INFORMATION TO USERS

This reproduction was made from a copy of 4 document sent to us for microfilming.
While the most advanced technology has been used to photograph and reproduce

this

document. the quahty of the reproduction is heavily dependent upon the

quality of the material submitted.

The

following explanation of techniques is provided to help clarify markings or

notations which may appear on this reproduction.

The sign or “target™ for pages apparently lacking from the document
photographed is “Missing Pagets)”™. I it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages. This
may have necessitated cutting through an image and duplicating adjacent pages
to assure complete continuity.

.When an image on the film is obliterated with a round black mark. it is an

indication of cither blurred copy because of movement during exposure,
duplicate copy, or copyrighted materials that should not have been filmed. For
blurred pages, a good image of the page can be found in the adjacent frame. If
copyrighted materials were deleted, a target note will appear listing the pages in
the adjacent frame.

. When a map, drawing or chart, etc., is part of the material being photographed,

a definite method of “‘sectioning”™ the material has been followed. It is
customary to begin filming at the upper left hand comer of a large sheet and to
continue from left to right in equal sections with small overlaps. If necessary,
sectioning is continucd again  beginning below the first row and continuing on
until complete.

. For iffustrations that cannot be satisfactorily reproduced by xerographic

means, photographic prints can be purchased at additional cost and inserted
into your xcrographic copy. These prints are available upon request from the
Dissertations Customer Services Department.

. Some pages in any document may have indistinet print. In all cases the best

available copy has been filmed.

I iaofims
International

300 N. Zeeb Road
Ann Arbor, M| 48106






8319752
Cincotta, Joseph John
PROXIMATE CHARGE CATALYSIS

City University of New York PH.D. 1983

University
Microfilms
|ntel’nati0nal 300 N. Zeeb Road. Ann Arbor, M1 48106






PLEASE NOTE:

In al! cases this material has been filmed in the best possible way from the available copy.
Problems encountered with this document have been identified here with a check mark _ v .

1. Glossy photographs or pages

2. Colored illustrations, paper o1 print_

3. Photographs with dark background

4, lllustrations are poorcopy ___

5. Pages with black marks, not original copy _ »—

6. Print shows through as there is text on both sides of page

7. Indistinct, broken or small print on several pages ,—

8. Print exceeds margin requirements ___

9. Tightly bound copy with printlostin spine ___

10. Computer printout pages with indistinctprint

1. Page(s) lacking when material received, and not available from school or
author.

12. Page(s) seem to be missing in numbering only as text foliows.

13. Two pages numbered . Text follows.

14. Curling and wrinkled pages _,_—
185. Other

University
Microfilms
International






PROXIMATE CHARGE CATALYSIS

by
JOSEPH JOHN CINCOTTA

A dissertation submitted to the Graduate
Faculty in Chemistry in partial fulfill-
ment of the requirements for the degree
of Doctor of Philosophy, The City
University of New York.

1983



i1

This manuscript has been read and accepted for the Gradu-
ate PFaculty in Chemistry in satisfaction of the disserta-
tion requirement for the degree of Doctor of Philosophy.

3/8/€3 A

date Chairman of Examining Committee
i . DI
¥ibal Xy ‘JQAMAJ (i /Cué_k‘\ﬁ_

date Executive Cfficer

Hrrd Glarnd 7K
/Oé%mﬂ £ 4/74

Supervisory Complittee

The City University of New York



ii!

Abstract

The aminolysis rate constants have been determined
for the esters p-nitrophenyl-7’-trimethylammonium butyrate
fluoborete (IV) and p-nitrophenyl hexanoate(VI), with the
amines tetra-n-butylammonium taurinate, TBAT(V), and ben-
zylamine in both 95.3 mole ¥ dioxane-water (D-W) and water
at 25. bC. Second order hydrolysis rate constants (solv.
HZO) were also determined for each ester in the presence
of hydroxide ion.

The aminolysis reactions which involved at least one
uncharged reactant followed second order kinetics (rate =
k{ester][amine]) in D-W. The reaction of charged ester
(IV) with TBAT(V) in D-W was found to obey the following
two term rate law: rate = k,[RIP] + kz[RIP][TBAT]. Pre-
equilibrium formation of a reacting ion pair (RIP) between
1V and V, is proposed to occur prior to the formation of
the tetrahedral intermediate. The value of this ion pair
equilibrium constant was determined to be 1.4. The rate
determining breakdown of the tetrahedral intermediate was
observed to occur by either of two pathways. One pathway
(k1) involved direct breakdown of the intermediate to its
corresponding amide and p-nitrophenol, while the other
pathway (kz) involved proton transfer from the intermedi-
ate to a second molecule of amine prior to its breakdown
(this accounts for dependence of k2 on the TBAT concentra-

tion). The individual rate constants k1 and k2 for this
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special case were found to be 1.880 (+ 0.20) x 10~2 gec™)

and 41.15 + 0.75 liter mole” 'sec”’

respectively. The ca-
talytic influence, of pre-equilibrium complex formation
between the charged reactant molecules (via electrostatic
attraction) in D-W has been estimated to be > 102,

In Part II of this work, the equilibrium expression
associated with the proton transfer from p-nitrophenol to
TBAT(V) in 95.3 mole % dioxane-water was found to consist
of two distinct equilibria (X and Kd). The initial
equilibrium (K) involved proton transfer to the amine, and
formation of a small ion aggregate. The subsequent
equilibrium (Kd) involved the dissociation of this ion ag-
gregate 1into p-nitrophenoxide-tetra-n-butylammonium ion
pair and taurine (zwitterion). The equilibrium constants
for K and KX, - were evaluated and found to be 3.5727 %

1

0.0746 1liter mole~' and 1.7304 (+ 0.168) x 1077

mole liter™ respectively.
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Introduction

Enzymatic Reactions

A typical enzymatic reaction is generally considered
to proceed through formation of an enzyme-substrate (ES)
complex, which further reacts to products and free enzyme

(equation 1) (1).
E 4 S <(===> ES -==> E + P (eqn 1)

The ES complex involves the substrate being held in close
proximity to key functional groups comprising the enzyme
active site. Proximity and orientation effects of these
functional groups have been thought to be a major factor
in the efficiency of enzymes (2-5).

The only means of determining the kinetic importance
of the Jjuxtaposition of functional groups at the active
site is through the study of reactions occurring in-

tramolecularly or via pre-equilibrium complex formation.

Intramolecular Catalysis

Systems designed to assess the kinetic importance of
intramolecular participation of acidic and basic groups in
ester and amide hydrolysis have been considered simple
models of hydrolytic enzymes (6,7). These intramolecular
models mimic enzymatic systems in their ability ¢to bdring
together reactive functionalities within a single molecule

(Proximity effect).
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Intramolecular nuclecphilic attack on esters and
amides by various nucleophiles has been extensively stu-~
died (1,8-15). The efficiency of a nucleophile in an 1in-
tramolecular reaction is often exprressed as the "effective
molarity" of the neighboring group (15). The effective
molarity can be calculated by dividing the first order
rate constant (sec”!) determined for the intramolecular
reaction, by tre second order rate constant (1mole~'sec™')
for the analogous bimolecular reaction (which follows the
same mechanism). The ratio of rate constants has the un-
its of molarity and is described as the hypothetical con-
centration of nucleophile necessary in the bimolecular
reaction to give a pseudo-first order rate constant
equivalent to the true rate constant for the intramolecu-
lar reaction. The effective molarity is a measure of the
rate enhancement due to the juxtaposition of the nucleo-
phile to the carbonyl group of the ester or amide. A few
examples of the magnitudes of these effective molarities
are given below.

Intramolecular nucleophilic attack by a neighboring
carboxylate 1ion on phenyl esters gives rate enhancements
of 107108 M (14).

The amino group of phenyl N-(2-aminophenyl)-N-
methylcarbamate I (equation 2) has an effective molarity
of 3 x 108 M when compared to the bimolecular attack of
amine on phenyl N-(4-aminophenyl)-N-methylcarbamate (15).
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iHB 0 fﬂ3
—C—O0Ph N
\C=O + PhOH
[:::I:NH [:::I:N//
2
H
(1) (eqn 2)

The effective molarity determined for the neutral am-
ine nucleopnile was 5 x 107 M in the case of the dimethy-
lamino group of p-nitrophenyl-?’-dimethylamino butyrate
(11) (7).

(CH4) ,NCH,CH,CH,CO0CH,NO5-p
(11)

These results along with numerous others cited in the
references above give an indication of the dramatic ac-
celeration possible due to the proximity of reactive func-

tionalities.

Electrostatic Catalysis

Pre-equilibrium complex formation of substrates by
enzyme models (molecules or polymers containing functional
groups similar to those found at the enzyme active site)
has come wunder 1investigation 1in the last twenty years
(16-36). Of particular interest to me was substrate bind-
ing to polymeric catalysts by electrostatic interaction.
It was shown by Letsinger (19) that a partially protonated
poly (4-vinyl pyridine) in ethanol-water served as an ef-

fective catalyst, relative to 4- picoline, non-protonated
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polymer, or highly protonated polymer, for the solvolysis
of 3-nitro-4-acetoxy benzenesulfonate ion (an anionic es-
ter). The rate enhancement found for the polymer ca-
talyzed reaction was rationalized on the basis that pro-
tonated nitrogen sites were available to catalyze the sol-
volysis. He estimated the solvolytic rate ate< = 0.6 (< is
the fraction of nitrogen present as the free base) to be
enhanced by a factor of eighty as a consequence of elec-
trostatic association.

Overberger (20,21,26,28,30,31,33,34) found similar
electrostatic catalysis was possible for a variety of oth-
er polymers and copolymers. One such example of electros-
tatic catalysis was <found using the copolymer of 4(5)-
vinyl imidazole and acrylic acid (0.77 : 1 molar ratio,
respectively) in 25.8 ¥ ethanol-water (28,33). The estero-
lytic action of the polymer was tested with neutral, nega-
tively and positively charged esters. They vwere p-
nitrophenyl acetate, 4-acetoxy-3-nitrobenzoic acid, and
3-acetoxy-N-trimethylanilinium iodide, respectively. At
high pH the copolymer showed marked selectivity toward the
positively charged ester. These results were explained on
the basis of electrostatic attraction of the cationic es-
ter to the negatively charged sites of the copolymer,
which allowed the imidazole groups to catalyze the solvo-
lysis. Strong electrostatic replusion between the copoly-

mer and the ester carboxylate anion depressed the rate of
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imidazole catalysis.
From the two examples above, one can get an 1indica-~
tion of how pre-equilibrium complex formation via elec-

trostatic interactions can accelerate reactions.

Aminolysis Reactions in Aprotic Solvents

Enzymes exist in aqueous solution, but recent X-ray
crystallographic studies clearly demonstrate the active
sites of hydrolytic enzymes contain hydrophobic regions
(36,37). Since rather low concentrations of water exist at
these catalytic centers, the medium of enzyme catalyzed
nucleophilic reactions of carboxylic acid derivatives may
be apolar in nature (38).

Aminolysis reactions of simple alkyl esters in aprot-
ic organic solvents have been studied in detail in the
last 15 years (39-47). A unifying mechanistic theory pro-
posed by Menger and his coworkers suggests the operation

of the mechanism shown in scheme I (39,40)

Ko (Amine%

Ester + Amine <===> 7% products

N
(4

Scheme 1
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Scheme I accounts for the two term rate law (equation
3) usually observed for primary and secondary amines under

. pseudo first order conditions.
rate = k, (ester)(amine) + k3 (ester)(amine)2 (egn 3)

Menger proposed that the breakdown of <the dipolar
tetrahedral intermediate (T1) was the rate-limiting step
of ester aminolysis in aprotic solvents from the following
evidence. ‘

1) The reactions of esters with amines in aprotic sol-
vents such as chlorobenzene and acetonitrile were more
sensitive to substituents on the leaving group of the es-
ter (f? = 4-6), than to substituents on the acyl portion
(f9= 1-2). This was the reverse order of sensitivity found
in reactions of esters with hydroxide ion in water.

2) Tetra-n-hexylammonium benzoate (THAB) catalyzes amino-
lysis reacticns of esters by piperidine in hydrocarbon
solvents (in toluene, benzoate ion is a 103 better proton
acceptor than piperidine (pr = 2.88)). Menger claims
that this acceleration arises from removal of a proton
residing on the nitrogen of the dipolar tetrahedral inter-
mediate by benzoate ion, which facilitates its collapse to
products. As the concentration of THAB in the reaction
mixture was increased the observed rate of aminolysis in-
creased steadily, =until at high THAB concentrations the

rate leveled off and no longer increased with increased
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concentrations of THAB. This 1leveling off of observed
rate at high THAB concentrations indicated a change in the
rate determining step. The collapse of the tetrahedral
intermediate is so fast at high THAB concentrations that
formation of the intermediate becomes rate determining.

A possidle structure for this intermediate would bde

(111).

0
l
— C—0R

|
* NH

R// \\R

(111)

R

A second molecule of amine could assist in transfer of the
proton in (IIl1), thereby leading to the third order rate
constant (k3).

In this work I plen to examine <the influence tha?
complex formation via electrostatic attraction (ion-pair
formation) will have on the reaction of other functional
groups within the reactant molecules in solvents of low
dielectric constant. As far as I know, no similar work has

been underiaken.
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The Effects of Electrostatic Interaction of

Reactant Molecules on Reaction Rates.

Objective

The purpose of this investigation is to gather evi-
dence in support of our supposition that, complex forma-
tion via electrostatic interaction (ion pair <formation)
between reactant molecules will facilitate any subsequent
reaction between them. The s8tructural prerequisites of
these reactant molecules call for each to consist of a
charged functional group (non-reactive) connected in-
directly to a second functional group (reactive). In order
to maximize the electrostatic interaction between reactant
molecules, the reaction will be run in a solvent of low
dielectric constant. A general scheme proposed for this

type of reaction can be found in scheme 2.

5:) At—--B~ -5-> Products

At + BT <=
Scheme 2.

The initial step in Scheme 2 is the equilibrium for
ifon pair formation (A*---B~) vetween reactant molecules.

Once formed the ion pair can react to yield products.

Selection of Reactants and Solvent

In order to gather kinetic evidence in support of our
hypothesis, I chose to study the aminolysis of p-
nitrophenyl- 7 -trimethylammonium butyrate fluoborate (IV)
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by tetra-n-butylammonium taurinate (TBAT, V).
- +
(1v)

+ -
Bu4N 03SCH2052NH2

(V)

The solvent in which I chose to carry out this reaction in
was 95.3 mole ¥ dioxane-water, which has a dielectric con-
stant (D) of 2.53 at 25 °C (48). This solvent was ideal
because of its ability to dissolve sufficient amounts of
each salt (for kinetic analysis) at such an extremely 1low
dielectric constant.

From Menger's (39,40) work in aprotic organic sol-
vents (see introduction for details), aminolysis reactions

were found to obey a two term rate law (equation 3.1).
rate = kz(ester)(amine) + k3(ester)(amine)2 (eqn. 3.1)

Since 95.3 mole ¥ dioxane-water contains a fairly high
concentration of water (0.556 M), the third order term in
equation 3.1 (the second molecule of amine assists in pro-
ton transfer in the tetrahedral intermediate) should be
negligible, and aminolysis reactions proceed through sim-

ple second order kinetics.
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Control Reactions

Control reactions utilizing an uncharged ester and
amine were also studied in 95.3 mole ¥ dioxane-water, in
order to form a basis for comparison. It was decided that
p-nitrophenyl hexanocate (VI) and benzylamine (VII) would

be suitable for this purpose.

CH CH20H20H2CH2C000634N02-p

3

(v1)
CgHgCH,oNH,
(VIiI)

This decision was based on structural similarities in the
former case, and comparable prs in water (benzylamine =
4.65 (49); taurinate = 4.94 (50)) for the latter case.

In order to determine aminolysis rates of each ester
(IV and VI) in the absence of ion pairing, each reaction
was carried out in a polar solvent. The solvent chosen for
this purpose was water. At this point I will discuss the
results I obtained in water, followed immediately, by my

results and discussion in 95.3 mole ¥ dioxane-water.

Results of Rate Constant Determinations for

Aminolysis Reactions in Water

In order to determine the aminolysis rates in the ab-

sence of possible ionic interactions between reactants
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(ion pair formation), each aminolysis reaction was studied
in water. Investigation of the literature concerning ami-
nolysis of esters in water (7), along with my kinetic
results and product analyses, led me to use the following

two term rate law.
rate = k_ [ester][amine] + koylester]{0B7] (eqn 4)

A study of th~ reaction rate data reveals that com-
petition 1is occurring between both aminolysis (kam) and
hydrolysis (kOH) of ester. The overall rate of consump-
tion of ester was measured spectrophotometrically (400 nm)
by the appearance of p-nitrophenoxide ion. The experimen-
tal data however, proved to be insufficient for the proper
evaluation of each rate constan% (kam and kOH)' It there-~
fore became necessary to determine the hydrolysis rate
constant (kOH) in a separate experiment (independent of
aminolysis).

Hydrolysis rate constants were determined for each
ester (IV and VI) in an aqueous Nazco3 buffer solution, as
a source of hydroxide ion. The second order hydrolysis
rate constants were evaluated using equation 4.1, and

listed in Tadle 1.
rate = kyy[ester][0H™) (eqn 4.1)

Once the hydrolysis rate constant was determined for each

ester, the aminolysis rate constant was evaluated using
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equation 4 (see experimental for details). The results are

also listed in Table

1.

TABLE 1 Second Order Rate Constants for Aminolysis and Hy-

drolysis of Esters IV and VI in Water (25 °C)

Ester Nucleophile

second order

rate constant (1mole.1 sec"1)h

IV OH™

IV Benzylamine

IV Taurinate

VI OH

8

VI Benzylamine

VI Taurinate

a) average of 5 runs
9.323 x 107> M.

b) average of 6 runs
1.136 x 107 M.

c) average of 4 runs
£.122 x 1070 M.

d) average of 3 runs
4.449 x 1072 M.

e) average of 6 runs
x 1077 M.

) average of 4 runs

x 10'2 M.

4

at

at

at

at

at

at

60 + 2.4%
0.14P

N
®
F-N
i+

0.12°¢

-
\S ) |
P-S
1+

5.50 + 0.20%

1.26

I+

0.04¢

1+

0.383 + 0.0047f

I+

Na2003 conc. of 4.449 x 10‘4 -
amine conc. of 2.008 x 10°% -
amine conc. of 3.183 x 10"4 -
Na,CO5 conc. of 4.449 X 1070 -
amine conc. of 5.679 x 104 ~ 5.02

amine conc of 1.302 x 102 - 1.061
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g) as the sodium salt.

h) uncertainties given as standard deviation of the mean

The results in Table 1 show an eleven fold increase
in the hydrolysis rate constant (kOH) vhen the quaternary
ammonium group is present in the molecule (charged ester
Iv). Aminolysis rate constants (kam) however, are ac-
celerated by a factor of only 2.3 for benzylamine and 4
for the taurinate runs in the presence of the quaternary
ammonium group.

Since the through bond inductive effects of the
quaternary ammonium group will be identical for aminolysis
and hydrolysis of charged ester IV, the disparity Dbetween
the magnitudes of the rate enhancements for hydrolyeis and

aminolysis must be due to an electrostatic interaction.

Intramolecular Electrostatic Catalysis in Water

1 propose that this rate acceleration is due ¢to in-
tramolecular electrostatic catalysis, as found in struc-
ture VIII. .

2
N(CHy)4

0
OPhNOz-p
Y

(Vviii)
Y = Nucleophile
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The six member cyclic intermediate VIII, depicts charge
stabilization of the tetrahedral intermediate formed dur-
ing nucleophilic attack. Electrostatic interaction
between the positively charged quaternary ammonium group
and the developing negative charge on the carbonyl oxygen
is responsible for the rate acceleration. The magnitude
of this acceleration should be identical for both amino-
lysis and hydrolysis reactions, unless the formation of
the cyclic intermediate is sterically hindered.

When molecular models (Fisher-Taylor-Hirshfelder)
were constructed for each tetrahedral intermediate VIII
(where Y = OH, H,yNCH,CgHg, and Hzncnzcnzsog), they showed
that relative to hydroxide, the benzylamine and taurinate
groups sterically hindered the approach of the quaternary
ammonium group to the negatively charged carbonyl oxygen
(benzylamine >> taurinate). Since formation of the cyclic
intermediate VIII was highly strained when benzylamine was
the nucleophile, the 2.3 fold rate enhancement of charged
ester IV over p-nitrophenyl hexanoate (VI) must be assumed
to be substantially due to through-bond induction of the
quaternary ammonium group, with 1little if any through-
space electrostatic interaction. Thus, the rate enhance-
ment estimated for charged ester IV owing to a purely in-
ductive effect, is only a maximum of 2.3 fold. This is a
reasonable conclusion since the gquaternary ammonium group

contributes an approximately 5 fold rate enhancement for
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the alkaline hydrolysis of acetylcholine (IX) (51).
+
(CH3)3NCH20HZOOCCH3
(IX)

If one assumes the inductive effect of the quaternary
ammonium group in charged ester IV, to increase the rate
of nucleophilic attack on the carbonyl carbon by a maximum
of 2.3 fo0ld (through-bond induction), then the through-
space electrostatic catalysis contributes a 1.7 fold rate
enhancement for aminolysis by taurinate, and a 4.8 fold
rate enhancement for hydrolysis. These rate enhancements
may seem small, but one must realize that to witness any
through-space electrostatic interaction in water is excit-
ing. Other studies 1involving charge stabilization of a
tetrahedral intermediate in protic and aprotic solvents
have been found in the literature. Some examples are re-

viewed in the following section.

Charge Stabilization of a Tetrahedral Intermediate in

Protic and Aprotic Solvents

Rate enhancement due to charge stabilization of the
tetrahedral intermediate formed during nucleophilic attack
by a neighboring quaternary ammonium group has been previ-
ously observed in polar protic and dipolar aprotic sol-
vents.

Lazarus and Benkovic (52) demonstrated, that in-
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tramolecular electrostatic catalysis had occurred in water
for the alkaline hydrolysis of the phosphotriester (X)

vhen compared to (XI).

0
| _opPn
0— 0
“NOPhNO,-p |_-orn
E40—R_
OPhNO,~p
4
N(CHy)5
(x) (X1)

After compensating for the through-bond 1induction, there
remained a 3 fold rate enhancement for hydrolysis of (X)
wvhich was attributed to the juxtaposition of the positive
charge to the developing negative charge on the oxygen.
This deduction was supported by the observation, that the
rate of nuclecphilic attack by anions on (X) was markedly
accelerated by increasing the dioxane content in the aque-
ous 8solvent, whereas (XI) remained unchanged or slightly
decreased.

While measuring rates of alkaline hydrolysis of a
series of  meta- and para- substituted ethyl-Z -
phenylpropionates in 87.8% ethanol-water, Fuchs and Caputo
(53) found that the m-(CH3)3N+ ester yielded an unexpect-
edly higher rate constant than would be attributed to the
slightly shorter inductive pathway (compared to para iso-
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mer). They attributed this to the high reactivity of a
few molecules that exist in conformation XII at any given
time, and would allow stabilization of the transition

state formed from hydroxide attack (XIII).

+ -
@-» ~N(CHy)5---0 +on

N dég\OEt OEt

(CH3)3 R
(X11) (X111)
P.Y. Bruice and H. Mautner (54) found rate enhance-
ment during hydrolysis of benzoylcholine (XIV) in aqueous

buffer solution (pH > 11). -

+
CgHgCOOCH,CH,N (CH3)3
(X1IV)

They also claim that this phenomenon is due to electros-
tatic interaction between the positive charge on the ni-
trogen and the developing negative charge on the carbonyl
oxygen, which results in transition state stabilization.

Hajdu and Smith (55) presented evidence for consider-
able electrophilic activation (approximately 1000 fold) of
the carbonyl group by the quaternary ammonium group of 2-
[ (p-nitrophenoxy)carbonyl]benzyl- trimethylammonium
bromide (XV) in acetonitrile.
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+
CHZN(CHB)B Br

&

“OPhNO,-p
(XV)

Aprotic organic solvents allow considerably greater elec-

trostatic interactions than aqueous solvent systems.

