NOTE TO USERS

This reproduction is the best copy available






Studies of Amide Acyl Transfer Reactions.

Ahmed M. Aman

A thesis submitted to the Department of Chemistry in conformity with the requirements

for the degree of Doctor of Philosophy

Queen's University

Kingston, Ontario, Canada

December, 1998

Copyright © Ahmed M. Aman. December 1998



i+l

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services
395 Wellington Street

Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your fle Votra relérence

Our file Norre référence

L’auteur a accord€ une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la theése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-38297-4

Canadi



ABSTRACT
Part 1: The rate and equilibrium constants for formation and hydrolysis of formanilide.
acetanilide. p-nitroformanilide and p-methoxytormanilide have been determined under
dilute aqueous acidic conditions. The reactions were tollowed trom both directions
(formation and hvdrolyvsis) under identical conditions. The results demonstrate that the
reactive species tor the formation of anilides are non-ionized acids and unprotonated
amines and equilibrium position for formanilides shifts more towards formation with
increasing basicity ot the constituent amine. The equilibrium constant. K',. based on the
concentration ot non-ionized acid and unprotonated amine. follows the equation K'yy =
-0.95 + 0.37 pK,. Under comparable conditions. the rate of attainment of equilibrium is
249 times slower for acetanilide relative to formanilide. while K'¢q decreases only 3.7
times. At pH 3.6. (1t = 1.0). 0.5 M phosphate increases the attainment of equilibria for
formanilide by 1.6 times without changing the equilibrium position. Addition ot ethanol
to the solvent system increased the rate of attainment ot equilibrium and shifted the

equilibrium towards formation ot formanilide.

Part 2: The reaction of distorted amide 1 with thioglycolic acid (29) has been studied at
25 °C. From high to low pH. the pH rate profile increases with decreasing pH until the
second pK; 0f'29 (10.22). and then it shows a plateau until pH 2 with a minor intlection
at the first pK; ot'29 (3.33). Below pH 3.5. the reaction mechanism involves an attack of
the monoanionic 29 on the protonated amide (1-H™). At pH > 3.5. an additional efficient
mechanism involving attack of 29-S™ on neutral 1 is operative. [n the latier mechanism.

the reaction proceeds via an initial attack by 29-S” on 1 to produce an unstable tetrahedral



intermediate which is subsequently trapped by an intramolecular proton transter from the
pendant COOH. thereby preventing reversal to the starting materials.

The syvnthesis ot 4-nitrobenzoate esters ot ethyl 2-mercaptoacetate. thioglyveolic
acid. 2-(.V. N-dimethyvlamino)ethanethiol. and 2-(.V..\V. V-trimethyviammonium)ethanethiol
iodide (34-37) have been carried out and their rates of hvdrolysis at 50 °C studied as a
function ot pH. Thiol esters 35 and 36 exhibit a plateau in their pH vs log kyps protiles
due to the participation of pendant carboxylate and dimethvlamino groups. Thiol esters
34 and 37 have linear pH vs log ks profiles which are indicative of an exclusive specific

base attack of "OH.
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Claims to originality:

To the best ot the author's knowledge. the original work presented in this thesis

includes the following:
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Equilibrium studies ot formanilide. acetanilide. p-nitroformanilide and p-
methoxyformanilide under dilute aqueous acidic conditions.

Studies ot acid catalvzed formation of anilides starting with constituent acid and
amine without any condensing agent or tandem reactions.

Determination of the solvent deuterium kinetic isotope effects on the tormation
equilibrium constant of formanilide.

Determination of second order rate constants for phosphate catalysis on tformation
and hydrolysis of formanilide at pH 3.2 and 3.6. 79 # | °C and u = 1.0 (KCl).
Determination ot the effect of temperature on the tormarion equilibrium constant of
tormanilide.

Determination ot the eftects of added ethanol to the solvent syvstem on both rate of
attainment of equilibrium and equilibrium position of tormanilide.

Determination of second order rate constants for the attack of thioglvcolic acid (29)
on the strained amide 1 at pH 2.0 = 3.5 and 9.7 - 10.5.

Synthesis of 4-nitrobenzoate esters of ethyl 2-mercaptoacetate. thioglvcolic acid. 2-
dimethylaminoethanethiol, and 2-(V. .\, V-trimethylammonium)ethanethiol iodide (34-
37).

Studies of rate of hvdrolysis of compounds 34 — 37 as a function of pH at 50 °C.
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Part 1: Studies of Equilibria of Formation and Hydrolysis of Anilides in

Aqueous Media.



CHAPTER 1: INTRODUCTION

Amide bonds are important because they form the backbone of proteins. It is
generally believed that peptide (amide) bond formation in aqueous solution is an
unfavourable reaction both from a thermodynamic and from a kinetic viewpoint, and the

-1
large excess of water favours the hydrolysis' process, eq 1.

O
L. o N )l

The formation of amide bonds in aqueous media in the absence of enzvmes is also

of importance since this formation is implicated in the origin of life.””" Various attempts
have been made to form peptides from amines and acids, or by coupling of amino acids,
under conditions that resemble those of primitive earth. In studies simulating prebiotic
conditions. linear and cyclic polyphosphates,3 cyanamide.® metal ions,” silica. alumina,
and clay® were used as catalysts for amide bond formations. However, it is well known
that different catalysts will only increase the rate at which the equilibrium is attained
without changing the equilibrium position. Unfortunately. this aspect has not been
addressed in prebiotic studies. One should remember that unlike the normal time-scale of
laboratory experiments. Nature had ample time to attain equilibrium under its prebiotic
conditions.

Proteases are important classes of enzymes which hydrolyze amide (peptide)
bonds. However, proteases can also resynthesize amides from their constituent carboxylic
acids and amines under certain circumstances. While many mechanistic studies of the
hydrolytic pathways have been performed. fewer investigations concerning the amide

reformation are available.' These latter studies did. however. highlight the biological



importance of the equilibrium conditions of amide bond formations. Knowledge of the
equilibria involved in hydrolysis and formation of amides (peptides) is fundamental to
understanding biochemical processes: however. since these reactions are slow in aqueous

media, only a few such studies have been reported.”®

A. Amide bond formation simulating prebiotic conditions.

Most studies simulating prebiotic conditions for amide bond formation involve
condensing amine acids into (mostly) dipeptides in the presence of a catalyst., otherwise
known as a "condensing agent". at elevated temperatures. Polyphosphate was shown to
be one of the most successful catalysts used to form oligopeptides. Rabinowitz showed
that up to 36 percent diglycine can be formed starting with glycine in the presence of
sodium trimetaphosphate at 70 °C under neutral to basic conditions.’ The proposed
mechanism®® of phosphate catalysis under alkaline conditions involves a
phosphoramidate intermediate, Scheme 1, which cyclizes intramolecularly to give a five

membered cyclic phosphate ester. Attack from another glycine molecule on the carbonyl

Scheme 1
oL o o O\
Sp-Op7 \ /—\
0”7 <0 OO 0 O] )
o, 4 / B l 1 0
~p~" + HN-CHy-C ——» HO—P-0O—P-0-P—NH-CH,-C
7 N\ - o I | ] N
9] O - O
O O O O l
o)
O%-cn NH/\P;
0 / o 77 HCT o
O—P~NH—CH,—C—NH-CH,~-C - | I
| T N N—P—O
e} O H g
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carbon of the cyclic ester leads to the N-phosphylated dipeptide.

More recently, condensation of di and tri-glvcine was carried out’® to form tetra-
and hexa-glycine in the the presence of tri- or tetrametaphosphate at 38 °C under various
pH conditions ranging from 4 to 9. Trimetaphosphate was found to be a more effective
catalyst than tetrametaphosphate. It was suggested that under neutral to acidic pH.
condensation of di- and tri-glycine to form higher oligopeptides in the presence of

polyphosphate proceeds through a phosphate ester intermediate, Scheme 2.

Scheme 2
-0 O\\P/O\P/O
B ,,0/—'\6;’[ S0
“NH;+ TCHy~C—NHFCH,-C__| O_ __0O
-rm-l N0 //P\ N
o’ o
| -
et fo 8
\IH-~CH» C—NH-CHa- c -0— [p O-P—O-P—OH
L.
C -m- | ( 0 0 o)
%1 p
H,N —CH,~-C—NH-CH,-C
~ _ -
l l. in-1 O
Y
o)
- 0

1

NH;-CH>—C— NH CHa- c\

+

—m-—n-l

Staimman showed*™ ” that cyanamide can also act as a condensing agent to form
peptide bonds under probable prebiotic conditions. The possible role of silica. alumina
and clays as catalysts in the chemical evolution of peptide bonds has also been studied by

various groups. [n a recent report, Bujdak et al®® have shown that when condensing

(98]



amino acids. up to | percent dimer was obtained on alumina, silica or clay at 80 °C.
Similar amounts of tripeptide were obtained when condensing an amino acid and a
dipeptide under the same experimental conditions. [t was found that silica and alumina
were better catalvsts than clays.

In another study. Schwendinger showed that dipeptides can be formed starting
trom amino acids at high (3M NaCl) salt concentrations in the presence of Cu(II) ions.*®
The tormation of diglycine and mixed dipeptides of glvcine and valine had been observed
in a reaction system containing glycine. valine. Cu(II) 1ons and high concentration of salt.

More recently. it has been suggested’ that oxidative formation of pyrite from iron
sulfide and hyvdrogen sulfide, eq 2. can provide the driving force for

FeS+ HS ——_» FeS, + H +2¢; E°=_620mV (2)
reductive acetylation of amino acids with mercaptoacetic acid (HSCH>COOH). The
reactions were carried out at 100 °C and at pH 4.3. In this experiment. aniline. o-carboxy
aniline and tyrosine were acylated by the above process. [t was suggested that the
acylation proceeds via thioacetic acid (CH;COSH). which was aminolyzed to get the N-
acyvlated compounds. eq 3. Under similar conditions. aniline produced the highest amount

ot amide compared to the other two amines.

o) 0
s N—R c. R

— + —R —» < , -

CHY T CHy” “nH + HaS (3)

B. Enzyme catalyzed formation of amide bonds:
The normal biological role of prozeases is to catalyze peptide bond hyvdrolysis (for

an account on enzyme catalyzed hydrolysis. see Part 2 of this thests). Nevertheless, it has



long been known that in vitro. many proteases catalyze' the microscopic reverse reaction.
namelyv the resvnthesis of peptide bonds. Recently. proteases have been used to
svnthesize oligopeptides. [n one such example human insulin was obtained from coupling
of deoctapeptide-(B23-B530)-1nsulin with an octapeptide using trypsin in a semisynthetic
process. '’

In the earlier enzymatic studies'' of amide bond synthesis starting with amino

acids. it was realized that at physiological pH values (i.e. pH 7), removal of a proton from

RCOO ™+ NH;R' RCOOH + NH3R' RCONHR' + H,0  (4)

a positively charged amine group and the addition of a proton to negatively charged
carboxylate group (eq 4) was considerably endothermic. Part of the overall free energy
change involved in the formation of amide bonds at a given pH may therefore be
attributed to the neutralization of these groups. For comparison of free energy (AG®)
changes involved only in the hydrolysis (or formation) of similar types of bonds in
various compounds, Carpenter proposed'' the "non ionized compound” convention. This
convention is expressed as follows'': "AG® refers to the free-energy change involved in
the hydrolysis of non-ionized reactant at unit activity in water by water in the liquid state
to vield non-ionized products at unit activity in water."”

In 1952, Fruton and co-workers determined ' the chymotrypsin catalyvzed
equilibrium for the formartion and hydrolysis of benzoyl-t-tyrosylglycinamide, starting
with benzovl-L-tyrosine. '*N-labelled glycine and the dipeptide. To determine the
equilibrium constant, a tracer technique and calorimetric procedure were used. The

authors found that the apparent extent of hydrolysis of benzoyl-L-tyrosylglycinamide as a

function ot pH followed eq 3.

(9]}



(RCOOH]+[RCOOD ([H;NRI+[HNR]) [/ ay K

K.';pp= = i 1 Y :
[RCONHR] L Ka s

where K'4 and K'g are the ionization constants of RCOOH and H;N"R respectively, ay is
the hydrogen ion activity. K'ypp and K'neq are the apparent and the corrected equilibrium
constants. This relationship indicates that maximum synthesis or minimum hyvdrolysis.

(K'syn = 1/K'nyg) would occur at pH values intermediate between the pK,s. expressed as
ay = \/'K'AK'B. More recently. Laskowski er al showed" that eq 5 could be applied to the

resyvnthesis of peptide bonds in ribonuclease-S by the enzyme subtilisin.

Laskowski and co-workers also studied the etfect of organic co-solvents on
chymotrypsin catalyzed synthesis of a dipeptide.'* Six different polyhvdroxy compounds
were used as co-solvents. All these co-solvents shifted the equilibrium position towards
synthesis as the percentage of co-solvent was increased. Solvents such as ethanol.
acetonitrile and acetone were not used because the enzyme activity was decreased in
these co-solvents. The best co-solvent was found to be |.4-butanediol, and at 83% (v/v)
K'syn Increased to 38 M from 0.43 M in aqueous medium. Co-solvent concentration
could not be increased bevond 83% because the enzvme activity decreased. The shitt of
the equilibrium position towards svnthesis due to the addition of organic co-solvents was
attributed to the shitt of the apparent pK,s of RCOOH and R'N"Hj; of the amino acid
substrates.

Using chymotrypsin as the catalyst. N-benzoyl-t-tvrosvlglycyvlanilide. a dipeptide,

was synthesized trom N-benzovl-L-tvrosine (1) and glveylanilide (2).'° The rate constants



showed a Michaelis-Menten dependency (saturation) on the concentration of N-benzoyl-

L-1yrosine (amine protected amino acid). On the other hand. with glycylanilide, the rate

N

1 2

constants varied linearly with concentration. These findings suggested that the tyrosine
derivative formed a complex with the enzyme and that this complex reacted with the
amino group of glvcvlanilide to form the dipeptide and regenerated the enzyme as
depicted in Scheme 3.

Scheme 3

RCOOH + EH RCOE + H>O

-RNH, || + RNH,

RCONHR' + EH

Hence. the authors suggested that the process of chymotrvpsin catalyzed synthesis of
peptide bonds was the microscopic reverse of the hydrolysis process. since both the
formation and hydrolysis of amide bonds proceeded via acyl enzyme intermediates.
Many other proteases. such as papain,'® pepsin,'’ and thermolysin'® have been
shown to catalvze peptide bond synthesis. Most enzyme mediated amide bond syntheses
involve an N-protected amino acid and another amino acid with a protected carboxylic

acid. Organic co-solvent is frequently used to increase the solubility of the starting



materials. Another aspect of enzymatic syvnthesis of amide bonds is the specificity of

enzymes in forming the bonds. which is bevond the scope of this thesis.

C. Non enzymatic hydrolysis of amide bonds.

Amide bonds are highly stable towards hvdrolysis, which allows the construction
of robust polypeptides from relatively simple amino acids. Non enzymatic acyl transter
reactions of unactivated amides are extremely slow'® which is generally rationalized

using resonance theory. where canonical form II is an important contributor to the

&)
I . L
/L-- /J%':
R N/ R '.\"/
N
I I1

stability. Most of the properties of amide bonds such as the short N-C(=0) bond length.
the barrier to N-(C=0) bond rotation. the C=0 infrared stretching frequencies. and
resistance toward nucleophilic attack (and hydrolysis) can be explained by the above
resonance forms.*® Due to the inherent stability of the amide linkage. elevated
temperature and highly acidic or basic conditions are required tor hvdrolysis. As a result.
nonenzymatic hvdrolysis processes were rather ill defined. until recently.”’ However.
recent experimentszl = have contributed significantly towards the mechanistic
understanding of amide hydrolysis. As depicted in eq 6 amide bond hydrolysis in water
or base proceeds through an addition elimination mechanism. in which the nucleophilic

oxygen (from H,O or OH") is bound to the acyl carbon to form one (or more) unstable

tetrahedral intermediates. T.
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Brown er al have outlined three key sets of experiments used to distinguished

between possible amides hydrolysis mechanisms.'® They are: A) measurement of the
kinetics as a function of [H;O7] or [OH] to determine the stoichiometry of the rate
determining transition states (TS); B) the kinetics of carbony! '*O-exchange in unreacted
amide recovered from partly hydrolyzed reaction mixtures asa function of [H;07] or
[[OH]. which provides information about the reversibility of the steps leading to the
tetrahedral intermediates; and C) solvent deuterium kinetic isotope effects (SKIE) on the
hydrolvsis and '*0-exchange. These provide information about the proton transters in the
respective rate limiting transition states. A brief account on the mechanisms of specific

acid , specific base and water catalyzed amide hydrolysis is given here.

Specific acid catalyzed hydrolysis:

The generally excepted mechanism for H;O™ catalyzed amide hydrolysis is
detailed in Scheme 4. The mechanism involves protonation of the carbonyl O in a pre-
equilibrium step followed by nucleophilic attack on the carbonyl carbon by one H>O
assisted by a second H-O molecule vielding the tetrahedral intermediate T® and H;0™.
Generally. the plots ot log knyg vs pH have slopes of -1 indicating that the rate limiting TS
for hydrolysis contains one proton and the amide. At high [H;07], however. these plots

level off and then curve downward. These observations are consistent with substantial



Scheme 4
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equilibrium O-protonation ( pK, -0 to -3%*) and a reduction in H,O activity in
concentrated acid media.

In earlier studies® no significant loss of '*0 was observed during acid promoted
amide hydrolysis. However, in later experiments®® small, but significant, loss of '*0 was

detected. The hydrolysis and exchange rate constants (knya and key) can be expressed in

10



terms of k. k.;. and k> (Scheme 4), where k| and k- are redefined to incorporate the

protonations of C=0, and the nitrogen of T°.

Knva = Kiko/(ko +ka) (7a)
kc,\ = k[k.[/z(k_[ “:"k]) (7b)
kcx/khyd =k./2ka (7¢)

The partitioning of T? can be obtained from eq 7c. The factor of 2 in the denominators of
eq 7b and 7c is due to the fact that only half of reversal of the step leading to T° will give
80 exchange in the starting materials since the two oxygens are equivalent.

Brown et al re:ported23 ® significant 50 exchange in amides like N-2_4-trimethyl
acetanilide during acidic hydrolysis. with an observed ke /Knya 0f about 0.2. They also
observed that both exchange and hvdrolysis were first order in [H;07] and the SKIE on
both were close to unity. From these observations. it tollows that there must be an
intermediate which is partitioned between exchange and hydrolysis. Because the
exchange was smaller than hydrolysis. it was suggested that k; was the predominantly
rate limiting step. Both the exchange and hydrolysis TS must contain one proton since
they were both first order in [H;O7]. hence ruling out a neutral or zwitterionic TS. The
observed unit SKIE for hydrolysis and exchange was explained by the fact that the
inverse equilibrium isotope etfect of carbonyl O-protonation was being compensated for
by the normal kiretic effect for H,O promoted delivery of water. Subsequent studies
showed that the ke/knyq ratio varied as a tunction of amine basicity. The amount of O'%-
exchange was observed to increase as the basicity of the ammonium ion decreased since
more reversal from T? takes place as it becomes increasingly difficult to install a proton

on N to form Tx".

11



Specific base catalyzed hydrolysis:

Specific base catalvzed hyvdrolysis of amide bonds proceeds as shown in Scheme

3. The steps in this hvdrolyvtic mechanism involve attack ot "OH on the neutral amide to

Scheme 5
O
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0

)J\ {
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O N

torm the anionic tetrahedral intermediate Tq., which may revert back to starting materials
or can break down to products with (k;3) or without (k> + k») assistance from a second
‘OH. Second order dependence in [[OH] has been observed for the hydrolysis of several
amides.” and is explained by a process where a second "OH deprotonates To. to give the
dianionic intermediate Tq. which subsequently gives carboxvlate and amide ions. At
high [[OH]. this process becomes predominant. so as soon as Tg.is formed it is trapped

by another 'OH to produce Tp.. thereby preventing the reversal. and making the

12



formation of To. (k;) the rate limiting step. Accordingly, such amides show large o)

exchange at low [OH]. and little or none at high [OH].

There are many amides”® which do not show a second order term in [[OH]. For
these amides. To. is reactive enough that it can break down to products (k) with the
simple assistance of water (solvent). For this process. the dominant factor controlling the
partitioning of To., (to reactants (k.;) and products (ka)) is amine basicity. [f the amine is
highly basic. N protonation becomes thermodvnamically favourable and consequently Kk,
becomes faster than k_; so that little or no 13O—e.scchange is observed for these amides. On
the other hand. for amides containing less basic amines. the breakdown (k) of the
tetrahedral intermediate to product will become the rate-limiting step. SKIE studies
suggested that in the water catalyzed breakdown (k») step a proton is completely installed

on N prior to C-N cleavage which occurs by III or IV,

Water catalyzed hydrolysis:

Water catalyzed hydrolysis of amide bonds is an extremely slow process.*® Most
of the studies involving water catalysis were performed on amides which were activated
in some way. In a recent study, Brown and co-workers studied?’ the water catalyzed
hydrolysis of trifluoroacetanilide (3a) and p-nitrotrifluoroacetanilide (3b). The water
hydrolysis of both compounds exhibited a large negative entropy of activation, indicating
an ordered TS involving more than one water molecule. No '30-exchange was observed
in the '80- labelled p-nitrotrifluoroacetanilide recovered after partial hyvdrolysis. From

these observations. it was suggested that the formation of a diol (T) in a concerted or



nearly concerted fashion was the rate limiting step for the reaction. followed by rapid

cleavage of the C-N bond in preference to OH expulsion. Scheme 6.
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D. Non enzymatic formation of amide bonds.
Small molecule mimics of proteases have been extensively studied in this
laboratory and the reactions of a series of amine alcohols 4 - 6°° with 7 were investigated

as possible models for serine proteases. The reactions of bicyclic amide 7 with small

14
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molecules containing thiols 8-11°'¢ have been studied as models of cysteine proteases.
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while a series of dicarboxylic acids 12-14°" have been used to mimic the chemistry
believed to occur in the active sites of aspartate proteases. For a briet’ account on amide

bond hydrolysis using these models. see Part 2 of this thesis.

0 OH o 0
o S
OH HO HHO™0
12 13 14

Among the atorementioned small molecule protease models, 8 has been shown to
catalvze the reformation of amide bonds,’** Scheme 7. The catalytic mechanism of 8
mediated formation and hydrolysis of amide bonds proceeds via a commeon thiol ester

intermediate 8a.



Scheme 7
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Hence. the equilibrium position between the hydrolysed products and the amide would
depend on the partitioning of this intermediate between hydrolysis or aminolysis. The
apparent equilibrium constant.**®
K" = [amide]/[amine]iymi[acid] ol

tor N-formylmorpholine was found to be 1.2 M at pD 8.0 and 98 °C. The formation and
hvdrolysis of N-formyimorpholine was also observed to be catalyzed by phosphate bufter
under the same conditions.

