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ABSTRACT

The acid catalyzed and uncatalyzed hydrolysis of the acetal 2.2-dimethoxypropane
(DMOP) and the ortho ester trimethylorthoacetate (TMOA) have been studied in aqueous
solution at 25 °C. Theoretical and experimental evidence have been found for a base
catalyzed E2 mechanism of DMOP hydrolysis proceeding through an enol ethet. This
mechanism is neither predicted nor observed for TMOA hydrolysis. The specific acid
catalyzed and uncatalyzed raic constants for hydrolysis are for DMOP ki, = (2.540.3) »
10° M''s™, ko = (3.640.2) x 105" koirp2 = (2.840.4) x 10" M's”', and for TMOA kyy,
(2.05+0.12) x 19° M's k,, = (3.740.3) x 10° s™'. General acid catalysis was observed for
TMOA with four general acids. From the Bronsted plot, a = 0.7630.05. Ewvidence of
general acid catalysis in the hydrolysis of DMOP with phenol as general acid was

suggestive but inconclusive.

The rate and equilibrium constants for formation, dehydration and, when
appropriate, isomerization, have been determined for four hydroxide catalyzed aldol
condensations at 25.0 °C in aqueous solition. The four reactions studi:d were acetone,
acting as carbon acid, with o,o,a-trifluoroacetophenone and with p-nitroacetophenone,
and p-nitroacetophenone, acting as carbon acid, with p-nitroacetophenore and with
acetone. The experimentally determined rate constants agree well with rate constants
predicted by Marcus Theory. supporting the utility of Marcus theory in the prediction of

rates of unstudied aldol reactions.
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PART I:

THE HYDROLYSES OF 2,2-DIMETHOXYPROPANE AND

TRIMETHYLORTHOACETATE




CHAPTER 1: INTRODUCTION

1.1 Background

Acetal hydrolysis reactions are of great biological importance. The polymers of
N-acetylglucosamine and N-acetylmuramic acid which make up bacterial cell walls are
held togethe: by acetal linkages and these linkages can be cleaved by enzymes such as
lysozyme. If we wish to better understand the mode of action of lysozyme - perhaps to
help design antibacteriai agents - we need to study acetal hydrolysis reactic n<

Cellulose and starch are glucose polymers which are also held together by acetal
linkages. If a commercially viable, catalytic method of cellulose hydrolysis could be
found, then we would have an immense supply of glucose. This would be the feedstock
for increased production of ethanol for use as a fuel. An estimated 40 percent of the 10"
tons of terrestrial biomass produced each year is cellulose.! Present use of this resource
amounts to only 0.5 percent annually.

Saccharide linkages are unreactive acetals and lysozyme acts in neutral solution. It
has been proposed that lysozyme acts by general acid catalysis (GAC) to facilitate acetal
hydrolysis. Although there is much support for the GAC mechanism of lysozyme, non-
enzymic examples of intermolecular general acid catalysis of analogous acetals using

other general acids (such as acetic acid or dihydrogen phosphate) have been difficult to

find.




1.2 Definitions of specific- and general-acid catalysis.

Specific acid catalysis in aqueous solution is catalysis due to the hydronium ion and
involves the conjugate acid of the reactant, formed in a rapid equilibrium prior to the rate
determining step. The rate depends only on the pH and is independent of the

concentration of any general acid. This mechanism is depicted in Scheme 1.

Scheme 1.  Mechanism of specific acid catalysis of acetal hydrolysis.
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General acid catalysis employs other acids such as buffer components, which are
weaker acids than the hydronium ion, to catalyze a reaction without fully forming the
conjugate acid of the reactant. The formation of a generally unstable intermediate is thus
avoided; instead there is concerted bond breakage and proton transfer along a preformed

hydrogen bond. This is shown in Scheme 2.

Scheme 2.  Mechanism of general acid catalysis of acetal hydrolysis.
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1.3  Examples of general-acid catalysis in acetal hydrolysis and an explanation of
acetal reactivity.

General acid catalysis was sought for acetals and the structurally similar ortho
esters as early as 1929 when Bronsted found buffer catalysis for ortho esters but not for
acetals.’ This difference between similar functional groups has led to attempts to find
examples of GAC in acetal hydrolysis.

General acid catalyzed hydrolysis of acetals has been observed but the acetals are
not th¢ unreactive sort found in sugar linkages. The acetals for which catalysis has been
observed have properties which predispose them to GAC. These include electron
withdrawing substitueuts in the leaving groups, electron donating non-leaving groups
which stabilize the intermediate carbocation, or ground state strain which is relicved on
forming the intermediate carbocation.

Examples of the use of better leaving groups include the hydrolyses of methyl
phenyl ketals of acetone and acetaldehyde,’* and the hydrolysis of
aryloxytetrahydropyrans.**

Generation of stabilized carbocations from tropone diethyl ketal,” benzophenone
ketals,* and p-(dimethylamino)benzaldehyde acetals’ have been used. As shown for
tropone diethyl ketal in Scheme 3, the expulsion of the etl.oxy group leaves a stable
tropylium ion.

Better leaving groups and stabilized carbocations are sometimes combined as

10,11

shown by the work on benzaldehyde aryl alkyl acetals.




Scheme 3.  Hydrolysis of tropone diethyl ketal.
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A strained benzaldeiyde dialkyl acetal has also shown general acid ci alyzed
hydrolysis.'> Benzaldehyde di-tert-butyl acetal benefits from the aryl stabilization of the
carbocation as well as relief of steric strain on the loss of one of the terr-butyl groups.

The reasons that these factors promote general acid catalysis have been
examined.'>'*> The acetals with better leaving groups (such as aryloxy) will have less basic
oxygens. That is, the conjugate acid of the acetal will have a higher energy than that of a
more basic acetal, and GAC would avoid generation of this high energy intermediate.
Acetals leading to stabilized carbocations and those where strain is relieved on going to
the carbocation do not require as good a leaving group. General acid catalysis allows an
improvement in leaving group ability which is less than the strong activation provided by
full protonation of the leaving group oxygen but does not impose the energetic cost of
protonation.

The effect of different substituents and general acids on the transition state has
been discussed:'' one observation is that the hydrogen to be transferred is positioned
closer to the general acid in the transition state when acids of higher pKa are used. A

second observation is the roughly opposite hydrogen motion in the presence of electron

withdrawing non-leaving groups. Qualitatively then, for more basic acetals, we would




need a general acid with a higher pKa to bring the position of the hydrogen to a more

intermediate position in the transition state, when GAC would be observable.

1.4  Predictions for observability of general acid catalysis in acetal and orthoester

hydrolysis and definition of the scope of this work.

The relationship between general acid pKa and transition state structure has been
analyzed and predictions have been made of the pKa ranges where general acid catalysis
should be observable.”’ For simple acetals such as 2,2-dimethoxypropane (DMOP) the
lower general acid pKa limit for observable catalysis should be about 10. This suggests
that general acid catalysis has not been observed for simple acetals because we have not
been studying appropriate pH and general acid pKa ranges.

Key to the predictions is the determination or estimation of the specific acid
catalyzed and the water (uncatalyzed) rate constants for hydrolysis of the acetal of
interest. These are used to determine the activation free energies for the extreme steps,
which allow limits to be placed on a general acid catalyzed mechanism. The limits result
from the assumption that reaction will proceed along the reaction path corresponding to
the uncatalyzed reaction until the pKa of the developing carbonium ion matches that of the
general acid. At that point the proton is transferred along the prformed hydrogen bond
and reaction proceeds along the specific acid catalyzed path, having avoided the extrema
of both steps. The predicted general acid pKa lower limit for acetophenone dimethyl acetal
hydrolysis based on estimated rate constants was 10. and DMOP is expected to be
comparable. In addition to looking for genersl ucid cataly-is then, this project seeks to

determine the specific acid catalyzed and uncatalyzed rates for DMOP hydrolysis in



aqueous solution so that pKa range predictions can be based on determined, not
estimated, rate constants. A pH rate profile for DMOP hydrolysis is then one of the goals
of this work to determine properly the uncatalyzed and specific acid catalyzed hydrolysis
rate constants.

The second part of this project was the study of the hydrolysis of an analogous
ortho ester, trimethy! orthoacetate (TMOA), so that comparisons could be made between
acetal and ortho ester reactivities. As stated previously, GAC has long been known for
ortho esters.> This is consistent with Guthrie’s prediction of the lower limit of general
acid pKa to be about 6.5 for trimethylorthobenzoate which is expected to behave similarly
as TMOA."

Notice also in Scheme 1, that if we replace -R; with -OR, we have an ortho ester,
and this would lead to a resonance stabilized carbocation intermediate. Thus an ortho ester

could be considered an acetal with an electron donating non-leaving group.

Scheme 4.  The hydrolyses of 2,2-dimethoxypropane and trimethylorthoacetate.

H,c—O_ _O—CH
TS TR i +2 CH;OH
HyC” “CH, HC” NCH,
DMOP
O—CHj, 0 0
HC—{-0—CH, —» HC— +20H0H —» HC—  +3CHOH

O—CH; O—CH, OH
TMOA

With specific acid catalyzed and uncatalyzed rate constants in hand, we can better

estimate the range of allowable general acid pKa for observable catalysis. We will also be



able to apply Marcus Theory to rcfine our predictions. Measured specific acid catalyzed

and uncatalyzed rate constants will allow comparison of actual experimental rate constants
with rate constants predicted from the assumed mechanisms.

The specific reactions studied are depicted in Scheme 4.

1.5  Marcus Theory

Marcus Theory began as an relation.ship derived for activation free energies in
weak-overlap electron transfer reactions.'® The theory predicts the free energy of
activation for a reaction as a function of the free energy change for the reaction and the
intrinsic barrier of the reaction. The intrinsic barrier of a reaction in sin-ple cases may be
interpreted as the activation energy for the identity reaction where the products are the
same as reactants, and in which the overall free energy change is zero.

Marcus Theory applies to reaction occurring within an encounter complex. That
is, the work terms for bringing reactants together from solution to form the encounter
complex and for diffusional separation after reaction must have already been taken into
account. After applying Marcus Theory, the rate constants for reaction within the
encounter complex must be converted to macroscopic rate constants by incorporating the
work terms previously used to isolate the reaction within the encounter comple». Marcus

7-19
17-1 and

applied this relation, in a slightly modified form, to atom and proton transfers
Guthrie has since applied Marcus Theory to many reuctions including acetal and
orthoester hydrolysis, and aldol condensations.*

A simple example for visualization is methyl group transfer. Equation 1 shows the

equilibrium for bringing reactants together from solution to form an encounter complex




complex with an equilibrium constzat K., reaction within the encounter complex, and
then diffusional separation of products after reaction, with an equilibrium constant Kag
which equals 1/ K.... In the simple case where X equals Y we have an identity reaction
for which the free er.2rgy change must be zero and hence the activation energy must be

equal to the intrinsic barrier.

Kenc

Kafr
Y:+ CH3X === Y:CH3X === YCH;:X === YCH;+:X (1]

L. J
h

reaction within encounter complex

The free energy for reaction within the encounter complex is approximated by two
intersecting parabolas of equal curvature, with their minima at x=0 and x=1
cerresponding to starting materials and products respectively. The intersection of the
parabolas is the transition state. As reaction proceeds from x = 0, the free energy will
increase up the first parabola. When the energy of the first parabola 1tches that of the
second, reaction will then proceed along the second (now lower energy) parabola :ind on
to products. This is shown in %igure 1 for the identity reaction {AG° =0) and for a
general reaction (AG® = 0).

If we define the energy at x=0 to be zero, then we can Jderive an expression for the
energy at the point of intersection of the two parabolas. The two parabolas are given by:

AG, =b x*

AG; = AG°® +b (1-x)’

The transition state is located at x = x* at the intersection of the two parabolas. The
energy at the transition state is defined as AG* and at this point the energy of the two

parabolas is the same so that:




10

b x¥? = AG® + b (1-2x*+x%?)

or x*=(AG° +b)/2b=1/2+AG°/2b

then the energy at the transition state is given by:
AG*=b (1/2 + AG® / 2b)’

when AG® = 0, AG* =b / 4; therefore b =4 AG
AG*=AG (1 +AG°/4AG )

This is the form of the Marcus equation as we use it.

Figure 1. Two parabola model for reaction energy used by Marcus Theory.

transition states

AGY=AG[ -

AGE - -

reactants —» <@ products

AG=0 ' --------------
Equations for lines:
reactants: AG = 4AGx? ?
products: AG = AG°+4AG(1-x)*
AG=AG° | -~ "~ CTT TTtirossosoe o sE
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The above derivation is a one-dimensional treatment of Marcus Theory. In a
reaction involving more than one reaction coordinate, such as concerted bond formation
and breakage, we need to consider energy barriers in more than one dimension. For
multidimensional cases, the derivation follows from four postulates:

1. Reactants are in equilibrium with starting material or product at each point along
each reaction coordinate. This is a starting assumption of Transition State Theory.

2. At each section through the reaction hypersurface for which only one reaction
coordinate changes, Marcus Theory will apply and will be determined by the initial and
final energies, and the intrinsic barricr for that coordinate. This follows from postulate |
for reaction along a perpendicular coordinate.

3. The intrinsic barrier for any reaction coordinate is independent of the values of the
other reaction coordinates. This is required to keep the equations relatively simple and to
keep the amount of input manageable.

4. For any reaction coordinate chosen as a progress variable, at fixed values of the
other coordinates, the free energy will be a quartic function of the progress variabie.

A quartic function will better approximate the shape of the reaction surface at the
transition state.

The first task in Marcus Theory analysis is to estimate the corner energies where
each comer will have a value for each reaction coordinate of 0 or 1. These energies will
include the free energy relative to starting material, hydrogen bonding energies, ion pairing
energies and encounter complex formation energies.

Treatment of well characterized systems allows caiculation of intrinsic barriers for

various bond formation and breakage processes. This has been performed for many
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reactions. With the comer energies and the itrinsic barrier for each dimension, the
reaction energy surface can be calculated and searched for the lowest energy path between
starting materials and products. This allows for the determination of the transition state as
a function of the progress along each of the reaction coordinates. Determination of a

mechanism as either stepwise or concerted is then possible.




CHAPTER 2: OVERALL KINETICS AND RESULTS OF _DMOP
HYDROLYSIS

2.1 Overall kinetics

The hydrnlyses of DMOP and TMOA are both pseudo-first order processes which
are subject to specific acid catalysis by analogy with 2,2-diethoxypropane and triethyl-
orthoacetate.> " MOA hydrolysis is similarly known to be general acid catalyzed? A
specific acid catalyzed and uncatalyzed (water) rate for each were determined in this
work. Unless otherwise noted, experiments were run at 25.0 °C in aqueous solution with
ionic strength 1.0 M. Kinetics data were fitted to a single exponential by non-lincar least
squares. For reactions run in buffers, the rate extrapolated to zero buffer concentration is
called the zero-buffer rate, and will equal the sum of the water rate and specific acid
catalyzed rate at that pH. Zero-buffer rate and water rate are used interchangeably to
describe the observed rate for unbuffered hydroxide solutions.

For experiments followed by proton NMR, the amount of DMOP or TMOA was
expressed as a fraction of the initial concentration, allowing ratios of peak integrals to be
used, thereby avoiding the need for an internal standard and the determination of actual
concentrations. To improve the fit of the data and because hydrolysis proceeds essentiaily
100%, points were often added to the set of observed data to force the fraction of DMOP
or TMOA at infinite time to approach zero during least-squares fitting.

For experiments followed by UV spectrophotometry, 10 cm cells were used to
give a sufficiently large absorbance from the weak acetone and methyl acetate

chromophores. DMOP or TMOA was mnjected directly via syringe to initiate reaction.
13
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The saponification of methyl acetate produced by hydrolysis of TMOA was also
observed. Its rate of alkaline saponification was previously determined®' as kou. = 0.151
M's! and was not studied here.

In all tables, values have been rounded to an appropriate number of significant
figures for presentation. Calculations were performed on unrounded data using

appropriate weightings. Small discrepancies may appear if table values are used to repeat

calculations.

%2.2  Kinetics of bydrolysis of DMOP in pH 4-8 buffers

The kinetics of hydrolysis of DMOP were studied by UV spectrophotometry in
aqueous buffers at pH 4.7, 6.5, and 7.8. Acetic acid / sodium acetate buffers were used
for the pH 4.7 experiments and potassium dihydrogen phosphate / disodium hydrogen
phosphate buffers were used for the pH 6.5 and 7.8 experiments. In each set of
experiments the total buffer concentration was varied but the buffer ratio, as d hence the
pH, was kept coustant; the ionic strength was maintamed at 1 M by the addition of
potassium chloride.

The observed rate constants for the appearance of acetone are listed in Tables 1, 2,
and 3 for experiments at pH 4.7, 6.5 and 7.8 respectively. Plots (not shown) were made
of the observed rate constants versus the concentration of the acidic buffer component.
Early resaits with phosphate buffers suggested the presence of general acid catalysis, but
experimental scatter necessitated improved technique. Scrupulous drying of salts, and

improvements to the temperature control of tke spectrophotometer caused the apparent

catalytic effect to vanish. Because there was no evidence of GAC, the zero-buffer rate at
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each pH was taken as the weighted average of the observed rate constants divide )y the

average hydronium ion concentration.

A sample plot of the kinetics obtained for DMOP hydrolysis in pH 6.5 phosphate

buffer is shown in Figure 2.

Table 1. Rate constants for the hydrolysis of DMOP in pH 4.8 buffers.*

[AcOH]® pH* a B 10° Aone
(M) (s
0.50 4.78 0.292 -0.202 5.63+0.07
0.50 4.77 0.310 -0.199 4.23+0.09
0.50 4.76 0.594 -0.230 4.06:0.04
0.50 4.76 0.389 -0.237 4.18£0.05
0.50 4.76 0.660 -0.510 4.3310.02
0.50 4.78 0.603 -0.490 4.48+0.02
0.40 4.76 0.403 -0.280 4.51+0.03
0.40 4.76 0.374 -0.240 4.97+0.04
0.40 4.75 0.430 -0.280 4.4420.03

av 4.4420.10

a

In aqueous acetic acid / sodium acetate buffer (1:1) at 25.0 °C; ionic strength
maintained at 1.0 M with KCl. Following acetone chromophore at 265 nm by UV
spectrophotometry. Absorbance-time data fitted to A = o +  exp (-At). Cell length
2.000 cm. [DMOP]; = 0.04 M.

b concentration of undissociated acetic acid

pH of cell contents measured after reaction.

¢
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Table 2. Rate constants for the hydrolysis of DMOP in pH 6.5 buffers.*

— —— S ————————
—

[H:PO, 7 pH' o B 10 A

M) )
0.450 6.51 0.989 -0.535 7.14+0.02
0.360 6.51 0.858 -0.558 7.26+0.02
0.360 6.51 0.848 -0.557 7.21+0.01
0.270 6.48 0.770 -0.542 6.92+0.01
0.270 6.48 0.751 -0.557 7.15+0.02
0.180 6.46 0.658 -0.550 7.2320.01
0.180 6.50 0.682 -0.566 7.08+0.01
av 7.15+0.04

¢ In aqueous potassium dihydrogen phosphate / disodium hydrogen phosphate buffer
(1:1) at 25.0 °C; ionic strength maintained at 1.0 M with KCl. Following acetone
chromophore at 265 nm by UV spectrophotometry. Absorbance-time data fitted to A = o
+ B exp (-At). Cell length 1 200 cm. [DMOP]; = 0.003 M

concentration of dihydrogen orthophosphate monoanion
¢ pH of cell contents measured after reaction.




Table 3. Rate constants for the hydrolysis of DMOP in pH 7.9 buffers.*

[H.PO, ] pH* a B 10°
M) (s
0.0692¢ 7.96 1.869 -1.636 4.728+ 0.004
0.06927 7.96 1.847 -1.612 4.837+0.003
0.0554¢ 7.88 1.820 -1.609 5.083+ 0.004
0.05547 7.88 1.807 -1.632 5.388+ 0.005
0.0692° 7.96 0.950 -0.570 5.059+ 0.004
0.0692° 7.96 0.991 -0.520 5.265+ 0.007
0.0692° 7.96 0.720 -0.554 4.818+0.013
0.0692° 7.96 0.735 -0.565 4.855+ 0.007
0.0554° 7.88 0.726 -0.571 5.363+ 0.008
0.0554° 7.88 0.719 -0.561 5.365+0.010
0.0415° 7.87 0.682 -0.564 5.896+ 0.003
0.0415° 7.87 0.689 -0.574 5.839+ 0.003
av 5.29+0.13
“ In aqueous potassium dihydrogen phosphate / disodium hydrogen phosphate buffer
(1:1¢} at 25.0 °C; ionic strength maintained at 1.0 M with KCl. Following acetone
chromophore at 265 nm by UV spectrophotometry. Absorbance-time data fitted to A = a
+ B exp (-At). Cell length 10.000 cm.
’ concentration of dihydrogen orthophosphate monoanion
¢ pH of cell contents measured after reaction.
o [DMOP}, = 0.006 M
‘ [DMOP]; = 0.003 M
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Figure 2 . Absorbance vs. time plot for DMOP in pH 6.5 phosphate buffer;
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Table 4. Rate constants for the hydrolysis of DMOP in pH 9.2 buffers.’

[PhOH]’ pH* a’ B* 10° A

(M) (')
2.457 9.21 0.00 0.86 1.79+ 0.24
0.367 9.20 0.00 0.87 1.80+0.17
0.27/ 9.19 0.00 0.97 - 2.14+0.15
0.18/ 9.21 0.00 0.93 2.18£0.24
0.09/ 9.14 0.00 0.86 2.16+0.26
0.45¢ 920 0.00 0.93 2.10:0.11
0.36° 9.20 0.00 0.97 2.28+0.11
0.27¢% 9.19 0.00 0.89 2.01+£0.02
0.18¢ 9.22 0.00 0.86 2.08+0.15
0.09% 9.21 0.00 0.88 2.09+0.19
av 2.02+ 0.02

N In aqueous phenol / sodium phenoxide buffers (9:1) at 25.0 °C; ionic strength and
aromatic ring concentration maintained at 1.0 M with KCl and 3odium benzoate.
Followed by 'H NMR using methoxy peak integrations to determine the fraction of
DMOP (fomor ) remaining. fpmop-time data were fitted to fomor = a + Bexp(-At).
concentration of undissociated phenol.

pH of pure buffer solution.

« constrained to be close to zero by using a synthetic data point, fpmop = 0.0 st t =

standard deviations of B values are in the range 0.02-0.07

4 [DMOP]; = 0.10 M

' [DMOP]}; = 0.05 M

2.3  Kinetics of hydrolvsis of DMOP in pH 9.2 buffers

The kiretics of hydrolysis of DMOP in phenol / sodiun, phenoxide (9:1) buffers at

pH 9.2 were studied at 25.0 °C by NMR analysis of hydroxide quenched samples. The
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results of two sets of buffer runs are shown in Table 4. No general acid catalysis was

observed. A sample kinetics plot is shown in Figure 2.

