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Abstract Based on density functional theory (DFT) cal-
culations for the acid-catalyzed hydrolysis of several
maleamic acid amide derivatives four tranexamic acid
prodrugs were designed. The DFT results on the acid cat-
alyzed hydrolysis revealed that the reaction rate-limiting
step is determined on the nature of the amine leaving
group. When the amine leaving group was a primary amine
or tranexamic acid moiety, the tetrahedral intermediate
collapse was the rate-limiting step, whereas in the cases by
which the amine leaving group was aciclovir or cefuroxime
the rate-limiting step was the tetrahedral intermediate for-
mation. The linear correlation between the calculated DFT
and experimental rates for N-methylmaleamic acids 1-7
provided a credible basis for designing tranexamic acid
prodrugs that have the potential to release the parent drug
in a sustained release fashion. For example, based on the
calculated B3LYP/6-31G(d,p) rates the predicted t;, (a
time needed for 50 % of the prodrug to be converted into
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drug) values for tranexamic acid prodrugs ProD 1-ProD 4
at pH 2 were 556 h [50.5 h as calculated by B3LYP/
3114G(d,p)] and 6.2 h as calculated by GGA: MPW1K),
253 h, 70 s and 1.7 h, respectively. Kinetic study on the
interconversion of the newly synthesized tranexamic acid
prodrug ProD 1 revealed that the t/, for its conversion to
the parent drug was largely affected by the pH of the
medium. The experimental t;,, values in 1 N HCI, buffer
pH 2 and buffer pH 5 were 54 min, 23.9 and 270 h,
respectively.

Keywords Tranexamic acid - Prodrugs - Menstrual
bleeding - Fibrinolysis - Proton transfer - Traumatic
haemorrhage - Hemophilia

Introduction

Tranexamic acid is a synthetic lysine amino acid deriva-
tive. It was originally developed to prevent and reduce
excessive hemorrhage in hemophilia patients and reduce
the need for replacement therapy during and following
tooth extraction. It is often prescribed for excessive
bleeding. The mechanism by which tranexamic acid exerts
its antifibrinolytic activity is by competitively inhibits the
activation of plasminogen to plasmin, a molecule respon-
sible for the degradation of fibrin. Tranexamic acid has
roughly 8 times the antifibrinolytic activity of an older
analogue, e-aminocaproic acid [1]. Over the past few years,
the use of tranexamic acid has been expanding beyond the
small number of hemophilia patients; it is an important
agent in decreasing mortality rate due to bleeding in trauma
patients; this can be seen from CRASH-2 study which
concludes that all cause mortality, relative risk and relative
death due to bleeding were reduced with tranexamic acid
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group more than placebo group [2]. In addition, tranexamic
acid was found to reduce blood loss during and after sur-
gery in women who undergo lower segment cesarean
section [3]. Finally, tranexamic acid was shown to be
pharmacologically active in reducing the need for intra-
operative blood transfusion during heart surgery, hip and
knee replacement surgery and liver transplant surgery [4].

Tranexamic acid pharmacokinetic profile indicates that
after an intravenous dose of 1 g the plasma concentration
time curve shows a terminal elimination half-life of about
2 h [1]. Furthermore, tranexamic acid in CRASH-2 study
was administered using a loading dose of 1 g by intrave-
nous infusion over 10 min followed by 1 g infusion over
8 h. Although an 8 h IV infusion may be an easy option in
a hospital setting, such option may not be available in
under-developed countries [2].

Recently, a new oral formulation of tranexamic acid was
shown to be safe and effective for treatment of heavy
menstrual bleeding [5]. Oral administration of tranexamic
acid results in a 45 % oral bioavailability. The total oral
dose recommended in women with heavy menstrual
bleeding was two 650 mg tablets 3 times daily for 5 days.
Accumulation following multiple dosing was reported to
be minimal [6].

Post-partum hemorrhage is a leading cause of maternal
mortality, accounting for about 100,000 maternal deaths
every year. Medications used to control postpartum hem-
orrhage (PPH) are in the category of uterotonic drugs.
These drugs stimulate contraction of the uterine muscle,
helping to control PPH. The two medications most com-
monly used for treatment include oxytocin or misoprostol.
In addition, patients are commonly given an IV blood
transfusion in cases of severe hemorrhage [7, 8]. In third
world countries, availability of blood and fluid replacement
may be an issue. One approach to decrease the risk of
maternal hemorrhage may be to improve the availability of
blood and fluid replacement. An alternative approach is to
decrease the likelihood of maternal hemorrhage. Further-
more, all the treatment options mentioned above are
intended for intravenous administration; this may not be a
viable option in under-developed countries. Therefore, a
cheaper oral alternative may be better suited for such
circumstances.