Kirby er al showed that cyclic amides (lactams) could be made from
38a

intramolecular aminolysis of ester 15°°" and from the intramolecular cyclization of

amino acids 16a-d.>®®
©f\/COOCH3 X\O\/VCOOH
NH, NH,
15 16a; X=H
b; X=CH;0
(\4 X = CH3
d; X=ClI

16



The effects of various buffers on the cyclization of 15 were studied and it was found that
the cyvclization process is susceptible to both general base and general acid catalysis.
Butters with pK, values higher than 6.6 acted as general bases while butfers with pK,
values lower than 6.6 acted as general acids. [t was also suggested that phosphate and
carbonate acted as bifunctional catalysts.

The pH-rate profile for cyclization of 16a-b showed®®® a plateau region at lower
pH (below ca. pH 4) while at higher pH. the log kqps decreased linearly with increasing
pH. It was concluded from this observation that the intramolecular condensation of amine
and carboxylic acid 16a-b proceeded from the protonated form of the compound at lower
pH and from the neutral compound at higher pH. Scheme 8 (only 16a is shown). The
neutral amino group acted as a nucleophile to attack the protonated or undissociated
carboxylic group in 16a-H . or 16a to subsequently form the neurral tetrahedral
intermediate which

Scheme 8
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u 16a 16a-

o O Lm0
N
OH N N O
gy OH H

17




breaks down in the rate limiting step to the cyclic amide product. The anionic form of the
compound (16a°) was not reactive. Buffer catalysis was studied for the cyclization of 16a.
and it was suggested that the rate enhancement due to the buffers came from the general
acid catalyzed breakdown of the neutral tetrahedral intermediate. A Brensted « value of
0.49 was obtained for this process. and the log of the second order rate constant due to
phosphate catalysis was above the Broensted line. indicating the possible bifunctional role
of phosphate.

Fife and coworkers studied” the intramolecular cyclization of 17 which produces

a five membered cyclic amide, eq 8.

O
NH, N
- H

17 a; R= CH3
b; R= CH2CF3

Unlike cyclization of 15, these reactions exhibited specific base catalysis. [t was
suggested that intramolecular aminolysis of aliphatic esters proceeded through multi-step
mechanisms with various rate-limiting steps. Three key features controlling these
aminolysis reactions have been identified: A) the pK, of the amine nucleophile; B) steric
fit of the nucleophile to the carbonyl carbon; and, C) the ease of C-O bond breakage in
the decomposition of a tetrahedral intermediate to form products.

Blackburn and Jencks studied®® the mechanism of the aminolysis of methyl
formate using morpholine. n-propylamine, methoxyethylamine. hydrazine. glycinamide
and glycylglycine as the amine nucleophile. In aqueous med:a. the reaction proceeded

predominantly by the attack of a free amine on the carbony! carbon with general base

18



assistance from a second molecule of amine. Given that the rate decreased with
decreasing pH at a constant free amine concentration, the authors suggested that the rate
limiting step for the reaction of morpholine with methyl formate was the attack of the
amine to give a tetrahedral intermediate at high pH. versus the breakdown of the said
intermediate at low pH. This argument was further strengthened by the finding that when
N-(methoxymethylene) morpholinium methosulphate (a compound producing the same
tetrahedral intermediate as is formed during aminolysis of methvl formate by morpholine
but by a in a different route) was hvdrolvzed under basic conditions. the amide resulted.

However. under acidic conditions. the ester was tormed. Scheme 9.

Scheme 9
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In another study by Jencks et a/. the equilibrium constants for the formation ot

hydroxamic acids trom carboxylic acids plus hydroxylamine were obtained.™'
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Equilibrium had been obtained from the direction of both formation and hvdrolysis.
starting with hvdroxylamine and the appropriate acid or the hvdroxamic acid.

respectively, eq 9. The equilibrium constant of the acetohydroxamic acid was determined

RCOOH + H,NOH RCONHOH + H,0 9)

in dilute, aqueous acidic conditions at 25 °C. For hydrolysis of hexanohydroxamic and
octanohydroxamic acids the determination was performed using liver esterase whereas
chymotrypsin was used for the determination of equilibrium constants at neutral pH for
the hvdrolysis of N-acetyl-L-tyrosine hydroxamic acid. The value of the apparent
equilibrium constants at pH 7. K'py7. eq 10a. taking {H.O] = 1 M. for all the hydroxamic

acids were close to 1. except tor that of N-acetyl-i- -tyrosine hvdroxamic acid which

[RCONHOH][H,0]
[RC 00 H]to(al[N HZO H]to:a!

K'pur= (10a}

was 0.042. However. when the equilibrium constants. K; (eq 10b) were corrected for
respective acid and amine pK;s to get the uncharged species and taking [H-O] = 1, the
values were very close to each other. at 402, 422, 372 and 362 for acetohvdroxamic.

. [RCONHOH]{H,0] (10b)
' [RCOOH][NH-OH]

hexanohydroxamic. octanohydroxamic and N-acetyl-L-tyrosine hydroxamic acid.

respectivelv.

The formation of formamide tfrom ammonia and formic acid, given in eq 1 la, has
been studied using semiempirical and ab initio methods. It was concluded® that in the
gas phase, the stepwise and concerted mechanisms for amide bond formation are

(1la)

NH; + HCOOH H,NCHO + H,0

20



equally competitive. Nevertheless. the stepwise mechanism, involving a tetrahedral

intermediate. was found to be more favourable than the concerted mechanism in a
2 - - .

subsequent study™® where two molecules of ammonia were considered in the model

reaction (eq 1 1b). with the second molecule of ammonia acting as a catalyst. It was also

it

H .
N N\ 4
H-N-H H‘o H,NCHO
INH; + HCOOH— H 0 i —» N—Ccly *NH;— o (11D
| H™/ \ H NH-
. H O—H NH;
i

[
|

found that for the two step mechanism, the first step was rate determining.

Guthrie has previously calculated the thermochemical data for equilibrium
formation of tormanilide and acetanilide from their constituent acids and amines.”* More
recently. he has calculated the corrected equilibrium constants (K',. see Results) and

heats of formation of A, V-dimethy| amides of substituted benzoic acids. eq 12.*

i
HN(CH;), + HOOC«@‘—— (12)
X (CH3)at

X
Fersht and Requena have reported the equilibrium constants for a series of

formamide formations using indirect methods for a series of primary and secondary
amines.® To attain the equilibrium position the reaction of hydroxylamine and formic acid
was used to torm methanohydroxamic acid. which would subsequently be aminolvsed to
give the amide. Scheme 10.® The equilibrium constants were calculated based on the

concentration of non-ionized reagents and taking the activity of water as unity. The



authors showed that the log ot the equilibrium constant is linearly dependent on the pK;
of the ammonium ion of the amine (eq 13). However. the corrected equilibrium constant

(K'cq) corresponding to aniline did not fall on the line.

log K'eq =0.50 + 0.51 log pK.. (13)
Scheme 10
0]
HCOOH + H,NOH o+ mo
H NHOH
ﬂ RRNH

0 4
/”\ -+ HzNOH

H NRR

In an earlier study by Morawetz and Otaki. the equilibrium constants for amide
formation were determined under aqueous basic conditions for a series of amines and
carboxvlates as described in eq 14.” The equilibrium constants were determined trom the
ratios of the rate constants of formation (k) and hvdrolysis (k»). It was observed that
there was very little effect on the equilibrium constants due to the change in the acyl

part of the amide.

O

_ Kk
R;COO™ + RoR;NH =— /”\ + "OH (14)
k2 R "NR,R;




E. Purpose of this study.

As pointed out® by Fersht. "the most rigorous method of determining equilibrium
constants is to approach the equilibrium from both sides and measure the equilibrium
concentrations of reagents”. Amide bond retormation from the constituent acid and amine
without the use of condensing agents would be of practical use in large scale (industrial)
svnthesis. owing both to the reduction in the number of steps required and due to its cost
effectiveness. Although in previous studies Morawetz and Otaki have reported’ amide
reformation taking place in basic media. equilibrium constants tor the non-enzymatic
formation of amides have not vet been obtained directly starting with the constituent
acids and amines in dilute aqueous acidic media. While acid catalysis accelerates
hvdrolvsis of amide bonds. it should also increase the rate of amide reformation. and
since in acid the concentration of free amine will decrease. the apparent tormation
equilibrium constant also decreases. This work is aimed at: A) understanding factors
important for attaining equilibrium directly without recourse to tandem reactions like
those used by Fersht:® B) determining ways to catalyze attainment of equilibrium by
butfers: and C) examining the effect of ethanol as an additive that may alter pKas. thus
vielding greater amounts of the required neutral acid and amine. which in turn should

alter the apparent equilibrium constant.

[n the present study. equilibrium constants for formation/hvdrolysis have been
obtained for formanilide. acetanilide, p-nitroformanilide and p-methoxyformanilide by
approaching the equilibrium position from both sides under dilute aqueous acidic (pH
2.8-4.2) conditions. The rate constants for the attainment of equilibrium have also been

determined. All the reactions were carried out under pseudo-first order conditions. where

1
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formic acid or acetic acid was used in excess. and the reactions were carried out under
various conditions of pH and substrate concentration to determine how these affected the
rate and equilibrium constant. The effect of temperature on the rate and equilibrium
constants of formanilide formation and hydrolysis was also studied. Since previous
studies have shown that phosphate can act as a bifunctional catalyst tor both formation
and hydrolvsis of amide bonds. the effect of varying phosphate concentration was studied
for formation and hvdrolysis of formanilide. Previously. for the enzymatic formation of
amide bonds, it was observed that organic co-solvents increased the extent of amide
formation."* Accordingly. we have studied the effect of added ethanol on the formation
and hydrolvsis of formanilide. To calculate the concentration of non-ionized amine and
acids. the ionization equilibrium constants. K,, were determined or computed under the
reaction conditions for all reactants. Finally to determiine the solvent deuterium kinetic
isotope eftects on both the equilibrium position and the rate ot formanilide formation and

hyvdrolysis. reactions were also carried out in D2O. The ftollowing presents our findings.



CHAPTER 2: EXPERIMENTAL

A. Materials and General Methods.

Aniline, formic acid and p-nitroaniline were obtained from BDH. Acetanilide,
formanilide. acetic anhyvdride and p-methoxyaniline were purchased from Aldrich and
used as supplied. Glacial acetic acid was obtained from Fisher Scientific. Methanol
(HPLC grade) was obtained from EM Science. Aniline and acetic acid were distilled
prior to use. All HPLC solvents were filtered through a 0.435 um filter before use. All
melting points were obtained using Fisher-Johns melting point apparatus and are
uncorrected.

All buffers were prepared using purified deoxygenated water from an Osmonic
Aries water purification system. The pH was measured using a Radiometer Vit 90 video
titrator equipped with a GK2321 C combination electrode. standardized by Fisher

Certified pH 2. 4. 7 and 10 butfers.

B. Synthesis.

p-Nitroformanilide and p-methoxyformanilide were svnthesized trom p-
nitroaniline and p-methoxyaniline respectively. using formic acetic anhydride. as
described™ by Krishnamurthy. p-Nitroformanilide was recrystallized 2 times from ethyl
acetate before use and had a melting point of 196-197 °C (lit.** mp, 196-198 °C). p-
Methoxytormanilide was purified by recrystallizing 3 times from chloroform-hexane
mixture (hexane was added dropwise to chloroform solution until some cloudiness was

observed). The pure product had a melting point ot 79-80 °C (ti.** mp, 78-80 °C).

[S]
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C. HPLC Conditions.

For HPLC analyvsis a Hewlett-Packard 1050 series HPLC syvstem. fitted with
variable wavelength UV-Vis detector and autoinjector. was used. For separation. an u-
Bonda-Pak C g (Waters) cartridge column was used. A gradient mixture of 0.005 M
potassium phosphate buffer (pH 7.2) and methano! was used to separate aniline from
formanilide. For each injection the initial solvent composition was 20% methanol: 80%
phosphate buffer which after 15 min. was moditied to 30% methanol: 70% phosphate
butfer until 21 min. whereupon 100% methanol was used 1o wash the column tor 9
minutes betore next injection. For separation of aniline and acetanilide. an isocratic
mixture ot 25% methanol: 75% phosphate bufter (0.005 M. pH 7.2} was used. [n both
cases the tflow rate was 1.2 mL/min. and the detector was set at 2~ = 231 nm. Aniline

eluted before the anilides. Figure 1.

D. Kinetics by HPLC.

For kinetics studies at 98 #2 °C. (5.0 - 3.3) x 107 M formanilide or aniline
solutions were made in 10-20 mL of formate buffer (pH 3.2 - 4.2, [bufter},m = 0.1-1.0
M. u = 1.0 M (KCl)) and were degassed by passing Ar through them for 30 min. These
solutions were then divided into 10-20 autosampler-vials which were sealed with tetlon
lined septa. The vials were heated in a boiler containing boiling water. and at certain
intervals were withdrawn from the boiler, cooled immediately in ice water and analyzed
by HPLC. The pseudo-first order rate constants for appearance and disappearance of
aniline and formanilide were obtained by NLLSQ fitting of peak area vs time data to a

standard exponential model (vide supra). The response factor for formanilide and aniline
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under the experimental conditions were obtained by injecting. and determining the peak
areas of. a 1:1 formanilide and aniline mixture. For each run two rate constants could be
obtained (for example for hydrolyvsis of formanilides the pseudo-first order rate constants
of disappearance of the formanilide as well as the appearance of aniline were obtained).
Kinetic data for formation and hydrolysis of acetanilide were obtained similarly at
the same temperature at pH 1.95 £ 0.05 and at pH 3.72 £ 0.03 with (3.2-5.4) x 10° M
solutions ot acertanilide or aniline. At lower pH. HCI comprised the bufter and [.0 M
acetic acid was added to the solutions. At higher pH acetate buffer was used with the total
butter concentration being 1.0 M. The ionic strength of all the runs was maintained at {.0

(KCD.

E. Kinetics by UV-vis spectrophotometry.

The rates of formation and hydrolysis of formanilide. p-nitroformanilide and p-
methoxyformanilide were observed at 79 £ 1 “C. using a Cary-219 UV-vis
spectrophotometer interfaced with an IBM 486 PC equipped with Olis sottware (Online
[nstrument Systems. Jetferson Ga.. 1992). The temperature was kept constant by using a
Poly Science 1160A circulating water bath. Kinetic data were obtained by observing the
rate of change in absorbance (increase for formation and decrease for hydrolysis) of
formanilide at 246 nm and p-methoxyformanilide at 260 nm. For p-nitroformanilide,
rates of formation and hydrolysis were obtained by following the rates of disappearance
and appearance of p-nitroaniline, respectively. at 429 nm.

Runs were initiated by injecting 5 uL of a stock solution in DME (3.0-6.9 x 10

M) of either (p-H or p-NO; or p-OCH3)-aniline or (p-H or p-NO- or p-OCHj;)-
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formanilide into 3mL of formate buffer (pH 2.80 - 4.20. [buffer]iowm =0.001-1.0 M. 1 =
1.0 (KCL)). which had been thermally equilibrated at 79 = 1 °C in the instrument cell
holder for 30 min. The final pH of each of the runs was measured and shown to agree
with the initial pH. A typical kinetic trace for hvdrolysis and formation of formanilide at
pH 3.60 at different [buffer]iowm is shown in Figure 2. The pseudo-first order rate
constants were obtained by NLLSQ fitting of absorbance (A) vs time (t) data to a
standard exponential model (A; = A=+ (Ao - Ax) exp(-kD)).

The acid catalysed hydrolysis of formanilide was tollowed at 79 + | “C using 9.86
x 10 M HCI. u = 1.0 (KCl). with runs being initiated as above. All the runs were

tollowed for at least 3 half-lives.

F. D;O studies.

The rate of formation and hydrolysis of formanilide at 79 = | °C was determined
in formate butter ([buffer]ipm = 0.25-1.0 M) at pD 3.60 = 0.03 where. pD = pHueasured +
0.40.% The rate of hydrolysis of formanilide was also obtained in 1.10 x 10~ M DCI. =

1.0 (KC1). The kinetic data were obtained as above.

G. Studies in the presence of phosphate.

The rate of formation and hydrolysis of formanilide was determined similarly at
79 £ 1 °C in the presence of phosphate (0.10-0.50 M) in 1.0M formate buffer at pH 3.20

*0.03 and pH 3.60 £ 0.03. with the ionic strength again being maintained at 1.0 (KCl).
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H. Studies in aqueous ethanol.

The rate of formation and hydrolvsis of formanilide was obtained in 1.0 M
formate buffer in 20% ethanol and 80% water. pH 3.39 i1 = 1.0(KCl). The kinetic data
were obtained as above at 60 = 0.3 °C. Kinetic data were also obtained in 80% ethanol
and 20% water in 1.0 M formate at pH 3.60 and 4.92 (pH was adjusted by adding a
suitable amount of concentrated NaOH or HCI and measured before and atter the
reaction) at the same temperature. The 1onic strength in 80% ethanol-20%water was not
corrected. The rate of formation and hydrolysis of formanilide was also obtained at 60 °C

in 1.0 M aqueous formate butfer pH 3.60. u = 1.0 (KClI).

I[. Determination of pK,.

The pKgs of aniline and tormic acid were determined by titration at 24 = 1 "C. For
each determination. 0.048-0.051 mmol of aniline or tormic acid was used ina 5 mL
solution. [n the case of aniline enough HCI was added to convert all of it to anilinium ion.
The pH was measured using a Radiometer Vit 90 video titrator equipped with a
GK2321C combination electrode and intertaced with an [BM pc. The pH was recorded as
a tunction ot added 0.0105 M NaQH. which was delivered by a Radiometer ABU 91
auto-burette. The ionic strength of all the solutions was maintained at 1.0 using KCI. Data
were analvzed by a computer version of Simms method.*” The pK; values reported are an

average ot three determinations.



CHAPTER 3: RESULTS

A. Rate and equilibrium constants of formanilide formation and hydrolysis at 98 °C.

The pseudo-first order rate constants rate constants. Kops. for the attainment of
equilibrium of the formation of formanilide were obtained starting with (5.0-5.3) x 107
M aniline in formate buffer at various pH and [formate jiom at 98+ 2 °C, u = 1.0 (KCI).
The runs were followed by HPLC. For each run, kops for appearance of formanilide and
the disappearance of aniline were obtained and are given in Appendix . Table 1S
(various pH) and Table 2S (various [(formate}). The conditional equilibrium constant K'.
defined as the ratio of concentration of formanilide to aniline at equilibrium (eq 15). was
obtained directly by HPLC analysis of the products ot reaction. and is also given for each
run in the aforementioned tables. As described in the experimental section. the response
tactors under the experimental conditions in the HPLC analysis for formanilide and
aniline were determined using a 1:1 mixture of known concentrations of formanilide and
aniline.

K' = [formanilide]y / {aniline]iua (15)

Similarly. Kops and K' were obtained from the hydrolysis direction starting with
(3.0-3.3) x 10~ M formanilide under identical conditions to those described above. Here.
the rate constants were obtained for the appearance of aniline and the disappearance of
formanilide. and are also given in Table 1S and Table 2S. The data in Table 1S show that
at low formate concentrations buffer catalysis is small and log kops is linear with pH over
the investigated range of 3.18 to 4.17. It can also be seen from the data in Table 1S that
the value of K' attains 2 maximum value at about pH 3.60 and then drops at higher and

lower pH.

[9¥]
(8]



Under pseudo-first order conditions where the total concentration of formate is
much higher than the concentration of aniline or anilide. kops can be written as the sum of
the pseudo-first order rate constants, k. and k¢, (eq 16) for the hydrolysis and formation of

anilides as shown in Scheme 11.and K'can expressed aseq 17.

Kobs = ki + ke (16)
K'=k¢k, 7
Scheme 11
X
O kr ?
/H\ + HzN—@X —_— /L + H:’.O
R© OH k. R N
H
CH; NO>
OCH;

The k;and ky values were calculated from kyps and K' using eq 16 and 17. and are
listed in Table 1. A corrected equilibrium constant K'.q has also been included in Table 1
which is based on the concentration of non-ionized aniline and formic acid (according to
Scheme 12) with the concentration of water being treated as unity, eq 18.'! The changes
in pKss due to change in temperature and ionic strength have been considered in
calculating the concentration of non-ionized species (vide supra). After such correction.
under the experimental conditions the average K'cqis 12.6 M, while K' (defined in eq

17) 15 0.2 -2.6 depending on the conditions and [formate]gar.

(formanilide]

. (18)
“d  [aniline] [formic acid]

K

I
)



Table 1. The pseudo-first order rate constants” for formation (k) and hydrolysis (k) of
formanilide at 98 + 2 °C and the equilibrium constants® (K'sq) obtained by HPLC at

various pH and buffer concentration in aqueous formate buffer.

pH [formate]‘ ot ke (s™) ke(s™) Kleg (M™)
(M) _ _

117 £0.03 0.10 (1.22+0.03)*10°  (0.23£0.01)*10° 123 +0.2

3.60 £0.03 0.10 (4.153+£0.02)*107  (1.13£0.0H)*107 13.1x0.6

3.18 £0.03 0.10 (1.29+0.06)*10" (2.536£0.11)*107  12.9+0.2

3.57£0.03 0.50 (9.72£ 0.30)*10°  (1.20£0.00)*10” 11904

3.37+£0.03 1.00 (1.27+0.0)*10”  (3.36£0.08)*107  12.7+0.2

"Calculated from the pseudo-first order rate constants (keps) for establishment of
equilibrium. using Keps = kr + krand K' = ky/k;. Errors are deviation from the mean for
duplicate values and standard deviations for triplicate values.

*Calculated using the non-ionized of concentrations at equilibrium (eq 18). taking
concentration of water as unity and accounting for changes in the pK,s due to
temperature and ionic strength variations.

‘u=1.0 (KCl).



Scheme 12

To obtain the rate constants for buffer catalysis of the hydrolysis and the
formation of formanilide, k.and ke were plotted against [formate}iowt at @ constant pH
(3.60). The k. values plotted in Figure 3 are fit to a linear equation (eq 19),

k: = kor + kir [HCOOH Jiotar (19)
where ko, the intercept, is the rate constant for the hydrolysis at pH 3.60 without buffer
catalysis. The ko, represents the combination of acid catalysed hydrolysis, k.0+) and
water catalysed hydrolysis, ko) (if any), kor = ko= [H307] + k:0)- The second order
rate constant for formic acid catalyzed formanilide hydrolysis (ki) can be obtained from
the slope of the line.

The k¢ values were fit to a non-linear equation (eq 20), Figure 3.

ke = kif[HCOOH i1 + koe[HCOOH]? 1ot (20)
The rate constant k¢ is the second order rate constant of formation of formanilide at a

given pH (here 3.6) where one molecule of both formic acid and aniline are involved. For
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k- two molecules of formic acid/formate and one molecule of aniline are involved. The
second molecule of formic acid acts as the catalyst so overall kay is a third order rate

constant. The values of Kor. Kir. kirand k¢ are given in Table 2.