2.4  Kinetics of hydrolysis of DMOP in pH 10.1 buffers

The kinetics of hydrolysis of DMOP were studied in 1:1 phenol / phenoxide
buffers at pH 10.1 and 65 °C by NMR analysis of thermally enched samples. The
observed rate constants for 65 °C are listed in Table 5 and a summary of this and the
previous work” is presented in Table 6. Combination of these results with previous
work® at 40 and 56 °C allowed determination of the water and general acid catalyzed
rates at 25 °C as kuzo = (2.13.2) x 107 (log kino = -6.6740.65) and kpyon = (2.5422.) x
107 (log kpnow = -6.45+2.65) respectively, by extrapolation from the linear least squares
fit of log kizo vs IUT and {9g kenou vs 1/T. Neither the water nor general acid catalyzed
rates are well defined. The general acid catalyzed rate, in particular, is not distinguishable
from zero. Arrhenius plots for zero-buffer and general acid catalyzed rate constants are
shown in Figures 5 and 6 respectively.

The earlier work also included experiments at 65 °C, using samples sealed in NMR
tubes and kept in a drying pistol heated by refluxing methanol. The slow heat transfer
between the drying pistol and NMR tubes, aggravated by repeated sampling, resulted in
depressed observed rate constants. This work used reaction solution sealed in ampoules
which were kept in a 65 °C water bath. Each ampoule was used only once so that thermal

equilibration problems from repeated sampling were avoided.
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Figure 3. Fraction of PMOP remaining vs. time for hydrolysis at pH 9.2;

[PhOH] = 0.27 M; analysis by NMR
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Table 5. Rate constants foi the hydrolysis of DMOP in pH 10.1 buffers at 65 °C.

[PhOH]* pH’ o i 10° A
(M) (€]

0.50 10.12 0.00 1.02 3.00£0.10

0.40 10.12 0.00 1.00 2.49+0.06

0.30 10.12 0.00 0.95 | 2.36+0.10

0.20 10.12 0.00 1.00 2.30+0.02

010 10.12 0.00 0.96 2.17+0.05

av 2.32+0.06

“ Reaction carried out at 65.0 °C. Buffers 1:1 phenol : sodium phenoxide; ionic

strength and aromatic ring concentration each maintained at 1.0 M with KCl and sodium
benzoate. Followea by 'H NMR using methoxy peak integrations to determine the
fraction of DMOP (jpmor) teraaining. fpmop-time data were fitted to fhmop = o + Pexp(-
At). [DMOP),=0.10 M

b concentration of undissuciated phenol.

pH of pure buffer solution at room temperature.

o constrained to be close to zero by using a synthetic data point, fomop = 0.0 at t =

(4

10° s
‘ daviations in B are 0.01-0.02
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Figure 4 . Dependence of DMOP hydrolysis rste on phenol concentration in pH

10.1 buffers at 65 °C.
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Table 6. Summary of Rate Constants for DMOP hydrolysis at pH 10.1

T 10°/T 10 Koerobuir 108 (Koerobuttcr/ ') 10 Kgae 108 (Kae / M's™)
cC) (K ') Msh)
40.0¢  3.193 1.34£0.08  -5.87+0.03 1.6+ 0.3  -5.78+0.09
56.0°  3.038 6.5 £1.1 -5.18+0.07 10.7£3.4  -4.9740.14
65.0° 2957 19.9+0.9 -4.70+0.02 15438  -4.8140.11
“ Ref. 22

b

this work, see Table 5.
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Figure S. Arrhenius plot of second-order rate constants for DMOP hydrolysis in

log k., /M)

phenol buffers.
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Figure 6. Arrhenius plot of DMOP hydrolysis zero-buffer rate constants at pH 10.1
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2.5 Kinetics of hydrolysis of DMOP in aqueous hydroxide

The kinetics of hydrolysis of DMOP were studied in dilute aqueous base at 25.0,
35.0, 56.0 and 65.0 °C by NMR spectroscopy to determine the water (uncatalyzed) rate
for DMOP hydrolysis. Leblanc? found ill-behaved kinetics and extensive etching of the
glass NMR tubes by hydroxide while studying the hydrolysis of DMOP in dilute
hydroxide solution at elevated temperatures. This study avoided the problems of glass
etching by using teflon liners, used much like ampoules, to contain the samples within the

NMR tubes. The rate constants were found to be significantly higher, with excellent
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evidence for pH-independent (uncatalyzed) hydrolysis of DMOP at high pH.

The results of kinetics at all temperatures are summarized in Table 7. Extrapolation
from high temperature experiments back to room temperature lead to large uncertainties in
the 25 °C rate. Therefore, initial rate kinetics were used at 25° (and 35 °C) to determine a
more reliable value.

Initial rate kinetics, following the first 15% of reaction, were used to measure the
hydrolysis rate directly at 25.0 (and 35.0) °C for 0.1 M and 1.0 M hydroxide solutions.
Teflon bottles containing 25 mL of aqueous hydroxide solution of DMOP periodically had
samples removed for analysis by NMR, which was performed in locked mode following
addition of deuterium oxide to the sample. The uncertainties arising from initial rate
kinetics are mmkedly smaller than those arising from extrapolation. The rate constants
from 25 °C initial rate studies were used for the pH rate profile.

The rate in 1.0 M hydrcxide is considerably faster than that in 0.1 M hydroxide.
This is attributed to the involvement of a hydroxide catalyzed E2 mechanism which will be

discussed in further detail during Marcus theory analysis.
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Table 7. Rate constants for hydrolysis of DMOP in aqueous hydroxide at 25, 38, 56,

and 65 °C.*
T 10%/T Kunter 10g (Kuater / 57)
(Y] L) )
(a) [NaOH] =1.00 M
65° 2.957 9.5+0.5 x 10’ -5.02+0.13
56° 3.038 4.940.3 x 10° -5.31£0.16
357 3.245 1.040.1 x 107 -6.99+ 0.30
25 3.354 6.410.3 x 10°® -7.20+0.12

(b) [NaOH] = 0.10 M; [KC1] =0.90 M

65° 2.957 1.410.1 x 10° -4.86+ 0.20
56°¢ 3.038 4.740.4 x 10°¢ -5.33+0.20
354 3.245 8.540.5 x 10°® -7.07£0.14
257 3.354 3.940.2 x 10°® -7.41£0.12

(c) [NaOH] = 0.01 M; [KC1]=0.99 M

65°¢ 2.957 1.540.1 x 10° -4.82+0.13

56°¢ 3.038 1.210.4 x 10° -4.91+£0.71

Reactions performed under varying conditions according to temperature: 56, 65
°C: samples sealed in groups of teflon NMR tube liners, used as ampoules, which were
nserted into NMR tubes for analysis; 25, 35 °C: 25 mL of reaction solution was contained
in a screw capped teflon bottle, which was periodically opened for withdrawal of 0.6 mL
of solution for NMR analysis. Followed by 'H NMR using methoxy peak integrations to
determine the fraction of DMOP (fomor) remaining. For 56, 65 °C: fpmop-time data were
fitted to fomor = o + Bexp(-At); For 25, 35 °C. fueon fitted 10 fmeon =a + B t.

b T=56,65°C:k=A;T=2535°C: k=

¢ [DMOP]; = 0.10 M

[DMOP], = 0.30 M
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Figure 7. Arrhenius plot of DMOP hydrolysis rate coastants in aqueous base. Data
are for O 1.0 M NaOH; O 0.10 M NaOH; A 0.01 M NaOH. Line shown is

the best fit to both 1.0 and 0.10 M NaOH data sets taken together.
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CHAPTER 3: RESULTS OF TMOA HYDROLYSIS

3.1 Kinetics of hydrolysis of TMOA in pH 6.5 and 7.9 buffers

The hydrolysis of TMOA was studied in aqueous phosphate buffers at pH 6.5 and
7.9 by UV spectrophotometry, following the appearance of methyl acetate. The rate
constants for the two series of buffer concentrations are given in Tables 8 and 9 and are
plotted in Figure 8. The linear dependence of rate on buffer concentration clearly shows
GAC. The slight curvature of the plots is consistent with the change in the specific acid
catalyzed rate caused by changing buffer pH. Least squares fitting of the observed rate
constants to the equation A = kya[HA] + ku.[H'], where HA is the general acid
dihydrogen phosphate, gave for pH 6.5 and 7.9 respectively: kuya = (5.940.1) x 102 M''s™,
(4.020.1) x 102 M's' and ky. = (2.0240.02) x 10* M''s’, (4.120.2) x 10 M''s".
Simultaneous fitting of both sets of data to the same equation gave kua = (4.710.1) x 10~
M's! and kys = (2.2240.06) x 10° M''s'. These latter values can be taken as the best
overall fit. The individual lines shown in Figure 8 are simple linear fits and are shown for
reference only. Simultaneous fitting gives a poorer fit te each of the sets of experiments,
but should give better overall values for the specific acid catalyzed and general acid
catalyzed rate constants.

The discrepancy between the second order rate constants at pH 6.5 and 7.9, and
the change in pH with changing buffer concentration indicate that the non-ideality of the
solutions resuiting from high salt concentrations was not negligible. Noneiheless, without

investiging specific salt effects, the non-ideality of the bufiers must be ignored.

29



Table 8. Rate constants for hydrolysis of TMOA in pH 6.5 buffers.”

30

[HPO) pH" a B 102 A

(M) s
0.100 6.51 1.383 -0.795 1.219+ 0.005
0.100 6.51 1.414 -0.812 1.204+ 0.002
0.080 6.50 1.4i0 -0.820 1.127+ 0.002
0.080 6.50 1.438 -0.849 1.099+ 0.002
0.060 6.49 1.409 -0.827 0.999+ 0.002
0.060 6.49 1.399 -0.806 0.996+ 0.002
0.040 6.49 1.376 -0.807 0.893+ 0.002
0.040 6.49 1.415 -0.824 0.895+ 0.002
0.020 6.19 1.407 -0.829 0.775+ 0.002
0.020 6.49 1.409 -0.826 0.779+ 0.003
0.010 6.49 1.427 -0.833 0.714+ 0.002
0.010 6.49 1.441 -0.851 0.708+ 0.002

“ In aqueous potassium dihydrogen phosphate / disodium hydrogen phosphate buffer
(1:1) at 25.0 °C; ionic strength maintained at 1.0 M with KCl. [TMOA]J; = 0.02 M.
Following methyl acetate chromophore at 210 nm by UV spectrophotometry.
Absorbance-time data fitted to A = o + 3 exp (-At). Cell length 1.000 cm.
concentration of dihydrogen phosphate monroanion
‘ pH of pure buffer

b




Table 9. Rate constants for hydrolysis of TMOA in pH 7.9 buffers.’

[H.PO. T pH' a B 10° A
(M) (s")
0.069 7.96 2.599 -2.186 3.124% 0.012
0.069 7.96 2.648 -2.267 3.169+ 0.007
0.055 7.88 2.553 2212 2.798+ 0.007
0.055 7.88 2.607 -2.289 2.731% 0.007
0.042 7.87 2.558 -2.252 2.332+ 0.006
0.042 7.87 2.496 -2.171 2.317+ 0.007
0.028 7.80 2.558 -2.321 1.799+ 0.006
0.028 7.80 2.634 -2.344 1.807+ 0.006
0.014 7.76 2.656 -2.438 1.2381 0.003
0.014 7.76 2.516 -2.288 1.292+ 0.004

a

In aqueous potassium dihydrogen phosphate / disodium hydrogen phosphate buffer
(1:1) at 25.0 °C; ionic strength maintained at 1.0 M with KCl. [TMOA]}, = 0.02 M.
Following methyl acetate chromophore at 210 nm by UV spectrophotometry.
Absorbance-time data fitted to A = a + 3 exp (-At). Cell length 1.000 cm.

i concentration of dihydrogen phosphate monoanion

¢ pH of pure buffer

3.2 Kinetics of hydrolysis of TMOA in pH 9.4 buffers

The hydrolysis of TMOA was studied in aqueous 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) buffers at pH 9.4. NMR analysis of b2s¢ quenched samples allowed
determination of the fraction of TMOA remaining. The basic quench not ,nly slowed the

TMOA hydrolysis, but also saponified any methyi acetate to methanol and acetate ion.
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This simplified the NMR analysis because only two methoxy peaks needed to be

quartified.

Figure 8. Dependence of TMOA hydrolysis rate on dihydrogen phosphate

concentration at pH 6.5 and 7.9
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The rate constants tor reaction in a series of buffers are listed in Table 10 and are
plotted in Figure 9. The dependence of rate on buffer concentration is clearly not linear.
A plot (not shown) of observed rate constants versus the square of the buffer
concentration is surprisingly linear, but there is no apparent mechanistic reason for this. It

is reasonable that solvent effects from the large hexafluoro-2-propanol and 2-propanol

concentrations are responsible. Omitting the 2-propanol gr.:< very poor buffer pH
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control on dilution, but 2-propanvl has a lower molar volume than the hexafluoro analog
(76.4 mL / mol vs. 105 mL / mol). The lower molar volume would result in the more
concentrated buffers being more organi- and this should promote general acid catalysis by
making generation of carbocations less favorable and hence make concerted pathways

relatively more favorable.

Table 10. Rate constants for hydrolysis of TMOA in pH 9.4 buffers.”

[HFIP)® pH' o’ B 10* A
(M) ")
0.5 9.55 0.00 0.757 2571 1.1
04 9.51 0.00 0.839 19.0+ 0.7
0.3 9.49 0.00 0.892 11.32 0.3
0.3 9.49 0.00 0.879 12.1£ 0.3
0.2 9.45 0.00 0.942 6.9+ 0.2
02 9.45 0.00 0.957 7.2+ 0.1
0.1 9.43 0.00 1.066 521402

a

In aqueous hexafluoro-2-propanol (HFIP)/ sodium hexafluoro-2-propoxide buffers
at 25.0 °C. Ionic strength maintained at 1.0 M with KCIl; organic content maintained at
1.0 M with 2-propanol. [TMOA]i = 0.1 x [HFIP]. Reaction foillowed by NMR analysis of
base quenched samples to determine fraction of TMOA (ffmoa) Temaining.  frmoa-time
data fitted to frmoa = o + B exp (-At).

’ concentration of acidic buffer component

measured for pure buffer

constrained to be close to zero by usieg fimoa = 0.0 att = 10" s,

To extract meaningful rate constants requires some assumptions. The best water

rate extrapolated to zero buffer should be the intercept from the k vs [HFIP)>. This is
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assumed because the effects, whatever they are, leading to this unusual behavior should
cancel themselves out to give a reasonable zero-buffer rate. The best value for the general
acid catalyzed rate constant should come from the two lowest buffer concentrations.
Here the perturbation of solvent by the buffer would be at a minimum so we can assume
that there should be a linear dependence of rate on buffer concentration. Both of these
assumptions will be imperfect but should be adequate.

The derived rate constants are then Keronger = (3.830.3) x 10 s and kgac =

(1.940.3) x 10° M''s™".

Figure 9. Dependence of TMOA bydrolysis rate on hexafluore-2-propanol

concentration at pH 9.4
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3.3 Kinetics of hydrolysis of TMOA in pH 10 buffers.

The hydrolysis of TMOA was studied in pH 10 phenol buffers by thermostatted
NMR. Saponification of the product methyl acetate was on a time scale comparable?' to
the hydrolysis of the TMOA, requiring that the buffer concentration be kept much higher
than that of TMOA to ensure pseudo-first order kinetics. Further, both the methyl
acetate and saponification products acetate and methanol required quantitation. In
practice, the integration for the methoxy peak for methyl acetate was added to that for the
methanol peak to give a total methoxy integration for products. The integration for the
methoxy peak of TMOA was used as the starting material integration. The remaining

starting material was compared to the total for starting materials and products.

Table 11. Rate constants for hydrolysis of TMOA in pH 10.2 buffers.’

[PhOH] pH' o B 10° A
(M) ()
0.5 10.17 0.00 0.99 811+ 0.12
0.4 10.17 0.00 1.05 6.77+ 0.12
0.3 10.18 0.00 1.03 4.94x 0.10
0.2 10.17 0.00 1.03 3.47+ 0.13

a

Ir aqueous phenol / sodium phenoxide (1:1) buffers at 25.0 °C. lonic strength
and aromatic ring concentration maintained at 1.0 M by addition of KCl and sodium
benzoate. [TMOA], = 0.1 x [PhOH]. Reaction followed by thermostatted (25.0 °C)
NMR using integration of methoxy peaks from TMOA, methyl acetate and methanol.
Fraction TMOA remaining (/1voa) calculated as frmoa = irmoa-ocys / (invoaocs + imMeco-
ocs + inocps) and fitted to frmoa = o + Bexp(-At) by least squares.

b undissociated phenol

for pure buffer

constrained to be close to zero by using fimon = 0.0 att = 10’ s.

[
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Keeping the TMOA concentration well below the buffer concentrstion prevented
the study of buffer concentrations lower than 0.2 M phenol. Therefore, the percentage
uncertainty for the zero-buffer rate is large because of extrapolation errors but the
general-acid catalyzed rate constant is well defined. The observed rate constants are listed

in Table 11 and are plotted against phenol concentration in Figure 10.

Figure 10. Dependence of TMOA hydrolysis rate on phenol concentration at pH

10.2
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3.4  Kinetics of hydrolysis of TMOA in pH 12.4 buffers

The hydrolysis of TMOA was studied in pH 12.4 trifluoroethanol buffers at 25.0
°C by titration with aqueous hydrochloride. The saponification of mecthyl acetate at pH
12.4 is fast relative to its production by hydrolysis of TMOA. Thus the observed products
of TMOA hydrolysis will be the saponification products of methyl acetate: acetate ion and
methanol. Titration of the buffer remaining in the basic form allows calculation of the
amount of buffer consumed in saponification, and therefore the extent of TMCA
hydrolysis. This method relies on: rapid saponification of methyl acetate in basic solution,
slow hydrolysis of TMOA during the titration until saponification slows enough that
further hydrolysis will not be detected as saponification products; negligible changes in
apparent buffer concentration from carbonate production; hydrolysis being slow relative
to the time required for titration, TMOA concentration such that changes in buffer
concentration are easily measured but do not greatly affect the rate of reaction by
significantly changing the pH or general acid concentration. These conditions were
satisfied. The observed rate constants for a series of buffers are listed in Table 12 and are
plotted against trifluoroethanol concentration in Figure 11. The rate depends linearly on
the general acid concentration. The zero-buffer and GAC rates are, respectively,

(3.2840.18) x 10° s and (6.740.6) x 10° M''s™".
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Table 12. Rate constants for hydrolysis of TMOA in pH 12.4 buffers.”

[CF;CH,OH]® pH' a B 10° 2
(M) (s7)
0.5 12.4 1.637 0.321 6.7+ 0.8
0.4 124 1.182 0.360 58+0.5
0.3 12.4 0.797 0.361 5.5+0.5
0.2 12.4 0.405 0.361 4.6+ 0.4
0.17 12.4 0.215 0.169 3.9+ 0.6

“ In aqueous trifluoroethanol / sodium trifluoroethoxide (1:1) buffers at 25.0 °C.
Reaction followed by titration of buffer remaining after saponification. Volume-time data
for the volume of 0.125 M HCI used to titrate 0.5 mL of solution fit to V = o +
Bexp(-At). [TMOQCA], = 0.10 M unless otherwise noted.

b for acidic buffer component

for pure buffer

a [TMOA], = 0.05 M

3.5 Kinetics of hydrolysis of TMOA in 0.1 M NaOH

The kinetics of hydrolysis of TMOA were studied in 0.1 M NaOH by titration of
base not consumed by saponification. The factors affecting this method have been

discussed in Section 3.4 for hydrolysis in pH 12.4 trifluoroethanol buffers. The observed

rate constant was (3.7330.04) x 10%s".




39

Figure 11. Dependence of TMOA hydrolysis rate on trifluoroethanol concentration

at pH 12.4
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CHAPTER 4: RESULTS SUMMARY., MARCUS THEORY ANALYSIS,

AND __CONCLUSIONS FOR __DMOP __AND _TMOA

HYDROLYSES

4.1 Kinetics summary for the hydrolyses of DMOP and TMOA

The first order zero-buffer and second order general-acid catalyzed rate constants
for hydrolysis of DMOP and TMOA are summarized in Tables 13 and 14 respectively.
The pH rate profiles for both are plotted in Figure 12.

The second order specific acid catalyzed and first order uncatalyzed (water) rate
constants for both DMOP and TMOA are summarized in Table 15. The specific acid
catalyzed rate constants for both TMOA and DMOP, and the uncatalyzed rate constant
for TMOA were calculated by weighted least squares fitting of the pseudo-first order rate
constants to the equation K eropuer = kw + ku<[H'], where the [H'] was determined from
the pH. The k., determined for DMOP was not considered to be accurate because of the
presence of a base catalyzed process, and was calculated only as a correction for the
points below pH 13. The experimental observation of an increase in rate from pH 13 to
pH 14, and the theoretical justification for a hydroxide catalyzed mechanism at high pH
(see the Marcus theory analysis of DMOP and TMOA hydrolysis) necessitated a different
treatment.

The rates at pH 13 and 14 were first corrected by subtracting the acid catalyzed

component. The resulting rate constants were treated as two points defining a line from

which can be calculated a slope and an intercept. The equations are familiar:
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kon. = slope = (k2 - ki) / ([OH}. - [OH]))

Kizo = intercept = ([OHll kz - k] [Ol“rlz) / ([OH]z - [0“]1)

The water rate and hydroxide catalyzed rates and their corresponding errors were
calculated in this way. The water rate is listed in Table 15. The hydroxide catalyzed rate is
(2.840.4) x 108 M''s™".

