

540 nm was then measured on a 3ausch and Lomb Spectronic 20. 

Aminolysis of Benzoylcholine 

?7 

A 3 . 9 g ( 0 . 0 1 6 r,: o Lf s a 111 p l e o f h e n z o y l c h n l i n e c h l o r i d e 

was dissolved in 50.0 ml of dimethylsulfoxide. This solution 

was brought to 98°C on a steam bath and a 7.7 g (0.078 mol) 

sample of cyclohexylamine was then added. Aliquots of 1.0 ml 

were withdrawn at intervals and diluted up to 50.0 ml in a 

volumetric flask. After mixing thoroughly, 1.0 ml of this 

solution was then assayed by the method of Hestrin as de

scribed on page 26-

Recording pH Stat Proceedures 

Some kinetic runs were conducted at pl! of 11.00 :- 0.02 

on a Sargent-~Jelch Recording pH Stat. This instru rnent r1.uto

matically maintains a constant pH as ester hydrolysis proceeds. 

pH was also monitored indepdently of the pH Stat using a hioh 
I 

alkaline electrode and an Orion 801 digital pH meter. The 

instrument and pH meter were calibrated simultr1.neously with 
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each day at 25.0°C with buffers at pH of 9.00 ± 0.02 and 

11.33 ± 0.02. To conduct a run, about 0.0007 to 0.001 mol of 

ester was placed in a 100-ml beaker and dissolved in 50.0 ml 

of distilled water. The solution was then placed on the con

stant temperature platform of the pH Stat · and protected from 

the atmosphere with a cover which also supported the pH elec

trode, the gas purge tube, the titrant addition tube, the 

thermometer, and the temperature sensing thermistor. The so

lution was stirred with a magnetic stirring bar and flushed 
0 with nitrogen gas as it was brought to 25.0 C. The bottom 

of the beaker had been ground down slightly with carborunduM 

to permit more rapid temperature equilibration. At this 

point sodium chloride was added in the appropriate runs to 

adjust the ionic strength to the desired level. When temper

ature had stabilized at 25.o 0 c, the instrument was turned on. 

This activated the chart drive and the pen drive which auto-

~atically recorded the amount of 0.1 equiv/1 sodium hydroxide 

solution as it was dispensed into the beaker. The instrument 

is capable of delivering 10.0 ml of titrant. The kinetic runs 

were permitted to proceed for the period of two half-lives. 

Absorbance of Standard Solutions 
of Choline and Carnitine Esters 

Standard curves of the choline and carnitine esters 

were produced by assaying distilled water dilutions of stock 

solutions of the esters. Aliquots ranging from 0.05 ml to 

0.9 ml were withdrawn from the stock solutions and diluted 

to 1.0 ml. A blank containing only 1.0 ml of distilled water 



1. 4 

1. 2 

1.0 

0.8 

Absorbance · 

0. 6 
i ,-.~ 

0.4 

0.2 

1.0 2.0 3.0 4.0 5.0 

Concentration in m mol/1 

Figure 1 Absorbance of Standard Solutions 
of Benzoylcholine chloride 
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1. 6 

1. 4 

1. 2 

1.0 

Absorbance 

0.8 

0.6 

0.4 

,0. 2 

2 .14 4.27 6.41 8.54 10.68 

Concentration in m mol/l 

Figure 2 Absorbance of Standard Solutions 
of butyrylcholine iodide 
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1. 2 

1. 1 

1.0 

0.9 

0.8 

0.7 

Abs or ba nc e 

0.6 

0.5 

0.4 

0.3 

0.2 

0. 1 

1. 29 

Figure 3 

3.86 
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6.44 9.02 11. 59 Concentration in m mol/ . 

Absorbance of Standarrl SoltJt.ions 



was also set up with each dilution. Each pair of tu be s were 

then assayed for ester concentration using the method of 

Hestrin46 as described on page 26. Absorbance values were 

calculated fro m per cent transmittance r ead i ngs a nd plotted 

against the molar concentrations of the dilutions. 

Absorbances of 3enzoylcholine Chlorid e 5olutions 

32 

In a 250-ml volumetric flask a 0.3045 g (0 . 00125 mol) 

sa mple of benzoylcholine chlo_ride _was dissolved in distilled 

water. This produced a solution 0.005 mol/1 of the ester. 

The results of assays of dilutions of this solution a re tab

ulated below and are also shown graphically in Figure 1. 

Table 2 Absorbance s of Benzoy lcholine Chlorid e r nl ut i ons 

... ,.::-~ 

Volume of Ester 
Solution in ml 

0.0 
0. 1 
0.2 
0 . 4 
0.8 
1.0 

Volu ~e of Distilled 
l·/ a t e r i n m l 

1.0 
0.9 
0.8 
0.6 
0.2 
0.0 

Abs0rh ance 

0.000 
0. 148 
0.2 63 
0.500 
1.092 
1.311) 
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Absorbances of Butyrylcholine Chloride 

In a 50-ml volumetric flask a 0.1300 g (0.000534 mol) 

sample of butyrylcholine chloride was dissolved in distilled 

water. This yielded a 0.01068 mol/1 solution. The following 

results are also shown in Figure 2. 

Table 3 Absor bances of Butyrylcholine Chloride 

Volume of Ester 
Solution in ml 

0.05 
0. 10 
0. 15 
0.20 
0.30 
0.50 
0.70 

Volume of Distilled 
\~ate r in ml 

0.95 
0.90 
0.85 
0.80 
0.70 
0.50 
0.30 

Absorbances 

0 . 119 
0.229 
0.332 
0.457 
0.674 
1. 13 7 
1.569 

Absorbances of Butyrylcarnitine Chloride Solutions 

To a 50-ml volumetric flask was added a 0.161 g 

' (~-0 . 0 0 0 6 0 2 m o l ) s a m p 1 e o f b u t y r y 1 c a r n i t i n e c h l o r i d e a n d e n o u g h 

distilled water to bring the total to the mark. This resulted 

in a 0.0120 mol/1 solution. See Figure 3 for a graph of the 

following results. 

Table 4 Abso r banc Ls of Butyry lcarnitine Chlori de Sol ut ion s 

Volume of Ester 
Solution in ml 

0.05 
0. 10 
0.20 
0.25 
0.30 
0.40 
0.50 
0.70 
0.80 
o.9o 

Volume of Distilled 
Water in ml 

0.95 
0.90 
0.80 
0.75 
0.70 
O.FO 
o·. 50 
0 . 3 n 
0.20 
0. 10 

/\bsorbances 

0.056 
0. 130 
Q. 261) 
0.327 
0.3f.9 
0.514 
0.630 
n.88f; 
1.()04 
1 . 1 3 7 



34 

By examining Figures 1, 2, and 3, it can be seen that 

the relationship between ester concentration and the absorb

ance of the hydroxamic acid complex is a linear one. This 

implies that the absorbance reading is directly proportional 

to the concentration of ester. 

Calculations of Results of Kinetic Runs 
in Buffer Solutions 

The rates of hydrolysis of the butyrylcholine, bu

tyrylcarnitine, and benzoylcholine esters were measured to 

determine the relative reactivity of choline esters compared 

to carnitine esters, to observe any effects due to varying 

ionic strength, and totes~ for any catalysis through inter-

action with glycine ions of the buffer solutions. Ionic 

strength effects were determined by using a buffer of partic

ular composition and then conducting kinetic runs in solutions 

of this buffer at varying ionic strengths. Hydrolysis of 

benzoylcholine for example, was observed in kinetic runs in 

0.200 mol/1 glycine at ionic strength levels varyin9 from 

0.20 to 1.20. The effect of buffer concentration on the rate 

of reaction was determined by adjusting the ionic strength to 

a constant value while using huffers of different glycine 

concentration. Kinetic runs on benzoylcholine were conducted 

at an ionic strength of 0.66 in buffer solutions 0.200, 0.400, 

and 0.600 mol/1 with respect to glycine. Si milar oroc~edures 

were followed for butyrylcarnitine and butyrylcholine esters. 