Several preliminary studies were conducted to evaluate
the effect of tranexamic acid in PPH. Recent analysis of the
available data indicates that two studies provided the most
reliable data. Both studies explored the efficacy and safety
of tranexamic acid at caesarian section (CS). Tranexamic
acid was administered via slow IV infusion (over 5 min) at
a dose of 1 g, 10 min before incision. Both studies con-
cluded that tranexamic acid statistically reduces the extent
of bleeding from placental delivery to 2 h postpartum and
its use was not associated with any side effects or
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complications. Thus, tranexamic acid can be used safely
and effectively to reduce bleeding resulting from CS
[9-11].

After the withdrawing of aprotinin from worldwide
market in November 2009, tranexamic acid is the only
marketed antifibrinolytic agent available in the market [12].

Further, it was found that tranexamic acid is also
effective in inhibiting the activity of urokinase in urine [13]
and it is safe and effective for treating severe hematourea
in patient with chronic renal impairment that poorly
respond to conventional therapy [14].

Recent studies showed that tranexamic acid inhibits the
ultraviolet radiation induced pigmentation activity, thus it
can be used as bleaching agents [15]. Oral tranexamic acid
dosage form was found to be effective and safe in treating
melasma, a hypermelanosis disease that occurs in Asian
women [16].

Since tranexamic acid is an amino acid derivative and
undergoes ionization in physiologic environments its oral
bioavailability is expected to be low due to inefficient
absorption through membranes. Note the log P (partition
coefficient) for tranexamic acid is —1.6 [17]. Hence, there
is a necessity to design and synthesis a relatively more
lipophylic tranexamic acid prodrugs that can provide the
parent drug in a sustained release manner which might
result in better clinical outcome, more convenient dosing
regimens and potentially less side effects than the original
medication.

In general, such tranexamic acid derivatives need to be
pharmacologically inactive chemicals that could be used to
alter the physicochemical properties of tranexamic acid, in
a temporary manner. To enhance the oral pharmacokinetic
properties of tranexamic acid and increase its usefulness,
lipophylic linkers need to covalently bound to the parent
drug and such linkers need to e able to be converted in vivo
to the active drug molecule, enzymatically or nonenzy-
matically, to exert a therapeutic effect. Ideally, the pro-
drugs should be converted to the original drug as soon as
the goal is achieved, followed by the subsequent rapid
elimination of the released linker group. For example,
tranexamic acid is given by continuous IV infusion
resulting in peak plasma concentration following admin-
istration. If an IV slow release prodrug can be prepared,
then tranexamic acid C,,., related side effects may be
avoided and longer duration of exposure may be achieved
resulting in potentially better maintenance paradigm.

In addition, improvement of tranexamic acid pharma-
cokinetic properties and hence its effectiveness may
increase the absorption of the drug via a variety of
administration routes, especially the oral and SC injection
routes of administration.

Modern computational methods can be used for the
design of innovative prodrugs for medicines that contain
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hydroxyl or amine groups. For example, mechanisms of
some enzyme models that have been used to gain a better
understanding of enzyme catalysis have been recently
investigated and utilized for the design of novel prodrug
linkers [18-36]. Using computational methods such as
density functional theory (DFT), molecular mechanics and
ab initio, various enzyme models were investigated for
assigning the factors affecting the rate-determining step
and playing dominant roles in governing the reaction rate.
Among these enzyme models are: (a) proton transfer
between two oxygens in Kirby’s acetals [37-43] and proton
transfer between ammonium nitrogen and oxygen in Kir-
by’s enzyme model [37-43]; (b) intramolecular acid-cata-
lyzed hydrolysis in some of Kirby’s N-alkylmaleamic acid
derivatives [37—43]; (c) proton transfer between carboxylic
oxygen and alcoholic oxygen in rigid systems as investi-
gated by Menger [44-47]; (d) the acid-catalyzed lacton-
ization of hydroxy-acids as studied by Milstein and Cohen
[48-50] and Menger [44—47]; and (e) the Sn2-based ring
closing reactions as studied by Brown, Bruice, and
Mandolini [51-54].

These studies have revealed to the followings: (1) rates
acceleration in intramolecular processes is a result of both
entropy and enthalpy effects. In intramolecular ring-closing
reactions where enthalpic effects were predominant, steric
effects were the determining factor for the acceleration,
whereas proximity orientation was the determining factor
in proton-transfer reactions. (2) The distance between the
two reacting centers is the main factor in determining
whether the reaction type is intermolecular or intramolec-
ular. When the distance exceeded 3 A an intermolecular
engagement was preferred because of the engagement with
a water molecule (solvent). When the distance between the
electrophile and nucleophile was <3 A, an intramolecular
reaction was dominant. (3) The efficiency of proton
transfer between two oxygens and between nitrogen and
oxygen in Kirby’s enzyme models is attributed to a rela-
tively strong hydrogen bonding in the products and the
transition states leading to them [18-36].