The GAC rate constants for TMOA hydrolysis are summarized in Table 16 and

the corresponding Bronsted plot is shown in Figure 13. The a value calculated from the

data is 0.7630.05

Table 13. Summary of zero-buffer rate constants for DMOP hydrolysis

——
———

pH Kzero-buffer 108 (Kzcrobuticr / S')
()
4.76 (4.4420.10)x 10? -1.352 + 0.009
7.15 (7.1540.04)x10™ -3.146 + 0.003
7.92 (5.2940.13)x10° -4.276 1 0.011
9.20 (5.6940.02)x10° -5.694 1 0.004
10.12 (2.1%£1.5)x107 -6.67 + 0.31
13.0 (3.940.2)x10* -7.41 1 0.02

14.0 (6.4140.3)x10™ -7.20 + 0.062




Table 14. Summary of zero-buffer rate constants for TMOA hydrolysis

pH Keero-buffe 108 (Kzerobufier / S)
(s
6.50 (6.410.6)x10™ -2.194 % 0.004
7.90 (5.240.2)x10™ -3.28 + 0.02
9.20 (3.840.3)x10” -4.42 % 0.03
10.12 (2.8742.44)x10* -5.54 + 037
12.4 (3.2810.18)x10° -5.48 + 0.02
13.0 (3.73140.04)x10° -5.429 + 0.905

Table 15. Summary of specific acid catalyzed and uncatalyzed rats ~onstants for

hydrolyses of DMOP and TMOA

kH+ kH20 log kH+ log kuzo
M'sh s

DMOP (2.580.3)x 10°  (3.6£0.2) x 10® 339 +0.05 -7.45 + 0.03

TMOA  (2.05+0.12) x 10°  (3.740.3)x 10 431 +003 -543 + 0.03
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Table 16. Summary of general acid catalyzed rate constants for the hydrolysis of

TMOA
pH pKa“ k log (k/s™)
)

6.50 6.74 (5.8740.10)x10? -123 1010
7.90 6.74 (4.0410.08)x 07 -1.39 + 0.05
9.20 9.24 (1.940.3)x10™ -3.71 % 041
10.12 9.84 (1.5840.07)x10™ -3.80 + 0.10
12.4 12.24 (6.710.6)x10° -5.18 + 0.20

corrected for ionic strength by Davies equation.
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Figure 12. pH rate profiles for DMOP and TMOA hydrolyses
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Figure 13. Bronsted plot for general acid catalyzed hydrolysis of TMOA
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4.2  Application of Marcus Theory to the hydrolysis of DMOP and TMOA

The hydrolysis of both DMOP and TMOA were examined using multidimensional
Marcus Theory. The uncatalyzed, acid catalyzed, and general acid catalyzed mechanisms

were examined for cach. A novel hydroxide catalyzed hydrolysis mechanism was aiso
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investigated. These reactions are summarized in Scheme 5. The general acid catalyzed

mechanism, for the purpose of calculations, is equivalent to the specific acid catalyzed

mecharism with a general acid HA in the place of H;O".

Scheme S.

TMOA analyzed by Marcus Theory.

e
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An example of a reaction square 1s shown in Figure 14 for the acid catalyzed

expulsior: of a methoxy group from DMOP. The coordinates of the comers of the square

are reaction coordinates, essentially bond order coordinates, for each of the bonds

undergoing reaction. They are defined to be 0 for no bond and 1 for a full bond, but

recalculated to make G0 the origin and 11 the end. To treat DMOP and TMOA hydrolysis
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with Marcus Theory, the comer energies of all of the reaction squares were estimated.
The comer energies for the reactions studied are listed in Table 17 and their detailed

calculation is listed in Appendix I. Table 18 contains the results cf fitting to the Marcus

equation for each of the reaction mechanisms.

Figure 14. Reactior square for the acid catalyzed loss of methaxide from DMOP.
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Table 17. Summary of calculated corner ~nergies for Marcus Theory analysis. *

Reaction Corner Composition Corner ® AG ormer” AG rezereed”

Coordinates (kcal.mole’) (kcal.mole™)

A. Reaction square for acid catalyzed hydrolysis of DMOP - Step 1

Me,C(OMe) OMe H;0") 00 3.13 0.00
) Me,C(OMe)X O’ (H)Me) 10 7.59 4.46
Me,C'(OMe), OMe, H;0" ) 27.14 24.01
Me,C'(OMe),HOMe 11 6.02 2.89

B. Reaction square for uncatalyzed hydrolysis of DMOP - Step 1

Me,C(OMe) OMe),H,0 00 0.00 0.00
Me,C(OMe)O'(H)Me), OH 10 20.86 20.86
Me,C(0O'Me),MeO’,H,0O 01 31.09 31.09
Me;C(0'Me),MeOH," OH 11 26.79 26.79

C. Reaction square for hydroxide catalyzed E2 hydrolysis of DMOP - Step 1

MeC(OMe)XOM.¢)CH;,0H) 89 8.86 0.00
MeC(OMeXOMe) CH;',H;0) 10 35.52 26.65
MeC'(OMe)(CH;,OH ), MeO 01 33.63 24.77
MeC(OMe)=CH,,MeO" H,O 11 13.81 4.94
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D. Reaction square for hydroxide catalyzed E2 bydrolysis of DMOP - Step 2

MeC(OMe)=CH,,0H, H,0 00 9.52 0.00
MeC’(OMe)(CH;,0H),OH 10 28.38 18.86
MeC(OHYOMe)X CH,',H,0),H,0 01 29.77 20.25
MeC(OHXOMe) CH;,0OH) 11 3.11 -6.40

E. Reaction square for phenol catalyzed DMOP reaction - Step 1

Me,C(OMe)(OMe, HOPh) 00 2.86 0.00
Me,C(OMe)O"(H)Me, OPh) 10 17.34 14.47
Me,C’(OMe),(OMe,HOPh) 01 32.06 29.19
Me,C’(OMe),HOMe, OPh 1 20.97 18.10

F. Reaction square for trifluoroethanol catalyzed DMOP hydrolysis - Step 1

Me,C(OMe)OMe, HOR) 00 2.67 0.00
Me,C(OMe)O'(H)Me, OR) 10 19.68 17.01
Me,C'(OMe),(‘'OMe,HOR) 01 32.77 30.11
Me,C'(OMe),HOMe, OR 11 24.64 2197

G. Reaction square for acid catalyzed reaction of TMOA - Step 1

MeC(OMe)X OMe)Me.H,0") 00 3.89 0.00
MeC(OMe)}(OMe) O'(H)Me) 10 11.80 791
MeC'(OMe) OMe),( OMe,H;0") 01 25.78 21.89

MeC*(OMe)OMe),HOMe 11 3.27 -0.63
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H. Reaction square for uncatalyzed hydrolysis of TMOA -Step 1

MeC(OMeX OMe) OMe),H;0 00 0.00 0.00
MeC(OMe)OMe)XO'HMe), OH 10 24.07 24.07
MeC'(OMe) OMe),MeO',H,0 01 26.18 26.18
MeC(OMe) O Me),MeOH, OH 11 22.13 22.13

L. Reaction square for hydroxide catalyzed E2 hydrolysis of TMOA - Step 1

(Me0),C(OMe)CH;3,OH) 00 8.62 0.00
(Me0),C(OMe) CH, ,H,0) 10 32.78 24.16
(Me0),C'(CH;,0H'),MeO 01 30.86 22.23
(MeO),C=CH;,MeO ,H,O 11 21.88 13.25

J. Reaction square for phenol catalyzed TMOA hydrolysis - Step 1

MeC(OMe) OMe)X OMe.HOPh) 00 2.92 0.00
MeC(OMe)OMe) C(H)Me, OPh) 10 20.89 17.97
MeC'(OMe) OMe),((OMe,HOPh) 01 30.13 27.20
MeC'(OMe) OMe) HOMe, OPh 11 18.20 15.28

K. Reaction square for TFE catalyzed TMOA hydrolysis ~ Step 1

MeC(OMe)OMe)XOMe. HOR) 00 2.61 0.00
MeC(OMe) OMeX O’ (H)Me, OR) 10 23.51 20.90
MeC'(OMe)X OMe),(‘(OMe, HOR) 01 30.84 28.23
MeC'(OMe)XOMe),HOMe, OR 11 21.87 19.26

detailed calculations in Appendix I
comers are defined by the extent of reaction along each reaction coordinate and




51

can have values of 0 or 1 along each coordinate; the first coordinate is for proton transfer
and the second for C-O bond formation / cleavage
¢ free energy of encounter complex relative to reactants in solution

a free energy of encounter complex relative to comer “00”, taken as AG = 0

Table 18. Transition state energies and positions determined by Marcus Theory

for DMOP and TMOA hydrolyses.

Mechanism AGo® AGha’ AGhed” AGho” AG arAGrae X cionn’  Xcof

A 3.13 7.62 10.75 12.82 2.07 1.00 0.46
B 0.00 28.35 28.35 27.61 -0.74 1.00 0.64
C 8.86 19.03 27.89 27.76 -0.13 0.50 0.55
D 9.52 13.24 22.76 - - 0.47 0.47
E 2.86 20.42 23.28 26.56 3.28 1.00 0.59
F 2.67 23.83 26.50 - - 1.00 0.62
G 3.89 8.82 12.71 11.57 -1.14 1.06 0.30
H 0.00 25.46 25.46 24.86 -0.60 0.55 0.74
I 8.62 20.37 28.99 - - 0.48 0.67
J 2.92 20.61 23.53 22.63 -0.90 0.83 0.50
K 2.61 23.77 26.38 24.80 -1.58 0.76 0.58

a

calculations were performed using a program developed by J.P. Guthrie to search
the reaction surface for the transition state; input values are the comer eneigies for the
reaction and the intrinsic barrier for motion along each reaction coordinate; intrinsic
barricrs are taken as 1.0 kcal.mole’ for proton transfers to/from carbon or oxygen, and
3.9 kcal. mole™' for methoxide addition to carbonyls.**

b free energy of initial encounter complex relative to reagents in solution

calculated free energy of activation for reaction within the encounter complex
predicted observable free energy of activation: AG: . + AGY,
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observed free energy of activation: AG? s = (12.79 - log koye) x 2.303 / 1.688
/ position of transition state along proton transfer coordinate

position of transition state along C-O bond coordinate

The activation free energies for acid catalyzed and uncatalyzed hydrolysis of
DMOP and TMOA agree within reasonable erre- limits with the predicted values. Based
on the position of the transition state, both reactions proceed as expected with initial
protonation of the leaving group oxygen, followed by rate-limiting C-O bond cleavage.

The uncatalyzed hydrolysis reaction for DMOP begins with protonation of the
leaving group oxygen by water, giving protonated substrate plus hydroxide, and this is
then followed by rate-limiting C-O bond cleavage. This mechanism is, in effect, acid
catalysis with water acting as the general acid, but would be observed as a pH independent
reaction. Marcus Theory analysis shows that the observed water rate is actually an acid
catalyzed rate.

The uncatalyzed hydrolysis reaction of TMOA is similar to that of DMOP. In this
case, however, the position of the transition state indicates that the proton transfer from
water is concerted with C-O bond cleavage. Once again, the water rate is actually an acid
catalyzed rate with water acting as the acid.

The aiternative one dimensional reactions for DMOP and TMOA hydrolysis,
proceeding without protonation by water, were several kilocalories too high in energy to
be observable. The difficulty is that the reaction must proceed through th= oxocation-

methoxide ion pair corner if the one dimensional model is used and consequently the free

energy of this comer is the lower limit on the predicted AG *: 31.09 kcal for DMOP and

28.62 kcal for TMOA. The actual predicted AG*’s from this model are 34.93 kcal and
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31.34 respectively - far too high to be observed given the altemative reaction paths
available.

An early error in the calculation of the energy for the uncatalyzed path led to
attempts to find altemative mechanisms which would match the experimental value and
possibly account for the increase in rate of DMOP hydrolysis from 0.1 M hydroxide to
1.0 M hydroxide. Bezause of this search, an unlikely mechanism was investigated. Marcus
Theory was used to predict the rate of hydrolysis of DMOP and TMOA by a hydroxide
catalyzed E2 route proceeding through the enol ethers corresponding to the elimination of
methanol. The mechanism is depicted for DMOP in Scheme 5. This was considered
unlikely because enol ethers are considered to be base-stable. A mechanism which
required that an enol ether be an intermediate which did not accumulate in sufficient
quantities to be detected was unlikely.

Surprisingly, the Marcus Theory analysis of the E2 mechanism predicted a rate
constant for DMOP hyd:olysis which was very close to the observed values at high pH.
The mechanism is expected to be concerted based on the predicted position of the
transition state. The free energy of activation for the second step, attack of hydroxide on
the enol ether with concerted protonation of the developing carbanion by water, is
predicted to be significantly lower than for formation of the enol ether. This is fortunate
because there was no observable accumulation of any intermediate in the any of the
experiments.

For DMOP there is a two-fold increase in rate between 0.1 and 1.0 M hydroxide.

A pH independent mechanism giving way to a hydroxide dependent mechanism would be
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required to truly account for only a two-fold increase in rate. This would be the case with
a water rate and hydroxide catalyzed E2 rate with comparable energies as is predicted
here. The existence of the E2 mechanism has not been proven, but the evidence is
suggestive. If the rate of hydrolysis of the encl ether 2-methoxypropene was found to
depend on hydroxide concentration and follow the Marcus prediction for Step 2 of the E2
mechanism of DMOP hydrolysis, then Step 1 would likely be correct as well.

The general acid catalyzed hydrolysis of TMOA was also studied with Marcus
Theory. The results in Table 18 show that theoretical and measured AG*’s agree very
well. The position of the transition state in each case shows that this is a classic case of
general acid catalysis with the proton of the general acid in flight in the transition state,
and concerted with C-O bond cleavage.

Marcus Theory was also used to predict the observable AG* for general acid
catalyzed acetal hydrolysis. The specific acid catalyzed reaction’s observable activation
ene1gy at pH 10 would be 26.46 kcal. mole”’. General acid catalysis should be observabl.
with generzi acids of pKa near 10 as originally predicted. If the Marcus Theory estimate
of the activation energy for the phenol catalyzed reaction is accurate, it should actually be
possible to see catalysis slightly below pH 10. If the experimental value is to be believed,
then pH 10 is a realistic lower limit.

The unusual feature of general acid catalysis for DMOP is that proton transfer will
be complete at the transition state. This is counter to the usual mechanistic definition of

general acid catalysis where proton transfer is concerted with C-O bond cleavage. Figure

14a is an energy diagram for the phenol catalyzed hydrolysis of DMOP (Step 1).
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Diffusion of phenoxide from the encounter complex will be slower than C-O bond
cleavage so that the transition state will contain phenol, and the rate will therefore be

phenol concentration dependent and general acid catalyzed by the kinetic definition.

Figure 14a. Energy diagram for the phenol catalyzed hydrolysis of DMOP.
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4.3 Conclusions

The pH rate profiles for the hydrolysis of DMOP and TMOA have been
determined, with the specific acid catalyzed and uncatalyzed rate constants well defined,
given the experimental conditions. The uncatalyzed hydrolysis of acetals like DMOP has
not traditionally attracted much attention because of the inherently slow rate. As such,
this determination is a significant contribution in an area with a dearth of information.

The most surprising result is the experimental and theoretical evidence for a
hydroxide catalyzed mechanism of DMOP hydrolysis proceeding by an E2 elimination of

methanol to give an enol ether. Subsequent hydrolysis of the enol ether proceeds by the
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reverse mechanism: a concerted attack of hydroxide on the enol ether and protonation of
tke developing carbanion by water.

This finding is contrary to the conventional thinking of the reactivity of acetals and
enol ether -nd was not envisioned as a part of the original project. It is important to view
this result in the proper pecspective: The E2 mechanism i strong base becomes
competitive with a reaction which is painfully slow. The appearance of the E2 mechanism
merely shows the crossover of “bad” and “worse™.

Marcus Theory predicts that this mechanism will not be observed n TMOA
hydrolysis. The E2 mechanism is expected to be several orders of magnitude slower than
the uncatalyzed mechanism and tﬁerefore be unobservable. There is currently no
experimental evidence to evaluate that prediction.

TMOA has shown general acid catalysis, as expected by analogy with
triethylorthoacetate.> A good Bronsted plot with a slope (a = 0.76) was obtained for the
general acids studied: this is in reasonable agreement with Marcus theory predictions.

The experimental evidence in support of genmeral acid catalysis in DMOP
bydrolysis was encouraging, but not conclusive. Although the experiments at elevated
temperatures are strongly suggestive of gemeral acid catalysis, extrapolation to room
temperature results in a significent uncertainty. Further, the non-ideality of the solutions
employed cannot be discounted and any conclusive evidence nf GAC would necessarily
require several general acids to be used, and several salts used to maintain ionic strength.

Marcus Theory does predict that we will begin to see general acid catalysis with

DMCP at higher pH’s and pKa’s and the prediction for catalysis by phenol agrees with
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experiment within experimental error, which is admittedly large.

Marcus Theory has proven to be a valuable tool in the elucidation of the
mechanism of acetal and orthoester hydrolysis. It has shown that the water rates for these
two hydrolyses are actually the result of an acid catalyzed mechanism. A new base
catalyzed mechanism of acetal hydrolysis proceeding by an E2 eclimination has been
suggested on the basis of experimental evidence and Marcus Theory analysis. Without the
theory, this mechanism would have been overlooked and the increase in rate of DMOP
hydrolysis at high pH would have merely been attributed to salt effects. Further
experimental evidence will be required before this mechanism can be fully accepted.

General acid catalysis is still predicted to be observable for DMOP. Marcus
Theory analysis states this catalysis will not fit the conventional model with proton
transfer ¢ oncerted with C-O bond cleavage. Instead, proton transfer will be complete at
the transition state. This is required because the two extrema in aqueous solution are
proton transfer from hydronium ion and proton transfer from water. Both the specific acid

catalyzed and water reaction show complete proton transfer at the transition state.

4.4 Future Work

Confirmation of the presence of the E2 mechanism of hydrolysis should be sought.
For DMOP as substrate, this will require hydroxide concentrations in excess of 1 M and a
correspondingly high ionic strength. The non-ideality of such solutions would rose a
problem but useful results should still be possible. Alternatively, it may be possible to find
a substrate which would show the mechanism at a lower pH. Marcus Theory should be

able to predict which substrates would be good candidates. Ideally the activation free
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energy for the E2 mechanism should be slightly less than the activation erergy for the
uncatalyzed mechanism.

The hydroxide catalyzed hydrolysis of 2-methoxypropene should also be studied.
Based on Marcus Theory, there should be a hydroxide catalyzed hydrolysis path which
would be expected to be faster than that found for the hydrolysis of DMOP. The presence
of this reaction would further support the hydroxide catalyzed E2 mechanism for DMOP
hydrolysis. If, on the other hand, the hydrolysis of 2-metl;oxypropene is found to be
slower than that of DMOP in one molar hydroxide, then this would discount this
mechanism.

The results of the elevated temperature pher ol buffer experiments are encouraging
in the search for general acid catalysis in DMOP Lydrolysis. Experimentai difficulties with
high temperature runs and uncertainty introduced by extrapolation should be avoided by
using initial rate kinetics at 25 °C. General acids in the pKa range 10-13 such as
trifluoroethanol should be tried. The specific salt effects observed in this work caution
that severa! salts will kave to be used if evidence of GAC is to be confirmed. The presence
of a concerted hydroxide catalyzed mechanism also suggests that it is important to
distinguish between general acid and general base catalyzed mechanisms in any such
studies.

NMR analysis methods are labor and time intensive .nd may be replaceable by
high pH reversed phase HPLC. Postchromatographic derivatization of the DMOP and
hydrolysis products or the choice of a different substrate with a suitable chromophore

would be desired to enhance the sensitivity of the HPLC method.




CHAPTER § EXPERIMENTAL

5.1 General

Unless otherwise indicated, organic compounds were obtained from the Aldrich
Chemical Company Inc.. Inorganic salts were obtained from BDH Chemicals. Anhydrous
nitrogen was obtained from Canox Limited. pH measurements were made with aa Orion
701 pH meter equipped with a Fisher combiunation glass electrode (13-620-92, pH range 0
to 14, temperature range -5 °C to 110 °C). Water used in solution preparation was doubly
distilled and nitrogen degassed. NMR spectra were tzken on a Varian X1.-200 or Gemini
200 spectzometers. UV spectra were taken a Shimadzu UV-160 UV/Vis spectrophoto-
meter. UV kinetics are described in Section 5.6.  Neslab Exacal EX-300 baths were
used for 25.0 °C work, and Lauda B-1 and Julabo bath heaters were used for elevated
temperatures. Glass ampoules were hand-made from borosilicate glass tubing. Teflon
ampoules / NMR tube liners were made from 5/32” o.d. teflon tubing which was formed

to the bottom of an NMR tube with gentle heating.

5.2 Purification of materials

Phenol was sublimed at 0.5 mm Hg prior to usc.

DMOP was purified in a * ‘0 step procedure. Catalytic hydrogenation for four
hours at room temperature and pressure using 5% palladium on barium sulphste®
dramatically reduced the absorbance of a UV absorbing impurity (possibly 2-methoxy-

propene). Fractional distillation was then performed, taking three cuts: bp < 78 °C; bp 78-

59



60

9°C; bp > 79 °C . Only the middle cut was used. No trace of the strongly UV absorbing

impurity remained as determined by a UV spectrum of pure DMOP in a 1 cm cell.

5.3  Agqueous sudium hydroxide and hydrochlcride solutions

Hydrochloric acid solution was prepared by dilution of concentrated hydrochloric
acid in nitrogen degassed doubly distilled water. The concer: aticn was determined by
triplicate titrations against Trizma base to a Methyl Red =1 -point.

Sodium hydroxide solution was prepared by dissolving sodium hydroxide (BDH)
in mtrcgen degassed doubly distilled water. The concentration was determined by
tic-ation with standardized hydrochloride solution to phenolphthalein and Methyl Red

endpoints, and then correcting ior carbonate.

5.4  Buffer preparation
pH 4.7 acetic acid / sodium acetate buffers

Glacial acetic acid (6.005 g, 0.1000 moles) and potassium chloride (3.7275 g,
(.0500 1noles) were weighed into a 100 mL volumetric flask. Aqueous sodium hydroxide
(50.00 mL x 1.00 M, 2.05 moles) was added by pipette and doubly distilled water was
added to the mark. This gave [AcOH] = [AcONa] = [KCI] = 0.5 M for a pH 4.7 buffer
with 1.0 M ionic strength

A second buffer was pr. jared by pipetting 20.00 mL of the above buffer in.o a
=5 mL volumerric flask  Aqueous potassium chloride (2 5 mL x 2.00 M, + )5 moles) to
make 0.1 M ionic strength was pipetted into the flask and doubly distilled water was

added to the mark.
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pH 6.5, 7.9 potassium dihydrogen phosphate / disodium hydrogen phosphate buffers
Set 1: for DMOP hydrolysis

Potassium dihydrogen phosphate (15.2942 g, 0.1124 moles) and disodium
hydrogen phosphate (15.9510, 0.1124 mole) were weighed into a 250 mL volumetric
flask and doubly distilled water was added to the mark.

Other buffers with 4/5, 3/5, 2/5, and 1/5 the concentration of this buffer were
prepared by pipetting aliquots of the above buffer into volumetric flasks, adding 2.00 M
aqueous potassium chloride to maintain the ionic strength and diluting to the mark with
doubly distilled water.

Set 2: for TMOA hydrolysis

Potassium dlhydrogen phosphate (3.4024 g, 0.0250 moles) and disodium
hydrogen phosphate (3.5510 g, 9.1124 mole) were weighed into a 250 mL volumetric
flask and doubly distilied water was added to the mark.

