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Abstract Based on stability studies on the drugs atenolol
and propranolol and some of their derivatives it is believed
that increasing the lipophilicity of the drug will lead to an
increase in the stability of its aqueous solutions and will
provide a prodrug system with the potential for releasing
atenolol in a controlled manner. Using DFT theoretical
calculations we have calculated an intramolecular acid
catalyzed hydrolysis in nine maleamic (4-amino-4-oxo-
2butenoic) acids (Kirby’s N-alkylmaleamic acids), 1-9. The
DFT calculations confirmed that the acid-catalyzed hydro-
lysis mechanism in these systems involves: (1) a proton
transfer from the hydroxyl of the carboxyl group to the
adjacent amide carbonyl carbon, (2) an approach of the
carboxylate anion toward the protonated amide carbonyl
carbon to form a tetrahedral intermediate; and (3) a collapse
of the tetrahedral intermediate into products. Furthermore,
DFT calculations in different media revealed that the
reaction rate-limiting step depends on the reaction medium.
In aqueous medium the rate-limiting step is the collapse of
the tetrahedral intermediate whereas in the gas phase the
formation of the tetrahedral intermediate is the rate-limiting
step. Furthermore, the calculations establish that the acid-
catalyzed hydrolysis efficiency is largely sensitive to the
pattern of substitution on the carbon-carbon double bond.

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-011-1180-7) contains supplementary material,
which is available to authorized users.
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Based on the experimental t;, (the time needed for the
conversion of 50% of the reactants to products) and EM
(effective molarity) values for processes 1-9 we have
calculated the t;, values for the conversion of the two
prodrugs to the parental drug, atenolol. The calculated t;/,
values for ProD 1-2 are predicted to be 65.3 hours and 11.8
minutes, respectively. Thus, the rate by which atenolol
prodrug undergoes cleavage to release atenolol can be
determined according to the nature of the linker of the
prodrug (Kirby’s N-alkylmaleamic acids 1-9).

Keywords Amide hydrolysis - Anti-hypertensive agents -
Atenolol prodrugs - DFT calculations - Enzyme catalysis -
Intramolecular acid-catalyzed hydrolysis - Maleamic acid
amide derivatives - Strain effects

Introduction

Atenolol [4-(2-hydroxy-isopropylaminopropoxy)-phenyla-
cetamide], is a cardioselective betal-adrenergic receptor
blocking agent used to lower high blood pressure (hyper-
tension), prevent angina pectoris, treat arrhythmia and to
reduce the risk of heart complications following a heart
attack. Atenolol works by affecting the response to nerve
impulses in certain parts of the body, like the heart. As a
result, a slower heart beat and lower blood pressure can be
expected. When the blood pressure is lowered, a decrease
in the heart oxygen demand is observed [1-8].

Atenolol is available as 25, 50 and 100 mg tablets for
oral administration. However, most of these medicines are
not formulated for easy or accurate administration to
children for the migraine indication or in elderly patients
who may have difficulty swallowing tablets. Attempts to
prepare a liquid formulation was challenging because
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atenolol is unstable in solutions. Studies showed that the
degradation rate of atenolol is dependent on the tempera-
ture, indicating higher stability at 4 °C. Atenolol syrup is
stable only for 9 days. Furthermore, oral doses of atenolol
are incompletely absorbed (range 46-62%), even when
formulated as a solution. Thus the development of more
lipophilic prodrug that is stable in aqueous medium is a
significant challenge [1-8].

Pharmacologically inactive chemical derivative that
could be used to alter the physicochemical properties of
atenolol, in a temporary manner and to increase its
usefulness should be lipophilic linker that is covalently
linked to the parent drug and can be converted in vivo to
the active drug molecule, enzymatically or nonenzymati-
cally, to exert a therapeutic effect. Ideally, the prodrug
should be converted to the original drug as soon as the goal
is achieved, followed by the subsequent rapid elimination
of the released derivatizing group [9-11].

Improvement of atenolol pharmacokinetic absorption
properties and hence its effectiveness may increase the
absorption of the drug via a variety of administration routes.

To achieve this goal, atenolol prodrugs must possess the
following properties: (i) to be readily soluble in a
physiological environment (ii) to have a moderate hydro-
philic lipophilic balance (HLB) value (iii) to provide upon
chemical cleavage the active drug in a controlled manner,
and (iv) to furnish upon cleavage a safe and non-toxic
by-products. By complying with the four requirements
described above the following objectives may be ful-
filled: (1) a relatively high absorption of the prodrug into
the body tissues. (2) The capability to use the drug in
different dosage forms, especially in oral solutions form.
(3) A chemically driven sustained release system that
releases atenolol in a controlled manner once the prodrug
reaches the human blood circulation system; and (4) a
drug with physico-chemical properties such that leading
to a high bioavailability and efficient pharmacokinetic
properties.

Since atenolol is a very hydrophilic molecule with a pKa
of 9.6, it undergoes ionization in the stomach and intestine
thus its oral bioavailability is low due to inefficient
absorption through membranes. Approximately 50% of an
oral dose is absorbed from the gastrointestinal tract, the
remainder being excreted unchanged in the feces. Unlike
propranolol or metoprolol, but like nadolol, atenolol under-
goes little or no metabolism by the liver, and the absorbed
portion is eliminated primarily by renal excretion. Note the
log P (partition coefficient) for atenolol is 0.5. Hence,
design and synthesis of a relatively more lipophilic
prodrugs that can provide the parental drug in a sustained
release manner might result in a better clinical outcome,
more convenient dosing regimens and potentially less side
effects [1-8].