It was concluded from the studies on intramolecularity
that there is a need to further investigate the reaction
mechanism for assigning the factors determining the
reaction rate. This would allow for better design of an
efficient chemical device that can be used as a prodrug
linker and have the potential to chemically and not enzy-
matically liberate the active drug in a programmable or
controlled manner. Among the various approaches to
minimize the undesirable drug properties while retaining
the desirable therapeutic activity, the chemical approach
using drug derivatization offers perhaps the highest flexi-
bility and has been demonstrated as an important means of
improving drug efficacy. The prodrug approach can be

useful in the optimization of the clinical application of a
drug. Numerous prodrugs have been designed and devel-
oped to overcome pharmaceutical and pharmacokinetic
barriers in clinical drug application, such as low oral drug
absorption, lack of site specificity, chemical instability,
toxicity, and poor patient acceptance (bad taste, odor, pain
at injection site, etc.). However, till now no experimental
study has been reported for prodrug systems consisting of a
covalently linked drug to a host (prodrug) that is capable of
releasing the parental drug via a controlled cleavage
reaction.

It is worthy to note that our previous studies [18-36] on
enzyme models emphasize the necessity to explore the
reaction mechanism and to assign the driving force
affecting the reaction rate in order to design an efficient
chemical device (pro-drug). The designed prodrugs should
have the potential to undergo cleavage reactions in physi-
ological environments at rates that are completely depen-
dent on the structural features of the host (inactive linker).
By doing so, a variety of linkers could be used to obtain
different prodrugs that release the parental drug at different
rates depending mainly on the nature or the structural
features of the linker.

Continuing our study on how to utilize enzyme models
as potential carriers for drugs containing amine and
hydroxyl groups [55-60], we sought to study the proton
transfer reactions in the acid-catalyzed hydrolysis of N-
alkylmaleamic acids 1-7 (Kirby’s enzyme model, Fig. 1)
reported by Kirby and Lancaster [61]. Based on the cal-
culation results of this system, we propose four tranexamic
acid prodrugs, tranexamic prodrugs ProD 1-ProD 4
(Fig. 2).

As shown in Fig. 2, tranexamic acid prodrugs, ProD 1—
ProD 4 have a carboxylic group (hydrophilic moiety) and a
lipophilic moiety (the rest of the prodrug), where the com-
bination of both moieties secures a relatively moderate HLB.

In most of the physiologic environments (pH 1-8.0)
tranexamic acid will exist primary in the ionized forms
(Eq. 1) while its prodrugs, ProD 1-ProD 4, will equili-
brate between the ionic and the free acid forms (Eq. 2)
especially in the physiological pH environment of 5.5-6.8
(intestine). Thus, it is expected that prodrugs ProD 1-
ProD 4 may have a better bioavailability and pharmaco-
kinetic profile than that of the parent drug due to neutral-
izing the ionization of the amine group which results in the
oral absorption improvement. In addition, these prodrugs
may be used in different dosage forms (i.e. enteric coated
tablets, topical use and etc.) because of their potential
solubility in organic and aqueous media due to the ability
of the carboxylic group to be converted to the corre-
sponding carboxylate anion in a physiological pH of
around 6.0.
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It should be emphasized that at pH 5.5-6.5 (SC, skin,
mouth cavity and intestine physiologic environments)
the carboxylic group of the prodrugs will equilibrate with
the corresponding carboxylate form (Eq. 2). Subsequently,

@ Springer

the free acid form will undergo proton transfer reaction
(rate limiting step) to yield the antifibrinolytic drug, tran-
examic acid, and the inactive linker as a by-product
(Fig. 2).
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It is worth noting that our proposal is to exploit tran-
examic acid prodrugs ProD 1-ProD 4 for oral use via
enteric coated tablets. At this physiologic environment
these prodrugs will exist in the acidic and ionic forms
where the equilibrium constant for the exchange between
the two forms is dependent on the pK, of the given prodrug
(Eq. 2). The experimentally determined pK, for tranexamic
acid ProD 1-ProD 4 linkers are in the range of 4-6.
Therefore, it is expected that the pK,s of the corresponding
prodrugs will have similar pK, range as for the carboxylic
linkers. Since the pH for the small intestine lies in the range
of 5.5-6.8, the calculated unionized (acidic)/ionized ratio
will be in the range of 10-50 %. Although the percentage
of the acidic form is not significantly high, we expect these
prodrugs to undergo an efficient proton transfer (rate lim-
iting step) to yield the antifibrinolytic drug, tranexamic
acid especially ProD 4 that have a pK, close to 6.5. In the
blood circulation at pH 7.4, the calculated acidic form is
around 1 % and it is expected that the efficiency for
delivering the parent drug will be relatively low. Improving
the efficiency could be achieved by using carboxylic
linkers having pK, close to that of the blood circulation
(pH 7.4).