The rate of hy drolysis of choline and carnitine 

ester s in buffers at an alkaline pH can be described by first 



order rate equations. Even though the actu a l reacti on is 

bimolecular, because the concentration of one of the react

ants, the hydroxide ion, is held close to a constant value, 

the reaction will proceed as though it were dependent only 

on the concentration of ester. This is a psuedo-first order 

reaction and it will obey the first order rate relation: 

35 

-d[ester]_ kobsd [ester] 
dt -

( 13) 

where kobsd is the psuedo-first order rate constant. 

When the equation is integrated, the e xpression becomes: 

kobsd = 
1 [esterJ 0 

t - t 0 ln[esterlt ( 1 4 ) 

where t 0 and [ester]0 refer- to the time and concentration of 

ester at the start of a run. The values oft and [esterlt 

are the time and concentration of ester re maining at that 

time. This relation also applies for any measurabl e quantity 

,~rectly proportional to ester concentration. In particular, 

it can be seen by the linear relationships in Figures 1, 2, 

and 3 that absorbances of solutions of hydro xamic acid-ferric 

chloride co mp le xes produced from ester solution s ar e dir e ctl y 

pr oportional t o ester concentrations. There for e , th e pre

ceding equation can be rewritten as: 

kobsd = ---1-- ln .....Ao,_ 
t -t 0 At 

( 1 5) 

where A
0 

and At are the absorbanc e s at the start of the run 

and at any later ti r.ie (t). This is the e xpression by which 

the data from the kinetic runs we re e va luated. In Table 7 



(see Appendix) are shown the results of a iypical run which 

have been calculated using this exoression. 

It is also possible for kinetic dota of this type to 

be evaluated graphically. By plotting (t - t 0 ) versus 
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(ln A
0 

- ln At), a straight line will be obtained for a first 

order reaction. The slope of this line will then equal 

1/kobsd· The results of the kinetic run presented in Table 

7 are also shown by this graphic method in Figure 6. 

In the above analysis the assumption was ~ade that 

hyd~oxide ion activity was constant. Upon calculation of 

changes in concentration of buffer co mp onents a small but 

significant change was found to have occurred in hydroxide 

ion activity due to release of acid in the course of ester 

hydrolysis. Through use of the Henderson-Hasselbalch equa

tion,4 8 pH changes due to changing concentrations of buffe r 

components can be accounted for. The Henderson-Hasselbalch 
· ·.:-
relationship is: 

p ~l = p Ka - log 
[ A - J 
[HA] 

[A-] and [HA] represent the dissociated and undissociated 

forms of an acid. The particular reaction of interest for 

the buffers employed is the dissociation of the ammonium 

group in glycine: 

( 16) 

+NH3CH2coo- ~ r·rn2CH2C00- + 11+ (17) 

T h e p I( a f o r t h i s q u a t e r n a r y ammo n i u m g r o u p i s 9 . 7 7 8 . 4 3 S i n c e 

the pH of the buffer is 10.80, the Henderson-Hasselbalch 
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equation gives: 

( 1 8 ) 

This rearranges to give: 

( 19 ) 

To solv e f or e ith e r ionic sp ecies, another relati ons hip is 

needed. For demonstration the buffer syste~ 0.200 mol/1 

in glycine will be used. Since the total glycin e conc e ntra

tion is 0.200, then: 

[+NH3CH2Coo-J + [NH2CH2Coo-J = 0.200 1;10 1/l (20) 

By substitution of the appropriate quantity in Equati on 19, 

the concentration of the zwitterionic and anion·ic species 

can be determined. This derivation gi ve s the results as: 

[+ NH3CH2Coo-J = 0.0174 mol/1 

[NH2C HzCOo-J = 0.1826 mol/1 

( 2 1 ) 

( 2 2) 

In a typical run about 0.000175 mol of ester is dissolved in 

· 50.0 ml of buffer producing a 0.00350 mol/1 solution. After 

two half-lives 75 % of this would have been hydrolyzed to acid 

and alcohol. Under the basic conditions of the e xp eriment 

the acid would im mediately react with glycine anion to pro

duce a zwitterionic molecule. Thus, a 0.0035 ~olar solution 

of ester would produce a: 

0.00350 mol/1 x 0.75 = 0.00263 mo l/1 ( 2 3) 

increase in the concentration of zwitterionic gl y cine after 

two half-lives. The total concentration of this species 

\i<lould then be: 

0.0174 mol/1 + 0.00263 mo l/1 = 0.'J200 mol/1 (24) 
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Therefore, the concentratio n of anionic gl y cine re maining is: 

0.200 mol/1 - 0.0200 rn ol/1 = 0.1800 mol/1 ( 2 5 ) 

Inserting these values in the Henderson-Hass e lbalch equ a tion 

gives: 

pfi = 9.77 8 + log 0.1 800 
0.0200 = 10.7.3. ( 2 6) 

This shows that over the period of this run, a oH change of 

0.07 unit occurred; thus raising a question concerning the 

validity of the assu~ntian of psuedo-first order kinetics. 

This a lso suggests that comparison of first order rate con

stants from kinetic runs in buffers of variou s stren g th a nd 

composition is invalid because of differences in buffer ca

pacity. It is also to be n oted that because the salt effect 

on hydrdxide ion activity (to be described on pa ges 38 - 42) 

alters the various buffer solutions to different extents, it 

could act to produce s alt effects on the other reactants in 

.~he hydrolysis m~chanism. That is, the second order effect 

occurring when pH drops, might mask the po s sible first order 

kinetic changes due to ionic strength eff e cts on the reac

tants or products. For these reasons, the basis of com par

ison of the effects of the various buffer and salt s olutions 

on the reaction velocity must be the second order rat e con

stant s . 

Effect of Sodiu m Chloride on Hydr ox id e Ion Acti vity 

It was observed that upon addition of sodiu ~ chloride 

to a buffer solution, a drop in the pH re ading occurred. This 

is due to hydrogen ion activity chan ges resulting fr om ionic 



strength adjustments. It was also or.served that this droo 

was not precisely reproducible. Since it was desired to 

compare the various kinetic runs with each other, a number 
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of pH changes resulting from addition of various amounts of 

sodium chloride were measured. The results of these measurP

ments are shown in Figure 4, for the glycine buffer, and Fig

ure 5, for the bicarbonate buffer. The abscissas give the 

change in ionic strength (A~) relative to ionic strength be

fore addition of sodium chloride (µ;). The ordinates give 

the change in hydroxide ion activity (Aa 0 H) relative to the 

original hydroxide ion activity before the salt addition 

( a O Ii · ) • 
7 

The curves drawn ~hrough these poinis were then used 

to calculate the expected change in hydroxide ion activity 

upon addition of a particular amount of salt rather than re

lying on the actual pH drop observed in each run. 