B. Rate and equilibrium constants of acetanilide formation and hydrolysis at 98 °C.

The pseudo-first order rate constants (Kys) for establishment of equilibrium
during formation and hydrolysis of acetanilide at various pH values in the presence of 1.0
M acetate and 98 = 2 °C are given in Appendix 1. Table 3S. These data were obtained
using HPLC. The k. and the k¢ values have been calculated from ks using eq 16 and 17.
and are provided in Table 3. Based on the concentration of non-ionized forms of acetic
acid and aniline a corrected equilibrium constant K'¢q has also been included in the table.
At lower pH (1.93) k. is about 17 times larger than ky. but ky is slightly higher than k; at
pH 3.75 and 1.0 M acetate. The average K', for acetanilide is 3.4 M.

Under the same conditions of temperature. pH. and [RCOOH ] as described for
formanilide. kops for acetanilide is 240 times lower at pH 3.73 than that of formanilide at
pH 5.60. However. K'y; under the same conditions is only 3.7 times smaller than that of
formanilide. Thus the effect on the equilibrium position due to the acyl group is small but

the effect on the rate for establishing equilibrium is larger.



Table 2. Pseudo-first order rate constants for the acid catalvsed hvdrolysis. ko, (s™)* of

formanilide at a given pH or pD. second order rate constants. k. (M s7)* of formate

(buffer) catalvsis on hyvdrolysis. second and third order rate constants. ki (M™ 5™')* and

kar (M s71)? of formate (buffer) catalysis on formation of formanilide from aniline and

formic acid at various temperatures and pH or pD.

Temp

79= 1
79= 1
79= 1
79= 1
79+ 1
79= 1
79= 1
98+ 2

pH or

2.80
3.20
3.60
4.00
3.60%4
2.00¢
1.96°
3.60

ko X10°(s™

7.02+0.21
3.24%£0.01
1.33£0.01
0.54+ 0.0l
1.38+ 0.08
+43.8+ 0.01
35.2£0.01

3.7220.56

ki x1080M™ s7h

8.50%3.50°
8.45+0.01
8.01x0.14
5.19£0.13
831 1.10

95.0=18.0

ki X103V s

7.84+ 0.09
6.24+0.05
445 0.14
2.02+0.08
3.04+0.10

15.7£0.10

Koy X107(M 2 s7H

1.4520.11
1.95£0.06
1.47=0.13
0.95£0.08
0.91£0.10

19.9+£0.20

*The errors calculated trom the standard deviation of the fit of k, vs [formate}o and k¢

vs [formate ). to eq 19 and 20. respectively at the given pH or pD.

®At this pH the acid catalyzed hvdrolysis. kg, is much higher than the butter catalyzed

hydrolvsis. ki, (less than 11% at highest bufter concentration).

\.pD

YHCl or DCI was used as buffer: no formate added, it =1.0 (KC.



Table 3. The pseudo-first order rate constants” for formation (ky ) and hvdrolysis (k) of
acetanilide at 98 + 2 °C and the equilibrium constants” (K'sq) at various pH values in

aqueous HCI or acetate buffer.

pH Buffer ke (s) ke (s™) Kleg (M)
1.95+005 HCI®®  (3.47+£0.04)*107  (0.19+0.02)*107 36+0.3
3.75+£0.05 Acetate™®  (0.81+0.02)*10°  (1.07£0.02)*10°® 32403

*Calculated from the pseudo-first order rate constants (kops) for establishment of
equilibrium. using Kobs = K¢ + krand K' = k/k,. Errors are deviation from the mean for
duplicate values and standard deviations for triplicate values.

*Calculated using the non-ionized concentrations at equilibrium. taking concentration of
water as unity and accounting for changes in the pK;s due to temperature and ionic
strength variations.

“1.0 M acetate added.

“[bufferfow = 1.0 M

‘u=1.0 (KCI).



C. Rate and equilibrium constants of formanilide formation and hydrolysis at 79 £1
°C.

The kobs values for formation and hydrolysis of formanilide at 79 £ 1 °C were
obtained using UV-vis spectrophotometry. starting with either aniline or formanilide in
formate buftter at a given pH. The initial concentration of aniline or formanitide was (8.3-
8.6) x 10~ M. Here the conditional equilibrium constants. K'. have been calculated from
the ratio of change in absorbance for formation (AAy) and change in absorbance for
hvdrolvsis (AA,) under identical conditions. see Figure 2. Data were obtained at four
different pHs ranging from 2.8-4.0 with at least three different concentrations of formate
butfer used at each pH. The ke and the K' values are given in Appendix 1. Table 4S-7S.
Similar experiments for formation and hydrolysis of formanilide were studied at the same
temperature in D>O at pD = 3.60 with varying concentrations of formate butfer (0.001-
1.0 M). The kgps and K' values are reported in Appendix 1. Table 8S. The values ot k, and
krwere calculated using eq 16 and 17. as described above and are reported in Table 4.
The equilibrium constant K'c,. calculated as described betfore has also been included in
the table. The average value of K'.q is 20.0 M. The values of K. Kir. kirand koyare given
in Table 2. As expected the ks at 80 °C is smaller than the kyps at 100 °C. However. there
is little eftect on K' of the temperature change when [formate]ioa is the same (e.g. at pH
3.6 and | M [formate]iom. K'is 2.77 at 80 °C and 2.66 at 100 °C. also see Table 2S and
6S). As seen in Tables 4S to 7S both the k,ps and the extent of formation of formanilide
(K") increases with increasing concentration of formate at each pH. Under comparable

conditions there is very little (or no) solvent kinetic isotope eifect (SKIE) on
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Table 4. The pseudo-first order rate constants® for formation (kr ) and hydrolvsis (k) of
formanilide at 79 = 1 °C and the equilibrium constants’ (K'q) at various pH or pD and at

various buffer concentration in aqueous formate buffer.

pH or pD Hmoamﬁwuasa_ ke (s ke (s™) W,Bﬁz-_v
(M)

2.80+0.03 0.10 (7.02£0.05)*10°  (0.77£0.01)*107 20.6
2.79+ 0.03 0.50 (7.60+0.10)*10°  (4.29% 0.03)*10° 22.7
2.81+0.03 0.90 (7.69£0.02)*107  (8.22+ 0.02)*107 20.7
3.18+0.03 0.10 (3.32£0.05)*10°  (0.66+ 0.02)*10" 19.1
3.20+0.03 0.30 (3.66+0.05)*10°  (3.60+ 0.05)*107 18.2
3.20+0.03 1.00 (4.09+0.03)*107  (8.20+ 0.02)*10~ 18.6
3.56+0.03 0.001 (1.36£ 0.02)*10" - -

3.60+ 0.03 0.10 (1.42£0.02)*10° (042 0.00)*10° 20.4
3.61+0.03 0.50 (1.76£0.03)*10°  (2.64+0.02)*10~ 20.9
3.39+0.03 1.00 (2.15£0.03)*10°  (5.97+ 0.04)*10~ 19.5
4.01£0.03 0.10 (5.93£0.02)*10°  (1.83£0.01)*10® 20.9
4.02+0.03 0.30 (7.90£0.01)*10°  (1.25+0.01)*10° 21.7
4.03£0.03 1.00 (1.06+0.01)*10°  (2.94+ 0.01)*10~ 19.0
3.60% 0.03¢ 0.001 (1.34+0.03)*10° - -

3.58+0.03¢ 0.50 (1.93£0.09)*10°  (1.77+0.10)*10° 22.3
3.61+0.03¢ 0.75 (2.01£0.12)*10°  (2.76% 0.30)*10° 21.9
3.60% 0.03¢ 1.00 (2.18+0.03)*107  (3.96% 0.06)*10~ 21.6

“Calculated from the pseudo-first order rate constants (Kobs) tor establishment of
equilibrium. using kebs = kr + kyand K’ = ky/k,. Errors are deviation from the mean for
duplicate values and standard deviations for triplicate values.

®Calculated using the non-ionized concentrations at equilibrium and taking concentration
of water as unity. Changes in the pK,s due to temperature, ionic strength and solvent
isotope effects have been considered.

GNUD

Y1=1.0 (KC).



Kops. Although the apparent equilibrium constant K' appeared to be smaller in D>O than
that in H-O under comparable conditions. the K'.q. after correcting for the changes in pK,
due to the D-O medium was the same as in H-O.

The buffer catalyses on k. and k; for each pH have been obtained using eq 19 and
20 and the trends can be seen from the plots in Figure 4 (k;) and Figure 5 (Ky). The
computed rate constants Kqr. k(.. Kirand Koy are given in Table 2. [t is observed that the
hvdrolysis at zero formate buffer. ko.. increases linearly with increasing concentration of’
H;O". the slope of a log ko, vs pH plot being -1 (Figure 6) as expected tor a specitic acid
catalyvzed hvdrolysis. The ko, points obtained with HCI (hydrolysis only) also tall on this
line. Hence. under these experimental conditions there is no signiticant water catalyzed
hydrolysis. Buftfer catalysis increases with decreasing pH until pH 3.6. which 1s the pK,
of formic acid. Below pH 3.6 rate constant for bufter catalysis attains a saturation value.
remaining constant despite further lowering ot the pH. This signities that either the
undissociated acid. or a hvdronium ion and a formate ion. are the catalvtic species.
However. these two processes are kinetically indistinguishable (see the discussion for
possible mechanisms). [t should be noted that ki = Kya «. where kg, is the maximal rate
constant for formic acid catalvsis and « is the fraction of undissociated acid. A plot of k;,
vs « should be linear. However. when plotted. the data in Table 2 showed deviation from
linearity at lower pH. probably because the error in the buffer catalysis at these pHs is
large since less than 10% of the total reaction is bufter catalyzed at lower pHs (also see
tootnote in Table 2). No significant SKIE was observed tor acid catalysed hyvdrolyvsis. ky..
of formanilide. when the data were compared at pH/pD 3.60 and 2.0. The SKIE on buffer

catalysis for hydrolysis at pH/pD 3.6. (k,,“m/k;rmo). 15 0.96%0.13. while the SKIE for
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formation are (k;=/k;”%) = 1.4620.10. and (ka"/k2"*%) = 1.61£0.31. The ko and k¢
values each increased by factor of three for formanilide when the temperature was raised
from 80 °C to 100 °C with all the other conditions remaining the same. The effect of this

temperature change on each of ki, and kir was one order of magnitude.

D. Rate and equilibrium constants of p-nitroformanilide formation and hydrolysis.
The kinetics ot formation and hydrolvsis of p-nitroformanilide were obtained at
three different pHs ranging from 2.8-3.6 in formate buffer. pt = 1.0 (KCl). The starting
concentration of p-NO»-aniline or anilide was (1.84-1.86) x 10™ M. To determine the
bufter catalyvsis. the concentration ot tormate/tormic acid was varied from 0.10 M o0 1.0
M at pH 3.20. The kyps and K' are reported in Appendix 1. Table 9S. The overall kyns tor
p-nitroformanilide is larger than that of formanilide at all comparable pH and buttfer
concentrations. however. the K' values at a given [formate] are considerably smaller. The
Kr Kkrand K. values are given in Table 5. One notes that the k, values for p-
nitrotormanilide are larger than those for formanilide. as p-nitroaniline is a stronger
electron attractor than aniline. This will encourage more rapid nucleophilic attack on the
carbonyl carbon of p-nitroformanilide compared to tormanilide. On the other hand kyis
lower because p-nitroaniline is the weaker of the two nucleophiles. Accordingly. the
average K'y for p-nitroformanilide is 0.27 M, which is 75 times smaller than the K’ tor
formanilide. To obtain the values of ko. ki. Kir and kay the k;and k; were plotted against
total butfer concentration (see Figure 7). and the best tit values for the tormer constants
(from eq 19 and 20) are given in Table 6. Both ko, and k|, are three-told larger for p-

nitroformanilide than formanilide at pH 3.20. However, under the same conditions. the

16



kieand kyrare 3 times and 14 times smaller respectively. It is noted that the value of Kris
very small compared 10 k¢ hence the plot of kr vs [formate]iow is almost linear (Figure
7). suggesting that there is very little bufter catalysis on formation ot p-nitroformanilide

from formic acid and p-nitroaniline.

E. Rate and equilibrium constants of p-methoxyformanilide formation and
hydrolysis.

Starting with a (1.14-1.15) x 10™ M solution of p-methoxvformanilide or p-
methoxyaniline. the kinetics tor hydrolysis and formation were obtained at pH 2.8 and
5.2 in 1.0 M formate buffer. 1 = 1.0 (KCI). The ks and K' values are reported in
Appendix l. Table 10S. The kqps values are less than those for both p-nitrotormanilide
and formanilide. while the K’ value is higher than that of p-nitroformanilide and slightly
lower than that of formanilide under comparable conditions. The k. krand K', are given
in Table 7. The k. values are {ower tor p- methoxytormanilide than those of both
p-nitroformanilide and formanilide at both pHs. However. ky is larger at pH 3.20 but
smaller at pH 2.80 than the respective values for p-nitrotormanilide. At both pHs. kyis
smaller than those obtained for formanilide. The average K', is 39.9 M'. which is twice

as large as that for formanilide and 146 times larger than the K'. of p-nitroformanilide.
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Table 5. The pseudo-first order rate constants® for formation (k¢ ) and hydrolysis (k) of p-
nitroformanilide at 79 = 1 °C and the equilibrium constants® (K'cq) at various pH and

[buffer] in aqueous tormate buffer.

pH [formate]* o ke (s™H ke(s™h K'eq(M™)
(M) _
2.80+ 0.03 1.00 (2.33+0.03)*107  (5.34% 0.04)*107 0.26
3.18+0.03 0.10 (9.86+ 0.02)*10°  (2.16 £0.20)*10°® 0.29
3.20+=0.03 0.50 (1.12£0.03)*107  (1.17£0.05)*107 0.27
3.20+ 0.03 1.00 (1.28+0.03)*10%  (2.40% 0.06)*10° 0.26
3.60+ 0.03 1.00 (7.22£0.07)*107  (9.33 £0.60)*10° 0.25

*Calculated from the pseudo-first order rate constants (Kobs) for establishment of
equilibrium. using Kgps = Kk + kyand K’ = k/k,. Errors are deviation from the mean for
duplicate values and standard deviations for triplicate values.

®Calculated using the non-ionized of concentrations at equilibrium and taking
concentration of water as unity. Changes in the pK,s due to temperature have been
considered. For formic acid. the change in pK, due to ionic strength variation has also
been considered. However, the effect of ionic strength on the pK, of p-nitroanilinium ion
was not considered since at these pHs. a change of = 0.35 in pK, unit will have less than
2% eftect on the K'y,.

‘u=1.0 (KC).
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Table 6. Rate constants” for the acid catalvsed hydrolysis and formate (butter) catalvsis

of hvdolysis and formation of p-nitroformanilide at a given pH® and at 79 = 1 °C.

Kor (s7)° kie (M7 57 kie (M 57 kar (M7 57
(9.54+ 0.02)X107  (3.2620.04)x107°  (2.26£0.03)x10°  (1.39+ 0.36)x10°

*The errors calculated from the standard deviation of the tit of k. vs [formate ] and ky
vs [formate]ioe to eq 19 and 20 respectively at the given pH.
b 5
at pH 5.20
“Kor. pseudo-tfirst order rate constant for the acid catalysed hydrolysis.
dkl, second order rate constant for hyvdrolysis.
°kirsecond order rate constant for formation.
'k>¢ third order rate constant for formation. The value of karis very small compared to k¢

giving rise to almost linear fit of k¢ vs [formate i plot (see text).



Table 7. The pseudo-first order rate constants® for formation (kr ) and hydrolvsis (k) of
p-methoxyformanilide at 79 = 1 °C and the equilibrium constants® (K'.,) at pH 2.80 and

3.20 in aqueous formate buffer.

pH* ke (s ke(s™) Kleg (M)
2.82+0.03 (4.08+ 0.05)x1 0* (4.01£ O.O4)x10'5 41.0
3.18+0.03 (2.13£0.03)x107 (4.11%0.06)x107 38.9

*Calculated from the pseudo-first order rate constants (Kops) for establishment of
equilibrium. using Kops = K¢ + krand K' = k/k,. Errors are deviation trom the mean for
duplicate values and standard deviations for triplicate values.

®Calculated using the non-ionized of concentrations at equilibrium and taking
concentration of water as unity and accounting for changes in the pK;s due to
temperature and ionic strength.

‘[buffer]w = 1.0. u=1.0 (KCI).



F. Phosphate catalyzed formation and hydrolysis of formanilide.

Formation and hvdrolysis of formanilide was followed at 79 £1°C in 1.0 M
formate buffer at pH 3.20 and 3.60 with added KH.PO, (0.1-0.5 M). At these pH values
KH-PO; exists mostly as the monoanionic species. In all cases. the total 1onic strength
was Kept constant by the addition of KCl. The kops and K’ are reported in Appendix 1.
Table 11S. Although Keps increases with increasing KH>PO; concentration. the value of
K' remains unchanged. The values of krand k. are plotted against the concentration of
KH-POj, to obtain a straight line. Figure 8, the slope of which represents the second order

PRS- 50 formation. The

rate constant for phosphate catalysis k" on hydrolysis and k;
values of ky. Kr. K'pnos.» k"phos and K'¢q are given in Table 8. The values of both krand k,

increased with increasing phosphate concentrations at both pHs.

G. Formation and hydrolysis of formanilide in aqueous ethanol.

A1 M formate butter solution was made in 20% aqueous ethanol. pH 5.59 and u
=1.0 (KCI). The rate constants for tormation and hydrolysis of formanilide were obtained
using this ethanolic buffer at 60.0 + 0.3 °C. Data were also obtained in 1 M formate
bufter in 80% ethanol-water of measured pH 3.60 and 4.92. u uncontrolled. Formation
and hydrolysis were also performed in 100% aqueous butfer, pH = 3.60, [formate] = 1.0
M. u = 1.0 (KCIl) at this temperature. The kqps and K' are reported in Appendix 1. Table
12S. Under comparable conditions both ke and K' increase with increasing percentage
of ethanol in the solution. at 80% ethanol the increment being about 3.5 times compared

to the aqueous values. The values of k. k;and K'.q are given in Table 9.

w
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Table 8. The pseudo-first order rate constants of formation (k¢ ) and hydrolysis (k) of
formanilide and the equilibrium constants (K'cq) in the presence of phosphate a1 79 = 1 °C
in aqueous formate bufter and the second order rate constant for phosphate catalysis on

hydrolysis (k™*)" and formation(k"*)".

pH®  [phos]ow kX107 (s!)  kex10°(sh) Ko  KPx10° k%107
(M) M ostsh M sh

3.21 0.10 (4.66+£0.02) (9.50+0.03) 185 6.14£0.05 13.4+0.10
3.21 0.30 (5.90+£0.10) (12.2x0.05) 18.6
3.38 0.10 (2.47+¢0.03) (6.71£0.02) 19.1 2.70£0.09 6.90+0.09
3.60 0.50 (3.52+0.05) (9.44 =0.01)  18.8

*[buffer]iowm = 1.00 M, 1 = 1.0 (KCI)

®The errors are calculated from the standard deviation of the fit of k, v's [phosphate] i
and ky vs [phosphate]eoar to a linear equation, k, = KO+ k,"h"s[phosphate]mm orki=k® +
k" [phosphate],,m where k,° and k¢ are the pseudo-first order rate constants of
hydrolysis and formation without added phosphate under the experimental conditions
(see Figure 8) at the given pH. The data at zero phosphate concentration were obtained

form Table 4.



Table 9. The pseudo-first order rate constants” of formation (kr ) and hydrolyvsis (k) of

formanilide and the equilibrium constants® (K'ey) in aqueous ethanolic . tformate bufter. at

60.0 0.3 °C.
pH® % (V/IV) ke (s ke (s™) KoM
ethanol ]
3.394 0.03 20 (5.32+0.53)*10° (3.30+0.02)*107 26.1
1.92+ 0.05 80 (2.82+ 0.03)*10°® (1.85+0.02)*10° 14.1¢
3.60+ 0.05 80 (7.01% 0.02)*10° (7.14+0.02)*107 16.3¢
3.60% 0.05 0 (5.86x 0.03)*10° (1.65+0.02)*107 32.7

*Calculated trom the pseudo-tirst order rate constants (Kops) for establishment of

equilibrium. using Kops = kr + krand K' = k/k,. Errors are deviation from the mean for

duplicate values and standard deviations for triplicate values.

®Calculated using the non-ionized of concentrations at equiltbrium and taking
concentration of water as unity. accounting for the changes in the pK;s due to percent
ethanol present in the solvent and variation of temperature.

“[butter]ww = 1.0 M.

dp uncorrected.

h
(9]



H. Changes in pK,s for temperature, ionic strength and solvent polarity change.

Various pK,s relating to the present study are given in Appendix 1. Table 13S.
The measured pK,s of formic acid and anilinium ion at 24 = | °C and u = 1.0 (KCl) are
3.63 = 0.03 and 4.89 £ 0.05. respectively. These values are very close to the reported®
values of 3.66 and 4.835 for formic acid and anilinium ion. respectively. under similar
conditions. The changes in the pK, value of anilinium ion with temperature were
calculated using known™ values of AHionization and ASionizarion Of ionization (see Appendix
1). The temperature effect produces a change of 1.11 pK, units from 25 °C to 100 °C. The
pK,s of aliphatic acids are less dependent on tf:mperature49 because the AH values are
small. Using the reported AH;onization 20d ASionization values*® it was found that the pK; of

formic acid does not change appreciably from 25 °C to 100 °C.

The pK; of formic acid in D-0. at 80° C and w = 1.0 was taken as 4.09. This value
was calculated after Bell and Kuhn™. who reported that ApK is 0.46 for formic acid
(where ApK = pKp - pKy). Similarly the pK, ot anilinium i1on was taken as 4.50 (4.02 +

0.48 = 4.50: pKp = pKj; + ApK) since the L'eported'<l ApK, was 0.48.

The pK; ot acetic acid is reported to decrease by 0.14 units from 0 M t0 0.2 M
ionic strength® and at low ionic strength the change in pK,; is almost linear with
increasing . However. at higher u the pK; approaches a limiting value. Using these
assumptions. the pK, of acetic acid was taken to be 4.60 at 25° C and u = 1.0. However.
at the experimental pHs (3.7 and 1.9) even if the assumed pK, is in error by 0.15 pK,

unit. the eftect on K'¢q will be less than 1%. because most of the acid will remain
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undissociated at these pHs. The pK, of acetic acid at 100° C was calculated from the

available™ activation parameters as described above. and shown to be insensitive to

emperature.

The pK, of p-nitroanilinium ion is reported5 > to be 0.65 at 80° C. For the present
study this value was used without correcting for ionic strength. since a change of + 0.30
pK, units will have less than a 2% effect on K'.q because the experiments were conducted
at pH 2.82 - 5.60 where more than 99% of the aniline will remain un-protonated. For p-
methoxyanilinium ion. pK, data are available™" from 20 °C to 40 °C at u = 0.10 and the
pK, vs temperature plot tollows a linear trend: accordingly the pK, at 80” C was

extrapolated to be 4.33.