Results of Rate Constant Determinations for Aminolysis

Reactions in 95.3 Mole ¥ Dioxane-Water

The kinetic data obtained in 95.3 mole % dioxane-
water (0.556 M in water), at amine concentrations at least
10 times less than the ambient water concentration, have
shown the rate equation to consist of a single second ord-

er term (with exception of the reaction of IV and V).
Rate = k, (Ester)(Amine) (eqn 5)

These results were verified at two amine concentrations
and by separate product analysis runs which yielded 100%
recovery of product amides. Table 2 contains second order
aminolysis rate constants for each ester (with the excep-

tion of charged ester IV and TBAT (V)).
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TABLE 2 Second Order Rate Constants (k,) for Aminolysis
Reactions in 95.3 Mole % Dioxane-Water (25°C).

Ester Amine k, (lmole"1 sec'1)d
IV Benzylamine(VII) 0.242% + 0.008
VI TBAT(V) 0.682° + 0.024
VI Benzylamine(VII) 0.00421c + 0.00024

a) average of six runs determined over amine conc. range

of 2.52 x 10~ - 3.0 x 10™2 M.

b) average of five runs determined over amine conc. range

of 1.53 x 100 - 1.400 x 10~2 M.

c) average of five runs determined over amine conc. range

of 5.00 x 10> - 5.00 x 10~2 M.

d) uncertainties given as the standard deviation of the

mean

The aminolysis of charged ester IV by TBAT (V) was
found to be too fast for conventional kinetic measurement,
and initial rates were therefore determined by the
stopped-flow technique. This special case did not follow
simple second order kinetics, and is throughly discussed

in the following section.
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The Aminolysis of p-Nitrophenyl-7 -Trimethylammonium

Butyrate Fluoborate (IV) by Tetra-n-Butylammonium

Taurinate (TBAT,V) in 95.3 Mole ¥ Dioxane-Water

I propose that the reaction of charged ester IV with
TBAT (V) 1in 95.3 mole % dioxane-water (D = 2.53, 25 °C)

proceeds through the route depicted in Scheme 3.

K,(TBAT)

K

IV + TBAT(V) <===> RIP + Selt <(===>T Products

Scheme 3

RIP = p-nitrophenyl-7 -trimethylammonium
butyrate - taurinate ion pair
Salt = tetra-n-butylammonium fluoborate ion pair

I:_= quadrupolar tetrahedral intermediate

Each pathway (k1 or k2) in Scheme 3 leads to formation of
identical products (N-(2-ethylsulfonate)-7 -trimethyl-
ammonium butyramide ((033)3N+CH2CH20HZCONHCHZCHZSOE),
p-nitrophenoxide 1ion, taurine (Hgncnzcazsog) and P~
nitrophenol).

The mechanism I proposed in Scheme 3, is quite simi-
lar to the one proposed by Menger (39,40) for aminolysis
of esters in aprotic organic solvents. Since both mechan-

isms include a rate determining step in which a second
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molecule of amine assists in proton removal from the
tetrahedral intermediate, I will_consider the breakdown of
the tetrahedral intermediate in my mechanism to be rate
determining as does Menger in his (see introduction for
evidence Menger used in forming this conclusion). The
only difference in the mechanism that I propose from that
of Menger's is the counterion exchange equilibrium (K)
which precedes formation of my tetrahedral intermediate
(T*). This equilibrium is responsible for the formation
of the reacting ion pair (RIP).

From the results of a separate investigation of the
p-nitrophenol-p-nitrophenoxide equilibrium constant (see
Part II of this work) in the presence of TBAT (V), I found
that "free" 1ions or large ion aggregates do not exist as
independent kinetic species in 95.3 mole ¥ dioxane-water.
In accord with my derived equilidbrium expression, every
ionic species exists as a member of an ion pair, and
therefore, ion pairs are treated as single kinetic
species.

The reacting ion pair (RIP) will therefore be treated
as a single kinetic species throughout all further kinetic

evaluations.

Derivation of RIP Concentration

An equation can now be written expressing K (Scheme
3) as a function of the initial charged ester (IV) and am-

ine (V) concentrations, and the equilibrium concentration
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of RIP (assuming that during the initial stages of the
reaction [RIP] = (Salt]).

_[r1p)?

£ TE 401 - RIPI[Agy,; - RIP]J (eqn 5.1)

RIP = reacting ion pair concentration

E initial concentration of charged ester

stol
(IV)

A initial concentration of TBAT (V)

stoi

The concentration of RIP at any given value of X, can be

expressed by equation 5.2.

'K[Estoi + Astoi]
(rIP] = 2T = X)

2 2
k4 'V/K [Egtor + Agto1l” + 4K(V = K)(Egy s (Agyog)
5T =K

(eqn 5.2)

For the special case when K equals one, equation 5.1
reduces to the following simple expression for the RIP

concentration.

[Eetoi]“stoi] (eqn 5.3)

[RIP] =
stoi * Agtoid
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The Tetrahedral Intermediate

Scheme 3 proceeds through equilibrium formation of
the quadrupolar tetrahedral intermediate found in figure

1I

+

o

é""OPhNO‘?-p
BYNH

R
Figure 1

One stable conformation of  this quadrupolar
tetrahedral intermediate would allow through-space elec-
trostatic interactions between ;he negatively charged car-
bonyl oxygen and the quaternary ammonium group. In addi-
tion a second interaction can occur simultaneously which
involves a hydrogen bond between a sulfonate oxygen and a
hydrogen bond to the secondary ammonium group. Both of
these interactions occur through formation of stable six
member ring structures.

Through-space electrostatic interactions have been
previously shown to accelerate both aminolysis (1.7 fo1d)
and hydrolysis (4.8 fold) of charged ester IV in water
(see preceding sections). We therefore must assume a
strong likelihood of this interaction occurring in 95.3

mole % dioxane-water. The contribution to the rate ac-
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celeration due solely to this type of elecrostatic ca-
talysis (Figure 1) can not be separated from other types
of catalysis present during these aminolysis reactions {in
95.3 mole % dioxane-water. Other factors contributing to
rate acceleration (when charged reactants are present)
will therefore be briefly discussed.

There exists a through-bond inductive effect of the
quaternary ammonium group which will accelerate the amino-
lysis of charged ester IV (over uncharged ester VI) with
either amine. The magnitude of this effect in 95.3 mole %
dioxane-water can not be assumed equal ¢to its magnitude
previously estimated in water.

Formation of a dipolar tetrahedral intermediate from
neutral reactants necessitates the formation of charge
from uncharged reactants. Therefore, this process will
not bYe favorable in solvents of low dielectric constant.
In the cases where charge is already present (on either
reactant) in the reaction mixture, the reactants are at a
higher energy level than in corresponding neutral cases,
thereby, 1lowering the activation energy of the process. A
conclusion that can be drawn from this reasoning is that
when charge 1is present in either reactant (or both), the
rate of reaction will be faster than when charge 1is not
present. The magnitude of the rate acceleration due to the
presence of a charged amine in the reaction mixture is not

necessarily equal to that of a charged ester. From the
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data available, it therefore becomes impossible to
separate the catalysis due to electrostatic interaction
(Figure 1), through-bond induction, and 1lowering of the
activation energy of the process in the presence of
charged reactants.

At the present time there are no data bearing on the
merits of a two step mechanism involving a tetrahedral in-
termediate over a direct displacement mechanism in aprotic
organic solvents. However, the existence of addition in-
termediates are common in acyl transfer reactions in water
(69-72). Mechanisms involving tetrahedral intermediates
for ester aminolysis and methanolysis in hydroxylic sol-
vents have been detailed by Jencks (73-76). From these ob-
servations Menger and others <favor the existence of a
tetrahedral intermediate in aprotic organic solvents (39,

40, 77, 18).
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Determination of the Rate Expression for Aminolysis of

Charged Ester IV by TBAT (V) in 95.3 Mole ¥ Dioxane-Water

The reaction pathway depicted in Scheme 3, in which
breakdown of the tetrahedral intermediate (T’) is rate

determining, would correspond to the following rate law.
* ' *
rate = k[T ] + x [T ]J[TBAT] (eqn 6)

(where [TBAT] is the free amine concentration; [TBAT] =

[TBAT - RIP))

stol
The second order term k' in equation 6 1involves a
second molecule of amine accepting the proton from the ni-
trogen of a (Figure 1), thereby impairing the back reac-
tion of the intermediate.
The equilibrium expression for K' (equilibrium for

formation of T*) in Scheme 3 can be written in the follow-

' - _Ll

" [RIP]

Equation 6.1 can be rearranged to yield an expression for

the T* concentration.
(%] = x [RIP] (eqn 6.2)

If we now substitute equation 6.2 into equation 6, the

rate expression can be written as a function of k, k', k'

and the concentrations of RIP and TBAT(V).
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rate = kK [RIP] + X K [RIP][TBAT) (eqn 6.3)

On combining the constants in eqﬁation 6.3, a rate expres~
sion is derived for my proposed mechanism (Scheme 3), in
which the RIP concentration is crucial to the evaluation

of both rate constants.
rate = k1[RIP] + kz[RIP][TBAT] (eqn 6.4)

Since the RIP is treated as a single kinetic species
(whose concentration is a function of K and the initial
ester and amine concentrations (eqn 5.2)), the X, rate
constant has the units of eec'1 (first order), while the

-1

k, rate constant has the units of 1 mole"sec (second

order).

Determination of the Counterion Exchange Equilibrium

Constant (K)

Scheme 3 contains <three constants (K, k1, and‘kz)
that must be evaluated in order to fully explain the
kinetic behavior of this reaction. This section contains
two methods which we derived to evaluate the counterion
exchange equilibrium constant (K). The first method con-

sists of an empirical derivation, while the second is

purely speculative.
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Method 1

Comparison of the kinetic behavior of the reaction
found in Scheme 3 at both extremes of amine concentration
led to some interesting observations. At high amine con-
centrations (SF1 and SF2), doubling the amine concentra-
tion yielded only a 7.8 # difference in rate constants
(assuming K = 1.4 for the time being) determined by simple
second order kinetics (rate = kz[RIP][TBAT]), while for
the same runs first order kinetics (rate = k1[RIP]) yield-
ed rate constants that differed by 87 # (Table 3). These
facts indicate that at high amine concentrations (high
"free" amine concentrations), a fair approximation of the
reaction rate can be calculated using a single term bi-

molecular rate law.

b

TABRLE 3 First” and Second® Order Rate Constants Determined

at High and Low Amine Concentrations

Ester Amine 2nd Order 1St Order
Conc. Conc. Rate Rate
Run #  (10°) (10%) Const®:d Const?*d
SF1 4.9208 5.5322 44.58° 0.2444
SF2 4.9208 2.7661 48.07° 0.1306

K174 1.1463 0.011540 3.584 x 10° 1.902 x 10~2
K163 1.6160 0.021276 1.699 x 10° 1.927 x 10~

a) rate

X, (RIP)(TBAT)
k, (RIP)

b) rate
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c) Eight percent difference in second order rate constants
due primarily to small amount of unimolecular reaction
which is occurring.

d) Based on total rates calculated at K = 1.4. In each
case above, K163 was the only one in which experimentally
determined rates differed from calculated rate by greater

than 3.2 %.

At low amine concentrations (K174 and X163) doubling
the 1initial amine concentration yielded only a 1% differ-
ence in rate constants determined by first order kinetics
(rate = k1[RIP]), while for the same runs, second order
kinetics (rate = kZ[RIP][TBAT]) yielded rate constants
that differed by 110 % (Table 3). These facts clearly in-
dicate that at very low amine concentrations (low "free"
amine concentrations), the reaction rate can be approxi-
mated quite accurately using a single term unimolecular
rate law. From the observations above the following gen-
eralizations can be derived.

At low amine concentrations the two term rate law
proposed for the reaction in Scheme 3 can be simplified to

the following single term expression.
rate; = k1[RIPL] = k,f(K,Ar,B) (eqn 7)

(subscript L signifies a "low" amine concentration run

(X174))

In equation 7, RIPL is expressed as a function of the
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equilidbrium constant K, and the initial amine (AL) and the
ester (EL) concentrations. The first order rate constant

(k) can therefore be expressed as

rateL

Ky = FRTALED (eqn 7.1)
'L YL
At high amine concentrations the two term rate 1law

for the proposed reaction in Scheme 3 can be simplified to

the following single term expression.
ratey = kz[RIPH][aH] = sz(K,AH,EH)[aH] (eqn 7.2)

(subscript H signifies a "high" amine concentration run
(sF5))

In equation 7.2, ag is the "free" amine concentration.
Therefore, the second order rate constant (k2) can be ex-

pressed as

rateH

k2=lﬁgﬂkJ§@J

(eqn 7.3)

At some intermediate amine concentration the two term
rate law for the proposed reaction in Scheme 3 can not be

simplified, and is therefore expressed as follows
rate; = k,[RIP;] + k,(RIP;]{a;] (eqn 7.4)

(subscript I signifies some "intermediate" amine concen-
tration run)

. On substituting equations 7.1 and 7.3 into equation 7.4,
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the following expression for the intermediate rate can bde

derived.
rate. - rate; x f(K.AI.EI) . rateg X f(K,AI,EI) x a;
1 f(k,rL.EL) By X f(k'AH-J'EHT

(eqn 7.5)

Equation 5.2 (peg 22) has already been derived , which
expresses the RIP concentration as a function of K and the
initial amine and ester concentrations.

Attempts to solve equation 7.5 for K are fruitless
due to the quadratic nature of all the functions above.
However, we can calculate values of rateI over a wide
range of K values for each intermediate amine concentra-
tion run, and compare these calculated rates to the exper-
imentally determined rates. This method would allow us to
determine the best K value, by finding the minimum in the
mean percent difference 1in calculated rate; values from
the experimentally determined rates, over all the inter-

mediate amine concentration runs (Table 4).
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TABLE 4 Mean Percent Difference a,b at Various K Values

K Mean £ Difference
0.05 11.3
0.2 8.54
0.8 4.63
1.1 4.29
1.3 4.15
1.4 4.09
1.5 4.11
2.0 4.22
3.0 4.63
6.0 5.48

10.0 6.14

calc. rateI - exper. rateI

a) % Diff = x 100 %

exper.rateI

b) Mean of 9 intermediate amine concentration runs.

The mean ¥ differences determined above reached a
minimum at K = 1.4. Therefore, throughout the entirety of
this work the value of the counterion exchange equilibrium

constant (K) will bve 1.4.

Method 2

A second method to determine the magnitude of X was
derived from information gathered from the literature con-
cerning dissociation constants of quaternary ammonium

salts in solvents of low dielectric constant.



Part I Results and Discussion page 33

The equilibrium denoted by K (in Scheme 3) is merely
an exchange of counterions. I will be therefore more ex-

plicit and redefine K as K___, (exch = exchange) for the

exc
purposes of this derivation. Since only initial rates will
be determined for this reaction, the equilidbrium equation

for Kexch can be written

h

+ - ' + ex

RN'(CHy)5---BF, + R 803---Bu,N* <===

+ ' o= + -
RN*(CH;)5---R SO3 + Bu,N'---BF,

(eqn 8)

[RN*(CH.)x R SOZ][Bu,¥* BF])

Kexch = + 23 2 ' t i

[RN (CH3)3 BF4][R 503 Bu,N ]

(eqn 8.1)

R = p-0,NCgHg00C(CH,) 5~
]
R = H,NCH,CH,-

This exchange equilibrium is only valid during the
initial s8tages of the reaction, when product concentra-
tions are insignificant. As product concentrations in-
crease and compete with reactants for ion pairing sites,
equation 8.1 is no longer valid. The individual dissocia-

tion equations for each ion pair found in equation 8 are
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+ 's0= <idl, gyt 's0=
RN*(CHg)5---R 803 <==<> RN (CHy)5 + R 803  (eqn 9)
Bu,N*---BF7 <5¢3> Bu,Nt + BF] (eqn 10)

4 4 °=7° 4 4 q
RN (CH,)x---BF; <59§> RNY(CH,)x + BF] (eqn 11)

3’3 4 3’3 4
Bu,N'---R'50> <=9% Bu.N* + R'SO: (eqn 12)
4 3 "ETE7 Py 3 1

with corresponding expressions for each equilibrium con-

stant.

+ '™
_ [RN (cn3)3][n ?oz]
[RN*(CH3)3---R 503 ]

Ka1

(eqn 13)

[Bu4N+][EFZ]

K., =
a2 + -
[Bu4N ---BF4]

(eqn 14)

. [RN*(CH3)3][BF;]
3 [RN*(CHy) 5~--BF, ]

(eqn 15)

[Bu4N+][R'SOS]
d4 - [Bu4N*---R'so§]

(eqn 16)
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On substituting equations 13, 14, 15, and 16 into
equation 8.1, an expression is derived which relates Kexch

to all the individual dissociation constants.

X (Kd3)(Kd4)
exch = (Kd1$(Kd25

(eqn 17)

A comparison of ion pair dissociation constants (Kd)
of quaternary ammonium salts in a variety of solvents is

found in Table 5.
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TABLE 5 Kd Values for Ion Pair Dissociation of Quaternary

Ammonium Salte in Various Organic Solvents (25 °c).

Solvent (D)b Salt Ka (M-1) Reference
Anisole Bu,N*P17° 1.09 x 10~9 56
(4.30) Bt NP1 9.55 x 10~10 56
Ethylene- Am,N*P1™ 2.40 x 1074 59
Chloride (10.23) Bu, N*P1™ 2.28 x 1074 58

AcChol*pi~® 1.96 x 10~4 57

Et,N*Pi™ 1.59 x 10~4 59

Et4N+No§ 0.74 x 1074 59

Bu,N*N03 1.18 x 104 59

o-Dichloro- Bu,N*P1” 1.92 x 1072 60
benzene (9.94) Et,N*Pi™ 1.2%3 x 1072 60
Acetone (20.7) Me,N*P1” 1.12 x 1072 61
Et,N*Pi” 2.23 x 1072 61

Bu,N*P1” 1.75 x 10~2 62

Nitrobenzene Me4N+Pi' 4.00 x 10'2 63
(34.8) Et,N*P1” 3,02 x 10™2 56
Bu, NP1~ 7.67 x 102 56

Triphenyl- Me4N+Tos'd 0.267 x 1078 64
phosphite (3.75)  Et,N*Tos™  38.64 x 1078 64
Pr,N'Tos”™  37.27 x 10~8 64

Bu4N+Tos' 33.36 x 10~8 64
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a) K, corresponds to the reaction R4N*x‘ {===) R4N+ + X"
b) D signifies the dielectric constant of the solvent
given by authors in reference.

c) Pi esignifies Picrate.

d) Tos signifies p-toluenesulfonate.

e) AcChol = acetylcholine (IX)

A generalization that can be drawn from Table 5 |is
that the relative difference between dissociation con-
stants of tetra-ethyl and tetra-n-butyl quaternary ammoni-
um picrates decreases as you move to lower dielectric con-
stant solvents. A comparison of Bu4N+, acetylcholine (IX),
and Et4N+ picrates in ethylene chloride (D = 10.23) yields
dissociation constants (Kd) of 2.28 x 10'4, 1.96 x 10'4,
and 1.59 x 1074 w~! respectively.

+
(cn3)3n CH,CH,00CCH,
(1x)

There exists a 43% difference between Kd values for Bu4N+
and Et4N+ picrates, with acetylcholine picrate lying ap-
proximately midway between the two. In anisole (D = 4.30),
Bu4N+ and Et4N+ picrates have dissociation constants of
1.10 x 1072 and 9.55 «x 10~10 M'1, respectively. The
difference between Kd values has now dropped to only 15%.
Since acetylcholine (IX) picrate has structural simi-

larities to charged ester IV (with IV having slightly more
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hydrophobic character because of the presence of the ben-
zene ring). I therefore propose that the cation of charged
ester IV will have similar electrostatic effecte on a
counterion as Bu4N+ ion, 1in solvents of low dielectric
constant.

From this assunmption the ion pair dissociation con-
stants of Bu4N+ and charged ester IV salts of identical
counterions should be quite similar in identical solvent
systems.

This relationship between dissociation constants of
each fluoborate (Kd2 and Kd3) and each taurinate
(Kd1 and Kd4) salt can be expressed mathematically by
equatione 18 and 18.1, respectively.

Ko = mKys (eqn 18)

Each of the above expressions include a factor m or n,
which are equal to the quotients of their respective dis-
sociation constants. From the assumptions we made above,
the ratios of the dissociation constants of the fluoborate
(Kgp/Kq3) and taurinate (K4,/Kqq) salts in identical sol-
vents should be approximately equal. Therefore, the fac-
tors m and n should be approximately equal. Substitution
of equations 18 and 18.1 into equation 17 yields a X

exch
value of 1 (eqn 19).
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Kd3 x an1

K = =D =
.. x K n
exch a1 X mKd3 m

(eqn 19)
It is therefore reasonable to assume from the deriva-

tion above, that K = 1 is a good approximation of the

counterion exchange equilibrium constant.

Determination of Rate Constants (k1 and k2)

Since we have determined the counterion exchange
equilibrium constant ¥ to be 1.4, this leaves only the
determination of both rate constants to complete our in-
vestigation of the reaction in Scheme 3. Equation 6.4 can

be rewritten in the form
initial rate = [RIP] (k, + k,[TBAT]) (eqn 20)
(where [TBAT] = the "free" amine concentration)

By rearranging equation 20 into the form of y = mx + Db,
one can now evaluate both k1 and k, from the initial ester
and amine concentrations, the initial rate (determined by
stopped-flow method), and the free amine concentration

([TBAT] = TBAT - RIP).

stol

initial rate _
TP = kz[TBAT] + ky

(egqn 21)

A plot of initial rate/RIP versus the free amine con-
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centration [TBAT], yields a slope of k, and a y-intercept

of k Table 6 contains experimentally determined initial

1.
rates (stopped-flow method) and calculated RIP concentra-

tions for my kinetic runs at X = 1.4.
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TABLE 6 Initial Rates of Aminolysis Reaction of

page 41

Charged

Ester IV by TBAT (V) in 95.3 Mole ¥ Dioxane-Water (25 °C)

Egroy (M Agpoy (M RIP (M Initial Rate ,

Run # (10%) (10%) (10%) Msec™! (10°)
sF1P 4.9206 5.5322 4.8896 11.947
sF2® n 2.7661 4.8587 6.2773
SF3P " 1.1064 4.7674 2.9964
SF4° " 0.5532 4.6200 1.8870
SF5° 5.3332 5.9957 5.2994 13.930
SF6P " 0.5996 5.0073 2.1943
sF7P 5.2269 2.2877 5.1424 5.9810
srgP " 3.8222 . 5.1761 8.7871
SFgP " 1.1438 5.0596 3.5511
SF10P " 1.9111 5.1260 5.2420
SF11P " 0.7644 4.9791 2.0477
sF12° " 0.5719 4.8991 1.4211
K174¢ 1.1463 0.01154 0.6233 0.1149
K163° 1.6160 0.02127 0.9938 0.2157

a) corrected for p-nitrophenol - p-nitrophenoxide equili-
brium in the presence of TBAT (see equation 42 in part II
of this work).

b) initial rates determined by stopped-flow method at 400

nme.

c) rates determined on Cary 17 at 310 nm over <first 20%

reaction.
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d) RIP concentration determined at X = 1.4

e) E initial charged ester IV concentration

stol

A initial TBAT (V) concentration

stoi

When K = 1.4, the values determined from a 1least
square fit of the experimental data (equation 21) for
k, and k, are 41.15 + 0.75 1 mole” 'sec”™', and 1.880 + 0.20
x 1072 sec'1, respectively. The error in slope and y-
intercept are expressed as their standard deviation. A

plot of this data can dbe found in Graph 1.
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If we now recalculate k1 and k2 for values of ¥ from
0.1 =~ 10 (Tadble 7), it turns out that k, changes only 2%

over this range, while k, changes by a factor of 2.5.