An example of how these graphs are used will be 
'<' 
given to show the magnitude of the effect on hydroxide ion 

activity in a typical kinetic run. One of the buffers was 

0.400 molar in glycine. The sodium and glycine ions present 

resulted in an ionic strength of 0.402. If it was desired 

to adjust the ionic strength to 0.66, a change of Q.258, a 

50.0 ml volume of buffer solution would require the addition 

of 0.75 g of sodium chloride. This gives a oµ/~; value of 

0.642. From Figure 4, the corresponding value of Aa 01./a•H· 
7 

is 0.138. Since the pH before adding any sodium chloride 

(pH;) was 10.80, the pOH before adding the sodium chloride 

(pOH;) will be 3.20. This corresponds to a hydroxide ion 
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activity of 6. 31 x 10- 4 mol /l. Therefore: 

~aoH/ 6.31 x 10- 4 mol/l = 0.13 8 

L} a OH = 8. 71 x 10- 5 mol /l 
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( 27) 

Therefore, at the start of the run, hydroxide ion activity is: 

(6.31 x 10- 4 mol/1) - (8.71 x 10- 5 r:101/l) = 5.44 x 10-.4 rnol/l 

This corresponds to a pH 0 (zero tirr.e for the kinetic run) 

of 10.74. 

Calculation of Second Order Ra t e Constants 

As stated on page 38 , co ril pr. rison of the diff e rent 

kinetic runs must be done with the second or de r rate constants. 

These constants can be calculated fro m the first order con

stants using Equation (20) derived below. The first order 

rate e xpression: 

-d [ester] = k [ester] 
dt obsd 

-~nd the second 6rder rate e xpression; 

-d [e ster] = k2 [ester][OH] 
dt 

can be equated giving; 

k Obs d [ es t er 1 = k 2 [ ester] [ 0 ti 1 • 

This reduces to: 

kobsd _ k 
[ OH l - 2 

( 1 3 ) 

(28) 

( 2 9) 

( 30) 

Thus, according to (30) th e s e cond order constant can 

be calculated for each kobsd value derived (using the pro

ceedure shown on pages 34 - 36) if the hydroxide ion concentr

tion at the time can be calculated. Though the above equations 

employ concentration expressions, they are only rigorously 



43 

true for the ~orresponding activity values. For this reason, 

the hydroxide ion activity will be used in the calculation of 

the second order rate constants. 

The uncertainty in the nH readings at the ionic 

strengths used in this study can be seen by observing the 

variations in Figure 4. Because of this uncertainty in the 

electrode response, the hydroxide ion activities used to cal

culate the second order rate constants are calculated from 

the amounts of acid produced in the hy drol ys is of the esters. 

An example of the calculations involved in deriving these ac

tivity values is presented below. 

The following calcy lations are for the hydrolysis of 

benzoylcholine in 0.200 mol/l glycine at an ionic strength 0f 

0 .660. The original concentration of ester is: 

[ t ] 0.0331 1 mol O 00272 l/l (31) es er o = (243.5 g 0.05 1= · mo 

' ?ince µ; = 0.201, adjusting the ionic strength to 0.660 pro

duced a AJJ = 0.459. Therefore, LlJJ/Jl 0 = 2.25. From Figure 4, 

a value of 2.25 corresponds to Aa 0H;a 0Hi = 0.268. Since 

pH; = 10.80, p0H; = 3.20. This is equivalent to a hyd ro xide 

· of 10- 3 · 20 or - 4 
· ion activity 6.31 x 10 · mol/l. Lloon ad_iustrient 

of the ionic strength with sodiu m chloride the hydroxide ion 

activity becomes: 

rlOll = G. 31 x 1()- '1 mnl/1 .. (6.31 X 10- ' rnnl/1 X 0.?.f./\) = 4.62 :.: 10- 4 w1l/l 
0 

When aOH is 4.62 x l •- 4 mol/l, pH 0 is 10.665. This is the pH 
0 

of th~ ~olution at the start of the run. The concentration 

of the glycine zwitterion at this tim e is determined using the 



Henderson-Hasselbalch equation as described on page 36. In 

0.200 mol/1 glycine buffer, this gives: 
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[+NH 3CH 2coo-J = 0.0230 mol/1 (32) 

This run proceeded to 85% cornpletinn. At thijt tim~ the molar 

concentration of hydrogen ions released by hydrolysis nf thP 

ester is . given by: 

0.85 x [ester] 0 = 0.00231 mol/1 

These hydrogen ions combine with ~lycine anions tn yield a 

total zwitterion concentration of: 

( 3 3 ) 

0.0230 mol/1 + 0.00231 mol/1 =. 0.0253 mnl/1 (34) 

Therefore the pH at the end of the run (PHf) is: 

pHf = 9.778 + log 0.1747 
0.0253 = 10.617 

This corresponds to a hydroxide ion activity of 

( 3 5) 

4.14 x 10- 4 mol/1. Since the second order constants are 

calculated fror.i hydro xide ion activit,v Vi'lllle s , a nd since the 

~2hange in the activity of this ion decreases loqarithmically 

as the hydrolysis proceeds, the following expression can h.e 

used to relate activity levels to the elapsed ti~e of the run: 

[ln(a.011
0

) - ln( a oHf) J 
(t - to) 

tf - to 

For the first run this equation will read: 

ln(aOl lt) = -7. 678 - ( 1.423 x 10- 5)(t -t 0 ). (37) 

Using this equation, the hydroxide ion activities are calcu

lated for each assay in each kinetic run. Oividing the knbsd 

for each . assay by the corresponding value of aOHt yields the 

second order rate constant. There are t wo other considera

tions which affected the above calculations in sn~e of the 

( 36) 



runs. One was that the butyrylcarnitine ester contains a 

fr~e carboxylic acid group. Unon so lution of this ester in 

the basic media, the carboxylic acid immediately neutralized 

an equivalent amount of base. This additional acid acted to 

lo11er the initial hydroxide ion activity (an11
0

) ()f the run. 

This was accounted for in the calculations in the same 

manner ~s the acid produced during hydrolysis, exceoting , 

of course, that this neutralization occurred i~medi~tely 

upon dissolving the ester. 

The second consideration was that in calculating 

the hydroxide ion activity for t~e bicarbonate buffer, the 

pKa value employed was that of the bicarbonate anion, i.e. 

10.33. 

The results of these calculations ere recorded in 

the Appendix and will be discus sed in the followin0 c~anter. 

Calculation for Kinetic Runs on ofl Stat 
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The pH stat maintains a constant hydroxide ion activ

ity and simultaneously produces a recordin~ of the a~ount nf 

base added to retain this constant activity. Because the 

hydro x i de l eve l i s c n n s tan t , the react i on 1,! i l l fol l n "' f i rs t 

order kinetics even thou~h the actual ~echanism is bimolecu

lar; The first-order rate e xpression: 

1 
kobsd = (t - to ) ln 

[e ster] 0 

[esterlt 
(38) 

can be readily evaluated because the amount of base added is 

k n o v: n f r o m t h e r e c o r d i n g . T h e r e f o r e , t h e a ri o u n t n f e s t e r a t 



' any time can be calculated bJ subtracting the ~oles of bas e 

added from the original numbe~ of moles of ester. Since the 

titrant used was 0.1000 normal sodiu m hydroxide, addition of 

1.0 ml of basic solution implied that 100.0 µrnol of ester 

had been hydrolyzed. 

