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ABSTRACT

An Automated Analysis of Secondary Isotope
Effects In Aqueous Alkaline Ester Hydrolysis

By

William Charles Sass

The g-secondary kinetic isotope effect observed in the aqueous
alkaline hydrolysis of ethyl acetate-d; at 25° has been reported by
Bender and Feng (1). Incorporation of this value into the results of
a temperature study of the kinetic isotope effect conducted by Halevi
and Margolin (2) revealed an unprecedented temperature dependence of

the isotope effect. The values reported are:

Temp 0° 25° 35° 65°
kH/kD 1.00£0.01 0.90£0.01 0.93%0.01 1.15%0.09

Both kinetic studies were based on titration techniques.

In this study the design of a family of automated instruments
capable of a continuously following ester hydrolysis and other reactions
in which acid or base is generated is discussed. Two of the instruments
were built and found to perform well. The speed and accuracy of one of
the instruments made it ideally suited to verify the important tempera-
ture dependence reported by Halevi. Temperature studies on ethyl pro-
pionate and ethyl isobutyrate hydrolyses were also performed. The

results obtained, which displayed 1little temperature dependence, did
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not agree with those of Halevi. The observed kun]abe]ed /kheavy ratios
are:

Temp 5.00° 15.00° 20.05°
k/kacetate-g3 0.959+0.010 0.968+0.012 0.958+0.005
Temp 25.00° 29.80° 35.00°
k/kacetate—g3 0.9623+0.006 0.974+0.005 0.970+0.004
Temp 45.01° 50.09° 60.00°
k/kacetate-93 0.967+0.008 0.970+0.013 0.988+0.017
Temp 20.02° 30.00° 40.02° 50.02°
k/kpropionate—gz .936+0.024 0.946+0.C11 0.949+0.006 0.982:0.016
k/kpropionate—g3 .016:0.018 1.015+#0.014 1.034+0.005 1.021+0.015
Temp 30.02° 40.03° 50.02° 60.01°
k/kisobutyrate-gl .018+0.022 1.014:0.022 1.020+0.010 1.006+0.014
k/k .941+0.018 0.907+0.020 0.928+0.008 0.923+0.012

isobutyrate-dg
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Activation parameters for each ester were calculated. The decrease
in rate with substitution resulted from aS*, not aAH*.
Explanations for the observed rate ratios based on a threefold
barrier to rotation have been offered. The normal isotope effect
observed for ethyl isobutyrate-d, hydrolysis is taken as evidence for

a twofold barrier. Torsional effects have also been considered.

(1) M. L. Bender and M. S. Feng, J. Am. Chem. Soc., 82, 6318 (1960).

(2) E. A. Halevi and (Mrs.) Z. Margolin, Proc. Chem. Soc., 174
(1964).
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HISTORICAL AND INTRODUCTION

It is generally accepted that kinetic secondary isotope effects are
the result of force constant chanaes occurring between the ground state
and transition state (1).

Figure 1 demonstrates the effect of force constant changes on the
activation energy of unlabeled and deuterated comnounds. A decrease in
the transition state force constant, which corresponds to a wideninag of
the potential well, is accompanied by a decrease in vibrational differences
between the two comnounds. Although by virtue of its higher vibrational
freauency, the energy of the lighter compound still exceeds that of the
heavier, the diminished difference will lead to a smaller activation
energy and higher reaction rate for the unlabeled compound. This is
the "normal kinetic isotope effect."

When initial or zero point energy (ZPE) differences are exaggerated
in the transition state by an increased force constant, the heavier
comnpound reacts faster. This is referred to as an "inverse kinetic
isotope effect."

Since Lewis and Boozer (2) reported the first observed secondary
isotope effect in 1952, an intensive search for the origin of the force
constant changes has been conducted. In order to make quantative pre-
dictions it is necessary to have an accurate representation of both
the ground state and transition state structures. While the former
is generally obtainable by conventional spectrosconic measurements,

the latter is not.
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An empirical solution was presented by Streitwieser and coworkers
(3). Force constants of a "carbonium ion like" transition state were
assumed to resemble those of aldehydes. The triaonal sp? geometry of
the aldehyde, along with its partial positive charge resulting from
inductive effects of the oxygen, support the model.

The principal frequency change in goino to the assumed transition

state was a 550 cm‘]

decrease in the out-of-plane carbon-hydrogen
bending vibration. Since this corresponds to a kH/kD of 1.38, as
compared to a typical observed value of 1.15 for an SN1 a-effect, an
explanation for the discrepancy must be souaght. This explanation is
as follows: The transition state is reached with the departina group
still in the vicinity of the developing carbonium ion (Fiqure 2). If
its presence were assumed to decrease the frequency difference vH'Vﬁ

to about 300 cm']

, the discrepancy between the exnerimental and the
calculated kH/kD value disapears.

It should be noted that this explanation is consistent with the
absence of a-isotope effects in SNZ solvolyses. Interference with the

C-H bendina by both incoming and leavina groups may lead to no frequency

change and thus to no isotope effect.

N\
(a) (b)
H H H

(c)

Figure 2. Interference to out-of-plane C-H bendino motions:
(a) in aldehydes, (b) in SN1, and (c) in Sy2
transition states.
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Various theoretical approaches to the transition state structure
have been reviewed and compared by Weston (4).

Wolfsberg and Stern (1,5) have developed a computerized analysis of
kinetic isotope effects based on the assignment of atomic weights, molecular
dimensions, and arbitrary force constants to the initial and transition
states. Their results confirm the assumption that both o« and g8 isotope
effects must be accompanied by force constant changes at the site of
isotopic substitution. The authors (6) later reported that acceptable
solutions may be approximated by "cutting off" (and replacing with a
rigid comparable mass) portions of the molecule more than two bonds
removed from the reaction site.

Despite general agreement that secondary isotope effects are caused
by force constant changes, the origin of the chanae remains unclear.
Extensive research has led to three interacting effects (7a). They are:
hypberconjugation, an inductive effect, and a steric effect.

The principal parameters affectina hyperconjugation are the
relative electronegativities of hydrogen and carbon, reflected in the
Coulomb integral, and the tightness of bindina of the electrons in the
methyl group, reflected in the overlap integral. Although LCA0-MO
calculations on systems containing fully formed carbonium ions are domi-
nated by the Coulombic term (7b), it is not unreasonable to assume, in
view of the shorter range of exchange forces than Coulomb forces, that
in a reaction in which the carbonium ion is beina formed by runture of
a CX bond, the effect manifests itself earlier on the overlap inteqral
than on the Coulombic integral (7b).

As Streitwieser and coworkers (3) have indicated, the result of

increased hyperconjugation in the transition state is reduced carbon-
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hydrogen (deuterium) force constants. This reduction (Fiqure 1) leads
to normal isotope effects without recourse to preferential hyper-
conjugation by hydrogen.

Since the potential well, as illustrated in Figure 1, is unsymmet-
rical, the hydrogen, with its greater amplitude of vibration, will be
characterized by a larger average bond lenath. The shorter mean CD bond
Tength will result in a larger D...D repulsion. This increased repulsion
enlarges the DCD bond anale. Intuitively, this leads to less p character
in the C-D bond, thus making methyl-d; a better electron donor than
methyl (7c).

It appears safe to aeneralize: (a) Increased transition state
hyperconjugation stabilizes methyl more than methyl-ds. (b) Methyl-d;
donates electrons through the bonds better than methyl. (c) Methyl
represents a larger steric bulk than methyl-d;. Interpretation diffi-
culties arise in part from the contrary nature of (a) and (b).

A fundamental paper by Shiner (8) firmly established the importance
of hyperconjugation in kinetic isotope effects. The bicyclo compounds
1 and 2 and their unlabeled counterpart contain C-D(H) bonds which are
respectively parallel to and orthogonal to the developing vacant orbital

in the Timiting solvolysis.
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The predicted increased stabilization of the transition state of
1 bv hydrogen hyperconjuocation is sunported by the observed rate ratio

for 1 of k = 1.14.

W %o
The geometry of 2 prevents overlap by the labeled C-H bond. Absence

of hyperconjugation results in an observed ratio of kH/kD = 0.986, pre-

sumably resulting from better inductive stabilization of transition

state by deuterium.

A more recent paper by the same author (?3) reports isotope effects

in the acetylenic systems 3 and 4.
3 (CD3), CCIC=CCH,4 4 (CH3), CCIC=CCD,4

kH/kD=1.655 kH/kD=1.092

Since inductive and steric forces cannot operate through such areat
distances, the effect must result from hyperconjugation acting through
the = system of the acetylene.

The general concept of hyperconjugation is based on the Baker-Nathan
order. It has been observed in many systems (10) that carbonium ion
stabilization occurs in the following order: Me > Et > i-Pr > t-Bu > H.
This series parallels the number of hydrogens availahle for hyperconjuga-
tion.