TABLE 7 Variations in k2 and k, at Various X Values.

kK k2'® (1mole™ sec™’) kP (sec!)(107)
0.10 40.82 +1.09 3.913 +0.29
1.4 41.16 +0.75 1.880 +0.20
10.0 41.53 +0.74 1.592 +0.20

a) rate = k, (RIP](TBAT] + Xk, [RIP]

b) k, and k, were determined by plotting
initial rate / RIP verses the free amine concentration.

Uncertainties given as the standard deviations of slope

and y-intercept.

The apparent lack of sensitivity of k2 to a change in
K is a consequence of the second order term
(kz[RIP][TBAT]). As the RIP concentration increases (with
increasing ¥K), the TBAT concentration decreases. There-
fore, each of these influences counteract the other and
the k2 term remains constant.

The 2.5 fold decrease in k, as we change K from 0.1 -
10 is a consequence of the first order term (k1[RIP]).
From the k; term the RIP concentration is expected to have

a recipocal relationship to the rate constant (k1).
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Therefore, the 2.5 fold change in k, is approximately the
average change in RIP concentration over all my runs.

In order to determine the kinetic Importance of each
term in equation 6.4 on the overall rate of reaction, I
compared calculated rates (from calculated rate constants)

of each term with the total rate (Table 8).



TABLE 8 Comparieon of Single Term Rates Versus

Total Calculated Rates

geaction of Charged Ester IV and TBAT V in 95.3 Mole ¥ Dioxane-

water (25°¢C ,
Rate Rate Total? k, term
Estoi Aetoi k, term k2 term Rate as % of
Run # (107) (10%) (107) (10%) (10%) Total Rate
SFi 4.9206 5.5322 9.1926 11.034 11.953 7.30
SF2 " 2.7661 8.627 5.1370 5.9997 14.4
SF3 " 1.1064 8.963 2.0772 2.9735 30.1
SF4 " 0.5532 8.686 0.9640 1.8326 47.4
SF5 5.3332 5.9957 9.963 12.961 13.957 7.14
SF6 " 0.5996 9.414 1.1323 2.0738 45.4
SF7 5.2269 2.2877 9.668 4.7327 5.6995 16.7
SF8 " 3.8222 9.731 8.0318 9.0049 10.8
SF9 " 1.1438 9.512 2.2763 3.2276 29.5
SF10 " 1.1 9.637 3.9235 4.8867 19.7
SFi11 " 0.7644 9.361 1.4643 2.4004 39.0
SF12 " 0.5719 9.210 1.0543 1.9753 46.6
K174 1.1463 0.01154 1.172 0.00136 0.11856 98.9
K163 1.6160 0.02127 1.868 0.00463 0.1915 97.6

I 3384
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a) This is not the obeerved rate, but the total rate cal-
culated from the k1 and k2 values determined from all the

observed rates.

The results in Table 8 clearly demonstrate that the
major contributing term in my proposed rate law (equation
6.4) continuously shifts toward the first order term (k1)
as the ratio of initial amine to ester concentration ap-
proaches one.

When large disparities exist between the initial am-
ine and ester concentrations (ie. SF 1, 5, and 8), the ma-
jor coniributing term to the overall rate is k,. There-
fore, the reaction appears to be second order.

When the initial amine and ester concentrations are
approximately equal (K174 and K163) the major contributing

term is now the first order term k1.

The Effects of an Added Salt on the Reacting

Ion Pair (RIP) Concentration.

In order to substantiate the existence of a reacting
ion pair (RIP), an experiment was carried out to determine
the effect that an added salt would have on the rate of
reaction of charged ester IV and TBAT V (K122). My assump-
tion was that the addition of a non-reactive salt with a
comparable ion pair dissociation constant to charged ester
IV would adversely effect the initial equilibrium X

(Scheme 3) and thereby decrease the rate of reaction. This
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competition for ion pairing sites will exert its maximum
influence on the equilibrium constant when the initial es-
ter and amine concentrations are approximately equal. The
salt chosen for this purpose was N-Benzyl- 7 -
Trimethylammonium Butyramide Fluoborate (XVI) (see experi-

mental for preparation).

BF4

+
(CH3)3N CH2CH2CH2CONH03206H5

(XVI)

When XVI was present as a 3.5 fcld excess over the initial
ester concentration in the reaction mixture, the observed
rate over the first twenty seven percent reaction was
found to be 7.570 x 10~> M sec™' (dp/dt). The initial rate
calculated from the experimentally determined k1 and k2 at
the same initial concentrations of eater and amine was
2.087 x 10~7 M sec™! (assuming no competion for ion pair-
ing sites).

1f the formation of the RIP was not important, we
should have observed a s8light increase in the rate of
reaction in the presence of added salt. This increase
would be due to stabilization of the dipolar intermediate
III proposed by Menger for aminolysis reactions (see in-
troduction) when the ionic strength of the solvent is in-
creased. The fact that the rate 1is suppressed indicates
that ion pair #formation (RIP) is a crucial step in the
reaction of charged ester IV and TBAT (V) in 95.3 mole ¥
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dioxane-water.

The Efficiency of the Ion Pair Reaction

In order to adequately determine the magnitude of the
catalysis present in the ion pair reaction (charged ester
IV and TFAT(V)), a method had to be found which would al-
low us to compare the first order rate constant (k1) ob-
tained in the ion pair reaction, to +the various second
order aminolysis rate constants determined in this work.
Since no direct comparison of first and second order rate
constants is possible, the method of calculating effective
molarities used by Bruice and Benkovic (7) became my only
alternative.

Effective molarity was utilized by Bruice as a simgle
method of determining the efficiency of intramolecular am-
inolysis reactions over analogous bimolecular reactions.
The value calculated for the effective molarity was con-
sidered the hypothetical concentration of amine necessary
in the bimolecular reaction, to give a pseudo-first order
rate constant equivalent to the true rate constant for the
intramolecular reaction (see introduction for examples). A
rough approximation of the efficiency of the 1ion pair
reaction may be calculated by dividing the first order
rate constant determined in the ion pair reaction, by each
gsecond order rate constant of its bimolecular analogs

(Table &.1).
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TABLE 8.1 Determination of Effective Molarities of the Ion

Pair Reaction by Comparison to Bimolecular Analogs.

Bimolecular Analog Effective Molarity (M)
1) PNPH® + Benzylamine(VII) 4.5
2) PnPBY + Benzylamine(VII) 7.8 x 102
3) PNPH® + TBAT(V) 2.8 x 1072
a) PNPH = p-nitrophenyl hexanoate (VI)

t) PNPB = charged ester (IV)

Cases 1, 2, and 3 in Table 8.1 yield effective molar-
ities for each amine of 4.5, 7.8 x 1072, and 2.8 x 1072 M
respectively. This can be considered the hypothetical
concentration of amine necessary in bimolecular reaction,
to give roughly equal rates to the ion pair reaction. Com-
parison of these effective concentrations of amine for
each bimolecular analog to the amine concentration present
in the reacting ion pair (RIP), which has 2 maximum of ap-
proximately 5 x 1072 M, leads to rough estimates of the
catalysis due to the ion pair mechanism (Scheme 3). The
magnitudes of these rate enhancements are 9 x
104, 1.6 x 103, and 560 for cases 1, 2, and % respective~
ly. No decision will be made concerning which case 1in
mTable 8.1 is the best bimolecular model of the ion pair
reaction. However, the results clearly demonstrate that in
all cases, large rate enhancements are occurring due to

pre-equilidbrium complex formation of reactant molecules
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via electrostatic attraction.

Single Term Rate Laws

The data up to this point strongly indicate that the
kinetic species represented as the reacting ion pair (RIP)
is essential to correct kinetic evaluations. Single term

rate laws of the type:

(A) rate = k (RIP)
(R) rate = k"(RIP)(amine)
(C) rate = k"'(RIP)(amine)2

were evaluated using the experimental data. Rate laws (A)
and (B) above gave good results at only one extreme of the
amine-ester concentration ratio. Rate law (C) gave total-
ly absurd results over the entire concentration range. -
The two term rate law (eqn 6.4) seems to best explain
my experimental results at either extreme in amine concen-

tration.

Comparison of Charged Ester IV to Acetylcholine

Acetylcholine (IX) is synthesized in biological sys-
tems and stored in membrane bound vesicles, termed synap-~
tic vesicles. When a potential gradient ¢traveling along
the surface of an axon reaches these synaptic vesicles,
the vesicles rupture, releasing acetylcholine molecules.
The acetylcholine diffuses across the synapse to receptor
sites located in the post synaptic membrane. The presence

of acetylcholine causes an influx of sodium ions through
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the axon membrane, followed by an outflux of potassium
ions (65). This produces a small potential gradient which
is propagated along the surface of the axon. Along with
its importance as a neural transmitter, the speed at which
acetylcholine is deactivated after its function has been
completed is also crucial. This degradation is accom-
plished by the enzyme acetylcholine esterase along with
other enzymes (66). The speed at which complete hydrolysis
of all the acetylcholine molecules occurs ‘in the presence
of enzyme) is less than one hundred microseconds, faster
than any neural event.

The electrostatic binding action (ion pair fcrmation)
of taurinate (V) anion to charged ester IV, can be roughly
compared to the action of the enzyme acetylcholine
esterase. This enzyme is known to have an active site in
which the cationic end of the acetylcholine interacts with
a negative charge (carboxylate group) found at the enzyme
active site, while the ester function 1is positioned for
attack by a nucleophile (imidazole) also contained at the
enzyme active site (26, 28, 67).

During the enzymatic reaction, intimate contact
between enzyme and acetylcholine can only occur if there
exists a closely defined spacing between interacting
groups (68). If one now compares the spacing between the
quaternary ammonium group and the carbonyl group of ace-

tylcholine to that of charged ester IV (and its 2-
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ethylsulfonate (XVII) and benzyl (XVI) amides), then each
can be considered an analog of acetylcholine.

Because of these structurel similarities, charged es~
ter IV and its 2-ethylsulfonate (XVII) and benzyl (XVI)
amides, may possess some inhibitory action on the enzyme
acetylcholine esterase in vitro (with possible diological

significance).
(CH3)3.‘:+ CH,CH,CH,CORHCH,(H,S03
(XVIT)

Product Analysis Runs

The products and their yields formed in various ami-
nolyses, were checked by conducting preparative scale
reactions whose concentrations simulated as far as possi-
tle those of the kinetic experiments. The rcactions were
allowed to sit for several half-lives (determined from
kinetic runs) to insure that each went to completion.

Each product amide wa3 synthesized and purified in
order that standard solutions could be prepared. Analyses
were carrried out by reversed phase high pressure 1liquid
chromatography (see experimental for details). No hydro-
lysis of product amides was detected when controls con-
taining known amounts of amide in aqueous amine solutions
were worked up in a similar manner to product determina-

tion runs.
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Aminolysis Reac-

tions
Ester Amine Solvent Recovery (%)
IV TBAT D-W 100
Iv Sodium taurinate Water - 8
IV Benzylamine D-w 100
IV Benzylamine Water 19 b
VI TBAT D-W 100
VI Sodium taurinate Water -—- 8
VI Benzylamine D-¥ 07
VI Benzylamine Water 78 ©

a) HPLC analysis useless in presence of large

Sodium taurinate.

amounts of

b) Theoretical percent amide in product mixture from cal-

culated rate constant equals 23.

¢) Theoretical percent amide in product mixture from cal-

culated rate constant equals 77.

d) D-W

95.3 mole ¥ dioxane-water
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Conclusion

The following conclusions can te drawn from the ex-
perimental results found 1in this work concerning amino-
lysis reactions in water and 95.3 mole ¥ dioxane-water.
1) There exists a rate enhancement for both aminolysis and
hydrolysis of charged ester IV in water, due to in-
tramolecular charge stabilization of its dipolar
tetrahedral intermediate by the neighboring quaternary anm-
monium group (VIII, pg 12).
2) The aminolysis of charged ester IV by TBAT (V) was
found to proceed through the route depicted in Scheme 3
(pg 20). The first step of this reaction consists of
equilibrium formation of a reacting ion pair (RIP). The
kinetics provide evidence of its existence as a viable
kinetic species. This equilibrium constant was evaluated
and found to be 1.4. The next step in the reaction was
equilibrium formation (from RIP) of a tetrahedral inter-
mediate (Figure 1, pg 23), whose breakdown was considered
rate determining. This breakdown was found to occur by
either of two pathways. One pathway involved direct
breakdown of the tetrahedral intermediate to products,
while the other involved a second molecule of amine, which
assisted in proton removal from the tetrahedral intermedi-
ate prior to its breakdown. At low amine concentrations
this reaction appeared to go exclusively by first order

kinetics (rate = k,[RIP]), while at very high amine con-
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centrations appeared to proceed mainly by second order
kinetics (rate = k,[RIP]J[TBAT]). At intermediate amine
concentrations the reaction of charged ester IV and TEAT

(V) was found to obey the following two term rate law.
rate = k,[RIP] + kZ[RIP][TBAT]

%) The magritude of the catalytic influence of reacting
ion pair formation was estimated by calculating effective
molarities (k1 of the ion pair reaction divided by k2 of
the various bimolecular aminolysis reactions). This tech-
nique enables us to estimate rate enhancements of > 102
due to pre-equilibrium complex formation of reactant
molecules via electrostatic attraction. The presence of a

reacting ion pair (RIP) was recognized as an important

kinetic species, essential to correct kinetic evaluations.
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Experimental

Solvents

Water was deionized and filtered <through a Milli-Q
water purification system (Millipore Corp.), and then
deaerated by bubbling nitrogen gas through it for twenty
minutes. Purification of 1,4-dioxane (Baker Analyzed
Reagent) was accomplished by passing solvent through a 40
cn. (height) by 4 cm. (diameter) column of activated
alumina (Alcoa), and collecting under nitrogen. The diox-
ane was tested at one liter intervals for peroxides (2%
aq. K1), n20 = 1.4229 (11t (79): n2% = 1.4224). The 95.3
mole % dioxane-water was prepared by weight and deaerated
for twenty minutes with nitrogen. Acetonitrile (Aldrich)
was extracted with saturated aqueous K2003 and distilled
over P,0y, bp 80.0-80.5 °c (1i1t(80): bp 81.6 ©°C). The
dioxane, 95.3 mole ¥ dioxane~-water, and acetonitrile were
stored in brown glass containers under nitrogen, and used
within three days. Acetone, diethyl ether, methanol, ben-
zene, methylene chloride, hexane, petroleum ether, abso-
lute ethanol and ethyl acetate were reagent grade and were

used as obtained without further purification.

Materials
Melting and boiling points are uncorrected. Taurine
(Aldrich), was recrystallized from water and dried at 100

OC in vacuo. Benzylamine (Eastman) was purified by drying
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over KOH and then distilled from KORH in a glass apparatus
under nitrogen bp 180-181 °C (11t (81): bp 184.6-185.2 °C
(771 mn Hg)), n20 = 1.5441 (11t (82): n20 = 1.5438). Sodi-
um taurinate was prepared from recrystallized taurine in
the following manner. Taurine, 8.9952 g (7.18775 x 10~2
moles) was dissolved in 67.81 ml of 1.060 N NaOH (7.187 «x

1072

moles). Water was removed by vacuum distillation at
50 °C. The remaining oil was triturated with acetone until
it was completely crystalline, and collected. The cry-
stals were dried in vacuo at 100 °C. The equivalent weight
determined by titration with 0.0515 N HC1l to bromocresol
green endpoint (pH = 4.5) was 148.42 g/equiv. (calc
147.14). p-Nitrophenol (Fisher) was recrystallized from 2%
aq. HC1l and dried at 78 °C in vacuo, mp 113-114 ©°C (11t
(83): mp 114 °C). Crystals were stored in the dark under
nitrogen. Tetra-n-butylammonium bromide (Eastman) was re-
crystallized twice from a 3:1 by volume ethyl acetate-
ether solution and dried at 78 °C in vacuo, mp 118-119 °c
(14t (84): mp 118.0 °C). Butyramide (Eastman) was recrys-
tallized from benzene and dried at room temperature in va-
cuo, mp 115-116 °C (1it (85): mp 115.5-116 °C). The 2-
chloro-5-hydroxy toluene (Kodak) was recrystallized from
petroleum ether and dried at room temperature in vacuo, mp
65-67 °C (11t (86): mp 66 °C). Tetra-n-butylammonium hy-
droxide (Aldrich and Eastman) 40% w/v in water and 0.4 M

in water were used without purification. The following



Part I Experimental page 59

commercial reagents were used without further purifica-
tion: anhyd. sodium carbonate (Fisher cert. ACS), ammonium
nitrate (Baker Analyzed Reagent), silver(I)oxide (Baker
Analyzed Reagent), anhyd. calcium chloride (Baker puri-
fied), magnesium sulfate, anhyd. (Baker Analyzed Reagent),
sodium hydroxide (J.T. Baker), potassium carbonate (Baker
Analyzed Reagent), Norite-A (Matheson Coleman and Bell).
Micro analyses were done by Schwarzkopf Microanalyti-
cal Laboratory, Woodside N.Y. and MicAnal Microanalytical

Laboratory, Tucson, Arizona.

Spectra

NMR spectra were determined on a Varian Associates
model T-60 spectrometer. All chemical shifts are given in
terms of § scale relative to tetramethylsilane. IR spectra
were obtained with a Perkin-Elmer model 267 spectrophotom-

eter.

Computations

Kinetic calculations were carried out on an IBM 360-

50 computer and PL/C compiler.
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Preparation of p-Nitrophenyl-7 -Trimethylammonium

Butyrate Chloride and Fluoroborate Salts

A sample of 7T -butyrolactone CH,COOCH,CH, (Antara
Chem., GAF) was dried over anhydrous MgSO4 and distilled,
bp 203-205 °C (11t(87): bp 204 °C). A solution of 70 ml
(0.92 moles) of 7 -butyrolactone and 150 ml of absolute
ethanol was placed in a flask that was fitted with a drop-
ping funnel and a reflux condenser equipped with an
anhyd. CaCl2 drying tube, leading to a conc. aq. NaOH
trap. To this solution 90 ml (1.125 moles) of redistilled
thionyl chloride (Aldrich) was added dropwise with occa-
sional swirling of the entire apparatus. Upon addition of
all the thionyl chloride the mixture was heated at reflux
for sixteen hours (trap was removed after 4 hours). The
resulting solution was distilled, and 110 g (80% yield) of
ethyl- 7 -chlorobutyrate was collected, bp 184.5-185.5 °C
(11t (88): bp 186 °C). To 50 ml (0.357 moles) of ethyl-
“Y -chlorobutyrate in a two liter roundbottom flask was ad-
ded 750 ml (2.47 moles) of 3.833 M aq. trimethylamine (Al-
drich). Acetone was added to the two phase system until a
homogeneous solution was obtained. The roundbottom was
fitted with a condenser and allowed to stand at room tem-
perature for three days in the dark.

The acetone, trimethylamine, and water were removed
by vacuum distillation (10 mm Hg) at 100 °C until the

volume was reduced by approximately <two-thirds. Further
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vacuum distillation (1 mm Hg) was carried out at 50 °cC.
The white solid that remained was triturated with two 100
ml portions of anhyd. ether whereupon it became crystal-
line. A total of 52.4 g of white crystals were 1isolated.
' NMR analysis showed that the product was a mixture of
the chloride salts of 7 -trimethylammonium bdutyric acid
and its ethyl ester ((CHB)3N+0820H20H20008 and
(CHy ) 5N"CH,CH,CH,CO0CH,CHy) .

The product mixture was dissolved in 60 ml of 1 N HC1
and heated overnight on a steam bath. The water and HC1
vere removed by vacuum distillation (1 mm Hg) at 50 °C,
and a white s0lid was isolated. The s0lid was triturated
with two 50 ml portions of anhyd. acetone whereupon it be-
came crystalline. The crystals were dried in vacuo at 10C
°c, and 45.4 g (100% yield) of the chloride salt of 7 -
trimethylammonium butyric acid were collected, mp 208-212
°c (11t (89): mp 207-210 °c).

B' NMR (D,0): 3.6 (2H,t), 3.4 (9H,s), 2.8 (2H,t), 2.4
(2H,m).

IR (KBr): V 5 o = 1721 cn™ .

To 6.7 g (0.037 moles) of the dry chloride salt of
7 -trimethylammonium butyric acid was added 0.6 ml (0.082
moles) of redistilled thionyl chloride. The acid dissolved
completely within a few seconde. The roundbottom flask
vas fitted with an anhyd. CaCl2 drying tube and the mix-

ture was s8tirred for sixteen hours at room temperature.
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The excess thionyl chloride was removed by vacuum distil-
lation (10 mm Hg) at 30 %¢ pntil a viscous brown oil
remained. A 6.2 g (0.044 moles) sample of recrystallized
p-nitrophenol and 2 ml of nitrobenzene (Fisher Cert.
Reagent) were added to the oil and the homogeneous mixture
was stirred (with a magnetic stirring bar) for 3.5 hours
at 80 °C. The nitrobenzene was removed by vacuum distilla-
tion (1 mm Hg) at 100 ©C. The dark brown solid that
remained was triturated with anhyd. ether and (while still
beneath the ether layer) crushed into a fine powder with a
glass stirring rod. The ether layer was decanted and the
crude product, p-nitrophenyl-?’-trimethylammonium butyrate
chloride, was immediately dried in vacuo at room tempera-
ture. At this point the product was noticed to be quite

hygroscopic, and exposure to air was kept to a minimunm.

A) Purification of p-Nitrophenyl-7 -Trimethylammonium

Butyrate Chloride

Crude p-nitropheny1-37'-trimethylammonium butyrate
chloride was recrystallized twice from purified acetoni-
trile. Pale yellow crystals were collected in a dry box
(nitrogen atmosphere) and dried at 78 °C in vacuo, mp
205-207 °C (dec.).

" NMR (D,0): 7.8 (28,d), 6.9 (2H,d), 3.17 (2H,t),
2.87 (9H,s), 2.50 (2H,t), 1.90 (2H,m).

H

The molar absorptivity in water at 270 nm (A nax) Y28
8,569.0 1 mole". The equivalent weight determined by a



Part I Experimental page 63

potentiometric chloride titration was 302.99 g/equiv.
(calc: 302.77 g/equiv.). p-Nitrophenoxide 1ion produced
upon hydrolysis of a known weight of p-nitrophenyl ester
with 0.1 N NaOH (visible absorbance at 400 nm) gave an
equivalent weight of 299 g/equiv. The molar absorptivity
of p-nitrophenoxide ion in water at 400 nm was determined
separately by dilution of a weighed amount of p-nitro
phenol with 0.1 N NaOH. Its value was 18,276 1 mole™'.

B) Preparation and Purification of p-Nitrophenyl-7

-Trimethylammonium Butyrate Fluoborate

An 8 g sample of the crude chloride salt above, was
dissolved in 130 ml of cold absolute ethanol. To this
solution was added 9.0 ml of 48% agq. Fluodboric acid
(Matheson, Coleman, and Bell), whereupon a purple precipi-
tate formed immediately. The precipitate was collected and
washed with cold absolute ethanol. The crude fluoborate
salt was dissolved in 100 ml of hot acetone and decolor-
ized twice with Norite. The solution was cooled (at ~10
°C) and 4.2 g (45% yield) of pale yellow crystals were
collected. The crystals were again dissolved in acetone
and this time upon addition of an equal volume of ether a
liquid phase separated, and gradually solidified. These
crystals were next triturated with ether, collected and
dried at room temperature in vacuo, mp 132-133 %c. The
molar absorptivity of the fluoborate salt in water at 270
nmn was 8,524.9 1 mole~!. This value was only .5 % less
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than its pure chloride salt analog. The equivalent weight
determined from p-nitrophenoxide ion produced upon hydro-
lysis of a weighed amount of this fluoborate salt ester
vas 352 g/equiv. (calc: 354 g/equiv.).