In a typical run, approxi ma tely 800 µrnol of ester 
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1-1 e re d i s s o l v e d i n 5 0 . 0 m l o f d i s t i l l e d ~" a t e r . T h i s D r o d u c e ct 

[ester] 0 of 16.0 mmol/1. Fer convenience, the rate cnnstant 

was determined at ti me intervals corresponding to thP hv drol

ysis ·of 100.0 µmol of ester. Thus, the first calculat'=ci 

constant wo0ld be: 

kobsd = 1/t ln 
- 80 0/50.0 
(300-700)/51 

kobsd = 1/t 2.10 
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CHAPTER IV 

RESULTS AND DISCUSSIO N 

Results of Kinetic Runs in Duffer Solution 

The results of the kinetic runs in buffer so.lutions 

are given in the Appendix by a graph and a t ab le for e ach run. 

A tabular summary of the second order rat e constants for 

these runs is shown on the following pa ge . 

The average of 0.58 sec- 1 M- 1 for the basic hyd rol ysis 

of benzoylcholine compares with the value of 1.11 sec- 1 M- 1 

determined by Chu and Mautner. 16 Rate const ants for the 

butyric acid esters of choline and carnitine were not avail

able for comparison with the results of this studv. The cause 

of the difference between the values determined in this study 

a~d that found by Chu and Mautner, is unknown. Coth studies 

were done at a temperature of 2s 0 c a nd an ionic stren gt h of 

0.66. Also, both showed that there was no effect due to the 

buffers emp loyed (phosphate buffer by Chu and Mautner; sodium 

hydroxide-glycine by the author). The reactions don e in 

phosph a te buffer were measured in a spectrop hoto me ter for 

disappearance of absorption at 230 nm. The a uth or ' s study 

employed the colori r.1 etric method of l·!es trin f or determininsi 

the amo unt of ester re maining. These were the only differ

ences in the two studies. 
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TA BLE 5 

SUMMARY OF KINETIC RUNS IN BUFFER SOLUTIONS 

Buffer Ionic Strength -1 1 k2 sec M"' 

Benzoylchol ine 

0.200 Molar Glycine 0.201 0.52 
II 0.454 0.57 
II 0 .454 0.56 
II 0.660 0. 57 
II 1. 20 0.62 

0.400 Molar Glycine 0.660 0.60 
II 0. 660 · 0.56 

0 . 600 Molar Glycine 0.660 0.61 
II 0.660 0.61 
II 0.660 0.57 

0. 12 5 Molar Bicarbonate 0.660 0.58 

Butyrylchol ine 

0.200 Molar Glycine 0.454 0.74 
II 0.660 0.73 

',.o. 4 oo Molar Glycine 0.660 0.73 
II 0.660 0.74 

0.600 Molar Glycine 0.660 0.73 
II 0.660 0.73 

0. 12 5 Molar Bicarbonate Q.660 0.73 

Butyrylcarnitine 

0.200 Molar Glycine 0.201 0.059 
II 0.660 0.071 
II 1. 2 0 0.097 

0.600 Molar Glycine 0.660 0.069 
II 0.660 0.071 

1.000 Molar Glycine 0.997 0.085 
0.125 Molar Bicarbonate 0.660 0.065 
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In the present study the greatest difference in rates 

are observed when comparing the rate constants of the choline 

e s t e rs \</ i t h t h o se o f t h e c a r n i t i n e e s t e r . U n de r i de n t i c a l 

conditions butyrylcarnitine hydrolyzes 8-10 times more slowly 

than butyrylchoJine. Several factors may be responsible . for 

this. The interaction of the carboxylate anion with the 

quaternary ammonium to form an inner salt may re~ult in the 

reduction of the catalytic effect of the positive charge 

0 
(CH 3) 3-N-CH 2 · 0-C-R 

+ ' / 
. 0 C 

·'): / ' -
0
.; -CH 2 H 

described in CHAPTER II. jt is also possible that there ~av 

be so me steric resistance due to the cirboxymethyl substituent. 

The substitution of this group for a hydrogen atom is the 

difference between butyrylcholine and butyrylcarnitine. The 

decrease in rate obtained for esters with bulkier substituents 
; _"9 ... 

was described on page 6. 

Another obvious difference in the rate constants is 

that observed in co mparing the butyryl ester of choline with 

the benzoyl ester. There is approximately a 25 % increase in 

the rate of hydrolysis of butyryl ester over benzoyl ester. 

The dissociation constants of the benzoic and butvric acids 

are about 6.5 x 10- 5 and 1.5 x 10- 5 respectively. 49 These 

values would imply that the benzoate anion is slightl } more 

stable than the butyrate anion; thus, further implying that 

it could better stabilize the intermediate anion formed in 

ester hydrolysis. Since this s mall difference is not reflected 



in the rate constants, t he ot her factor to be considered, 

i.e. steric hindrance, seems to dictate the relative rates. 

In an earlier study, 5o it was shown that the rate of ethyl 

butyrate hydrolysis was slightly faster than that for ethyl 

penta noate, and over t wice as fast as the rates for ethy l 

isobuty rate and ethyl benzoate. Though the magnitude of the 

difference does not agree with the p·resent study, it does 

agree in the direction of change. 
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A third difference that can be seen is that of the 

change in rate constants of butyrylc arnitine hydrolysis that 

occurs with changing ionic strength. The value of the rate 

constant undergoes a 60 % i~crease upon a 6-fold increase in 

ionic strength. The reasons for this rate increase cannot be 

attributed to any particular mechanistic phenomena. Neverthe

less, as mentioned in CHAPTER II, a neutral molecule will 

respond to increasing ionic strength by showing an increased 

rate of reaction. If a zwitterion can be considered neutral, 

this prediction is in agreement with the present study . 

I n s t u d i e s by 1\ s k n e s a n d P r u e 3 4 u s i n g s 01:1 e e s t e r s 

1 ✓ ith quat e rnary nitro gen s (3 - a ceto xyp ro ry l trir1e th y l

am rn on i um iodide and 3 - methoxycarbonyl ethyl trimethyl am

monium bromide: 

I 
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a decrease in the r a te of al kaline hydrolysis was observed 

with increasing ioni~ strength. According to equation 12, 

which is applicable only to solutions of low ionic strengths 

(µ < 0.1); this is the predicted result for a reaction be

tween oppositely charged ions. However, of the ionic 

strengths used in the present stu dy , (0.2 - 1.2) no signif

icant salt effect can be detected in the rate constants in 

Table 5 for butyrylcholine and benzoylcholine. There is no 

theoretical means of predicting any possible sRlt effects at 

these higher ionic s-trengths for the reactions of these 

choline esters. Thus, whether the results of these e xperi

ments are in error, or whether no salt effect in fact exists, 

cannot be determined. 

It is of interest to co mpare the rates of hydrolysis 

of the esters used in this study with the rate constants of 

other esters. The problem with such co mparisons is that 

solvent systems other than water are generally employ ed be

cause of the insolubility of many esters in water. The 

differ e nt solvent effects, however, introduce uncertainties 

in such co mparisons. Tarbell found 51 that ethyl acetate, 

which is soluble in water, yielded a second order rate con

stant of alkaline hydrolysis a t 20°c of 0.029 sec- 1M- 1 . In 

comparison to this, Kirsch and Jencks derived52 · a constant 

for ethyl acetate of 0.113 sec- 1t1~ 1 . Th ey also detern1ined 

in aqueous solution at 2:?c for phenyl acetate and p-nitro

phenyl acetate of 1.26 sec-lM-l and 9.5 sec- 1M- 1 respectively. 

Consid e ring the second order values de ter mined in the present 
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study i n water: 0.5 8 sec- 1r-.,-l, 0.73-l n - 1 , a nd 'J.070 sec- 111 -l 

for benzoylcholine, butyrylcholine, and butyrylcarnitine 

respectively, it can be seen that these esters hydrolyze at 

a rate intermediate to those cited for the neutral esters. 