An opposite rationalization for this violation of the accepted
inductive trend claims that the larger groups inhibit solvent stabiliza-
tion (11). Serious doubts over this explanation have been raised by
Berliner (12). 1In a review of the literature he showed that in at least
40 systems, para substituents followed the Baker- Nathan order in electro-
philic reactions while substituents in the meta pnositions, from which

conjugation is not possible, followed the normal inductive order,
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t-Bu > i-Pr > Et > Me, despite their closer proximity to the reaction
site.

Based on the small rate differences observed in the Baker-Nathan
series, Taft and Lewis (13) and Brown and coworkers (14,15) have
suggested that some stabilization by carbon-carbon hyperconjugation is
occurring. The importance relative to carbon-hydrogen hyperconjugation
was calculated to be H/C = 1.320.1 and H/C = 1.25, respectively.

Perhaps the best view of the controversial question (16) of carbon-
carbon hyperconjugation was recently expressed by Jensen and Smart (17).
The authors indicate that the only unequivocable evidence for carbon-
carbon hyperconjugation occurs in systems containing excessive p charac-
ter in the carbon-carbon bonds. Para substitution by cyclopropaneincreases
the rate of t-cumyl chloride (5) solvolysis by a factor of 157, while

isopropyl substitution increases the rate by only 17.8.

\\\ CH3
, +

|

p U 5 CH,

CH;
The rate enhancement, presumed to come from preferred C-C overlap in this

strained system, can be substantially diminished by the effects to two
added methyl groups (6) which sterically prevent the carbon orbital from
becoming parallel to the n system. This results in a rate enhancement
over the corresponding isopropyl substituted t-cumyl chloride by only a
factor of nine. The importance of geometry for strained ring assistance
in solvolysis has also been reported by Schleyer (17) in the cyclopropyl
adamantyl system.

Halevi and coworkers (18), in a careful study of pKa values, have

found a decrease in the acidity of deuterated aliphatic acids and
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benzylammonium ion, as shown below. They attributed this decrease to

differences in the electronegativity of hydrogen and deuterium.

Table I. Acidity Reductions in Deuterated Acids.

Acid anKa

apKa
CD ,CO0H 0.026
CH ,CD,COOH 0.034
CD 3CH, COOH 0.007
PhCD,COOH 0.048
PhCD,NH Y 0.054

Increased electron donation by deuterium over hydrogen was belicved to
destabilize the anion and cause the resulting decrease. Variation in
dipole moment and polarizability of NH3 (19), increased shielding of
hydrogen (20) and fluorine (21) in nmr spectra by deuterium substitu-
tion, and chemical evidence such as the inverse isotope effect cited
above by Shiner (8), are among the more compellina evidences supporting
deuterium being more electropositive than hydrogen.

Brown and coworkers (22) have shown that in the Lewis acid-base
neutralization reaction between boron trifluoride and 2,6-lutidine-dg

(7), a stronger bond is formed than between the unlabeled species.

r//ii\\\ CDj4 CD,
/‘\‘N /l\ Q
CDs C0s 3

7 8

Absence of isotopic effects when 3,5-lutidiene (8) was used, based unon
the difference in heat of reaction, tend to discredit inductive and
hyperconjugative effects in this system. The authors attributed this
isotope effect to non-bonded interactions. Further support for the

presumed steric effect was also obtained when it was determined that
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trimethyl-dg-boron formed a 25% stronger bond with ammonia than did the

unlabeled compound in violation of the predicted inductive effect.
Mislow and coworkers (23) reported the observation of a purely

conformational normal isotope effect of six mer cent in the twisted

92 ring system (9). Known not to proceed via enolization, the racemi-

zation of (9) became the first reported isotope effect not involving

bond making or breaking.

;
D _\_',_. {—" D ,
D <::> D €Dy CD3
- 9

Mislow and coworkers (24f_also reported another conformational

kinetic isotope effect in the racemization of the sterically non-nlanar
E2 ring system (10). The larger steric requirements of hydrogen over
deuterium are nresumed to be responsihle for the higher enerqv required
to racemize the hydrogen comnound.

Another examnle of nonbonded effects upon racemization kinetics was

reported by Melander (25) 1in the C, system of 2,2:dibromo-4,4:

dicarboxy-6,6:binheny1-g2 (11). Part of the 18% inverse isotope effect

r B\Y‘

HOOC <::::> COOH HOOC —- COOH

N\ /o

D D — D
observed for this system mioht have arisen from inductive differences between

hydrogen and deuterium unon = orbital overlap. In consideration of this, the
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corresponding biphenyl with deuterium in the 5,5‘ position (12) was
synthesized (26). Racemization yielded no isotope effect outside
experimental error (1.02:0.02).

H. C. Brown (22) has stated that virtually all deuterium isotope
effects may be best described in terms of steric differences. L. S. Bartell
(27) has gone beyond this and claimed that even such physical phenomena as
the shorter bond lengths and the smaller than predicted bond angles in
alkenes obtained by electron defraction studies (28) may be exnlained by
nonbonded interactions without recourse to hybridization or hyperconjuga-
tion effects.

Work in this laboratory by Dr. Sonnichsen (22) compnared experimental
values with those predicted by Bartell's model (30). The system studied
was the family of 1-naphthoyl chlorides and methyl esters with H, D, CHz,
and CD3 substituents in the eight position. In this system, which pre-
cludes hyperconjugation, satisfactory results between experimental and
calculated isotope effects were obtained. Predictions were not as satis-
factory, however, in t-butyl-dg chloride, ethyl acetate-d3, and acetyl-dj
chloride,where hyperconjugation can occur.

Excluding special conformational factors (8), the reduction in the
B-CH force constant in the activation process of limiting solvolysis
appears to be related to hyperconjugative interaction with the develoning
vacant orbital. Despite the arguments already presented suoporting a
steric interpretation of isotope effects, it should be noted that they
generally appear only when hyperconjugation is nrecluded or highly
hindered species (23,24,25) are involved.

The solvolyses of 3-pentyl brosylate, 2,4-dimethyl-3-nentyl brosylate,

and their g deuterated analogs were examined by Shiner and Stoffer (31).
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The observation of cumulative effects in the former as one proceeds from
the unsymmetrical doubly deuterated to the tetra-deuterated species
(1.3171 = /1.7365) was interpreted as indicating a hyperconjugative
effect. The difference in isotope effect resulting from mono and dideuter-
ation of the latter comnound (1.3671 > vV2.1179), however, indicates that
irregularities are occurrinag, nrobably resulting from participation.

The imnortance of the leaving group on the maanitude of secondary
isotope effects has recently been emphasized by Shiner and coworkers (32)
in the solvolyses of meta and para substituted 1-phenylethyl chlorides
and bromides and their o-d and g-d3 analogs. The 15% o isotope effect
observed upon chloride solvolysis was unaffected by H, meta-methyl, para-
fluoro, para-phenoxy, and para-methoxy substituents. It was concluded
therefore that all solvolyzed by a 1imiting mechanism. Progressively
smaller B effects observed in the same series for comnounds more reactive
than 1-phenylethyl chloride were attributed to a reduction in the demand
for hyperconjugation. Despite the similarity of the mechanism for the
chlorides and bromides solvolyses, as evidenced by their similar B isotope
effects, the bromide o effect was three per cent lower than the corresnond-
ing chloride. The difference is a reflection of weaker around state bend-
ing force constants in the bromide.

Trifluoroethanol, with its high jonizina power and low nucleo-
philicity, has found acceptance (33) as a solvent favoring a limiting
mechanism without posing the difficulties to precision conductance
measurements that acetic and formic acid do. In the above paper,

Shiner and coworkers also reported the same rate ratios for p-methyl-
benzyl-a-d, chloride in 94% trifluoroethanol-water (1.146 per D) and
70% trifluoroethanol-water (1.140) as had been reported for a-phenyl-

ethyl-a-d chloride in various ethanol water mixtures (1.146-1.153).
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The contrast between the similarity of rate ratios observed in struc-
turally different chlorides and the lower isotopic rate ratios (by three
per cent) of each of the correspondina bromides led the team comnosed
of Shiner, Rapp, Halevi, and Wolfsberg (34) to postulate that the leavina
group, and not the alkyl group, dominates the a-isotope effect in 1imiting
reactions. Their calculations, which were based on transition state
theory, assumed comparable bond strengths in the transition state for
various halides. The correspondence between exnerimental and calculated
results supports their hynothesis (35) that ground state differences

are the source of variation in a k effects in limiting solvolytic

H %p
reactions.