Anal. Calcd. for C13H19N204BF4: C, 44.10; H, 5.41;
N, 7.91 Found: C, 44.35; H, 5.49; N, 7.65.

Preparation of Hexanoyl Chloride

A 50 ml (0.4 moles) sample of distilled hexanoic acid
(Eastman), bp 205-206 °C (11t(93): bp 205.4 °C) was added
dropwise to 33 ml1 (0.45 moles) of redistilled thionyl
chloride at 80 ©°C (o0il bath). Upon addition of all the
acid the resulting solution was heated for 30 minutes at
80 ©°C. The reaction mixture was distilled, and S1 g (95%
yield) of hexanoyl chloride was collected between 150-152
Oc (11t (90): bp 152.6 °C) and sealed under nitrogen.

Preparation of p-Nitrophenyl Hexanoate

Hexanoyl chloride, 10 g (0.1334 moles) was added to
an equimolar amount of p-nitrophenol (18.6 g) and 21.6 ml
(2 equiv.) of pyridine (dried over KOH pellets) in a
roundbottom flask. The flask was fitted with a condenser
and CaCl2 filled drying tube, and heated for 30 minutes on
a 8team bath. The product mixture was poured into a
separatory funnel along with 30 ml of hexane, and the hex-
ane layer was repeatedly extracted with 30 ml portions of

5% aq. Na,CO; until the aqueous layer no longer turned
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yellow. The hexane layer was extracted with three 30 ml
portions of water, dried over anhyd. CaClz, and filtered.
The filtrate was vacuum distilled (through a micro distil-
lation apparatus equipped with a Vigreux column) and 8 g
(25% yield) of p-nitrophenyl hexanoate was collected
between 142-143 °C at 2.4 mm Hg. (11t (91): bp 123-124 ©cC
(1 mn Hg)); n2® = 1.5185 (no 11t value found). The distil-
late was redistilled, collected, and sealed under nitro-
gen.

p-Nitrophenoxide ion produced upon hydrolysis of a
known weight of p-nitrophenyl hexanoate by 0.1 N NaOH (ab-
sorbance at 400 nm) gave an equivalent weight of 237.1

(cale: 237.26).

Preparation of N-Benzyl-")Y ~Trimethylammonium Butyramide

Fluoborate

A) Preparation of Ethyl-?’-Tr1methx;ammonium Butyrate

- +
Chloride (Cl1~ (CH N CHZCHZCHZCOOCH2C53)

3)3
A 14 g (0.077 moles) sample of actinine hydrochloride

(C1™ (cH N+CH2CHZCH2COOH) and 0.9 g of p-toluenesulfonic

3)3
acid (Eastman, recry. from benzene) were added to 100 ml
of bYenzene in a 500 ml roundbottom flask fitted with a
Dean-Stark trap. The reactants and solvent were dried by
an azeotropic distillation (benzene-water) of the reaction
mixture into the Dean~Stark trap. The trap was drained

and 150 ml of absolute ethanol was added to the reaction
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mixture. The resulting solution was heated at reflux and
the first 25 ml of distillate collected in the Dean-Stark
trap was discarded. Twenty-five ml of distillate was
drained from the trap every half hour for 2.5 hours. The
solvent that remained was removed by vacuum distillation
(1 mm Hg) at 30 O°Cc and the solid residue was triturated
with a single 100 ml portion of ether, and four 50 ml por-
tions of acetone. The white crystals that remained, 14 g
(87% yield), were dried at 78 °C in vacuo, mp 135-137 ©c
(no 1it value found for chloride salt). NMR and IR
analysis showed product to be ethyl-‘7 -trimethylammonium
butyrate chloride of fairly high purity.

H' NMR (D,0): 4.4 (2H,q), 3.6 (2H,t), 3.4 (9H,s), 2.7
(24,t), 2.3 (2H,m), 1.4 (3H,t).

IR (KBr):V ._o = 1738 cn™ .

B) Preparation of N-(Benzyl)-7 -Trimethylammonium

Butyramide Fluoborate

(BF; (CH3)3N+CH20H20HZCONHCH206H5)

An 11.0 g (0.052 moles) sample of the ethyl ester
prepared in part (A), and 176.3 mg (1.228 x 10~2 moles) of
benzylamine hydrochloride were added to 30 ml (0.275
moles) of benzylamine in a roundbottom flask fitted with a
condenser and a Ca012 filled drying tube. The solution was
heated at reflux for three hours and the excess benzylam-
ine was removed by vacuum distillation (1 mm Hg) at 80 °c.

The slurry that remained behind was dissolved in 80 ml of
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water and 142.4 mg (6.145 x 10~4 moles) of Ag,0 was ad-
ded. The mixture was stirred for three hours in the dark,
filtered, and the water removed by vacuum distillation (1
mm Hg) at 30 ©°C. The residue (still a slurry) was dis-
solved in 80 ml of ice cold absolute ethanol, and 20 ml of
48% aq. Fluoboric acid was added. A white s0lid immediate-~
ly precipitated and was collected and washed with ice cold
ethanol (8 g, 48% yield). A 4 g sample of the crude pro-
duct was dissolved in 150 ml of hot acetone and the solu-
tion was allowed to cool to room temperature. No crystall-
ization was observed, so product was precipitated (a white
solid) by addition of an equal volume of ether. The pro-
duct, 2.5 g, was collected and dissolved in 90 ml of hot
methanol (some 801id remained undissolved). The hot
methanol solution was filtered (through a hot Buchner fun-
nel) and the filtrate was allowed to crystallize at -10 oc
for one hour. The crystals, 1.5 g (38% yield) were washed
with cold methanol and dried at 78 °C in vacuo, mp 185-186
°c.

IR (KBr): Y o = 1640 ca™'; V y_y = 3250 en” .

5" NMR: (d DMSO) 8.5 (1H,broad), 7.4 (5H,s), 4.4
(21,d), 3.4 (2H4,t), 3.15 (9H,s), 2.2 (2H,t), 2.2-1.8
(28,m).

Anal. Calc. for BC14F4HZ3N20: c, 52.20; H, 7.20; N,
8.69 Found: C, 52.48; H, 7.35; N, 8.46.
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Preparation of N-(2-Ethyl Sulfonate)-7 -

Trimethylammonium Butyramide

((CHy) 5N CH,CH,CH,CONHCH,,CH,S03)

To a 3.4g (0.019 moles) sample of actinine hydro-
chloride, C1~ (cn3)3n*c32cazcazc003, (see pp 60 and 61 for
preparation) in a 100 ml roundbottom flask was added 3 ml
(0.04 moles) of redistilled thionyl chloride. The flask
was fitted with a Ca012 filled drying tube and the mixture
was s8tirred overnight at room temperature. The excess
thionyl chloride was removed by vacuum distillation (10 mm
Hg) at 30 ©°Cc, until a bdbrown oil (the acid chloride)
remained in the flask. To the acid chloride was added 3.0
g (0.020 moles) of sodium taurinate (Na* 'OBSCH20H2NH2),
1.0 g (0.010 moles) of Na2003 , and 5 ml of nitrobenzene.
The mixture was stirred for one hour at 90 °C, and the
residue triturated (with vigorous stirring) with one 50 ml
portion of ether, and two 50 ml portions of acetone.

The solid that remained behind was dissolved in 150
ml of hot methanol , decolorized with Norite, filtered,
and allowed to crystallize at -10 % overnight. The cry-
stals were collected, washed with cold methanol and again
added to 70 ml of hot methanol. Since the product did not
completely dissolve in methanol, water was added dropwise
to the hot methanolic solution until the solution bYecame

homogeneous. The solution was decolorized with Norite,

filtered, and allowed to crystallize at -10 °C. This re-
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crystallization procedure from aqueous methanol was re-
peated three times until white crystals were obtained. The
crystals were dried in vacuo at 100 Oc; yield 1.5 g (32%
yield), mp 285-87 °cC.

H'NMR(D,0): 3.35(9H,s), 2.8-2.0(4H,m), 4-3.4(6H,n).

IR(KBr): V oo = 1670 cm™'; Y y_p = 3340 cm™ .

Anal. Calcd. for 09H20N204S: C, 42.84; H, 7.99; N,
11.10 Found: C, 41.80; H, 8.05; N, 11.00.

Preparation of N-Benzyl Hexanamide

A 5.0 g (0.037 moles) sample of hexanoyl chloride was
added to 50 ml of anhydrous ether in a roundbottom flask.
A solution of 9.5 g ( 0.089 moles) of benzylamine dis-
solved in 60 ml of anhydrous ether was also prepared. The
benzylamine solution was added dropwise to the hexanoyl
chloride solution in an ice water bath with constant stir-
ring. An immediate white precipitate formed. Upon addi-
tion of all the benzylamine solution, the product mixture
was allowed to warm to room temperature. The mixture was
poured into a separatory funnel and extracted with an
equal volume of 0.1 N HCl. The ether layer was extracted
with an equal volume of water, then dried over CaC12, and
filtered. The ether was removed by evaporation at room
temperature under a constant flow of nitrogen, and 7 g
(92% yield) of a pale yellow powder was isolated.

1

IR analysis showed a band at 1632 cm™ corresponding

to the presence of amide. A 5.0 g sample of the crude



Part I Experimental page 70

anide was dissolved in 40 ml of hot methanol. The solution
was decolorized with Norite and filtered. The filtrate was
heated on a steam bath and water was added dropwise until
the solution became turbid. A homogeneous solution was
again obtained on addition of hot methanol. The solution
was allowed to cool to room temperature and stored at -10
¢ overnight. White crystals were collected and again
crystallized from aqueous methanol. The crystals were
dried in vacuo at room temperature over P205, mp 54-55 Oc.

H'NMR(CDCl,):  7.4(SH,s), 6.5(1H,s),  4.4(2H,d),
2.2(2H,t), 1.9-0.8(9H,m).

IR(KBr): V c=0 = 1632 cm'1; )Y N-H = 3300 cm".

Preparation of Sodium N-(2~Ethylsulfonate) Hexanamide

(CH5CH,CH,CH,CH,CONHCH,CH,S05 Na*)

To a 5.0 g (0.0372 equiv.) sample of hexanoyl
chloride dissolved in 100 ml of anhydrous ether was added
4.0 g (0.075 equiv.) of Na,COs. A 5.47 g (0.0372 equiv.)
sample of sodium taurinate was added to the ether solution
in small portions with constant stirring. The product mix-
ture was heated at reflux for 15 minutes, and then allowed
to cool to room temperature. The 80lid collected on
filtering the product mixture was found to have an IR band
at 1640 cm", which corresponded to the formation of an
amide dbond.

The crude amide was added to 100 ml of hot methanol,

stirred for 10 minutes, and suction filtered. The methanol
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was removed from the filtrate by vacuum distillation (1 mm
Hg) at room temperature and yielded 3.6 g of a yellow
powder. The powder was dissolved in 100 ml of hot
methanol, decolorized twice with Norite, and filtered by
suction. The methanol was removed by vacuum distillation
(1 mm Hg) at room temperature and the product , 3.4 g (37%
yield) was dried in vacuo at 100 °C, mp 240 °C (dec.).

H'NMR(D,0): 3.8(2H,t), 3.3(2H,t), 2.5(2H,t), 2-
1.3(6H,m), 1.1(3H,t).

IR(KBr): V o = 1542 cn™ ;Y y_y = 3310 co” .

Preparation of N,N,N-Trimethyl-7 -Butyrobetaine

(Actinine) (CHg);N*CH,CH,CH,CO0™

To a 5.0 g (0.0275 equiv.) sample of actinine hydro-
chloride (see pp 60 and 61 for preparation) dissolved in
50 ml of water, was added 4.0 g (0.0346 equiv.) of Ag,0.
The mixture was stirred for one hour in the dark and was
basic to litmus. The aqueous mixture was filtered, and
the water removed from the filtrate by vacuum distillation
(1 mm Hg) at room temperature. The solid residue was dis-
solved in 25 ml of absolute ethanol. This solution was
decolorized with Norite and filtered. A second layer pre-
cipitated as an oil from the filtrate on addition of 150
ml of ether, and on standing the o0il crystallized. The
crystallization procedure was repeated, and the crystals
collected and dried in vacuo at 78 C; yield 3.0 g (75%
yield), mp 222 °C (11t(92): mp 222 °c).
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IR(KBr): V o_o = 1575 cm™ .

Preparation of Tetra-n-Butylammonium Taurinate (TBAT)

(Bu,N* T05SCH,CH,NH,)

A 7.408 g (2.299 «x 10~2 equiv.) sample of tetra-n-
butylammonium bromide was dissolved in 95 ml of water. To
this solution a 2.9497 g (2.546 x 10~2 equiv.) sample of
Agzo was added. The mixture was stirred for twenty
minutes (in the dark) and filtered. The filtrate (aqueous
tetra-n-butylammonium hydroxide) was poured into a 100 ml
volumetric flask and diluted to the mark with water. A 5
ml aliquot of this solution was removed and diluted to 100
ml. A 10 ml aliquot of this second solution was titrated
to the bromothymol blue endpoint with 0.0515 N HCl. The
normality of the original tetra-n-bdutylammonium hydroxide
(TBAH) solution was found to be 2.0243 x 10~' N.

To the 95 ml of 2.0243 x 107! aqueous TBAH solu-
tion (1.923 x 102 moles TBAH) was added 2.4562 g (1.9615
X ‘IO"2 moles) of taurine. The excess water was removed by
vacuum distillation (1 mm Hg) at room temperature.

The brown so0lid that remained behind was dissolved in
50 ml of methylene chloride, decolorized at room tempera-
ture, and filtered. The methylene chloride was removed
from the filtrate by vacuum distillation (1 mm Hg) at room
temperature, and a white oil was isolated. The o0il wvas
triturated with four 100 ml portions of hexane, whereupon

it crystallized into a white solid; 5.5 g, 78% yield. The
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TBAT was dried in vacuo at room temperature over PZOS’ mp
116-118 °C (sealed tube), and was found to be extremely
hygroscopic.

The equivalent weight was determined by titration to
bromothymol blue endpoint with 0.0515 N HC1l, E.W. = 377.0
( calc: 366.6 g/equiv.).

Kinetic Measurements

Kinetic measurements were made with either a Cary 17
or Perkin-Elmer Model 202 UV-Visible spectrophotometer.
Both were equipped with a thermostated cuvette holder
through which water was circulated at 25.00 + 0.05 °c.
Product formation was followed at one wavelength as a
function of time. Aminolysis rates were determined at two
different amine concentrations. Pseudo first order and
second order rate constants were calculated with the aid
of a PL/C computer program and the following equations:
In(A /(A -x)),
kt = (Bo - Ao)'1 ln(Ao(Bo - x)/Bo(Ao - x)). In each case

kt

a plot of kt versus time(t) yielded a slope (determined by
least square fit) which was the desired rate constant.
Fast reaction kinetics were determined by stopped-
flow technique using a Morrow Stopped-Flow apparatus
(American Instrument Co.), a Beckman Model DU Quartz spec-
trophotometer, and a Type 549 storage oscilloscope. The
stopped-flow apparatus was equipped with a value block

through which water was circulated at 25.0 + .1 °C. Rates
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were determined from the initial slope ( d(product)/dt ).
See Bection on stopped-flow for a more detailed descrip-

tion of technique.

Kinetic Measurement of Aminolysis Rates in 95.3 mole %

Dioxane-Water. Benzylamine Runs.

The following procedure 1is +typical of that used
throughout my experimental runs (K128). A 2.272 x 10“4 M
solution of p-nitrophenyl- Y -~trimethylammonium butyrate
fluoborate, and 5.042 X 10"3 M solution of benzylamine
were prepared by weight and successively diluted with 95.3
mole ¥ dioxane-water. Separate solutions of ester and am-
ine were equilibrated at 25 O°C in a thermostated bath. The
spectrophotometer was adjusted to zero absorbance at 310
nm (A pmax ©f P-nitrophenol in 95.3 mole % dioxane-water)
with pure solvent, and the absorbance of each solution was
measured separately. After each use the quartz spectropho-
tometer cell was flushed with water and then solvent. As
10 ml aliquots of each solution were mixed in a clean, dry
50 ml Erlenmeyer flask, the initial time was recorded.

The one centimeter spectrophotometer cell was rinsed
with this solution , and the filled cell was stoppered and
placed in the thermostated spectrophotometer cell compart-
ment. The spectrophotometer was then switched to record
mode (time noted), and a continuous trace of absorbance
(at 310 nm) was recorded as a function of time. As the

trace was being recorded the remainder of the reaction
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mixture was sealed under nitrogen in a dbrown glass con-~
tainer, and stored overnight in the dark at room tempera-
ture.

The increase in absorbance at 310 nm was due to the
production of p-nitrophenol. Since both ester ( )10
1,142 1 mole~') and p-nitrophenol ( E>'© - 10,694.5 1
mole'1) absorb at 310 nm (benzylamine solution has negli-
gible absorbance), the actual concentration of P~
nitrophenol at any particular point in the trace was cal-

culated by equation 23.

310 _ 310
c - ASvs ¥£Festﬂfgsest) (eqn 23)
pnp (E310 _ 9310)
pnp “est
Cpnp = actual concentration of p-nitrophenol
Agig = observed absorbance at 310 nnm
Cest = initial conc. of ester
EZ;Q = molar absorptivity of ester at 310 nm
Eng = molar absorptivity of p-nitrophenol at 310 nm

The absorbance at infinity was recorded the following
day, and was in good agreement with absorbance calculated
for 100% reaction. A second order rate constant was cal-
culated utilizing at 1least twelve points between twenty
and eighty percent reaction.

The same procedure was followed for the reaction of
p-nitrophenyl hexanoate (E310 =1,391.4 1 mole'1) and ben-

zylamine. In each case no p-nitrophenoxide ion was found
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to be produced during the reaction. The molar absorptivity
of p-nitrophenol at 310 nm was evaluated separately by di-
lution of a recrystallized sample of p-nitrophenol in 95.3

mole ¥ dioxane-water.

Kinetic Measurement of Aminolysis Rates in Water.

Benzylamine and Sodium Taurinate Runs.

The following proceedure 1is typical of that used
throughout my experimental runs (K139). A 8.010 «x 107> M
solution of p-nitrophenyl-7 -trimethylammonium butyrate
fluoborate and 2.270 x 10"3 M solution of benzylamine
were prepared by weight and successively diluted with wa-
ter. Separate solutions of ester and amine were equili-
brated at 25.0 °C in a thermostated bath. The spectropho-
tometer was adjusted to zero absorbance at 400 nm (A nax
of p-nitrophenoxide ion in water) with pure solvent, and
the absorbance of each solution was measured separately.
Neither reactant solution had any measurable absorbance at
400 nm. After each use the spectrophotometer cell was
flushed with water. As ten ml aliquots of each solution
were mixed in a clean, dry 50 ml Erlenmeyer flask, the in-
itial time was recorded. The one centimeter spectrophotom-
eter cell was rinsed with this solution, and the filled
cell was stoppered and placed in the thermostated spectro-
photometer cell compartment. The spectrophotometer was
then switched to record mode (time noted), and a continu-

ous trace of the absorbance (400 nm) was recorded as a
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function of time. The remainder of the reaction mixture
was 8ealed under nitrogen and stored overnight at room
temperature. The increase in absorbance at 400 nm was due
to the production of p-nitrophenoxide ion. The absorbance
at infinity was recorded the following day, and was in
good agreement with absorbance calculated for 100% reac-
tion. The molar absorptivity of p-nitrophenoxide ion at
400 nm was determined separately by addition of an aqueous
p-nitrophenol solution to aqueous sodium hydroxide or to
benzylamine or to sodium taurinate solutions. All gave a
similar value of 18,276 1 mole~'.

The concentration of p-nitrophenoxide ion at any par-

ticular point in the trace was calculated by equation 24.

A400
c = obs (eqn 24)
phenox - 7400
phenox
Cphenox = conc. of p-nitrophenoxide ion
Aﬁgg = observed absorbance at 400nm
E;ggnox = molar absorptivity of p-nitrophenoxide

ion at 400 nm
Bruice (94) found earlier that aminolysis of esters

in water follow a two term rate law.
rate = k__(ester)(amine) + kOH(eeter)(OH-) (eqn 25)

One term corresponded to aminolysis (kam), and the other
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hydrolysis (kOH) of the ester.

This rate law was found to be applicadble to my kinet-
ic runs in water. It was confirmed by agreement of calcu-~
lated aminolysis rate constants at two amine concentra-
tions, as well as by product analysis.

Since both rate constants could not be determined
from the available data, it was <therefore decided to
determine the hydrolysis rate constant (kOH) of each ester
in a separate experiment (see pp 80). Once the value of
kOH for each ester was determined this allowed evaluation
of k p from the available data.

The hydroxide ion concentration at any particular am-

ine concentration was determined by equation 26.

~Ky, i'\/Kg + 4K, (Amine)

(OH™) = (eqn 26)

(Kb = base dissociation constant of the respective amine
in water at 25 °C (see page 10)).

Once the amine and hydroxide ion concentrations were
determined for each point in time within a kinetic run,
the quotient of the hydroxide conc. divided by the amine
concentration yielded a factor f. This factor, f, was
found to vary only 1% at high amine concentrations and ap-
proximately 7% at the 1lowest amine concentrations
throughout all the kinetic runs. The mean £ value found
within a kinetic run was used in all subsequent calcula-

tions for that run. The hydroxide ion concentration was
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from then on expressed as the product of f multiplied by

the available amine concentration.

(OH™) = £ x (Amine) (eqn 26.1)

This simplified the rate law found in equation 25 to:

rate = kam(ester)(amine) + kOH(ester)f(amine) (eqn 27)
vhere,

Rate _

TasT = (ester)(kam + fkop) (eqn 27.1)

The aminolysis rate constant was evaluated by calculating
the rate between every data point

(d(productn’n+1)/dtn'n+1), as well as the mean ester, am-
ine, and hydroxide ion concentrations between each of
these points. A plot of the rate/(amine) versus the ester
concentration for each point, yielded a slope (calculated
graphically or by least square fit) which when subtracted
by the product of f kOH' yielded the aminolysis rate con-

stant.

Exactly the same procedure was followed in all amino-
lysis runs determined in water. In no case was p-

nitrophenol found to be present in the product mixture.
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Kinetic Measurement of Hydrolysis in Water. Sodium

Carbonate Buffer Runs.

The following procedure 1is +typical of that wused
throughout my experimental runs (K166). p-Nitrophenyl hex-
anoate, 70.31 mg , was dissolved in 100 ml of dioxane. The
dioxane was successively diluted with water until a final
concentration of 6.707 x 1072 M in ester was achieved.
The final solution contained 1.1 mole ¥ dioxane. An aque-

ous solution of 8.890 x 10"2

M Na2CO3 was prepared by
weight with water. From this point the procedure follows
exactly that of aminolysis measurements in water (see pp
72 for procedure). The base dissociation constant (Kb) of
Na2003 was calculated from the acid dissociation constant
(Kg) of HCO3 ion (95) and the ionization constant of water

(K,) as in equation 29.

i [Hcog][on'] _ K

K, = L. (eqn 29)
® leoz?)

r -
a(HCOB)

The base dissociation constant (Kb) of Na2003 was calcu-
lated to be 1.7825 x 10”4 in water. The hydroxide ion
concentration at any particular carbonate concentration

was calculated using equation 30.