In another study at 2s 0 c a second order constant of 

0.6 sec-lM-l for p-nitrophenyl be~zoate in 33 % acetonitrile 

was found by Caplow and Jencks. 53 It is interesting to note 

that this ester does not hydrolyze any more rapidly than the 

choline ester at benzoic acid (that is, if it is assumed the 

33 % acetonitrile did not greatly inhibit the rate.) r-nitro

phenyl esters have been used extensively in _ peptide sy nthesis 

because they readily undergo aminolysis. Perhaps choline 

esters may undergo rapid aminolysis if the proner conditions 

can be found. 

In some other studies in mixed solvents at 2s 0 c rate 

constants . of 0.0029 sec-lM-l for ethyl benzoate in 40 % water 
i . .. ,. 

i•% acetone 54 and 0.001 8 sec-lM-l for the al ka line hydrolysis 

of ethyl butyrate in 85 % aqueous ethano1 55 were found. The 

esters used in the present study differ from the two cited 

above only by the presence of the tri methylarn~onium grouo. 

The greater ~a~ 100-fold increase in the rate constants for 

the be nzoyl and butyryl choline est e rs is probably attribut

able to a combination of both solvent and substituent group 

effects. 

It can also be seen in Table 5 that there was no 

change in the rate of hydrolysis upon changing the concentra

tion of buffer. The buffer concentration was varied to 



determine if •general base catalysis was occurring. As de

scribed in - CHAPTER II, the presence of basic substances 

(here the amino group and carboxyl .ate anion of glycine and 
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the bicarbonate ~nion) can act to increase the rate of ester 

hydrolysis above that specifically due to the hydroxide ion. 

That no increase was observed is evidence that hydrolysis is 

by specific catalysis alone. This implies that the rate of 

formation of the tetrahedral intermediate is faster than the 

dissociation of intermediate into the products. This suggests 

that the enzymatic hydrolysis of these esters may not occur 

with participation of general base. However, the validit y 

of this idea would require_ corroboration by investigations 

into the specific mechanism through which the enzymes act. 

Results of Kinetic Run s from the pH Stat 

The values of the rate constants determined with this 

instrument showed a steady increase as each run progressed. 

The differences between the original constants and the con

stants calculated at two half-lives were in the range of 

10 - 15 %. Reprod~ci bility of any particular run could not be 

certain by more than 10-15 %. The re asons for this uncer

tainty could not be discovered by this author; even after 

extensive exa minati on of instru me nt and proceedures. Be

cause of the large degree of uncertainty in the results, only 

a summary will be tabulated on following pag e . 
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Table 6 

KINETIC RU !IS O,~ THE pH STA.T 

Ester ~ number Approximate 
of runs average kobsd 

k2 at pH 11.00 
sec - 1 t,1- 1 

Gutyryl choline -o. 00 2 8 .4 
. II 0.66 7 9 . 0 

benzoylcholine ~ 0. 00 4 7.0 
II 0.66 5 6 .2 

outyrylcarnitine -0.00 3 6 .5 
II 0.66 3 1. 1 

X 10- 4 
X 10- 4 
X 10- 4 
X 10- 4 
X 10- 5 

X 10-4 

sec - 1 
sec- 1 

-1 
Se C _ l 
~oc ..) '· - 1 
Se C _ l 
sec 

n.84 
() . 9 0 
0.70 
0.62 
0.065 
0. 11 

The results above show a fair agreement with those obtained by 

colorimetric method. The rate constants for different ionic 

strength show an increase in the rate of hydrolysis of 

butyrylcholine with increasing ionic strength, but a decrease 

in the rate of hydrolysis of benzoylcholine. The maqnitude 

of this difference can be explained by the experimental un

certainty. Howe~er, for the carnitine ester a change of about 

· ,l5 % is observed as ionic strength is increased. This compares 

with the 60 % increase found for the reactions run in buffers. 

Aminolysis of Benzoylcholine 

A kinetic run was conducted in di~ethylsulfoxide to 

determine the rate of aminolysis of benzoylcholine in the 

absence of water. The proceedure described on page . 27 pro

duced the following results: 

Time (minutes) 
1 

32 
64 

950 
2510 
5540 

/\bsorbance 
1. lf. 
0.89 
1. 12 
0.81 
0.32 
IJ • 11 
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If the original absorbance is taken to be abo ut 1.10, the 

reaction was about 90 % complete only after approximately four 

days. This was at 98°c. This contrasts with the 80 % comple

tion of the hydrolysis of benzoylcholine in water at 2s 0 c in 

two hours. It also agrees with the finding of Chu and 

Mautner, 16 who observed no aminolysis of benzoylcholine by 

butylamine in water at 2s 0 c. The slow rate observed in the 

author 1 s study may be partly attributed to the poor salvation 

of anions by din1ethylsulfo xide. This would reduce the sta

bility of intermediate and hence slow the overall rate of the 

reaction. The slow rates of aminolysis noted above discour

ages the use of choline esters as reagents for peptide s yn

thesis. However, increased reactivity may be obtained in a 

different solvent under different reaction conditions. 
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APPENDIX 

On the following pages are graphs and tables of the 

results of the kinetic runs pe~formed on the esters: ben

zoylcholine, butyrylcholine, and butyrylcarnitine. They 

are arranged so that the table containing the data for a 

particular run is immediately followed by a qraoh of. the 

same data. 

The mean values of k2 were calculated using all the 

k2 values derived except those marked by an asterisk. The 

values with an asterisk ~re more than 4% different (an ar

bitrarily selected cut-off point) from all other k2 values 

found for that particular run. The mean k2 value given 

at the end of each table is expressed as nlus or minus two 

standard deviations. Most of the discarded values were 

also excluded from the gra~hs of tre kinetic runs. 
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TABLE 7 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 1 

Buffer: 0.200 Molar Glycine 
Ionic Strength: 0.660 

pH . 0. 10.665 

Equation for a0 H: ln(aOH ) = -7.678 - (1.423 X 10- 5)(t-t
0

) 

t 

(t-t
0

) sec ln(A
0
/At) k o bsd X 10 4 -1 

kz 
-1 -1 sec sec M 

410 0.094 2.30 0.50* 

680 0.157 2.31 0.50* 

970 0.242 2.50 0.55 

1435 0.354 2 . 47 0.55 

1765 0.445 2.53 0.56 

2060 0.544 2.64 0 . 59 
.. .. "'.:, 

2745 0.700 2.55 0.57 

3590 0.893 2.49 0 . 57 

5295 1.295 2 . 46 0 . 57 

7740 1. 899 2. 4 5 . 0.59 
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TABLE 8 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 2 

Buffer: 0.200 Molar Glycine 
Ionic Strength: 0.201 

pHO: 10.800 

59 

Equation for a0H: ln(a 0H ) = -7.368 - (2.586 x l0- 5)(t-t
0

) 

t 

325 0.106 

615 0.169 

855 0.280 

1060 0.336 

1435 0.432 

2140 0.672 

3085 0.950 

4100 1.258 

5085 1.599 

4 -1 
kobsd x 10 sec 

3.26 

2. 7 5 

3.26 

3.17 

3.01 

3.14 

3.08 

3.07 

3.14 

-1 1 0.52 + 0.03 sec M-

-1 M-1 k2 sec 

0.52 

0.44* 

0.53 

0.52 

0.50 

0.53 

0.53 

0.54 

0.57* 
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TABLE 9 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 3 