In this manuscript, we describe our theoretical and
experimental study which includes: (1) DFT quantum
molecular orbital investigations of ground and transition
states structures, vibrational frequencies, and reaction tra-
jectories for the intramolecular proton transfer in seven
N-methylmaleamic acids, 1-7, and four proposed tranex-
amic acid prodrugs ProD 1-ProD 4 (Figs. 1, 2). It is
expected that the study on proton transfers in these systems
will provide a good basis for the prediction of the phar-
macokinetic behavior of the prodrugs of the type ProD 1-
ProD 4 and (2) synthesis, characterization and kinetic
study of the interconversion of tranexamic acid ProD 1 in
different media; 1 N HCI. Buffer pH 2, buffer pH 5 and
buffer pH 7.4.

Calculations methods

The Becke three-parameter, hybrid functional combined
with the Lee, Yang, and Parr correlation functional,
denoted B3LYP, were employed in the calculations using
DFT. The DFT calculations at B3LYP/6-31G(d,p) and
B3LYP/3114+G(d,p) levels, MP2 calculations and the
density functional from Truhlar group (hybrid GGA:
MPW1k) [62-64] were carried out using the quantum
chemical package Gaussian-2009 [65]. Calculations were
carried out based on the restricted Hartree—Fock method
[65]. The starting geometries of all calculated molecules
were obtained using the Argus Lab program [66] and were
initially optimized without the presence of water, with one

water molecule and with two water molecules at the HF/6-
31G level of theory, followed by optimization at the
B3LYP/6-31G(d,p), B3LYP/6-3114+G(d,p), MPWI1k
[mpwpw91/6-31+G(d,p)] or MP2/6-31G(d,p) levels. Total
geometry optimizations included all internal rotations.
Second derivatives were estimated for all 3N-6 geometrical
parameters during optimization. The search for the global
minimum structure in each of 1-7 and tranexamic acid
ProD 1-ProD 4 was accomplished by 360° rotation of the
carboxylic group about the C6—C7 bond (i.e. variation of
the dihedral angle O1/C7/C6/C5, Fig. 3), and 360° rotation
of the carbonyl amide group about the C4—C5 bond (i.e.
variation of the dihedral angle O3/C4/C5/C6) in increments
of 10° and calculation of the conformational energies (see
Fig. 3). For systems 1-7, and tranexamic acid prodrugs
ProD 1-ProD 4 two types of conformations in particular
were considered: one in which the amide carbonyl is per-
pendicular to the carboxyl carbonyl group and another in
which it is planar. An energy minimum (a stable com-
pound or a reactive intermediate) has no negative vibra-
tional force constant. A transition state is a saddle point
which has only one negative vibrational force constant
[67]. Transition states were located first by the normal
reaction coordinate method [68] where the enthalpy chan-
ges was monitored by stepwise changing the interatomic
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/6-31G(d,p)
level of theory [65]. The “reaction coordinate method”
[68] was used to calculate the activation energy in
all maleamic (4-amino-4-oxo-2-butenoic) acid amides
(Figs. 1-2). In this method, one bond length is constrained
for the appropriate degree of freedom while all other
variables are freely optimized. The activation energy val-
ues for the approach processes in 1-7 and tranexamic acid
prodrugs ProD 1-ProD 4 (the approach of Ol towards C4,
Fig. 3) were calculated from the difference in energies of
the global minimum structures (GM) and the derived
transition states (tetrahedral intermediate formation). In the
same manner, the activation energies of the dissociation
processes in 1-7 and tranexamic acid prodrugs ProD
1-ProD 4 (the breakdown of C4-N9 bond, Fig. 3) were
calculated from the difference in energies of the global
minimum structures (GM) and the corresponding transition
states (tetrahedral intermediate breakdown). Full optimi-
zation of the transition states was accomplished after
removing any constrains imposed while executing the
energy profile. The activation energies obtained from the
DFT at B3LYP/6-31G(d,p) level of theory for all mole-
cules were calculated, in the presence of one water mole-
cule, with and without the inclusion of water (dielectric
constant of water, 78.39). The calculations with the
incorporation of a water molecule were performed using
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Fig. 3 Chemical representation
of the perpendicular and planar
conformations for the global
minimum structures (GM) of
1-7 and tranexamic acid
prodrugs ProD 1-ProD 4

Perpendicular

the integral equation formalism model of the Polariz-
able Continuum Model (PCM) [69-72]. In this model the
cavity is created via a series of overlapping spheres. The
radii type employed was the United Atom Topological
Model on radii optimized for the PBE0/6-31G(d) level of
theory.