@ Springer

Recently we have been studying the mechanisms for a
number of intramolecular processes that have been utilized
as enzyme models and lately as prodrug linkers [12-30].
Using different molecular orbital methods such as DFT and
ab initio at various levels, we have researched: (a) Sy2-
based-cyclization reactions of di-carboxylic semi-esters as
studied by Bruice [31, 32] (b) acid-catalyzed lactonization
of hydroxy-acids as investigated by Cohen [33-35] and
Menger [36—43], (c) intramolecular Sy2-based cyclization
reactions as explored by Brown’s group [44] and Mandolini’s
group [45], (d) proton transfer between two oxygens in
Kirby’s acetals [46—55], and proton transfer between
nitrogen and oxygen in Kirby’s enzyme models [46-55],
(e) proton transfer between two oxygens in rigid systems as
investigated by Menger [36—43], and (f) proton transfer from
oxygen to carbon in some of Kirby’s enol ethers [46-55].
These studies revealed the following: (1) rate enhancement
in intramolecular processes is due to both entropy and
enthalpy effects. In the cases by which enthalpic effects were
predominant such as in cyclization reactions, steric effects
was the cause for the accelerations, whereas proximity
orientation was the dominant factor in the cases of proton
transfer reactions. (2) The reaction type intermolecular or
intramolecular is determined on the distance between the two
reacting centers. In the cases by which the distance between
the two reactive centers exceeds 3A an intermolecular
reaction is preferred due to the feasibility of engagement of
a water molecule (solvent) whereas, an intramolecular
process is preferable when the distance between the
electrophile and nucleophile is less than 3A. (3) The
gem-dialkyl effect in Sy2-based ring-closing reactions
leading to three-, four- and five-membered rings is
dominant in those involving the formation of five-
membered ring, and the need for directional flexibility
decreases as the size of the ring being formed increases.
(4) The efficiency of proton transfer between two oxygens
and between nitrogen and oxygen in Kirby’s acetal
systems is due to a strong hydrogen bonding developed
in the products and the corresponding transition states
leading to them [12-33].

We have concluded from our recent studies on intra-
molecularity that there is a necessity to explore the reaction
mechanism in order to assign the factors affecting the
reaction rate for a design of an efficient chemical device
to be used as prodrug linker capable of librating the
parental drug in a controlled manner [12-33]. The
prodrugs are designed such that they have the potential
to undergo cleavage reactions in physiological environ-
ments (stomach at pH 1.5, intestine at pH 6.5 or/and blood
circulation at pH 7.4) with rates that are dependent on the
structural features of the pharmacologically inactive linker.
Different linkers could be used to obtain a number of
prodrugs with the capability to release the parental drug in
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various rates that are depending on the nature or the
structural features of the linker.

Continuing our study for utilizing intramolecularity to
design potential linkers for amine drugs, we sought to study
the mechanism and driving forces affecting the acid-
catalyzed hydrolysis rate in some of Kirby’s acid amides
(prodrugs linkers) [56, 57]. It is expected that such linkers
might have a potential to be good carriers to the anti-
hypertensive agent, atenolol.

Our proposed atenolol prodrugs based on acid-catalyzed

cyclization reactions of amide acids are depicted in Scheme 1.

As shown in Scheme 1, the only difference between
atenolol prodrugs and the parental drug, atenolol, is that the
former has an amide moiety instead of the free amine group
in the latter. By doing so the alcohol derivative thus formed
(prodrug) will be much more stable than the corresponding
amino alcohol, atenolol, due to general chemical stability
for tertiary alcohols when compared to amine alcohols.
Further, stability studies on ester derivatives of atenolol
have showed that the ester derivatives are much more stable
than the corresponding alcohol, atenolol, when they are
formulated in aqueous solutions. In addition, kinetic studies
on the drugs atenolol and propranolol revealed that
increasing the lipophilicity of the drug leads to an increase
in the stability of its aqueous solutions. Based on the above

CH,
J/CHS
H N OH
| \/</o
y OH

ProD 1

HO

o NH,
H
HSCYNJJ

(0]
HaC Atenolol
+
H OH
H OH
o

Scheme 1 Chemical structures for atenolol prodrugs ProD1-2

it is expected that atenolol prodrugs shown in Scheme 1
will be more resistant to heat or/oxidation when standing in
aqueous solutions [1-8].

Based on the DFT calculations on the acid-catalyzed
hydrolysis of amide acids 1-9 reported herein (Scheme 2),
two atenolol prodrugs are proposed. As shown in Scheme 1,
the atenolol prodrugs, ProD 1 and ProD 2, have a
carboxylic acid group (hydrophilic moiety) and a lipophilic
moiety (the rest of the molecule), where the combination of
both groups ensures a moderate HLB. It should be noted
that the HLB value of the prodrug moiety will be
determined upon the physiologic environment by which
the prodrug is dissolved. For example, in the stomach, the
atenolol prodrugs will primarily exist in the carboxylic acid
form whereas in the blood circulation the carboxylate anion
form will be predominant. It is planned that ProD 1-2
(Scheme 1) will be obtained as sodium or potassium
carboxylate salts since this form is expected to be stable
in aqueous medium.

In this manuscript, we report a computational study
which revealed the mechanism for intramolecular acid
catalyzed hydrolysis of maleamic (4-amino-4-oxo-2butenoic)
acids (Kirby’s N-alkylmaleamic acids) 1-9 (Scheme 2). In
addition, based on the rates for processes 1-9, the calculated
t1» values for ProD 1-2 were predicted.

CH,
)
J/CH:;
H N OH
| \/</o
HsC OH
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NH,

ProD 2
NH,
o
HO o NH,
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Scheme 2 Chemical structures for maleamic acid derivatives 1-9 and Inter

The goals of this work were to: (1) calculate all possible
mechanistic routes for the reactions of 1-9 and to unravel
the nature of the force(s) affecting the rate as a function of
substitution on the carbon-carbon double bond, (b) design
of atenolol prodrugs that are relatively stable in aqueous
solutions and have the capability to undergo cleavage
reaction in physiological environment to furnish atenolol in
a controlled manner.