Grunwald and Berkowitz have provided the pK,s of different carboxylic acids in
ethanol-water systems™ at 25 °C. From these data pK, values of 3.97 and 4.88 were
obtained for tormic acid in 20% and 80% (v/v) ethanol-water. respectively. at 25 °C.
Assuming there is no effect on the pK, of carboxylic acids due to changes in temperature
in ethanol water media. these values were used to calculate the K . a t 60 °C. Similarly.
the pKas ot anilinium ion in aqueous ethanol were obtained from reported™ data. and
were 442 and 5.86 in 20% and 80% (v/v) ethanol-water. respectively. at 25 °C.
Assuming the effect of temperature change on pKj in the ethanolic media is similar to
that of aqueous media. the respective pK,s can be calculated as 3.89 and 3.33 at 60 °C for

anilintum ion in these ethanol/water media.



CHAPTER 4: DISCUSSION

The conditional equilibrium constant. K'. which is the simple observed ratio of
[anilide]lzm/ [aniline](zml (eq 153) at equilibrium, provides information in practical terms.
how far to the right (Scheme 11) the equilibrium will go under various conditions ot pH.
temperature and [formate . The K' and the corrected equilibrium constant. K'cq. as
detined by eq 18 (page 33) are listed in Table 10 under various conditions. Several
features can be noted from this table such as: A) for a given amide, K' increases as
[formate ] increases; B) for the series of formanilide. the functional group alters K'q at
a common set of conditions; C) tor acetanilide K'¢q is 3.7 times lower than that for
formanilide. while the rate at which equilibrium is established under a comparable set of
conditions is 240 times lower for acetanilide; D) for a given amide. as temperature
increases. K'¢, decreases while K' remains almost unchanged: E) added phosphate
increases the rate of attainment of equilibrium without changing K' or K', tor
formanilide: F) ethanol increases both rate of attainment of equilibrium and K'. In the

following sections these features will be discussed in more detail.

A. Mechanism for specific acid catalyzed hyvdrolysis and formation.

Amide bond formation is microscopically the reverse reaction of the hydrolysis
process (see page 9-11) and follows the same steps in the reverse direction. The
formation involves H3;O0™ -promoted attack of neutral amine on the non-ionized acid to
obtain T via Tx". The equilibrium position for the processes of formation and hyvdrolysis
relates to the partitioning of the tetrahedral intermediates T® and Ty". Importantly. the
rates for amide formation and hydrolysis under these conditions are first-order in [H;07],

see Figure 6.



Table 10. The conditional equilibrium constants (K') and the corrected equilibrium

constants (K'.q)" of formanilide. acetanilide. p-nitroformanilide and p-

methoxyformanilide under various conditions.

Compound

Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Acetanilide
Acetanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
p-nitroformanilide
p-nitroformanilide
p-nitroformanilide
p-nitrotormanilide
p-nitrotormanilide
p-methoxyformanilide
p-methoxyformanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide
Formanilide

pH

4.17
3.60
5.18
5.60
5.60
1.95
3.73
2.80
2.79
2.81
53.20
3.20

1V iv — 0o OV 19 19 (v
_—_ N O~ OO

:J- [y f.:) [T RN VP RN S B VS NN UZ B VS N £ 2 VS B OV B U R US N B
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VO O O o w

Temp.
°0)
98
98
98
98
98
98
98
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79

-
/

60
60
60
60
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[RCOOH]oal
(M)
0.10
0.10
0.10
0.50
1.00
1.00°
1.00°
0.10
0.30
0.90
0.10
0.50
1.00
0.10
0.350
1.00
0.10
0.50
1.00
0.50
0.75
1.00
1.00
0.10
0.50
1.00
1.00
1.00
1.00
1.00¢
1.00°
1.00¢
1.00"
1.00
1.002
1.00"
1.00"

Ko

0.19
0.27
0.20
1.25
2.64
0.06
1.34
0.11
0.37
1.07
0.21
1.00
2.05
0.29
1.49

— O
OO L2 O ) i Ly~
~d

- o
O )LD oo

K'eq (M)

12.3
13.1
12.9
11.9
12.7
5.60
5.20
20.6
227
20.7
19.1
18.2
18.6
204
209
19.35
209
21.7
19.0
223
21.9
21.6
0.26
0.29
0.27
0.26
0.25
41.0
38.9
18.5
18.5
19.1
19.0
5327
26.1
16.3
14.1



[Formanilide]
Obtained using K'. = — — and taking activity of water as unity.
& K [Anifine] [Formic acid] = - -

The concentrations of non-ionized acid and un-protonated amine were calculated using

the corrected pK, under the given conditions.
b
Acertate
CPD
‘In presence of 0.10 M KH,PO..
“In presence of 0.30 M KH>PO,.
‘In presence of 0.50 M KH,PO,.
¥In 20% aqueous ethanol.

"In 80% aqueous ethanol.
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B. Mechanism for formate/formic acid catalyzed hydrolysis and formation.
As pointed out in the results section (page 35). the observed rate constant for the
aitainment of equilibrium. Kgps. is the sum ot the pseudo-first order rate constants K and

K. Both these rate constants are dependent upon [RCOOH]. but in different ways. From

ke=Kkor klr[RCOOH]mtal (19)

k= kit [RCOOH i + kar [RCOOH oca (20)

the concentration dependencies. the k¢ term must be non-existent at [RCOOH o1 = 0. but
must increase sharply as [RCOOH]ow increases. [t is this latter eftect that allows an
equilibrium situation to attained at higher [RCOOH izal-

From Table 2. it can be seen that the rate constants tor formate catalvsis both for
hydrolysis (k(;) and formation (k-y) remain constant with increasing pH until pH 3.6
whereupon they decrease. Three possible mechanisms can be proposed for hydrolysis
from this observation. The first. Mechanism 1. a general acid mechanism, involves the
non-ionized acid is acting as a general acid to install a proton on the carbonyi oxygen.
while a water molecule attacks the carbonyl carbon with concomitant general base
assistance from another water molecule vielding T". Second. Mechanism II. a specific
acid folloved by general base mechanism. involves a water attack on the protonated
amide with formate anion acting as a general base to assist water attack to once again
give T. Finally the third possibility is Mechanism [Il. a nucleophilic mechanism. where a
formate anion attacks the protonated amide to produce the transient anhydride

intermediate.
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However, these mechanisms are kinetically equivalent processes, since the stoichiometric
composition (HCOOH or HCOO™ and H") of the rate limiting transition states are the
same in all three mechanisms.>® As the observed SKIE on ki, is close to unity (0.96+0.12,
Table 2), Mechanism [ is unlikely, since this mechanism would exhibit a primary SKIE.
At this point it is not possible to differentiate between Mechanism [] and Mechanism I1],
and data regarding formation and aminolysis of formic anhydride should be useful for
this purpose. Similarly, the breakdown of T° leading to formanilide, can occur via general
acid or specific acid catalysis followed by general base catalysis or via attack of amine on

anhydride which is formed by nucleophilic attack of formate on protonated formic acid.
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C. Effect of pH on the conditional equilibrium constant K'.

At constant [formate]o. the conditional equilibrium constant K increases
with pH (up to pH 3.6) attaining 2 maximum value. and then decreases at higher pH
(Table 10). This is because non-ionized acid and unprotonated aniline are the reactive
species. The conditional equilibrium constant K' includes the [formate]ai. S0 eq 13 can

be expanded as

K' = K"[HCOOH] = [anilide] oo [aniline] toca

[HCONHPh]

K" (2N

=([HCOOH].+ [HCOO])([H;NPh]+ [H>NPh])
and the optimum pH for tormation can be calculated using ay = vV K.Kg . where ay is the
hydrogen ion activity and K4 and Kg are the ionization constants of formic acid and
anilinium ion respectively.'? Using this relation between the dissociation constants of’
acid’amine and hyvdrogen ion concentration, the optimum pHs for formation of
formanilide can be computed as 3.83 and 3.71 at 80 °C and 100 °C. respectively. Under
the experimental conditions used here the pK,; of formic acid is 3.63 while that tor
anilinium ion is 3.78 (4.02 at 80" C). Thus at pH lower than 3.6. [RCOOH] is maximal
while the majority of the aniline is protonated. At higher pH. the situation is reversed. but
in both cases the concentration of the reactive species. RCOOH and H.NAr. decreases
(see Figure 9). Hence there is an optimum pH at which a maximal value for the
conditional equilibrium constant, K, can be obtained. Laskowski has also reported"*
simtlar observations for the conditional equilibrium constant of the protease catalyzed

hydrolysis and formation of peptide bonds.
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There is an apparent SKIE and on K' of formanilide. K'n/K'p = 1.36 at pH (pD)
3.60 at 80 °C (Table 10). This effect can be accounted for by the change in pK,; of formic
acid and anilinium ion in D>O. The SKIE becomes unity for K'.q after correcting for these

effects.

D. Effect of the amine basicity and the structure of the acyl moieties on the amide

formation equilibria.

Fersht has shown® that for a number of aliphatic amines log K'¢y of tormamide
formation at 25 °C and u = 1.0 tollows eq 13. This demonstrates that the amide tormation

log K'yy =0.50 + 0.51 pK; (ammonium) (13)

ey
equilibrium is directly proportional to the ammonium ion pK,. However. Fersht's
experimental K’y value for formanilide. was § times smaller than would be predicted
using eq 13. This is because eq 13 relates to a series of aliphatic amines. In the present
study it is seen that tor tormanilides. at 80 °C and u=1.0. log K'cq vs pK; of anilinium ion

obeyvs eq 22. Figure 10. This indicates that the equilibrium constants ot tormation of

anilides are also directly proportional to the basicity of the aromatic amines.
log K'cy =-0.95 + 0.57 pK, (22)

Morawetz and Otaki have observed’ that the amide formation equilibrium
constants tor a sertes of higher tatty acids were nearly the same under aqueous basic
conditions. They have also observed that in base formate reacts with methyl amine about
140 times taster than does acetate at 44.4 °C. In the present study it is seen that in

aqueous acid media the rate constant for the attainment of equilibria. Keps. ot formanilide
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s 240 times greater than that of acetanilide at 100 °C and under similar conditions of pH
and [RCOOH}ow- This high reactivity ot formate compared to acetate can be explained

in terms ot steric factors. since the nucleophilic attack on the tormate would be less

i
9
+ H,oN - H,O
/C B
H
i
O C
I - Hv\ -~ H-
He (" i
H/C\ “OH
H

hindered compared with acetae. Nevertheless. the equilibrium constant. K’ is only 3.7
times greater tor tormantlide than thart of acetanilide. under similar conditions. Table 10.

Thus. the equilibrium positions are less sensitive to the acvl tunctionality ot the amide.

E. Effect of temperature on the on the amide formation equilibria.

Log K'y (corrected equilibrium constant) tor formanilide is inversely proportional
to temperature. increasing 2.6 times from 100 °C to 60 °C. Table 10. When log K'y, is
plotted against 1/T a straight line with positive slope is obtained as seen in Figure I1.
Fersht's value® of K'o, for tormamide. obtained by a ditterent method at 23 “C. also falls
on the line. From the slope of the line a AH.; 0f 6.60£0.25 kcal/mole can be calculated.
This AH¢q value is very close to ionization AH;ogizaion of anilinium ion (7.38 kcal/mole)."S
The pK, of anilinium ion decreases 1.11 pK, units from 23 °C to 100 °C. whereas the
change in pK, of formic acid over the same range of temperature is negligible. Thus the

temperature eftect on K' is mostly due to the change in pK; of the anilinium ion.
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figure L1 Plot ol log of corrected equilibrium constant (K'y,) against 1/T for equilibrium formation of formanilide, p = 1.0 (KCI).
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However. in practical terms. temperature has very little effect on the observed conditional
equilibrium constant (K') as the values ot K' range trom 2.82. 2.77 and 2.6+ at 60 °C. 80
“C and 100 °C. respectively. (at pH 3.6 and [formate] = 1.0 M) Table 10. This is because.
at a given pH (3.6) when the temperature increases. the pK; ot anilinium ion decreases.
increasing the concentration of non-protonated amine. hence. shitting the equilibrium
more towards formation. Nevertheless. this etfect is opposed by the decreasing basicity of
aniline (see section D). These opposing factors reduce the ettects of temperature on K.
however it should be noted that this is only true at pHs above the pK, of anilinium ion.
Below the pK,. since [H;N"Ar] would remain constant. only the basicity is reduced so K'

would drop too.

F. Effect of added phosphate ion on the amide formation.

Phosphate catalvses the tormation and hyvdrolvsis of formanilide. However. as
expected. the equilibrium position is not changed by the addition of KH-POy. [t is known
that phosphate ions™® " are able to mediate acyl transfer. in this case to amine or water.
probably through proton addition and removal in the formation and breakdown of

tetrahedral intermediates.

[n some cases it is known that phosphate can act as a nucleophile toward RCOX
10 give acyl phosphate intermediates. In a recent paper™ Brown provided evidence that
phosphate can act as a nucleophilic catalyst towards ester and thiolester hvdrolysis. This
mechanism generally occurs when the conjugate acid ot the departing group. X. has a low
pK, and X can leave readily as an anion. It is unlikely to be operative for phosphate

catalysis of'amide equilibriation. Nevertheless. for the formation and hydrolvsis of
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formanilide. a speculative possibility exists where phosphate nucleophilically attacks to
give the formy| phosphate intermediate. The hypothetical mechanism of nucleophilic

catalysis by phosphate for amide bond formation is presented in Scheme 13.

Scheme 13
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Keillor er al have suggested™ that the catalytic mechanism of phosphate assisted
tormation and hydrolysis of amides proceeds via either sequential general base/general

acid process or a bifunctional concerted general base/general acid processes. Scheme 14.

Scheme 14
»
O//\‘H O/\H .
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In earlier work. Kirby observed phosphate catalysis of lactam formation from 15
and 16a. To account for the accelerated rate of ring closure. the authors invoked the role
of phosphate as both a general base and a general acid. Scheme 15. Bifunctional catalysis
by phosphate buffers has also been observed for amide®® and imidate ester’” hvdrolvsis

and suggested to occur by the same sort of mechanism as depicted in Schemes 14 and 15.

Scheme 15
Py ’/\‘ H-0 /O(]_'—D
vyO—H 9] 0 — ~p
/"\* \Pé T ,O/ %O + H,O
N O H—Of N\ N @)
R=H. CH3

G. Formation and hydrolysis of formanilide in aqueous ethanol.

To study the eftect of the solvent polarity on the equilibrium constant. the
tormation and hydrolysis of formanilide was carried out in both 20 and 80 percent (v/v)
ethanol/water mixtures. Under comparable conditions, both the rate constant for
attainment ot equilibrium (kyss) and the conditional equilibrium constant (K') increased
about 3.3 times in changing from 0 to 80 percent ethanol (see Table 10). The pK, of
formic acid increases with the addition of ethanol in aqueous media.*® Under the
experimental conditions of the present study. the pK, of formic acid changes to 4.88 in 80
percent ethanol from 3.63 in aqueous media. On the other hand the pK, ot anilinium ion
decreases to 3.33 in 80 percent ethanol trom 4.30 in aqueous media. These changes in
pK.s due to the addition of ethanol increase the concentration of the non-ionized forms of

both aniline and formic acid at a given pH (here 3.6). Hence. the equilibrium lies more
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towards the formation. However. it should be noted that if the observed change in K’ only
results from changes in etfective concentration of reactive species (ie [HCOOH] and
[H-NPh]). the change would be higher than 3.5-fold in 80 percent ethanol since the
effective concentration of both acid and amine increases. The other factor which reduces
the overall etfect on K' is the basicity of the amine. Although the reduction in amine pK,
increases the effective concentration of amine at a given pH it also reduces basicity of the
amine, so the net effect on K' is somewhat dampened.

Similar observations for addition of organic solvents to the reaction media were

i .
' It was reported that. in the

made in studies of enzymatic formation ot amide bonds.
enzyme catalvsed processes. the addition of organic solvents shitted the equilibrium more
towards amide bond tormation. In a chymotrypsin catalyzed formation of

benzvloxvcarbonyl-t-tryptophanylglycineamide a dipeptide. (from benzyloxycarbonyl-L-

trvptophan. 18 and glvcineamide. 19). the addition of 85 percent 1.4-butanediol increased

H-N
, NH
. O— O
NH,
18 19

the formation by a factor of 84."* The pK, of the carboxylic acid group of

benzyloxycarbonyl-L-tryptophan shifted from 3.6 in aqueous solution to 3.3 in 83 percent
1.4-butanediol. without a significant change in the pK; of the amine group of
glvcineamide (which changed from 8.2 to 8.1). Hence. in that study the enhancement in

dipeptide formation in the above solvent system was attributed mostly to the change in
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pK. of the carboxylic acid group of benzyloxycarbonyl-L-tryptophan. Presumably such
effect could be operative in the non-ezymatic coupling of these two species as well.

Although the effects of the addition of ethanol can be explained in terms of the
change in pK,s, another possibility exists wherein ethyl formate is formed as a reactive
intermediate and amide formation will occur through the aminolysis of ethyl formate,
Scheme 16.

Scheme 16
ky

H;0 + HCOOH + NH,Ph H;0 + HCONHPh + H>O

-1
k>

H;0 + HCOOH + EOH =—= H;0"+ HCOOEt - H,O

X-2
+ k3 +
H;O + HCOOEt + NH,Ph === HCONHPh + EtOH + H;0

-3

A century ago, Kistiakowsky studied*” the equilibrium formation and hydrolysis
of ethyl formate in acidic aqueous ethanol, and showed that the acid catalyzed rate of
attainment of equilibria ((k; + k) in Scheme 16) varied from 2.3 x 10° M ' s t0 3.3 x
107 M 57" when the solvent composition was varied from 21 to 80 percent ethanol at 25
°C. The equilibrium position lay 17, 61 and 72 percent towards formation of ethyl
formate in 21, 73 and 84 percent ethanol, respectively. The author also reported an 8-10
percent increase in the rate of attainment of equilibria when the temperature was
increased to 30 °C from 235 °C, without changing the equilibrium position. The possibility
of formanilide formation via aminolysis of ethyl formate cannot be ruled out at this point.
However, with more information from studies involving aminolysis of ethyl formate

under the experimental conditions reported in this thesis, a definitive picture would likely

emerge.



CHAPTER 5: CONCLUSION

Equilibria can be attained for formanilide. acetanilide. p-nitroformanilide and p-
methoxyformanilide and their constituent acids and amines under dilute aqueous acidic
conditions starting from both formation and hvdrolysis directions. At moderately acidic
pH. these amides can be formed in reasonable amounts in reasonable times under
appropriate conditions. The conditional equilibrium constant. K'. gives an indication of
where the equilibrium position lies under a given set of conditions. The equilibrium
position for formanilides shifts more towards formation with the increasing basicity of
constituent amine. At 1.0 M [formate] o and at pH 3.2, K' for formanilide. p-
methoxyformanilide and p-nitrotormanilide are 2.05. 1.88 and 0.19 respectively at 80 °C.
This indicates that for the first two anilides the equilibrium position lies more than 63%
in favour of tormation while the later compound sits only at about 16% towards
formation. In the present study the optimum conditions tor formanilide tormation in
aqueous media was found to be at pH 3.6.. 1.0 M [formate]ipri. Where more than 73%
formation was observed. The half life (1) for the rate of attainment of the equilibrium
under the conditions described above. range from 1.6 hr to 8.6 hr for the difterent
anilides, so for practical purposes. equilibrium can be reached within 8 1o 42 hr (i.¢.5 t;,2).
The corrected equilibrium constant (K'.q) for formanilide is inversely proportional to
temperature. while a minimal change in K’ is observed.

While the rate of attainment of equilibrium decreases by 249 times when going
from formanilide to acetanilide under comparable conditions. the eftect on the corrected
equilibrium constant (K'cq) i1s much smaller. decreasing by a factor of only 3.7. These

difterences are believed to be largely due to the steric effects.
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Phosphate catalvzes the attainment of both formation and hydrolysis ot
formanilide without changing the equilibrium position. At pH 3.6. and constant ionic
strength (i = 1.0), it was found that 0.5 M phosphate increased the rate of attainment of’
equilibrium tfor formanilide by 1.6 times. while K' remained constant at 2.7, denoting an
unchanged equilibrium position as expected. In practical terms phosphate accelerates
attainment of equilibria (5 t;») tfrom about 12 hrto 7 hr at pH 3.6. [formate]i = 1.0 M
and at 80 "C. a considerable savings in time.

Both the rate of attainment of equilibrium and the apparent formation equilibrium
constant tfor formation increases with increasing amounts of ethanol in the medium. [n a
solution system of 80 percent ethanol both the rate ot attainment of equilibrium and the
K' increase by a factor of 3.5 at pH 3.6. [formate] = 1.0 M and at 60 °C. From a
practical point of view. going from 0 to 8O percent ethanol in solution at pH 3.6 and
[formate ] = 1.0 M. resulted in an enhancement of the vield from 73% to 91%. with
the equilibrium being attained within 12 hr instead of 42 hr.

So trom a synthetic point of view. simply adjusting pH and changing the solvent
in an overnight reaction produces up to 91% formanilide using formic acid in excess of
aniline as the starting materials. Actually. in aqueous media. using higher aniline
concentrations while maintaining the excess formic acid will lead to formanilide

precipitating out from solution. thus driving the reaction more completely towards

formation.



Future work.

In the present study the equilibrium of formation and hydrolysis of formanilide
and acetanilide have been studied. However. it would be usetul to obtain such

equilibrium constants for amides which were previously studied for hyvdrolysis such as:

H
NT

O

CF;

3aX=H

3b X=NO>»
In an initial study®® with compound 3b more than 10% formation was observed at
equilibrium. (At pH 1.23. [CF;COOH] o = 0.1 M, p = 1.0 (KC1) at 100 °C).

Previously Keillor et al showed® that compound 8 catalvzed the tormation and
hydrolysis equilibria of N-formylmorpholine. [t would be interesting to see the effect of 8
and other bifunctional catalysts such as (4-6) and (9-11). on the tormation and hvdrolysis
equilibria of anilides and other amides. It is reported here that phosphate catalvses the
rate at which equilibrium is attain for tormanilide without effecting the equilibrium
position. A logical extension of this work would be to study the effect of phosphate on
the rate and equilibrium of formation and hydrolysis of other amides.

The formation and hvdrolysis reaction of formanilide in aqueous ethanol
may proceed via an intermediate ethyl formate (Scheme 16). Knowledge of the rate of
formation of ethyl formate and the rate of ethvl formate aminolysis under the
experimental conditions used in this study would be helpful to understand the processes

occurring in aqueous ethanolic media.
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Part 2: Studies of Acyl Transfer from a Strained Amide to Thioglvcolic Acid

and Intramolecular Catalysis of Thiol Ester Hvdrolysis.