Buffer: 0.200 Molar Glycine . 
Ionic Strength: 0 . 454 

pH
0

: 10.696 

61 

Equation for a 0H: ln(a 0H ) = -7.608 - (1.930 ·x 10- 5)(t-t
0

) 
' t 

(t-t
0

) ln(A
0

/At) k 10 4 .:..1 
k2 

-1 -1 sec o bsd X sec sec M 

320 0.068 2.14 0.43* 

600 0 . 155 2.58 0.53 

885 0.233 2.64 0.54 

117 5 0.315 2.77 0. 57 

1515 0.412 2 . 72 0.56 

1845 0.519 2.81 0 . 59 

: "'.:, 2115 0.596 2.82 0 . 59 

2945 0. 7 98 2. 71 0.58 

3690 0.967 2.62 0.57 

4695 1. 2 55 2. 67 0.59 

5610 1.500 2.67 0.60 

0.57 -1 -1 
+ 0 . 05 sec M 
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TABLE 10 

HYDROLYSIS Of BENZOYLCHOLINE - RUN NO. 4 

Buffer: 0.200 Molar Glycine 
Ionic Strength: 0.454 

pH
0

: 10 . 696 

Equation for a0H: ln(a 0H ) = -7.608 - (1.660 x 
t 

317 0.063 

627 0.123 

987 0.265 

1347 0.372 

1722 0. 44·3 

. -·::, 2037 0.519 

2327 0.620 

3167 0.862 

4662 1.225 

6557 1.667 

kobsdx . 104 

1. 99 

1. 96 

2.68 

2 . 77 

2. 57 

2.55 

2. 67 

2.72 

2.63 

2.56 

-1 sec 

-1 1 + 0.04 sec M-

63 

0.40* 

0.40* 

0.54 

0.57 

0.53 

0.53 

0.56 

0.58 

0.57 

0.57 
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TABLE 11 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 5 

Buffer: 0.200 Molar Glycine 
Ionic Strength: 1.20 

pHO: 10.587 

Equation for a0H: ln(a 0H ) = -7.859 - (1 . 350 x l0- 5)(t-t 0 ) 
' t 

(t-t 0 ) sec ln(A
0

/At) k o bsd X 10 .4 -1 
k2 

-1 M-1 sec sec 

405 0 . 086 2.12 0.55* 

915 0.207 2.26 0.51* 

1230 0.291 2.37 0.62 

1530 0.362 2.36 0.62 

18 60 0.438 2.35 0.62 

2310 0.541 2.34 0.62 

2'830 0.658 2.32 0.62 

3520 0.806 2.29 0.62 

4630 1.073 2.32 0.64 

6360 1. 443 2.27 0.64 

' 6780 1. 5 21 2 . 24 0.64 

0.62 -1 1 + 0.02 sec M-

65 
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TABLE 12 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 6 

Buffer: 0.400 Molar Glycine 
Ionic Strength: 0.660 

pH : 10. 735 
0 

Equat i on for a0H: ln(a 0H ) = -7.518 - (5.120 x l0- 6 )(t-t
0

) 

t 

67 

(t-t
0

) sec ln(A
0
/At) ko b sd X 10 4 sec -1 

k2 
-1 -1 sec M 

370 0. 103 2.77 0.51* 

64 5 0 . 169 2.62 0.48* 

895 0.268 2.99 0.55 

116 5 0 . 390 3.35 0.62 

1400 0.409 2.92 0.54 

1770 0.567 3.20 0.59 

2110 0. 67 5 3.20 0.60 
; :-.:~ 

2425 0.796 3 . 28 0. 61 

3015 1. 0 57 3 . 50 0.65 

3945 1.294 3 . 28 0.62 

42 35 1.386 3.27 0.62 

54 8 5 1. 871 3.41 0.65 

-1 -1 0.60 + 0.07 sec M 
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TABLE 13 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 7 

Buffer: 0.400 Molar Glycine 
Ionic Strength: 0.660 

pH . 0 . 10.735 

Equation for aOH: ln(A
0
/At) = -7.518 - (1.484 X l0- 5)(t-t

0
) 

(t-t
0

) sec ln(A 0 /At) k 10 4 -1 
k2 

-1 M-1 
o bsd X sec sec 

330 0.125 3.79 0. 7 O* 

760 0.242 3. 18 0.59 

1265 0.373 2.95 0.55 

1740 0.476 2.74 0 . 52 

2300 0.675 2.93 0.56 

2745 0.788 2.87 0.55 

; ·.: ... 3240 0 . 933 2.89 0.56 

3910 1. 12 2 2.87 0 . 56 

4705 1. 346 2 .8 6 0 . 56 

538 0 1.507 2.80 0.56 

5970 1 . 653 2.78 0.56 

Mean k2 : -1 1 0.56 + 0.03 sec M-
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TABLE 14 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 8 

Buffer: 0.600 Molar Glycine 
Ionic Strength: 0.660 

pH : 10.789 
0 

Equation for aOH: ln(A
0
/At) = -7.394 - (6.679 X 10- 6)(t-t

0
) 

(t-t
0

) ln(A
0
/At) k 10 4 -1 

k2 
-1 M-1 sec o bsd X sec s e·c 

297 0. 09 5 3.19 0. 5·2* 

625 0.221 3.54 0.58 

955 0.350 3. 67 0.60 

1227 0.463 3.77 0.62 

1512 0.558 3.69 0 . 61 

1957 0.720 3.68 0 . 61 

,; -'.:, 2875 1.051 3 . 66 0 . 61 

3477 1.236 3.56 0.59 

4425 1. 68 2 3.80 0.64 

547 5 1.994 3. 64 0 . 61 

5797 2 . 195 3.79 0.64 

-1 1 0.61 + 0.04 sec M-
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TABLE 15 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 9 

Buffer: 0.600 Molar Glycine 
Ionic Strength: 0.660 

pH . 0 . 10.789 

Equation for aOH: ln(aOH ) = -7.394 - (1.210 X l0- 5)(t-t
0

) 
t 

(t-t
0

) sec ln(A
0

/At) ko bsd X 10 4 sec -1 
k2 sec -1 M-1 

310 0.114 3.68 0.60 

615 0.224 3. 64 0.60 

965 0.356 3. 69 0. 61 

1465 0.527 3.60 0.60 

2080 0. 7 54 3.6 3 0.61 
:.,;, 

2795 1 . 0 21 3 . 6 5 0.61 

3395 1 . 2 2 2 3.60 0.61 

4165 1. 496 3.59 0.61 

4850 1. 7 56 3 . 62 0.62 

0 . 61 -1 1 + 0.01 sec M-
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Equation 

(t-t
0

) sec 

290 

625 

9 7 5 

1390 

1705 
~· .-;1 2167 

2810 

3123 

3665 

75 

. TABLE 16 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 10 

Buffer: 0.600 Molar Glycine 
Ionic Strength: 0.660 

pH . 0 . 10 . 789 

for a0 H: ln(aOH ) = - 7 . 394 - (8 . 167 
t 

ln(A
0

/At) 