Calculation methods

The Becke three-parameter, hybrid functional combined
with the Lee, Yang, and Parr correlation functional, denoted
B3LYP, were employed in the calculations using density
functional theory (DFT). Calculations were carried out
based on the restricted Hartree-Fock method and were run
using the quantum chemical package Gaussian-98 [58]. The
starting geometries of all the molecules were obtained using
the Argus Lab program [59] and were initially optimized at
the HF/6-31 G level in the presence of one molecule of

@ Springer

water, followed by optimization at the B3LYP/6-31 G(d,p)
level [58]. Total geometry optimizations included all
internal rotations. Second derivatives were estimated for
all three N-6 geometrical parameters during optimization.
The search for the global minimum structure in each of the
systems studied was accomplished by 360° rotation of the
carboxylic group about the bond C6-C7 (i.e., variation of
the dihedral angle O1C7C6CS5, Chart 1), and 360° rotation
of the carbonyl amide group about the bond C4-C5 (i.e.,
variation of the dihedral angle O3C4C5C6) in increments
of 10° and calculation of the conformational energies (see
Chart 1). In the DFT calculations for 1-9 and ProD 1-2,
two types of conformations in particular were considered:
one in which the amide carbonyl is syn to the carboxyl
group and another in which it is anti. An energy minimum
(a stable compound or a reactive intermediate) has no
negative vibrational force constant. A transition state is a
saddle point which has only one negative vibrational force
constant [60]. Transition states were located first by the
normal reaction coordinate method [61] where the enthalpy
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GM

Chart 1 Representation of an acid-catalyzed hydrolysis in Kirby’s
acid amides 1-9. GM is the global minimum structure. rgy and rap
are the hydrogen bond distance and the approach distance, respec-
tively. o, 3, € and p are bond angles

changes was monitored by stepwise changing the inter-
atomic distance between two specific atoms. The geometry
at the highest point on the energy profile was re-optimized
by using the energy gradient method at the B3LYP/6-31 G
(d,p) level of theory [58]. The “reaction coordinate method”
[61] was used to calculate the activation energy in
maleamic (4-amino-4-oxo-2butenoic) acids (Kirby’s N-
alkylmaleamic acids), 1-9, ProD 1-2 and Inter (Schemes 1
and 2). In this method, one bond length is constrained for
the appropriate degree of freedom while all other variables
are freely optimized. The activation energy values for the
approach processes (the approach of O1 toward C4, Chart 1)
were calculated from the difference in energies of the global
minimum structures (GM) and the derived transition states
(TS, in Scheme 3). Similarly, the activation energies of the
dissociation processes (the breakdown of C4-N9 bond,
Chart 1) were calculated from the difference in energies of
the global minimum structures (GM) and the corresponding
transition states (TS, in Scheme 3). Verification of the
desired reactants and products was accomplished using the
“Intrinsic coordinate method” [61]. The transition state
structures were verified by their one negative frequency.
Full optimization of the transition states was accomplished
after removing any constrains imposed while executing the
energy profile. The activation energies obtained from DFT
at B3LYP/6-31 G (d,p) level of theory for 1-9, ProD 1-2
and Inter were calculated with and without the inclusion of

solvent (water and ecther). The calculations with the
incorporation of a solvent were performed using the
integral equation formalism model of the polarizable
continuum model (PCM) [62—65].

Results and discussion

Kirby and coworkers have investigated the acid-catalyzed
hydrolysis reactions of 1-9 (Scheme 2) and have concluded
that the amide bond cleavage is due to intramolecular
nucleophilic catalysis by the adjacent carboxylic acid
group. Based on their kinetic results it was suggested that
the rate-limiting step is the one by which dissociation of the
tetrahedral intermediate occurs [56]. In 1990, Katagi has
theoretically investigated the hydrolysis reaction using
AMI1 semiempirical method. Katagi’s AM1 study revealed
that the rate- limiting step is the formation of the tetrahedral
intermediate and not its collapse [66]. Since Katagi’s
theoretical calculations were run in the presence of only
two water molecules which resembles somewhat the gas
phase environment we sought to study this reaction using
Becke three-parameter hybrid functional combined with the
Lee, Yang, and Parr correlation functional (B3LYP) methods,
which are superior to semiempirical methods, and to run the
calculations in the gas phase as well as in other solvents such
as ether and a cluster of water due to the importance of the
solvent in stabilizing or destabilizing the chemical entities
involved in the hydrolysis reaction.

Replacing the N-methyl amide group in 1-9 (Scheme 2)
with atenolol drug, as shown for ProD 1 and ProD 2 in
Scheme 1, is not expected to have any significant effect on
the relative rates of these processes. Therefore, computa-
tional calculations of the kinetic and thermodynamic
properties for processes 1-9 will shed some light on the
rates for the chemical cleavage of prodrugs ProD 1 and
ProD 2 to the anti-hypertensive drug, atenolol.

In order to utilize systems 1-9 as prodrug carriers for
atenolol as shown in the cases of ProD 1-2 their
mechanism should be unraveled. The suggested mechanism
for the acid-catalyzed hydrolysis of 1-9 involves proton
transfer from the carboxylic group to the adjacent amino
carbonyl carbon followed by a nucleophilic attack of the
carboxylate anion onto the protonated carbonyl carbon to
form tetrahedral intermediate which dissociates to provide
products (Scheme 3). In order to determine whether the
rate-limiting step in the hydrolysis process is the formation
of the tetrahedral intermediate as was suggested by Katagi
[66] or its collapse as was proposed by Kirby [56] DFT
calculations at the B3LYP/6-31 G (d,p) level were done in
the gas phase as well as in ether and water.

Computations were directed toward elucidation of the
transition and ground state structures (global minimum,

@ Springer
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Scheme 3 Possible mechanistic routes for the acid-catalyzed hydro-
lysis of 1-9 and ProD 1-2. R, R1 and R2 are alkyl groups. PT, F and
B refer to proton transfer, tetrahedral intermediate formation and

intermediates and products) for the acid-catalyzed
hydrolysis of 1-9 and ProD 1-2 in the presence of one
molecule of water, a cluster of water, in the gas phase and
in ether. It is expected that the stability of the chemical
entities (GM, TS and etc.) will be different in the gas
phase or solvent having low dielectric constant compared
to that in water (a relatively high dielectric constant).