CHAPTER 1: BACKGROUND

Amide bond hydrolysis is very slow under mild conditions of temperature and at
pH values close to neutrality which resemble physiological conditions. For example, in a
recent report Smith and Hansen studied the hydrolysis of N-(phenylacetyl)glycyl-p-valine
at 37 °C and at various conditions of pH.' At pH 7. the corresponding half life (t;,2) for
(phenvlacetyl)glveyl bond hydrolysis has been computed to be 243 years. and that for

hvdrolysis of the glycyl-o-valine bond to be 267 years. Scheme 1. Nevertheless.

P T

N-(phenylacetyl)alycyl- bp-valine

Scheme 1
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hydrolytic enzyvmes called proteases are capable of rapid cleavage of amide (peptide)

\j

bonds under physiological conditions. One such example is the enzymatic hydrolysis of
benzovl glyeyvi-L-phenylalanine by carboxypeptidase A with a t;» of 6 milliseconds.” At
present, proteases are classified into four main categories according to the functional
groups present in the active site. The categories are Serine. Cysteine. Aspartate and
Metallo (Zn™") proteases. In the following section. the three non-metallo proteases are

discussed.



Serine proteases:

The serine proteases comprise a large group of enzymes for which the optimum
pH tfor activity is close to neutrality.’ The active site of most of these enzymes contains a
catalytic triad of serine (Ser-OH). histidine (His-Im) and aspartate (Asp-COO").* The
hydroxyl group of serine becomes acetylated, giving an acyl enzyme intermediate during
the course of amide bond hydrolysis. Chymotrypsin is one ot the most studied™*7 serine
proteases. with an active site containing Ser-195. His-37 and Asp-102 as the catalytic
triad. Also present in the active site of chymotrypsin are the backbone NH groups of Gly-
193 and Ser-1935 forming the so-called "oxyanion hole”.* The steps involved in the
catalyvtic process tor amide bond hydrolysis by chymotrypsin are detailed in Scheme 2. in
which it is seen that the initial formation of the non-covalent enzyme substrate complex
(ES) is followed by nucleophilic attack from the Ser-195 hydroxyl group on the substrate
carbonyl carbon, torming a tetrahedral intermediate (Tg"). The nucleophilic attack of the
Ser-195 hydroxyl group is facilitated by general base assistance from the imidazole of
His-57. The tetrahedral intermediate (To") subsequently breaks down to the acyl-enzyme
(EA) intermediate via a proton transfer from the imidazolium of His-37. At this point. the
cleaved amine is expelled trom the active site and replaced by a water molecule.
[n the deacylation process. the steps involved are nucleophilic attack of a water molecule
on the carbonyl carbon of EA with general base assistance by the imidazole to produce
the second tetrahedral intermediate T'g". which subsequently breaks down to form
products, regenerating the enzyme. Throughout the hydrolytic process. the role of the

carboxylate moiety of Asp-102 is to orient the imidazoy| group of His-57 to enable it to



pertorm its general base/acid role and also to electrostatically stabilize the imidazolium

ion and increase the basicity of imidazole.*’
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Aspartate proteases:
Aspartate proteases are also known as carboxyl proteases because these enzymes
have two catalytically essential carboxy! groups of aspartate in the enzyme active site.’

S.10.1
3.9.10 land

The two well known enzymes of this class are the mammalian enzyme pepsin
the fungal enzyme penicil[opepsin.'l‘” However. possibly the most famous aspartate
protease is the human immunodeficiency virus (HIV) protease.”'”"" \ost of these
proteases are active at low pHs (ranging from pH 1.9 to 4.0). which is why these enzymes
were formerly known as acid proteases. The pK,s of the two carboxylic acid groups of
the active site aspartate are 1.4 and 4.5 (for pepsin the two aspartate groups are Asp-32
and Asp-213. respectively). The former carboxylic acid group, when deprotonated. acts a

nucleophile or a general base while the other supplies a proton to the nitrogen of the

tetrahedral intermediate. Schemes 3 and 4.
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Scheme 4 o™

The catalytic mechanism of these enzymes is still controversial. because the initial attack
of an aspartate carboxylate on the substrate can either be nucleophilic to torm an acyl
enzyme intermediate. Scheme 3. or general base without going via an acyl enzyme.
Scheme 4. However. a recent postulated mechanism of aspartate proteases. depicted in

Scheme 5. includes one aspartate residue as a general base/acid. while the second residue

acts solely to stabilize the developing charge on the acy! o.\'_vg'_nen.[”"”8
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Cysteine proteases:

Cysteine proteases are widely distributed in nature and contain an essential
cysteine thiol and a histidine imidazole within the active site. " The plant protease papain
was the first enzyme to be recognized as a thiol-containing protease:m“ this is also the
best studied cvsteine protease.”"*'* The pH rate profile of papain follows a bell shaped
curve which is consistent with the fact that two ionizable groups are essenuial tor the
catalvtic process. [t is now generally accepted that the catalytically active enzyme

. . . . - . - 23
contains the thiolate-imidazolium ion pair.” Scheme 6.

Scheme 6
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The two apparent pK, values obtained tfrom the beli shaped pH rate profile are ~ 4 and
~ 8.3, The lower pK, value is considered to be mostly due to the ionization of the
cvsteine thiol group. while the higher pK, value is attributed mostly to the ionization of
the imidazolium ion. It was suggested that.™* at physiological pH. the active site largely
contains the catalytically active thiolate imidazolium zwitterionic pair.

The basic features involved in the catalytic mechanism of cysteine proteases are

presented in Schieme 7. The first step is the formation of the non covalent enzyme
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substrate (ES) complex. followed by the acvlation of the cysteine thiol group to torm an
acyl enzyme intermediate (EA). The latter step is initiated by the attack of cvsteine
thiolate on the substrate carbonyl carbon to produce a tetrahedral intermediate which then

breaks down to give the ester intermediate and the amine product via a proton

Scheme 7
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transfer from the imidazolium ion. [n the following deacylation step. the histidine
imidazole acts as a general base. delivering a water molecule to hydrolyse the thiol ester

intermediate. subsequently regenerating the enzyme.
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Small molecular models for enzymatic amide bond hydrolysis:

Enzymes are large proteins. with a major portion of the protein serving as the
substrate binding site thereby controlling the speciticity of the enzyme by holding the
substrate in proper orientation. The catalytically active parts of the enzymes are relatively
small. To investigate the detailed catalytic mechanisms. many small molecular models
containing reasonable approximations of the essential functionalities of enzyme active

: . 125263728 . . .
sites have been studied. The following section is a summary of some small

molecular models of the proteases discussed above.

Small molecular models for serine proteases
Brown and coworkers have studied the reaction ot a number of bifunctional

. . h - - = - .
molecules with the distorted”” amide 1 as a model for the reactions believed to occur in

N
\
@)

1

the active site of proteases. As the model for the acylation steps of the serine proteases.

the reaction of a series of imidazole and amino alcohols such as 2-4°"

\ N N
N OH
/‘\ \/\OH [\:\>\/OH l \:\>\/
N N
| [

R oy H
2 3aR=H K|
b R=CH;

with 1 have been studied. In all cases. the initial products were the O-acylated esters. The
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pH rate profile for acylation showed a plateau above the amine pK,, indicating the basic

(or zwitterionic) form was active, suggesting the reaction mechanism shown in Scheme 8.

Scheme 8
. K A
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O/
N
/ @ N
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H O :
~s 0O H
>
N
i
H
O/

The reactivity of the amines increased with increasing ammonium ion pK, and the plot of
pK, vs the second order rate constants for O-acvlation of amino alcohols produced a
straight line indicating a Broensted relationship. The rate constant for acylation of the
imidazole alcohol 4 containing the pendant carboxylate group also fit on the same
Bronsted line as defined by other amino alcohols showing that the reaction rate is
controlled by amine basicity. For compound 4. the role of the carboxylate was suggested
to electrostatically increase the basicity of the imidazole. The common mechanism for
these amino alcohols involves either the initial nucleophilic attack of the OH with general
base assistance from the pendant amino group or attack by O of the zwitterion to form
the zwitterionic tetrahedral intermediate. T~. This intermediate breaks down to the

product by an intramolecular proton transter from the pendant ammonium ion.
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Solvent kinetic isotope etfects (SKIE) of | to 2 were observed for the acviation of
amino alcohols by 1. For imidazole alcohols. the SKIE decreased with increasing amine
pK,. This etfect was explained by the possible involvement of zwitterionic ammonium
alkoxide (lower part of Scheme 8).

In an eftort to mimic the catalytic triad of serine proteases. and to provide a
binding pocket for the substrate. Bender and coworkers svnthetically modified™" §-
cvclodextrin to include an imidazole and a carboxvlate functionality in molecule (3). It
was shown that 5. an "artiticial enzyme” as termed by the authors. signiticantly enhances

the hvdrolysis of p-rerr-butylphenyl acetate and the suggested™ mechanism is given in

/\; COO OO
{ NH

Scheme 9.
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However. no amide hvdrolvses catalyzed by this "artificial enzyme’ were reported. Later it
was shown’~ that the imidazole and carboxylate functional groups incorporated in 5 did
not participate in the hydrolysis of ester substrates by cyclodextrin. but in fact retarded
the reaction because of steric hindrance.

In a recent paper.3 * De Clercq et al have reported the synthesis and reactivity of a

series of v-amino alcohols (6-9) towards esterification by acetylimidazole (10) and

Bu Bu
N N
N HO . ‘ HO
N OH OH
Tt
OH ~N—0 HO
—_)
6=H 8a = c¢is 9a =cis
7 =1Bu 8b = trans 9b = rrans
H
i
N
P ~ T
N7 NN S CF;
\___/ O-N
10 1t

p-uitrotritluoroacetanitide (11). The acvl transfer reactions. suggested to occur as in
Scheme 10. were carried out in acetonitrile at 23 °C. The reaction of 1.6-hexanediol with
10 and 11 in acetonitrile in the presence of triethy]l amine were taken as the base reactions

for comparison. and the half lives (t;,2) for these reactions were found to be



Scheme 10
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2240 hr and 412 hr. respectively. Considerable rate enhancements were observed for the
reaction ot amino alcohols 6-9 with acetyl imidazole (10) compared to the base reaction
(in the best case as high as 5* 10° times). On the other hand. the reaction rates of 6-9 with
p~nitrotrifluoroacetanilide (11) did not show as much enhancement (only about 4 times
for the best case). For compounds 8 and 9. the cis isomers (8a and 9a) were more reactive
with compound 10 than were the /rans isomers. Compound 9a (the c¢is isomer) was also
more reactive than 9b (the trans isomer) with 11. These results were explained by a
hydrogen bonding network such as that shown in 12, which gives rise to extra

stabilization of the tetrahedral oxyanion.




Small molecular models for aspartate proteases.
The hydrolysis reactions of a series of maleamic acid derivatives (13) were

studied®* as the model for the deacylation step of the aspartate proteases. The steps

O
JH
R, N
R
Ry OH
O
13

involved in the hydrolytic process of 13 are described in Scheme 11. As seen in the
scheme, the reaction proceeds via intramolecular attack to yield maleic anhydride. The
rate determining step (or steps) depends on both leaving group basicity and on the acidity

of the solution.

Scheme 11
(9] HO NHR O NH> R
H
R; N: R R, .
R O O
R, OH Ry R,
O O
O 0 O
R, R 4 R,
OH H0 1 o (diffusion o +
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R; OH Ry Ry ?
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As a model for the acylation process of aspartate proteases which contain two
aspartaie COO(H) in the active site. Brown er al have studied”™ the reaction of certain

carboxylic diacids with the strained amide 1. They found that dicarboxvlic acids (14-16)

O—
wo OH HO oHHO™0

14 15 16

capable of forming cyclic anhydrides can attack 1 with high efficiency. The hvdrolvtic
process was found (Scheme 12) to proceed through a reversible nucleophilic attack of
monoanionic carboxylate on amide 1. vielding the linear anhvdride intermediate. This
linear anhydride undergoes rapid intramolecular nucleophilic attack by the second

Scheme 12

O (‘
L ﬂ? o C N;
N + -
‘ - OH) =—————7 ~H O
(H_)/ \O | O 0
0

OUO

(pendant) carboxylate to form the cyclic anhydride of the diacid. In the pH-rate profile
tor the reaction of 14-16 with 1. three domains were observed corresponding to attack of

the monoanion on 1-H . monoanion on 1 and dianion on 1.



Small molecular models for cysteine proteases
In earlier studies,’® Brown e al investigated the reaction of imidazole-thiols 17a,b

and 18 with reactive esters 19a,b as the models for the acylation step of cysteine

= 1

y
N H
[ \> e SH X
0
R
NO,
17aR=H 18 19aR=H
17b R = CHj3 19b R =NO,

proteases. More recently, Keillor ef a/ in this laboratory have studied®’ the reactivity of a

series of amino thiolates, 17b, 20a-c and 21 towards the distorted amide 1. In the former

X N 0
HS/\/ HS/\/ \ /

20b X=N(CHs):

20c X = CHgNH’_)_
studies, it was seen that although the ammonium thiolates showed high reactivity towards
1, neither thiolates nor amines/ammonium alone was reactive. While the thiolate
functionality was required for the initial nucleophilic attack on the carbonyl carbon of the
amides, the pendant ammonium (or imidazolium) was needed to serve as a general acid
to supply a proton to the unstable intermediate. The reaction of 17b with 1 showed a bell

shaped pH-rate profile indicating that only the zwitterionic ammonium thiolate was the

reactive species. The overall reaction of ammonium thiolates with amides is summarized
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in Scheme 13 (onlv 17b and 1 are shown). where the initial attack on the amide carbony|
carbon from the zwitterionic ammonium thiolate leads to the tetrahedral intermediate T~

Scheme 13

: |

H

This intermediate is then captured by a proton transter from the pendant imidazolium
group to torm the thiol ester. which subsequently hydrolyses to the open amino acid. In
subsequent studies.*® hvdrolysis of four nonactivated amides (22a-c) and 23 were

tollowed in the
j\ i / \
l
H™ TX H/J\N 0
u

22a \(=\H3 23
22b X = N(CH;3)» -
22¢ X = NHPh

presence of 17b and the same general features were observed.

All model systems for acvlation indicate that for good catalysis one needs a
bifunctional nucleophile where one group acts as the nucleophile. while the other as a
proton transfer agent. The unifving feature of such catalysts is that at each intermediate
stage of the reaction. the catalyst is born in a state of protonation where it facilitates the

next reaction.
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Intramolecular hydrolysis of thiol esters: Model for deacylation of cysteine
proteases.

As seen in Scheme 7. the acvl enzyme (thiol ester) is hvdrolysed in a deacyiation
step via a general base assisted delivery of water by the active site histudine imidazole.
To investigate the intramolecular role of imidazole. the hydrolysis of several imidazole
containing thiol esters. such as 24 and 25, had been studied.’®*® However. in these studies
it was found that the pendant imidazole acted as a nucleophile rather than as a general

base 10 effect S to N acyl transter prior to hvdrolysis.

0O
= [ S-Pr
0
HN /
24 25

Bruice has studied®” the hydrolysis of 24 at various pHs. The proposed
mechanism involved reversible formation of lactam 24a (Scheme 14) via an initial
nucleophilic attack of the deprotonated pendant imidazole. This lactam then slowly
hydrolysed to give the imidazole acid. 24b. However. in the presence ot added thiol. 24a
reformed the initial thiol ester. and at high enough concentration (ca 0.2M) ot tree thiol
the hydrolysis of 24 was completely inhibited. This demonstrated the reversibility of the

tormaton ot lactam 24a.
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Scheme 14
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24b

In another paper. Fife and DeMark reported the intramolecular aminolysis of thiol
ester 25.%" They found (Scheme 15) that the tormation and reversal (to the starting thiol
ester 25) of the tetrahedral intermediate. T°. proceeding through nucleophilic attack by
the imidazoie moiety was an equilibrium process. The breakdown of the intermediate T"
was subject to intermolecular general base catalysis vielding the lactam 235a. which was
subsequently hvdrolyvsed. No intramolecular general base assistance trom the imidazole

Scheme 15
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pendant was observed. However. it should be noted that in these small molecular models.
the pendant imidazole is on the acvl part of the molecule and. as a result. the thiol part of

the molecule is expelled upon ring closure. whereas in the enzyme the imidazole and the

thiol remain in the active site.

More recently Brown ef af have studied’®®*' the hydrolytic reaction of the thiol

esters 26-28 as a tunction of pH. Solvent deuterium kinetic isotope effects on the

HN N Q
N /[J\ N .
. NN N s
> R
N . )
O H R
26 27 28aR=H
28b R = CH;

hydrolysis were also studied tor 26 and 27 at neutral pH and were found to be 3.8 and
1.9. respectively. Experiments pertormed in the presence of thiolate trapping reagents
(Ellman'’s reagent) showed that acvl transfer from S to N (i.¢. an intramolecular
nucleophilic reaction) was not an important process. From these observations. it was
suggested that the major hydrolyvtic pathway for these thiol esters at neutral pH proceeds
through a mechanism in which the pendant imidazole acts as a general base. The

proposed hvdrolyvtic mechanism is shown in Scheme 16. using 28b as an example.

Scheme 16
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CHAPTER 2

A. Objective of this work.

All three classes of naturally occurring non-metallo enzyvmes have a nucleophile
(or a general base) and a group which acts as a general acid in the enzyme active site.
Although the mechanistic details ot aspartate protease are still uncertain. the steps
involved in the amide bond hydrolysis by all three non-metallo proteases have similarities
(Scheme 2- 4 and 7). [n each case. the first step is a nucleophilic attack by the enzyme on
the carbony! carbon of the substrate. However. it should be noted that in a recently
proposed mechanism'™'® (Scheme 3) for amide bond hyvdrolysis by aspartate protease. the
tirst step is attack of H.O with general base assistance trom an Asp-COQO". In all cases.
the next step is the nitrogen protonation of the departing amine by an active site general
acid prior to. or concerted with. C-N cleavage. To mimic these catalvtic features of
proteases. bitunctional molecules containing nucleophilic/acid-base groups have been
studied in this laboratory. and recent work has shown that the distorted aniline 2.3.4.5-
tetrahvdro-2-oxo-1.3- ethanobenzazepine. 1. is susceptible towards nucleophilic attack by
bifunctional nucleophiles such as B-amino alcohols.’® B-amino thiols**>7>* and
dicarboxylic acids which are capable of forming cvclic anhvdrides.’” These reactions
mimicked chemical processes belived to occur in the active site of serine. cysteine. and
aspartate proteases. respectively. The common feature ot the reaction of bifunctional
nucleophiles is that atter the initial attack. the acid/base pendant is born in a state of
ionization that is correct for assisting the subsequent step. To study the effect of other

pairs of nucleophilic/acid-base groups that are not simultaneously present in a natural
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protease. and to develop a catalyst for amide hydrolysis at neutral pH. the reaction of' 1

with thioglvcolic acid. 29. and ethyl-2-mercaptoacetate. 30. have been investigated.

/ oo )
@.\D <U‘\OH (”\01—:[
\ SH SH

L 29 30 3la R=H
31b R=E1

Preliminary work from these laboratories*™ has shown that the reaction of 1 and
both 29 and 30 produce the corresponding thiol ester. and part of the pH rate profile tor
29 with 1 trom pH 4.0 - 9.0 and pH 10.5 - 10.9. were obtained. However. the second
order rate constants ot the reaction of 29 with 1 at pHs lower than the first pK, (3.35) of
29 were not obtained. and consequently the reaction mechanism at lower pH was unclear.
In addiuon. data closer to second pK, (10.22) of 29 was missing trom the previous study.
Thus. to determine the reaction mechanism at lower pH and to define completely the pH
rate protile. the second order rate constants ot 29 reacting with 1 at low pH and at pHs

st ~ . . 4
close to the pK,'s of 29 were obtained in the present work.*"



B. Experimental.
Materials and Methods.

The following compounds were obtained from different commercial suppliers:
thioglveolic acid (Aldrich). sodium thioglycolate (Sigma). 5.5"-dithio-bis(2-nitrobenzoic
acid) (DTNB: Ellman's reagent) (Sigma). potassium chloride (BDH). potassium
dihyvdrogen orthophosphate (BDH) and potassium hydrogen orthophosphate (BDH).
2.3.4.5-Tetrahydro-2-oxo-1.3-cthanobenzazepine (1). was synthesized by a previous™
worker using methods described by Brown er al.™® Acetonitrile was dried over 3A
molecular sieves and distilled trom phosphorous pentoxide under argon. Puritied and
deoxygenated water from an Osmonics Aries water purification system was used for all
bufter preparations and these were further degassed by bubbling Ar through them for
several hours before use. All pHs were measured using a Radiometer Vit 90 Video

Titrator equipped with a GK2521C combined electrode. standardized by Fisher certified

pH 2.01.4.00. 7.00 and 10.00 butters.

Kinetics.

At pH 2.0 to 2.2, HClI (titrated) was used as the bufter. u = 1.0 (KCl).
Thioglycolic acid was used as the bufter at pHs close to the pK,;s of thioglycolic acid
(pKy =3.53 and pK; = 10.22). At high pH (~10) the rate of ring opening of the strained
amide 1 in the presence of excess thiol was followed by observing the increase in
absorbance at 291 nm. At lower pH (2-3.5) the rate of reaction was followed by
observing the decrease in absorbance of 1 at 230 or 240 nm. A moditied Carv-17 UV-vis

spectrophotometer interfaced to an [BM 486 PC fitted with OLIS software (On-line
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Instrument Svstems. Jefterson. Ga.. 1992) was used to follow the reaction at high pH
values. In a tvpical run 3 mL of deoxygenated thioglycolate butfer ({butter] = 0.03 to
0.20 M. u = 1.0 (KCI)) was transferred to Ar flushed cuvettes which were then thermally
equilibrated in the cell holder of the spectrophotometer tor 10 min. at 25 °C. To initiate
the reaction. 10 uL of 0.08 M stock solution of 1 in dry acetonitrile was injected in to the
cuvettes. The final pH of the cuvettes was measured after each run to ensure constancy of
pH. At lower pH. the rate of the reaction was followed by a Sequential Stopped Flow
ASVD Spectrophotometer trom Applied Photophysics (UK). interfaced with an Arcon
A3000 PC fitted with RISC OS3 software. One drive syringe was loaded with a 3.2 x 107
M solution of 1 in dilute phosphate bufter (pH = 6.9. [buffer] =2 x10~™ M. u = 1.0
(KCD)). The other drive syringe was loaded with a solution ot thioglycolic acid in HC!
butter ([thiol]wew =0.10 to 0.40 M. 1 = 1.0 (KCI)). I[n all cases an excess of thiol ot at
least 10-fold (over {anmide 1]) was used so that reactions were pseudo-tirst order. The
pseudo-first order rate constants (k,ps) Were obtained for each run by nonlinear least
squares (NLLSQ) fitting of the absorbance (A) vs time (t) data to a standard exponential
model (A, = A, + (Ao - A..) exp(-kt)). The second order rate constants (k-°"%) were
obtained from the slopes of plots of ks v's [thiol]ww at each pH (3-4 thiol concentrations
were used).