Other buffers with 4/5, 3/5, 2/5, and 1/5 the concentration of this buffer were
prepared by pipetting aliquots of the above buffer into volumetric flasks, adding 2.00 M
aqueous potassium chloride to maintain the ionic strength and d° iting to the mark with

doubly distilled water.

pH 9.0 phenol buffers
Phenol (4.795 g, 0.0500 moles), sodium benzoate (7.2055 g, 0.0500 moles) and
potassium chloride (3.3542 g, 0.0450 moles) were weighed into a 100 mL volumetric

flask. Aqueous sodium hydroxide (5.00 ml. x 1 00 M, 0.005 moles) was added to the
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flask and nitrogen degassed, doubly distilled water was added to the murk. This gave a
phenol / phenoxide (9:1) buffer with {PhOH] = 0.45 M, [PhONa] = 0.05 M, [KCl] = 0.45
M, [PhCOONa] = 9 50 M for a buffer with 1.0 M ionic strength and 1.0 M aromatic ring
concentration.

Buffers with 4/5, 3/5 and 2/5 this concentration were prepared by pipetting
aliquots into 25 mL volumetric flasks, aading sufficient 2.00 M sodium benzoate to
maintain aromatic ring concentration and ionic strength, and diluting with nitrogen

degassed doubly Jistilled water to the mark.

pH 9.4 hexafluoro-2-propanol buffers

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (168130 g, 0.1000 moles) and
potassium chloride (3 7275 g, 0.0500 moles) were weighed int¢ a 100 mL volumetric
flask. Aqueous sodium hydroxide (49.00 mL x 1.02 M, 0.0500 moles) was added by
burette and doubly distilled wat.r was added to the mark.

Buffers with 4/5, 3/5, 2/5, and 1/5 the origmal concentration were prepared by
pipetting aliquots into 25 mL volumetric flasks, adding 2.00 M potasium chloride to
maintain the ionic strength at 1.0 M and 2-propanol to maintain the organic content at

1.0 M. Doubly distilled water was then added to the mark.

pH 10 phenol buffers
Phenol (9.412 g, 0 2612 moles) and potassium chloride (3.7262 g, 0.0500 moles)

were weighed into a 100 mL volumetric flask. Aqueous sodium hydroxide (50 mL x
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1.00 M, 0.0500 moles) was added by pipette and nitrogen degassed doubly distilled water
was added to the mark.

Other buffers with 4/, 3/5, 2/5 and 1/5 this phenol concentration were prepared in
25 mL volumetric flasks by dispensing aliquots of the above buffer, adding sodium
benzoate to maintain ionic strength and aromatic ring concentration at 1.0 M, and then

diluting to the maik with nitrogen degassed doubly distilled water.

pH 11.4 trifluoroethanol buffers

1,1,1-Trifluoroethanol (10.007 g, 0.1000 moles) and potassium chlonde (3.7278
g, 0.0500 moles) were weighed into a 100 mL volumetric flask. Aqueous sodium
hydroxide (50.00 mL x 1.00 M, 0.0500 moles) was added by pipette and degassed doubly
distilled water was added 1o the mark.

Other buffers with 4/5, 3/5, 2/5 and 1/5 this trifluoroethanol concentration were
prepared in 25 mL volumetric flasks by dispensing aliquots of the above buffer, adding
2.00 M potassium chloride to maintain ionic strength at 1.0 M, and adding ethanol to

maintain organic content at 1.0 M, and diluting with water.

5.5. Kinetics - 'H NMR
Reactions followed by '"H NMR used ratios of integrals to determine the extent of
reaction. The fraction of DMOP remaining was taken as fimop = inmor-ocy, / (imeonocy,

ibmopoct,) O fomor = ipmor.cey, / (lepyco + iomopcey,), where i is the integral for the

indicated peak . The value based on the methoxy peaks was usually more reliable because

of spectrum phasing problems between the C-CH; of DMOP and acetone.
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The fraction of TMOA remaining was likewise calculated as: frmoa = imoa.oca, /
(icicoocy, + icg,on + itmoaocy,)-

Shimming of the spectrocmeter was performed on a deuterium oxide sample with a
volume and height equal to those of the samples to be run. The spectrum wazs then

acquired in unlocked mode.

The NMR shifts for the reactants and products are histed in Table 19.

Table 19. NMR shifts of diagnostic signals used in DMOP and TMOA reactions

followed by NMR"

e ————— A
S ———————a

|

Compound o (C-CH») 4 (0O-CHs)
(ppm) (ppm)
DMOP 1.37 3.22
TMOA 1.47 3.26
acetone’ 2.21
methyl acetate’ 2.09 3.68
acetate ion 1.89
methanol 3.27

“ Samples taken in D,O with 0.04 M NaOD unless otherwise noted. Shifts recorded
relative to DSS which was added as an internal standard.

b Run without NaOD to avoid exchange.

Run without NaOD to avoid saponification.

¢

5.5.1 Thermostatted NMR

The NMR tube containing reaction solution was inserted in the probe of the Varian
XL-200 which was thermostatted to 25.0 °C. Queued experiments with varying pre-

acquisition delays allowed unattended collection of spectra over several hours. No
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internal NMR lock was used.

S.5.2 Thermaliy and chemically quenched samples

Reactions at elevated temperatures were temporarily quenched by quickly cooling
in cold water. Reactions run in ampoules had samples refrigerated and analyzed in
groups; reactions run in NMR tubes were analyzed immediately and returned to the
thermostatted bath. Reactions quenched chemically used excess base to consume the

buffer and reduce the hydrolysis rate to the uncatalyzed rate. No internal lock was used.

5.5.3 [Initial rate samples

Reactions in acueous hydroxide at 25 °C for DMOP were analyzed by
withdrawing 0.5 mL samples from the reaciion vessel, and adding to 0.1 mL of deuterium
oxide in an NMR tube. The NMR analysis was performed with a deuterium lock allowing

more transients to be collected for much better sensitivity and signal to noise ratio.

5.6 Kinetics - UV

Kinetics followed by UV spectrophotometry were carried out using a Cary 210
spectrophotometer equipped with a thermostatted cell holder and thermal isolator plates.
A Neslab Exacal EX-300 circulating bath at 24.8 °C maintained the cel! temperature at
25.040.1 °C as monitored by a thermistor in the cell holder. Cells were Far-UV
Spectrosil.

Reactions were initiate = “y direct injection of the substrate (DMOP or TMOA)

from a microsyringe into a UV cell containing all other reactants, which had been in the




66

therscostatted cell holder for at least 15 min. Mixing was accomplished for most reactions
by repeatedly rapidly inverting the cell and then returning it to the cell holder.

Digital absorbance data were taken from the Digital Interface Port of the Cary 210
by a Yynabyte BC, controller board which provided time values and stored absorbance-
time data until the completion of a run. Data were tiien transferred to an IBM-compatible
microcomputer for processing and permanent storage.

All reactions were carried out under pseudo-first order conditions and data were
collected for several half-lives.

Data were fitted to a single exponential equation using previously developed
computer programs employing weighted least squares. Direr semi-log, and residual

plots of the experimental data and calculated lines were made as appropriate.
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CHAPTER 6: INTRODUCTION

6.1 General

Aldol reactions are a class of carbon - carbon bond forming reactions in which the
a-carbon of one aldehyde or ketone adds to the carbonyl carbon of another. This is
shown in Scheme 6. The immediate product is a B-hydroxy aldehyde or ketone which
may then dehydrate to give a,3-unsaturaied aldehydes or ketones, or undergo further
aldol reactions. The entire reaction including dehydration is an equilibrium which is
typically catalyzed oy a base such as hydroxide. The equilibrium for the reaction of two
unhindered aldehydes lies far to the right whereas that for two ketones lies far to the lefi.
The a,fB-unsaturated and B-hydroxy aldehydes or ketones produced can likewise be

cleaved by treatment with hydroxide in a retroaldol reaction.

Scheme 6. General aldol condensation

*‘ e P— M
: 2 i{.‘ : R2 !

Rl-3: H, alkyl aryl

The aldol reaction is an exceptionally important synthetic reaction. A full volume
of Organic Reactions is required to review it,® and recent years have seen an explosion in
the number of variants on the aldol using various metals and auxiliaries to achieve specific
steriochemistry or selectivity.”” With the aldol reaction being so important, it is surprising

that a theory for the nuantitative pred:ction of aldol reaction rates has not existed until
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very recently.”

6.2  Application of Marcus Theory to aldol reactions

Guthrie has used Marcus Theory to analyze the relationship between rate and
equilibrium constants for several previously studied aldol reactions.”® Following this
method, Marcus Theory has been used to predict rate constants for selected aldol
reactions based on estimated equilibrium constants. Equilibrium constants can either be
measured or estimated from Linear Free Energy Relationships. The latter is often the
more convenient and useful method because the aldol reaction itself does not have to have
been studied.

The use of Marcus Theory to predict reaction rates for unstudied reactions has
two great potential benefits: (1) Experimental design for the study of novel reactions
would be improved by knowing the approximate rate and equilibrium constants before
starting, and; (2) Estimation of rate constants for reactions which are exceedingly difficult
or impossible to study directly would extend our abilities to characterize complex
chemical systems.

One potential application of Marcus Theory is the estimation of rate constants for
acid catalyzed aldol and retroaldol reactions. Acidic .iditions are often used to study the
hydration-dehydration equilibrium of aldol products without interference from retroaldol
reaction, ***! but not all acid catalyzed retroaldol rates are negligible.”> Marcus Theory

could be used to predict when acid-catalyzed retroaldol reaction wouid interfere.
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6.3  Project goals and scope

The specific aldol reactions studied are the reaction of acetone, acting as carbon
acid, with a,0,a-trifluoroacetophenone and with p-nitroacetonhenone, and the reaction of
p-nitroacetophenone, acting as carbon acid, with acetone and with p-nitroacetophenone.

The reactions are summarized in Scheme 7.

Scheme 7.  Aldol reactions investigated in this study

1 I )OI\/Til ' i
+ pa———— —————
RI /u\ R2 R3 Rl I'{ ) R3 R CR2R3
R1 R2 R3
CHj3 Ph CF;
CH3 p-NOz-Ph CH3
p-NOz-Ph CH3 CH3

p-NOz-Ph p-NOz-Ph CH3

The goal of this study was the characterization of the hydroxide catalyzed kinetics
and equilibria of all four reactions including both aldol formation and dehydration. This
adds four fully characterized aldol condensations to those which have already been
studied. ***'***' Marcus Theory predictions of the aldol reactions’ rates based on the
previously studied reactions are compared to the experimentally determined values.
Conclusions are drawn about the ability of Marcus Theory to make such predictions.

Some acid catalyzed enonme isomerizstion and hydration equilibria were also
studied tv avoid the complications associsted with their study in base using aldcl

formation reactions. In these experiments, the principal goal was the determination of the
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equilibrium constants. The determination of the actual acid catalyzed rates was of
secondary importance.

Several of the ketols and enones involved in the condensations of interest had not
previously been synthesized so that the preparation and characterization of several new

compounds was also required.

6.4  Marcus Theory anzlysis of the aldol reactions

Marcus Theory was applied to the four aldol reactions by the established method.”
This required the pKa’s of acetone, p-nitroacetophenone, and the four ketols of interest.
The pKa’s of both acetone and of p-nitroacetophenone are available from the
literature.“*** The pKa’s for the four ketols were estimated by treating them as simple
carbinols and using the linear free energy relationship found in the literature for tertiary
alcohols.**° The pKa’s for all compounds are listed in Table 20 and detailed calculations
of ketol pKa’s can be found in Appendix II.

The equilibrium constanis for aldol formation are predicted by the standard
method® using the y and A values of Sanders and Jencks* which are, respectively, a
measure of the tendency of & nucleophile to add to a carbonyl and a measure of the
sensitivity of a carbonyl to y. The y and A values used are listed in Table 20. Calculation of

the equilibrium conrtants is detailed in Appendix II and the results are summarized in
Table 21.



Table 20. pKa’s, y and A values required for Marcus rheory analysis

—
———

Compound pKa“ ¥ A°
acetone 19.16° 0.16° 0.92/
TFA 0.24’
PNAC 16.6° 0.05" 1.02/
2 1178
12 14.55
15 15.68
9 14.02
¢ pKa’'s for ketones were from the literature. pKa’s for ketols are estimated in
;Appendix 11

v is a measure of the tendency of a nucleophile to add to a carbony
A is the sensitivity of a carbonyl to nucleophile y values for additions*®

a4 Ref. 42
i Ref. 20
s Ref. 35
£
h

barner.

146

Ref. 43 using values obtained from ref. 47 and corrected using ref. 48
taken as the same as acetophenone in Ref. 35

For an aldol reaction. we consider the reaction of a ketone enolate with a second
ketone to give a ketolate: the deprotonated form of a -hydroxy ketone. To consider
only this reaction, we must allow for the generation of the enolate using the ketone pKa,
and also for the protonation of the ketolate to give ketol by using the ketol pKa. The aldol
formation and retroaldol rates can be predicted with these two pKa’'s, an estimated

equilibrium constant. an estimated encounter complex formation energy and an intrinsic

Scheme 8 shows how the observable aldol equilibium consiant K and the
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macroscopic rate constants k+ and k- are related to the constant K; a".d the microscopic

rate constants k. and k.. which are for reaction within the encounter complex and which

are treated by Marcus Theory.

Scheme 8. Thermodynamic cycle used to derive the equilibrium constant

reaquired for Marcus Theory analysis of aldol reacticns

K

RICOCH; + R2COR3 RICOCH,-C(OH)R2R3

Kakelone

l K jketol
(I)-
RI—C=CH, + R2COR3

l(n\lCI’O

RICOCH,-C(C-)RIR3

\Kencou..m Kz/

(l).
RI—C=CH, , R?COR3

Table 21. Predicted aldol equilibrium constants and reaction rates.”

Nucleophile Electrophile  log (K.as / M) log {." /M%) log(k'/M's")

acetone TFA 2.47 -2.01 -4.48
PNAC PNAC -2.41 0.16 2.57
acetone PNAC -2.30 -2.24 0.059
PNAC acetoe -1.26 0.097 1.3¢

a

detailed calculations in Appendix II; K., is the equilibrium constant for aldol
reaction relative to neutral starting materials and products; " is the forward mecroscopic

rate constant for aldol reaction; k’ is the macrosconic retsvaldol rate constant; K = k* /
K
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Table 21 lists the predicted bydroxide catalyzed aldol rates using Guthrie’s
conventions. 2° The intrinsic barrier used for the calculations was 13.89 kcal. mol and the

log (Kencounter) Was taken as -1.77.




CHAPTER 7: OVERALL RESULTS AND KINETIC METHODOLO

&
|

7.1 Preparation and charactecrization of ketols and enones

Of the four ketols and seven enones in the four aldol condensations studied, four
enones had previousiy been synthesized: Z-2-phenyl-1.1,1-trifluoro-2-pentene-4-one (3),”
E- and Z-13-bis-(4-nitrophenyl)-2-butene-1-one (10, 11)*°, and 1-(4-nitrophenyl)-2-
butene- 1-one (16)°". Each of these was prepared by the literature method. The synthesis
of only one of the ketols (2) has been reported in the literature,’” though too late to be of
use and using a different method than found herein.

The synthesis and characterization of I,1,1-trifluoro-2-hydioxy-2-phenyl-4-
pentanone (2), 4-hydroxy-4-(4-nitrophenyl)-2-pentanone (12), E-2-phenyl-1,1, 1-trifluoro-
2-pentene-4-one (4), E-4-(4-nitropheny!)-3-pentene-2-one (13), Z-4-(4-nitrophenyl)-3-
pentene-2-one (14), 3-hydroxy-1,3-bis-(4-nitrophenyl)-1-butanone (9), and 3-hydroxy-3-
methyl- 1-(4-nitrophenyl)- 1-butanone (15) was . ~quired.

The ketols 2 and 12 were synthesized by directed aldol reactions employing
preformed lithium enolates as shown in Scheme 9. Attempts to prepare the ketols 9 and
15 using analogous proccdures failed. The procedure of Mukaiyama® was then emploved,
using the titanium tetrachloride promoted reaction of the trimethylsilyl enol ether of p-
nitroacetophenone with p-nitroacetophenone and acetone respectively. These reactions
are depicted in Schemes 10 and 11.

The E-enone 13 was prepared by dehydration of ketol 12 with methanolic

hydrochloric acid on silica gel as depicted in Scheme 12. The Z-isomer 14 was prepared

75
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by photoisomerization of 13 s shown i Scheme 13 followed by separation of the

mixture of isomers by Low Pressure Column Chromatography.

Scheme 9.

o 2Ar-COR H M
)]\ > > | Ar
THF H-0 R

-78 °C
2: Ar = C;Hs- ; R = CF;
12: Ar= p-NOz-C6H4' N R~= CH]
Scheme 10.
OSiME1 9]

TlClJ wO

@ @
O:N O;N °c rt O.N NO,

Scheme 11.




77

Scheme 12.
0 OH HCl 0
)l\/ MeOH
I —_—
Si0,
NO; A 13 NO;
Scheme 13.
0
hv
————
CHCl;
NO, 0] NO,

14

7.2 Overall kinetics and methodology

The condensations studied can be summarized in the two reaction Schemes 14 and

15 which reflect the natural divisions of the experiments.
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S.heme 14. The aldol condensation of ~cetone with trifluoroacetophenone.

OH O
/(l)J\ i £ M o /tjf\
Ar CF; /[K Ar Ar

1 2 3
\I\(M CF; / .
Ar
0
Ar = CHs- 4

Because the aldol equilibria lie well to the side of starting matenals, the kinetics of
the reactions are most easily studied in the retroaldol sense which results in much cleaner
kinetics. The kinetics were followed by either UV spectrophotometry or HPL.C analysis
of quenched samples and fitted to single or double exponential equations as appropriate.
When HPLC analysis was used, and the data supported it, simultaneous fitting of peak
integrations of multiple species from multiple experiments was used to obtain the best fit
to all of the available data.

In aqueous base, isomerization of enones was observabie as a kin'.tic phase taster
than hydration. Isomerization equilibrium constants could be determined by analysis -
HPLC data.

Isomerization being fast relative to hydration is a striking feature of the kinetics
requiring that the ketol not be an intermediate on the reaction path from E-enone to Z-
enone. This observation was also made for the correspending condensation of acetone

with acetophenone ** The suggested mechanism is shown in Scheme 16 where attack of

hydroxide on enone gives the enolate corresponding to the ketol. Most often this is
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followed by reversal: expulsion of hydroxide ion to give one or the other enone.
Protonation at carbon to give ketol proceeds at a slower rate. A second, kinetically
equivalent isomerization mechanism with y-proton removal followed by isomerization was

also presented.’ There is no y-proton for the aldol product of acetone with

trifluoroacetophenone which rules out the second mechanism and suggests that the first is

iikely to be the mechanism in this and earlier studies.

Scheme 15. The aldol condensations involving p-nitroacetophenone.

u
Ar” Ar
10

8)]\ 11
Ar
+ Ke.is Q OH Kis.i6 0
0 NM\ AI/U\) -
/”\ 15 16
K

MM } Ar/K/ll:sk

Kl3-14

N
Ar
Ar = p-NO,-CH,- . 14
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Scheme 16. Base catalyzed enone hydration and retroaldel mechanism

H R, H R>
022:<R, 0:2:<Rl
R'% R3
H M

\}_"'Rz
-0
R, OH
H N
0O
R, OH

l fast

CH; + O——*<Rl
= R,
R;

When possible, acid catalyzed equilibration of ketols and enones was used to
determine the equilibrium constants for the enone isomerization and hydration processes.
Once again the isomerization of the enones was faster than hydration to ketol.
Simaltaneous fitting of multiple data sets was particularly helpful for acic¢ equilitrations to
determine all of the rate constants in a reaction scheme at the same time. The dehydration
equilibrium for the trifluorvacetophenone system could not be studied by acid

equilibration and was instead determined from the aldo] formation reaction.
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Hydroxide catalyzed ketol retroaldol was stulied either wusing UV
spectrophotometry or HPLC analysis of quenched samples. In no experiment was there an
accumulation of dehydration product. The reactions were always pseudo-first order. For
the trifluoroacetophenone reaction, the ketol’s pKa was within the pH range of interest so
the pKa was determined from the pH rate profile for the retroaldol reaction. This had the
added benefit that the first order rate constant for the retroaldol cleavage of the ketolate
was determined.

HPLC analysis of equilibrated solutions of ketones in aqueous buffer or hydroxide
was used to determine the aldol formation equilibrium constants. Except for some acetone
self-aldol, the condensation of acetone with triflucroacetophenone was not complicated by
competing aldol reactions because triftuoroacetophenone l.cks a-hydrogens. It was
complicated by extensive trifluoroacetophenone hydration and pKa’s of the
trifluoroacetophenone hydrate and product ketol within the pH region of interest. The
self-aldol of p-nitroacetophenone was straightforward to study because no crossed aldols
are possible.

The two crossed aldols involving acetone and p-nitroacetophenone nevessarily
occur at the same time, in addition to the self aldols of both acetone and p-nitroaceto-
phenone. In this case, the full complexity of Scheme 15 comes into play. Fortunately the
aldol formation rates are appreciably faster than the dehydration steps such that formation
could be studied without interference from dehydration products.

The self aldo! condensation of acetone has been studied previously!' and is not

examined in this work.




CHAPTER 8: THE _ALDOL_CONDENSATION OF ACETONE WITH

TRIFLUOROACETOPHENONE

8.1 Kinetics of hydroxide catalyzed isomerization and hydration of Z~ and

E-2-phenyi-1,1,1-trifluoro-2-pentene-4-one (3, 4)

The kinetics of isomerization of the enones 3 and 4 were studied by injecting
E-enone into dilute alkaline solution and following the appearance of the Z-enone
chromophore by UV spectrophotometry. Experiments starting with Z enone were
unsuccessful because the equilibrium strongly favors the Z-enone so the resulting
absorbance change was too small. The observed rate constants are then the sum of the
forward and reverse rate constants for isomerization and are summarized in Table 22.
The isomerization was considerably faster than hydration which was observable as a
second kinetic phase at longer times.

The kinetics were also foliowed in pH 10 borate buffers by HPLC analysis of
quenched samples, starting with both Z- and E-isomers. The separation achieved by
HPLC allowed isomerization to be followed in both directions. HPLC peak integration-

time data were fit simultaneously to the system

A B

for reaction in both directions allowing determination of both the forward and reverse rate
constants and hence the equilibrium constant. The rate and equilibrium constants obtained
from these experiments are: ki.4 = (3.2240.05) x 10 s, ka5 = (8.2240.16) x 10° 5", K.

=(2.5540.07) x 107 . The HPLC data obtained are plotted in Figure 15 with the lines of
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best fit determined by the method of least squares. The scale for the experimeni starting

with Z-enone is expanded to impre ve readability.