In a study of incomina and leaving groups, Jackson and Leffek (36)
evaluated the rate ratios obtained in thiosulfate displacement reactions
on methyl bromide, iodide, methanesulfonate, and p-toluene sulfonate-
The rate ratio for methyl p-toluenesulfonate (1.12) is of special sig-
nificance since it is the largest reported isotope effect observed to
date in nucleophilic displacement reactions. They added their results
to the correlation proposed bv Seltzer and Zavitsas (37). This is an
observed linear relationship between the kH/kD values and the difference
in nucleophilicity of the incoming and leavina groups. The exnlanation
given for the relationship, based on Hammond's postulate (33), is that
a good incoming nucleophile will make 1little bond at the transition
state. Thus, the decreased steric requirements (or decreased force
constants) result in a normal isotope effect. Conversely, a weak

incoming nucleophile will be extensively bonded at the transition state

and thus lead to an inverse isotope effect. Between these two extremes,
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incoming and leaving groups of comparable nucleophilicity are predicted
by Seltzer to lead to no isotope effect.

In an attempt to verify this latter prediction, Seltzer and
Zavitsas (37) measured the a isotope effect in the displacement of

methyl iodide with isotopic sodium iodide. Their results in methanol
(1.05) and in water (1.10) were far from the predicted value of 1.00.
In order to rationalize these numbers, they postulated a symmetrical
energy profile containing two peaks. The first transition state was
reached with little bond making or breakina. As the incoming group
moved in closer, stability increased leading to a svmmetrical inter-
mediate. Stretching of the second bond raised th= enerqy to the
second transition state and finally to products.

In the preceding discussions, extensive reference has been made to
the imnportance of substrate structure and conformation of the alkyl
group on secondary kinetic isotope effects. The significance of enter-
ing and leaving groups has also been mentioned. So far, few references
have been made to solvation effects, even thouah all the preceding
reactions were performed in solvent. The neglect of solvation effects
is due not to their unimportance, but to the unfortunate lack of
quantitative information regarding these effects.

Hakka and coworkers (39) have reported that a 25° temnerature increase
decreases the isotope effect in the solvolysis of t-butyl-dg chloride by
ten per cent. This decrease was shown to be the result of the activation
énergy being dominated by enthalpy: 1n(kH/kD) = -ApH*/RT +aaS*/R.  The
Small observed values of AS* (in 50% ethanol-water = -2.8 eu; in water =
*14.5 eu) indicates only slight changes in solvent order between the

ground state and transition state. Since extensive solvation of the
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cation would lead to a highly ordered transition state, the authors
concluded that the transition state was reached when solvation was
just beginning.

Previously, the opposite effect (temperature independence of kH/kD)
(40) was observed for the solvolyses of isopropyl methanesulfonate, tosylate,
and bromide and their d; analogs. From the difference in the activation
parameters in Table II, it can be seen that at normal temperatures,
Table II. Activation Differences Between Labeled and Unlabeled

Isonronyl Derivatives.

(aH* -AHﬁ) (ASB -ASﬁ)

_ D
10910 ky/kp = 35387~ ~ 230
aaH*(cal/mole) anS* (eu)
i-Pr SO;3Me 7+28 -0.84+0.1
i-Pr (Ts -21+14 -0.93:0.05
i-Pr Br -35+15 -0.65t0.05

entropy differences dominate aaG*. The activation values were obtained
by nlotting log kH/kD versus 1/T.

Although it has been suggested that isotonic substitution may affect
solvation (41,7)’it is generally accepted that the isotope effects re-
flect differences in enthalpy. Leffek (40) has suagested that the
entropy difference results from changes in internal rotation barriers.
Microwave studies (42) have indicated that qround state barriers are
six per cent lower in acetone-dg than acetone and ten per cent lower in
nitromethane-d; than in unlabeled nitromethane. Taking into account
these differences in ground state barriers for the labeled isopropyl
compounds, and arbitrarily choosina small barriers in the transition
state for both comnounds, Leffek and coworkers (40) calculated the

following:
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Table III. Calculated Activation Differences Between Labeled
and Unlabeled Isopropyl Derivatives.

Assumed Barriers (cal/mole) Calculated Activation Values
H Ground D Ground Transition aaHE AASE
State State State (both) (cal/mole (eu)

3000 2400 0 -93 -0.26

3000 2400 600 -31 -0.26

3000 2400 1200 -44 -0.26

The direction of these effects would tend to cancel the normal enthalpy
difference while creatina an entropy difference.

As an alternate explanation, Robertson (39) has pointed out that the
lack of temperature dependence in isotope effects may result from inter-
ference by the incoming nucleophile which raises the torsional and bending
frequency of the methyl bond. Charge may still develop in the transition
state and be reflected in a decrease of hiah freaquency stretching vibration
when charge dense oxygen or chloride are the leaving groups. Opposing
changes in bending and stretching vibrations may thus make aaH* very small.

Explanations have thus been offered to exnlain entropy differences
with or without recourse to solvation.

Robertson (43) has emphasized the imnortance of ground state solvation.
It has already been pointed out (39) that t-butyl chloride solvolysis re-
sults in a transition state in which solvation is only beginning to become
important. This conclusion is based largely on the negative heat capacity
changes which often accompany ionogenic reactions. From the definition of
enthalpy, H = s CDdT, it can be seen that the heat capacity is the coef-

ficient of the temperature dependence of enthalny.
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Heat capacity differences are the best available probe with which
to investigate solvation effects. In a study of the effects of varying
solute concentrations in water, Robertson and Sugamori (44) studied the
effects of solute addition on AC;, the difference between ground state
and transition state heat capacities, in the aqueous solvolysis of
t-butyl chloride. Solute addition initially resulted in increasingly
more negative values for ACE. A minimum was reached, however, beyond
which the values increased.

The observed decrease in AC; implies that solute improves the sol-
vation of the ground state relative to that of the transition state up
to a point. Excess solute finally begins to hinder the improved sol-
vation. The solutes studied were ethanol, isopropyl alcohol and
t-butyl alcohol. A plot on AC; versus the mole fraction of solute
revealed that the maximum appeared in the opposite order. Further, it
was shown that the maximum corresponded to the same "volume of alkyl
group" in the three cases. It was thus concluded that the solute
improves the ground state solvation until all the "holes" in the
“frozen" water solvent cage were filled. Beyond this point, the solute
inhibits aqueous solvation.

Heat capacities of activation have been utilized by Blandamer and
coworkers (45) as a mechanistic probe. Limiting reactions frequently
have AC; values which are 20 cal/mole more negative than nucleophilic
reactions. The authors studied the effects of solvent reorganization
and anchimeric assistance on AC; values. They were able to show that
several of the reactions were limiting even though their products

suggested a bimolecular reaction.
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Results in this (46) and other laboratories (36,47) have indicated
that some secondary isotope effects may be highly temnerature dependent.
A temperature study bv Karabatsos and coworkers (56) of isotope effects
in the 1imiting solvolysis of 8-methyl-d3 naphthoyl chloride and its
unlabeled analog displayed a substantial difference in the 13 and 17%
isotope effects observed at -26.6° and -34.0°, respectively, and the
2.9% isotope effect observed at 25°.

Bender and Feng (43) found ethyl acetate-d3 to hydrolyze 10%
faster at 25° in aqueous base than its unlabeled analog. This isotope
effect, which may be explained by areater hyperconjugation in the ground
state than in the transition state, was incorporated in the temperature
study on the same compounds by Halevi and Margolin (47). Their results,

along with that of Bender and Feng, are given below:

Temperature 0° 25° 35° 65°

kH/kD 1.00+0.01 0.90:0.01 0.93:0.01 1.15:0.09

This temperature dependence, Figure 3, is unprecedented for secon-
dary isotope effects. The occurrence of a minimum at the temperature
"...where the disassociation of weak alphatic acids, such as propionic
and butyric, take on maximum values [is interpreted as] evidence that
small differences in energy and entropy of solvation, resultina from
isotope differences in average charge distribution, largely determine
the secondary isotope effects in this and other hiahly aaueous systems" (47).
Clearly, if correct, the temperature dependence of this reaction
has important consequences for the interpretation of isotope effects
determined at a single temperature. The reported results are suffi-

ciently significant that they warrant additional confirmation.
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To this point, no mention has been made of the analytical techniaues
employed in gathering the preceding data. The number of techniques
employed is sufficiently limited to allow them to be summarized:

(A) Changes in conformation (23-26) were followed by loss

of optical activity.

(B) Differences in pKa of acids (18) were determined by differ-
ential pH measurements. That is, the effect of aliquots of
base on pH near the one half nutralization noint were
compared, thus eliminating activity errors. Benzylammonium
ion (17) was analyzed by ultraviolet spectroscopy.