General consideration
Because the energy of a carboxylic acid amide molecule is
strongly dependent on its conformation and the latter

determines its ability to be engaged in intramolecular
hydrogen bonding, we were concerned with the identification
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tetrahedral intermediate breakdown, respectively. GM, INT, TS and P
refer to global minimum, intermediates, transition states and products,
respectively

of the most stable conformation (global minimum) for each of
Kirby’s acid amides 1-9 and prodrugs ProD 1-2 calculated
in this study. This was accomplished by 360° rotation of the
carboxylic group about the bond C6-C7 (i.e., variation of the
dihedral angle O1C7C6CS5, Chart 1), and 360° rotation of the
carbonyl amide group about the bond C4-C5 (i.e., variation
of the dihedral angle O3C4C5C6) in increments of 10° and
calculation of the conformational energies (see Chart 1).

In the DFT calculations for 1-9 and ProD 1-2, two types
of conformations in particular were considered: one in
which the amide carbonyl is syn to the carboxyl group and
another in which it is anti. It was found that the global
minimum structures for 1-9 and ProD 1-2 all reside in the
syn conformation (see Fig. 1a).
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Fig. 1 (a) DFT optimized structures for the global minimum (GM) in processes 1-9 and Inter (b) DFT optimized structures for the intermediate
(INT5) in processes 1-9 and Inter (¢) DFT optimized structures for the transition state (TS,) in processes 1-9 and Inter

Conformational analysis for the chemical entities involved
in the acid-catalyzed hydrolysis of Kirby’s acid amides 1-9
and ProD 1-2

Starting geometries (GM)

Since the acid-catalyzed hydrolysis reactions of 1-9 were
conducted in aqueous medium, we have computed the
geometries of the chemical entities involved in these
reactions in the presence of one molecule of water in order
to account for any specific intermolecular hydrogen
bonding. The calculated B3LYP/6-31 G (d,p) geometries
along with selected bond distances and bond angles for the
global minimum structures of 1-9 (1GM-9GM) and ProD
1GM-2GM are illustrated in Figs. la and 2, and listed in
Table 1. Examination of the calculated geometries of 1GM-
9GM (Fig. 1a and Table 1) and ProD 1GM-2GM (Fig. 2)
indicates that all of them exhibit conformation by which the
carboxyl group is engaged intramolecular in a hydrogen
bond with the neighboring amide oxygen. This engagement
results in the formation of seven-membered ring in all the

global minimum structures (see Figs. la and 2). The
calculated B3LYP/6-31 G (d,p) intramolecular hydrogen
bonding length (rgy in Chart 1) in 1GM-9GM and ProD
1GM-2GM was found in the range of 1.50A —1.87A and
that for the hydrogen bond angle ¢ (the hydrogen bond
angle, O1H203 in Chart 1) in the range of 143.6°-172.4°.
Furthermore, the calculated DFT values for angles o« and f3
were in the range of 120.5°- 130.7° and 122.2°- 133.8°,
respectively. Inspection of Table 1 indicates that the
calculated DFT values for the interatomic distance between
the carboxyl hydroxyl oxygen and the amide carbonyl
carbon range between 3.05A and 3.16 A, while the angle of
attack (C(O)OH/C(O)/C(0O), angle 0 in Chart 1) was found
in the range 49.8°-56.8°.

Tetrahedral intermediate geometries (INT2)
The calculated DFT properties for the tetrahedral interme-
diate geometries of 1-9 (1INT2-9INT2) and ProD 1INT,-

2INT, are shown in Figs. 1b and 2 and are tabulated in
Table 1. Examination of the calculated structures for these
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Fig. 1 continued

intermediates revealed that angles « and 3 values in the
intermediates are reduced when compared to that in the
corresponding global minimum structures. The o values
range was 107.2°-109.1° whereas for {3 values the range was
108.1°-111.4°. Furthermore, the angles y and & were in the
range for similar regular tetrahedral intermediates. The range
for v was 102.0°- 103.7° and for & was 107.6°- 116.2°.

Transition state geometries for the tetrahedral intermediate
dissociation (TS4)

The calculated properties for the transition state geometries
of the tetrahedral intermediate collapse in 1-9 and ProD 1—
2 (1TS4-9TS4, ProD 1TS, and ProD 2TS,) are summa-
rized in Table | and illustrated in Figs. 1c and 2. Inspection
of the optimized structures revealed that the geometries of
the transition states resemble that of the corresponding
tetrahedral intermediates. The angle o« and 3 values are
quite identical in both the tetrahedral intermediates and
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109.1°

109.0°

their corresponding transition states. The range of the «
values were found in the range 107.0°-108.4° and that of 3
was in the range 108.3°-109.2°.

Mechanistic investigation

Using the quantum chemical package Gaussian-98 [58] we
calculated the DFT at B3LYP/6-31 G (d,p) level of theory
kinetic and thermodynamic properties for all possible routes
for the acid-catalyzed reactions of Kirby’s acid amides 1-9
and ProD 1-2. The proposed routes are illustrated in
Scheme 3.

The enthalpy and entropy energy values in the gas phase,
ether and in the presence of a cluster of water for the global
minimum structure (GM), the products (P) and the
corresponding transition states, TS;, TS,, TS; and TSy,
and corresponding intermediates INT;, INT,, INT; and
INT, for the suggested routes in the acid-catalyzed
hydrolysis of 1-9 and ProD 1-2 were calculated
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Fig. 1 continued

(Scheme 3). Table 2 lists the energy values for IGM-9GM,
ProD 1GM, ProD 2GM, 1INT,-9INT,, ProD 1INT,,
ProD 2INT,, 1TS,-9TS4, ProD 1TS, and ProD 2TS,.
Figs. 1a, b, ¢ and 2 depict the DFT optimized structures for
GM, INT, and TS, in 1-9 and ProD 1-2.