0.097 

0.210 

0.335 

0.497 

0 . 616 

0.786 

1.037 

1.160 

1. 348 

k 10 4 -1 
o bsd X sec 

3.36 

3.37 

3 . 43 

3.58 

3. 61 

3 . 63 

3.69 

3.72 

3.68 

-1 -1 0.57 + 0.04 sec M 

X l0- 6)(t-t
0

) 

k2 sec -1 M -1 

0 . 55 

0.55 

0.55 

0 . 59 

0.58 

0.58 

0.59 

0.60 

0.58 
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TABLE 17 

HYDROLYSIS OF BENZOYLCHOLINE - RUN NO. 11· 

Buffer: 0.125 Molar Bicarbonate 
Ionic Strength: 0.660 

pH
0

: 10.560 

Equation for a0H: . ln(~OH ) = -7.921 - (1.009 x l0- 5)(t-t
0

) 

t 

77 

(t-t
0

) sec ln(A
0

/At) k o bsd X 10 4 sec -1 
k2 sec -1 M-1 

330 0.097 2.94 0.81* 

630 0. 13 7 2. 18 0.60 

915 0.215 2.35 0.65* 

1200 0.264 2.20 0.61 

1580 0.319 2.02 0.57 

2360 ·Q.483 2. 0 5 0.58 

, .. ~~:1 2965 0.619 2.09 0.59 

4120 0.830 2.02 0.58 

5105 0.993 1. 9 5 0.57 

564 5 1.099 1. 9 5 0.57 

7300 1.402 1. 92 0.57 

0.58 -1 1 + 0.03 sec M-
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TABLE 18 

HYDROLYSIS OF BUTYRYLCHOLINE - RUN NO. 1 

Buffer: 0.200 Molar Glycine 
Ionic Strength: 0 . 454 

pH : 
0 

10.696 

Equation for aOH: ln(aOH ) = -7.608 - (2.837 X l0- 5)(t-t
0

) 

t 

(t-t ) ln(A
0
/At) sec 

0 ko b sd X 10 4 sec -1 
k2 sec -1 M-1 

270 0 . 087 3.22 0.65* 

550 0.190 3.45 0.71 

865 0 . 320 3.70 0. 7 6 

1175 0.405 3.45 0. 7 2 

1440 0.499 3.47 0.73 

200 5 0.684 3. 41 0.73 
; --:~1 

2660 0.930 3.50 0 . 7 6 

3310 1. 118 3.38 0. 7 5 

4310 1. 412 3.28 0 . 7 5 

4 680 1 . 550 3. 31 0.76 

-1 1 0 . 74 + 0.04 sec M-
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TABLE 19 

HYDROLYSIS OF BUTYRYLCHOLINE - RUN NO. 2 

Buffer: 0 . 200 Molar Glycine 
Ionic Strength: 0.660 

pH : 
0 

10.665 

Equation for aOH: ln(a 0H ) = -7.679 - (2.715 X l0- 5)(t-t
0

) 

t 

( t-t
0

) sec ln(A
0

/At) k o bsd X 10 4 -1 
k2 

-1 M-1 sec sec 

29 5 0.098 3. 31 0. 7 2 

605 0. 19 5 3.23 0.71 

950 0.315 3. 3 2 0.74 

1530 0.513 3.35 0. 7 6 

2115 0 . 651 3.08 0.71 

.. ~.:, 267 5 0 .8 16 3.05 0.71 

3205 0.968 3.02 0.71 

3825 1.149 3.00 0.72 

4645 1. 3 9 2 3.00 0.74 

5180 1.538 2.97 0. 7 4 
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TABLE 20 

HYDROLYSIS OF BUTYRYLCHOLINE - RUN NO. 3 

Buffer: 0.400 Molar Glycine 
Ionic Strength: 0.660 

pH : 
0 

10.737 

Equation for aOH: ln(aOH ) = -7.513 - (1.869 X 10- 5)(t-t
0

) 
t 

(t-t
0

) sec ln(A
0

/At) ko bsd X 10 4 sec-l k2 sec -1 M-1 

23 5 0.084 3.56 0.66* 

790 0.276 3.49 0.65* 

1055 0.434 4.11 0.77 

1285 0.491 3.82 0. 7 2 

1495 0.552 3. 69 0. 7 0 

1698 0.651 3.84 0.73 
.- .-.:1 

1952 0 . 7 40 3.79 0. 7 2 

2830 1.078 3.81 0.74 

3607 1.361 3.77 0.74 

4770 1.737 3.64 0.73 

-1 1 0.73 + 0.04 sec M-



84 

2.2 

2.0 

1.8 

1. 6 

1. 4 

1. 2 

. ... 
0.8 

0.6 

0.4 

0.2 

800 1600 2400 3200 4000 4800 5600 6400 

(t-t
0

) in seconds 

Fiqure 19 H V rl Y' " , \I c- ; C" ("\ -F h ' ' + . , ~ . . , - ,_ - , . 



85 

TA BLE 21 

HYDROLYSIS OF BUTYRYLCHOLINE - RUN ·NO. 4 

Buffer: 0.400 Molar Glycine 
Ionic Strength: 0.660 

pH . 0. 10.737 

Equation for a0H: ln(aOH ) = -7.513 - (2.105 X 10- 5)(t-t ) 
t 0 

(t-t
0

) ln(A
0

/At) k 10 4 -1 
k2 

-1 M-1 sec o bsd X sec sec 

267 0.097 -3. 64 0.67* 

470 0.190 4.05 0. 7 5 

730 0.277 3.79 0.71 

988 0.385 3.90 0.73 

1210 0.463 3.82 0. 7 0 

1552 0.595 3.83 0.73 

1805 0.708 3.92 0. 7 5 

2068 0. 7 67 3. 71 0.71 
-- <" 

2325 0.903 3.88 0. 7 5 

2945 1.145 3.89 0. 7 6 

3130 1.215 3.88 0. 7 6 

3910 1.489 3 . 81 0 . 7 6 

4 27 0 1.609 3.79 0. 7 6 
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TABLE 22 

HYDROLYSIS OF BUTYRYLCHOLINE - RUN NO. 6 

Buffer: 0.600 Molar Glycine 
Ionic Strength : 0 . 660 

pH . 0. 10.789 

Equation for a 0H: ln(aOH ) = -7.394 - (1.520 X 10- 5)(t-t ) 
t 0 

(t-t
0

) ln(A
0
/At) k 10 4 -1 

k2 
-1 M-1 sec o bsd X sec sec 

3 67 0.153 4.17 0.68* 

701 0.317 4.52 0.74 

1025 0.457 4.45 0.73 

1325 0.591 4.46 0.74 

1642 0. 7 04 . 4. 29 0. 7 2 .... ... , 
. ~ 

1919 0.848 4.42 0.74 

27 6 5 1. 169 4.23 0.72 

3580 1.520 4.25 0.73 

Mean k2 : -1 1 0.73 + 0.02 sec M-
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TABLE 23 