Thiol solutions were titrated with Ellman's re:agent43 in order to determine the

concentration of free thiols.
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C. Results.

The pseudo-first order rate constants (Kops) of the reaction of the strained amides 1
(1.3 - 2.6)*10™ M with thioglycolic acid. 29. to give the corresponding thiol ester 31a
were obtained at various pH values and [thiol}iw at 25 °C. 1 = 1.0 (KCl). The runs were
followed by abserving the rate of decrease in absorbance at 250 or 240 nm at low pH
(pH<3.3) using a stopped tlow spectrophotometer and by tollowing the increase in
absorbance at 291 nm at higher pH using a UV-vis spectrophotometer. The pseudo-tirst

order rate constants (Kups) are given in Appendix 2. Table 1S.

At each pH. kaps Wwas obtained at 3 or 4 ditferent [thiol}wm. The observed second
order rate constants (k-"") were obtained from the slope of a plot of Kps vs [thiol}war at

each pH according to eq 1.
Kop = Ko = k2" [thiolJus (1)

where kg is the background reaction (combination ot acid. base and water reactions). The
values ot k»"™ at various pHs are given in Table | and the pH vs rate constant protile for
the reaction of 29 with amide 1 is shown in Figure 1. As seen in Figure 1. going trom
high pH (> 10) to lower pH. the pH-rate profile increases with decreasing pH until the
second pK, ot 29 (pK.=10.22). whereupon the profile attains a limiting plateaued value
down to pH 2. [t should also be noted that there is a small and almost imperceptible
inflection at the first pK,; 0f 29 (pK, =3.55) followed by another plateau. The second
order rate constant k."" could not be obtained below pH 2 since background acid
catalvzed reactions become faster and high absorbancies were encountered. The pH rate

protile of the reaction of 29 with amide 1 can be explained by the processes described in
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Table 1. Second order rate constants tor the reaction of thioglvcolic acid (29) with the

strained amide 1 obtained at various pH. T =23 °C. u = 1.0 (KCI).

pH Buttfer [bufter] ko™
(M) M!Sy
2.02 HCI 9.5x 107 1.46 £0.15
2.19 HCI 6.5 %107 1.38£0.17
343 thioglvcolic acid 0.05-0.20 1.72£0.10
4.00° thioglycolic acid 0.05-0.20 .60 £0.13
1.50° Acetate 0.03 1.78 £0.18
5.16° Acetate 0.20 141 £0.02
5.40° MES 0.05 1.52 £0.13
5.90° MES 0.05 1.35£0.04
7.00" MOPS 0.03 1.7320.17
7.08° Phosphate 0.20 1.69 = 0.18
7.20° 1.2-dimethylimidazole 1.00 1.33 £0.08
7.94° HEPES 0.05 1.65+0.15
8.20° HEPES 0.20 1.46 +0.08
9.00° CHES 0.05 1.86 £ 0.05
9.75 thioglvcolic acid 0.05-0.20 0.85 £0.01
10.06 thioglycolic acid 0.05-0.20 0.78 +0.06
10.47 thioglvcolic acid 0.05-0.20 0.27 £ 0.06
10.50° thioglvcolic acid 0.05-0.20 0.432 £0.003
10.90° thioglycolic acid 0.05-0.20 0.24+£0.03

“The errors quoted are obtained trom the standard deviation in the slope calculated by the

linear regression fitting of Kgp, vs [thiol]uwa data to eq | at each pH.

b . . .
Obtained trom reference 42a.
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Scheme 17. where the monoanionic tform of thioglycolic acid M can react with both the

neutral and protonated form of amide 1 to give products. From this scheme. it can be

Scheme 17
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shown that the observed rate constant k2" at a given pH. when [H™] <<K',.can be
described by eq 2.

ko™ = (ke KK [HT] = kK [HTDAH T = Ki[HT] = KiKa) (2)
where K- and k; are the rate constants tor attack of a monoanionic M on the protonated.
1-H™. and neutral amide 1 respectively. K, and K. are the first and second macroscopic
dissociation constants for thioglyveolic acid and K'; is the dissociation constant ot
protonated amide 1. The solid line through the data in Figure | was obtained by non-
linear least square (NLLSQ) titting of the data in Table I to eq 2. where the known values

of Ki (2.82*107 M).F K- (6.02%107'" A D) *Fand K, (1.9 M)*® were fixed as constants.

From the tit. values of k> and k; can be obtained as 9.9*1 0 M "' s and 1.63 M s
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D. Discussion
Mechanism at low pH.

obs

The observed variations in the second order rate constant. k-""". tor the reaction ot
thioglveolic acid 29 with amide 1 at various pHs. is consistent with the process depicted
in Scheme 17. where a monoanionic thioglycolic acid M reacts with both neutral and
protonated amide 1. In eq 2. both processes. namely attack ot M on 1-H (k-) and attack
ot M on neutral 1 (k;). have been incorporated into the NLLSQ fit ot the experimental
data to the equation which generates a line passing through most of the points. However.
when the k> (the term describing a attack ot M on 1-H") is excluded trom eq 2 (i.e¢. ko =
0) the fit to the experimental data is poor in the low pH region. as is indicated in Figure 1
by the dotted line. In absence of the attack of M on 1-H . the observed rate constant
would have to drop linearly with pH below 3.55. which is the first pK, ot 29 (p[i\'. =
3.33). None of the above data allows us to ascertain which monoanionic torm ot
thioglyvcolic acid is responsible for the attack on 1-H".

However. some guidance for the species responsible for attack on 1 at various pH
values can be obtained from the reaction of the blocked derivative 30.** Kellogg has
shown™ that for the reaction of ethyl 2-mercaptoacetate 30 with L. the pH rate protile

shows a plateau at low pH. tollowed by a linear decrease at pH values above the pK,

- R . . . . - . .
(8.0) of the thiol. ® consistent with the process described in eq 3. where the monoanicnic

EtOOCCH>S ——» P

EtOOCCH,SH -
[t-H ]

K’y (3)
!

(1]
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30 attacks 1-H'. Fiting the experimental k,°* vs pH (see Figure 1) data to the kinetic
expression given in eq +. derived from eq 5. gives a value of be 6.35* 107 M 5™ for k.
the rate constant

ko™ = (/KK HTAKS™ = [HT]) (+)
for the attack of monoanion ot 30 on 1-H . The large apparent (almost 4 orders ot
magnitude) ditference between the rate constant (k) for the attack of M ot 29 on 1-H™
(9.9%10° M sy and that of 30 on 1-H™ is noteworthy. One expects that the
nucleophilicity of these two thiolates. EtO-CCH,S" and HO-»CCH,S". should not
substantially ditter towards 1-H™. with only minor differences potentially arising from
variation in the pK;s of the thiols. To explain the large apparent ditterence in k> values
between the thiols 29 and 30 we need to analyze the various microscopic forms of
thioglycolate as in Scheme 8. Note that the dominant monoanionic torm ot 29 is
thiocarboxylate. 29-COQ". since carboxylic acids are more

Scheme 18

acidic than thiols. The first macroscopic pKs of 29 (3.55) is mostly attributable to the
microscopic pK; 0f 29-COOH (hence, pKaIOH = 3.55 in Scheme 18). It can also be

reasonably assumed that the dissociation constant of 29-SH would be similar to that of
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30-SH: thus pKa*" is equal to ~8.0. Given the above. the ratio [0O0C-29)/[29-S] at any
given pH is calculated to be 2.8%10". It follows then. that only a small part of the total
monoanionic species of 29. M. represents the thiolate. 29-S™. The corrected second order
rate constant for the attack of 29-S” on 1-H is (9.910° M s'x 2.8*10%) =2.8*10% M
s"'. which is similar to that obtained for 30-S” attack on 1-H™. indicating that both proceed

via thiolate attack on the protonated amide 1.

Mechanism at pH>4.

At pHs above 4 and below 9. thioglvcolic acid exists mostly as the monoanion 29-
COQand for the reasons described above. Although product analysis* revealed that the
reaction of 29 with 1 produced the corresponding thio! ester 31a. suggesting a process
where 29-S" attacks 1 or I-H". two other possible mechanisms can be envisioned. Scheme

19. The second mechanism proceeds via an initial attack of 29-COO" on 1 to produce the

Scheme 19
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intermediate anhvdride. which subsequently breaks down to 31a in a fast step. Scheme

20. Although in this pH region. 29-COQ" is the dominant anion it should also be noted

Scheme 20
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that carboxylates are much less nucleophilic than thiolates® and no activity was
detected’™ for acetate with neutral 1 although acetate does react with 1-H™.*° Hence it
might be expected that the attack ot 29-COQO " on 1 should also be negligible. However.
considering the presence of the SH pendant in 29-COQ" it might be argued that the
activity ot 29-COQ" is not similar to that of simple carboxvlic anions. and that there may
be an intramolecular proton transter trom the SH to trap the tetrahedral intermediate
(To) in a subsequent step atter the initial nucleophilic attack. Scheme 20. If this process
were operative. glyvcine zwitterion. 32zyw. which is isostructural to 29-COQO". should show
a similar second order rate constant for reaction with 1 to that of 29-COO". However. 1t

was found™" that the glycine zwitterion is 200 times less reactive than 29-COO’. Thus. it
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NH-> NH-
32 327w

can be concluded that at this pH region the reaction of monoanion ot 29 with 1 does not

proceed via an anhyvdride intermediate.

The third mechanism. operative throughout the plateau region trom pH 3.5 to 10.
might be a kinetically equivalent process where the thiolate dianion. 'S-29-COQ" attacks
the protonated amide L. [t can be inferred from the above discussion that the thiolate part
of the dianion would attack I-H. not the carboxylate moiety also because the pH protile
should be linear in [H] it the COO" part of the dianion of 29 were nucleophilic towards
1-H™. However. the second order rate constant (ks. Scheme i9) for such a process would
be 53.2%10" M s which is at the higher end for a diftusion controlled*® process.
considering the reaction involves a dianion (SCH>-COO") and a positively charged (1-
H"™) species. [t should be noted that the reaction of HOOCCH,S™ with 1-H™ proceeds with
rate constant ot 2.8*10% M s™. which is 200 times smaller than that of ‘SCH.COO".
There is an increase in the pK; of the thiolate of HSCH>COO™ ( pK; = 10.2) relative to
that in HOOCCH.SH (pKf“ = §). which may result in an increase in thiolate
nucleophilicity.*” The reaction of the anions of thiols of comparable pK, should have

similar rate constants for this process. However, the second order rate constant (2* 10° M
''s)°™ for the reaction of the thiolate of ethanethiol. which has slightly higher pK,
(10.55)™ than OOCCHa-SH. is 20 times smaller than that of the latter thiolate. As

mentioned above. there may be some kinetic enhancement due to the attack of an anion

on a positively charged substrate that could account for the extra factor of 20. However.
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there is no significant difterence between the rate constant tor the artack of the
zwitterionic (though formally neutral) dimethyl cysteamine versus the attack of anionic
mercaptopropionitriie on 1-H . indicating that there is no enhancement of the reactivity
due to the overall charge of the nucleophilic species. Thus. it can be concluded that the
attack ot 'S-CH>-COO  on 1-H 1s not responsible for the reaction from pH 10 to 5.3,
There exists another possibility where the SH attacks 1 with intramolecular
veneral base assistance from carboxylate to produce Ty as in Scheme 21.General base

Scheme 21
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assistance ot thiol attack has not been observed previously™' in svstems such as RSH
plus p-nitropheny| acetate: at this point. this intramolecular process. while unlikely.
cannot be ruled out with certainty.

[t tollows tfrom the above discussion that the tavored mechanism at neutral pH
proceeds with the atiack of the thiolate monoanion. 29-S™ on neutral 1 to give the
intermediate Ty, Scheme 22. In the subsequent steps. the intermediate Ty is captured by
a proton transter from the pendant COOH to form Ty~ which ultimately breaks down to
torm the thiol ester 31a. [t should be noted that the mechanism outlined in Scheme 22 is

similar to that proposed by Keillor ¢r a/ for the reaction of ammonium thiolates™ “on 1.

14



Scheme 22
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From fits of the k»" data vs pH to eq 2 the observed second order rate constant
(k3) tor the attack ot 29-S” on neutral 1 is 1.6 M s However. atter correcting for the
actual concentration ot thiolate present at a given pH. vide infra. it becomes (1.6 M s x
2.8%10% =) 4.6*10" M ™. which is more than 750 times larger than that of the strong
nucleophile HO™ (60 M s™'). This enhanced effect arises due to the nuclophilicity of 29-
S’. and to its bifunctional character. As shown in Scheme 22, bifunctional nucleophiles
generally react with 1 in a multistep reaction proceeding through an anionic tetrahedral
intermediate To. Unless the intermediate 1s trapped by a proton transter trom some
adjacent pendant, Tg simply reverses back to 1. Thus. the bifunctional nucleophiles
generally function by trapping To via intramolecular proton transfer from the pendant

thereby preventing reversal.



When compared to other bifunctional™® nucleophiles such as 17b (100 M s™),
29-S°(4.6*10* M s™') was found to be the most reactive towards neutral 1. This might be
explained by fact that proton transfer to the anilino nitrogen in To™ from COOH is
thermodynamically more favored. since the COOH group has a lower pK, than other

possible pendants (e.g. Im-H") of the different bifunctional catalysts.
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E. Conclusion.

In previous work, it was shown that bifunctional smail molecular models of
naturally occurring proteolytic enzvmes containing nucleophilic/acid-base groups had a
high propensity to react with the distorted amide 1. The common mechanism for all the
model systems involves an initial nucleophilic attack followed by intramolecular proton
transter from the pendant to trap the unstable intermediate. The initial goal of the present
study was to design systems that did not mimic naturally occurring enzymes by coupling
a good nucleophile with a pendant not seen in the enzymes. As seen in this work.
thioglycolic acid (29) containing both the thiol(ate) and carboxylic acid group.
tunctionalities which are not simultaneously present in natural enzymes. is also reactive
towards 1. [t should be noted. however. that a mutant 3-lactamase enzyme has been
reported™” to contain a catalytically active thiol and an acid group at the enzyme active
site. This mutant B-lactamase was produced using site directed mutagenesis techniques
where an active site serine (Ser-70) was substituted by cysteine. [t was also suggested
that the active torm of the enzyme for hvdrolysis of B-lactam substrates contained the

ionized thiolate (Cvs-70) and protonated carboxylic acid (Glu-166).

[t is also shown here that the active form of the bifunctional nucleophile is
"SCH>COOH. where both a strong nucleophile (thiolate) and a pendant capable of
transterring a proton (carboxylic acid) are present. [n the present study, the lower and
upper limits of the pH rate profile for the reaction ot 29 with 1 were defined so that it was
possible to determine which of several mechanisms were operative. and it was further
shown that in the low pH domain. the monoanion of 29 attacks 1-H™. These tindings.

coupled with previous observations. reaftirm an important feature for catalysis. For
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bifunctional compounds to be active towards acyl transter trom amides. both nucleophilic
and genera!l acid (to trap the unstable tetrahedral intermediate via an intramolecular

proton transter) functionalities are required.
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CHAPTER 3

A. Objective of this work.

As discussed in Chapter 2 and in previous work trom this research group,": both
thioglyvcolic acid (29) and 2-(V..\-dimethylamino)ethane thiol (20b) react with distorted
amide 1 vielding the corresponding thiol esters (31a, 33). These reactions have been

taken as models tor the acvlation reaction that occurs in the active
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N Ho
1 29 31la
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20b 33

site of cysteine proteases where the catalvtic cycle also proceeds via an intermediate
thiol ester. In the enzyme-catalvzed reaction. the thiol ester intermediate is subsequently
hyvdrolyzed to regenerate the enzyme. [t 20b and 29 are considered 1o be true catalvsts for
the hvdrolvsis of 1. the intermediate thiol esters 31a and 33 must be hvdrolvzed rapidly
with intramolecular catalysis by the pendant carboxylate or amine. The widely accepted
mechanism of cysteine protease acyl enzyme intermediate hvdrolyvsis is believed to
proceed via a general base assisted attack of water by the active site histidine imidazole."

There are only a few small molecular models available that demonstrate intermolecular
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assisted hydrolysis of the thiol ester’ %!

and even fewer'' examples where
intramolecular general base catalvsis has been observed.

Described in this Chapter is the propensity for intramolecular assistance by
carboxylate and tertiary amine towards the hydrolysis of thiol esters. For this purpose.
4-nitrobenzoate esters of ethyl 2-mercaptoacetate. thioglveolic acid. 2-(\.V-

dimethyvlamino)ethanethiol. and 2-(N..V, V-trimethvlammonium)ethanethiol iodide (34-

37) have been svnthesized. The rates of hvdrolvsis of these thiol esters have been studied

O O
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34 335
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36 37

as a function of pH at 50 °C. Reported herein are the findings which indicate compounds
35 and 36 show intramolecular general base catalyzed hydrolysis at neutral pH. whereas

the control compounds. 34 and 37. only exhibit specific base catalysis.



B. Experimental.
Materials and General Methods:

The tollowing materials were obtained from commercial suppliers: 4-nitrobenzoyl
chloride (Aldrich). 5.5'-dithiobis(2-nitrobenzoic acid) (DTNB; Ellman’s reagent. Sigma).
2-(N.V-dimethyvlamino)ethane thiol:HCI (Aldrich). ethyl 2-mercaptoacetate (Aldrich).
thioglycolic acid (Sigma). iodomethane (BDH), glacial acetic acid (Fisher Scientific).
sodium acetate (General Intermediates of Canada) and triethvlamine (BDH). Buffers.
MES (4-morpholineethanesulfonic acid). MOPS (4-morpholinepropanesulfonic acid) and
EPPS (4-[2-hydroxyethyl]-1-piperazenepropanesulfonic acid). were reagent grade
(Sigma) and were used as supplied. Puritied deoxvgenated water trom an Osmonics Aries
water purification system was used for bufter preparation. Acetonitrile was dried over
3A molecular sieves and distilied from phosphorous pentoxide under argon prior to use.
pH was measured using a Radiometer Vit 90 Video Titrator equipped with a GK2321C
combination electrode. standardized by Fisher Certified pH 2. 4. 7. and 10 buffers.

'H and "*C NMR spectra were obtained using a Bruker AC-200 or a Bruker AM-
400 spectrometer. Infrared spectra were obtained using a Bomem MB-120 FTIR
spectrometer. High resolution mass spectra were obtained using a Concept 2H (Kratos)
spectrometer. All melting points were obtained using a Fisher-Johns melting apparatus

and are uncorrected.



Synthesis:

The thiol esters 34 - 37 were prepared by the typical procedure described below.
p-Nitrobenzoate ester of ethyl 2-mercaptoacetate (34):

p-Nitrobenzoyl chloride (4.64 g. 0.025 mole) was dissolved in 10 mL CH;CN and
then added to a mixture of 3.00 g (0.025 mole) HS-CH,>-COOEtand 2.52 g (0.025 mole)
N(Et); in 13 mL of CH;CN. The reaction mixture was then stirred at room temperature
tor 1 h after which the CH;CN was evaporated to obtain reddish-vellow crystals which
were dissolved in 50 mL of CH>Cl-. This solution was washed with 3 X 100 mL each of
IN HCI. a saturated solution of NaHCQ;. and with water. The CH.Cls layer was then
dried with MgSO; and the solvent removed by rotary evaporation to obtain 5.73 g of the
crude product (85% crude vield.). A 2 g portion of this was recrystallized from acetone
(10 mL)-hexane (a tew drops) to vield light vellow. needle shaped crvstals: mp 51-32 °C.
[R (KBr) 3113.2982.2935. 1730. 1667 cm™; '"H NMR (CDCl5) 8 1.27 (t./ = 7.1. 3H).
3.89 (s. 2H). 4.20 (q. /= 7.1. 2H). 8.07-8.30 (m. 4H): "°C NMR (CDCl;) & 13.98 (CHj).
31.67 (CH»). 62.00 (CHa,). 123.84 (aromat. CH) 128.28 (aromat. CH). 140.53 (aromat.
C). 150.58 (aromat. C). 167.89 (C=0), 188.60 (C=0). Exact mass. m/z calcd for
Ci HiNOsS: 269.03528: found: 269.03477 (4.1%). Anal. caled for C;H{;O:NS: C.
49.07. H. 4.09. N.5.20. S. 11.90: found: C. 49.26. H. 3.83. N. 5.21. S.12.08.
p-Nitrobenzoyl ester of mercaptoacetic acid (353):

This was prepared in 71% crude vield as above. A part (~1.5 g) of the product
was crystallized from acetone (15 mL)-hexane (few drops) to give light yellow crystals.
mp 155-156 °C. IR (KBr) 2727 -3363 (s.br). 3111, 2914, 1704. 1670 cm™: '"H NMR

(CD;CN) & 4.06 (s, 2H). 8.12-8.49 (m. 4H). °C NMR (CD;CN) § 32.29 (CH.). 125.12



(aromat. CH). 129.35 (aromat. CH). 141.34 (aromat. C). 150.84 (aromat. C). 169.67
(C=0). 189.90 (C=0). Anal. Calcd for CoH-OsNS: C. 44.81, H, 2.90. N, 5.81. S. 13.28:
found: C. 44.81. H. 2.62. N. 5.79. S. 12.96.
p-Nitrobenzoyl ester of 2-(/V,N-dimethylamino)ethanethiol (36):

p-Nitrobenzoyl chloride (4.64 g. 0.025 mole). HS(CHa,)> N(CHj3)~ (3.54 ¢. 0.023
mole) and pyridine (3.96 g. 0.025 mole) and 25 mL of CHCl; were mixed using the
above procedure. After 6 hr. the reaction mixture was filtered. The CHCI; solution was
extracted with IN HCl and the pH of the aqueous wash was adjusted to 7 with NaOH (pH
paper). The mixture was extracted with CHCI;. this layer being dried over MgSO,,.
filtered. and evaporated to give a yellow solid in 95% crude vield (5.90 g). A part (~2 g)
of it was recrystallized from CHCI; (7 mL)-hexane (2 mL) to give a vellow solid, mp 32-
33 "C. IR (KBr) 2953. 2769. 1664 cm™: '"H NMR (CDCl3) 8 2.29 (s. 6H). 2.59 (1. / = 6.8,
2H). 3.25 (t.J = 6.8. 2H). 8.08-8.29 (m. 4H): '°C NMR (CDCl;) 8 27.33 (CHa). 4-4.88
(CH;). 57.75 (CH>). 123.60 (aromat. CH). 128.01 (aromat. CH). 141.30 (aromat. C).
150.26 (aromat. C). 190.12 (C=0). Exact mass m/z calcd for C,;HsN-0;S:254.07114:
found: 254.06976 (4.2%).
p-Nitrobenzoyl ester of thiocholine iodide (37):

Into 10 mL of dry diethyl ether was placed 0.41 g (1.6 mmol) of 36 followed by
0.28 g (2 mmol) ot CH;l. The reaction mixture was stirred overnight at rcom
temperature. The bright vellow precipitate was collected by filtration and recrvstallized
trom methanol (3 mL)-acetonitrile (few drops) to give 0.61 g ot solid (96% crude vieid).
mp 224-225° C (decomp.). 'H NMR (60% CDCl;. 40% CD;0D) 8 3.12 (s. 9H). 3.25-

351 (m. 4H). 7.86-8.22 (m. 4H): Exact mass (FAB) m/z calcd. for C;>H7N-05S:



269.0960: tound: 269.0880. Anal. caled for C>H7N>0O5SI: C. 36.36. H. 4.29. N. 7.07. S.