Figure 15.  E-Z isomerization of 2-phenyl-1,1,1-trifluoro-2-pentene-4-one in pH
10 borate buffer. Vertical axes are scaled for viewing convenience; For
reaction starting with E-enone, full scales are: E-Enone 19.9 mM, Z-Enone
50.3 mM; for reaction starting with Z-enone, full scales are: E-Enone 1.0

mM, Z-Enone 50.3 mM
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An additional experiment used HPLC analysis of equilibrated solutions of enones
to determine the equilibrium constant. The enones were rapidly equilibrated in 0.1 M
aqueous sodiuma hydroxide, quenched. and then analyzed. The results were the same

whether starting with the E-enone or Z-enone. The equilibrium constant determined was
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Kss = (3.08+0.08) x 10° with negligible hydration to ketol at short times. This
equilibrium constant is significantly different than that obtained at pH 10. Because the
enone peaks are not completely resolved by HPLC, it was necessary to use PEAKFIT, a
mathematical curve fitting program, to fit the peaks to estimate the peak areas. With the
Z-enone peak so much larger than the E-enone peak, it is probable that studving only the
equilibrated solutions resulted in a systematic error in quantitation. The kinetics study at
pH 10 where peaks of varying size are being fit should be less susceptible to this
systematic error. For this reason the equilibrium constant determined from the HPLC
data at pH 10 is considered the most accurate.

It follows from Table 22 and K., that the second order rate constants for the
hydroxide catalyzed isomerization of the enones are: kiy = (4.8330.15) x 107 M- s,
k43 = 1.8940.03 M-1s!.

The kinetics of Z-enore hydration were followed by UV spectrophotometry and
were found to be first order in hydroxide concentration. The data are summarized in
Table 23. E-enone isomerization experiments, when followed for extended times, showed
a secend kinetic phase with a rate consistent with enone hydration. Because the hydration
. is the hydration of a mixture of E- and Z-enones, and because the hydration of both is
likely proceed through a common intermediate, the hydration rates of each can be
calculated. This is because ko, = 2 ka2 / (1 + K34) and similarly ko, = 2 kea / (1 + Kg.a).
The derivation of these equations has been published.”'

The second order rate constants for hydroxide catalyzed hydration are then k;.; =

(8.09140.06) x 10> M s and ky.2 = (2.120.9) x 10-° M- st




Table 22. Rate constants for the hydroxide catalyzed isomerization of enone 4.°

——
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10" [OH') o B 103) A /[OH]
(M) (s (M-'s)
99.6 0.502 1.075 253.243.3 2.542+0.033
99.6 0.041 0.165 180.4+4.7 1.811+0.047
99.6 0.580 0.792 18.230.01 1.839+0.001
99.6 0.579 0.637 18.01+£0.01 1.818+0.001
99.6 0.566 0.777 17.98+0.01 1.815+0.001
9.96 0.408 1.042 18.340.1 1.842+0.015
9.96 0.529 0.693 18.2340.04 1.830:0.004
9.96 0.512 0.671 18.540.01 1.861+0.001
996 0.495 0.643 17.65+0.03 1.772+0.003
1.17¢ 0.522 0.721 2.503+0.001 2.135+0.001
1.17b 0.512 0.712 2.421+0.001 2.066x£0.001
117 0.520 0.714 2.426+0.001 2.069+0.001

0 1352° 0.526 0.744 0.2878+0.0003 2.129+0.002

0.1352% 0.510 0.725 0.2893+0.0003 2.140£0.002

av 1.9420.04

a In aqueous solution at 25.0°C, ionic strength 0.1 (KCI), followed by UV
spectrometry at 245 nm. [E-enone], = 91 uM. Data were fitted to: A = o + 8 exp (-Af).
Standard deviations for the parameters are calculated by the ieast-squares procedure.
Average value is weighted mean.

b [OH'] determined by measurement of buffer pH; [OH"] = 10®!¥
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Table 23. Rate constaats for the hydroxide catalyzed hydration of Z-2-phenyl-

1,1,1-trifluoro-2-pentene-4-one (3).°

e —— a——
a—sgm—— —

[OH}? o B 10°A 1047 / [OH-]
(M) (s') (M-is!)

0.100 0.152 0.796 1.661+0.001 1.668+0.091
0.100 2.026 0.483 1.739£0.005 1.746+0.005
0.100 2.023 0.477 1.639010.002 1.6461 0.002
0.100 ¢ 0.000 0.467 1.614+0.002 1.62140.002
0.050 0.091 0.798 0.816+0.003 1.638+0.007
0.050 0.104 0.798 0.846+0.004 1.698+0.007

av 1.658+0.012

"

In aqueous solution at 25.0°C, ionic strength 0.1 (KCl). ‘ollowed by UV
spectrophotometry at 245 nm. Data were fitted to: A = a + f exp (-Ar). Standard
deviations for the parameters are calculated by the least-squares procedure. Average value
is weighted mean.

b Determined by titration against standardized aqueous hydrochloric acid.

‘ hydration phase of E-Z isomerization / hydration starting with E-enone

8.2 Kinetics of hydroxide catalyzed retroaidol of 1,1,1-trifluoro-2-hydroxy-2-

phenyl-4-pentanone (2)

The retroaldol cleavage of ketol 2 was studied under pseudo-first order (excess
base or buffered) conditions by HPLC analysis of quenched samples . The disapp.arance
of the ketol peak in the HPLC showed first order kinetics and was followed for at least
three half lives for pH > 11. At pH 10 and 11, initial rate kinetics were used observing the
first 10% of reaction. The rate constants obtained (see Table 24) aliow the construction

of a pH rate profile (Fig. 16). Dehydration was not detected when starting with ketol, and
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retroaldol cleavage was essentially complete and pseudo-first order. Therefore, following

from Scheme 17, the reaction can be considered:

A B - C

where A = ketol, B = ketolate, C = trifluoroacetophenone + acetone

Scheme 17. Aldol condensation of acetone with trifluoroacetophenone; ketone

hydration / dissociation and ketol dissociation shown.

0 (0] OH O
0 K1.s [OH] /‘\)l\ Ks.2/ [OH-] M
0 1-5 52
ph/ul\cp3 /‘K CF; g CF; 1
Ki-6 \\:(1'7 [OH] / K2.3 K24
OH
Ke-7 [0H'] /}\ /(i/u\ K34 CF3
CF
Ph OH 3 CI"3
6 7 3 4 O

Ketol deprotonation is a rapid equilibrium such that k ;. = ks, / (1 + K, / [OH)).
Fitting the data from Table 24 with weighted non-linear least squares to this equation
gives ks = (1.5020.09) x 105 s, K, = K,/ K**' = (1.420.1) x 102 M, K***' = (6.5
0.5) x 103 M (pK, = 12.1910.04). Therefore, since kz.,= ks.; / K, the second order

rate constant for base catalyzed retroaldo! of the ketol is (9.7£1.0) x 10-* M-! g'1.
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Table 24. Rate constants ior the hydroxide catalyzed retroaldol cleavage of

1,1,1-trifluoro-2-hydroxy-2-phenyl-4-pentanone (2).*

—
—

[OH-]® [KETOL]¢ o B 1080
M) (M) (s
0.0983 1.94 -0.00 1.02 12.8 0.2
0.0934 0.986 0.02 1.04 13.0 104
0.0483 2.19 0.07 242 13.1 40.6
0.0460 0918 -0.03 1.04 10.8 $3.0
0.0244 0.977 0.03 1.05 9.80 10.18
0.0091 2.17 0.00 222 524 1041
0.0047 1.28 0.00 1.35 3.37 40.03
0.0024 0.467 0.14 0.41 2,60 10.08
0.00124 1.00 1.44 -1.7E-06 1.16 10.03
0.000204 1.06 1.06 -2.7E-07 0.25 40.01
0.000147 1.00 1.47 -2.7E-07 0.183 40.003

a In aqueous solution at 25°C, ionic strength 0.1 (KCl), followed by HPLC analysis
on quenched samples; disappearance of the peak due to KETOL was followed. Data were
fitted to: [KETOL] =a + B exp (-Af) unless otherwise noted.

b [OH'] determined by titration, or from calculation of dilution with degassed water.
< [KETOL] determined from mass of ketol added

d [OH] determined by measurement of buffer pH; initial rate kimetics fit to
[KETOL] =« + Bt ; thence A = -B/a; o in mM
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Figure 16.

pH dependence of apparant first-order rate constants for retroaldol

cleavage of 1,1,1-trifluoro-2-hydroxy-2-phenyl-4-pentanone (2).

/

12 13 14 15

8.3 Aldol formation

Ketol and enone formation were followed in the forward direction by mixing

trifluoroacetophenone and acetone in aqueous base or buffer and following the appearance
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of products by HPLC. Trifluoroacetophenone was difficult to quantify because of severe
peak tailing in the HPLC. This is presumably because of the ketone - hydrate
equilibrium. and the best separations are obtained at lower temperatures where this
equilibration is slowed. Elevated temperatures (to 40 °C) resuited in more tail than peak
while ice temperature gave a tail which did not severely affect the quantitation of the
ketol. Early method development using methanol - water eluent with stock solutions of
ketone in either water or methanol, showed what appeared to be hemiacetal formation and
breakdown on the column. The ratios of peaks and magnitude of absorbance between the
peaks were dependent on the composition of both injection solvent and eluent.
Acetonitrile - water mixtures showed promise so that the earlier system was abandoned,
but its peculiarities support the hydration explanation for tailing.

It seemed imprudent to rely on the integrations or peak heights from
trifluoroacetophenone because of peak tailing.  The equilibrium concentration of
trifluoroacetophenone was taken as its initial concentration, determined by mass used,
minus the concentration of ketol present, as determined by HPLC. This undoubtedly
introduces error, but that error can be estimated. The trifluoroacetophenone peak was
followed and agreed approximately with the calculated concentration.

Trifluoroacetophenone also undergoes slow haloform cleavage with a half-life of
160 hours in 0.1 M hydroxide solution.”® This effect is ignored in these calculations.
Acetone condenses with itself to give diacetone alcohol and mesityl oxide. The HPLC
showed the presence of side products including acetone self-condensation products,

identified by comparison to authentic samples, which were ignored in the quantitation.
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Calculation of the effect of self-aldol or the acetone concentration based on known rates
and equilibrium constants***' showed the effect would only be a few percent. This effect is
ignored in the calculations.

First order growth of the ketol peak was observed. The reaction was followed for

several half-lives and non-linear least-squares was used to determine both the apparent
rate constants and the equilibium concentration of ketol  Only the equilibrium
concentration is of interest in this treatment. The apparent equilibrium constant, defined
as K, = [KETOL},,, / ([TFA],,,[ACETONE]), is pH dependent because the pK.'s of
both the trifluoracetophenone hydrate and the ketol are in the pH range studied.
Following Scheme 17, the theoretical pH equilibrium profile should follow:
Ko = Kig x (1 + Ky, [OH]) /(1 + K, ¢+ K, ;[OH]) (21
where K, = 77.6 and K, , = 776000 M"! as determined by Stewart,”** and K, = K /K,
= (1.430.1) x 102 M as determined above. The results of the formation reactions are
summarized in Table 25. K, , was determined for each experiment by correcting K., for
hydration and pH effects, and the weighted mean of the individual experiments is K, , =
(2.65740.003) x 10’ M"' . K., as a function of pH is shown in Figure 17, along with the
theoretical line.

The point at the lowest pH in the aldol formation equilibrium profile shows a very
significant deviation from the line. The HPLC data showed a possible decrease in the
trifluoroacetophenone concentration which had not occurred in other runs. If the TFA
concentration estimated by inspection of the HPLC results is used to calcv’ate the

observed equilibrium constant, the point falls much closer to the line. To avoid
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inconsistency, this was not done.

Figure 17.  Apparent equilibrium constant as a tunction of pH for the aldol

reaction of acetone with trifluoroacetophenone.
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The approach to equilibrium between ketol and enones is expected 1o be slow
except at high pH. At high pH. however, the equilibrium is shifted in favor of the ketol by
its conversion to ketolate. As a result, detection of the enones was very difficult, ana our
estimates of enone concentration at equilibriuin are correspondingly imprecise. The best
compromise was a hydroxide concentration near 9.05 M HPLC analysis of equilibrated
solutions did not separate the two enones so that a hybrid calibration corstant calculated
using the measured calibration constants for the two enones and the isomerization
equilibrium constant was used.

In this way the dehydration equilibrium constants were determined: K,; =
(4.340.4) x 10” and Ko, = (1.120.1) x 10°. The error estimates are conservative and

should be considered the lower limit of uncertainty.

84 Summary of results for the aldol comdensation of acetone with
trifluoroacetophenone.
The rate and equilibnum constants determined for the hydroxide catalyzed
reactions in the aldol condensation of acetone with trifluoroacetophenone are summarized

in Table 26.
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Table 26. Summary of rate and equilibrium constants for the hydroxide

catalyzed aldol condensation of acetone with trifluoroacetophenone.

Constant value units
Ki»*° (2.66+0.03) x 10° m!
ki’ 2.75+0.25 M7
ko ¢ (1.03+0.09) x 10 M's!
Kz3” (4.330.4) x 10™
kg (3.4+0.3) x 107 M's!
k.2’ (8.08£0.06) x 10°° M's!
Kz.s? (1.09£0.10) x 10™
ko (0.2£9.9) x 10” M's!
kez” (0.2£9.2) x 107 M's!
Kiaf (2.55+0.07) x 107
ks (4.8310.15) x 10 M's?
kes” (1.89+0.03) M's!
Ks.2' (1.442£0.11) x 10* M

Other constants:
Kl (6.940.5) x 10" M

Kaatkas © (1.94+0.03) M's'

“ determined frotn aldol formation reactions

b calculated from k;.2 = k3.1 x Kj2

‘ determined from hydroxide catalyzed retroaldo!

4 determined by equilibrium concentration in aldol formation

¢ calculated from ky.3 = k32 x K2.3; kaa = kaa x Kz

/ calculated from observed hydration rate constant using ks.; = kota / (2 (1 + Ks.g

Nikaz=kots/ (2( 1 +Kas))

& determined from HPLC analysis of enone equilibration
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g determined from UV and HPLC studies of isomerization; values calculated by k3

Ko/ (1 + 1/ Ksa) Kon=Kkan / ( T+ Ksy);
' determined from ketol retroaldol pH rate profile
/ calculated from K, = K.,/ Ks.,
observed second order rate constant from enone isomerizations




CHAPTER 9: THE SELF-ALDOL CONDENSATION OF

p-NITROACETOPHENONE

Scheme 18. Self-aldol condensation of p-nitroacetophenone

d_L
Koy~ Ar Ar
10

0 O OH 1

8 \ 0O Ar

Ar = p-NO,-CgH,-

l(l()-ll

9.1 Kinetics of hydroxide catalyzed retroaldol cleavage of 3-hydroxy-1,3-bis-(4-

nitrophenyi)-1-butanone (5)

The retroaldol cleavage of the p-nitroacetophenone self-aldol product 9 was
studied in aqueous borat= buffers between pH 8 and 10 following the appearance of the
p-nitroacetophenone chromophore by UV spectrophotometry.

The absorbance-time data obtained were analyzed by leasi squares fitting to a
single exponential. The retroaldol cleavage of 9 was first order in hydroxide
concentration and followed simple pseudo-first order kinetics. The observed rate
constants are reported in Table 27, and the calculated second-order rate constant for
hydroxide catalyzed retroaldol cleavage of 9 is kos = (1.72+0.04) x 10° M"'s" . No buffer

cataiysis was observed for the retroaldol reaction.

98
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Table 27. Rate constants for the hydroxide catalyzed retroaldol cleavage of 3-

hydroxy-1,3-bis-(4-nitrophenyl)-1-butanone (9).

— S——— ———
— A — —————

10° [OH)® « B 10° A 102 A/ [OH]

(M) (s M'sh)
9.84° 0.430 -0.115 19.6+0.1 1.99+0.05
9.84° 0.430 -0.100 16.60.1 1.68+0.04
9.84° 0.442 -0.118 15.7+0.1 1.60+0.04
6.92¢ 0.441 -0.117 12.73+0.04 1.84+0.04
6.92¢ 0.442 -0.117 12.58+0.04 1.82+0.04
6.927 0.430 -0.104 14.36+0.06 2.0 .05
1.00° 0.451 -0.119 1.618+0.001 1.61+0.04
1.00° 0.443 -0.117 1.540+0.002 1.53+0.04
1.00° 0.359 -0.095 1.618+0.002 1.61+0.04
0.86 0.255 -0.067 1.501+0.005 1.75£0.04
0.867 0.310 -0.082 1.429+0.003 1.66+0.04
0.867 0.447 -0.119 1.461+0.004 1.70+0.04
0.089° 0.432 -0.103 0.1695+0.0004 1.90+0.04
av 1.72£0.04

e In aqueous borate buffers at 25.0 °C; ionic strength 0.1 M maintained with KCI.

Following p-nitroacetophenone chromophore at 261 nm by UV spectrophotometry.

Absorbance-time data fitted to A = o + B exp (-At). Cell length 10.000 cm. [ketol); =

2.05 uM

b [OH] taken as 10°"'¥ where the pH was measured for the pure buffer.
[H:BOs)ioa = 0.1 M

/ iH;BOs}oui = 0.01 M
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9.2  Kinetics of hydroxide catalyzed isomerization and hydration of E- and Z-1,3-

bis-(4-nitrophenyl)-2-butene-1-one (10, 11)

The kinetics of isomerization and hydration of the enones 10 and 11 were studied
in aqueous hydroxide by UV spectrophotometry and HPLC analysis of quenched samples.
Rapid retroaldol cleavage of the ketol 9 meant that hydration was a commitment to
retroaldol cleavage. The chromophore of the E-enone (10) at 315 nm was used to follow
the reactions spectrophotometrically.

Isomerization was faster than hydration, such that two kinetic phases were
observed. When starting with Z-enone, the absorbance of the sample solution initially
increased as isomerization proceeded. then decreased during hydration of the equilibrium
mixture of enones. A sample kinetics plot is shown in Figure 18. When starting with E-
enone, the absorbance change due to isomerization was small and poorly defined by the
data. The absorbance-time data were fitted by non-linear least squares to a double
exponential equation. The isomerization rate constants from the Z-enone experiments
were used as constraints on the isomerization rate constant when fitting the E-enone data
to allow a better fit of the slower hydration phase. The observed rate constants and

derived second-order rate constants are listed in Tables 28 and 29 for reactions starting

with E- and Z- enones respectively.
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Figure 18.  Hydroxide catalyzed isomerization and hydration of 11 followed by

UV spectrophotometry. [11];=0.48 uM; A =315 nm; [OH] =0.05M
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The isomerization and hydration of enones 10 and 11 were also followed by
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HPLC analysis of quenched samples to determine the rate and equilibrium constants for
E-Z isomerization and the rate constant for hydration. Only the reaction starting with Z-
enone was used in he data analysis because of contamination of the E-enone with the Z-
isomer. This precluded fitting both data sets simultaneously because the least-squares
analysis assumes that only one of the concentrations will be non-zero at time zero.
Recrystallization of the E-enone actually increased the Z-enone content because of the
dramatic solubility differences between the two enones. The values obtained from the
least squares fitting for experiments in 0.1 M and 0.01 M hydroxide solutions are listed in
Table 30.

The two hydration rate constants cannot be considered accurate. The data are
insufficient to resolve the individual hydration rate constants so that it is better to use the
calculated individual rate constants to calculate ‘he observable rate constant for the
hydration step, and compare the observable rate constant to the results of the UV
experiments. The results are consistent but the observable rate determined from the UV

experiments is far more accurate.
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9.3  Isomerization and hydration of E- and Z-1,3-bis-(4-nitrophenyl)-2-butene-1-

one (10, 11) in acid

The equilibrium triangle of ketol 9 and enones 10 and 11 was studied starting with
each of the two enones in | M hydrochloric acid. The appearance or disappearance of
each species was followed by HPLC analysis of quenched samples. Sensitivity problems
due to low solubility of substrate made the studies sufficiently erratic that a full kinetic
analysis was not possible. By inspection, however, it was possible to estimate that
isomerization of the two enones had a half life of ca. 25 hrs, and hydration had a half life
of ca. 60 hrs. Averaging of the three analyzes for the last two points (at 480 and 820 hrs)
taken for each solution allowed estimation of the equilibrium composition of the reaction
solutions. The results of the analysis of the equilibrated solutions are listea in Table 31.

The corresponding equilibrium constants are Ko.jo = 0.77+0.13; Ko,y = 0.9320.13; Koy

Table 31. Isomerization and hydration equilibria determination for 9, 10, and
11.°
9] [10] [11] Ko.10 Ko Kio
(M) (uM) (uM)

0.26+0.03° 0.25+0.08 0.2440.05 0.97+0.34 0.93+0.23 0.96+0.22

0.33£0.02° 0.23:007 0.31:x0.04 0.69+0.21] 0.93+0.14 1.35£0.19

av_ 0.77£0.13  0.93+0.137 1.1940.19
im 1 M aqueous hydrochloric acid at 25.0 °C; analysis by HPLC;each
concentration calculated from three replicates for each of two quenched samples.
b starting with 10
¢ starting with 11
d error is ¢ e-half that calculated for the sum of two values

a
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= 1.1940.19. The large uncertainties in these values is indicative of the difficulty in

obtaining satisfactory kinetics.

94  Equilibrium constant determination for the formation of 3-liydroxy-1,3-bis-
(4-nitrophenyl)-1-butanone (9) by the hydroxide catalyzed self-aldol reaction

of p-nitroacetophenone

The hydroxide catalyzed self-aldol reaction of p-nitroacetophenone to give ketol 9
was studied in aqueous borate buffer by HPLC analysis of quenched samples. The
approach to equilibrium for ketol formation was very fast because the rate constant is
dominated by the rapid retroaldol rate. The rate for ketol formation was not studied in
the forward direction because the more accurate rate constants can be obtained in the
retroaldol sense. The dehydration to give one or the other enone was much siower and it
was not followed because significant amounts of undesired and unidentified products
formed which made quantitation of the ketol and enones difficult. Because the rate of
approach to equilibrium for ketol formation will be approximately the rate of retroaldol
cleavage, the reaction reached equilibrium in a few minutes at pH 10 and in a few seconds

in 0.1 M NaOH. The determined equilibrium concentrations and equilibrium constants are

listed in Table 32.
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Table 32. Aldol formation :quilibrium constant determination for the self-aldol

reaction of p-nitroacetophenone.’

—
————

!