(C) The solvolysis of various meta and nara substituted t-cumyl

chlorides (12,13), the acetolysis of ethyl trifluoromethane
(49) sulfonate, as well as ethyl acetate hydrolyses (47,43),
were folloved by quench and titrate studies. The faster
formolyvsis of ethyl trifluoromethane sulfonate (49) was
followed by nmr.
(D) Tlodide exchange (37) was followed by the increase in radio-
activity in extracted aliquots of methyl iodide.
(E) In all other cases, the kinetics were followed by conductance,
or no reference to technique was made.
Two of the conductometric techniques warrant special attention.
Hyne and Robertson (50) compensated for the small nonlinearity observed
in conductance measurements by utilizing the conductance bridge as a
null detector between two cells. As substrate reacted in one cell, the
System was balanced by adding to the other standardized electrolyte
similar to that which was being generated. Time versus buret readings

Was recorded.
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A fully automated bridge and data recordina system has been
employed by Robertson and Sugamori (44). At pre-selected intervals,
the bridge balances itself, notes the time of balance on its internal
digital clock, prints the conductance and time on a digital readout,
and punches the same information on paper tape for later processing.
The system can simultaneously monitor several cells. This latter
technique offers a welcome relief from the drudgerv of conventional
kinetics.

The work presented in this thesis is a study of the effects of
temperature on the aqueous alkaline hydrolysis of ethyl acetate-d,,
propionate-d, and dj, and isobutyrate d; and d., and their unlabeled
analogs; the techniques applicable to such studies; and an interpreta-
tion of these temnerature effects. It renresents the continuing effort
in this laboratory to better understand the origins and imnlications

of secondary isotone effects.



RESULTS AND DISCUSSION

I. Selection 0f The System

A study of isotone effects in the alkaline aqueous hydrolysis of
¢imnle aliphatic esters would have teen a potentially sianificant study
cuen without the unusual temperature dependence reported bv Halevi and
Margolin (47).

Alkaline ester hydrolysis, the mechanism of which is discussed in
more detail below, is known to proceed via a rate determining attack
of base. The rate of the reaction is thus determined bv the trans-
formation of a neutral ground state possessing some carbonium ion

characteristics (RCiQR') into a tetrahedral anion, the charge of which

l

0

is localized on the carbonyl oxygen. In two respects this is the

reverse of a limiting solvolysis. First, substituents on the carbonyl
exoerience a decrease in their intially positive environmert, and second,
the transition state has become more crowded rather than less.

This general discription suggests two other potential interestina
systems. The first is the series of base catalvzed condensation
reactions in which the breaking of CD bonds is avoided. Here also,
secondary effects will reflect a more crowded anionic transition state.
To the author's knowledge, no such study has been performed. Exnerimen-
tal difficulties elaborated in Part II, Analytical Methods, may suggest
the reason. The second system involves the effect of deuteration on
the attack of Griagnard upon carbonyl and related aroups. Regrettably,

the mechanistic state of the art involvina Grignard reagents is such

21
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that this potentially interesting study is at present imnossible. Yields
are unreproducible and there even exists disagreement as to whether the
kinetic order of the Grignard is two (51) or three (52). Ashby and

coworkers (52) in a study of side reactions report:

The increase in by-product formation with an
increase in Grignard to ketone ratio leads us
to believe that benzopinacol formation is
caused by small amounts (PPM) of transition
metal impurities known to exist in triply
sublimed magnesium.

In contrast with the above difficulties, the ester hydrolysis
mechanism has been well established.

The kinetic order of two for the alkaline hydrolysis of esters
was established nearly a century ago (53). This order and results
of oxygen labeling studies are consistent with the following

mechanism:

0 (l) 0
RC-OR + 180H™ ¥ R—C-OR » R—C—180H + OR
ISéH
13

The question arises as to whether 13 is an intermediate or a tran-
Sition state. As a result of oxygen labeling exneriments conducted by
Bender (54), Moffat and Hunt (55) proposed the reaction scheme indicated

in Fiqure 4.
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Following the rate determining attack of hydroxide (k,), the

tetrahedral species may revert to starting material (k,), or de-

compose to products (k;). The decomposition may occur before or

after proton exchange.

no" R — ,.0' - 7 u(")
- ! k -

RCOCH, + OH ————»k R (|:00H. > > RCOH+OCH;
]

Il E
RCOCH3+1*OH~ “‘“,—‘ RCOC}{' _‘:._) R(":.‘_.Ol{ + OCH"

The Significance of Protonatinn Kinetics on the

Figure 4.
Hydrolysis to Exchange Ratio.

If the protonation-deprotonation steps are fast, the hydrolysis to

exchange ratio reduces to ky/kg = 2k3/ky. The effect of substituents
on ks/k, is expected to be small; the main effect occurs in ks3/k,. Both

rates should be increased by electron donating substituents, but ks,
Which is one bond closer, should be more strongly affected. Table IV

reflects the effects of varying substituents where R = p-XPh—.
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Table IV. Substituent Effects on the Hydrolysis
to Exchange Ratio.

X o “n’ke
NH,, -0.66 3044
CHy -0.170 11+2

H -0.00 5.7+0.8
C 1 +0.226 6.3:1.10
NO, +0.778 2.8+0.3

Plthough the lifetime of the tetrahedral species must be extremely
short to allow hydrolysis to compete with rapid proton exchange
(kg = ky =109 sec'l), the occurrence of exchange indicates that the
intermediate has a lifetime significantly greater than ]0'13 second,
the time required for a molecular vibration (56), and as such may be
considered an intermediate.

It has been reported by Johnson (56) in his review of nucleo-
philic catalysis of ester hydrolysis and related reactions that k,
is the slow step in acidic, neutral, and alkaline hvdrolysis of
oxygen esters, in the acidic hydrolysis of amides and anhydrides, and
in the neutral hydrolysis of anhydrides, acid halides, and acetyl-
imidazolium ion. Only in the alkaline hydrolysis of amides has k3
become the slow step.

The effects of electroneqativity and crowding on alkaline

hydrolysis rates are indicated in Table V (57).
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Table V. Substituent Effects on Alkaline Ester
Hydrolysis Rates.

‘. CH4CO0Me CH,C1C00Me CHC1,CN0Me

Kite0Ac 1.0 761 16,000
0

y (conte), CH,CONEY CH3—C—COOE®
KeteOAe 170,000 0.60 10,000

) CH3CONEL C,HsCNOEL (CH3),CHCONE: (CH3 ) 3CCOOEL
KEt0Ac 1.0 0.47 0.10 0.011

) CH3CH,0Ac  (CH3),CHCH,0Ac  (CH3)3CCH,0AC  (C,Hs)3CCHyNAC
KEtOAC 1.0 0.70 0.13 0.031

While it could be argued that some of the rate inhibition by alkyl sub-
stitutions on the acid could result from inductive effects of the
substituents, the effect of substitution on the alcohol moiety must he
steric in nature since the alteration is too far (four bonds removed)
from the reaction site.

The deuterium isotope effect on alkaline ester hydrolvsis is
therefore an ideal system for study, because of the preliminary indica-

tions of an unprecedented temnerature dependence, its “reverse nature"
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in comparison to limiting solvolysis, and its irreversible hydrolysis
known to proceed via a single mechanism for which the rate determining

step has been established.

IT. Analytical Methods

Rearettably, many common techniques are inapnlicable to this poten-
tially valuable system. As noted earlier, most isotone effects have
been determined by conductance measurements. Solvents are generally
nonaqueous and initially contain no ionic species. Anplication of
conductance measurements in such solvents as acetic acid are generally
avoided because the self-ionization of the solvent introduces a siqg-
nificant initial conductance thereby reducing accuracv (33).

An examination of the stoichiometry of the ester hydrolysis reveals
that it would reauire not the usual followinag of the sum of the conduc-
tances of thc ions generated, but only the difference in conductance
between hydroxide and acetate. While this difference is measurable, it
represents a substantially smaller change sunerimnosed on larger con-
ductances than is generally measured and will result in a correspondinaly
Tower resolution.

Ultraviolet Spectroscopy with the commercial availability of thermo-
stated cells, has become a convenient technique for following kinetics.
Although esters contain a chromophore, the carbonyl must be conjuqated
with an unsaturated system before the extinction coefficient becomes
significant. The extinction coefficients of acetic acid and ethyl
acetate are 32 and 57 at Amax = 208 and 211 nm, resnectively. This
Contrasts with an extinction coefficient of 13,500 at A _ = 206 nm (53)

for cis-crotoric acid (C=C-CN,H) in the same solvert (ethanol). Clearly,
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ultraviolet spactroscopy is inapplicable to kinetic measurements in this
unconjugated system.

0lah and Streitwieser (59, 49), among others, have anplied nmr
snectroscopy to kinetic measurements. Unfortunately, the tendency of
the nmr to drift and the difficulty in measuring and maintaining accurate
temneratures make this technique less than ideal.