Experimental
General

Inorganic salts were of analytical grade and were used
without further purification. Organic buffer components
were distilled or recrystallized. Distilled water was redis-
tilled twice before use from all-glass apparatus. Maleic
anhydride, anhydrous sodium dihydrogen phosphate,
sodium lauryl sulfate, triethyl amine and tranexamic acid
were commercially obtained from sigma Aldrich. HPLC
grade solvents of methanol, acetonitrile and water were
purchased from Sigma Aldrich. High purity chloroform,
THF and diethyl ether (>99 %) were purchased from
Biolab (Israel). The LC/ESI-MS/MS system used was
Agilent 1200 series liquid chromatography coupled with a
6520 accurate mass quadruple-time of flight mass spec-
trometer (Q-TOF LC/MS). The analysis was performed in
the positive electrospray ionization mode. The capillary
voltage was 4.0 kV, the scanned mass range was
200-540 m/z (MS).

The high pressure liquid chromatography (HPLC) sys-
tem consisted of an Alliance 2695 module equipped with
2996 Photodiode array detector from Waters (Germany).
Data acquisition and control were carried out using
Empower 2™ software (Waters, Germany). Analytes were
separated on a 4.6 mm x 150 mm XBridge® C18 column
(5 um particle size) used in conjunction with a
4.6 x 20 mm, XBridge® C18 guard column. Microfilters
of 0.45 pum porosity were normally used (Acrodisc® GHP,
Waters). pH meter model HM-30G: TOA electronics™
was used in this study to measure the pH value for the
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buffers. The Sep-Pack C18 6 cc (1 g) cartridges were
purchased form Waters (Milford, MA, USA). '"H-.NMR
experiments were performed with a Bruker Avancell 400
spectrometer equipped with a 5 mm BBO probe. All
infrared spectra (FTIR) were obtained from a KBr matrix
(4,000-400 cm™ ") using a PerkinElmer Precisely, Spec-
trum 100, FT-IR spectrometer.

Preparation of tranexamic acid ProD 1 (Scheme 1)

In a 250 mL round-bottom flask, tranexamic acid
(10 mmol) was dissolved in THF (100 mL), a solution of
0.5 g NaOH in dry THF was added (50 mL), the resulting
solution was stirred for 30 min, then maleic anhydride
(10 mmol) was slowly added to the reaction mixture and
stirred at room temperature for 10 h, then the reaction
mixture was refluxed for 2 h and cooled to room temper-
ature. The white precipitate formed was collected and dried
(yield 87 %). M.P. 201 °C (not corrected). "H-NMR &
(ppm) CD30D- 1.03-1.06 (q, 2H, J = 3.2 Hz, CH-CH,-
CH,), 1.36-1.40 (q, 2H, J = 3.6 Hz, CH-CH,-CH,),
1.54-1.56 (m, 1H, CH,~CH-CH,—CH,), 1.84-1.89 (m, 2H,
CH,-CH,—CH), 1.99-2.02 (m, 2H, CH,—CH,-CH),
2.03-2.22 (m, 1H, CH,—~CH-CH,—CH,), 3.16-3.17 (d, 2H,
J =6.8 Hz, CH,-N), 6.23-6.25 (d, 1H, J = 12.8 Hz,
HC = CH), 6.27-6.44 (d, 1H, J = 12.8 Hz, HC = CH). IR
(KBt/Vpax cm™ ") 1,712 (C = 0), 1,643 (C = 0), 1,587
(C = O), 1,420, 1,280, 1,200, 1,132, 1,058. m/z 256.1179
(M + 1)* (for further details see Supplementary data).

Kinetic methods

Buffer preparation 6.8 g potassium dihydrogen phos-
phate were dissolve in 900 mL water for HPLC, the pH of
buffer 2 was adjusted by diluted o-phosphoric acid and
water was added to a final volume of 1,000 mL (0.05 M).
The same procedure was done for the preparation of buf-
fers pH 5 and 7.4, however, the required pH was adjusted
using 1 N NaOH.
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Scheme 1 Synthesis of tranexamic acid ProD 1 from its parent drug, tranexamic acid

Interconversion of 500 ppm tranexamic acid ProD 1
solution, in 1 N HCl, buffer pH 2, buffer pH 5 or buffer pH
7.4, to its parent drug, tranexamic acid, was followed by
HPLC monitoring at a wavelength of 220 nm. Conversion
reactions were run mostly at 37.0 °C.