{PNAC]* [ketol] © 10° Kag *

(mM) uM M)
2.00 0.072+0.014 1.79+0.39
2.00 0.066+0.013 1.6440.36
3.20 0.14540.012 1.4240.15
4.00 0.229+0.024 1.43+0.17
4.00 0.231+0.023 1.45+0.16
1.4610.04

a

Determined in aquecus pH 10 borate buffer at 0.1 M ionic strength, 25.0 °C, by
HPLC analysis for ketol 9.

concentration of p-nitroacetophenone was determined from the volume of stock
solution injected.
¢ concentration of ketol is the average of 3-6 samples in each experiment;
uncertainty was estimated from standard deviation of HPLC determinations and standard
deviation of calibration standard determinations.
/ Kau = [ketol] / [PNACY

9.5 Summary of rate and equilibrium constants for the self-aldo! condensation of

p-nitroacetophenone

The rate and equilibrium constants determined in this work are summarized in

Table 33.
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Table 33. Summary of rate and equilibrium constants for the self-aldol

condensation of p-nitroacetophenone. *

—
—————

|
Cp

o a——

Constant value units
Kgo® (1.4640.04) x 102 M
ks.o 2.5240.10 MZs!
| (1.7240.04) x 107 Mig!
Koo (0.7240.17)
ko.10” (3.740.9) x 10™ M's!
kioo ¥ (5.240.2) x 10™ Mg
Ko * 0.9310.13
| XTI (6.2+1.0) x 107 M's!
ki’ (6.740.4) x 10™ M's!
Kion * 0.78+0.06
Kio1s ' (4.150.19) x 107 M's!
K10 (5.3440.19) x 10 Ms!
“ subscripts on all constants refer to Scheme 18
i determined from base catalyzed aldol formation
¢ calculated from kg = ko.g x Ko
? determined from base catalyzed retroaldol cleavage
‘ calculated from Koo =Ko / Kion
4 calculated from ko.10 = koo x Ko.10
£

determined from the observable rate constant for hydration of enones fuilowed by
UV spectrophotometry by kjo.o = Kobs {2 (1 + Kio.11))

4 determined from acid catalyzed equilibration of ketol 9 and enonc - 10 and 11
calculated from k] 1-9 X Kg.“

! determined from the observable rate constant for hydiation of enones followed by
UV spectrophotometry by kj1o = Koo (2 (1 + 1/ Kio.11))

from HPLC study of base catalyzed isomerization and hydration of 11

from UV study of base catalyzed isomerization and bydration experiments; values
calculated by k]().]] kobs/(] + 1 /Km.“) k“ I kob, / (l + K]().“)

i




CHAPTER 10: THE ALDOL. CONDENSATION OF ACETONE_ WITH

p-NITROACETOPHENONE

Scheme 19. Aldol condensation of acetone with p-nitroacetophenone

0
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10.1  Kinetics of the hydroxide catalyzed retroaldol cleavage of 4-hydroxy-4-(4-

nitrophenyl)-2-pentanone (12)

The hydroxide catalyzed retroaldol cleavage of ketol 12, the aldol product of
acetone enolate with p-ritroacetophenone, was studied in dilute aqueous hydroxide by
UV spectrophotometry, following the appearance of the p-nitroacetophcnone
chromophore. The change in the chromopt ore was substantial because of the creation of a
carbonyl in conjugation with the aromatic ring. The absorbance-time data were fitted to a
single expouential equation and the observed rate constants are listed in Table 34. The
kinetics were pseudo-first order and showed a first order hydroxide concentration
dependence. The calculated second order rate constant for hydroxide catalyzed retroaldol

cleavage of ketol 12 is k124 = 0.30140.009 M''s”" .

110
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Table 34. Rate constants for the hydroxide catalyzed retroaldol cleavage of 12.°

e———————

———
o—

-
—

10° [OH] a B 10° A A/ [OH]

(M) (s) M'sh
99.1 0.704 -0.465 33.2+0.4 0.335+0.005
99.1 0.709 -0.397 30.1+0.3 0.304+0.004
99.1 0.696 -0.329 27.49+0.04 0.277+0.003
9.9] 0.761 -0.359 2.8430.002 0.287+0.014
9.91 0.694 -0.326 2.858+0.001 0.288+0.014
9.9] 0.70% -0.330 2.805+0.001 0.283+0.014
0.800" 0.699 -0.328 0.276+0.000 0.345+0.008
0.800" 0.707 -0.334 0.2613+0.0001 0.327+0.008
0.741° 0.695 -0.326 0.2420+0.0001 0.326+0.008
av 0.301+0.009

i In aqueous sodium hydroxide at 25.0 °C; ionic strength 0.1 M maintained with

KCl. Following appearance of the p-nitroacetophenone chromophore at 261 nm by UV
spectrophotometry. Absorbance-time data fitted to A = o + B exp (-At). Cell length

10.000 cm. [ketol], = 5.51 M
i [OH] taken as 10" where the pH was measured for the reaction solution

following the run

10.2 Kinetics of the hydroxide catalyzed isomerization and hydration of E- and Z-
4-(4-nitropheny!)-3-pentene-2-one (13, 14)
The hydroxide catalyzed isomerization and hydration of enones 13 and 14 were
studied in dilute alkaline solution by both UV spectrophotometry and HPLC analysis of
quenched samples. Isomerization was fast relative to hydration and ketol formation was a

commitment to retroaldol clecavage. Both isomerization and hydration kinetics were first-
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order in hydroxide concentration.

UV spectrophotometry was used to follow the isomerization and hydration of the
enones by following the change in absorbance at the wavelength of the E-enone
chromophore. Starting with Z-enone there was an initial increase in absorbance as E-
enone was formed. followed by a slower decrease in absorbance as the equilibrium
mixture of enones underwent hydration. Starting with E-enone there was a two-phase
decrease in absorbance. The absorbance-time data were fitted to a double exponential
equation by non-linear least squares. The observed rate constants and pre-exponential
terms are listed in Table 35.

HPLC analysis of quenched samples gave concentrations of each of the species
present as a function of time. Experiments were run starting with both E- and Z-enones.
Both sets of peak integration-time data were analyzed together by non-linear least squares

fitting to the chemical equation:

NS

where A = E-enone, B = Z-enone, C = ketol, aliowing determination of the individual rate

constants. The results of least squares fitting are listed in Table 36. A plot of the data with

the lines of best fit is shown in Figure 19.
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It is important to recognize that the two rate constants k'3 ;2 and k'j4.y2 had a
strong covariance and that the data did not support an accurate determination of the
individual rate constants. The observable rate constant for the slower kinetic phase can be
calculated as a function of the four microscopic rate constants. The second order rate

constants so obtained are (2.70+0.13) x 107 and (2.50+0.27) x 10° M''s"' for reaction in

0.10 M and 0.05 M sodium hydroxide respectively.

Figure 19,  Results of HPLC kinetics for tie isomerization and hydration of E-
and Z-4-(4-nitrophenyl)-3-pentene-2-one (13, 14) in 0.1 M sodium hydroxide.

Full scale in each plot represents 100% of starting material present in that

form.

Z-ENONE

mole fraction
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The individual hydration rate constants can now be determined in the same way
for both the HPLC and UV experiments They are calculated bv: K34 = Kope / (2 (1 + 1/
Kiz.14)); kias = koo / (2 (1 + Kyag)). The derivation of these equations has been
published previously.’ The results of these calculations are listed in the summary table at

the end of this chapter.

10.3 Kinetics of isomerization and hydration of E- and Z-4-(4-nitrophenyl)-3-

pentene-2-one (13, 14) in acid

The kinetics of isomerization and hydration of enones 13 and 14 and dehydration

of ketol 12 were studied by HPLC analysis of quenched samples.

The amounts of both enones and the ketol were followed by HPLC analysis in
three experiments starting with each of the three compounds. Peak integrations for the
three compounds in the three experiments were fit simultaneously to the cyclic
equilibrium:

Ki2-14

Z-enone

ketol ‘
14-12

\\ktz-n kl3%
ki3.12 Kig13

E-enone
This allowed determination i all six rate constants of which only five are
independent. The other is determined by the microscopic reversibility constramt. The

results of least squares analysis are listed in Table 37. The lines of best fit to the three

experiments are shown in Figure 20.
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Table 37. Results of least squares analysis for the HPLC study of the

equilibration in acid of ketol 12 and enones 13 and 14, “°

——— ——————————
———— — p——

Parameter Value

Kiz.13 (2.0240.07) x 10™
K214 (8.310.3) x 107
Kigaz (5.04%0.14) x 10°
Ki3.14 (6.9740.16) x 107
Kis13 (2.6440.05) x 10°
[ketol], 31.940.8
[Z-enone], 13.410.3
[E-Enoue], 21.640.5

£12 (1.8940.05) x 10*
€14 (2.2340.05) x 10°
€13 (2.3540.05) x 10°

Derived constants:

| SERP) (3.2330.11) x 107

Kz 0.62410.011

Kiz1a 0.1651+0.004

Kizae 0.264+0.005

“ rate constants in s are pseudo-first order for reaction in 1 M hydrochloric acid;

equilibrium constants are unitless; [compound), is the starting concentration of enone or
ketol in each of the three experiments. ¢ parameters are the HPLC calibration constants in
UM to convert peak area to concentration.

constraints place on fitting were. [Z-enone], = 15.12£1.5 uM, g, = (1.4240.05) x
10° UM, €14 = (1.6440.05) x 10* uM"!

b
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Figure 20. HPLC results for the equilibration in acid of ketol 12 and enones 13
and 14. Plots are, from the top, starting with ketol, Z-enone, and E-enone.
Vertical scale in each plot is the fraction of starting material present in each

of the three forms. Full scale is 100% in each case.
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10.4 Determination of the equilibrium coustant for the hydroxide catalyzed aldol

formation of 4-hydroxy-4-(4-nitrophenyl)-2-pentanone (12)

The equilibrium constant for the aldol reaction of acetone with p-
nitroacetophenone to give the ketol 4-hydroxy-4-(4-nitrophenyl)-2-pentanone (12) was
measured by equilibrating solutions of the two ketones in aqueous base or buffer and
determining the concentration of ketol present at equilibrium by HPLC analysis of
quenched samples. Equilibration is rapid because the rate of approach to equilibrium is
dominated by the rapid retroaldol rate. Because the dehydration to enones is much slower
than the aldol formation, it was possible to determine the ketol concentration without
mterference from enones or subsequent condensation products.

The results of ihe equilibration experiments are listed in Table 38 along with the
calculated equilibrium constants. The acetone concentraticn was varied to confirm that
the peak being followed was indeed the ketol, and that the equilibrium behaved as

expected. The corsistency of results between experiments with different concentrations

validates the method used.
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Table 38. Aldol formation equilibrium constant determination for the reaction

of acetone with p-nitroacetophenone.’

——————

[PNAC]® [acetone] ® [ketol] ¢ 10° Kog ¥
(mM) (M) (M) (M)
2.00° 1.10 26.13+£0.13 1.191£0.02
200° 1.10 26.17£0.13 1.1940.02
2.00° 1.10 28.66+0.14 1.30£0.02
2.00/ 1.10 24.0210.12 1.09£0.02
2.007 1.10 23.7240.12 1.08£0.02
2.00° 0.11 2.79+0.01 1.2740.02

av 1.17+£0.04
“ determined in aqueous solution at 0.1 M iomic strength at 25.0 °C;
b determined by amount added to reaction flask
¢ determined by HPLC analysis; errors are estimated from calibration standard error
a K. = [ketol] / ( [acetone] [PNAC] )
¢ in 0.1 M NaOH
S

in pH 10 borate buffer. ionic strength maintained with KCl

10.5 Summary of rate and equilibrium constants for the aldol condensation of

acetone with p-nitroacetophenone.

The rate and equilibriuin constants determined in the acid and base catalyzed aldol

reactions of acetone with p-nitroacetophenone are summarized in Table 39.
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Table 39. Summary of rate and equilibrium constants for the aldol condensation

of acetone with p-nitroacetophenone. *

value

(1.1740.04) x 10~
(3.5340.15) x 10°}
0.301+0.009
0.624+0.011
(1.08+0.03) x 10~
(1.7310.04) x 107
0.165+0.004
(1.0630.03) x 10~
(6.4140.15) x 10”

| CERV 0.270+0.014

Kisas * (1.6140.04) x 10™

kisis (5.430.4) x 10™

Acid catalyzed rate constants

k™12 (2.0240.07) x 10
K™ s (3.2340.11) x 10*
K" 20e! (8.340.3) x 107
K" ! (5.0410.14) x 10
K" e’ (6.97+0.16) x 10

YRy (2.64+0.05) x 107

subscripts on all constants refer Scheme 19
determined from base catalyzed aldol formation
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L2

calculated from kg 1> = K23 x Ky.i2

i determined from base catalyzed retroaldol cleavage

‘ determined from acid catalyzed equilibration of ketol 12 and enones 13 and 14
4 calculated from k3.2 » Kjz3

4

weighted average of values determined from UV and HPLC experiments;
individual rate constants were determined from the observable rate constant by kizy2 =
Kobs /(2 (1 + Ki3.14))

b calculated from Kis12 x Kiayg

weighted average of values determined from UV and HPLC experiments; ko, =
2kig2 (1 + 1/Kiz14)

/ weighted average of values obtained from acid catalyzed equilibration of ketol and
enones, and base catalyzed isomerization and hydration of enones

' weighted average of values obtained from UV and HPLC base catalyzed
1somerization and hydration experiments; values for UV experiments calculated from
Kisa = koos / (1 + 1/ Kpaa)i ks = kowe / (1 + Kiaagg)

! determined from the acid catalyzed equilibration of ketol 12 and enones 13 and 14

i




CHAPTER 11: THE ALDOL REACTION OF p-NITROACETOPHENONE

WITH ACETONE

Scheme 20. Aldol condensation of p-nitroacetophenone with acetone

/IOk /I(L Ky.is 0 OH Kis.i6 /([)j\/l\
Ar : A‘/U\/}\ Ar
8 15 16

11.1 Kinetics of hydroxide catalyzed retroaldol cleavage of 3-hydroxy-3-methyi-1-

(4-nitrophenyl)-1-butanone (15)

The retroaldoi cleavage of 15. the aldol product of p-nitroacetophenone enolate
with acetone, was studied in dilute aqueous base by following the disappearance of the
ketol chromophore by UV spectrophotometry. The change im chromophore is small
because there is no change in the conjugation of the system. The chromophore of the
ketol is essentially the same as that of p-nitroacetophenone; there are only small changes
in the chromophore induced by the additional groups of the ketol. This placed two
constraints on the experimental conditions. The time for reaction had to be short enough
that instrumental drift or similar effects would be negligible and the reaction had to be
slow enough that enough points could be collected with an adequate period (filter or
smoothing factor) to see a smooth change in absorbance.

The absorbance-time data were fitted to a single exponential equation and the
observed rate constants are listed in Table 40. The kinetics were pseudo-first order and

showed a first order dependence on hydroxide concentration. The calculated second order
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rate constant for hydroxide catalyzed retroaldol of 3-hydroxy-3-methyl-1-(4-nitrophenyl)-

1-butanone (15) is kys.s = 1.01£0.05 M''s™.

Table 40. Rate constants for the hydroxide catalyzed retroaldol cleavage of 15*
10° [OH)’ o B 10° A A/ [OH)
(M) (s M's")

0.991° 0.982 0.038 0.892+0.006 0.90+0.01
0.991° 0.977 0.043 0.821+0.006 0.8310.01
0.991° 0.964 0.043 0.817+£0.014 0.8210.01
13.0¢ 0.978 0.033 14.60£0.09 1.124£0.01
13.0¢ 0.983 0.034 15.1940.09 1.174£0.01
13.0¢ 1.944 0.066 14.33£0.09 1.10+£0.01
13.0¢ 0.388 0.013 12.27+0.09 0.94+0.01
13.0¢ 0.977 0.033 14.66+0.08 1.1320.01
av 1.01+0.05

a

In aqueous borate or carbonate buffer at 25.0 °C; ionic strength 6.1 M maintained
with KCl. Following keto! chromophore at 268.4 nm by UV spectrophotometry.
Absorbance-time data fitted to A = o + B exp (-At). Cell length 2.000 cm. [ketol], =
7.36 yM

b [OH] taken as 10" where the pH was measured for the pure buffer

¢ borate buffer: [H:BO:}.... = 0.05 M

a carbonate buffer: [NaHC0:] = 0.0018 M, [Na,CO;} = 0.03232 M

A single experiment followed by HPLC analysis of quenched samples verified that
the rate of change in absorbance of the UV kinetics was the rate of retroaldol of the ketol.

Given the small change in absorbance and the problems in purification, this check was

necessary. The HPLC kinetics showed a smooth first order decrease in the amount of
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ketol and a corresponding increase in the concentration of p-nitroacetophenone.

11.2 Kinetics of hydroxide catalyzed hydration of 3-methyl-1-(4-nitrophenyl)-2-

butene-1-one (16)

The hydroxide catalyzed hydration of the enone 16 was studied by UV
spectrophotometry and by HPLC analysis of quenched samples. With only one
geometrical isomer, there was no isomerization to observe and the hydration kinetics were
simple pseudo-first order with a first order dependence on hydroxide concentration.

Hydration to give ketol 15 was a commitment to retroaldol cleavage so that the observed

Table 41. Rate constants for the hydroxide catalyzed hydration of (16).’

—— t— ————— e A e e P
o —— e ———— e e——

————————————————
———————————

[OH] a B 10° 1 10° A / [OH]
(M) (s) (M's")
0.100° 0.566 0.398 3.01x0.01 3.01£0.03
0.100° 0.227 0.157 2.589+0.003 2.59+£0.03
0.050° 0.550 0.402 1.595+0.009 3.19+0.07
0.099° 0.232 0161 2.620+0.008 2 64+0.05
0.099°¢ 0.237 0.160 2.916£0.006 2.94+0.06
0.010° 0.226 0 156 0.2856+0.0005 2.88+0.14
0.010° 0.229 01359 0.2598+0.0005 2.62+0.13

av 2.79+0.09
“ In aqueous sodium hydroxide at 25.0 °C; ionic strength 0.1 M maintained with

KCl. Following the disappearance of the enone chromophore at 277.5 nm by UV
spectrophotometsy. Absorbance-time data fitted to A = a + B exp (-At). Cell length
10.000 cm.

b [enone], = 4.94 UM

¢ [enone), = 1.98 M
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rate constant was simply that for hydration. The results of the least squares analysis of the
UV experiments are listed in Table 41. The resulting second-order rate constant for

hydroxide catalyzed hydration is kys.15 = (2.7910.09) x 10" M''s™,

11.3  Kinetics of acid catalyzed hydration of 3-methyl-1-(4-nitrophenyl)-2-butene-
1-one (16)
The hydration kinetics of the enone 16 were studied in 1 M hydrochloric acid by
HPLC analysis of quenched camples and by UV spectrophotometry.
The equilibrium is a largely a simple A = B isomerization but significant retroaldol

was observed by HPLC analysis. The data were fitted to the system in equation |

A

B ——» C i

where A = enone, B = ketol. C = PNAC. The peak integration-time data for each of the

three compounds from the HPLC analyses was fitted by non-linear least squares. The

results of the fitting are listed in Table 42,
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Table 42, Results of the least squares fitting for the acid catalyzed hydration of

1-(4-nitrophenyl)-2-butene-1-one (16) followed by HPLC.**

nne———— ——
e — —

Parameter Value

kie1s (7.6540.13) x 10°®
Kis16 (1.2540.03) x 10°®
kiss (1.4540.06) x 10~
[enone], (37.943.0)

€16 (3.1540.25) x 10*
€1 (1.7340.14) x 10*

£x (1.6510.15) x 10*

“ rate constants are in s and are pseudo-first order for reaction in 1 M hydrochloric
acid; [enone]; is the stating concentration of enone. £ parameters are the HPLC calibration
constants in uM"' to convert area to concentration.

b constraints placed on least squares parameters were: [enone), = 37.923.0 uM, g6
=(3.1840.03) x 10* uM™", £« = (1.5610.04) x 10" uM"'




Figure 21.
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HPLC results of the acid catalyzed equilibration of enone 16 with

ketol 15. Plot scaling is in area units and was chosen for convenience. Full

scale values for enone, ketol, and PNAC are, respectively, 48 uM, 58 uM, and

15uM .
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The hydration of the enone was also followed in 0.1 M sodium hydroxide solution

by UV spectrophotometry following the disappearance of the enone chromophore. The

observed rate constant was (8 8310.01) x 10 s'. Because the observed rate constant is

the sum of the forward and reverse rate constants for the reaction, we can compare this

Value to the k'h|5.](. e ]\IP 1617

very well.

(890+0 14) - 10" 5" from Table 42 and find they agree
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11.4 Determination of the ¢quilibrium constant for the hydroxide catalyzed aldol
reaction of p-nitroacetophenone with acetone
The hydroxide catalyzed aldol reaction of p-mitroacetophenone with acetone was

studied concurrently with the reaction of acetone with p-nitroacetophenone in 0.1 M

sodium hydroxide and in pH 10 borate buffer and the data obtained are listed in Table 43.

The equilibrium constant obtained for this reaction is (1.98+0.03) x 107 M™",

Table 43. Determination of the aldol foruiation equilibrium constant for the

reaction of p-nitroacetophenone with acetone.”

s
e S——— ————

JPNAC]’®

(mM)

{acetone]”

M)

[ketol] *

(uM)

10° K 1u¢

M)

2.00°

1.10

1.10

4.49+0.22

4.60+0.23

4.10+0.21

4.28+0.21

4.4120.22

0.43+£0.02

av

2.04+0.11
2.09x0.11
1.86+0.10
1.94+0.10
2.01+0.10

1.94+0.10

1.98+0.03

determined in aqueous solution at 0.1 M ionic strength at 25.0 °C;

determined by amount adacd to reaction flask
determined by HPLC analysis: 2rrors are estimated from calibration standard error

Kaia = [ketol] / ( [acetone] [PNAC] )
in 0.1 M NaOH
in pH 10 borate buffer. ionic strength maintained at 0.© M with KCL.
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11,5 Summary of rate and equilibrium constants for the aldol condensation of
p-nitroacetophenone with acetone

The rate and equilibrium constants determined in this work are summarized in

Table 44.

Table 44. Summary of rate and equilibrium constants for the aldol condensation

of p-nitroacetophenone with acetone.”

Constant value units
Kss” (198+0.03) « 10° M
ksis® (2.00+0.10) < 10°° Y

d . N
kiss i.0130.05 M
Kis.i6° 0.16340.004
Kis.16” (4 5610.19) » 10™ Mg
Kis15® (2.7940.09) « 10™" mls!

Acid catalyzed rate constants

K is16” (1 2540.03) « 10° M

K 1605 ” (7.6510.13) ~ 10 M's!

a

all rate and equilibrium constants are for reaction at 25.0 °C in aqueous solution;
base catalyzed reactions are at 0 1 M ionic strength: acid catalyzed reactions were at
1.0 M ionic strength

b from aldol formation in aqueous base

¢ calculated from Ky.is » k- .

o from base catalyzed retioaldol

‘ from acid catalyzed hydration equilibrium
4 calculated from K <.; - k.=

£ from base catalyzed hydration

n

from acid catalyzed hydration equilibrium




CHAPTER 12: DISCUSSION_AND CONCLUSIONS FOR THE ALDOL

CONDENSATIONS

12.1 Discussion

With the four aldol condensations of interest fully characterized, substituent
effects in the aldol reaction and the ability of Marcus Theory to predict aldol reaction
rates can be assessed.

Table 45 summarizes the predicted and observed equilibrium and rate constants
for the four aldol reactions studied, as well as adjusted predicted rate constants. These
were calculated in the same way as the predicted rate constants but using the

experimentally determined instead of estimated equilibrium constants.

Table 45. Comparison of predicted and measured equilibrium and hydroxide

catalyzed rate constants for the aldol reactions. *

—————————— — ——

log(Kus /M) *|  log (k+/ M7 log (k-/ M7s7)?