Competition studies between labeled and unlabeled snecies have heen
widely applied (60,61). Application to this system would involve the
hydrolysis of a known ratio of labeled and unlabeled ester. A&liquots are
periodically withdrawn, quenched, and the ester extracted. Mass spectral
or nmr analysis of unreacted ester will reveal the relative aquantities of
each remaining at various times from which the kinatic ratio kH/kD may be
calculated. One advantage of this technique is that isotopically nure
starting materials are unnecessary. One general disadvantaae not anplicable
to this system is that isotope effects subsequent to the rate determining
step may divert unequal portions of labeled and unlabeled material dovn
alternate mechanistic paths leading to other rroducts, theraby inrvalidat-
ing a study based on product ratio analysis. In addition to its tedious
nature, competition was ruled out for this studv, since only relative
and not actual rates are revealed.

Having 2liminated most of the common techniques by which substrate
disappearance could be monitored, one seeks alternate techniques. As
the ester hydrolyzes, one mole of base is consumed for each mole of
ester that reacts. This formed the basis for the two preceding kinetic
studies mentioned (47,48). Both consisted of nuenching and titrating

aliquots of reaction mixture.
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In addition to the extremely tedious nature of titration studies
involving the proposed analysis of the eight labeled and unlabeled esters
at a total of 17 temneratures with three to six independent determinations
each, it was desirable to know as many points as possible along the
reaction path. Continuous methods of analysis were therefore considered.

Commercially available pH stats are canahle of monitoring the kinetics
of reactions in which acid (or base) is generated or consumed. Although
pH stats may be used to follow kinetics of acid formina or consuming
reactions, the technique involves experimental difficulties. The error
signal resulting from deviation from the preset point drives a oroportional
rate pump to restore the balance. This imnlies that by virtue of the fact
that titrant is being added, the solution is necessarily not at the preset
pH; the instrument is not a "pH stat." It should be noted that errors as
small as 0.05 and 0.01 pH units result in 13% and 2.6% errors, respectively.
It was thus desirahle to design a pH stat which would avoid the consistent
deviation from the preset point. The author desianed and built an analog
integrating servo system which avoided this difficulty. The circuit is

shown in Figure 5.

Sumnﬁnq Amplifiear Pulse Titrant
Sensitivity Control Integrator Generator Adder
1 Meg 1.0
10 K |-ph -0
Signal ~V 1 Mea
10 K A
Peference ™

Figure 5. Integrating pH Stat
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As the signal begins to deviate from the reference, this error
signal begins to charge the inteqrating capacitor. Charge (and thus
addition rate) increases with time, until addition is occurring at a
rate which will curtail further drift. The error signal now existing,
however, continues to charge the integrating capacitor, resulting in
ever faster addition until the error signal has been forced back to
zero. At this point the charge ceases to grow, but the existinag charge
overdrives the titration until the negative error siqgnal subtracts
enough charge to slow the addition rate to that of the reaction rate.

A situation opposite that above now exists and the negative error signal
continues to remove charge until the reaction rate exceeds the addition
rate and the solution returns to the preset point from the negative.
These oscillations are shown in Fiqure 6 for the case of 35 ul ethyl
acetate in 15 ml 0.005 N KOH (K=0.11 1/mole sec). The result is a 0.015
maximum pH deviation with 0.00 average deviation.

It is noteworthy that the amplitude of the maximum deviations (which
correspond to the points at which addition rates just compensate for the
effects of the reaction) decreases as the reaction slows. The result is
a dampened sign wave with an average value coincidinag with the preset
value.

Although the analog system functioned well under test conditions,
it contained two defects. First, any small offset voltage will contin-
ually be integrated, thus making the analog system nrone to drift with
time. Second, it is not adequate to have the pH value average the
selected setting; it is the [H+] which must average a constant. Since
the two are exponentially rather than linearly related, one does not

imply the other. The latter deficiency may be corrected by inputting
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the pH through an exponential amplifier, but the former defect is inherent
to the analog system.

Drift problems may be eliminated by replacing the entire analog
system with the analogous digital system, since diaital instruments are
free from drift. It has been suggested bv Professor Enke (62) that
another way to eliminate the error signals characteristic of conventional
pH stats might be to develop a digital system, interfaced to a titrant
addition, which "remembered" its history. That is, to develop a system
where the size of each aliquot of titrant is determined by the effect of
the last three or so titrant additions. In this way, the device would
quickly find the aliquot size required to just comnensate pH changes
caused by the reaction and no more. As the reactants vanish, the aliquot
size would continually decrease, thereby avoidina both undershoot at the
beginning overshoot at the end.

The "ultimate" pH stat may well be a combination of these two systems.
Integration would offer a method of correctina for initially incorrectly
chosen aliquot parameters, while the variable aliquot size would maintain
the pH once the correct size was determined. An additional advantage of
such a system would be the storina and analyzing of the data obtained by
the same digital system thus allowing direct analysis of the kinetic
parameters. Also, additional variables such as temperature fluctuations,
slow equilibria, or incomplete solubility may be internally compensated
for. The precision syringe drive required to imnlement the above systems
was constructed by the author, but conditions did not allow the develop-
ment of the rest of the digital interface.

A variation on the principle of the pH stat was developed many vears

ago by Peters and Walker (63). Kinetics of the alkaline hydrolysis of
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mustard gas was followed usina methyl red as an indicator. Standardized
0.01 N base was added until the indicator's initially pink color had
turned yellow. The time required to return to pink was noted, at which
time a known volume of base (1 or 2 ml) was added and the process repeated.
Since the time required to consume a known quantity of base is proportional
to the rate constant, the kinetics could be determined.

More recent apnlications of this technique have been reported (64,65).
An automated null point device operating on this principle was constructed
by Hendy and coworkers (64). When the potential of a glass electrode
exceeded a preset trigger level, a fixed volume of titrant was added.
The time between pulses was recorded automatically. The appeal of this
technique is lessened somewhat by the fact that kinetics of reactions
which are not zero order in base are comnlicated by the constantly changing
base concentration. The increased availability of comnuters has minimized
this objection.

It was mentioned above that errors such as temnerature drift may be
minimized by simnly monitoring the deviation and allowina the computer
to comnensate for its effects on the rate. This same principle may be
applied to the measurement of kinetics. Instead of constructing a
"nerfect" pH stat, deviations may simply be monitored and comnensated for
by the computer. An application of this principle in the extreme case
formed the basis of the system chosen for this kinetic study.

If a pH meter is linearlv calibrated as described belov, it is
capable of monitoring pH changes accurately over moderately large inter-
vals. Since one mole of base is consumed for each mole of ester reacting,
simply following the drift of oH with time offers a convenient and precise

technique for following such reactions. The kinetic rate may be determined
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by a computer solution of the special second order equation I. Since
the reaction is known to be first order in both base and ester, a knowledge
of the instantaneous concentrations of each is required. In the absence
of an infinity point, which is precluded by the long term instability of
glass electrodes in base, this information is sunplied by the computer
from a knowledge of initial conditions. Initial ester concentration is
dependent only on the volume of neat ester injected with a micro liter
syringe into the constant volume of the base utilized. Initial base
concentration is determined by multiple titration of samples from the
base reservoir.

Monitoring the extent of reaction requires careful linear calibration
of the pH meter. Traditionally, a pH meter was calibrated by an adjust-
ment of a balance control which varied the offset voltage of the meter
until the reading agreed with a known buffer near the desired nH. This
process corresponds to that shown in Figure 7a. If a measurement in
another pH region was desired, the meter was recalibrated with a second
buffer.

By the addition of a pH slope control, which simply modifies the
mv/pH ratio, substantial portions of the pH ranae may be linearly
calibrated. The process is as follows: The pH is set as before, but
to that pH value correspondinag to the isoelectric point of the electrode.
This is the point (usually near a pH of seven) at which the potential
of the glass-reference combination is zero. Variations in the pH/mv
slope will not affect this pivot point, thus enablina the adjustment
of slope with a second buffer as indicated in Fiqure 7b.

Nnce the calibration of slope is complete, the meter is capable of

providing reliable nH values over a substantial range. It should be
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further noted that a change in the balance setting will add a corstant
to the observed readinns, but differences Between successive readinas
remain accurate.

Setting the balance at the value of pH calculated from the relation-
ship that K = [H+] [PH"] and the assumption that pH = log [H+], the meter
is now capable of following the chanae in base concentration from its
initial value. The assumntion that activities remain constant seem justi-
fiable,since individual ion activities for all ions involved in this
concentration range ([OH ] = 0.005 N) are 0.975 (66).