Calibration curve for tranexamic acid and tranexamic acid
prodrug ProD 1 To construct a calibration curve for
tranexamic acid ProD 1 and the parent drug, tranexamic
acid, several concentrations (0.1, 1.0, 2.0, 5.0, 10.0, 20.0, 50,
100 and 200.0 ppm) were prepared. 20 pL of each solution
was injected into the HPLC and the peak for the pharma-
ceutical was recorded using the following HPLC conditions:
4.6 mm x 250 mm, 5 pm, XBridge® C18 column using
mobile phase containing 11 g anhydrous sodium dihydrogen
phosphate, 1.4 g Sodium Lauryl Sulfate, 5 mL triethyl
amine dissolved in 600 mL water and 400 mL methanol (pH
2.5 using diluted phosphoric acid), a flow rate of 0.9 mL/min
and UV detection at a wavelength of 220 nm.

Peak area versus concentration of the pharmaceutical
(ppm) was then plotted, and R* value of the plot was
recorded.

Preparation of standard and sample solution 500 ppm of
standard tranexamic acid was prepared by dissolving
50 mg of drug in 100 mL of 1 N HCI, buffer pH 2, buffer
pH 5 or buffer pH 7.4, then each sample was injected into
HPLC to detect the retention time of tranexamic acid.

500 ppm of standard maleic anhydride was prepared by
dissolving 50 mg of drug in 100 mL of 1 N HCI, buffer pH
2, buffer pH 5 or buffer pH 7.4, then each sample was
injected into HPLC to detect the retention time of maleic
anhydride.

500 ppm of tranexamic acid ProD 1 was prepared by
dissolving 50 mg of the prodrug in 100 mL of 1 N HCI,
buffer pH 2, buffer pH 5 or buffer pH 7.4 then each sample
was injected into HPLC to detect the retention time.

The progression of reaction was followed by monitoring
the disappearance of the prodrug peak and the appearance
of tranexamic acid and maleic anhydride versus time.

Results and discussion

Kirby et al. studied the efficiency of intramolecular catal-
ysis of amide hydrolysis by the carboxy-group of a number
of substituted N-methylmaleamic acids, 1-7 (Fig. 1) and
found that the reaction is remarkably sensitive to the pat-
tern of substitution on the carbon—carbon double bond. In
addition, their study revealed that the rates of hydrolysis of
the studied dialkyl-N-methylmaleamic acids range over
more than ten powers of ten, and the “effective concen-
tration” of the carboxy-group of the most reactive amide,
dimethyl-N-n-propylmaleamic acid, is greater than 10'° M.
This acid amide was found to be converted into the more
stable dimethylmaleic anhydride with a half-life of less
than 1 s at 39 °C below pH 3 [61].

Furthermore, Kirby and Lancaster’s [61] study demon-
strated that the amide bond cleavage is due to intramo-
lecular nucleophilic catalysis by the adjacent carboxylic
acid group and the dissociation of the tetrahedral inter-
mediate is the rate-limiting step. Later on Kluger and Chin
[73] researched the intramolecular hydrolysis mechanism
of a series of N-alkylmaleamic acids derived from aliphatic
amines having a wide range of basicity. Their study
revealed that the identity of the rate-limiting step is a
function of both the basicity of the leaving group and the
acidity of the solution.

To utilize N-alkylmaleamic acids, 1-7, as prodrug
linkers for atenolol, acyclovir, cefuroxime and other drugs
having poor bioavailability or/and undesirable (bitter) taste,
we have unraveled the mechanism for their acid-catalyzed
hydrolysis using DFT and molecular mechanics methods.
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Our DFT calculation results were found to be in accor-
dance with the reports by Kirby and Lancaster [61] and
Kluger and Chin [73]. Our findings demonstrated that the
N-alkylmaleamic acids hydrolysis occurs by one mecha-
nism where the rate-limiting step was found to be largely
dependent on the nature of the amine leaving group and the
medium solvent. Two different rate-limiting steps were
proposed: one involves the formation of a tetrahedral
intermediate [74], and the second involves a tetrahedral
intermediate dissociation (Fig. 4) [61, 73]. The gas phase
DFT calculations showed that the rate-limiting step for the
hydrolysis of all maleamic acid amides studied regardless
of the nature of the amine leaving group is a tetrahedral
formation. On the other hand, when the DFT calculations
were done in a dielectric constant of 78.39 (water) the rate-
limiting step for the hydrolysis of acid amides having
primary amine as a leaving group was the dissociation of
the tetrahedral intermediate, whereas that having acyclovir
or cefuroxime moieties the rate-limiting step was the tet-
rahedral intermediate formation.