8.08: found: C. 36.10. H. 443, N. 7.07. S. 8.48.

Kinetics:

The pH rate constant profiles of hydrolysis of esters 34-37 were determined at 50
°C. u=0.1 (KCI). To contro!l pH in the 6.6-9.8 rangz. tertiary amine buffers were used
(MES. MOPS. EPPS and Et;N). Acetate buffer was used at pH 3.8-4.8. In all cases two
buffer concentrations. 0.05 and 0.10 M. were used to check for buffer catalysis. At pH
=>11.5. NaOHR was used as the buffer and at pH < 2.3 . HCI was used: in both cases the
ionic strength was maintained at 0.10 (KCl1). All pH readings were measured before and
after the reaction. the reported values being the average of the two readings.

Rates ot disappearance of the starting esters were followed at 270 nm using a
modified Cary-17 UV-vis spectrophotometer interfaced to an [BM 486 PC fitted with
OLIS software (On-line Instrument Systems. Jefferson. Ga.. 1992). Reactions were
initiated by injecting 20 - 25 uL ot'a 0.009 - 0.012 M solution of the ester in dry
acetonitrile into 3 mL of butfer solution held in l-cm quartz cuvettes which were
thermally equilibrated at 50 = 0.7 °C in the cell holder tor 10 min. prior to initiation of the
run. The pseudo-first order rate constant for the reaction (Kyps) was obtained by NLLSQ
fitting of abs. vs time data to a standard exponential model (A;=A.. + (Ag - A.) exp(-kt)).
Values reported are the averages of at least duplicate runs. The pseudo-first order rate
constant at {buffer] = 0. k,. is derived from extrapolation of rate constants obtained at two

[bufter].



D.O Studies:

The rate of hydrolysis of 36 was determined in D-O at pD 10.20 = 0.04 (pD = pH
+0.4)" in triethylamine butter ([buffer] = 0.05 and 0.10 M. 1 = 0.10 ({KCl)). pD was
adjusted by additions of 3M DCIL. The kinetic data were obtained as above. also at 30 =

0.7°C.

Hydrolysis of 36 in the presence of DTNB:

The rate of generation of the Ellman’s anion accompanying the hvdrolysis of 36
was determined in the presence of Eilman’s reagent (DTNB) at pH 9.77 £ 0.04.
triethylaxﬁine butter ([bufter] =0.05 and 0.10 M. 1 =0.10 (KC)) at 30 £ 0.7 *C. For this
series of reactions. 125-230 uL aliquots of DTNB solution (3.2 x 10~ M in the same
butter) were injected into 3 mL of the thermally equilibrated butter in 1-cm cuvettes
(giving a final [DTNB] = 1.3-2.5 x 10™ M). immediately tollowed by 4 - § 1L of the
stock solution of 36 (0.012 M in dry acetonitrile). The rate of appearance of the Ellman’s
thiolate anion from DTNB was followed at 412 nm. Since DTNB itselt decomposes
under these conditions. the pseudo-tirst order rate constants were obtained by nonlinear
least squares titting of the abs. vs. time data to a double exponential model (A, = ( (Ag -
Az exp(-Kit) = (Ao - Aaz) exp(-kat) + (A + As.) ) to obtain the rate constants tor the
thiolate induced and spontaneous productions of Eliman’s anion. To verify the rate
constants computed in this way. a second run was also pertormed wherein one cell
containing bufter and DTNB only was used as a reference against a cell containing the
identical amount of DTNB and 36. These data were also fitted to a double exponential

model equation.



C. Results.

The kinetics of the hvdrolysis ot the thiol esters 34-37 were investigated at
various pHs ranging from 1.9 to 11.9 (T =30 °C. 1t = 0.10 (KCl)). The rate of hydrolysis
was followed by observing the decrease in the absorbance of the starting thiol esters at
270 nm. The observed pseudo-first order rate constants (Kops) for the hydrolysis at
difterent [butfer] and various pHs are given in Appendix 2. Table 2S. The second order
rate constants (Kasuy) tor bufter catalvsis are given in Appendix 2. Table 3S. The pseudo-
first order rate constants (k) extrapolated to zero buffer concentration are given in
Table 2.

The kinetic features for the hydrolvsis of these thiol esters are evident trom the
pH-rate protiles given in Figure 2. [t is observed that the hydrolvsis of compounds 34 and
37 showed only a linear dependence on hvdroxide ion concentration. For both
compounds 35 and 36. the hydrolysis rate constant increases with increasing pH until
reaching a plateau beginning at the pK, of the respective pendants (pK, 2.8 and 8.1 tor
the carboxylic acid and the dimethylammonium group. see Discussion). At still higher
pH. specitic base catalysis predominates and the rate constants increase with increasing
pH.

Thie rate constants for the hyvdrolysis of compound 36 in D-O at pD = 10.20.
which is in the pH independent region. where 0.05-0.10 M triethvlamine was used as
bufter. . = 0.10 (KCl). are given in Table 5. Given in Table 4 are the rate constants for
the appearance of Ellman's anion caused by the hydrolysis of 36 in the presence ot excess

DTNB in the pH independent region (pH 9.75. triethylamine bufter).



Table 2. Pseudo-first Order Rate Constants for Hvdrolysis of Thiol Esters 34-37

[butfer]=0. T =30 °C. u = 0.1 (KCI)."

rate constant. K; (s™)

34

35 36

37

2 —
L O
) b

(V]
[7e]
(9%}

+.77
6.60
7.61
7.72
8.04
3.09
8.33
8.70
9.70
9.78

11.46
11.90

(1.49+£0.60) x 10
(3.83+0.06) x 107

(8.36x0.15) x 107

(1.73£0.03)x 107

(2.26+0.03) x 107

(8.30£0.23) x 107"
(1.50=0.10) x 10'"

(4.63%1.00) x 10°
(5.67+1.00) x 10°°
(1.4420.07) x 107
(1.73£0.08) x 10~
(2.1920.13) x 107 (4.08+0.61) x 107
(3.09£0.10) x 107 (3.15£0.04) x 10~

(6.82+0.12) x 107
(9.32+0.27) x 107

(5.90+0.10) x 107 (1.26+0.04) x 10~
(4.99+0.40) x 107 (1.61+0.14) x 10~

(1.37+0.03) x 107 (3.05=0.05) x 10~
(5.97+0.03) x 107

(6.80£0.38) x 10®

(6.20=0.20)x 107
(1.3320.02) x 107

(4.9420.08) x 107
(6.13+0.22) x 107
(2.91£0.11) x 10~

'Extrapolated to [buftfer] = 0. Errors are standard deviations trom fits of two or three

replicates at each ot two [bufter].

®Determined at 46 °C by stopped flow procedure.
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Table 3. Pseudo-first Order Rate Constants for the Hydrolysis of Thiol Ester 36 in D-O.

pD=10.20. T=50 °C. u = 0.1 (KCL).

pI)a [bUffer]D k<)bs (S-I) kl (S-I): k]—[ / de
10.20 0.05 (9.2840.15) x 10”  (8.02%0.18) x 10™ 2.23
10.24 0.10 (10.55+0.08) x 107

pD =pH + 0.4.7
®Triethyl amine.
“Extrapolated to zero [buffer].

‘Rate constant for hydrolysis of 36 at pH 10.2 is computed to be 1.78x107 s using eq 5.



Table 4. Pseudo-first Order Rate Constant for the Appearance of Ellman’s Anion

Accompanving the Hydrolysis of 36 in the Presence of Ellman’s Reagent. T=30"C. u =

0.1(KCH.*
pH [buffer]® Kops (5 1) K (sH™
9.77 0.05 (1.88+0.08) x 10~  (1.66%0.10) x 10~
9.75 0.10 (2.10+0.03) x 10

*[Ellman’s reagent. 3.5'-dithiobis(2-nitrobenzoic acid)] = 2.46 x 10~ M

*Triethyl amine

“Extrapolated to zero [buffer]

“Pseudo-tirst order rate constant tor hydrolysis of 36 at pH 9.78 extrapolated to zero

[buffer] is (1.6120.14) x 107 s™". (obtained from Table 2).



D. Discussion
Common mechanism for the hydrolysis of 35 and 36:

As seen in Figure 2. the pH rate profile has a plateau region from pH 3 0 11 in
the case of 35 and pH § to 11 in the case of 36, indicating that the deprotonated COQO™ or
the basic N(CH;)» groups of the pendants are involved with the hvdrolysis. The
hydrolysis protiles for both 35 and 36 are consistent with the common process depicted in
Scheme 25. where the deprotonated X group (either COO™ or -CH>-N(CH2:)-) assists a

Scheme 23
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water molecule in attacking the carboxyl carbon to vield hydrolyzed products. in addition

to a concurrent ‘OH catalyvzed process. From Scheme 23 can be derived the kinetic
expression given in eq 5. where koy is second order rate constant for the hvdroxide
catalyzed process. where

kl = (kOH (K\\ / [H—D) - (kgb Kn'/ {K1 + [H-])) (5)
Kgp 1s the rate constant for the intramolecularly assisted process, K, is the acid

dissociation constant ot the pendant and K. is the autoprotolysis constant of water.



The NLLSQ fining ot the k; values at ditferent pH values listed in Table 2to eq 5
generates the values for Kpyva. kow and K, for 35 and 36 given in Table 3. The Kinetic pK,s
of 35 and 36 are 2.8 and 8.18. obtained from the best fit of the kinetic datato eq 3. A
thermodynamic pK, of 36 was found to be 7.9 at 25 °C. 1 = 0.10 (KCl). obtained by
measuring the pH of half neurralized solution.™ Also included in the Table are the second
order rate constants tor hvdroxide attack on 34 and 37 as determined from linear

regression of the k; vs [OH] plots.

General base or Nucleophilic assistance from the pendants:

Although. as described in Scheme 23. the favored mechanism for intramolecular
assistance of thiol ester hvdrolyvsis by the pendants proceeds via a general base process.
there exist two more possibilities for the intramolecular catalysis. In the following
section. these other possibilities will be explored and compared with the general base
mechanism.

The solvent deuterium kinetic isotope ettect (DKIE) for the hvdrolvsis ot 36 has
been determined in the plateau region at pH 10.2 where the reaction proceeds almost
entirely via the intramolecular process. The value of ky/kp of 2.2 is consistent with the
process described in Scheme 23. where the pendant is acting as a general base.
Nevertheless. a primary solvent DKIE would also be observed when the pendant acts as a

nucleophile. as shown in eq 6 and 7. in a rapid reversible step to form the anhydride

I 0 i
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Table 5. Computed Rate and Acid Dissociation Constants for the Hydrolyses of Thiol

Esters 34-37.°

Thiol ester Kou { M7's™) Kep (s)™° kinetic pK,
34 28.7£0.1%¢
35 4.7%0.1° (3.58+2.71) x 107 2.80
36 5.320.2¢ (1.72+0.08) x 10~ 8.18"
37 35.8+3.5¢

‘T=30"C. u=0.1 (KCD)

®From fits ot the k; vs. pH data to eq 3.

“Standard error from NLLSQ fit of the k; vs. pH data to eq 3.

“Standard error from fits of k; at [bufter} = 0 against [OH].

‘From fits ot 5 data in Table 2 excluding two highest [NaOH] since the latter were at 46
o,

'pH of 1/2 neutralized solution of 36 is 7.9 at 25 °C (see text).
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or the N-acyvl ammonium ion intermediate which hydrolvzes into the final products by a
subsequent rate limiting attack of water. The latter process is analogous to water
promoted hvdrolvsis of several activated acvls.™ such as N-acylimidazoles. which also
show solvent DKIEs of 2.5 - 3.7. Hence. from the solvent DKIE data alone. it is not
possible to differentiate between a general base catalvzed hydrolysis or nucleophilic role

for the pendant.

[n order to distinguish between the two possibilities. 36 was hyvdrolvzed in the
plateau region (pH 9.7) in the presence of Eliman’s reagent. Scheme 24. This reagent

Scheme 24
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should react rapidly*®®~® with the wransiently formed thiolate to generate the highly
absorbing Eliman’s anion. a process which is followed at 412 nm. If the pendant acts as a
nucleophile then added Ellman’s reagent will trap the transient thiolate and prevent its
return to starting thiol ester. This trapping process should depend on the [Ellman’s
reagent]. ultimately displaying saturation behaviour where the rate limiting step becomes
the intramolecular S 1o N acyl transter. This technique has previously been used in this
laboratory by Street er af*®™*! 1o test for S to N acetvl transter that could generate

reversibly formed thiolates during the hvdrolysis of the acety! thio esters of 28b and 26.

)
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[n the present study it was found that the appearance of Ellman’s anion which
accompanied the hyvdrolysis of 36 did not depend on the [Eliman’s reagent]. and from the
data in Table 4. the rate of Ellman’s anion generation was identical to the rate at which 36
disappears. From this. it is reasonable to conclude that the intramolecular nucleophilic
process depicted in eq 7 neither predominates nor competes with general base assistance
during the hydrolysis ot 36.

In another possible mechanism. the pendant can attack the carbonyl carbon in a
rate limiting step. producing the N-acyl intermediate which then undergoes rapid
hvdrolysis. Scheme 235. This process will show no dependance on the [Ellman's reagent].
but may show some solvent isotope eftect”” because of the solvation of the developing

oxyanion (slow step Scheme 23). Nevertheless. this process is unlikely since it
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requires a more rapid intermolecular attack ot water (which is a poor nucleophile) on the
carbonyl carbon of the N-acyl ammonium intermediate.™ relative to the intramolecular
attack ot the strong nucleophile. S°. Here. it can be concluded that the rate limiting
nucleophitic role of the pendant is not possible. Consequently. the most favored role of
the pendants in the hydrolysis of the thiol esters is the general base assisted attack on the
carbonyvi carbon.

Given that the nucleophilicity of COO™ is much less than that of the N(CH3),
oroup.’” one can make the argument that in a scenario in which the N(CH;), group fails

to act as nucleophile. then the COO™ will be unlikely to behave as a nucleophile.



Comparison of the specific base catalyze rate constants:

As seen in Table 3. the second order rate constants for hydroxide attack on the
thiol esters 34-37 ranges from 4.7 M™'s" t0 55.8 M's™". the reactivity order being
37>34>36>35. The high reactivity of 37 may be explained on electrostatic grotinds as
there will be more stabilization of the transition state (for positively charged 37 compared
to neutral 36 or anionic 35) arising from the attack ot the negatively charged ‘OH. The
enhancement of the "OH attack on 34 over 35 can be explained by the fact that the ester
group of 34 is an inductively electron withdrawing group. This increases the
electrophilicity of the carbonyl carbon and also stabilizes the transition state for direct
attack by "OH. The second order rate constants for hydroxide attack on 33 is the smallest

because the anionic pendant. COO’. would hinder this process.

Intramolecular vs intermolecular catalvsis:

For intramolecular catalvsis by COO™ and N(CHj3;)». the eftective molartties
(EN)™ can be calculated by comparing the Keb. first order rate constants. with the
appropriate second order rate constants for an intermolecular process. As defined. the
effective molarities of a pendant group can be obtained from the ratio of the first order
rate constant (unit s ) for the intramolecular reaction and the second order rate constant
(unit M™'s™) for an intermolecular reaction of a group with similar properties as the
pendant. [t is seen from Table 5 that the rate constant for the COO™ mediated
intramolecular catalysis (Kyp) for the thiol ester hydrolysis is 5.6*107 s and that of
N(CH;) 1s 1.7%107 s for compounds 335 and 36. respectively. To compute EM. an

appropriate intermolecular general base tor each of these pendants would be a carboxylic



acid and a tertiary amine having similar pKgs to the respective pendants. The closest
available intermolecular match for the pendants ot 35 and 36 are acetate (pK; +4.76) and
EPPS (4-[2-hyvdroxyethyl]-1-piperazenepropanesulfonic acid). pKa = 8.00) respectively.
which were used as buffers in this experiment. From data given in Appendix 2 Table 3S.
it can be computed that the second order rate constant for the reaction of acetate with 35
is (3.34£0.09)* 10~ M's™ at pH 3.83 and (9.98+0.07)* 107 M™'s™ at pH +4.77 and that for
EPPS with 36 is (3.74=0.13)* 107 M s at pH 8.70. As expected for general base
catalvsis. the anionic or basic torms are the reactive species for catalysis as indicated by
the increasing catalysis of the reaction by acetate with increasing pH. After correcting for
only the anionic or basic tform of the buttfer species at the given pH. the true rate
constants for anionic acetate with 35 and free EPPS with 36 become 2*¥10~ M™'s™ and
4.5%10~ M 5" Using these values as the intermolecular rate constants. the EM for 35
and 36 can be calculated as 0.2 - 0.3 M and 0.4 M. These EM values provide further
support the general base role of the pendants ot 35 and 36. since it is commonly accepted

27

that for a general base processes. the EM is generally less than 10 M.™" whereas tora
nucleophilic processes the EM is generally larger than 10 M (sometimes as high as 10°
M)

As the pK,; of acetic acid is 4.76. compared to the apparent pK; of the pendant
carboxylic acid (pK, = 2.80) of 33. it can be argued that the comparison is inappropriate.
However. by assuming a Bronsted B of 0.5.%' it is possible to calculate the intermolecular
rate constant tor a hypothetical carboxylic acid with pK, of 2.8. When this is done. the

effective molarity of 35 was seen to increase to roughly 2M. remaining within the limit of

the general base process.



E. Conclusion.

The present study indicates that both the carboxylate and tertiary amine pendants
are capable ot intramolecular assistance towards the hydrolysis of thiol esters. The SKIE
for the intramolecular catalysis of 36 hydrolyvsis is 2.2 consistent with a primary DKIE.
This value. coupled with the fact that in the presence of Ellman 's reagent 36 produced
the Ellman's anion at the same rate of disappearance of the thiol ester (at pH 9.75 where
the hvdrolysis proceeds mostly by intramolecular catalysis). indicates that the pendant is
not acting as an intramolecular nucleophile. Hence. it is proposed that that both
carboxyvlate and tertiary amine pendants act as intramolecular general bases. The etfecuve
molarities for the intramolecular catalysis by COO™ and N(CHj;)- pendants were tound to
be much less than 1OM. which is also consistent with these having a general base role.
The second order rate constant for hydroxide catalyzed hvdrolysis ot 34-37 span a 10-

fold range and the order of reactivity is 37>34>35>36. The ordering is explained on the

basis of electrostatics.



CHAPTER 4: GENERAL CONCLUSION

Acyl transfer from amide to thiolate and from thiol to water.

Amide bond hydrolysis by many non-metallio proteases (enzymes) proceads via
an acvl enzyme intermediate. To mimic the acvlation process. the reactivity of several
bifunctional catalysts containing a nucleophile and an acid/base group (simultaneously
present in the enzyme acive site). towards various esters and amides have been studied
previously. The current study has shown that a simple bitunctional molecule. thioglycolic
acid (29). showed high reactivity towards amide 1. although it has no obvious analogy to
naturally occurring enzymes. The reactivity of 29 further illustrated that the general
features necessary for activity of such bitunctional molecules toward 1 and presumably
other amides include a powerful nucleophilic component and an acidic pendant capable
of transterring a proton to trap the unstable tetrahedral intermediate. In this study it is
seen that the active torm of thioglvcolic acid (29) consists ot S”and COOH. This
observation is consistent with the findings of Pratt er al. who reported™ that the active
form of a mutant 3-lactamase also contained ionized thiolate (Cvs-70) and protonated
carboxyvlic acid (Glu-166). The calculated second order rate constant for the attack of

SCH2COOH on 1 is about 750 times higher than that of "OH. a powerful nucleophile.

The acyl enzyme intermediate formed in the active site of cysteine proteases
during the hydrolytic process eventually hydrolyzes to regenerate the enzyme via general
base assistance from an active site imidazole in a so-called "deacvlation” process. In this
study. we have shown that other intramolecular groups such COO™ and N(CHj3)» can

participate in the hydrolysis of the thiol esters 35 and 36. At around neutral pH., the
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enhancement of hvdrolysis due to the pendants are 16 and 50 times tor 35 and 36.

respectively. compared to the control compounds 34 and 37.

Future work.
Apart from 2-mercaptomethyl-N-methylimidazole (17b). other thiol containing

tertiarv amine or carboxvlic acid pendants such as 20b. 21 and 29 produced thiol esters

as the tinal products atter reacting with amide 1. Only in the case of the 17b has it been
demonstrated that the thiol ester thus produced proceeded further to hyvdrolyzed product
via intramolecularly catalvzed deacylation. thereby regenerating the catalyst. As seen in
the present study. tertiary amines and carboxylates can significantly enhance the rate of
thiol ester hvdrolyvsis. Hence. a logical extension of this work would be to study the

hydrolysis of the intermediate thiol ester 31a. 33 and 39.

31a R=CH,COOH
33 R= CH:CHzN(CH_‘,)z

39 R=CH3CH2_N O
\_/
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APPENDIX 1’

Table 1S. Pseudo-first order rate constants (Kyps) tor establishment of equilibrium and the

conditional equilibrium constants (K')* of tormation and hydrolvsis of tormanilide at 98 =

2 °C and various pHs in aqueous tformate buffer. [butter]om = 0.10 M. u = 1.0 (KCI).

pH Rate constant (Kyps) Rate constant (kops) [formanilide]/ Formation

tor appearance or for appearance or [aniline] at or
disappearance ot disappearance of equilibrium®  Hydrolyvsis

aniline (s™) formanilide (s} (K"

4172 0.03  (1.47£0.05)*107 "¢  (1.43+0.18)*107¢ 0.19 Hvdrolysis
4.1720.03  (1.30£0.07)*107>°  (1.33£0.13)*107¢ 0.20 Hvdrolysis
4.17£0.03 (146 0.17)*107%°  (1.39£0.05)*107° 0.19 Formation
4.17£0.05 (1.49£0.16)*107 %"  (1.4220.09)*107° 0.19 Formation
3.60=0.03  (5.43:£0.06)*107°  (5.18+0.09)*107¢ 0.28 Hydrolvsis
3.60=0.03  (3.33x027)*107¢  (5.14%0.23)*107° 0.26 Formation
3.18£0.03  (1.63£0.07)%107°  (1.39+0.05)*107 0.20 Hydrolysis
3.1820.05  (1.49=0.12)%107°  (1.48£0.035)*107*¢ 0.20 Formation
3.1820.03  (1.36%0.03)*107°  (1.50+0.07)*107¢ 0.20 Hydrolysis

“Ratio of the concentrations at equilibrium.

b
Appearance.