HYDROLYSIS OF BUTYRYLCHOLINE - RUN NO. 5 

Buffer: 0.600 Molar Glycine 
Ionic Strength: 0.660 

pHO: 10.789 

Equation for a0H: ln(a 0H ) - -7.394 - (1.111 x 10- 5)(t-t
0

) 

t 

89 

(t-t
0

) sec ln(A
0
/At) kobsd x 10 4 sec -1 

k2 sec -1 M-1 

310 

657 

1242 

1513 

1884 
;' ~ .. '\, 

2822 

3532 

4374 

0.177 5.71 

0.287 4.37 

0.552 4.44 

0.687 4.54 

0.838 4.45 

1.192 4.23 

1.503 4.26 

1.869 4.27 

-1 M-1 Mean k2 : 0.73 + 0.03 sec 

0.93* 

0.71 

0.73 

0.75 

0.74 

0.71 

0. 7 2 

0.73 
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TABLE 24 

HYDROLYSIS OF BUTYRYLCHOLINE - RUN NO. 7 

Buffer: 0.125 Molar Bicarbonate 
Ionic Strength: 0.660 

pHO: 10.558 

Equation for a0H: ln(a 0H ) = - 7.925 - (1.560 x l0- 5)(t-t
0

) 

t 

(t-t
0

) sec ln(A
0

/At) ko bsd X 10 4sec-l k2 sec -1 M-1 

345 0.091 2.65 0.74 

650 0 . 17 3 2.66 0.74 

1000 0.260 2 . 60 0.73 

1300 0.339 2 . 60 0.73 

1645 0.427 2.60 0. 7 4 

2060 0.509 2 . 47 0.71 
,' •"'.:~ 

2730 0. 700 2. 57 0.74 

3620 0.890 2.46 0.72 

4390 1 . 048 2.39 0.71 

6050 1. 43 2 2.37 0.72 

9 1 
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TABLE 25 

HYDROLYSIS OF BUTYRYLCARNITINE - RUN NO. 1 

Buffer: 0.200 Molar Glycine 
Ionic Strength: 0.201 

pHO: 10.739 

Equation for aOH: ln(aOH ) = -7.508 - (2.752 X 

t 

(t-t
0

) sec ln(A
0

/At) ko bsd X 10 5 sec -1 
kz sec -1 M -1 

1980 0.046 2.33 0.043* 

3390 0.092 2.73 0.050* 

5855 0.197 3.36 0.062 

97 2 5 0.316 3.25 0.061 

13210 0.417 3.16 0.060 

, ,J.:-. 16420 0.481 2. 93 0.056 

19055 CJ.564 2.96 0.057 

22760 0.683 3.00 0.058 

23 67 0 0. 7 08 2.99 0.058 

0.059 -1 1 + 0.004 sec M-
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TABLE 26 

HYDROLYSIS OF BUTYRYLCARNITINE - RUN NO. 2 

Buffer: 0.200 Molar Glycine 
Ion i c Strength: 0 . 660 

pH . o· 10.600 

Equation for a0H: ln(aOH ) = -7.829 - (2°.902 X l0- 6 )(t-t
0

) 
t 

(t-t
0

) sec ln(A
0

/At) 

905 0.036 

2440 0.083 

3275 0.086 

3985 0.120 

4950 0.142 

5630 0.163 

7265 0.208 

8585 O·. 23 2 
: ~::~ 

10945 0 . 298 

12275 0.312 

14355 0.377 

15400 0.406 

17265 0 . 445 

18605 0.500 

Mean k2 : 

ko bsd 10 5 -1 
X sec 

0.071 

3.94 

3.38 

2.62 

3.00 

2.87 

2.89 

2.86 

2. 7 0 

2.73 

2.54 

2.63 

2.64 

2.58 

2. 69 

-1 1 + 0.006 sec M-

k2 
-1 -1 sec M 

0 . 099* 

0.086* 

0.066 

0.076 

0.073 

0 . 074 

0.073 

0.070 

0.071 

0.066 

0.069 

0.069 

0.068 

0.071 
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TABLE 27 

HYDROLYSIS OF BUTYRYLCARNITiijE - NO. 3 · 

Buffer: 0.200 Molar Glycine 
Ionic Strength: 1.20 

pH 0 : 10.545 

Equation for a0H: ln (aoHt) = -7.~55 - (2.393 x l0- 6)(t-t
0

) 

(t-t 0 ) sec ln(A 0 /At) kobsd X 10 5 sec- 1 k2 sec- 1 M-1 

1645 0.056 3.38 0.097 

3235 0.115 3.54 0.102 

6110 0.203 3.32 0.096 

8285 0.284 3.43 0.100 

;,.:-•11840 0.392 3 . 3 1 0.097 

14210 0.455 3.20 0.094 

15115 0.487 3.22 0.095 
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TABLE 28 

HYDROLYSIS OF BUTYRYLCARNITINE - RUN NO. 4 

Buffer: 0.600 Molar Glycine 
Ionic Strength: 0.660 

p H 
0

· : 1 0 • 7 6 5 

Equation for a0H: ln(a 0H ) = -7.449 - (1.457 x 10- 6)(t-t
0

) 

t 

99 

(t-t
0

) ln(A
0

/At) ko bsd 10 5 -1 
k2 

-1 M-1 sec X sec Se C 

1953 0.075 3.83 0.066 

4115 0. 169 4. 10 0.071 

63 05 0.246 3.90 0.068 

9070 0.353 3. 8 ~ 0.068 

10560 0.435 4. 12 0.072 
: .. ,::.,, 

12950 0.513 3.96 0.069 

18243 0.710 3.89 0.069 

20275 0.804 3. 97 0.070 
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TABLE 29 

HYDROLYSIS OF BUTURYLCARNITINE - RUN NO. 5 

Buffer : 0.600 Molar Glycine 
Ionic Strength: 0.660 

pH
0

: 10.720 

101 

Equation for a0 H: ln(a 0H ) = -7.552 - (8.302 x 
t 

10- 7 )(t-t
0

) 

(t-t
0

) sec 

855 

3361 

5588 

9048 

.- -~·· 14 684 

17943 

39324 

ln(A
0
/At) k 10 5 -1 

o bsd X sec 

0.031 3.65 

0. 13 2 3. 93 

0.202 3.61 

0.339 3.75 

0.544 3 . 70 

0.647 3. 61 

1. 4 2 2 3.62 

-1 M- 1 Mean k2 : 0.071 + 0.002 sec 

k2 sec -1 M -1 

0.070 

0.075* 

0.069 

0 . 072 

0.071 

0.070 

0.071 
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TABLE 30 

HYDROLYSIS OF BUTYRYLCARNITINE - RUN NO. 6 

Buffer: 1.000 Molar Glycine 
Ionic Strength: 0.997 

pH
0

: 10.784 

10 3 

Equation for a0H: ln(a 0H ) = -7 . 405 - (9.231 x 
t 

l0- 7 )(t-t) 
0 

(t-t
0

) sec ln(A
0
/At) k o bsd X 10 5 sec -1 

k2 sec -1 M-1 

1315 0.070 5.32 0.088 

3335 0.168 5.02 0 . 083 

509 5 0.267 5. 23 0.086 

7 97 5 0.410 5. 14 0.085 

12110 0. 593 . 4.89 0.081 
; ~.:, 

12600 0.621 4.93 0.082 

14350 0.774 5 . 40 0.090 

22200 1. 07 5 4.84 0.081 

-1 -1 0.085 + 0.006 sec M 
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TABLE 31 

HYDROLYSIS OF BUTYRYLCARNITINE - RUN NO . 7 

Buffer: 0.125 Molar Bicarbonate 
Ionic Strength: 0.660 

pH . 0. 10.553 

Equation for aOH: ln(aOH ) = -7.983 - (1.322 X 10- 6)(t-t) 
t ' . 0 

(t-t
0

) ln(A
0

/At) kobsd · x 10 5 -1 
k2 

-1 M-1 sec sec sec 

197 5 0.047 2.3 8 0.067 

4155 0.105 2.54 0.071 

6235 0. 141 2.26 0.064 

8705 0 . 205 2.36 0.067 

10505 0.239 2.27 0.065 

13 68 0 0.310 2.27 0.066 
~· .,J'::,. 

17480 0 . 418 2.39 0.068 

21295 0.457 2. 15 0.062 

215 80 0.450 2.09 0.060 

23145 0.480 2. 12 0.061 

Mean k2 : 0.065 + 0.007 sec- 1 M-l 
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