The output of the pH meter, adjusted as indicated, was recorded,
digitized, and analyzed by a computer. The effectiveness of the tech-
nigue is indicated by the consistent occurrence of correlation coeffi-
cients exceeding 0.999. A araph of typical data (kinetic run numker 157,
ethyl acetate-d3), is displayed in Fiqure 8. Also displayed is a tynical
comouter print-out of the same data, Figure 9. In oractice, ethyl
nropionate and ethyl isobutyrate kinetics were beaqun not at the pH value
calculated, but at oH = 10.95. A constant correction factor was added.
This modification removed the necessity of changina scale-expanded ranaes
in the middle of a kinetic determination.

Kinetic values, obtained for the eight esters, are tabulated in
Tables VI through VIII. A summary of the rate ratios kun]abe]ed/kheavy for
the ethyl esters at 40°, calculated from a least squares analysis of
the ratios versus temperature,is listed in Table IX. The choice of 40°
was arbitrary. It represents the middle of the temnerature ranae studied

and as such reflects the least extrapolation error.
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o Figure 9. (Cont.)
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ITI. Temperature Dependence

The observation of a minimum value for the rate ratio as reported
by Halevi (47) is clearly inconsistent with the results of this study
(Tables VI-IX). The explanation offered by Halevi for the reported
minimum was based on assumed differences in energy of solvation resulting
from isotopic differences in average charge distribution. These varia-
tions in solvation should be reflected in aaS*, the difference in activa-
tion entropy between the labeled and unlabeled esters. No substantial
difference has been observed (Table X).

Examination of aAH* and AS* for the ethyl acetate, propionate, and
isobutyrate hydrolyses (Table XI), and their relative contributions to
the hydrolysis rates, shows that the decrease in reaction rates within
this family of esters is not caused by greater ground state stabilization
resulting from the inductive effects of methyl. Indeed, the activation
enthalpy favors isobutyrate solvolysis. The effect comes instead from

the 10 eu difference in the entropies of activation.

IV. Interpretation of Isotope Effects

A. Beta Effects

The ground state conformation of ethyl acetate (14), in which one
hydrogen is eclipsing the carbonyl oxvgen, has been inferred from the
preferred conformation of acetaldehyde (15), which has been determined
by microwave (67) and electron defraction studies (68). The observed

threefold barrier to rotation about the sp2-sp3 carbon-carbon bond in

Hg‘; 14 : HJ :
Hy —  0CyHs H, H

15
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acetaldehyde is 1162t30 cal/mole (67). A similar conformation has been
reported for acetic acid based on microwave analysis (69), but with a
Tower threefold barrier to rotation (48325 cal).

The geometry of the two Ha protons is suitable for orbital overlap
with the carbonyl orbital. Hyperconjugation will be more effective in
the ground state than in the transition state, and will therefore lead
to an inverse kinetic isotope effect (Table IX). Hvoerconjugation is
expected to overcome the opposing inductive effect of the Hb proton which
is in the wrong orientation for hyperconjugation (8). Steric effects in
this uncrowded ester are expected to be small (29).

Although the microwave analysis of propionic acid has not yet been
reported (70), the conformation of ethyl propionate may be inferred from
the preferred methyl eclipsing of the carbonyl (17) observed in aldehydes
(71) and the conformations of several compounds containing a single

halogen atom alpha to a carbonyl. The aH° for the equilibrium 1§,l 17

is -560, -500, and 0 cal/mole for ethyl fluoroacetate, chloroacetate,
and bromoacetate, respectively (72); the aH® s -1000 cal/mole for
bromoacetyl chloride and -1900 cal/mole for bromoacetyl bromide (73).
For chloroacetaldehyde and bromoacetaldehyde in dimethyl sulfoxide,
AH® is -1500 cal/mole and -700 cal/mole, respectively (74). A1l of
these rotational isomers are best described in terms of a threefold
barrier to rotation about the sp2-sp3 carbon-carbon bond. The per-
centage of ethyl propionate in the conformation with methyl eclipsing

the carbonyl oxygen is expected to exceed that observed with haloaen
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eclipsing since dipole-dipole interactions have been reduced. This
assumption is supported by the observed aH° of -800 to -900 cal/mole
(71) for propionaldehyde.

As in the case of ethyl acetate, ethyl propionate (18) has two H,
protons in a position favorable for hyperconjugation which results in
an inverse isotope effect. Steric interactions, while greater than those
in ethyl acetate, are not expected to be severe since both the hydroxide
and the carbonyl oxygen experience only one methyl interaction in the
transition state (19). Hyperconjugation is therefore the likely cause
of the observed inverse isotope effect.

0 CH,

|
v

oc,H, 12

When one or both substituents on disubstituted acetaldehyde are

methyl, methyl eclipsing of the carbonyl oxygen (20) is preferred (71).

H‘{} 20 < “ x";>____—4<:
X H X = H H 22 H

Dihalo substitution in aldehydes results in preferential halogen
eclipsing (22) in polar solvents and hydrogen eclipsing (21) in non-
polar solvents (75). Hydrogen eclipsing in dichloroacetyl chloride
(76) is preferred by 200 cal/mole. A1l of the above are best described
by a threefold barrier to rotation about the sp2-sp3 carbon-carbon bond,

but all are also characterized by much more positive AH® values for
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1+22 (75).

In contrast to mono and disubstituted aldehydes, mono and disub-
stituted acid halides, and monosubstituted esters, all of which exhibit
threefold barriers to rotation, ethyl difluoroacetate and ethyl dichloro-
acetate exhibit twofold barriers to rotation with aH® for 23 < 24 being

+25 cal/mole and 0 cal/mole, respectively (72).

H
0 X 0
X -. ~>
4
X 23 0C,Hs H S DCHs

Although the rotation barriers of propionic acid and isobutyric
acid have not yet been reported (72), the barrier in acetic acid (which
is structurally similar to the ester) is substantially lower (483 cal/
mole) (69) than the barrier in acetaldehyde (1162 cal/mole) (67).
Acetaldehyde, monohaloacetaldehyde, and dihaloacetaldehyde all exhibit
threefold barriers to rotation, while the change from ethyl monohalo-
acetate to ethyl dihaloacetate results in a chanae from a threefold
barrier to a twofold barrier. It is not unreasonable to exnect that
other disubstituted esters, including ethyl isobutyrate, may also

exhibit a twofold barrier to rotation 23 ¥ 24.
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In both conformations, 23 and 24, the orbital of the methine
nroton is orthogonal to the orbital of the carbonyl. Since this
geometry precludes hyperconjuaation, the observed normal isotope effect must

be the result of inductive differences between hydroaen and deuterium.

B. Gamma Isotope Effects

In Tight of the above structures Q§) 23, and g&), the gamma isotone
effects may be readily interpreted. Carbon-carbon hyperconjugation is
nprecluded by the orientation of the methyl in ethyl propionate. As
stated earler, steric effects resulting from a sinale interaction are
expected to be only moderate. The remainina inductive difference between
hydrogen and deuterium results in the observed normal effect.

Although the inductive effect in ethyl isobutyrate-dg should be
substantial, the observation of an inverse isotope effect suggests that
it is overcome by the steric effect. The presence of the second methyl
groun requires the carbonyl oxvgen to approach one of the methylsin the

more crowded transition state (Fiaure 10). This conformation also results

0C,Hs

Figure 10. Steric Interactions in Ethyl Isobutyrate Hydrolysis.
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in interaction between one of the methyls and the attacking hydroxide.
Carbon-carbon hyperconjugation may also be contributing to the large

inverse isotope effect.

V. Solvation Effects

Although the anomalous isotope effects of ethyl isobutyrate have
been explained in terms of a twofold barrier to rotation, the results
are not necessarily inconsistent with a threefold barrier. It has
been noted that the activation entropy is substantially larger for
ethyl isobutyrate than for ethyl propionate or ethvl acetate. This
difference is undoubtedly due to steric inhibition of solvation in
the ground state of ethyl isobutyrate resulting from interactions with
methyl. A consequence of this is an increased demand for solvation on

the side away from the methyl group (25). Interference between the

CH H
e e
2Hs Solventl

alcohol moiety and solvent will tend to move the alcohol away from its
preferred planer conformation into a position nearer the methyl. The
resulting torsional effect on the sp2-sp3 carbon-carbon bond, combined
with torsional effects resulting from interaction between the non-bonded
electron pairs of the alcohol oxygen and the methyl, increase the dihedral
angle between the carbon-hydrogen (deuterium) bond and the » orbital with

which it is to hyperconjugate. This angle, without consideration of
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torsional effects, is 30°. " 30° angle still allows an overlap with
greater than 85% of the effectiveness of parallel orbitals, but it is
to the point at which orbital overlap begins to deteriorate ranidly
as dictated by the cosine relationship B = 8, cos 6 (77). Torsional
effects, if indeed they exist, could destroy the orbital overlap which
would also eliminate hyperconjugation. Steric effects from this
position are exnected to be slight, and the remaining indicative effect
viould lead to the observed normal effect.