In similar manner to that done for systems 1-7, the DFT
calculations for the acid-catalyzed hydrolysis of tranex-
amic acid prodrugs ProD 1-ProD 4 were directed toward
elucidation of the transition and ground state structures
(reactants, intermediates and products). Calculations for all

reaction entities were done, in the presence of one mole-
cule of water, in a dielectric constant of 78.39 (water) and
the gas phase. It is expected that the stability of the ground
and transition states will be different in solvent having low
dielectric constant, such as the gas phase and solvent with
high dielectric constant, such as water.

General consideration

The ground state energy of the N-alkylmaleamic acid
moiety is vastly affected by the orientation of both the
carboxylic acid and amide groups especially when there is
a possibility for engagement in intramolecular hydrogen
bonding. Therefore, we were concerned with the identifi-
cation of the most stable conformer (global minimum) for
each of Kirby’s N-alkylmaleamic acids 1-7 and tranexamic
acid prodrugs ProD 1-ProD 4. The global minimum
search was achieved by 360° rotation of the carboxylic
group about the C6—C7 bond (i.e. variation of the dihedral
angle O1C7C6CS5, Fig. 3), and 360° rotation of the car-
bonyl amide group about the C4—C5 bond (i.e. variation of
the dihedral angle O3C4C5C6) in increments of 10° and
calculation of the conformational energies (see Fig. 3).

In the DFT calculations for 1-7 and tranexamic acid
ProD 1-ProD 4, two types of conformers in particular

R
HN/R HN™
0
/H Proton Transfer Approach o
Ry 0 H,0/H+
o o}
GM OR INT
/R
HN H@
(0}
H
o B H R R
0 N ®
o R ! _OH R; OH
R; 1
Dissociation
® | 0 -— 0]
H™ + RNH, + 0
R; R;
R;
(0]
Protonated TS, Protonated INT

R-NH- = Methylamine, Tranexamic acid, Atenolol, Aciclovir or Cefuroxime

Fig. 4 Mechanistic pathway for the acid-catalyzed hydrolysis of 1-7 and tranexamic acid ProD 1-ProD 4. GM, INT, TS; and TS, are global
minimum structure, tetrahedral intermediate 1, transition state for the formation step and transition state for the dissociation step, respectively
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Fig. 5 a DFT optimized 1334
structures for the global
minimum (GM) in tranexamic
acid ProD 1-ProD 4. b DFT
optimized structures for the
tetrahedral intermediate (INT)
in tranexamic acid ProD 1-
ProD 4. ¢ DFT optimized
structures for the tetrahedral
intermediate dissociation step
(TS4) in tranexamic acid ProD
1-ProD 4. d DFT optimized

structures for the tetrahedral Fro 2601 ProD 2GM
intermediate formation step
(TS¢) in tranexamic acid ProD
1-ProD 4

108.0°
4

ProD 1INT

2014

ProD 3INT ProD 4INT
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Fig. 5 continued

1.4654 1.3604%
1.9364

ProD 2TSy

101.9°

ProD 3'].'8d

were considered: one in which the amide carbonyl is per-
pendicular to the carboxyl group and another in which it is
planar. It was found that the global minimum structures for
1-7 and tranexamic acid ProD 1-ProD 4 all exist in the
perpendicular conformation (see Figs. 3, 5a).

Since the acid-catalyzed hydrolysis of N-alkylmaleamic
acids involves two steps: tetrahedral intermediate forma-
tion and dissociation, it was our concern to examine if
water molecules have any effect on the barriers involved
in the reaction. Interaction of a water molecule with the
carboxylic group might have an effect on its nucleophil-
icy. On the other hand, water molecule when interacts
with the amide carbonyl group the ability of the N-alkyl
amine as a leaving group might be altered. Therefore, the
starting geometries for the reactants were calculated with
one and two water molecules and without the presence of

@ Springer

ProD 4TSd

water. The calculations were done by placing water
molecule which is hydrogen bonded with the O8 (Fig. 3)
of the carboxylic group such that the bond angle
08---H---O is in the range of 170-180. The calculations
with two water molecules were executed by placing one
water molecule that is hydrogen bonded with O8 of the
carboxylic group and the other with O3 (Fig. 3) of the
carbonyl amide group. The calculation results reveal that
the presence of water has no significant effect on either
the enthalpy or activation energies. For example, the gas
phase calculated DFT enthalpic energy for system 2
without water, with one molecule of water and with two
molecules of water were 12.96, 13.93 and 13.07 kcal/mol,
respectively, whereas the calculated values in dielectric
constant of 78.39 (water) were 16.93, 17.56 and
17.5 kcal/mol, respectively.
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Fig. 5 continued

ProD 3TS;

It should be emphasized that the orientation of the water
molecules was positioned in a similar manner in all sys-
tems studied (1-7 and ProD 1-ProD 4).