Using the calculated DFT values for the enthalpy and
entropy of the GM and the four transition states in the
hydrolysis of 1-9 and ProD 1-2 the enthalpy activation
energies (AHY), entropy activation energies (TASY), and
the free activation energies in the gas phase, ether and
water (AGY) for the various routes in the mentioned
processes (Scheme 3) were calculated and are summarized
in Tables 3 and 4.

Inspection of the calculated B3LYP/6-31 G (d,p)
activation energy values listed in Tables 3 and 4 revealed
that the rate-limiting step for the acid-catalyzed hydrolysis
of 1-9 and ProD 1-2 is dependent on the medium by
which the calculations were done. When the calculations
were run in the gas phase the formation of the tetrahedral
intermediate, step F in Scheme 3, was the rate limiting
step, whereas when the calculations were executed in the

TSy

presence of a cluster of water the step by which the
tetrahedral intermediate breaks down was the rate-limiting
(step B in Scheme 3). On the other hand, the energy
calculations in the presence of ether indicate that while in
some processes such as 2, 5§ and ProD 2 the rate-limiting
step is the one by which the carboxyl group approaches
the amide carbonyl carbon to form the tetrahedral
intermediate (step F in Scheme 3) the rate in processes
1, 3-4, 6-9 and ProD 1 is determined on the step by
which the tetrahedral intermediate collapses to yield
products (step B in Scheme 3).

The gas phase energy barrier for the proton transfer
process (step PT in Scheme 3), tetrahedral intermediate
formation (F) and tetrahedral intermediate breakdown (step
B in Scheme 3) were found in the range 17.77-
19.33 kcal mol™, 25.94-45.37 kcal mol” and 15.25-
36.77 keal mol™, respectively (Table 3). Furthermore, the
gas phase free activation energy for the rate-limiting
step (F) is about 5-15 kcal higher than that for the
breakdown process. On the other hand, the activation
energies difference as calculated in water between the
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ProDIINT,

ProD2GM
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Fig. 2 DFT optimized structures for the global minimum (GM), intermediate (INT,) and transition state (TS4) in processes ProD 1-2

intermediate collapse and intermediate formation, is systems 2, 5 and ProD 2, analysis of the conformation
about 2-9 kcal mol™ (Table 4). of the rigid structures of the ground states should be
evaluated. A careful examination of Tables 1 and 4

The factors affecting the hydrolysis rate revealed the existence of two significant trends in the
reactivity versus the structural features of the ground

Careful inspection of Tables 3 and 4 revealed that both the state structures. The closest distance of approach of the
substituent on the double bond and the reaction medium has carboxyl oxygen and the amide oxygen in the ground
a profound effect on the reaction rate. state (rap in Chart 1) is less for more reactive
compounds. For example, the distance for the unsub-

1. The substituent effect: to examine the structural stituted maleamic acid amide 1 is 3.16A whereas for
factors associated with high reactivity such as in the dimethylsubstituted derivative 2 is 3.05A. In fact,

Table 1 DFT (B3LYP) calculated geometries for GM, INT, and TS, in 1-9 and ProD 1-2

System o in GM in GM o« in INT, fin INT, yinINT, §inINT, «inTS; BinTS; yinTS; 6inTS; 0 in GM rpp in GM

1 128.4 132.9 108.7 110.8 102.0 108.2 107.6 108.5 108.6 104.9 50.3 3.16
2 124.8 127.8 108.1 109.7 103.7 107.6 107.0 108.3 109.4 105.5 53.0 3.05
3 130.7 128.2 107.4 111.4 102.0 108.1 107.3 108.7 108.5 105.6 51.0 3.10
4 127.7 132.6 109.1 109.9 103.1 116.2 108.2 109.8 107.8 105.2 49.8 3.15
5 125.7 129.8 108.1 109.8 103.4 108.7 107.2 108.8 109.3 103.2 51.6 3.09
6 130.7 128.2 107.2 109.2 102.0 108.1 107.1 108.8 108.4 105.6 51.4 3.09
7 130.9 128.2 107.2 109.7 101.9 108.2 107.2 108.8 108.6 104.9 511 3.09
8 129.9 130.6 109.0 108.1 102.0 108.8 107.6 109.2 108.1 108.3 51.0 3.11
9 120.5 122.2 108.7 110.2 101.8 109.5 107.6 108.6 107.9 106.5 56.8 3.05
ProD 1 1283 1334 108.8 110.3 101.9 115.6 108.4 108.7 107.1 106.3 48.7 3.19
ProD 2 126.2 129.6 107.5 110.9 102.2 115.2 107.6 108.7 106.8 103.0 55.1 3.32

B3LYP refers to values calculated by B3LYP/6-31 G (d, p) method. GM, INT, and TS, refer to global minimum, intermediate and transition state
structures, respectively (see Scheme 3). For the definition of the bond angles «, 3, v and & see Fig. 1a, b and c. For the definition of rAP see
Chart 1.The angle unit is degree and the rop unit is A
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Table 2 DFT (B3LYP/6-31 G