2
~Ky * \/%b + 4K, (Na,C04)

OH™ = — (eqn 30)

Calculations showed the hydroxide ion concentration

to remain essentially (within 0.3%¥) constant throughout
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the kinetic run. Second order hydrolysis rate constants

(kyg) were calculated using the following rate law:
rate = k,g(ester)(OH™) (eqn 31)

The rate constant (kOH) was determined by calculating
the slope of the rate/OH” conc. versus the ester conc.
for at least ten points between twenty and eighty percent
reaction. The absorbance of p-nitrophenoxide ion LA max
= 400 nm ) at infinity was measured the following day, and
was in good agreement with calculated values for 100%
reaction. The molar absorptivity of p-nitrophenoxide 1ion
at 400 nn was calculated separately, by dilution of a 5 ml
aliquot of a 2.4448 x 104 m aqueous p-nitrophenol solu-

=1 M solution of aqueous

Its value was 18,276 1 mole™'.

tion with 45 ml of a 1.8646 x 10

Na2003.
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Product Analysis Runs

Product analyses were undertaken 1o determine the
amount of amide produced during aminolysis runs in 95.3
mole ¥ dioxane-water and water. They were necessary as a
verification of the rate laws. Quantitative analysis of
amide produced during the aminolysis reactions by both hy-
droxamic acid-ferric chloride complex titrations and by IR
spectroscopy proved inadequate. Liquid chromatography was
the only alternative. Analyses were performed on a Waters
Assoc. Liquid Chromatograph with a model 6000A solvent
delivery system, and a R400 differential refractometer
detector.

A reversed phase Waters Microbondapak C18 column ( 30
em x 3.9 mm ID ) was employed, and various mixtures of
methanol and water were tested to determine the appropri-
ate mobile phase for each amide separation. The mobile
phase was chosen for its ability to give a clean separa-
tion of the amide peak from all other components in the
product mixture. Retention times were cataloged at flow
rates of 1 ml/minute and pressures of approximately 1000
psi. Internal standards were selected for each individual
separation with retention times well clear of any product
reaks. In the case of N-benzylhexanamide, no adequate
internal standard was found. Amide concentrations in the
product mixtures were therefore determined by comparison

to standard amide solutions of equal volume.
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A) Product Analysis Runs in Water

Since a change in amine concentration alters the
aminolysis-hydrolysis product ratio for each ester, pro-
duct analysis runs were prepared at initial concentrations
of ester and amine comparable to those used during actual
kinetic runs. In order that suitable amounts (40 mg) of
amide would be obtained for analysis, the volume of water
in the final reaction mixture was two liters. The general
procedure followed for each ester-amine pair is as fol-
lows: Both ester and amine were weighed into separate con-
tainers and each dissolved, in succession, in 2 liters of
deaerated water. The aqueous solution was sealed under ni-
trogen, and allowed to react for several half-lives (from
kinetic runs) at room temperature.

Water (and excess benzylamine, if any) was removed by
vacuum distillation at 50 °C. A control containing a known
amount of amide and amine was also vacuum distilled (to
dryness) to determine whether during distillation any hy-
drolysis of amide was occuring. HPLC analysis of the solid
residue from the control run showed that all the amide in-
itially added was still present, and therefore, the method
was good. Once the s0lid residue from the product analysis
run was dried in vacuo at r.t. the appropriate internal
standard was weighed and carefully transfered into the
flask containing the residue. Both solids were dissolved

in 5 ml of the appropriate mobile phase. A standard solu-
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tion was separately prepared which contained known concen-
trations of amide and internal standard. A standard solu-
tion of amide and internal standard was necessary in order
that a relative response factor (fi) could be calculated.
Five microliter sample volumes of each solution were
injected into the injection port of the system. Product
and standard solutions were analyzed consecutively by a
differential refractometer detector after separation on a
microbondapak C18 column. Both amide and internal standard
peaks were traced on heavy-weight paper, cut out and
weighed, to determine the area ratio. The relative
response factor (fi) was calculated from the area ratio
and known concentrations of amide and internal standard in

the standard solution (eqn 32).

concy AreaBt

£, =

x (eqn 32)
i conc, Areai

° The subscript "st" was used for the internal standard and
"i" for the component of interest. Once the relative
response factor (fi) wvas determined, the concentration of
component i (amide) in the product residue could be deter-
mined by the area ratio of amide to internal standard by

equation 33.

Area
conc, = I?EE;; x conc, x £y (eqn 33)

The high concentration of sodium taurinate necessary to
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give adequate yields of amide, along with the fact that
the taurinate salt is not removed by vacuum distillation
(vis-a-vis benzylamine), caused serious problems during
product analysis. A 1large excess of sodium taurinate
seemed to saturate (swamp) the entire chromatograph and
make analysis of peaks impossible. Therefore, the ester-
benzylamine runs were the only runs in water in which pro-

duct analyses were determined.

B) Product Analysis Run in 95.3 Mole # Dioxane-Water

Runs were typically prepared by weighing 50 mg of es-
ter and an appropriate amount of amine (approx. the same
ratio of amine to ester as used in kinetic runs) in 50 ml
of 95.3 mole % dioxane-water. The solution was sealed
under nitrogen and allowed to s8it at room temperature
(with stirring when necessary) in the dark for several
half-1lives. Dioxane and water were removed by vacuum dis-
tillation at room temp. The analysie and calculations to
determine the amount of amide in the product residue were
exactly analogous to those used in product analysis in wa-

ter (experimental pp 83).
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TABLT 10 Parameters and Retention Times for HPLC Product

Analyseis
Amide Mobile Phase Internal Standard
XviI® Hy0 - 0.1 M NH,NO4 Butyramide
rt.= 319 sgec. rt.= 621.3 gec
xviP 50% by vol MeOH-H,0-  2-chloro-5-hydroxy-
rt.= 269 sec 0.1 M NH4NO3 toluene
rt.= 798.4 sec
XVIII® 20% by vol MeOH-H,0- Na' SO3CgH,Cl-p
rt.= 685 sec 0.1 M NH4NO3 rt.= 536.2 sec
x1x¢ 66% by vol MeOH-H,O- ---°

- + -
a) XVII = (CHg)sN CH,CH,CONHCH,CH,SO03

- +
b) XVI = BF4(CH3) N CHZCHchZCONHCHZC6H5

3

- gt
c) XVIII = CH3(CH2)4CONHCH20H2SO3 Na
d) XIX = CH3(CH2)4CONHCH2C6H5

e) No suitable internal standard found, amide concentra-
tions determined by comparison +to standard amide solu-

tions.
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Stopped-Flow Measurements of Initial Rates in 95.3

Mole % Dioxane-Water. p-Nitrophenyl-7 -Trimethyl-

ammonium Butyrate Fluoborate (IV) and TBAT (V).

In order that initial rates could be determined for
the reaction of charged ester IV and TBAT (V) in 95.3 mole
% dioxane-water, the stopped-flow technique was employed.

Initial rates were necessary because of the expedi-
tious nature of this reaction, along with the fact that
competition for ion pairing between products and reactants
(when product concentration becomes significant) would
complicate the rate equation.

The following general procedure is typical of that
used throughout my experimental runs. A solution of
charged ester IV was prepared by addition of approximately
50 mg of ester to 80 ml of 95.3 mole ¥ dioxane-water, and
the mixture was shaken for 30 minutes under a nitrogen at-
mosphere. The mixture was filtered into a 100 ml
volumetric flask, and diluted to the mark with solvent.
The final concentration of ester was determined by reac-
tion with a 5.0 x 10'2 M benzylamine solution (prepared by

weight). The concentration of p-nitrophenol (A = 310

max
nm) produced at infinity was calculated, and the initial
concentration of ester determined. A solution of TBAT (V)
was prepared by weight and successive dilution with sol-
vent.

The spectrophotometer was adjusted with solvent to
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register 100¥ transmittance on the oscilloscope screen at
400 nm (samples of ester and amine solutions were tran-
sparent at this wavelength). Since the major observable
product of the reaction was p-nitrophenoxide 1ion, 1its
molar absorptivity at 400 nm was determined in a separate
experiment.

Each reactant solution was injected into the thermos-
tated value DYlock of the stopped-flow apparatus. As both
solutions were simultaneously injected into the mixing
chamber, a recording of the ¥ transmittance versus time
was traced on the oscilloscope screen (which was previous-
1y calibrated at both O and 100%¥ transmittance). A photo-
graph of the screen which contained the trace was taken,
and the initial rate was determined from the initial slope
of p-nitrophenoxide ion concentration versus time

(a(product)/dt).
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The Determination of the p-Nitrophenol-p-Nitrophenoxide

Equilibrium Constant in 95.3 Mole ¥ Dioxane-Water in The

Presence of Tetra-n-butylammonium Taurinate.

Introduction

Acid-base behavior in solvents of low dielectric con-
stant has been reviewed quite throughly by Davis (1) and
King (2). I will present a summary of the features which
have a direct influence on my work.

Acid-base reactions in relatively inert solvents
(solvents which are not sufficiently basic to remove pro-
tons from acids) of low dielectric constant, were found to

conform to the general equations 1 and 2 (3,4).

K -
HA(the acid) + B{the hase) <===> BHY---A (eqn 1)

g - [BH'-=-A"] (eqn 2)
[HA][B)]

Ionization leads to the production of a hydrogen bonded
ion pair (BH*-=-A") which undergoes negligible dissocia-
tion to free ions, and can therefore be treated as a sin-
gle kinetic species. The equilibrium constant (X)
possesses the units of recipocal molarity.

This behavior was demonstrated by Pearson (3) in hep-
tane, bYenzene, dioxane, chloroform, chlorobenzene, ethy-
lacetate, and ethylene dichloride for 2,4-dinitrophenol

and a variety of amines. The amines include mono-, di-,
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and tri- substituted methyl, ethyl, or n-butyl amines, as
well as n-hexylamine.

Davis (4) also demonstrated that acid-base reactions
in benzene conform to the general pattern of equations 1
and 2. She studied the reaction of triethylamine with each
of the six isomeric di-nitrophenols. The acid strengths of
the isomers in benzene, with triethylamine as the refer-
ence base, followed the order 2,6 > 2,3 > 3,4 > 2,4 > 3,5
> 2,5 dinitrophenol. The stronger the proton donor, the

larger was the equilibrium constant.

The Effecte of Added Water on the Acid-Bare

Equilibrium in Dioxane

On addition of small amounts of water to dioxane,
Pearson (3) discovered that only a relatively small change
in equilibrium constant occurred for 2,4-dinitrophenol and
n-hexylamine (Table 1). This 1indicated that the n-
hexylammonium-2,4-dinitrophenolate ion pair is quite suf-
ficiently stabilized by dioxane molecules. The equilibrium
expression in equation 2 was still applicable in the aque-

ous dioxane solvent systems investigated.
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TABLE 1 The Effects of Adding Small Amounts of Other Sol-
vents on the Equilibrium, 2,4-Dinitrophenol + n-Hexylamine
= n-Hexylammonium 2,4-Dinitrophenolate in Dioxane and

Chloroform at 25 oc

1. Dioxane

mole % Water K (1 mole'1)

0.00 4300
0.72 5400
1.25 5800
2.25 7180
5.52 15,300

2. Chloroform

mole ¥ Ethanol X (1 mole™ ')

0.00 53
1.49 360
3.42 1490

The Effects of Added Salts on the Acid-Base Equilibrium

in Benzene and Chloroform

In order to substantiate the existence of the hydro-
gen bonded ion pair BH*---A" as found in equation 1. Pear-
son (3) noted that on addition of salts of a common cation
(n-hexylammonium tosylate) to benzene and chloroform solu-

tions of 2,4-dinitrophenol and n-hexylamine, an increase
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rather than a decrease in equilibrium constant occurred.
He stated that this was good evidence that equation 1 |is

correct, rather than equation 3.
HA + B <===> PRH' 4+ A~ (eqn 3)

Addition of BH' would drive the equilibrium in equation 3
to the 1left, but would have no direct effect on the
equilibrium in equation 1. The small increase in equili-
brium constant is primarily due to the favoring of charge

formation in solvents of higher ionic strength.

The Self-Association of Phenols in Aprotic Solvents

Many investigators (7,8,9,10) found that in several
aprotic solvents, self-association of phenol is a very im-
portant reaction. Most favored the assumption of a
monomer-dimer equilibrium (K1'2) at the lowest concentra-

tions studied.

K2
2 ArOH <==% (ArOH)2 (eqn 4)

If an allowance is not made for this behavior, equilibrium
constants obtained from equation 2 will not remain con-
stant as concentrations are changed. Davison (11) deter-
mined K1'2 values for some substituted phenols in benzene
cryoscopically. The relative values follow the same order
as the acidities, that is o-Me = p-Me < m-N02 << p-NO,.
Philbrick (7) measured self association constants for

substituted phenols in various solvents, and found that
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groups like N02 which reduce association when present in
the solvent, 1increase it when present in the solute. The
exceptions were o~-nitro and o-halophenols (or any ortho
substituent capable of accepting a hydrogen bond).

Ortho-nitro and ortho-halophenols form intramolecu-
larly H-bonded structures even in highly polar solvents
(12). The tendency toward intramolecular H-bonding is
especially strong in o-nitrophenol because of resonance,
as well as favorable geometry. Therefore, intramolecular
H-bonding must occur at the expense of intermolecular H-
bonding. For these reasons, Pearson (3) and Davis (4) 4iad
not need to take into account self-association when
evaluating equilibrium constants of o-nitro substituted
phenols. Davis did note that equilibrium constants deter-
mnined for 3,4 and 3,5 dinitrophenols were corrected (ap-
parently for self-association). She d4id not elaborate on
just how this correction was evaluated.

Studies of the IR spectra of p-nitrophenol in carbon
tetrachloride by Cardinaud (13) suggested that it tends to
form dimers by "head-to-tail" association, in which a ni-

tro group is bonded to a hydroxy group.
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Results and Discussion

The Ionization of p¥Niterhenol in the Presence of Tetra-

n-butylammonium Taurinate (TBAT)

Spectrophotometric analysie of the product mixture at
"infinity", for the aminolysis of each ester with tetra-
n-butylacmonium taurinate (TBAT) in 95.3 mole % dioxane-

wvater, showed that p-nitrophenol (A 308 nm) and p-

max-

nitrophenoxide (A = 408 nm) were both present. The ra-

max
tic of p-nitrophencl to p-nitrophenoxide favored the ion
at high amine concentrations, and the neutral phenol at
low amine concentrations. Since rates were determined by
observing the change in absorbance at only one wavelength
(for the production of p-nitrophenol or p-nitrophenoxide),
the correct rates [ d(product)/d(time)] could only be
evaluated by knowing the total phenol concentration at any
given instant in time. The simplest method to achieve this
would be to determine the p-nitrophenol-p-nitrophenoxide
equilibrium constant, in 95.3 mole ¥ dioxane-water in the
presence of TBAT.

Since tetra-n-butylammonium-p-nitrophenoxide has a
single absorbance maximum in the visible region (A nax"

408 nm) in 95.3 mole % dioxane-water, a spectrophotometric

determination of the equilibrium constant was undertaken.
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Evaluations at 25 ©C
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Constant (a,b)

c, (M) ¢y (M) Cy (M)
PNP MBAT (A/E) K® kP
Set Run  (109) (10%) (105) (™) (m1/2)
1 E1 8.6946  3.3573  0.78693 303 3.81
1 E2  B8.6946  8.3933  1.8503 329 3.85
1 E3  B8.6946 16.787 3.2116 355 3.73
1 E4  8.6946  41.967 5.7809 479 3.66
2 ES5 17.389 3.3573  1.2143 232 4.17
2 E6 17.389 8.3933  2.5885 214 3.69
2 ET 17.389  16.787 4.9197 242 3.82
2 E8  17.389  41.967 9.6093 301 3.76
3 E9 9.9993 3.7445 1.0089 308 4.12
3 E10  9.9993  9.3612  2.2271 313 3.91
3 E11 9.9993  18.722 3.9034 349 3.61
3 E12  9.999%  46.806 6.9993 506 3.92
4 E13  19.998 3.7445  1.4850 223 4.27
4 E14 19.998 9.3612  3.1967 210 3.86
4 E15  19.998  18.722 5.8346 227 3.82
4 E16 19.998  46.806  11.115 274 3.65
(a) = (A/E)
TATOR_ -A7EJ(TBAT, 1-ATE]
(®) K = —rop——g7r ol
(——=2td T )1/2(rpar_,  -A/E)
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c) C

initial conc. ; Ce = equilibrium conc.

d) PNP = p-nitrophenol

e) TBAT = tetra-n-butylammonium taurinate
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The Associative Behavior of p-Nitrophenol in 95.3 Mole

% Dioxane-Water

Acid-base reactions (between 2,4-dinitrophenol and
various amines) were previously found (3) to conform to
the general equations 1 and 2 in aqueous dioxane (studied

up to 5.52 mole ¥ water).

(eqn 1)

K = [pE*---A"] (eqn 2)
[HA](B]

The associative behavior of p-nitrophenol molecules
in 95.3 mole ¥ dioxane-water became evident after attempts
to calculate the simple equilidbrium constant given by
equation 4 (for p-nitrophenol (ArCH) and TBAT) showed an
increase in equilibrium constant as the amine concentra-

tion was increased.

K

+ -
- +, g +¢
Ar0 H3ICH,CH,503-=~N \Bu)4 (eqn 3)

- + - +
Ar0 ---HZNCH,CH,SOz===N"(Bu)
K = 3 2.2 3 4 (eqn 4)
[ArOH][Bu4N R 033052CH2N32]

From spectrophotometric analysis, the total -
nitrophenoxide concentration at equilibrium is simply the

quotient of the total absorbance (A) at 408 nm (A ) and

max
its molar absorptivity (E). The equilibrium concentrations
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of p-nitrophenol (ArOH) and TBAT can therefore be ex-

pressed as:

(AroH)

(ArOH) s - A/E (eqn 5)

(TBAT) (TBAT) -~ A/E (eqn 6)

stoi

where the subscript "stoi" 1is an abbreviation for
stoichiometric.

Table 2 (column 6) contains values calculated for
this equilibrium constant (equation 4) from my experimen-
tal data. Within each 8set of runs the initial p-~
nitrophenol concentration was varied by a factor of ap-
proximately twelve. One should note the fairly 1large in-
congistencies among values within each set. A comparison
of runs in sets 1 and 2 (or 3 and 4) at similar 1initial
amine concentrations (ie. E1 and E5) and different initial
p-nitrophenol concentrations shows that the values ob-
tained for the equilibrium constant are approximately
one-third higher at the lower p-nitrophenol concentration.
Since a change in either p-nitrophenol or TBAT concentra-
tion causes a significant change in the value obtained for
the equilibrium constant, the molecularity of one or more
species in equation 4 must be incorrect.

The self association in phenols is a very important
reaction in aprotic solvents (even when wet). The simplest

way to express this phenomenon for p-nitrophenol is
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n ArOH <===> (A!‘OH)n (eqn 7)

where "n" is equal to the aggregation number. The self as-
sociation of p-nitrophenol can now be included into equa-

tion 3, and the mass balanced to yield equations 8 and 9.

+ - K
1/n(ArOH), + Bu,N --- 05SCH,CH,NH, <===>
- + - +
Ar0~---HzNCH,CH,503-~-N (Bu)4 (eqn 8)

- + - +
Ar0 ---H3NCH20H2803—--N (Bu)4

K = (eqn 9)
1/n + -
[(ArOHL] [Bu,N"-~-"0;SCH,CH,NH, ]

The equilibrium concentration of self associated p-
nitrophenol can be derived from the total p-nitrophenoxide
concentration (A/E) and the stoichiometric concentration

of p-nitrophenol [ArOHstoi] as in equations 10 and 11.
n(ArOH)n + A/E = (ArOH)stoi (eqn 10)
(ArOH) = (ArOHgy oy - A/E)/n (eqn 11)

An analogous derivation can be used to determine the

equilibrium concentration of TBAT.
(TBAT) + (A/E) = (TBAT)stoi (eqn 12)
(TBAT) = (TBAT)Bto1 - (A/E) (eqn 13)

Substitution of equations 11 and 13 into equation 9,

afforde an expression for the equilibrium constant which
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can be evaluated from my data.

- + - +
[ArD ——-H3NCH20HZSO3--—Bu4N )

Vv =
® T TAron —A/E
stoi 1/n + -
[ - ] [Bu4N - 03SCH2CH2NH2-A/E]

(eqn 14)

Table 2 (column 7) contains values for this equili-
brium constant (equation 14) assuming that n = 2 (later
proven to be correct). Inconsistencies(approx. 10%) still
exist within each set of runs, however, a comparison of
sets no longer shows any disparity in equilibrium constant
at different p-nitrophenol concentrations. These results
indicate that the dimer of p-nitrophenol is probably the

species undergoing ionization.

Determination of Coexisting Equilibria

The general expression for the equilibrium between
phenols and amines contains a hydrogen bonded ion pair
BHY'---A". The reaction of p-nitrophenol and TBAT has an
added feature nct previously studied in the literature, in
that the base itself is a salt. When TBAT is the base the
equilibrium product now contains four centers of charge in

a single kinetic species, as in ion aggregate(I).

- + - +
Ar0~- H3NCHZCH2803 N (Bu)4

(1)

Since two positive charge centers coexist in the 1ion

aggregate(I), one may speculate that two types of p-
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nitrophenoxide ion aggregatec are possible. One such ion
aggregate is the p-nitrophenoxide-taurinate-quaternary am-
monium found in ion aggregate(Il), while the other 1is the

p-nitrophenoxide~quaternary ammonium ion pair(II).
Ar0™---*N(Bu),
(I11)
- +
O3SCH20H2NH3
(I11)

The formation of (II) comes about from the dissociation of
the ion aggregate(I) into an ion pair(II) and a
gwitterion(III) according to the following equilibrium

equation.
K
- + - + d
ArO ---H3NCH20H2803---N (Bu)4 {==2)>
- + - +
ArQ —-- N(Bu)4 + 03scnzcazna3 (eqn 15)

Once the ion aggregate (I) dissociates into species (II)
and (III), there 1is no reason to assume that they will
continue to be associated to one another. Therefore, they
can be treated as two distinct kinetic species.

This second equilibrium (equation 15) may explain the
inconsistencies in the values of the equilibrium constants
found in Table 2 (column 7) at various amine concentra-

tions.



Part Il

Results and Diecussion

page 102

TABLE 3 Log K for Ion Pair Dissociation of Quaternary and

Other Ammonium Picrates in Several Organic Solvents
(25°c)®

Solvent (D)P Cation® log K ref
Benzene (2.27) i-Am,N*  -17.05 14
1-AuNHY  -20.60 14
Chlorobenzene (5.63) Bu,N” -7.73 15
Bu3HH+ -12.68 15
Ethylene chloride (10.23) Bu4n+ -3.64 16
13\13mq+ -7.68 16
Nitrobenzene (24.8) Me4N+ -1.40 17
Me, " -3.82 17

a) Log ¥ corresponds to the reaction R4N+Pi' (===

R

4

N

* 4+ Pi”

b) dielectric constant of the solvent

c) Bu signifies n-butyl
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Determination of the Overall Equilibrium Expression

The overall equilibrium equation for the reaction of
p~-nitrophenol and TBAT in 95.3 mole ¥ dioxane-water can be
determined by combining equations 8 and 15. The equilibri-

um equation contains two coexisting equilibria, K and Kd.

K
+ -
1/n (ArOH)n + Bu,N ---03SCH2CH2NH2 ===>

+ K4
z-=="N(Bu), <=f>

- +

- + + -
Ar0 =~ N(Bu)4 + H3NCH2CH2803 (eqn 16)

Dissociation constants of various ammoniun and
quaternary ammonium picrates in a variety of solvents are
listed in Table 3. A reasonable prediction that can be
made from values in Table 3, is that the amount of ion
pair (II) will be quite small as compared to ion aggregate
(1) in 95.3 mole ¥ dioxane-water (D= 2.53). This assump-
tirn is justified by the fact that in any given solvent
the anmmonium picrate has a much lower dissociation con-

stant than its quaternary ammonium analog(Table 3).

The Evaluation of Equilibrium Constants

Each equilibrium constant found in equation 16 can
now be expressed separately in the form of equations 17

and 18.
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- + - +
[Aro ---H3NCH2CH2303---Bu4N ]

K = “h/E

stol

rArOH
l n

1/n + -
] [Bu4N - O3SCH20H2NH2]

(eqn 17)

- + + -
(Ar0"--- N(Bu\4] [H3N cazcazso3]

K, =
1 [ArcT-—-H5N*CH,2H,503---"N(Bu) ;]

(eqn 18)

I will use n for the aggregation number of p-
nitrophenol throughout the following derivation.