A small contrihution to the rate determinino step bv the nrocess
involving ethoxide exnulsion would tend to counteract the isotone
effects involved in hydroxide attack, the two steps being essentially
the reverse of cach other. Since a more crowded transition state would
lead to increases in both activation barriers,és well as the instability
of the tetrahedral intermediate, it is not clear what effect crowding

should have on the isotope effects.

VI. Conclusion

In conclusion, the inverse g isotone effects observed with ethyl
acetate and ethyl nronionate have heen exnlained bv hvnerconjugation.
The y normal isotope effect in ethyl propionate is believed to be the
result of inductive effects while the y inverse effect observed in
ethyl isobutyrate is very likelyv steric in origin in this crowded
system, with a possible enhancement by carbon-carhon hyperconjugation.
The observation of a normal g isotope effect with ethyl isobutyrate is
considered to be evidence for a change from a threefold barrier to
rotation to a twofold barrier. Torsional effects on a threefold barrier

have also been considered.
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The objective of this studv was to confirm or deny the unprecedented
temperature dependence of the isotope effect reported by Halevi in the
alkaline hydrolysis of ethyl acetate-d3 and to extend the temperature
study to include the isotope effects of ethyl nronionate and ethyl iso-
butyrate. Although the objectives have been fulfilled through the
implementation of two rapid and accurate analytical techniques, and
exnlanations for the observed isotope effects have been offered, the
implication of the g isotope effect of ethyl isobutyrate-d; should be
considered evidence for rather than proof of a twofold barrier to

rotation in ethyl isobutyrate.



EXPERIMENTAL

I. Ester Preparation

A. Ethyl Acetate-d; and Unlabeled Ethyl Acetate

Ethyl acetate-d3 (99%-D) was purchased from Merck Sharp & Dohme
Lot No. C-188. Mass spectral, nmr, and glc on carbowaXx analyses con-
firmed its chemical and isotopic purity. "Baker Analyzed" reagent

ethyl acetate was distilled and used without further purification.

B. Ethyl Propionate-2,2-d,; -3,3,3-d3; and Unlabeled Ethy]l

Propionate

A1l ethyl propionate were prepared by the method of Nolin and
Leitch (78). Five and one half gram samples (0.074 moles) of dis-
tilled Fisher certified propionic acid, Merck Sharp & Dohme
propionic-2,2-d, acid-d (98%-D) and propionic-3,3,3-d; acid (98%-D)
were cooled, diluted tenfold with water, and neutralized with a cold
ten per cent aqueous ammonia to a pH between 7.5 and 8.5. A twenty
molar per cent excess of silver nitrate solution was added and the
resulting white silver salt filtered, washed first with water and then
ethanol, and finally dried over night in a vacuum oven. The yield was
generally 98%.

To the dry silver salt was added an equal molar amount of distilled
ethyl iodide and, with exclusion of water, the two were allowed to reflux
over night yielding 86% of the desired ester.

Gas chromatographic analysis of the crude distalate indicated an im-

purity level of approximately 0.4%. Washing with water, extraction with

62
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ether, removal of ether under reduced pressure, and finally isolation by
preparative glc on an 80 inch, 20% carbowax on chromasorb W column
afforded pure ethyl propionates. Mass spectral, alc on carbowax and FFAP,
and nmr analysis confirmed the chemical and isotopic nurity of the esters.

A11 ethyl propionates exhibited the characteristic nmr ethyl quartet
and triplet at 6.26 and 9.13 1. The unlabeled ethyl propionate snectra
contained a second methyl triplet at 9.28 1, overlapping the ethyl triplet,
and a methylene quartet at 8.10 t.

Labeled ethyl propionates exhibited the same snectra except that
ethyl propionate-2,2-d, Tacked the methylene triplet,and its second methy]l
degenerated into a multiplet at 9.27 1. Ethyl propionate-3,3,3-d3
exhibited the methylene at 8.13 1t as a multiplet and lacked the second

methyl peak.

C. Ethyl 2-Methylpropanoate; Labeled and Unlabeled

Ethyl 2-methyl-d3 -propanoate-3,3,3-d3, ethyl 2-methylpropanoate-
2-d,,and unlabeled ethyl 2-methylpropanoate were prepared from their
parent acids, purified, and analyzed by the same procedure as the ethyl
propionates. Sym-isobutyric-dg acid (99.5%-D) was prepared by
Adan Effio by the following process:

OH Br

LiATH, |  PBrs
CD3COCD3——~> CD3CHCD3—+ CD3CHCD3

Br MgBr
Mg é 1) CO,
CD5CHCD CD3CHCD CD3),CHCNOH
3 37+ VY3 32) H,0 (CD3),
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Isobutyric-a-d acid was prepared by pyrolysing dimethylmalonic
acid-d, at a temperature of 180° for 12 hours. The labeled dimethyl-
malonic acid vias the product of five exchanges of the unlabeled dimethyl-
malonic acid (Aldrich Chemical Co.). with D,0 (99%-D)

In addition to the ethyl quartet and triplet at 6.22 and 9.06 t
present in the nmr soectra of all ethyl isobutyrates, the unlabeled ester
snectrum contained a two methyl double at 9.15 1 and a broad methine
multiplet at 7.86 1.

The ethyl isobutyrate-dg spectrum lacked the two methyl doublet,
and the multiplet had degenerated into a broad sinclet at 7.81 t. The
snectrum of ethyl isobutyrate-a-d lacked the multiplet, and the tvo

methyl doublet reduced to a broad singlet at 9.15 t.
IT. Procedure

A. Base Preparation

Carbonate free base was prepared by the method of Albert and
Serjeant (79). Fourteen grams of reagent grade potassium hydroxide was
dissolved in 1.5 Titers of distilled water. A solution containing three
grams of barium hydroxide was added, the flask inverted, and the barium
carbonate precipitate was allowed to settle overnight.

Solution was drawn out of the flask through a tube protruding beyond
the precinitate and into a Dowex 50W-X8 cation exchange column saturated
with potassium ion in order to remove the barium ion present. Dilution
of 100 ml of this 0.16 N solution with three liters of freshly boiled
conductance water under nitrogen atmosphere afforded carbonate free base

of the approximately 0.005 normality desired.
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Base concentration was determined by titration against seven samples
of oven-dried Fisher Primary Standard potassium hydrogen phthalate weighed

on a five decimal place Mettler balance using Bromo Thymol Blue indicator.

B. pH Monitoring

An Instrumentation Laboratory model 245 scale expanding pH meter
was used to continuously monitor the pH. The electrode used was an
Instrumentation Laboratory model 14063 hiah alkaline combination electrode.
When not in use, the electrode was stored in dilute hydrochloric acid at
the next temperature to be investigated.

The output of the pH meter was recorded on a Sargent model SL recorder.
A1l determinations were made in the scale expanded mode. 0One nH unit
represented a 10-inch deflection on both the meter and recorder. HNo
decernable variation between the meter and recorder appeared over this
range.

The chart speed of the recorder proved to be sufficiently accurate

to provide the time base for the readings.

C. Constant Temperature Bath

Temperature was maintained during the hydrolyses by a 25-1iter
constant temperature bath. The bath was insulated on its sides and
bottom with one inch of styrofoam supported by 5/8 inch plywood.
The top of the bath was covered with a tight-fitting 1/4 inch rein-

forced plexiglas cover.

From the top were suspended a Troemner immersible magnetic stirrer,
a Precision Scientific Co. number 62541 thermorequlator (:0.005F°), and
a Teel number 10622 circulating pump. A sample cell 2.50 inches long

blown from 19mm glass tubing was inserted through a tight-fitting hole
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and came to rest centered on the stirrer with its top flush with the top
of the cover. Two additional holes were provided in the top through which
additional sample cells could be suspended to allow complete thermal

pre-equalibration.

D. Temperature Control

The bath was cooled or heated as required. Circulation of tap water
from a constant pressure device through three feet of internal 1/4 inch
copper tubing provided adequate cooling for temperatures down to 15°. A
temperature of 5° was obtained by pumping ethylene glycol at 0° from a
second bath through the cooling coil.

In both cases, and at higher temperatures, the temperature was
controlled by intermittent heating with a 200-watt heating coil, activated
by the thermal controller's switching of a relay switch. The amount of
heating was limited by a triac clipping circuit until the "off time" and
"on time" were equal. Both the relay and clipping unit were built by
the author. For temperatures above 65°, an additional continuous heater

capable of supplying up to 100 watts was added.

E. Quartz Thermometer

Bath temperatures were measured with a Hewlett-Packard model 2801A
Digital Quartz thermometer. Zero point calibration of probes was per-
formed in a three liter ice water Dewar flask mounted on a low speed
mechanical shaker. Bath temperature variation was found to be less than

£().007° over the range +15 to +65°.
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F. Rate Determinations

At the beginning of each set of measurements, the electrode was
rinsed with distilled water, placed in Instrumentation Laboratory
number 31060 pH 6.84 buffer (the isoelectric point of the electrode) and
the meter balance adjusted. After two more washings, electorde was
placed in a Matheson, Coleman & Bell pH 10.00 buffer and the appropriate
correction made with the pH/MV slope control.