(d,p)) calculated properties for Compound Enthalpy, H (gas phase)  (gas phase) Entropy, ~ Frequency Cm MM2Es kcal/mol
the acid catalyzed hydrolysis of In Hartree S, Cal/Mol-Kelvin
acid amides 1-9, ProD 1-2
and Inter 1IGM —551.6209552 115.71 - 10.16
1INT, —551.5899873 113.12 e 20.55
1TS, —551.9510979 100.58 29.18i
2GM —630.2556684 133.45 _ 10.82
2INT, —630.2424070 125.08 e 16.16
2TS, —630.6125865 117.89 57.261
3GM —590.9452364 126.16 e 9.40
3INT, —590.9162845 124.52 _ 17.32
3TS, —591.284155 109.50 45911
4GM —668.3716758 131.90 _ 12.30
4INT, —668.3272626 125.09 _ 27.89
4TS, —668.7001822 116.95 73.72i
5GM —707.6805570 136.69 - 9.18
5INT, —707.6689275 122.73 - 19.25
5TS, —707.6321442 122.88 118.05i
6GM —630.2606708 132.74 _ 5.12
6INT, —630.2326178 132.45 e 17.59
6TS, —630.60156591 116.93 52.77i
7GM —669.5780833 138.31 _ 6.20
7INT, —669.5495044 137.75 _ 18.55
7TS4 —669.9185072 124.96 68.641
8GM —888.6478787 140.60 _ 12.86
8INT, —888.6201859 137.62 _ 22.34
8TS, —888.9742696 120.84 37.751
I9GM —1225.6575172 145.62 _ 28.29
9INT, —1225.6422023 147.77 - 26.92
9TS, —1225.9938255 140.05 33.82i
ProD 1GM —1337.6974501 214.38 - 20.97
ProD 1INT,  —1337.6654432 188.26 _ 41.97
ProD 1TS, —1338.0399174 158.59 70.331
ProD 2GM —1377.0175828 210.68 e 17.31
ProD 2INT,  —1376.9882479 211.30 e 38.42
GM, INT and TS are global ProD 2TS,  —1377.3516015 193.30 123.35i
minimum, intermediate and
transition state structures, InterGM —631.4579281 141.61 _ 2.98
respectively. MM2Es is the InterINT, —631.4282861 129.50 _ 13.64
strain energy calculated by InterTS, -631.7933134 130.70 57.27i

Allinger’s MM2 method [67]

when the values of rpap were examined for correlation
with the experimental and water calculated free
activation energies (AGg®) strong correlations with
correlation coefficient of R=0.92 -0.96 were obtained
(Fig. 3a). The second structural factor that might have a
significant effect on the reactivity of an acid amide is
the angle by which the carboxyl group approaches the
amide carbonyl carbon (the attack angle p, see Chart 1).
The calculated 0 values for the reactive derivatives
were found to be larger than those for the less reactive
acid amides. For example the calculated © value for
system 2 was 53° whereas for 4 was 49.8°. Linear

correlation with strong correlation coefficients (R=
0.92-0.96) were found between the DFT calculated p
values and the experimental and water calculated free
activation energy values (Fig. 3b) to shed some light on
the factors responsible for the unusual accelerations in
rate and to examine whether the discrepancy in rates for
processes 1-9 stems from steric effects (strain energy)
or other effects we have calculated, using Allinger’s
MM2 method [67], the strain energy values for the
reactants (GM), intermediates (INT) and products (P) in
1-9 and ProD 1-2. The MM2 strain energies (Es) for
these geometries are listed in Table 4. The MM2
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Table 3 DFT (B3LYP) calculated kinetic and thermodynamic properties in the gas phase for the acid catalyzed hydrolysis of 1-9, ProD 1-2 and Inter

System  AHpgp* TASpge*  AGpgp* AHpgp? TASgcp®  AGrgpt AGggam* AGpgm* AGpgp* (kcal/mol)
(kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  In high pH

1 27.31 -0.77 28.08 32.46 -1.09 33.53 34.27 31.35 45.55

2 13.93 -2.49 16.42 25.67 —-1.41 27.08 16.32 21.29 33.59

3 24.41 -0.49 24.90 30.68 —-1.89 32.57 29.53 28.23 44.68

4 34.42 -2.35 36.77 41.88 -3.49 45.37 40.23 39.27 53.5

5 13.25 —4.16 17.41 24.55 -2.32 26.87 18.51 22.34 34.52

6 23.83 -0.09 23.92 30.11 -2.01 32.12 29.53 27.50 45.72

7 24.86 -0.17 25.03 30.76 -1.54 32.30 28.35 27.76

8 24.08 -0.89 24.87 29.79 -2.58 32.37 29.76 28.20

9 17.88 0.64 17.24 24.17 -1.77 25.94 24.46 18.69

ProD 1  20.08 -7.78 27.86 29.96 -5.99 35.95 38.76 39.49

ProD2 1543 0.18 15.25 31.94 1.19 30.75 21.15 24.35 43.53

Inter 39.90 -3.35 43.25

B3LYP refers to values calculated by B3LYP/6-31 G (d, p) method. AH? is the calculated activation enthalpic energy (kcal/mol). TAS* is the
calculated activation entropic energy (kcal/mol). AG* is the calculated activation free energy (kcal/mol). B and F refer to tetrahedral intermediate

breakdown and tetrahedral intermediate formation. GP and Eth refer to calculated in the gas phase and in ether, respectively

calculated Es values were examined for correlation
with the experimental relative rate values, log k.
(Table 4). Strong correlations were obtained with a
correlation coefficient R=0.94 for the correlation with
the intermediates values and R=0.97 for the values of
the products (Fig. 3c). Furthermore, good correlations
were obtained between the experimental and calculated
free activation energy values on one hand and the strain
energy difference values between the intermediates and
reactants (Es wt.gm) on the other hand (R=0.85-0.94)

(Fig. 3d). The results shown in Fig. 3c and d indicate
that the rate of the reaction for systems having less-
strained intermediates or products such as 2 and 5 are
higher than that having more strained intermediates or
products such as 1 and 4. This might be attributed to
the fact that the transition state structures in 1-9
resemble that of the corresponding intermediates or
products (Figs. 2b and c).