The ion aggregate (I) concentration can be written
(equation 18) as a function of the concentration of ion
pair (II) and K4» @ssuming that [ArO'--—+N(Bu)4] equals
[B5n*CH,CH,S0% ).

[Ar0~~--*N(Bu), ]2
- + - + - 4
[Ar0T---H,N'CH,CH,503---"N(Pu),] = X

d
(eqn 19)

A single expression conteaining both K and Kd can be

written by substituting equation 19 into equation 17.

[Aro”---*N(Bu)4]2

ArOH -A/E -
4l Bﬁfi 1/n [(Bu)4N+O3SCH2CH2NH2—A/E]

(eqn 20)

Since the total p-nitrophenoxide concentration (A/E)
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is merely the sum »>f the concentrations of the ion aggre-

gate (I) and the icn pair (II),

A/E = [Aro'---H;NCHZCH2so;---*N(Bu)4] + [ArO----+N(Eu)4]

(eqn 21)

equation 18 can be rewrit-en wherebdy Kd is a function of

only the ion aggregate (II) concentration and A/E.

[Ar0™---*N(ru),]?

- ( 22)
d [A/E - (ArO'---+H(Bu)4)] ean

K

An expression can ncw be derived for the concentration of
ion pair (II), by rearranging equation 22 and using the

quadratic formula.

2
- -Kq * \/ (kg + 4K4(A/E))
[ArO ---*n(Bu)4] = XZ >

(eqn 23)

On substituting equation 23 into equation 20, an ex-
pression can now be written where K and Kd are functions
of only the stoichiometric concentrations of reactants and

the total p-nitrorhenoxide concentration (A/E).

( —Kg i-y/;g + 4K, (A/E) )2

sto
n

1
4%, ( )1 /n (TBAT,, ;-A/E)

(eqn 24)
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At this point in the derivation to help simplify fu-
ture mathematical manipulations, I will make the following

replacement.

(ArOH_, 4
(c) = 222

- A/E)
yt/n (eqn 25)

(B) = (TRAT - A/E) (eqn 26)

stol

Equation 24 can now be written as in equation 27.

1-\/x§ + 4K (A/E) )P

K = v o (R 6] (eqn 27)

The numerator of equation 27 was expanded and 1like terms

combined.
K2 + 2K \/ x4+ 4K (A/E)‘+ K2 + 4K (A/E)
v - fa* %K d d d a
FX, (C) (B)
(eqn 28)
2k2 + 2F /;’2 + 4K, (A/E) + 4K, (A/E)
S ‘a’V " “a a
I, (C) (B)
(eqn 29)

Cancellation of the 2Kd term from the numerator and

denominator of equation 29 yields

Kq :;3/;3 + 4K (A/E) + 2(A/E)
K =
2 (C) (B)

(eqn 30)
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Equation 20 can now be rearranged into the form of

2
K +\ﬁ( + 4X.(A/E)
A/E & — d d
K - WLWT = 2 (C) (B) (eqn 31)

and both sides multiplied by 2(C)(B).

2K(C)(B) - 2(A/E) = K4 1\/k§ + 4K, (A/E) (eqn 32)

Equation 32 can now be rearranged as in equation 33, and

each side squared.

2K(C)(B) - 2(A/E) - ¥, = +1/K2 + 4K,(A/E)  (eqn 33)
a a a

(2K(0)(B) - 2(0/E) - Kg)? = ( 2\[Ky + 4Ky(a7E) )3
(eqn 34)

Expansion of equation 34 and cancellation of 1like terms

yields equation 37.

\

4¥2(c)?(B)2 - 4K(C)(B)(A/E) - 2KK,(C)(B)

~4K(C)(B)(A/E) + 4(A/E)? + 2K, (A/E) $= xg + 4K4(A/E)

~2KK4(C)(B) + 2K,4(A/E) + K3

(eqn 35)



Part Il Results and Discussion parse 108
4%2(c)2 ()2 - B8K(")(B)(A/E) ~ 4KK(C)(B)
2 2 _ 2
+ 4(A/E)C + 4K (A/E) + K§ = ¥g + 4K, (A/E)

(eqn 36)

4k2(c)2(B)? - 8K(C)(B)(A/E) - 4KK,4(C)(B) + 4(A/E)? = ©
(eqn 37)

An equation can now be derived for (A/L), by dividing

equation 37 by 4 and using the quadratic formula.

k2(c)2(F)2 - 2K(C)(B)(A/E) ~ KK (C) (P} + (A/E)2 = O
(eqn 38)

(A/E)2 - 2¢(C)(R)(A/E) + (KZ(£)4(B)? - KK (C)(B)) = O

(eqn 39)

zx(c)<B>1\/Qx?<c>2<s)2-4(x2<c>2<3>2-xxd<c><n)>
(A/E) = )

(eqn 40)

(A/E) = (eqn 41)

(A/E) = K(C)(B) +\/KK4(C)(B) (eqn 42)

If I now divide both sides of equation 42 by 1/(C)(E) , an

equation of the form y = mx + b results.

2K(C)(F) #/ARK((C)(B)
2
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(A/E) _ K(C)(B) . 17w
Jom Jom Ve

(eqn 43)

The values of the slope (m) and the y-intercept (b)
are K and 1\/KKd, respectively. The x and y coordinates
for each run (E1 - E16) can be evaluated from the follow-

ing equations.

ArOF . - A/E
stoi 1/n m
. ( X ) (TBAT 4 = A/E)
ArCH - A/E
\/( R‘toni )1/n (TBATStOi - A/E)
(eqn 44)
y = (A/E)

ArCH - A/E
\/(’ stoni )1/1’1 (TBATstoi - A/E)

(eqn 45)
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Evaluaticn of Aggregation Number

With the aid of a computer program, I was able to
evaluate an x,y rair (equations 44 and 45) for each of my
sixteen data points for values of n fromn =1 to 3 (by
0.1 1incremen*s). For each separate value of n, the least
square slope and y-intercept were evaluated, along with
the standard deviation of the slope and y~intercept for
all my data points. A plot of n versus % error in s8lope
(E;Q;g%gﬁglgzs x 100 ¢) 1is chown in Graph I and listel in
Table 4. The curve clearly shows a minimum at n equals 2.
Therefore it was decided +that the average aggregation
state of p-nitrophenol in 95.3 mole % dioxane-water can

beat be depicted as the dimer.
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TAPLE 4 Percent Error in SIOpea at Various Values of n

n $Error in Slope n $Error in Slope
1.0 24.15 2.00 2.08
1.1 18.74 2.02 2.11
1.2 14.78 2.04 2.14
1.3 11.72 2.06 2.19
1.4 9.26 2.08 2.26
1.5 7.23 2.1 2.34
1.6 5.55 2.2 2.85
1.7 4.16 2.3 3.47
1.8 3.0¢€ . 2.4 4.10
1.9 2.33 2.5 4.72
1.92 2.24 2.6 5.31
1.94 2.17 2.7 5.87
1.96 2.12 2.8 6.41
1.98 2.09 2.9 6.92

3.0 7.40

a) %Error = (standard deviation of slope/slope) x 100%
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TARLE 5: Values of X® and Yb Used in the Determination

Slope when n = 2.

Run#  X2(10°) Y'(10°)
E1 1.4358  5.4807
E2  2.1913  8.4438
E3  2.9362  10.938
E4  3.9745  14.5447
ES 1.7059  7.1186
E6  2.6453  9.7851
E7  3.5870  13.715
E8  5.0572  19.001
F9  1.5630  6.4550
E10  2.3868  9.3311
E11 3.1813 12,270
E12  4.2257  16.564
E13  1.8600  7.9838

E14 2.8787 11.104
E15 3.9070 14.934
E16 5.5185 20.142

AroH Z A/E
a) X = \/& i St%; / y1/2 (TBAT,, s - A/E)

b) Y- r30);1 A/EA/E
\/(—A 81:021 )1/2 (TBATstoi - A/E)

of
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Evaluation of Equilibrium Constants (K and Kdl

Table 5 lists x and y values for all sixteen data
points when n equals 2. A plot of x verses y for the 16
runs can be found in Graph II. The values of the slope (K)
was determined to be 3.5722 + 0.0746 1 mole™'. The value
of the y-intercept (1\[?E;) was T7.8A21 + 2.45 x 10-4,
which yields a value of Ky of 1.7304 + 0.168 x 107/ M.

Since K and Kd do not have the same dimensions, the
influence of each on the equilibrium can be seen more
clearly by calculating the concentration of tetra-n-
butylammonium-p-nitrophenoxide ion pair {(formed by Kd),

and can be calculated by rearranging equation 20 in the

form of equation 46.

_ ATOH_, = A/E 4/,
[Aro ---+N(Bu)4] = (KKy ( 8 027 y1/2
m 1/2
(TBAT_, ., - (A/E)) /

(eqn 46)
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"ABLE 6: The Percentage of ArO'--—Bu4H+ Ion Pair in the

Product Mixture

total p-nitro- percent ae
Runf  phenoxide (105) ArO'---Bu4N+a
E1 0.78693 14.35
E2 1.8503 9.7
E3 3.2116 7.19
E4 5.7809 5.41
E5 1.2143 11.04
6 2.5885 8.04
E7 4.9197 5.73
ES 9.6093 4.14
E9 1.0089 12.18
E10 2.2271 8.43
E11 3.9034 6.41
E12 6.9993 4.75
E13 1.4850 9.85
E14 3.1967 7.08
E15 5.8346 5.26
E16 11.115 3.90

a) % of ArO‘---*Iw(Bu)4 as a fraction of total p-

nitrophenoxide ion present at equilibrium.
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Table 6 lists the percentage of tetra-n-
butylammonium-p-nitrophenoxide ion pair (as a fraction of
the total p-nitrophenoxide concentration (A/E)) for each
of my data points. The percentage of ion pair in a product
mixture shows a s8teady decrease as the total P-
nitrophenoxide concentration (A/E) increases. This

phenomena is typical of equilibrium reactions of the form

where

v - [B] [c] _ [812
(A] (a]

It can be shown mathematically <that at any given
equilibrium constant K, as the equilibrium concentration
of A increases, the percentage of B (or C) in the equili-

brium mixture decreases (Teble 6.1).
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TARLE 6.1 Percentage of B in the Equilibrium Mixture at
Increasing Equilibrium Concentrations of A

Percent B in

4 [(a]2 [B]®  Equil mixture

o1 5 0.707 12.4
o 20 1.414 6.6
n1 64 2053 3‘8

a) equilibrium concentrations

Therefore, the results in Table 6 are compatible with
our assumption that the ion aggregate (I) dissociates into

two distinct kinetic species (II and III).

Spectra of Ion Pairs

On observing the spectrum of 2,4-dinitrophenol in
chloroform, Pearson (3) found that in the presence of ex-
cess triethyl or diethylamine, two absorption peaks were
apparent (360 and 400nm). He assumed that these peaks
were due to the ammonium~2,4-~dinitrophenolate ion pair.
However, both peaks in the spectrum of
tetraethylammonium-2,4-dinitrophenolate ion pair in
chloroform, were shifted to higher wavelengths (370 and
429nm). He proposed that this effect was due to the fact
that there was no proton coordinated to the anion in the
tetraethylammonium-2,4-dinitrophenolate ion pair.

The results I obtained in 95.3 mole ¥ dioxane-water
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indicate that the tetra-n-butylammonium-4-nitrophenolate
ion pair (Bu4N+---’OAr) and the tetra-n-butylammonium-2-
ammonium ethanesulfonate-4-nitrophenolate ion aggregate
[ArO'---H;NCHzCﬂzsog---Bu4N+] have the same absorbance
maximum () nax> 408nm) and molar absorptivity (2.5073 x
104 1 mole'1). The identical spectra obtained for the 1ion
pair and ion aggregate are probably due to the small
amount of water in my solvent which allows protdns to Dbe
H~bonded to the 4-nitrophenoxide ion in both species. The
solvent is therefore exerting a "leveling effect" by form-

ing hydrogen bonds to the p-nitrophenoxide ion which

should not occur in aprotic solvent systems.

Association Between p-Nitrophenol and TBAT in 95.3 Mole

% Dioxane-Water

Rivetti (5) found that in benzene the A .= of p-
nitrophenol shifts from 305 to 320nm on addition of excess
imidazole. This observation was taken as an indication (6)
of association through rather strong N---HOAr bonds of the
solute molecules.

My observations in 95.3 mole ¥ dioxane-water show no
apparent association between amine and p-nitrophenol in
the experimental concentration range. A 9.999 x 1074

solution of p-nitrophenol has a A at 308nm in 95.3

max
mole ¥ dioxane-water. On addition of tetra-n-butylammonium
taurinate (TBAT) up to 4.6806 x 10™7 M the absorption peak

of un-ionized p-nitrophenol showed no shift +to 1longer
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wavelength (Table 6.2).

In an analogous experiment in which bYenzylamine was
used as the base, small shifts in the p-nitrophenol ab-
sorption peak were detected. At benzylamine concentrations

of 1.68 x 10~' M and 3.34 x 10”' M, the } of p-

max
nitrophenol shifted to 312 and 314nm respectively (Table
6.3). These small shifte observed at higher benzylamine
concentrations may be due to either a change in the char-
ac?er of the solvent system, or the formation of hydrogen

bonds between p-nitrophenol and benzylanine

(ArOH---H2NCH2Ar).
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TABLE 6.2 Absorption Bands® of p-Nitrophenol (ArOH) and

b

p-Nitrophenoxide (Ar0~) ion" in the presence of TBAT (V)

C, (10°) €, (10°) A pa (n@) N gax (n@)

ArOH TBAT ArOH Ar0
4.999 308.5

9.999 4.6806 308 408
9.999 1.8722 308 408
9.999 .93612 308 408
9.999 .37444 308 408

a) determined on a Perkin-Elmer model 402 U.V.-Vis Spec-
trophotometer

+ - -3
b) A pax ©f BuyN"---Ar0~ ion pair (2.00 x 10 M) is
408nm.

C1 = Initial Concentration
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TAPLE 6.3 Absorption Band® of p-Nitrophenol (ArOH) in the

presence of High Concentrations of Benzylamine b (viIi)

c, (oY) ¢, (10" X pay (N0)
ArOH Eenzylamine ArOH
1.0833 3.3408 314
1.0833 1.6823% 312
1.0833 .16824 308

a) determined on a Perkin-Elmer model 402 U.V.-Vis Spec-
trophotometer

b) No p-nitrophenoxide ion (>\max= 408nm) was detected

C; = Initial Concentration

Other Equilibrium Expressions

I have also considered the possibility that the ini-
tial state may, in fact, consist of a hydrogen bonded com-
plex between p-nitrophenol and TBAT. TIonization schemes
leading from the hydrogen bonded complex to ion pairs are
represented by equations 47, 48, and 49 and calculated
from equations 47.1, 48.1, and 49.1.

ArOH—~=TBAT (===> Ar0O —--g}

3Ncnzcnzsog---n*(nu)4 (eqn 47)

[Ar0™---HiNCH,CH,S05---N*(Bu),]
k' = g2 23 4 (eqn 47.1)
TATOH-—-TBAT] _
"
AN +___- + -
ArOH---TBAT <===> Bu,N"---"OAr + HNCH,CH,S05 (eqn 48)
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[Bu,N*---"0Ar] [HINCH,CH,S07]
vy 4 3 2CH,S805
Ko= “TATOH---TEBA™] (eqn 48.1)

"
- - K
ATOH---TBAT <=z=> Ar0”---HJNCH,CH,S03---Bu,N* =9y

3
(Bu) ,n*---"0Ar + HZNCH,CH,SC3 (eqn 49)
A/E _ tee (ArOHBtOi-A/E) v 1/2
77z < K 77z & (K Ky)
(ArOHstoi—A/E) (ArOHstoi-A/E)
(eqn 49.1)

Comparison of equilibrium constants obtained for both
' (eqn 47.1) and ' (eqn 48.1) showed substantial incon-
sistancies at different concentrations (Table 7). The
slope (k''') determined from equation 49.1 was found to be
negative, and have an extremely poor correlation coeffi-
cient (Table 7.1).

My data lead me to conclude that a hydrogen bonded
complex bYetween p-nitrophenol and TBAT can not be con-
sidered an important kinetic species in 95.3 mole %

dioxane-water.
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TARLE 7: Equilibrium Constants Determined

47.1 (x'') and 48.1 (K')

TABLE 7.1 Slope and Correlation

Equation 49.1.

a) Y axis

Run kK (107) k' (109)
E1 7.83 9.95
E2 50.0 27.0
E3 188 58.5
E4 1147 198
ES 9.12 7.51
E6 45.3 17.5
E7 194 39.4
E8 1186 123

page 124

from Equations

Run Y axis (109)% X axis (107)P
E1 8.849 8.892
E2 22.37 8.273
E3 43.37 7.405
E4 107.1 5.398
ES 9.548 12.72
E6 21.28 12.16
E7 44.0v 11.17
E8 108.9 8.820
= A/E / (AroH_, ,-a/E)'/2

stol

Coeff Evaluations® from
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= 1/2
b) X axis = (ArOH_, ;-A/E) / (ArOHg, ;~A/E)

c) slope = -9.71 x 10"1 ; correlation coefficient = 0.60

Conclusion
The following conclusions can be drawn from the ex-~
perimental results for the ionization of p-nitrophenol by
tetra-n-butylammonium taurinate (7TBAT) in 95.3 wmole %

dioxane-water.

1.) p-Nitropherol exists as a dimer in 95.3 mnole ¥

dioxane-water.

2.) The formation of an ion aggregate (formed by associa-
tion of +two ions and a zwitterion) is found to be an im-

portant kinetic species in this equilibrium.

3.) This ion aggregate can dissociate into two separate

kinetic species (an ion pair and a zwitterion).

4.) Equilibrium constants for formation and dissociation

of the ion aggregate have been calculated.
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Experimental

Sclvents.

Water was deionized and filtered +through a Milli-Q
water purification system (Millipore Corp.). Purification
of 1,4-dioxane (Baker Analyzed Reagent) was accomplished
by passing solvent through a 40 cm. (height) by 4 cm. (di-
ameter) column of activated alumina (Alcoa), and collect-
ing under nitrogen. The dioxane was tested at one liter
intervals for peroxides (2% aq. KXI), n%O = 1.4229
(21t(18): 030 = 1.4224). The 95.3 mole % dioxane-water
was prepared by weight and deaerated for twenty minutes
with CO, free nitrogen. the dioxane and 95.3 mole %

dioxane-water, were stored in brown glass containers under

nitrogen, and used within three days.

Materials.

Melting and boiling points are wuncorrected. Taurine
(Aldrich), was recrystallized from water and dried at 100
Oc in v&cuo. Benzylamine (Eastman) was purified by drying
over KOH pellets and then distilled from XOH in an all
glass apparatus under nitrogen, b.p. 180-81 ¢ (1it(19):
bp 184.6-185.2 °C (771 torr)), n30 = 1.5441 (11%(20): n2°
= 1.5438). p-Nitrophenol (Fisher) was recrystallized from
2% aqueous HCL and dried at 78 °C in vacuo, mp 113-114 °C
(11t(21): mp 115-115.6 °C). Crystals were stored in the

dark under nitrogen. Tetra-n-butylammonium bromide (East~-
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man) was recrystallized twice from a 3:1 by volume
ethylacetate-ether solution, and dried at 78 Oc in vacuo,
mp 118-119 °C  (1it(22): mp 118.5 ©°C). Tetra-n-
butylammonium hydroxide (Eartman), 0.4 M solution in wa-
ter, and silver(I) oxide (Baker Analyzed Reagent) were
used without further purification. Tetra-n-butylammonium
taurinate (TBAT) was prepared as in Part I of this work.

(see Experimental pp 72).

Spectra.

Absorbance measurements were made with a Cary 17 and
Perkin-Elmer Model 402 U.V.-Visible spectrophotometer.
Each was equipped with a thermostatted cuvette holder

through which water was circulated at 25.0 + 0.1 °c.

Computations.

Calculations were carried out on an IBM 360-50 com-

puter and PL/C compiler.

Evaluation of p-Nitrophenol-p-Nitrophenoxide Equilibrium

Constants in 95.3 mole % Dioxane-Water at 25 °C.

The fcllowing procedure 1is typical of that used
throughout my experimental runs. A 4.000 x 10™4 M solution
of p-nitrophenol and 3.7444 x 10~7 M solution of tetra-n-
butylammonium taurinate (TBAT, V) were prepared by weight
and successive dilution in 95.3 mole % dioxane-water.

Separate solutions of p-nitrophenol and amine were equili-
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brated at 25.0 °C in a thermostatted bath. The spectropho-
tometer was adjusted to zero absorbance at 408 nm (visible
region) with solven:i. Ten milliliter aliquots of each
solution were mixed in a 50 ml Erlenmeyer flask. The spec-
trophotometer cell was rinsed with this solution, and the
filled cell was stoppered and placed in the thermostﬁtted
spec*rophotometer cell compartment. The solution was al-
lowed to equilibrate at 25 °C, until a horizontal absor-
bance plot versus time was achieved at 408 nm (Table 8).
The molar absorptivity of the tetra-n-butylammonium-
p-nitrophenoxide ion pair in 95.3 mole ¥ dioxane-water was
determined in a separate experiment. A twenty milliliter
aliquot of 2.3952 «x 1074 M p-nitrophenol (prepared by
weight) was diluted to 100 milliliters with a 4.0 x 10-3 M
solution of tetra-n-butylammonium hydroxide (prepared by
dilution of a 0.4 M aqueous BU4N+OH' with dioxane). The
molar absorptivity of the ion pair in 95.3 mole %

dioxane-water at 408 nm () ) was 25,092 1 mole™ .

max

The molar absorptivity of the tetra-n-butylammonium-
2-ammoniumethylsulfonate-p-nitrophenoxide ion aggregate
was determined by dilution of a 2 ml aliquot of 1.2171 x
10~4 M p-nitrophenol (prepared by weight) with successive-
ly higher concentrations of tetra-n-butylammonium tauri-
nate, until a maximum absorbance at 408 nm ()\max) was

achieved. The highest concentration of tetra-n-

butylammonium taurinate used was 2.8795 x 1072 M (prepared
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by weight), which gave a molar absorptivity for the ion
ageregate of 25,048 1 mole~! (a 0.17% difference from the
molar absorptivity of the tetra-n-butylammonium-p-

nitrophenoxide ion pair).
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mABLE 8: Absorbance of p-Nitrophenoxide? (at 408 nm) 1in

95.3 Mole ¥ Dioxane-Water at 25°C

Cy (») C, (M) Absorbance

Run  PUP (10°)  TBAT (10%) (408 nm)

E1 8.6946 2.3573 0.1945
E2 " 8.3933 0.4573
E3 " 16.787 0.7938
E4 " 41.967 1.429
E5 17.389 3.3573 0.3002
E6 " 8.3933 0.6398
E7 " 16.787 1.216
E8 " 41.967 2.375
E9 9.9993 3.7445 0.2532
E10 " 9.3612 0.5588
E11 " 18.722 0.9795
E12 " 46.806 1.756
E13 19.998 3.7445 0.3726
E14 " 9.3612 0.8021
E15 " 18.722 1.464
E16 " 46 .806 2.789

a) Runs E1-E8 and E9-E16 were run on separate occasions.
The molar absorptivities of p-nitrophenoxide at 408 nm
were 24,717.7 M~ and 25,092.6 M~!, respectively

b) C; = initial conc. ; PNP = p-nitrophenol




Ester conc

4.0581 x 1072 W

Time (sec)

€0.0

68.0

78.0

88.0
102.0
116.0
132.0
150.0
170.0
192.0
216.0
242.0
270.0
302.0
338.0
374.0
422.0
476.0
538.0
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Amine
Sodium Taurinate

Amine conc

3.7249 x 10~4 M

%4 Reaction

Appendix
Solvent Fsterd
Water NPR
Absorbance®’® Phen%%%%32%105)
0.1401 0.7665
0.1573 0.8R604
0.1786 0.9770
0.1971 1.079
0.2226 1.218
0.2459 1.345
0.2703 1.479
0.2956 1.617
0.3210 1.756
0.3453 1.889
0.3710 2.030
0.3962 2.168
0.4211 2.304
0.4470 2.445
0.4716 2.580
0.4937 2.701
0.5209 2.850
0.5464 2.990
0.5706 3.122

18.9
21.2

—

24-
26.

o o

30.
33.
36.
39.
43.
46.
50.
53.
56.
60.
63.
66.
70.
73.
76.