Following two additional washings, 3.88 ml of the standardized
potassium hydroxide was dispensed into a sample cell from a 5 ml
burette and transferred under nitrogen atmosphere to the bath.

A11 washings, buffers, and base samples were thermally pre-
equalibrated in order to avoid electrode hysteresis upon cooling (79).

Six minutes was allowed to elapse while the electrode adjusted to
the base. At that time the balance of the pH meter was adjusted to a
scale expanded value of 10.95. Fifteen micro liters of ester was injected
through septum into the stirred base as the recorder passed a convenient
measuring point. Recording was continued until a pH of 10.00 was reached,
at which time the electrode was washed, new base added, and the process
repeated.

The first two runs were always discarded to avoid inconsistencies
resulting from incomplete electrode conditioning. Subsequent runs were

alternated between unlabeled and the one or two labeled esters.

G. Treatment of Data

Times read from the recording were taken at 0.05 pH unit intervals
from pH 10.90 to 10.05. These values, corresponding to 2.9 half-lines

of base, were analyzed by the second order rate program SEC R (Figure 11).
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SFCP FORTRAMN EXTENDFD VERSLION 260 (210) 087137170

PROGKAM SEC « (INPUT«OYTHUT« TAPFZ2=INPUT s TAPE 3I=QUTPUT)
DIMENSION TCLUO) s (10U) oY (100) o TTTLE (40)ePH(100) X (100) o
1 DELTACIOO) ekl TOLOO) oPHUES(100)
1 RFAD (Pei0]) TLTLF
0ns 10 Fokaag( GOAP)
2 READ (2e1072) NoebZERNDeDH INebEXePHOFF « TOFF
1072 FORMAT (1345F1046)
wC = 1040%% (=FX)
IF (N=1) S00«1INNYye3
1o I D0 4 [=1eN
READ (24103) PHI1I)eT(I)
103 FORMAT (F9.%5eF10eY)
PHUES(T)=FH (L)
PH(T)=rH (1) +pHOFF
iP5 FCIY=T(1)+Tubt
X(I[) = T(i)#*e0.00
H(T)=FXP (=2430258%PH(]))
G Y(I)=(leU/ (URH IN =t/ZERO))H*H(ALOG(EZERO/ (FZERO+WC/H(T)Y=0H IN))

1 =A_OGH()Y#0OR IN /WC))
24 C COMPUITF [MTERVALS HETWEEN TIMES
NN=N-]

NGO H T=]eMy
DFEL 1) =T(l+D)=1(T)
REN F(N) =0
A5 GO 70 11
C OMTT RalbS AND BECOME LLEAST SQUARES
SON RPEAN(Pel PN
116 FORMAT (12)
TF (N) 10UUe e 0
i 10 6y 9 T=1e
READ(Pel03)Y (L)l (1)
ey T01)=0
X()=T(1) Figure 11. Second Order
PRUES(I) = v
T PH(I)=0 Rate Program 'Sec R'
9 H(])=n
c COMPUTE  SHMS
11 STI6Gx = 0
SIGX2 = 0
af) SICY = 0
S1GYZ2 = y
SIGxy = vy
DO S T=]eM
SIGX = St6GX + X(1)
45 SIGx? SIGAe? + (X (]1)sse2)
SIGY = SIGY + Y(I)
SIGYZ = S16Y2 + (Y (])#2)
S SIGXY = SIGXRY + (X(1)%*Y (1))

C COMPUTFE As t1C.
S0 ) = ¢t
D = (D¥STOXP) = (SIGxs#x2)
A = ((D#STGAY) = (STOGX#SIGY)Y) /D
H o= ((S16X2%5[6Y) = (STOGAX#SIGXY)) / 1)
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SECR Frvefieat, rXTENDED VERSION 260 (210) 08713770

<¥? = o

by o T=] et

£ Sy2 = QY2 o+ ((Y(]) = = (asX(1)))=x2)
SI2 = SYye / (=7e0)
SY = Savl (sy7)
Su/ = (OESez)y /o)
SA = Savl (SaZ)
S = sy 2Es[axe) /0D
GHo= SOrT (S2)
Bz (D 16Ye) = (SlGYs##2)
Foz SOl (nsr)

COor = (@5 16XKY) = (STea®SIuY)) /7 F
[F(CORwv) 24 2e’7
A2l COdie = = vy
20 CONT P
0Ny 2 =] e
24 DN TA(T) = (([)=n=(A%xXx(]))
wriend
w2 b Cialie) T1TLE
POl b AT (] e e A 2D
a] It (Cseal)
Yooy FaRaal (o /1777577 7)
weeTTHE (deltity)
Lesr FORAAT (faet)EL T oehXeGHT eMINUTESsOXSHPHUSE 9 3IX 9 2HiIPH 4 X o
P9O9RA=T 00 CotCEMTRATTION e LOXeaHY (1) e L)X o SHOELTAC(T))
iR TIE (de it 7)
I 7 PRl (/)
woror o e
oIl Caa bk, TOL) e T (L) e?HUES(T) e PHUT)eH(TI)e Y(T)e DFLTA(T)
s FORMAT (A e the?e BAe FOoale HXe FHale X9 Flaboa E15e5e
I G4 X6 F,l,ob)ﬁ | Xo tl‘).L))
W T (3a]11%)
Vi~ FOwRaAAT (//777)

Figure 11 (Cont.)

vRTIE (3el 14) Ny SA

109 FOR“2T (A4 S OPF = tlaesbrs//
) 2lH SThHe 1'rVe OF SLOPE = Elaee /7777 )
NRTTE (el li)  BeSH

ple FORAAT (12n (NTERCEPT = El4.tb /77
] AOHST) . ibEVe OUF INTERCERPT = El4s6 2777/ )
WRITE (2elli)  SYe CORK

1D FORMAL (LY STDe DEVe OF FIT = El4a.6 /7777
1 POH Conwrt! ATTON COFFELICIENT = F9en )

WITE (3e112)  FZERO
1172 Formal (/7777308 INTITAL BESTER CONCENTRATION = oF15410)
WHRITFE (3«11 3) O [N
IV ¢ FoRaaf (/7300 T9TTTall dASE CONCENTRATION = «F15.10)
W ITE (dalla) WC
114 Fordanfl(//, v iy = Floaeab)
GO Ty
Lono CALL Fx i
oyl



70
This program was written by the author with the assistance of Professor
Schiavelli. The program first corrected all the pH values from the
starting point of 10.95 to the calculated value appropriate to the
known base concentration at the temperature studied.
Second order rate constants were then obtained by a least squares

solution of the special integrated second order rate equation:

KT = (1.0/(0OHZERO-EZERO) )* (ALOG(EZERO/ (EZERO
+WC/H(T1)-OHZERO) )-ALOG (H(I)*OHZERO/WC))

OHZERO = initial base concentration

EZERO = initial ester concentration

WC = jon product of water at bath temnerature
H(I) = hydrogen ion concentration at time T

which was derived from the standard integrated second order rate equation:

- b/
b= g fin (2 - an o))

initial concentration of A
initial concentration of B

stichometric factor
concentration change in A at time t

x o @
"

Lines with negligible curvature resulting in correlation coefficients
greater than 0.999 were consistently obtained. The rates reported are
averages of at least three and usually four independent rate determina-

tions. The uncertainty indicated is the average deviation, o.



observed rate

>
n

x
1}

mean

Rate ratios, kH/kD, are the ratios of the resulting means. The
uncertainty indicated is the standard deviation obtained from the

relationship.

okH/kD = ’ZH/ED/(OH/kHYZ + (OD/kD)Y

The average rate constants at different temoeratures were used to
determine the thermodynamic activation parameters AS* and aH* from the

equation.

_ - AH* AS*
tog (k/T) = >—=57egat * 730388 * 109 (k/h)

= average rate constant
= absolute temperature
gas constant

= Boltzmann's constant

> X X 4 x
]

= Plank's constant

Activation paramerers were calculated by two computer programs:
ACTENG and ACTIV. The former, written by Professor DeTar, utilizes a
weighted iterative least squares solution while the latter, by
Professor Sonnicksen, utilizes a single least squares solution of the
relationship loa (k/T) versus 1/T.

Enthalpy and entropy of activation differences (aaH* and aaS*) were

evaluated (80) by a least squares solution of the relationship In kH/kD

versus 1/T in the equation:
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_ =AAH* | AAS*
In (ky/kp) = —g7+ =

by the nroaram HAND, written by Professor Sonnichsen.
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