In order to test whether the substituent on the double
bond has the same effect on the tetrahedral intermediate

Table 4 DFT (B3LYP) calculated kinetic and thermodynamic properties for the acid catalyzed hydrolysis of 1-9, ProD 1-2 and Inter

System AHpw* AGpw' log ke [56] log EM log EM (Calc) Es (INT,) Es (P) Es (GM)  AGpw' Exp AG*
(kcal/mol)  (kcal/mol) (Exp) [56] (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) '(kcal/mol)

1 32.29 33.06 0 7.724 8.52 20.55 25.08 10.16 26.10 23.70

2 17.56 20.05 4371 15.86 18.08 16.16 18.93 10.82 17.90 17.30

3 27.93 28.42 1.494 7.742 11.93 17.32 21.70 9.40 24.80 21.14

4 35.76 38.11 —4.377 1.255 4.81 27.89 32.75 12.30 32.16 30.70

5 18.96 23.12 2.732 15.190 15.82 19.25 23.13 9.18 17.89 19.75

6 27.19 27.28 1.516 6.962 12.76 17.59 22.95 5.12 23.87

7 27.38 27.55 1.648 8.568 12.57 18.55 24.00 6.20 24.40

8 29.23 30.12 6.36 22.34 27.77 12.86 23.66

9 15.79 15.15 21.68 26.92 35.64 28.29 11.97

ProD 1 31.37 39.12 4.06 41.97 25.08 20.97 35.76

ProD 2 26.98 26.8 13.11 38.42 18.98 17.31 17.85

Inter 41.30 44.65 13.64 12.10

B3LYP refers to values calculated by B3LYP/6-31 G (d, p) method. AH* is the calculated activation enthalpic energy (kcal/mol). TAS¥ is the
calculated activation entropic energy (kcal/mol). AG* is the calculated activation free energy (kcal/mol). Es refers to strain energy calculated by
Allinger’s MM2 method [67]. INT, and P refer to intermediate two and product, respectively. EM=¢ “(AGkinter - AGIntra)RT "By and FW refer to
tetrahedral intermediate breakdown and tetrahedral intermediate formation calculated in water, respectively. Exp refers to experimental value. Calc
refers to DFT calculated values

@ Springer



J Mol Model (2012) 18:1523-1540

1535

Fig. 3 (a) Plot of rap vs. AG¥ in
1-9, where the blue points for
the DFT calculated values

(in water) and the pink points
for the experimental values.

rap 18 the distance between the
hydroxyl oxygen of the carbox-
ylic group and the carbon of the
amide carbonyl in the reactant.
AG is the free activation energy.
(b) Plot of p vs. AG* in 1-9,
where the blue points for the
DFT calculated values (in water)
and the pink points for the
experimental values. p is the
angle of attach of the approach
of the hydroxyl of the carbox-
ylic group toward the carbon of
the amide carbonyl in the reac-
tant. AG* is the free activation
energy. (¢) Plot of Es vs. log k¢
in 1-9, where the blue points for
the intermediates (INT2, see
Scheme 3) and the pink points
for the products (P, see

Scheme 3). log ki is the rela-
tive rate. (d) Plot of AEs vs. AG*
in 1-9, where the blue points for
the experimental values and the
pink points for the DFT calcu-
lated values (in water). AG* is
the free activation energy
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formation (step F in Scheme 3) and the tetrahedral
intermediate collapse (B in Scheme 3), the DFT
calculated activation energies in the gas phase and
in water for the formation of the tetrahedral interme-
diate (AGg*) were correlated with the energy values
needed for its collapse (AGg*). The correlation results
illustrated in Fig. 4a indicate strong correlations with a
correlation coefficient R=0.92 and 0.95, respectively.
This indicates that the driving force for the formation
and collapse of the tetrahedral intermediate is the
same and the rate of the hydrolysis reaction is
dependent on strain effects.

The combined results might be able to test some
theories that were invoked to account for rate
accelerations in intramolecular and enzymatic pro-
cesses. Such theories are the orbital steering theory
of Koshland [68] that describes the effect of critical
angle of approach on reactivity, and Bruice’s [31, 32]
and Menger’s proximity orientation [36—43].

The solvent effect: Inspection of Scheme 3 revealed
that the step in the intramolecular hydrolysis reaction

6 1 20 25 30 35 40
2R

AG*

most powerfully affected by structural changes and
solvent effects are the ring-closure of INT; which is
involved in the tetrahedral intermediate formation.
Examination of the geometries of the corresponding
transition states for INT, (TS,) indicates that TS, is in
the ionic form. It is expected that the effect of polar
solvents on the stability of TS, will be different from
those with less polarity. The free activation energies
for the approach process (AGy¥) and the dissociation
process (AGg¥) calculated in the gas phase, ether and
in presence of a cluster of water listed in Tables 3 and
4 indicate that solvents with low dielectric constant
such in the case of the gas phase tend to shift the
equilibrium to the side of the reactants by destabilizing
TS, and thus making the approach step as the rate-
limiting whereas solvents with high dielectric constants
such as water interact strongly with the ionic transition
state. These interactions stabilize the approach transition
state (TS,) and consequently lower the approach barrier,
hence making the reaction rate dependent on the
dissociation step. A representation of the energy profiles
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Fig. 4 (a) Plot of AG* (Forma-
tion) vs. AG* (Collapse) in 1-9,
where the blue points for the
DFT calculated values (in water)
and the pink points for that
calculated in the gas phase. AG*
(Formation) and AG* (Collapse)
are the free activation energy
needed for the tetrahedral inter-
mediate formation and collapse,
respectively. (b) log EM (Calc)
vs. log EM (Exp) in 1-9. EM
refers to effective molarity. Calc
and Exp refer to calculated by
DFT and experimental, respec-
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for the hydrolysis of ProD 1 as calculated in the gas
phase and in presence of a cluster of water is illustrated
in Fig. 5.

On the other hand, the DFT calculations in
presence of ether having dielectric constant of 4.5
indicate that in systems 2, 5 and ProD 1-2 the rate-
limiting step is the formation of the tetrahedral
intermediate whereas in the other processes the rate-
limiting step is the dissociation of the tetrahedral
intermediate (see Tables 3 and 4).

Calculations of the effective molarity (EM) values
for processes 1-9 and ProD 1-2

It is widely accepted that the measure for intramolecular
efficiency is the effective molarity (EM). The effective
molarity is defined as a ratio of the intramolecular rate
and its corresponding intermolecular where both process-
es are driven by identical mechanisms. Ring size, solvent
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and reaction type are the main factors affecting the EM
parameter. Ring-closing reactions via intramolecular
nucleophilic addition are much more efficient than
intramolecular proton transfers. Values in the order of
10°-10"* M have been measured for the EM in intramo-
lecular processes occurring through nucleophilic addition.
Whereas for proton transfer processes EM values of less
than 10 M were obtained [69].