Nuc. Elec. | Pred. Meas. | Pred. Adj. Meas. | Pred. Adj.° Meas.

acetone TFA | 247 3.42 0.67 0.87 044 | -1.80 -255 -2.99
PNAC PNAC| -241 -184 | -080 -0.53 040 1.61 1.30 2.24
acetone PNAC | -230 -193 | -237 -221 -245 | -0.07 -0.28 -0.52

PNAC ascetone| -1.26 -2.70 | -1.05 -1.76 -2.70 | 0.21 0.95 0.00

¢ equilibrium constant for the formation of neutral ketol from neutral ketone plus
netral ketone

b observabie macroscopic rate constant

adjusted predicted values are estimated rate constants based on the aldol formation
constants determined in this work

(4
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From the predictions for the aldol reaction of acetone with trifluoroacetophenone,
the estimated K4 and keto! pKa were both significantly different than those determined in
this study. Using the experimentally determined values, the Marcus Theory prediction is
significantly closer to the observed rate constants: within 0.44 log units for the retroaldol
rate. There is another significant source of uncertainty in these calculations. The
calculated K,  is very sensitive to the hydration equilibrium constant for TFA and the pKa
of the hydrate. Changing the values of either of these comstants results in significant
changes in the calculated K,,5. Therefore the uncertainty in K,y for this reaction is more
realistically about 0.5 log units. In spite of these uncertainties, both the revised and
original estimates give predictions within approximately an order of magnitude.

The reaction of acetone with PNAC shows very good agreement among the
predicted, revised, and actual rate and equilibrium constants.

The reactions of PNAC with both acetone and PNAC do not show as good an
agreement. The estimated and observed equilibrium constants are quite different
cspecially for PNAC plus acetone. Although the predicted and revised rate constants for
retroaldol do agree within an order of magnitude with the observed rate constants, they

just barely do so.

Figure 22 shows the relationship of the aldo! formation equilibrium constants
(K.q4) with the hydration equilibium constant (K,j;;,) for the electrophile ketone. The

values used are listed in Table 46 and are all reactions with a methyl ketone as the

nucleophile.
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Table 46. Aldol formation and electrophile hydration equilibrium coustants for

a series of aldol condensations with methyl ketones and aldehydes as

nucleophiles.

Nucleophile Electrophile log (Kpa /M) log (Kaa /M)
Me,CO PhCOCH; -6.92° 2.72°
Me,CO PNAC 6.11° -1.93"
PNAC PNAC 6.11° -1.84"
PNAC Me,CO -4.60 7 2.70"
Me,CO Me,CO -4.60° -1.457

PhCOCH; Me,CO -4.60 “ -2.60*

MeCHO Me,CO -4.60 ¢ -0.40°

PhCOCH; PhCHO -2.83° 0.63'

Me,CO PhCHO 283° 1.07"
MeCHO PhCHO -2.83° 0.59"
Me,CO MeCHO -1.727 1.59°

PhCOCH; MeCHO -1.727 0.65°

MeCHO MeCHO -1.72/ 2.60°
Me,CO PhCOCF; 1.40°% 3.42°
MeCHO CH,0 1.60° 7.78°
Me.CO CH,0D 1.60° 6.67°
PhCOCH, CH.0O 1.60° 574°%
: ﬁ;;? i355the hydration equilibrium constant for the electrophile
f Re gglc;ulated from dimethy! acetal formation equilibrium®’ by the method described
mn Knet.

J Ref. 59, 60




‘ Ref. 46
4 Ref. 61
& Ref. 56
h Ref. 31
! this work
J Ref 41
) Ref. 31
! Ref. 38
" Ref. 62
" Ref. 39
° Ref. 37

Figure 22.  Relationship of aldol formation and electrophile hydration

equilibrium constants for a series of aldol reactions with methyl ketones and

aldehydes as nucleophiles. Squares represent data determined in this work.

10

5 -
s
)
ol
=

o
0 —
e
g
([ ] O
-5 - 1 T S
-10 -5 0 5
log (K, ,/ M)

hyd




135

All of the points would appear to fit a common line. The absence of clear multiple
lines indicates the lack of sensitivity of K.iq to the substituents on the nucleophile methyl
ketone. The line of best fit to all of the data is: log K. = (3.89+1.15) + (1.0940.10) x
log Ky, This suggests it may often be satisfactory to estimate K.4 for reactions with
methyl ketones as nucleophile directly from K;5, for the electrophile ketone. This would
be easier than using the y and A of Sander and Jencks, though not as accurate where there
is a significant amount of information available to determine A and y values.

In general, the reactions with aromatic ketones as nucleopl.ile are below the line of
best fit to all of the data. This shows that the nucleophile does affect the observed
equilibrium constant so that the Sander and Jencks method should be used where possible.

A comparison of some of the data in Table 46 shows further trends. With acetone
as electrophile, the change in log K, is only 0.1 units on going from acetophenone to
p-nitroacetophenone as nucleophile. This demonstrates that if one wishes to increase the
aldol formation equilibrium constant in a reaction with an aromatic ketone as nucleoplile,
there will be very little effect from changing the substitution on the nucleophile ring.
Likewise, even changing from PNAC to acetone as nucieophile only results in a 1.25 unit
change in log K.i4.

K. is far more sensitive to substitution on the electrophile. With acetone as
nucleophile, an equilibrium enhancement of 6.14 log units can be achieved by changing
from acetophenone to trifluoroacetophenone as electrophile. Changing the electrophile
from acetophenone to PNAC increases the equilibrium constant by 0.79 log units,

recalling that the same change in nucleophile caused only a 0.1 unit change in log K.
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Figure 23 shows how the data determined in this study compare with those
obtained previously. The rate and equilibrium constants are for reaction within the
encounter complex, and the line corresponds to the previously published® intrinsic barrier
upon which the predictions for these experiments were based. The good agreement of the
new points with the theoretical line is further evidence that Marcus theory holds for these

aldol reactions.
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Figure 23.  Marcus plot for the aldol addition step. Filled squares are points

determined in this work; all other data were previously published.”® The line

calculated from the published intriusic barrier, 10.17 in units of log k

12.2 Conclusions

The equilibrium and hydroxide catalyzed rate constants have been determined for
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four previously unstudied aldol condensations. In addition to adding to the list of fully
characterized aldol condensations, this has allowed the evaluation of the use of Marcus
Theory in the prediction of the rates of aldol reactions.

The best method for enhancing the reactivity of an aldol reaction is to use electron-
withdrawing substituents on the electrophile ketone (or aldehyde). This will achieve a
much greater enhancement of reactivity than a comparable change of the nucleophile. In
particular, reactivity was greatly enhanced for trifluoroacetophenone compared to the
other ketone electrophiles.

Marcus Theory has worked well in the prediction of the rates of the reactions
studied. Errors and uncertainties in the estimations of equilibrium constants and ketol
pKa’s are the greatest source of trouble because the accuracy of the predictions depend
heavily on the accuracy of these estimations. When one must use estimated formation
equilibrium constants and ketol pKa’s, Marcus Theory can be expected to give predicted
rate constants within approximately an order of magnitude of the actual value.

Where the data exist for good estimates, or where there are experimental values
for formation equilibrium constants and ketol pKa’s, the agreement of experiment with
Marcus Theory predictions is expected to be better. As a larger body of rate and
equilibrium data is accumulated, a more complete analysis may make it possible to
estimate adjustments to the intrinsic barrier. These adjustments could be used to account
for variation in steric hindrance of either the nucleophile or the electrophile, and improve
the accuracy of predictions. This would obviously increase the utility of Marcus Theory in

this type of prediction.
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Marcus Theory has been applied to acetal and orthoester hydrolysis, aldni

59,63

- N 7 . . . -
condensations, simple proton transfers,'’ E2 eliminations,* and other reactions.

The use of Marcus theory to describe more than simple atom transfers has been
criticized by Ritchie.*® The theoretical justification for the use of the theory for more
complicated reactions has lagged behind the application of the theory to such problems. It
has been found, however, that Marcus theory works empirically for reactions for which it
was not designed. Although Marcus theory may not be an accurate model for such
reactieas, it is often more important that the theory provide useful predicitions and this it
does in a broad amray of applications.

As more and more sophisticated computational packages become available and
computer power increases, the importance of such a simple method as Marcus Theory
may decline. Marcus Theory’s ability to make useful predictions about useful reactions

can be exploited today with comparative ease. This is its greatest strength.




CHAPTER 13: EXPERIMENTAL

13.i  Synthesis of ketols and enones

13.1.1 Materials and equipment

Solvents and salts were BDH reagent grade unless otherwise noted. All other
chemicals were from Aldrich.

THF was dried by refluxing over sodium, and distilling. Methylene chloride was
dried by passage over Activity [ basic alumina. DMF was dried by fractional distillation at
reduced pressure from calcium hydride. Diisoproplyamine and triethylamine were dried
and purified by fractional distillation from phenyl isocyanate.®® and stored under nitrogen.
Acetone was spectrophotometric grade and was used without further purification.
p-Nitroacetophenone was recrystallized first from methanol and then from petroleum ether
- acetone. Trimethyisilyl chloride was distilled prior to use and stored under nitrogen.
The sodium bicarbonate solution was saturated and ice cold. The aqueou. hydrochloric
acid was 1.5 M and ice cold.

Syringes were stored in a 100 °C oven and then flushed with nitrogen and allowed
to cool before use. All other glassware was flame dried with alterating evacuation and

nitrogen flushing.

13.1.2 Preparation of 1,1,1-trifluoro-2-hydroxy-2-phenyl-4-pentanone (2)

n-Butyllithium (8 7 mL ~ 2.3 M, 20 mmol) in hexane was added via syringe to 50

mL dry THF in a 250 mL round-bottomed flask under nitrogen in a dry ice - acetone bath.
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Dry diisopropylamire (2.80 mL, 20 mmol) in 20 mL dry THF was added via syringe to
the flask and stirred for 15 min. Acetone (1.48 mL, 20 mmol) in 20 ml. dry THF was
added via syringe over 15 min and stirred for 30 min. Trifluoroacetophenone (2.67 mL,
19 mmol) in 20 mL dry THF was added via syringe over 15 min and stirred for 1 h.
Acetic acid (2.34 mL, 40 mmol) in 10 mL water was then added dropwise via syringe
over 5 min and the mixture was allowed to warm to room temperature with continued
strirring. The mixture was poured into 100 g ice water and the phases were separated.
The aqueous phase was extracted with 4 x 50 ml-portions of ethyl acetate. The
combined organic extracts were dried first with 2 x S0 mL saturated aqueous sodium
chloride and then over anhydrous magnesium sulphate. Rotary evaporation at reduced
pressure gave an oil (3.71 g, 80%) which solidified on standing. This was recrystallized
twice from 20% diethyl ether in n-hexane to give white crystals (mp 57.0 - 57.5 °C)

identified by NMR, IR, and MS to be the desired ketol. Subsequentlv, a synthesis by a

different method appeared.’> The physical and spectroscopic properties were in

agreement.

UV (CH3CN): A, - 2119 nm, €4, 3011, £,5, 52 230, €5, 2: 221. 1H NMR (CDCY,, 300
MHz) & 2.18 (s, 3H), 3.19 (d, 1H, J = 17.2 Hz), 3.35 (d, 1H, J = 17.2 Hz), 5.44 (s, 1H),
7.37 (m, 3H), 7.55 (m, 2H); 13C NMR (CDCl,, 75.46 MHz) 6: 32.05, 45.¢5,75.97 (q, J =
29.2 Hz) 124.44 (q. J = 284.9 Hz) . 126.1, 128.44, 128.79, 137.39, 208.97. IR (KBr
cml: 3468, 3069, 2918, 1716, 1406, 1168, 799, 738, 712. M. m/= (M") calcd for
CiH\1F:0: 232.07112, found 232.07116.

Lit.” mp. 56 °C. 'H NMR (CDC},, 100 MHz) 5 2.09 (s, 3H), 3.23 (dd, 2H), 5.50 (s,




1H). IR cm!: 17085, 3460

13.1.3 Preparation of E-2-phenyl-1,1,1-trifluoro-2-pentene-4-one (4)

The E-enone 4 was prepared by photoisomerization of the Z-enone 3 which had

[1

been prepared by the literature method.™ 1.0 g of Z-2-phenyl-1.1, 1-trifluoro-2-pentenc-4-
one (1.0 g) in 10 mL chloroform was irradiated with a Pyrex filtered medium pressure
mercury lamp for 20 h. 'H NMR analysis showed a 1:1 mixture of E- and Z-isomers with
no apparent side products. The solution was evaporated to give a yellow liquid which was
chromatographed by Low Pressure Column Chromatography using 2 lincar gradient of 0-
20% ethyl acetate in hexanes on 60 g of silica gel (Merck 60 PF 254). Fractions were
pooled according to TLC analysis and evaporated separately to give yellow liquids shown
to be E- and Z-enones respectively by 'H NMR analysis. Each of the enones was micro-
distilled at reduced pressure and characterized by UV, IR, 'H and '*C NMR_ and MS.
Z-Isomer (3): UV (CHiCN): A, : 205 nm, €,,,0 12583, £,45: 3387. 'H NMR (CDC!,,
300 MHz) o 1.88 (s, 3H), 6.69 (q, 1H, J = 1.39 Hz), 7.26-7.30 and 7.38-7.48 (m, 5H);
B3C NMR (CDCI3, 75.46 MHz) 4 30.42, 122.78 (q.J = 275 Hz) 128.73, 129.03, 129 86,
130.84, 132.78 (q, J = 4.9 Hz), 138.99 (q. J = 31 Hz), 199.24 IR (neat) cm*: 1711, 1686,
1282, 1241, 1175, 1132, 707, MS m/z (M) caled for C,H,Fs0 214.0605, found
214.0600.

E-Isomer (4): UV (CH:CN): A, : 242 nm, €, 8873; &,,: 8167; '"H NMR (CDCI,, 300
MHz): 8 2.40 (s, 3H), 6.43 (s, 1H), 7.38-7.41 (m, 5H), 3C NMR (CDCl,, 75.46 MHz): 6
30.5, 122.5 (q, J = 276 Hz), 127.7, 128.7, 129.4, 133.3, 134.4 (q, /- 31.5 Hz), 136.2 (q,

J = 3.3 Hz), 200.5; IR (neat) cm’": 3468, 3069, 2918, 1716, 1406, 1168, 769. 712: MS
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m/z (M) calcd for C,;HoF30 214 0605, found 214.0602.

13.1.4 Preparation of 4-hydroxy-d-(4-nitrophenyl)-2-pentanone (12)

n-Butyllithium (13.6 mL < 2.2 M, 30 mmoles) was adde: via syringe with stirring
under a nitrogen blanket to 50 mL of THF in a 250 mL round-boitomed flask in a dry ice
- acetone bath. Diisopropylamire (4.25 mL, 29.5 mmoles) in 25 mi. of THF was added
via syringe to the reaction flask over 5 minutes. Residual diisopropylamine solution was
rinsed mto the flask with 2 » 2 mL. THF portions. The mixture was stirred for 20 min at
which time the reaction temperature was -75 °C. Acetone (2.17 mL, 29.5 mmoles) in 25
mL THF was added via dropping funnnel over 20 min followed by 2 x 2mL THF rinses.
The reaction temperature was maintained at or below -72 °C during the addition. After
stirring for 40 min, p-nitroacetophenone (6.6 g, 40 mmoles) in 25 mL THF was added
dropwise over 40 min, with the temperature maintained at or below -72 °C. The red-
brown solution was stirred for 45 min. Acetic acid (6.86 mL, 66 mmoles) in 20 mlL water
was added dropwise via dropping funnel over 15 min and then the cooling bath was
removed and the mixture was brought to room temperature. The entire mixture was
poured into 100 mL of an ice slush and the flask was rinsed with small portions of THF
and water. The layers were separ.ted and the aqueous phase was extracted with 3 x 100
mL portions of ethyl acetate. The combined organic extracts were dried with saturated
aqueous sodium chloride and then over anhydrous magnesium sulfate. Evaporation at
reduced pressure gave a red oil (8 2 g) which solidified on long standing. 'H NMR

analysis of the solid showed the desired ketol and p-nitroacetophenone in a 7.8:1 ratio in

addition to some residual solvent
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Crude ketol (2.0 g) was dissolved in hot diethyl ether and then the flask was
cooled in dry ice. The flask was slowly warmed and continuous scratching with a glass
rod induced rapid crystallization. The tlask was again heated on a steam bath and then
cooled to room temperature and then to 0 °C. Crystals formed with scratching, were
collected (0.58 g, 29%) and recrystallized a second time (0.38 g, 66%) giving a pale
yellow powder (mp 53-4 °C). The combined mother liquors, still mainly ketol, were
retained for later recovery.

UV (CHsCN): A, 271 nm, g, 9220, £,,4: 5860; 'H NMR (CDCI,, 300 MHz) 6 1.50
(s.3H), 2.11 (s, 3H). 2.92 (d. 1H.J =17 Hz), 3.18 (d, 1H, J = 17 Hz). 4.64 (s, 1H), 7.58
(d, 2H, J = 9 Hz), 8.17 (d, 2H, J = 9 Hz); 3C NMR (CDCIl3, 75.46 MHz) 6 30.47, 31.69,
53.49, 73.23, 123.67, 125.48, 146.87, 154.82, 210.04; MS m/z (M") calcd for C,;H;;NO,
223.0845, found 223.0849; Anal. for C; H;3NOy caled C 59.19%, H 5.87% found C

59.23%, H 5.99%.

13.1.5 Preparation of E-4-(4-nitrophenyl)-3-pentene-2-one (13)

4-Hydroxy-4-(4-nitrophenyl)-2-p<atano. ¢ (0.14 g) was mixed with 2 g silica gel, a
few millilitres of methanol and twelve drops of concentrated hydrockloric acid in an
evaporating dish. The mixture was heated on a steam bath for 1 h and the product was
extracted by washing the silica with ethyl acetate in a sintered glass funnel. Evaporation
of the extract gave yellow crystals (0.12 g, 93%, 5.5:1 E:Z) which were reciystallized
from methanoi giving a 36 mg first crop (E > 98% by NMR analysis) which was used for
characterization.

UV (CH:CN): &, : 302 nm, £, 1 400. 't NMR (CDCl,, 300 MHz) & 2.31 (s, 3H),
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2.52(d, 3H, J= 1.3 Hz), 6.51 (d, 1H, J = 1.5 Hz), 7.60 (d, 2H, J = 9.0 Hz), 8.22 (d, 2H.
J = 9.0 Hz); ¥C NMR (CDCl;, 75.46 MHz) & 18.3, 32.3, 123.9, 120.9, 127.4, 148.0,

149.0, 151.0, 198.5; MS m/z (M) calcd for C;,H;;NO; 205.0739, found 205.0734.

13.1.6 Preparation of Z-4-(4-nitrophenyl)-3-pentene-2-one (14)

E-4-(4-nitrophenyl)-2-pentene-2-one (0.45 g), p-epared by the method above but
without recrystallization, was dissolved in 15 ml spectroscopic grade chloroform in a
screw capped test tube. The sample was irradiated for 5 h with a Pyrex filtered medium
pressure mercury lamp, when '"H NMR analysis showed the isomers present in the ratio
1.4:1 Z:E. The chloroform solution was mixed with 2 g silica gel and evaporated to
dryness in vacuo.

The isomer mixture, adsorbed on silica, was loaded on a column of 60 g silica gel
{60 PF 254) and eluted under low pressure with a 0-50% linear gradient of ethyl acetate in
hexanes. Fractions were pooled accerding to TLC analysis and evaporated to dryness
giving purified E isomer (0.139 g, 31%) and Z-isomer (0.172 g, 38%). The E-isomer
solidified immediately as a pale yellow solid, and the Z-isomer remained an oil. Some
strongly adsorbed material remained at the head of the column and was not isolated.

The Z-isomer was dissolved in 2 mL diethyl ether and the flask was chilled n dry
ice. Crystals formed but did not persist on warming to room temperature or water ice
temperature. The flask was again chilled in diy ice and the supemaiant removed by
Pasteur pipette. The flask was warmed to room temperature and 5 mL diethyl ether was
added. The resulting solution was filtercd through a Gelman 1 um glass fibre syringe filter

to remove suspended impurites and then the solvent was removed under reduced pressure.
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Fresh diethyl ether (1.5 mL) was added under dry nitrogen and the flask was chilled in dry
ice. When the crystals had formed, the ether was removed by vacuum with the flask kept
chilled. The crystals remamned solid in the absence of solvent on warming to room
temperature. The solid (0.134 g, 78%) was collected and charcterized. mp: 43.5-44.5 °C.
UV (CH;CH): A, : 216 nm, £, 12700, £54,: 10900 'H NMR (CDCl,. 300 MHz) &
2.01 (s, 3H), 2.16 (d, 3H, J= 1.5 Hz), 6.27 (d, I1H, J= 1.5 Hz), 7.31 (d. 2H, J = 9.8 Hz),
8.20 (d, 2H, J = 9.8 Hz); 3C NMR (CDCl3. 75.46 MHz) 3 27.0, 31.1, 123.7, 127.8,
128.0, 147.4, 148.1, 150.6, 197.7; '>C/'H HETCOR: correlation between C(123.7) and
H(8.20), C(127.8) and H(6.27), C(128.0) and H(7.31). MS m/z (M") calcd for C,,H,|NO,

205.0739, found 205.0738

13.1.7 Preparation of 1-(4-nitrophenyl)-1-trimethyls... <y-ethene

The trimethylsilyl enol ether of p-nitroacetophenone has previously been
synthesized®’ by a literature method,*® but its spectroscopic properties and detailed
synthesis have not been published. The generosity of Dr. Tidwell for providing the
experimental details for its preparation®” is greatly appreciated.

p-Nitroacetophenone (10.0 g, 60.6 mmoles) was dissolved in 50 mL dry DMF in a
250 mL three-neck round-bottomed flask. Triethylamine (20.2 mL, 0.147 mol) was
added via syringe to the flask. Trimethylsilyl chloride (8.4 mlL., 90 mmoles) was added
via syringe and tbe mixture was refluxed for 3 h during which a white precipitate formed.
The mixture was allowed to cool to room temperature for 2 h and was then chilled in ice.

The mixture was transferred to a 1 L separatory funnel and 200 mL of cold

petroleum ether was added, extracting the DMF into the aqueous layer and the colored
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product into the organic layer. The aqueous layer was drained off and the organic layer
was twice extracted with 200 mL bicarbonate solution. The combined aqueous washes
were back-extracted with 100 mL petroleum ether. The combined organic extracts were
extracted sequentially with 100 mL bicarbonate, 100 mL hydrochloric acid, and 100 mL
bicarbonate. The red-brown organic layer was dried over calcium chloride and then
evaporated to give a reddish lhquid (12.13 g, 84%) which showed 0.5% p-nitro-
acetophenone by 'H NMR analysis. The product was distilled at 1.15 mm Hg and 117°C
to give 11.2 g of a clear orange-yellow liquid. The boiling point and NMR agreed with

that of Tidwell.*

11,%° no immediate solid formation

Unlike the preparations of House® and Tidwe
was observed. An earlier attempt which yieldza only 1% showed considerable
precipitate formation when using older and less scrupulously dry DMF. It is likely that

immediate precipitate formation is the result of rapid hydrolysis of the trimethylsilyl

chlonide by residual water while the slower formation results from the desired reaction.