N [bs) » (@] [, 3N BN » -

O T NN A O
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a) second order aminolysis rate constant equals 1.61 +
0.06

b) Kinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

c) E - 1.8278 x 10% m~!

phenoxide
d) PNPB = charged ester IV
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TARLT 2
Run® Solvent zsterd Amine
K143 Water PNPP Sodium Taurinate
Eeter conc Amine conc
4.0581 x 1072 M 1.8624 x 1070 M
Time (sec) AbsorbanceP’C Phe:%%%§?2%105) % Reaction

42.0 0.2622 1.435 35.4
46.0 0.280¢ 1.535 37.8
50.0 0.3001 1.642 40.5
55.0 0.3212 1.758 43.3
60.0 0.3423 1.873 46.2
65.0 0.3607 1.973 48.6
70.0 c.3788 2.073 51.1
75.0 0.3948 2.160 53.2
80.0 0.4108 2.248 55.4
85.0 0.4270 2.336 57.6
91.0 0.442%6 2.427 59.8
98.0 0.4621 2.528 62.3
105.0 0.4795 2.62% 64.56
114.0 0.4992 2.731 67.3
133.0 0.5377 2.942 72.5
145.0 0.5564 3.044 75.0
158.0 0.5754 3.148 77.6
177.0 0.6008 3.287 81.0

a) second order aminolysis rate constant equals 1.67 +

0.06
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b) Kinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5
- 4 41
c) Fpohenoxige = 1:6278 x 10 M
d) FNPB = charged ester IV
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TABLT 3
Run® Tolvent Ester” Amine
K120 “Water PREL Sodium “aurinate
Ester conc Amire conc
4.4386 x 107> M 2.1219 x 1070 M
b. e conc of 5
Time (cec)  Absorbance™’ Phenoxide (10°) % Reaction

4¢.0 0.3266 1.787 40.3
49.0 0.3463 1.895 42.7
53.0 0.3654 1.999 45.0
57.0 0.3856 2.109 47.5
62.0 0.4081 2.232 50.3
67.0 0.4282 2.347 52.8
72.0 0.4495 2.459 55.4
78.0 0.4704 2.574 58.0
84.0 0.4917 2.630 60.6
100.0 0.5377 2.942 66.3
109.0 0.5832 3.059 68.9
117.0 0.5781 3.163 71.3
125.0 0.5965 3.264 73.5
136.0 0.61€4 3.373 76.0
149.0 0.6407 3.504 79.0

a) second order aminolysis rate constant equals 1.44 +
0.06

b) Finetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

c) T 1.8278 x 104 n~!

phenoxide ~
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d) PNPR = charged ester IV
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TABLE 4
Run® Solvent isterd Amine
K148 Water PNPP Sodium Taurinate

Ester conc Amine conc
4.4386 x 1077 M 3.1829 x 1074 M

Time (rec) Absorbance®*C Phen%§%§32%10?) 4 Reaction
70.0 0.1628 0.8906 20.1
84.0 0.1886 1.032 23.3
98.10 0.2147 1.175 26.5
114.0 0.2409 1.318 29.7
130.0 0.2656 1.453 32.7
148.0 0.2902 1.588 35.8
170.0 0.3177 1.738 39.2
190.0 0.3416 1.869 42.1
214.0 0.3672 2.009 45.3
240.0 0.3927 2.148 48.4
270.0 0.4199 2.297 51.8
302.0 0.4451 2.435 54.9
338.0 G.4732 2.589 58.3
405.0 0.5154 2.820 63.5
455.0 0.5412 2.961 66.7
509.0 0.5659 3.096 69.8
575.0 0.5912 3.234 72.9
681.0 0.6261 3.425 T7.2

a) second order aminolysis rate constant equals 1.42 +

0.05
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b) ¥Vinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

c) E = 1.8278 x 104 m~!

phenoxide
d) PNPB = charged ester IV
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TABLE 5
Run? Solvent gggggd Amine
K91 Water PNPE Benzylamine
Eester conc Amine conc
6.6547 x 107> M 3.2865 x 10”4 M
mime (sec) Absorbance®’C Phen%g%%32%105) %4 Reaction
70.0 0.301 1.407 28.7
88.2 0.350 2.217 33.3
106.3 0.402 2.546 38.3
124.5 0.441 2.793 42.0
148.7 0.495 3.136 47 .1
178.9 0.552 3.497 52.5
212.1 0.607 3.820 57.4
242.4 0.645 4.086 61.4
296.8 0.704 4.459 67.0
342.1 0.748 4.738 T1.2
438.9 0.821 5.200 78.1

a) second order aminolysis rate constant equals 2.80 +
0.17

b) Kinetic analysis performed on a Perkin-Elmer Model 202
U.V.-Visible spectrophotometer
©) Eppenoxige = 1-5787 x 104w’
d) PNPB = charged ester IV
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TABLE 6
%ﬁﬁ; §%%%§%E E%%%%g Ben%%%ﬁ%ine
Ester conc Amine conc
6.6547 x 1072 ¥ 6.5730 x 10~4 M

Time (sec) Absorbanceb'c Phen%%%%€2%105) % Reaction
65.0 0.427 2.705 40.6
83.2 0.500 3.167 47.6
101.3 0.572 3.623 54.4
113.4 0.602 3.813 57.3
131.6 0.648 4.105 61.7
149.0 0.689 4.364 65.6
173.9 0.740 4.687 70.4
207 .1 0.801 5.074 76.2
231.3 0.831 5.264 79.1
337.1 0.930 5.891 88.5

a) second order aminolysis rate constant equals 2.95 +
0.20
b) Kinetic analysis performed on a Perkin-Elmer Model 202

U.V.-Visible spectrophotometer

c) E = 1.5787 x 104 n~!

phenoxide
d) PNPB = charged ester IV
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TABLE 7
Run? Solvent Esterd Amine
K138 “Water “PNPB Benzylamine
Ester conc Amine conc
4.0496 x 1072 M 2.2716 x 10”4 M
Time (sec) Absorbance®’® Phen%%%%32%105) 4 Reaction

55.0 0.1389 0.7611 18.8
69.0 0.1657 0.9079 22.4
81.0 0.1889 1.035 25.6
97.0 0.2151 1.179 29.1
113.0 0.2417 1.325 32.7
129.0 0.2650 1.452 35.9
147.0 0.2894 1.586 39.2
169.0 0.3152 1.727 42.7
191.0 0.3408 1.868 46.1
215.0 0.3647 1.998 49.3
243.0 0.3901 2.138 52.8
273.0 0.4157 2.278 56.2
307.0 0.4393 2.407 59.4
345.0 0.4647 2.547 62.9
389.0 0.4901 2.686 66.3
440.0 0.5164 2.830 69.9
498.0 0.5408 2.963 73.2
576.0 0.5672 3.108 76.7

a) second order aminolysis rate constant equals 2.76 +

0.10
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b) Kinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

c) E = 1.8278 x 104 n~!

phenoxide
d) PNPE = charged ester 1V



Appendix page 143

TABLE 8
%%%; §%%%§%E E%%%%? Ben%%%%%ine
Ester conc Amine conc
4.0496 x 1072 M 1.1358 x 1070 M
Time (sec) Absorbance®’® Phen%§%§32%1oﬁ) % Reaction
51.0 0.3094 1.693 41.8
55.0 0.3272 1.790 44.2
58.0 0.3398 1.859 45.9
62.0 0.35M 1.954 48.3
66.0 0.3731 2.041 50.4
71.0 0.3927 2.148 53.0
76.0 0.4104 2.245 55.4
81.0 0.4264 2.333 57.6
87.0 0.4451 2.435 60.1
94.0 0.4657 2.548 62.9
102.0 0.4864 2.661 65.7
110.0 0.5061 2.769 68.4
126.0 0.5403 2.956 73.0
135.0 0.5564 3.044 75.2
147.0 0.5758 3.150 77.8
161.0 0.5955 3.258 80.4

177.0 0.6156 3.368 83.2

a) second order aminolysis rate constant equals 2.62 +
0.10
b) Kinetic analysis performed on a Cary 17 U.V.-Visible
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spectrophotometer absorbance range 0.5

c) E = 1.8278 x 104 w1

phenoxide
d) PNPB = charged ester IV
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TABLE 9
Run® Solvent Ester? Amine
K153 Water PNPB Benzylamine
Ester conc Amine conc
4.2416 x 1077 M 2.0080 x 1074 M
Time (sec) Absorbance?’® Phen%%%%32%105) % Reaction
55.0 0.1519 0.8313 19.6
67.0 0.1756 0.9608 22.7
81.0 0.2030 1.111 26.2
95.0 0.2259 1.236 29.1
111.0 0.2520 1.379 32.5
127.0 0.2764 1.512 35.7
145.0 0.3005 1.644 38.8
165.0 0.3%254 1.780 42.0
187.0 0.3498 1.914 45.1
213.0 0.3769 2.062 48.6
241.0 0.4017 2.198 51.8
269.0 0.4260 2.331 54.9
201.0 0.4503 2.464 58.1
339.0 0.4759 2.604 61.4
405.0 0.5154 2.820 66.5
457.0 0.5403 2.956 69.7
517.0 0.5657 3.095 73.0
589.0 0.5912 3.234 76.3
671.0 0.6152 3.366 . 79.4

a) second order aminolysis rate constant equals 2.95 +
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0011
b) Kinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

¢) E = 1.8278 x 10% m~!

phenoxide
d) PNPB = charged ester IV
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TABLE 10
Run? Solvent Esterd Amine
K155 “Water “FNPB Benzylamine
Ester conc Amine conc
4.2416 x 1077 M 1.0040 x 1070 M
Time (sec) Absorbanceb’c Phen%§%§32%105) % Reaction

48.0 0.3098 1.695 40.0
52.0 0.3297 1.804 42.5
57.0 0.3520 1.926 45.4
61.0 0.3690 2.019 47.6
67.0 0.3921 2.145 50.6
73.0 0.4161 2.277 53.7
79.0 0.4363 2.387 56.3
85.0 0.4558 2.494 58.8
91.0 0.4738 2.592 61.1
115.0 0.53T1 2.939 69.3
124.0 0.5556 3.040 1.7
134.0 0.5756 3.149 74.2
146.0 0.5955 3.258 76.8
160.0 0.6152 3.366 79.4

a) second order aminolysis rate constant equals 2.97 +
0.10

b) Kinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

c) E = 1.8278 x 104 m~!

phenoxide
d) PNPB = charged ester IV




Ester

6.2456 x 10™° M

Time (sec)

146.5
195.0
258.4
318.9
400.5
492 .1
570.8
678.4
810.3
1062.1
1296.3
1566.3

Appendix page 148
TABLE 11
Solvent Ecterd Amine
“Water “PNPH Benzylamine
cone Amine conc
6.5730 x 1074 M
b. o conc of 5
Absorbance '’ Phenoxide (10°) % Reaction
0.144 0.9121 14.6
0.185 1.172 18.7
0.240 1.520 24.3
0.287 1.818 29.1
0.345 2.185 35.0
0.400 2.534 40.6
0.442 2.800 44.8
0.495 3.135 50.2
0.550 3.484 55.8
0.634 4.016 64.3
0.698 4.421 70.8
0.758 4.801 76.9
a) second order aminolysis rate constant equals 1.23 +

0.04

b) Kinetic analysis performed on a Perkin-Elmer Model 202

U.V.-Visible spectrophotometer

c) Ephenoxide

= 1.5787 x 10* ¥

d) PNPH = p-nitrophenyl hexanoate (VI)
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TABLE 12
Run? Solvent Esterd Amine
X95 “Water TPNPH Benzylamine
Ester conc Amine conc
6.2456 x 107> M 3.2865 x 1070 M
Time (sec) Absorbance?’® Phen%%%%ggf10?) % Reaction
62.0 0.262 1.660 26.6
80.2 0.318 2.014 32.3%
98.3 0.380 2.407 38.5
116.5 0.429 2.717 43.5
4.6 0.470 2.977 47.7
152.8 0.513 3.250 52.0
177.0 0.562 3.560 57.0
202 .1 0.608 3.851 61.7
238.4 0.661 4.187 67.0
274.7 0.705 4.466 71.5
326.1 0.762 4.827 T77.3

a) second order aminolysis rate constant equals 1.27 +
0.08

b) Kinetic analysis performed on a Perkin-Flmer Model 202
U.V.-Visible spectrophotometer

e) E = 1.5787 x 104 !

phenoxide
d) PNPH = p-nitrophenyl hexanoate (VI)



Run®

K140

Ester conc

Solvent

Appendix

Water

3.2526 x 1072 M

Time (sec)

Absorbance "’

b

189.0
229.0
285.0
345.0
405.0
473.0
549.0
633.0
717.0
813.0
925.0
1048.0
1176.0
1348.0
1556.0
1794.0

a) second order aminolysis rate constant equals 1.22 +

0.04

0.
.1239
.1500
1758
.1995
.2253
0.

O O O O O

0.
0.
0.
0.
0.
o.
0.
o.
0.

1042

2506
2760
3003
3258
3508
3753
4007
4260
4509
4757

b) Kinetic analysis performed on a Cary

spectrophotometer absorbance range 0.5

page 150
TABLE 13
E%%%ﬁf Benggiggine
Amine conc
5.6790 x 1074 M

¢ Phen%%?gsg%Jos) %4 Reaction
0.5700 17.5
0.6780 20.8
0.8204 25.2
0.9619 29.6
1.091 33.6
1.233 37.9
1.371 42.2
1.510 46.4
1.643 50.5
1.782 54.8
1.919 59.0
2.053 63.1
2.193 67.4
2.331 .7
2.467 75.8
2.603 80.0
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c) E = 1.8278 x 104 M1

phenoxide
d) PNPH = p-nitrophenyl hexanoate (VI)




Appendix
TABLE 14
Solvent Esterd
Water PNPH

Ester conc

3.2526 x 1072 M

Time (sec)

Absorbanceb’

62.0

69.0

76.0

84.0

92.0
101.0
110.0
120.0
131.0
143.0
155.0
169.0
184.0
201.0
220.0
241.0
265.0
297.0

0.1504
0.1719
0.1914
0.2111
0.2309
0.2516
0.2703
0.2910
0.3110
0.3311
0.3512
0.3710
0.3907
0.4104
0.4305
0.4515
0.4702
0.4910

c

page 152

Amine

Benzylamine

Amine conc¢

4.5432 x 100 M

Phen%%%ggg%tos) % Reaction
0.8226 25.3
0.9403 28.9
1.047 32.2
1.155 35.5
1.263 38.8
1.376 42.3
1.479 45.5
1.592 49.0
1.701 52.3
1.812 55.7
1.922 59.1
2.030 62.4
2.138 65.7
2.245 69.0
2.356 72.4
2.470 75.9
2.573 79.1
2.686 82.6

a) second order aminolysis rate constant

0.05

equals 1.28

+
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b) Kinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

c) E - 1.8278 x 104 m!

phenoxide
d) PNPH = p-nitrophenyl hexanoate (VI)
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Appendix
TABLE 15
Solvent Esterd
ater N

Ester conc

3.7737 x 1072 M

Time (sec) Absorbance®’
142.0 0.1513
170.0 0.1762
200.0 0.2011
230.0 0.2257
262.0 0.2506
298.0 0.2760
338.0 0.3005
382.0 0.3260
435.0 0.3554
479.0 0.3753
535.0 0.4006
599.0 0.4262
667.0 0.4509
747.0 0.4759
880.0 0.5110

1000.0 0.5363
1152.0 0.5629

(o]

page 154

Amine

Benzylamine

Amine conce

1.0040 x 1070 M

Phen%%%%?g{Joﬁ) % Reaction
0.8280 21.9
0.9640 25.5
1.100 29.2
1.235 32.7
1.371 36.3
1.510 40.0
1.644 43.6
1.783 47.3
1.944 51.5
2.053 54.4
2.192 58.1
2.332 61.8
2.467 65.4
2.604 69.0
2.796 74 .1
2.934 77.8
3.080 81.6

a) second order aminolysis rate constant equals 1.34 +

0.05

b) Kinetic analysis performed on a Cary

17 U.V.=-Visidle
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spectrophotometer absorbance range 0.5

¢) Eonenoxide = 1-8278 x 104 w1

d) PNPH = p-nitrophenyl hexanoate (VI)



xl:‘v
s
=3

Ester conc

3.7737 x 1072 M

Time (sec)

57.0
64.0
70.0
77.0
84.0
92.0
101.0
110.0
119.0
128.0
139.0
151.0
163.0
200.0
225.0
250.0

Appendix page 156
TABLE 16

Solvent Ester? Amine

Water PNPH Benzylamine

Amine conc
5.0201 x 107> M
b. e conc of 5

Absorbance”’ Phenoxide (10°7) % Reaction
0.2289 1.252 33.2
0.2516 1.376 36.5
0.2701 1.478 39.2
0.2901 1.587 42.1
0.3102 1.697 45.0
0.3313 1.813 48.0
0.3518 1.925 51.0
0.3727 2.039 54.0
0.3913 2.141 56.7
0.4104 2.245 59.5
0.4303 2.355 62.4
0.4503 2.464 65.3
0.4706 2.575 68.2
0.5195 2.842 75.3
0.5418 2.964 78.6
0.5612 3.070 81.4

a) second order aminolysis rate constant

0005

b) Kinetic analysis performed on a Cary

spectrophotometer absorbance range 0.5

equals 1.23

s

17 U.V.-Visible
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c) E = 1.8278 x 104 ¥~

ohenoxide
d) PNPH = p-nitrophenyl hexanoate (VI)
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TABLE 17
Run? Solvent Esterd Amine
K146 “Water “PNPH Sodium Taurinate
Ester conc Amine conc
3.2526 x 107> M 1.8624 x 1077 M
b. e conc of 5
Time (sec) Absorbance”’ Phenoxide (10°) % Reaction
134.0 0.1048 0.5732 17.6
206.0 0.1503 0.8226 25.3
246.0 0.1748 0.9565 29.4
298.0 0.2010 1.100 33.8
346.0 0.2253 1.233 37.9
406.0 0.2510 1.373 42.2
462.0 0.2758 1.509 46.4
530.0 0.3010 1.646 50.6
606.0 0.3256 1.781 54.7
690.0 0.3522 1.927 59.2
778.0 0.3757 2.055 63.2
886.0 0.4007 2.193 67.4
998.0 0.4256 2.329 71.6
1134.0 0.4511 2.468 75.9
1298.0 0.4757 2.603 80.0

a) second order aminolysis rate constant equals 0.378 +
0.035

b) Kinetic analysis performed on a Cary 17 U.V.-Visible
spectrophotometer absorbance range 0.5

c) E = 1.8278 x 10% »~!

phenoxide
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d) PNPH = p-nitrophenyl hexanoate (V1)
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TABLE 18
Run?® Solvent Esterd Amine
¥147 “Water “PNPH Sodium Taurinate
Ester conc Amine conc
3.2526 x 107> M 9.3123 x 1070 M
Time (sec) Absorbanceb’c Phen%§%§32%105) € Reaction
50.0 0.1316 0.7201 22.1
60.0 0.1540 0.8420 25.9
70.0 0.1766 0.9662 29.7
80.0 0.1963 1.074 33.0
90.0 0.2154 1.179 36.2
102.0 0.23%68 1.295 39.8
114.0 0.2569 1.406 43.2
128.0 0.2802 1.533 47.1
142.0 0.2999 1.641 50.4
156.0 0.3206 1.754 53.9
176.0 0.3443 1.884 57.9
194.0 0.3656 2.000 61.5
218.0 0.3907 2.138 65.7
246.0 0.4153 2.272 69.9
282.0 0.4412 2.414 T74.2
318.0 0.4657 2.548 78.3
368.0 0.4909 2.686 82.6

a) second order aminolysis rate constant equals 0.383 +
0.015
b) Kinetic analysis performed on a Cary 17 U.V.-Visible



Appendix page 161

spectrophotometer absorbance range 0.5

c) E - 1.8278 x 104 m™!

phenoxide
d) PNPH = p-nitrophenyl hexanoate (VI)
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Amine
Sodium Taurinate

Amine conc

2.1219 x 107> M

Appendix
TABLE 19
'ngf Solvent Eeterd
K151 ater PNPH
Ester conc
3.8745 x 1072 M
Time (sec) Absorbance?’C Phen%§%532{1021

149.0 0.1444 0.7902
181.0 0.1699 0.9295
217.0 0.1957 1.0M
253.0 0.2220 1.215%
289.0 0.2459 1.345
333.0 0.2723 1.490
377.0 0.2976 1.628
429.0 0.3254 1.780
481.0 0.3494 1.912
541.0 0.3761 2.058
597.0 0.4003 2.190
669.0 0.4266 2.334
741.0 0.4509 2.467
829.0 0.4771 2.610
929.0 0.5028 2.751
1125.0 0.5446 2.980
1317.0 0.5760 3.151

a) second order aminolysis rate constant

0.015

b) Kinetic analysis performed on a Cary

% Reaction
20.4
24.0
27.6
3.3
34.7
38.5
42.0
45.9
49.3
53.1
56.5
60.2
63.7
67.4
7.0
76.9
81.3

equals 0.384 +

17 U.V.=-Visible
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spectrophotometer absorbance range 0.5

c) Eohenoxide
d) PNPH = p-nitrophenyl hexanoate (VI)

= 1.8278 x 104 w1

page 163



Appendix page 164

TABLE 20
'%%%g §%%%§%3 E%%%ﬁp Sodiuéggégainate
Ester conc Amine conc
3.8745 x 1072 M 1.0610 x 1072 M
Time (sec) Absorbance?’® Phen%%%§32%105) % Reaction

50.0 0.1677 0.9176 23.7
60.0 0.1971 1.079 27.8
70.0 0.2240 1.225 31.6
80.0 0.2496 1.366 35.2
90.0 0.2747 1.503 38.8
102.0 0.3019 1.652 42.6
114.0 0.3277 1.793 46.3
126.0 0.3516 1.924 49.7
140.0 0.3788 2.073 53.5
156.0 0.4049 2.215 57.2
172.0 0.4303 2.355 60.8
192.0 0.4574 2.502 64.6
212.0 0.4807 2.630 67.9
250.0 0.5185 2.837 73.2
284.0 0.5456 2.985 77.0
322.0 0.57T12 3.125 80.7

a) second order aminolysis rate constant equals 0.387 +
0.012
b) Kinetic analysis performed on a Cary 17 U.V.-Visible

spectrophotometer absorbance range 0.5
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c) E = 1.8278 x 10% m~!

phenoxide
d) PNPH = p-nitrophenyl hexanoate (VI)
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TABLE 21
Run® Solventd Ester? Amine
Y54 D-W PNPB Benzylamine
Ester conc Amine conc
1.0055 x 10”4 M 2.9996 x 1070 M
Time (sec) Absorbance®’® Phé%§¥Lf¥%?) % Reaction
22%.2 0.211 1.267 12.6
3532 0.273 1.995 19.8
48%.2 0.331 2.675 26.6
573.9 0.370 3.133 31.2
672.6 0.410 3.602 35.8
822.6 0.460 4.189 41.6
972.6 0.511 4.787 47.6
1122.6 0.557 5.327 53.0
1308.9 0.604 5.878 58.5
1548.2 0.654 6.465 64.3
1782.6 0.700 7.005 69.7
2208.2 0.768 7.80% 77.6

a) Second order aminolysis rate constant equals 0.232 +
0.001

b) PNPB = charged ester IV

= 1.024 x 10° M

¢) E = 9.547 x 10° M~V E

ArOH ester
d) D-W = 95.3 mole¥ dioxane-water
e) Kinetic analysis performed on a Perkin-Elmer Model 202