“Corrected for decomposition of aniline by calculating the final concentration of aniline

and setting it as constant. At higher pH decomposition of aniline was observed for longer

runs. The rate of decomposition of aniline was determined by heating aniline without

formate bufter tor 48 hour.

d~ .
Disappearance.

‘Starting concentration of aniline or formanilide was (3.0 —3.3) x 10 M. Error in K’ is

less than 7%.

"References for this appendix are in Part | (page 77-81)
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Table 2S. Pseudo-first order rate constants (kops) for establishment of equilibrium and the
conditional equilibrium constants (K') of formation and hyvdrolvsis ot formanilide at 98 =

2°C.pH =3.60. u = 1.0 (KCI) in aqueous formate buffer. at various bufter

concentrations.
[butter]ioeal Rate Constant Rate constant [formanilide] Formation
(M) (Kobs) tor (Kobs) for ! [aniline] at or
appearance or appearance or equilibrium®  Hydrolysis
disappearance of  disappearance of (K9
aniline (s™) ) formanilide (s")‘
0.10 (3.43£0.06)*107*  (5.18+0.09)*107° 0.28 Hydrolvsis
0.10 (3.35£0.27)*107°  (35.14% 0.23)*107? 0.26 Formation
0.50 (2.12£0.12)*107*  (2.16+ 0.23)*107° 1.25 Hydrolysis
0.50 (2.16£0.01)*107"  (2.07£0.01)*107? 1.26 Formation
0.50 (2.3320.16)*107°  (2.18+0.20)*10™* 1.20 Formation
1.00 (4.35£0.50)*107 " (4.48+ 0.45)*107" 2.62 Hydrolvsis
1.00 (4.75+£ 0.43)*107 "  (4.73+£ 0.63)*107° 2.66 Formation
"Appearance.
"Disappearance.

“Starting concentration of aniline or formanilide was (5.2 - 3.4) x 10” M.
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Table 3S. Pseudo-tirst order rate constants (Kyps) tor establishment ot equilibrium and the

conditional equiltbrium constants (K') of formation and hydrolyvsis of acetanilide at 98 + 2

°C in aqueous buffer at various pH. [acetate]io = 1.0 M. = 1.0 (KClI).

pH

1.95=£0.03
1.95=0.05
1.98=0.04
1.95£ 0.0+
3.75=0.03
3.73=£0.05
3.72=0.04

*Appearance.

Bufter

HCl
HCI
HCl
HCI
Acetate
Acetate
Acetate

b -
Disappearance.

Rate constant
(kobs) tor
appearance or
disappearance of

aniline (s™) )
(3.74= 0.23)*107°
(3.69+ 0.57)*107°
(3.45+ 0.58)*107®
(3.82+£ 0.15)*107°
(1.96+ 0.06)*10°°
(1.80+ 0.27)*10°°°
(1.80£0.11)*10°?

Rate constant
(kobs) for
appearance or
disappearance of
acetanilide (s'l). .
(3.62+ 0.39%10)7°
(3.70+ 0.42)*107*
(3.80+ 0.30)*107®
(3.47£ 0.18)*107?
(1.92+0.27)*10¢°
(1.96+ 0.07)*10°¢*
(1.98+0.38)*10°¢"

[acetanilide]
! [aniline] at

equilibrium®

(K"

0.06
0.06
0.03
0.05

“Starting concentration of aniline or acetanilide was (5.2 — 3.4) x 10™ M.

Formation
or
Hydrolyvsis

Hvdrolyvsis
Formation
Formation
Hvdrolysis
Hydrolysis
Formation

Hydrolyvsis



Table 4S. Pseudo-first order rate constants (kups) for establishment of equilibrium and the
conditional equilibrium constants (K') of formation and hy.drolysis of formanilide at 79

1 °C. pH = 2.80. 1 = 1.0 (KCl) in aqueous formate butter. at various buffer

concentrations.
pH Formation®  [buffer]rat Rate constant [formanilide}/
or (M) (Kobs) for [aniline] at
Hvdrolysis® appearance or equilibrium.
disappearance of  (AA/AA, =K
formanilide (s")_
2.80=£0.03  Hydrolysis 0.10 (7.74£0.03)*107 0.11
2.80=0.05  Formation 0.10 (7.82+0.12)*107
2.79=0.03  Hvdrolysis 0.50 (1.18+ 0.02)*10™ 0.57
179+ 0.03  Formation 0.30 (1.21£ 0.01)*10™
281£0.03 Hydrolysis 0.90 (1.59+ 0.02)*10~ 1.07
2.81£0.03 Formation 0.90 (1.39+0.01)*10™

“The runs were done in duplicates (or triplicates). Starting concentration of aniline (for

formation) or formanilide (for hvdrolysis) was S.4 X 10 M



Table 3S. Pseudo-first order rate constants (kgps) for establishment of equilibrium and the

conditional equilibrium constants (K') of formation and hydrolysis ot formanilide at 79 =

1 °C. pH = 3.20. u = 1.0 (KCl) in aqueous formate buffer. at various butfer

concentrations.
pH Formation®  [bufter]isum Rate constant [tormanilide]’
or (M) {Kons) for [aniline] at
Hydrolysis® appearance or equilibrium.
disappearance of  (AA/AA =K
formanilide (s™)
3.18£0.03  Hydrolysis 0.10 (3.86+0.16)*107° 0.21
3.18£0.03  Formation 0.10 (3.96+ 0.09)*107
5.20+0.03 Hydrolysis 0.30 (7.28+0.07)*107 1.00
3.20£0.03  Formation 0.30 (7.23£0.09)*107
3.20+0.03  Hydrolysis 1.00 (1.24+0.02)*10~ 2.05
3.20=0.03  Formation 1.00 (1.23£0.01)*10°

“The runs were done in duplicates (or triplicates). Starting concentration of aniline (for

formation) or formanilide (for hvdrolysis) was 8.4 X 10~ M

W

J



Table 6S. Pseudo-first order rate constants (k) for establishment of equilibrium and the
conaitional equilibrium constants (K') of formation and hyvdrolysis of formanilide at 79 =

1 °C. pH = 3.60. u = 1.0 (KCl) in aqueous formate bufter. at various butfer

concentrations.
pH Formation®  [buffer]a Rate constant [tformanilide]/
or (M) (Kops) for [aniline] at
Hydrolvsis® appearance or equilibrium.
disappearance of  (AAyAA=K)
formanilide (s )
3.56= 0.05  Hydrolysis 0.001° (1.36% 0.02)*107 -
3.60=0.03  Hydrolysis 0.10 (1.8320.01)*107 0.29
5.60+0.05  Formation 0.10 (1.83£0.03)*107
3.61£0.035  Hydrolysis 0.30 (4.40= 0.02)*10~ 1.49
5.61£0.05  Formation 0.50 (4.39+ 0.03)*10~
3.59£0.03  Hydrolysis 1.00 (8.01=0.07)*10™ 2.77
5.59+£0.03  Formation 1.00 (8.20+0.15)*107

“The runs were done in duplicates (or triplicates). Starting concentration of aniline (for
formation) or formanitide (for hvdrolysis) was 8.4 X 107 M

"Formation could not be observed



Table 7S. Pseudo-tirst order rate constants (k,ps) for establishment of equilibrium and the
conditional equilibrium constants (K') of tormation and hvdrolysis of formanilide at 79 =

1 °C. pH = 4.00. u = 1.0 (KCl) in aqueous formate buffer. at various butfer concentration.

pH Formation® [bufferfia  Rate constant (Keps)  [formanilide]/
or (M) for appearance or [aniline] at
Hydrolysis® disappearance ot equilibrium.
formanilide (s™) (AAFAA, = K)
401+ 0.03 Hydrolysis 0.10 (7.76% 0.01)*10°° 0.30
401003  Formation 0.10 (7.75£ 0.11)*10°
1.02=0.05  Hydrolysis 0.50 (2.02+£ 0.01)*107 1.58
4.02£0.03  Formation 0.50 (2.03% 0.04)*107
4.03£0.05 Hydrolysis 1.00 (4.01x0.02)*10~ 2.78
4.03+0.03  Formation 1.00 (4.00+ 0.04)*107

“The runs were done in duplicates (or triplicates). Starting concentration of aniline (for

formation) or tormanilide (for hydrolysis) was 8.4 X 107 M.
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Table 8S. Pseudo-tirst order rate constants (kops) for establishment of equilibrium and the
conditional equilibrium constants (K' of formation and hydrolysis of formanilide at 79 = |

°C. pD*=3.60. u = 1.0 (KCI) in aqueous formate buffer. at various bufter concentration.

pD? Formation®  [buffer}io Rate constant [formanilide]/
or (M) (kops) for [aniline] at
Hyvdrolysis® appearance or equilibrium.
disappearance of (AA/AA.=K))
formanilide (s)
3.60+0.03 Hvdrolysis 0.001°¢ (1.34+0.03)*107 -
3.58+0.05 Formation 0.50 (3.91+£0.05)*107 0.93
3.58+0.03  Hydrolysis 0.50 (3.534+ 0.03)*107°
3.61+0.05 Hydrolysis 0.73 (3.07£0.08)*107 1.57
3.61£0.03  Formation 0.75 (4.48+0.05)*10°
3.60£0.03  Hydrolysis 1.00 (6.05% 0.05)*107 1.80
3.60+0.03 Formation 1.00 (6.20+ 0.03)*10

‘ . 16

‘pD = pHmcasurcd +0.40.

The runs were done in duplicate or triplicate. Starting concentration of aniline (for
formation) or formanilide (for hvdrolysis) was 8.4 X 10° M

“Formation could not be observed



Table 9S. Pseudo-first order rate constants (Kgps) for establishment of equilibrium and the
conditional equilibrium constants (K') of formation and hvdrolysis of p-nitroformanilide
at 79 =1 °C. pH = 2.80 t0 3.60. 1 = 1.0 (KCl) in aqueous tormate buffer. at various

buffer concentration.

pH Formation® [bufter]iwa  Rate constant (Kue,) [p-NO»-
or (M) tor appearance or tormanilide}/
Hydrolysis® disappearance of p- [p-NO--aniline)
nitroaniline (s'[) at equtilibrium.

(AAAA =KD

2.82+0.05 Formation 1.00 (2.89+0.01)*10™ 0.

23
2.82+0.03 Hydrolysis 1.00 (2.85+0.03)*107
5.20=£0.03 Formation 0.10 (1.02£0.05)*10~ 0.02
3.20=0.03  Hydrolysis 0.10 (0.99%0.02)*107
3.20+0.03  Formation 0.50 (1.21+0.02)*107 0.10
3.20£0.05  Hydrolysis 0.50 (1.27+0.03)*10™
321=003 Formation 1.00 (1.35£0.03)*10~ 0.19
3.21£0.03  Hydrolysis 1.00 (1.47+0.02)*107
5.60+0.05 Formation 1.00 (8.27+0.05)*10~ 0.13
3.60+£0.05  Hydrolysis 1.00 (7.98+0.03)*107

*The runs were done in duplicates (or triplicates). Starting concentration of p-NO--

formanilide (for hvdrolysis) or p-NO»-aniline (for formation) was 1.85 x 107 M.



Table 10S. Pseudo-tirst order rate constants (Kgps) tor establishment of equilibrium and
the conditional equilibrium constants (K') of tormation and hydrolysis ot p-
methoxyvformanilide at 79 £ 1 °C. pH = 2.80 and 3.20. u = 1.0 (KCl) in aqueous tformate

buffer. [formatelipm = 1.00 M.

pH Formation® Rate constant (Keps) [p-OCHs-
or tor appearance or formanilide}/
Hvdrolysis® disappearance ot (p-OCH;-aniline]
p-methoxyvtormanilide at equilibrium.

) (AAA=K)
2.82+0.03 Hvdrolvsis (7.95+ 0.05)*107 0.98
282+0.03 Formation (8.22=0.15)*107
3.18+=0.03  Hydrolysis (6.19=0.10)*10” 1.92

(V)

.18+ 0.03  Formation (6.30+ 0.06)*107°

“The runs were done in duplicates (or triplicates). Starting concentration of p-OCHj;-

aniline (for formation) or p-OCH;-formanilide (for hvdrolysis) was 1.14 x 107 M.



Table 11S. Pseudo-first order rate constants (Kops) for establishment of equilibrium and
the conditional equilibrium constants (K') of formation and hydrolysis of formanilide in
the presence of phosphate (0.10 to 0.50 M). At 79 = 1 °C. pH = 3.60 and 3.60. [bufter]iw

= 1.0 M. 1t = 1.0 (KC) in aqueous formate buftter.

pH Formation® [Phosphate]® Rate constant [tormanilide]/
or (M) (Kops) for [aniline] ar
Hvdrolysis® appearance or equilibrium.
disappearance of  {AA/AA= K
formanilide (s™)
5.21£0.03  Formation 0.10 (1.41+0.02)*107 2.04
3.21£0.03  Hydrolysis 0.10 (1.42+ 0.02)*107
3.21+0.03  Formation 0.30 (1.82+ 0.03)*10™ 2.04
3.21£0.05  Hydrolysis 0.30 (1.80+ 0.01)*10™
3.358£0.03  Formation 0.10 (9.41£0.03)*107 2.72
3.58+0.03  Hydrolysis 0.10 (8.88+ 0.04)*107
3.60+0.03  Formation 0.30 (131 0.02)*10~ 2.70
3.60£0.03  Hydrolysis 0.50 (1.28+0.04)*10™

“The runs were done in duplicate or triplicate. Starting concentration of aniline (for
formation) or formanilide (for hvdrolysis) was 8.4 x 10~ M.

*As KH-PO,



Table 12S. Pseudo-first order rate constants (Kqps) for establishment ot equilibrium and

the conditional equilibrium constants (K') of formation and hydrolysis of formanilide in

aqueous ethanolic formate buffer. [formate] = 1.0 M. at 60.0 £ 0.3 °C and at various pH".

pH* Formation® % (v/v) Rate constant [formanilide]/
or ethanol (Kobs) for [aniline] at
Hydrolysis® appearance or equilibrium.
disappearance of  (AA/AA =K))
formanilide (s™)
3.539°£0.06 Hyvdrolvsis 20 (4.20£0.13)*107 6.21
3.59°+0.03  Formation 20 (3.47+0.03)*107
4.92+0.04 Hvdrolysis 80 (2.12£0.02)*10~ 6.54
4.92+0.05  Formation 80 (2.14£0.03)*107
3.60£0.05 Hydrolysis 80 (7.79£ 0.05)*107 10.19
3.60+ 0.035 Formation 80 (7.88+0.02)*107
3.60°+ 0.03 Hyvdrolvsis 0 (2.24+ 0.03)*107 2.82
3.60°+0.03  Formation 0 (2.24£ 0.01)*107

"Vleasured betore and atter the runs.

b . . .. . . - . -
The runs were done in duplicates (or triplicates). Starting concentration ot aniline (tor

tormation) or tormanilide (for hvdrolysis) was 8.4 X 10° M

“The ionic strength was kept constant at 1.0 M with added KCl



Table 13S. Computed pK,s of anilines and acids at various temperature and at 1 = 1.0.

Temperature pK,1n water pKain 20 % pKain 80 %
(v/v) ethanol (v/v) ethanol
Aniline
25°C 4.89 +0.05% 4.42¢2 5.86%F
60° C 4.30° 3.89" 3.33M%
80° C 1.02°
100° C 3.78°
Formic acid . N
25°C 3.63 £0.03° 3.97 4.88"*
60° C 3.63° 3.97 1.885*
80° C 3.63°
100° C 3.64°
Acetic acid
23°C 1.60°
100° C 4.62°
p-NOas-aniline
25°C 1.00¢
80° C 0.65¢
p-OCH;-aniline
23°C 5.34°
80° C 435!

"Measured at 1 = 1.0 (KCI).

®Calculated using AHionization and ASionization values.*s

“Assumed trom available data® at u=0to u=0.2 (vide infra).
‘Reference 52.

‘Reference 31 at u =0.10 M.

*Extrapolated value using data trom Reference 51 (from 20° C to 40° C).
*Calculated using data from Reference 53.

"Assuming effect of temperature same as aqueous media.

'Calculated using data from Reference 54.

’Assuming no eftect of temperature change.

k_u not corrected.
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pK, calculation for anilinium ion:

Isaacs has listed™ the activation parameters tor dissociation of various acids and
ammonium ions: for anilinium ion AHienizaton = 7.38 kcal /mol. and ASionization = 3.7
cal’'mol./deg. at u = 0. By titration. the pK, of anilinium ion was determined to be 4.89 =
0.05 at 24 = 1 °C and 1t = 1.0 (KCI). Using the expression -AG = RT In K,. AG ot
anilinium dissociation is calculated to be 6.67 kcal/mol. (K; = 1.29 x 107) at u=1.0.T=
24x1°C.

Since AG = AH - TAS and assuming the AH is unaffected by ionic strength. AS
can be calculated as 2.39 cal/mol./deg. at u = 1.0 (KCI). Thus the AG at 100 °C and u =
1.0 becomes 6.49 kcal'mol. Hence. the pK, ot aniline under these conditions is 3.80.

Now . it it is assumed that AS is insensitive 0 ionic strength. AH at u = 1.0 (KCD
becomes 7.77 kcal/mol. Therefore. the pK; of anilinium ion at 100 “C becomes 3.73. An
average pK, ot 3.78 was used for further calculations. Similar calculations were done at

80 "C (pK, =+4.02) and at 60" C (pK, = 4.30).

p K. calculation for formic acid

The pK, of tormic acid. 3.63 = 0.03. was obtained at 24+ £ |1 "C and 1 = 1.0 (KCl).
[tis report::d"S that. AHionizmion = -0.04 kcal /mol. and ASionizaion = -17 cal/mol./deg tor
tormic acid at u = 0. From calculations similar to those above. the pK, at 100 “C is 3.63.
Therefore. although the change in ionic strength (from 0 to 1.0 M) alters the pK, of

formic acid by 0.12 unit. there is no eftect due to the change in temperature.*
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pK., calculation for p-methoxyanilinium ion

Biggs has shown that the pK; of p-methoxvanilinium ion decreases with
increasing temperature.”'® The authors have obtained pK,s of p-methoxvanilinium ion at
1 =0.10 M (KCI) and at five deferent temperatures ranging from 20" C to 40" C. The pK,
vs remperature plot follows a linear equation. pK, =a + bT, where T is temperature in °C.
a=0.018 and b = 5.79. Using these data pK, of p-methoxyanilinium was calculated to be

+.33at80"C.
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APPENDIX 2

Table 1S. Pseudo-first order rate constants for the reaction of thioglyvcolic acid (29) with
the strained amide 1 obtained at various pH and various [thiol]om. T=25°C,u=1.0

(KC).

pH [thiollow (M) kopsX 10 (57)
2.00 0.05 8.00+ 030
2.01 0.10 8.70 £ 0.50
2.01 0.15 9.20 +0.30
2.01 0.20 10.30 £ 0.40
2.20 0.05 5.60£0.20
2.18 0.10 6.30 £0.20
2.17 0.15 7.20+0.50
2.19 0.20 7.60 +0.20
3.41 0.05 120+0.10
3.43 0.15 2.30£0.10
3.43 0.20 3.80 £0.30
9.75 0.05 0.50 +0.05
9.75 0.10 0.90 + 0.06
9.74 0.15 1.30+0.05
9.75 0.20 1.8+0.10

10.06 0.05 0.40 £0.03
10.07 0.10 0.70 £ 0.05
10.06 0.13 1.20 £0.08
10.08 0.20 1.60 +0.06
10.46 0.05 0.40+£0.02
10.47 0.10 0.60 + 0.04
10.46 0.15 0.70 = 0.03
10.47 0.20 0.80 £ 0.05




Table 2S. Pseudo-first Order Rate Constant (Kqps) Measured at Various pH in Different

Bufters (1t = 0.10 M (KC1)) for Thiol Esters 34-37 at 50 °C ™.

pH® Bufter 34 35 36
[Bufter]
Kobs X 10757 Kobs X 10787 Kops X 107 s Kops X 107 8™
1.98 HCl 0.46x0.10
0.01
2.33 HCI 0.57+0.10
0035
3.85 Acetate 1.60+0.08
0.05
5.83 Acetate 1.75£0.03
e
1.75 Acetate 2.23x0.07
0.05
+.77 Acetate 2.73+£0.02
0.10
6.58 MES 0.29+0.02 2.53%£0.10 0.61+0.02 0.11x0.02
0.05
6.61 MES 0.42+0.03 2.78+0.13 0.82£0.01 0.15x£0.01
0.10
7.62 MOPS 3.95+0.07 3.33+£0.08 4.05+0.10
0.05
7.59 MOPS 4.08+0.03 3.57£0.08 4.68+0.02
0.10
7.71 MOPS 0.67=0.01
0.05
7.74 MOPS 0.72+£0.01
0.10
8.06 MOPS 8.72+0.07 7.46x0.08 1.38+£0.02
0.05
8.04 MOPS 9.02+0.11 S.12+0.07 1.453=0.02
—T0
8.55 EPPS 5.06£0.04
0.05
8.57 EPPS 5.18%0.03
0.10
8.70 EPPS 26.0+0.50 6.83£0.07 15.3£1.30 6.38£0.11
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0.05

3.68 EPPS 34.720.02 7.77+0.03 16.3£0.30 6.63=0.10
0.10
9.72 Et;N 531.8%£0.50
0.05
9.70 Et;N 33.6x1.00
0.10
9.80 Et;N 243200 54.8+0.50 18.0+0.30
0.05
9.77 EGN 260=5.00 59.820.50 19.2£0.30
0.10
11.46 NaOH 8300=230° 1370+30.0 50.3£0.530
0.005

*Errors are standard errors of means of at least 2-4 replicates

®The error in the pH readings is £0.04 for replicates

“146 “C by stopped tlow kinetics.



Table 3S. Second order rate constants® for bufter catalysis tor ester 34-37 at ditterent pH.

T=30"C.u=0.10 (KCl).

pH®  Buffer 34 35 36 37
Kapur x 10° Kapur X 10° Kopur X 10° Kapur X 10°
(M s M'sh (M s (M sh
3.83 Acetate 3.34%0.09
4.77 Acetate 9.98+0.07
6.60 MES 2.77%0.04 6.67+0.16 4.05£0.02 8.60=0.02
7.61  MOPS 2.51+0.08 4.97+0.11 15.321.00
7.72  MOPS 9.80+0.01
8.04  MOPS 7.33+0.13 11.4£1.10 13.3£0.20
8.55  EPPS 24.0£0.50
870  EPPS 175+5.00 19.2+0.80 37.4£1.30 50.0£1.00
9.70 Eti;N 447£11.0
9.78 EGN 367+5.00 100%5.00 38.1=0.30

*Determined from the slope of kups vs [buffer] plots. Errors are standard deviations.
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