To obtain credibility for our calculation results we introduce
our computation rational for calculating the EM values for
processes 1-9 and ProD 1-2 based on the DFT calculated
activation energies (AG*) of 1-9 and ProD 1-2, and the
corresponding intermolecular process Inter (Scheme 2).

The intermolecular process Inter (Scheme 2) was
calculated to be used in the calculation of the effective
molarity values (EM) for the corresponding intramolecular
processes 1-9 and ProD 1-2.

Utilizing Eqs. 1-4, we derived Eq. 5 which describes the
EM parameter as a function of the difference in the
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Fig. 5 A representation of an energy profile for acid-catalyzed
hydrolysis of ProD 1 as calculated in the gas phase (GP) and in
water (W). GM. TS, INT and P refer to global minimum, transition

activation energies of the intra- and the corresponding
intermolecular processes. Table 4 lists the calculated EM
values for processes 1-9 and ProD 1-2 as calculated by
Eq. 5,

EM = kintra/ kinter (1)
AGiinter = —RTIn kinter (2)
AGiimra = —RTIn kintra (3)
AGiintra - AGiintcr = —RTIn kintra/kintcr (4)
INEM = — (AGiimra - AGim) JRT (5)

where T is the temperature in Kelvin and R is the gas
constant.

The calculated log EM values listed in Table 4 were
examined for correlation with the corresponding log EM
experimental values [56]. The correlation results along with
the correlation coefficients are illustrated in Fig. 4b.
Inspection of the log EM values listed in Table 4 and
Fig. 4b revealed that 2 and 5 were the most efficient
processes among 1-9, whereas process 4 was the least. The
discrepancy in rates between 2 and 5 on one hand and 4 on
the other hand is attributed to strain effects.

state, intermediate and product structures, respectively. TS, and
TSp are approach and dissociation transition state structures,
respectively

Although the calculated and experimental EM values are
comparable there is a discrepancy in their absolute values.
This is due to the fact that the experimental measurement of
the EM values in 1-9 was conducted in the presence of
aqueous acid whereas the DFT calculations were done in
plain water. The dielectric constant value for a mixture of
acid/water is expected to be different from that of water
(78.39) and hence the discrepancy in the calculated and
experimental EM values [70].

In order to draw more credibility to our DFT
calculations the calculated DFT free activation energies
in water (AGgw*) were correlated with the corresponding
experimental free activation energies (Exp AGI) [56].
Strong correlations were found with R value of 0.96
(Fig. 4c).

Calculation of the t;, values for the cleavage reactions
of prodrugs ProD 1-2

The calculated DFT properties for processes ProD 1-2
including the geometries of global minimum (GM),
intermediate (INT2) and transition state (TS4) structures
are shown in Fig. 2 and listed in Tables 1, 2, 3, 4.
Comparison of these structures to that calculated for
processes 1-9 revealed a close similarity.

Using Eq. 6 obtained from the correlation of log k.
vs. AGH (Fig. 4d) and the t;,, value for process 2 (t; =1
second) [56], we have calculated the t;,, values for ProD
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1 and ProD 2. The calculated t,,, at pH 2 for ProD 1 and
ProD 2 are 65.3 hours and 11.8 minutes, respectively.

logket = —0.4421AGY + 13.534 (6)

Conclusions and future directions

The DFT calculations confirmed that the acid-catalyzed
hydrolysis mechanism in Kirby’s acid amides 1-9 involves:
(1) a proton transfer from the hydroxyl of the carboxyl
group to the adjacent amide carbonyl carbon, (2) an
approach of the carboxylate anion toward the protonated
amide carbonyl carbon to form tetrahedral intermediate;
and (3) collapse of the tetrahedral intermediate into
products. Furthermore, DFT calculations in different
media revealed that the reaction rate-limiting step
depends on the reaction medium. In aqueous medium
the rate-limiting step is a collapse of the tetrahedral
intermediate whereas in the gas phase the formation of
the tetrahedral intermediate is the rate-limiting step.
Furthermore, the calculations establish that the acid-
catalyzed hydrolysis efficiency is largely sensitive to the
pattern of substitution on the carbon-carbon double bond.
The hydrolysis rate was found to be linearly correlated
with the following: (a) the strain energy of the tetrahedral
intermediate and product and the strain energy difference
between the intermediate and the reactant. (b) The
distance between the hydroxyl oxygen of the carboxyl
group and the amide carbonyl carbon, and (c) the attack
angle by which the approach step commences. Further, a
linear correlation between the calculated DFT EM values
and the experimental EM values demonstrates the
credibility of using DFT methods in predicting energies
as well as rates for reactions of the type described herein.

Utilizing the linear correlation of the experimental log
k. and EM values the predicted t |, values of proposed
two atenolol prodrugs, ProD 1-2 were predicted.

The strategy to achieve desirable prodrugs of atenolol
that are capable of being stable in aqueous solutions and
to have the potential for releasing atenolol in a slow
release manner is: (1) synthesis of the linker and
coupling of the parent drug to the linker using Kirby’s
synthetic procedure [36]; (2) kinetic studies (in vitro) of
the synthesized prodrugs (ProD 1-2) will be performed in
physiological environment (37 °C, pH =2.0 and 6.0 in
aqueous medium) and (3) for the prodrugs that show
desirable aqueous stability and slow release in the in vitro
studies, in vivo pharmacokinetic studies will be conducted
in order to determine the bioavailability and the duration
of action of the tested prodrugs. In the light of the in vivo
pharmacokinetics new prodrugs will be designed and
synthesized.

@ Springer
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It should be noted that DFT calculations in the presence of a
mixture of acid and water are not feasible
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