UV-Visible spectrophotometer
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TARLE 22
%ﬁﬁ; Soﬁ;irtd E%%%ﬁb Ben%%%giine
Ester conc Amine conc
1.0055 x 1074 M 2.9996 x 1072 M

Time (sec) Absorbance®’® Phec_n%%&(%a % Reaction
54.0 0.349 2.886 28.7
72.2 0.420 | 3.719 37.0
84.3 0.467 4.271 42.5
96.4 0.507 4.740 47.1
108.5 0.550 5.245 52.2
126.6 0.598 5.808 57.8
144.8 0.642 6.324 62.9
175.0 0.705 7.063 T70.2
198.2 0.749 7.580 75.4
228.4 0.795% 8.119 80.7

a) Second order aminolysis rate constant equals 0.249 +
0.003
b) PNPB = charged ester IV

3 a1 . _ 3 =1
c) Eypog = 9-547 x 107 M s E = 1.024 x 107 M

ester
d) D-W = 95.3 mole¥ dioxane-water
e) Kinetic analysis performed on a Perkin-Elmer Model 202

UV-Visible spectrophotometer
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TABLE 23
Run® Solventd Esterb Amine
K72 D-W PNPB Benzylamine
Ester conc Amine conc
9.9716 x 1072 M 2.9945 x 1077 M
Time (sec) Absorbance®’® Phé%%%if¥%§) % Reaction
153.6 0.187 0.9547 9.6
258.4 0.242 1.603 16.1
318.9 0.27 1.945 19.5
423.7 0.322 2.546 25.5
528.4 0.367 3.076 30.9
627.1 0.408 3.560 35.7
762.1 0.455 4.114 41.3
858.9 0.486 4.479 44.9
978.7 0.528 4.974 49.9
1188.9 0.579 5.575 55.9
1488.4 0.652 6.436 64.5
1758.7 0.702 7.025 70.4

a) Second order aminolysis rate constant equals 0.236 +
0.001
b) PNPB = charged ester IV

3 =1 .
c) Egrog = 9-547 x 10° M ' Pogter
d) D-W = 95.3 mole¥ dioxane-water

= 1.063 x 10° M~

e) Kinetic analysis performed on a Perkin-Elmer Model 202
UV-Visible spectrophotometer
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TABLE 24
Run? Solvent? Ester? Amine
D-W “FNPB Benzylamine
Ester conc Amine conc
9.9716 x 107 M 2.9945 x 1072 M
Time (sec) Absorbance®’® Phé%g¥Lf?%%) € Reaction
70.0 0.392 3.3T1 33.8
82.1 0.435 3.878 38.9
94.2 0.477 4.373 43.9
106.3 0.523 4.915 49.3
124.5 0.575 5.528 55.4
142.6 0.622 6.082 61.0
166.8 0.669 6.636 66.5
185.0 0.704 7.048 70.7
206.1 0.748 7.567 75.9
236.3 0.788 8.039 80.6

a) Second order aminolysis rate constant equals 0.246
0.003

b) PNPB = charged ester IV

¢) By oy = 9-547 x 100 M1 ; E__. .= 1.063 x 100 M~
d) D-W = 95.3 mole¥ dioxane-water

e) Kinetic analysis performed on a Perkin-Elmer Model 202

UV-Visible spectrophotometer
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TABLE 25

Solvent?
D-W

Ester conc

1.1%360 x 10™4 M

Time (se

c) Absorbance®’

118.0
198.0
286.0
378.0
482.0
586.0
690.0
822.0
958.0
1102.0
1290.0
1474.0
1662.0
1890.0
2174.0

0.2206
0.2506
0.3000
0.3512
0.4013
0.4515
0.5008
0.5525
0.6006
0.6511
0.7111
0.7616
0.8110
0.8611
0.9152

e
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Esterb Amine
“PRTE Benzylamine

Amine conc

2.5208 x 10™> M

phé§§¥Lf¥%§) £ Reaction
0.9530 8.4
1.267 11.2
1.784 15.7
2.322 20.4
2.847 25.1
3.372 29.7
3.889 34.2
4.430 39.0
4.935 43.4
5.464 48.1
6.092 53.6
6.621 58.3
7.138 62.8
7.663 67.5
8.230 72.4

a) Second order aminolysis rate constant equals 0.239

0.001
b) PNPB =

c) EArO

charged ester IV

g = 1.0686 x 104 m!

°
14

E

d) D-W = 95.3 mole¥ dioxane-water

ester

= 1.1412 x 10° M~

+

1
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e) Kinetic analysis performed on a Cary

spectrophotometer absorbance range 1.0
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17 UV-Visible



Appendix page 172

TABLE 26
Run? Solventd Ester? Amine
K129 D-W PNPB Benzylamine
Ester conc Amine conc
1.1360 x 1074 M 2.5208 x 1072 M
Time (sec) Absorbance®’® Phé§§¥if¥zzl % Reaction

57.0 0.4349 3.198 28.2
67.0 0.4799 3.669 32.3
76.0 0.5209 4.099 36.1
85.0 0.5608 4.517 39.8
96.0 0.6034 4.963 43.7
106.0 0.6393 5.340 47.0
117.0 0.6803 5.770 50.8
130.0 0.7222 6.208 54.6
143.0 0.7609 6.613 58.2
158.0 0.8011 T7.035 61.9
179.0 0.8524 T.572 66.7
197.0 0.8923 7.990 70.3
218.0 0.9313 8.400 73.9
242.0 0.9704 8.809 77.5

a) Second order aminolysis rate constant equals 0.251 +
0.001
b) PNPB = charged ester IV

¢) Ejop = 1-0686 x 104! oE = 1.1412 x 10° M~

Ar0 ester

d) D-W = 95.3 mole¥ dioxane-water
e) Kinetic analysis performed on a Cary 17 UV-Visibdble
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spectrophotometer absorbance range 1.0
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TABLE 27
Rup® Solvent? Ester® Amine
K75 D-W PNPH Benzylamine
Ester conc Amine conc
1.4417 x 1074 M 2.9945 x 1072 M
Time (sec) Absorbance®’® Phé%%%Lf¥%5) £ Reaction
276.1 0.244 0.5156 3.6
756.1 0.317 1.412 9.8
1074.7 0.361 1.95%2 13.5
1326.8 0.396 2.382 16.5
1722 .1 0.450 3.044 21 .1
2046.8 0.489 3.523 24.4
2442 .1 0.542 4.174 29.0
2982.6 0.601 4.898 34.0
3402 .1 0.642 5.401 37.5

a) Second order aminolysis rate constant equals 4.59 +
0.03 x 107>

b) PNPH = p-nitrophenyl hexanoate (VI)
¢) B, op = 9-547 x 100 M~ E__. .= 1.4011 x 10° M
d) D-W = 95.3 mole¥ dioxane-water

e) Kinetic analysis performed on a Perkin-Elmer Model 202

UV-Visible spectrophotometer
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TABLE 28
Run? Solventd Ester® Amine
K126 D-W PNPH Benzylamine
Ester conc Amine conc
7.7208 x 1072 M 4.8063 x 1072 M
Time (sec) Absorbance®’® Phé%%%Lf¥%?) % Reaction

60.0 0.1156 0.0889 1.2
152.0 0.1300 0.2434 3.2
252.0 0.1452 0.4063 5.3
364.0 0.1604 0.5693 7.4
468.0 0.1750 0.7258 9.4
580.0 0.1902 0.8889 11.5
720.0 0.2086 1.086 14.1
860.0 0.2255 1.268 16.4
988.0 0.2403 1.426 18.5
1116.0 0.2555 1.589 20.6
1244.0 0.2705 1.750 22.7
1380.0 0.2863 1.919 24.9
1520.0 0.3005 2.072 26.8
1660.0 0.3151 2.228 28.9
1812.0 0.2305 2.393 31.0

a) Second order aminolysis rate constant equals 4.25 +
0.02 x 107>
A
o) PNPH = p-nitrophenyl hexanoate (VI)

= 4 y-1 . = 103 m-1
c) Eypog = 1:0714 x 107 M i Eggter = 1-3903 x 107 M
d) D-W = 95.3 mole¥ dioxane-water
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e) Kinetic analysis performed on a Cary 17 UV-Visibdble

spectrophotometer absorbance range 0.5
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TABLE 29
Bun® Solventd Ester? Amine
K127 D-W PNPH Benzylamine
Ester conc Amine conc
7.7208 x 1072 M 9.6127 x 107> M
Time (sec) Absorbance®’® Phé%§¥Lf¥%6) % Reaction
90.0 0.1137 0.6856 0.9
202.0 0.1182 1.168 1.5
338.0 0.1223 1.608 2.1
470.0 0.1262 2.023 2.6
638.0 0.1303 2.463 3.2
798.0 0.1341 2.869 3.7
926.0 0.1382 3.310 4.3
1078.0 0.1421 3.733 4.8
1238.0 0.1462 . 4.165 5.4
1456.0 0.1522 4.816 6.2
1624.0 0.1562 5.240 6.8
1776.0 0.1602 5.671 7.4
1968.0 0.1650 6.188 8.0

a) Second order aminolysis rate constant equals 3.98 +
0.02 x 10~
b) PNPH = p-nitrophenyl hexanoate (VI)

¢) Eyog = 1-07144 x 104! E = 1.%90% x 10° M~

eater
d) D-W = 95.3 mole¥ dioxane-water
e) Kinetic analysis performed on a Cary 17 UV-Visible

spectrophotometer absorbance range 0.2
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TABLE 30
Solventd Esterb
D-W PNPH

Ester conc

8.5931 x 10™° M

Time (sec)

c

Absorbance ™’

430.0
594.0
.0

766

930.

1126.

1318.

1550.

1754.
1986.

2214.

2448.
2704.
3075.
3267.
3575.
3972.
4260.

a) Second order aminolysis rate

O O O O O O O O O O O O O o

0.1932

0.

o O O O O O O O O O O O O o o

0.01 x 1072

2184

L2437
.2680
.2934
.3183
.3483
.3727
.3984
.4234
.4489
.4738
.5083
.5239
.5487
.5783
.5989

e

Amine cone
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Amine
Benzylamine

5.0415 x 1072 M
Phé%%%if?%S) % Reaction
0.7822 9.1
1.054 12.3
1.326 15.4
1.588 18.5
1.862 21.7
2.130 24.8
2.453 28.5
2.716 31.6
2.993 34.8
3.263 38.0
3.537 41.2
3.805 44.3
4.177 48.6
4.345 50.6
4.612 53.7
4.9%1 57.4
5.152 60.0

b) PNPH = p-nitrophenyl hexanoate (VI)

constant equals

4.25 +
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¢) Ey oy = 1-0686 x 1wt L E = 1.4030 x 10° M~

ester
d) D-W = 95.3 mole$ dioxane~water
e) Kinetic analysis performed on a Cary 17 UV-Visible

spectrophotometer absorbance range 0.5
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TABLE 31
Run? Solvent? AEsterb Amine
K132 ~ D-W “PNPH Benzylamine
Ester conc Amine conc
8.5931 x 1072 M 5.0415 x 107> M
Time (sec) Absorbance®’® Phé%%%if%%S) % Reaction
5370.0 0.2032 0.8906 10.4
5690.0 0.2082 0.9442 11.0
5990.0 0.2123 0.9884 11.5
6270.0 0.2162 1.030 12.0
6570.0 0.2204 1.076 12.5
6835.0 0.2244 1.118 13.0
7115.0 0.2283 1.161 13.5
7425.0 0.2323 1.203 14.0
7725.0 0.2366 1.250 14.5
8145.0 0.2422 1.311 15.3
8445.0 0.2463 1.354 15.8

a) Second order aminolysis rate constant equals 4.00 +
0.01 x 107
b) PNPH = p-nitrophenyl hexanoate (VI)

= 4 u-1 . = 3 w1
c) Eprom = 1.0686 x 10" M ; E = 1.4030 x 10" M

ester
d) D-¥W = 95.3 mole¥ dioxane-water
e) Kinetic analysis performed on a Cary 17 UV-Visible

spectrophotometer absorbance range 0.2
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TABLE 32
Ester conc EngQB_gggg
3.3539 x 107> M 4.4495 x 1070 M
Time (sec) Absorbance®’® Phen%%%%?2{10§) % Reaction
60.0 0.1449 0.7942 23.7
72.0 0.1696 0.9292 27.7
84.0 0.1936 1.061 31.6
100.0 0.2240 1.227 36.6
116.0 0.2535 1.390 41.4
132.0 0.2780 1.524 45.4
152.0 0.3084 1.690 50.4
172.0 0.3332 1.826 54.4
192.0 0.3588 1.966 58.6
216.0 0.3847 2.108 62.9
244.0 0.4121 2.258 67.3
272.0 0.4361 2.390 T71.3
304.0 0.4586 2.513 74.9
348.0 0.4850 2.658 79.3
437.0 0.5250 2.877 85.8

a) Second order hydrolysis rate constant equals 5.64 +
0.15
b) PNPH = p-nitrophenyl hexanoate (VI)

¢) E _ = 1.8247 x 104 7!
ArO

d) Kinetic analysis performed on a Cary 17 UV-Visidble
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spectrophotometer absorbance range 0.5
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TABLE 33
Run® Solvent Ester?
K165 ater PNPH
Ester conc Na,C04 conc
3.3539 x 107° M 4.4495 x 1070 M
conc of

Time (sec) Absordbance

c,e

Phenoxide (105) % Reaction

60.

72.

84.

96.
110.
126.
142.
160.
178.
200.
224.
252.
284.
322.
392.

0
0
0

o O O O O

0
0
0
o)
0
o)
0

0.1510
0.1759
0.2011
0.2247
0.2504
0.2760
0.3009
0.3259
0.3494
0.3746
0.399N
0.4239
0.4485
0.4734
0.5095

0.8277
0.9638
1.102
1.232
1.372
1.513
1.649
1.786
1.915
2.053
2.187
2.323
2.458
2.594
2.792

a) Second order hydrolysis rate constant

0.15

b) PNPH = p-nitrophenyl hexanoate (VI)

c) E

Ar0~
d) Kinetic analysis performed

= 1.8247 x 104 n!

on a Cary

24.7
28.7
32.9
36.7
40.9
45.1
49.2
53.3
57.1
61.2
65.2
69.3
73.3
77.4
83.3

equals 5.64 +

17 UV-Visible
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spectrophotometer absorbance range 0.5
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TABLE 34
Ester conc Na,C04 conc
3.3539 x 1077 M 4.4495 x 1072 M
Time (sec) Absorbance®'® Phen%%%%?g%1osl % Reaction
40.0 0.2455 1.345 40.1
46.0 0.2723 1.492 44.5
52.0 0.2997 1.642 49.0
58.0 0.3233 1.772 52.8
65.0 0.3490 1.912 57.0
72.0 0.3726 2.042 60.9
80.0 0.3965 2.173 64.8
90.0 0.4239 2.323 69.3
100.0 0.4476 2.452 73.1
113.0 0.4740 2.597 T7.4
150.0 0.5288 2.898 86.4
173.0 0.5485 3.006 89.6

a) Second order hydrolysis rate constant equals 5.30 +
0.26
b) PNPH = p-nitrophenyl hexanoate (VI)

¢) E _ =1.8247 x 10* »
Ar0

d) Kinetic analysis performed on a Cary 17 UV-Visible

spectrophotometer absorbance range 0.5



Appendix page 186

TABLE 35
Run? Solvent Esterb
K168 Water - PNPB
Ester conc Na,C04 conc
3.8660 x 102 M 4.4495 x 1074 ™

conc of
Time (sec) Absorbancec’d Phenoxide !105) % Reaction

40.0 0.2606 1.428 36.9
44.0 0.2804 1.536 39.7
48.0 0.3003 1.646 42.6
53.0 0.3216 1.762 45.6
58.0 0.3431 1.880 48.6
65.0 0.3697 2.026 52.4
T2.0 0.3949 2.164 56.0
80.0 0.4203 2.304 59.6
88.0 0.4450 2.439 63.1
97.0 0.4692 2.572 66.5
108.0 0.4949 2.712 70.1
125.0 0.5302 2.905 75 .1
138.0 0.5507 3.018 78.1
155.0 0.5751 3.152 81.5
176.0 0.5900 3.288 85.0

a) Second order hydrolysis rate constant equals 58.3 + 1.5
b) PNPB = charged ester IV

c) E = 1.8247 x 104 ¥
Ar0O~

d) Kinetic analysis performed on a Cary 17 UV-Vigible

spectrophotometer absorbance range 0.5
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TABLE 36
Run? Solvent Ester?
ater
Ester conc 332293_2229
3.8185 x 1072 M 4.4495 x 1070 M
Time (sec) Absorbance®'d Phen%%%%32%105) % Reaction

11.2 0.3036 1.664 43.6
12.4 0.3271 1.793 46.9
13.2 0.3413 1.870 49.0
14.4 0.3620 1.984 52.0
15.6 0.3813 2.090 54.7
16.8 0.3993 2.188 57.3
18.4 0.4211 2.308 60.4
19.6 0.4377 2.399 62.8
21.2 0.4568 2.504 65.6
22.8 0.4752 2.604 68.2
24.8 0.4953% 2.714 T1 .1

a) Second order hydrolysis rate constant equals 60.9 + 1.5
b) PNPB = charged ester IV

¢) E_ = 1.8247 x 10% w~!
Ar0

d) Kinetic analysis performed on a Cary 17 UV-Visible

spectrophotometer absorbance range 0.5
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TABLE 37
Run® b
un Solvent Ester
K170 Water PNPB

Ester conc XNa,C05 conc
3.8185 x 1077 M 4.4495 x 10~ M
d conc of 5
Time (sec) Absorbance®’ Phenoxide (10°) % Reaction

12.8 0.3545 1.943 50.9
13.6 0.3685 2.019 52.9
14.4 0.3%823% 2.095 54.9
15.2 0.3947 2.163 56.6
16.4 0.4131 2.264 59.3
17.2 0.4251 2.330 61.0
18.4 0.4418 2.421 63.4
19.6 0.4568 2.504 65.6
20.8 0.4726 2.590 67.8
22.4 0.4897 2.684 70.3%
24.0 0.5067 2.777 T72.7

a) Second order hydrolysis rate constant equals 63.0 + 2.3
b) PNPB = charged ester IV

¢) E_ = 1.8247 x 10 u~
Ar0

d) Kinetic analysis performed on a Cary 17 UV-Visible

spectrophotometer absorbance range 0.5
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TARLE 38
Run® Solventd Ester? Amine
K122 D-W PNPB TEAT(V)
Ester conc ' Amine conc
1.9457 x 107> M 2.0686 x 1072 M
Time (sec) Absorbance®*® Prd%%%%_%%os) % Reaction

71.0 0.07070 0.5374 27.6
81.0 0.07658 0.5999 30.8
92.0 0.08297 0.6680 34.3
102.0 0.08904 0.7327 37.7
117.0 0.09511 0.7973 41.0
131.0 0.1007 0.8568 44.0
150.0 0.1070 0.9237 47.5
168.0 0.1129 0.9864 50.7
191.0 0.1191 1.051 54.0
250.0 0.1312 1.178 60.6
280.0 0.1370 1.241 63.8
351.0 0.1438 1.313 67.5
440.0 0.1498 1.376 70.7
498.0 0.1558 1.438 73.9
568.0 0.1609 1.492 76.7

a) Observed rate over the first twenty-seven percent reac-
tion was found to be 7.570 x 1073 Msec™' (4p/dt), in the
presence of 6.77 x 1072 M N-Benzyl- Y -Trimethylammonium
Butyramide Fluoborate (xv1). Product concentration

corrected for p-nitrophenol-p-nitrophenoxide equilibrium




in
b)
c)
a)
e)

Appendix page 190

presence of TBAT(V).
PNPB = charged ester IV

- 4 y-1 . - 3 m=!
EArOH = 1.0517 x 10" M H Eester = 1.1450 x 10" M
D-W = 95.3 mole¥ dioxane-water
Kinetic analysis performed on a Cary 17 UV-Visible

spectrophotometer absorbance range 0.2




TABLE 39 Initial Rates of Reagtion of Charged Ester IV and TBAT(V)

in

95.3 Mole ¥ Dioxane-Water (25 C)
¢, (10°) ¢, (10°)  Time  come (10°)®  Initial®° # ot
Run # Ester Amine (sec) product rateijO?) determ.
SM 4.9206 5.5322 0.3 3.5840 11.947 3
SF2 " 2.7662 0.4 2.5109 6.2773 2
SF3 " 1.1064 0.6 1.7979 2.9964 2
SF4 " 0.5532 2.0 3.7740 1.8870 3
SF5 5.3332 5.9957 0.3 4.179 13.930 2
SF6 " 0.5996 2.0 4.3886 2.1943 3
SF7 5.2269 2.2877 0.3 1.7943 5.9809 2
SF8 " 3.8222 0.3 2.6361 8.7871 3
SF9 " 1.1438 0.6 2.1306 3.5511 2
SF10 " 1.9111% 0.3 1.5726 5.2420 2
SF11 " 0.7644 1.5 3.0716 2.0477 2
SF12 " 0.5719 1.5 2.1316 1.4211 3
K174 1.1463 0.01154 19 2.1825 0.1149 2
K163 1.6160 0.02127 19 4.0983 0.2157 1

xypuaddy
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a) Corrected for p-nitrophenol-p-nitrophenoxide equilidbri-
um in presence of TBAT(V).

b) Determined at 400 nm by stopped-flow technique. Experi-
mental error in determination of initial rates is approxi-
mately 2.7 %.

c) Initial rates determined from initial slope (dp/dt) in

units of Msec'1.



TABLE 40 Initial Rates of Reaction og p-Nitrophenyl Hexanoate and
T in 95.3 Mole % Dioxane-Water (25°C)

¢ (10°) ¢ (10%) Time Conc(108)2 Initial ¥ of
Runf Ester Amine (sec) product rate(106) determ.
SF13°+¢ 6.5280 7.0221 15 4.4554 29.702 2
sF14P+4 . 1.4044 75 4.7391 6.3188 2
k123" 7.7208 7.6602 50 20.279 40.557 1
k124T-h " " 55 21.827 39.686 1
K1258°h n 1.5320 65 5.4896 8.4455 1

a) Corrected for p-nitrophenol-p-nitrophenoxide equilibrium in the pres-
ence of TBAT(V).

b) Determined at 400 nm by stopped-flow technique. Experimental error in

initial rates 1is approx. 2.7%. Initial rates determined from initial

slope (dp/dt), in units of Msec™'.

x1puaddy

¢61 93wd



Second
Second
Second
Second

Second

order
order
order
order

order

Appendix

aminolysis
aminolysis
aminolysis
aminolysis

aminolysis

rate
rate
rate
rate

rate

constant
constant
constant
constant

constant

page 194

equals 0.648
equals 0.689
equals 0.686
equals 0.671
equals 0.714

Initial rates determined on Cary 17 U.V.-Visible

spectrophotometer at 400 nm.



TABLE 41 Initial Rates of gydrolysis of Charged Ester (IV) 1in Aqueous

Na2663 Buffer Solution (25°C)

cI(1o5) cI(102) Time Conc(10%) Tnitia1®'? ¥ of
Run# Ester Nazgg3 (sec) ‘product rate(106) determ.
SF15¢ 3.9387 9.323 0.4 3.9873 9.9682 2
sr168 " 0.9323 1.0 2.7741 2.7741 2

a) Determined at 400 nm by stopped-flow technique. Experimental error in
determination of initial rates is approx. 2.7%.

b) Initial rates determined from 1initial slope (dp/dt) in wunits of
Msec™'.

c) Second order hydrolysis rate constant equals 63.4

d) Second order hydrolysis rate constant equals 58.6

xypuaddy
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