13.1.8 Preparation of 3-hydroxy-1,3-bis-(4-nitrophenyl)-1-br:'tancne (9)
p-Nitroacetophenone (1.652 g, 10 mmol) was dissolved with stirring in 80 mL of
methylene chloride in a 250 mL round-bottomed flask. The flask was chilled in an ice
bath and titanium tetrachloride (1.10 mL, 10 mmol) was added via syringe. 1-(4-
nitrophenyl)- 1-trimethylsiloxy-ethene (2.37 g, 10 mmol) in 40 mL methylene chloride was
added with stirring via addition funnel over 20 min. After 1 h, the flask was warmed to

room temperature and stirred for 45 h.

The reaction mixture was poured into 150 mL water and 150 mL of diethyl ether
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was added. The layers were separated and the aqueous phase was extracted with 2 x 100
mL portions of ether. The combined organic extracts were dried with 2 x 100 mL
portions of saturated sodium chloride and then over anhydrous sodium sulfate. Rotary
evaporation at reduced pressure gave 3.56 g {126%) of a reddish-brown solid.

A 1.5 g portion of the crude product was purified by Low Pressure Column
Chromatography on 175 g silica gel (60 PF 254)in a 2.5 x 60 cm column, eluting with a 0
- 100% linear gradient of ethyl acetate - hexanes (1.5 L total volume). Fractions were
pooied according to TLC analysis and the ketol fraction was evaporated to give 0.49 g
(33%) of an orange-brown solid which was recrystallized from acetone - petroleum ether.
The identity was confirmed to be 9 by 'H and >C NMR and MS.

UV (CHiCN): A, : 268 nm, g,.: 20000. 'H NMR (CDCl,, 300 MHz) 6 3.46 (d, IH, J
= 17.8 Hz), 3.82 (d, 1H, J=17.8 Hz), 4.45 (s, 1H), 7.63 (d, 2H, J = 8.6 Hz), 8.04 (d, 2H,
J=8.6 Hz), 8.17 (d, 2H, J = 8.6 Hz), 8.30 (d, 2H, J = 8.6 Hz), '*C NMR (CDCl3, 75.46
MHz) 6 30.7, 49.5, 73.5, 123.8, 124.1, 125.5, 129.2, 140.7, 147.0, 150.8, 154.6, 198.9;
COSY: correlation between doublets at 7.63 and 8.17 ppm and between 8.64 and 8.30
ppm. C/'H HETCOR: correlation between C(123.8) and H(8.17), C(124.1) and H(8.30),
C(125.5) and H(7.63) , C(129.2) and H(8.04). M5 m/z (M’) calcd for CisHisN;O.

330.0852, found 330.0849.

13.1.9 Preparation of 3-hydroxy-3-methyl-1-(4-nitrophenyl)-1-hutanone (15)

Acetone (0.739 mL, 10.0 mmol) was added via syringe to 80 mL methylene
chloride under nitrogen in a 250 mL three-neck round-bottomed tlask chilled in an ice

batk. Titanium tetrachloride (1.10 mL, 10.0 mmol) was added via syringe and the
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mixture was stirred for 20 min.

1-(4-nitrophenyl)- I-trimethylsiloxy-ethene (2.37 g, 10.c mmol) in 40 mL
methylene chloride was added dropwise from an addition funnel over 1 h. The reaction
was stirred at ice temperature for an additional 2 h after which TLC analysis showed no
further reaction. The reaction was quencheu by pouring into 200 mL cold water. This
was transferred to a | L separatory funnel with 200 mL cold ether. The layers were
separated and the aqueous layer extracted with 2 x 150 mL portions of ether. The
combined organic extracts were dried with saturated aqueous NaCl and then over
anhydrous sodium sulfate. Evaporation gave a thick reddish-yellow oil (2.11 g, 95%)
which 'H NMR indicated was mainly the desired ketol. Attempts to obtain crystals failed.

The ketol was purified by Low Pressure Column Chromatography on silica gel
(Merck 60 PF 254) eluting with a linear gradient of 0-50% ethyl acetate in hexanes.
Fractions were pooled according to TLC analysis and evaporated to give a viscous oil.
Attempts to obtain crystals failed. No purified yield was obtained. The ketol’s identity
was confirmed by 'H and ’C NMR and MS.
UV (CH5CN): A, : 267.8 nm. £, 13500. 'H NMR (CDCl,, 306 MHz) & 1.34 (s, 6H),
3.17 (s, 2H), 3.6 (br s, 1H), 8.09 (d, 2H, J = 9.1 Hz), 8.29 (d, 2H, J = 9.1 Hz); C NMR
(CDCl;, 75.46 MHz) 6 29.5. 495, 69.9, 123.8, 129.1, 129.2, 141.6, 150.4, 199.6;, MS

m/z (M'+1) caled for C, H,;sNO, 224.0923. found 224.0927.

13.2 UV Kinctics

Kinetics followed by UV spectrophotometry were carried out using a Cary 210

UV/Visible spectrophotometer with a thermostatted (water jacket) cell holder and thermal
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isolator plates. A Neslab Exacal EX-300 circulating bath at 24.8 °C maintained the cell
temperature at 25.020.1 °C as monitored by a thermistor in the cell holder. Ceils were
Far-UV Spectrosil in 1, 2, S, and 10 cm lengths.

Reactions were initiated by injection of a stock solution of substrate from a
microsyringe into the cell containing all other reactants, which had been in the
thermostatted cell holder for at least 15 min. The volume and concentration of stock
solutions were adjusted to give suitable injection volumes, reactant concentrations, and
absorbance ranges. Mixing was accomplished for most reactions by repeated rapid
inversion of the cell. Very rapid reactions which could be carried out in 1-2 c¢m cells were
started by dispensing the injection solution from the syringe ontu the flattened end of a
glass rod, which was rapidly plunged into the cell to effect mixing.

Digital absorbance data were taken from the Digital Interface Port of the Cary 210
and stored by one of two methods. Initially a Dynabyte BC, controller board stored
absorbance-time da‘a until the completion of a run when the data were transferred to an
IBM-compatible microcomputer for permanent storage and processing. Later, a London
Research and Development Corp. 24 bit /O board coupled with a custom adapter board,
permitted direct capture and storage with an IBM compatible microcomputer. A Best
Power Technologies 1.3 kVA Fortress Uninterruptible Power Supply provided backup for
both the Cary spectrophotometer and data capture computer.

All reactions were carried out under pseudo-first order conditions and data were
collected for ten half lives unless slow reaction rates made this prohibitive.

Data were fitted to the appropriate equation using computer programs employing
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weighted least squares. Direct, semi-log, and residual plots of the experimental data and

calculated lines were made as appropriate.

13.3 HPLC Kinetics

13.3.1 Samples
Reactions followed by HPLC analysis were carried out in suitable reaction vessels
which were kept at 25.020.1 °C in a Neslab Exacal EX-300 thermostatted water bath.

Samples were withdrawn at intervals and quenched with an appropriate quench solution.

13.3.2 Quench solutions and procedures

Quench solutions for reactions in base were aqueous potassium dihydrogen
orthnphosphate, citric acid, or phosphoric acid. Quench solutions for reactions in acid
were aqueous disodium hydrogen orthophosphate, trisodium citrate, or sodium hydroxide
and trisodium citrate. Concentrations of quench solutions were chosen so that equal
volumes of sample and quench solutions would give buffered quenched solutions.

The buffer pH was chosen to minimize reaction after quenching. Rapid retroaldol
in reactions involving the ketols 3-hydroxy-3-methyl-1-(4-nitrophenyl)-1-butanone (15) or
3-hydroxy-1,3-bis-(4-nitrophenyl)- I-butanone (9) required a quenched solution to be
below pH 5 which was the reason for the use of citrate buffers.

Reactions run in hydroxide solution or basic buffer had 0.5 mL aliquots of
reaction solution injected via Hamilton syringe into 2 mL serum capped autosampler vials
which contained 0.5 mL of the appropriate quench solution. The quench solutions were

dispensed either by a Gilson 231-401 autosampling injector operating as a dispensor or by
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a 500 pL. Hamilton syringe.

Reactions run in acid had 0.5 mL aliquots transferred via Hamilton syringe to
empty 2 mL autosampler vials which were chilled in ice. Quench solution (0.5 ml.) was
then injected into the vials via syringe. The quench solution for the reactions run in | M
hydrochloric acid was 0.9 M sodium hydroxide and 0.067 M trisodium citrate and would

have caused significant retroaldol in the reactions studied if the quench order was

reversed.

13.3.3 Analysis procedures

Quenched samples were usually refrigerated for analysis in groups. Analyses used
external standards and were performed in triplicate to allow calculation of sample
standard deviations. Eluents were different mixtures of aqueous acetonitrile or aqueous
methanol. Analyses involving trifluoroacetophenone were carried out at 0 °C in an ice
bath to reduce peak tailing.

The elution condtions for the various experiments, along with the retention times

for the various compounds, are listed in Table 47.

Table 47. Eluent composition and compound retention times for HPLC
analysis.”
Compound tg(min) Eluent
1 2.7 45:55 ACN:H,0
1.9 60-40 ACN:H,0O
2 5.2 45:55 ACN:H;0
2.7 60:40 ACN:H,0
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3 4.2 60:40 ACN:H,0
6.9 60:40 MeOH:H,O
4 4.2 60:40 ACN:H;0
6.4 60:40 MeOH:HO
» 2.6 55:45 ACN:H0
22 60:40 ACN:H,O
15.9 10-70% MeOH:H20
9 2.6 55:45 ACN:H,0O
3.0 60:40 ACN:H;O
213 10-70% MeOH:H20
10 7.1 60:40 ACN:H,O
11 4.7 60:40 ACN:H;O
12 22 55:45 ACN:H.0
14.9 10-70% MeOH:H20
12 3.8 55:45 ACN:H,0
14 3.1 55.45 ACN:H,O
i5 2.1 55:45 ACN:H;0O
17.6 10-70% MeOH:H20
16 5.6 55:45 ACN:H;0
a separations carried out using a Merck Lichrospher C18 column (4 x 150 mm),

separations involving trifluoroacetophenone using 45:55 ACN:H,O were carried out at
water ice temperature; gradient separation using methanol / water was a linear gredient
over 20 minutes - the water contained 0.001 M H;PO,
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13.4 Preparation of Stock Solutions, Buffer Solutions, Aqueous Sodium

Hydroxide and Hydrochloride Solutions

13.4.1 Substrate stock solutions

Stock solutions were prepared in spectrophotometric grade methanol or
acetonitrile by weighing purified compounds into volumetric flasks and diluting to the

mark. These solutions were stored in the refrigerator.

13.4.2 Buffers

Aqueous borate buffers were prepared by addition of aqueous hydroxide to a
stock solution of boric acid and potassium chloriue, and diluting to the desired volumc
with 0.1 M potassium chloride solution. The ionic strength was maintained at 0.1 M.

Aqueous carbonate buffers were prepared by mixing appropriate volumes of stock
solutinns of aqueous sodium carbonate and aqueous sodium hydrogen carbonate, and

diluting to the desired volume. The ionic strength wa: maintained at 0.1 M.

13.4.3 Aqueous sodium hydroxide and hvdrochloride solutions

Hydrochloric acid solution was prepared by dilution of concentrated hydrochloric
acid (BDH) in nitrogen degassed doubly distilled water. The concentration was
determined by triplicate titrations against Trizma base (trishydroxymethylaminomethane)
to a Methyl Red endpoint.

Sodium hydroxide solution was prepared by dissolving sodium hydroxide (BDH,

reagent grade) in nitrogen degassed doubly distilled water. The concentration was

determined by titration with standardized hydrochloride solution to phenolphthalein and
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Methyl Red endpoints, and then correcting for carbonate.

13.5 General Methods and Equipment

13.5.1 HPLC

Analysis was carried out on an HPLC system comnosed of two Waters 510
pumps, a Waters 400 Programmable Multiwavelength Detector, a Waters 680 Automatic
Gradient Controller, a Gilson 231-4C1 Autosampling Injector, Gilson S06C interface ard
analog-digital converter, with data acquisition and system control from Gilson 715 HPLC
Software running on a DataTrain 486SX microcomputer. The column used was a
reversed phase Merck LiChrospher 100 RP-18 (5um). Solvents were vacuum filtered

through a 0.22 uM membrane filter prior to use.

13.5.2 Preparative Chromatography

Terochem 1918 silica gel (20-45 pum) was used for gravity column
chromatography. Samples were pre-adsorbed on silica and, following evaporation of
solvent, were loaded dry on the top of the column.

Low Pressure Column Chromatography was carried out on Merck Art. 7747 60
PF 254 silica gel in 1.5 and 2.5 cm diameter Spectrum columns. A teflon diaphragm
pump with an overpressure relief valve, coupled to a variable speed drive uni* was used

for pumping. An Isco automatic fraction collector was also used to collect fractions of 5-

IS mL
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13.5.3 NMR Spectroscopy

NMR spectra were taken on Varian XL-200, Gemini 200 or Gemuini 300 NMR
spectrometers. Chemical shifts were recorded in parts per million {ppm) relative to
residual CHCI, (7.24 ppm) in CDCl,. Common abbreviations were used for the nmr data:

s: singlet, d: doublet, t: triplet, q: quartet, dd: doublet of doublets, m: multiplet.

13.5.4 IR Spectroscopy

Infrared spectra were recorded with Perkin-Elmer System 2000 FT-IR or Bruker

IFS-32 spectrometers.

13.5.5 UV Spectroscopy

UV spectra were obtained on the Cary 210 already described and on a Shimadzu

UV-160 UV-Visible spectrophotometer.

13.5.6 Melting points

Melting points are uncorrected and were determined with a Thomas Hoover

capillary melting point apparatus.

13.5.7 Mass spectrometry

Mass spectrometry was carried out on a Finnigan MAT 8250.

13.5.8 Elemental analysis

Eiemental analysis was  .formed by Galbraith Laboratories, Inc.
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13.5.9 Least squares analysis

Least squares analysis was carried out using FORTRAN programs developed in
this lab using the methods of Bevington’’ and Deining.”' Linear fits used weighted values
for both independent and dependent variables. Non-linear fitting assumed that the
independent variaole was free from error, but used weightecd 'ependent vaniables.

Extensive modifications were made to the ncn * near least squares programs in the
course of this work. Provision was made for the imposiiion of (onstraints on any
parameter(s). This aliowed parameters not well defined by the data to be constrained to be
close to independently determined values so that a better fir to the other parameters could
be obtained. The method used is described by Deming.”*

The program used to simultaneously fit multiple species in multiple experiments
use ; functions of the individual rate constants to determiue observable rate constants and
pre-exponential terms for the change in concentration / integration of each species. This
allows ihe determination of both rate constants in an equilibrium, for example, where
ctherwis. three separate calculations would be required: calculation of the observed rate
constant, calculation of the equilibrium constant, and the determination of the individual
rate constants from the observed rate and equilibrium constant. Simultaneous fitting is a
particuler advantage when considering a cyclic equilibrium where the observable pre-
exponentials and :ate constants are complicated functions of the incividual rate constants.

Sunultaneous fitting also allows each set of data to act as a constraint 2 the others, whick

results in much better iits when some of the data are of poor auality.
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APPENDIX I: DETAILS OF MARCUS THEORY ANALYSIS OF

DMOP AND TMOA HYDROLYSES

Table 48. pKa values used in Marcus Theory analysis. °

T — e —————————————— mas— ———
T ————————— — —~—

Compound pKa
H,0" -1.74°
H,0 15.74°
MeOH 16.04°
PhOH 10.00°
CF,CH,OH (TFE) 12.40"
Me2C(OMe)O+(H)Me) -5.86 ¢
Me,C(OMe)OH) 14.64 ¢
(CH;),C(OMe) O') 40.00
(CH;),C(OMe), 40.00°
MeC(OMe) OMeXO+(H)Me) 912°
CH:C(OMe), 38.00 ¢

¢ pKa’s not determined by others were calculated from linear free energy
realtionships; the group coatributions (6*) are: CHi- 0.00, CH;0- 1.81; HO- 1.34; and
CH3(H)O'- 555. 7 p* values are -1.32 for alcohols,” -1.8 for protonated alcohols /
ethers taken to be the same as ammonium ions.”* and -1.32 for C-H bonds®™
b

Ref. 75

calculated from the pKa of protonated methyl ethyl ether® correcting for

substituent effects
o 44 .45

Calculated from equation for tertiary carbinols
Calculated from equation for C-H ionization®

[ 4
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Table 49. Equilibrium constants used in the Marcus Theery analysis.
Equilibrium log K AG

Me,C(OMe), + H ==== Me,C"'OMe + HOMe 2.64 3.61°
Me,C(OMe), ==== Me;C'OMe + OMe -18.18 24.82°
MeC(CMe); + H' ==== MeC’(OMe), + HOMe -0.92 1.26
MeC(OMe); ==== MeC’(OMe). + OMe -16.46 22.48"
Me;(OMe)(OH) + MeOH ==== Me,C(OMe). + H,0O -1.42 1.94°
Me;(OMe), ==== MeC(OMe)=CH, + MeOH -2.79 3817
Me;(OMe)OH) ==== Me,C(OMe)=CH; + H,O -4.21 575¢
MeC(OCH3); ==== CH,=C(OMe). + MeOH £1.88"
MeCOCH; ==== MeC(OH)=CH, -8.33 11.37'

¢ determined from ky. / kmeon where k. is the specific acid catalyzed rate constant for
hydrolysis determined in this work and kmcon is the rate of trapping of the cation by
methanol”’

* calculated from the above equilibrium and the pKa of methanol

 determined from incorporation of labelled methanoi into trimethylorthobenzoaie
(TMOB)'™® to determine ratio of kixo to kmeoir for trapping of cation; kyiz, is similar for
TMOA” and TMOB® so kwcoy is assumed to pe the same for both. This allows
calculation of ki for trapping of the cation from TMOQOA.

4 calculated from the above equilibrium and the pKa of methanol

* calculated from dimethyl acetal formation®® and methanol addition to acetone®

7 Ref. 81

& calculated from acetal-hemicaetal equilibrium and equiiibrium above

* calculated from free energies of formation of the individual species®

"Ref. 83
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APPENDIX II: MARCUS THEORY CALCULATIONS FOR THE

ALDOL REACTIONS

The first requirement for the application of Marcus Theory to the aldol reaction is
the determination or estimation of the overall equilibrium constant for the reaction of
interest. One method for estimating the equilibrium constants is to use ¢" ¢ Linear Free
Energy Relationship log Ks = Ay + A of Sander and Jencks* for additions to carbonyls. A
measures the sensitivity of a carbonyl to the affinity of 2 nucleophile and y measures the
affinity of a given nucleophile. Of the two nucleophiles of interest, only acetone has a y
value available®’ (y = 0..5). The y value for p-nitroacetophenone will be taken as 0.05, the
same as that for acetophenone.” A A value of 0.92 is likewise known for acetone.”> A
reasonable estimate of the A value for p-nitroacetophenone can be made from the two
equilibrium constants for addition which are known. The water addition was estimated
from the dimethy acetal formation constant.”’
Determination of A value for PNAC:

For additon to p-nitroacetophenone:

log Kisos.- 1.64 "
log Kiizo -6.11
log Kysos-- log Kino 7.76
Y20 -3.58%
~YHso3. 4.02%
Yusorw = Yizo 7.60
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Therefore A=8logK /8y 1.02
Now the aldol equilibrium constants are calculated by:

log Kaia = A (ynu - Yiz0) + log Kyo
This results in the equilibrium constants reported in Table 51. The equilibrium constant
for formation of the acetone-trifluoroacetophenone aidol is taken from Guthrie’s work™
which uses the equation for the line of best fit to all of the addition data for the ketone.
The pKa’s of the ketols are estimated using the equation for tertiary alcohols.***
pKa=17.03 - 1.32 Zo* (3]

Estimations of this type are described in detail elsewhere.”” The 6* values used are listed

below. All come from Perrin.”*

group o*

p-NO,-CcH.- 1.26
CH;-CO-CH»- 0.62
CeH;s- 0.75
CsHsCO- 22
p-NO»-CoH-CHy- 0.45
CsHs-CH,-CH»- -0.06
CH;-CH,;-CH;- -0.12
CF;- 2.61

The details for each of the ketols are summarized below. Two methods were used to

estimate the pKa’s for estimation for 9 and 15 because it was not clear which of the two
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methods of estimating the effect of a p-nitrophenacyl substituent would be the most
accurate. The average value of the two methods should be a reasonable estimate.

pKa estimation for 1,1,1-trifluoro-2-hydroxy-2-phenyl-4-pentanone (2)

o*
CeHs- 0.75
CF;- 2.61
CH;COCH>- 0.62
o= 3.98
pKa 11.78

pKa estimation for 3-hydroxy-1,3-bis-(4-nitrophenyl)-1-butanone (9)

Method 1

CeHsCOCH,- 0.88 taken as 0.4 x CcHsCO-
(-)CsHs-CH,-CH,- 0.06 minus PhCH,CH; to give C=0
p-NO;-CsH,-CH,-CH,- 0.18 taken as 0.4 x p-NO,-CsH,-CH,-
p-NO»-CeH,- 1.26

Zo= 2.38

pKa 13.89

Method 2

p-NO:-CsH,-CH,-CH»- 0.18 taken as 0.4 x p-NO,-C¢H,;-CH>-
(-)CH;-CH;~-CH.- 0.12 minus propyl gives distant p-NO,-CH;-
CH;-CO-CH;- 0.62

p-NO»-CeH,- 1.26

Zo* 2.18

pKa 14.15
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pKa estimation for 4-hydroxy-4-(4-nitropbenyl)-2-pentanone (12)

p-NO»-C¢H.-
CH;-CO-CH--
Lo*

pKa

1.26
0.62
1.88

14.55

pKa estimation for 3-hydroxy-3-methyl-1-(4-nitrophenyl)-1-butanone (15)

Method 1
CeHsCOCH-
(-)CsHs-CH-CH,-
p-NO,-C¢Hs-CH2-CH;-
Zo*

pKa

Method 2
p-NO2-CH4-CHy-CHy-
(-)CH;-CH,-CH;-
CH;-CO-CH;-

2o*

pKa

0.88
0.06
0.18
1.12

15.55

0.18
0.12
0.62
0.92

15.82

taken as 0.4 x C(HsCO-
minus Ph-CH,-CH; gives C=0O contribution
taken as 0.4 x p-NO,-C,H;-CHa-

taken as 0.4 x p-NO;-C,H,-CH,-
minus propyl group gives distant p-NO»-C,tL-
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