Optimized structures for the entities involved in the acid-
catalyzed hydrolysis of tranexamic acid prodrugs ProD
1-ProD 4

Global minimum structures (GM) The global minimum
structures for ProD 1GM-ProD 4GM are illustrated in
Fig. 5a. Careful inspection of the calculated structures in
Fig. 5a reveals that all the global minima of the reactants,
except ProD 4GM, exist in conformation by which their
carboxyl group is engaging intramolecularly in a hydrogen
bonding net to form a seven-membered ring. Further, the

2304

3.024

8

ProD 4TS

calculated DFT angles o and B values in the global mini-
mum structures (ProD 1GM-ProD 3GM) were in the
range of 125.2°-133.4° and 123.2°-130.1°, respectively.
On the other hand the angle o and  values in tranexamic
acid ProD 4GM were 109.6° and 108.0°, respectively.

Tetrahedral intermediate geometries (INT) The optimized
structures for the tetrahedral intermediates, ProD 1INT-
4INT, are shown in Fig. 5b. Inspection of the optimized
structures demonstrates that angles o and B values in the
intermediates are much smaller than the values of the corre-
sponding angles in the reactants. The o range values was
103.1°-107.8° whereas that for the f was 103.5°-110.4°.
Furthermore, the angles around the tetrahedral carbon were
found to be similar to that of regular tetrahedral intermediates.
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The ranges for O1-C7 and O1-C4 bond distances were
1.354-1.365 and 1.438-1.465 A, respectively.

Transition state structures for the acid-catalyzed hydrolysis
of tranexamic acid prodrugs ProD 1-ProD 4

The calculated DFT optimized structures for the transition
states of the tetrahedral intermediate dissociation (rate-
limiting step) in ProD 1-ProD 4 (ProD 1TS4—ProD 4TS,)
and tetrahedral formation (rate-limiting step) in ProD
1-ProD 4 (ProD 1TSProD 4TSy) are shown in Fig. Sc,
d, respectively. Inspection of the DFT optimized transition
state structures for ProD 1TSq—ProD 3TS,4 revealed that
the geometries of the transition states resemble that of the
corresponding tetrahedral intermediates. The angle o and B
values are quite identical in both the tetrahedral interme-
diates and their corresponding transition states. The range
of the a values were found in the range 106.7°-107.9° and
that of B was in the range 108.5°-111.2°.

On the other hand, the rate-limiting step in the acid-
catalyzed hydrolysis of tranexamic acid ProD 4 was the
tetrahedral intermediate formation and not its collapse. The
transition state optimized geometries for the formation step
in tranexamic acid ProD 1-ProD 4 (ProD 1TS(~ProD
4TSy) are depicted in Fig. 5d. As shown in Fig. 5d, the
calculated C-O distance (the distance between the nucle-
ophile O- and the electrophile C) in ProD 1TS{ProD
4TS; was 2.30 A and the angle o and B were quite similar
to that of the corresponding global minimum structures and
were 111.1°-118.5° and 112.6°-122.4°, respectively.

It should be emphasized that the calculations for the entities
involved in the acid-catalyzed hydrolysis for the systems
studied in the presence of a water molecule and without water
were comparable. When the calculated DFT activation energy
values (Tables S1 and S2) in the presence and absence of a
water molecule were examined for correlation strong corre-
lation with a correlation coefficient r = 0.98 was obtained
(AG* (GP) = 0.8625 AG* (H,0) + 6.97).

Mechanistic investigation The DFT at B3LYP/6-
31G(d,p) level of kinetic and thermodynamic properties for
tranexamic acid prodrugs ProD 1-ProD 4 (Fig. 2) were
calculated using the quantum chemical package Gaussian-
2009 [62]. The enthalpy and entropy energy values for all
structures involved in the acid-catalyzed hydrolysis, global
minimum (GM), transition states (TS), intermediates (INT)
and products (P), were calculated, with the presence of a
water molecule, in the gas phase and water (dielectric
constant 78.39). Table 1 lists the enthalpy and entropy
energy values for ProD 1GM-ProD 4GM, ProD 1TSq
ProD 4TS, ProD 1INT-ProD 4INT, protonated ProD
1INT-ProD 4INT, ProD 1TS4—ProD 4TS, and proton-
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ated ProD 1TSyg—ProD 4TS, and Fig. 5a—d illustrate their
DFT optimized structures, respectively.

Using the calculated B3LYP/6-31G(d,p) enthalpy and
entropy values for the GM and transition states involved in
the acid-catalyzed hydrolysis of tranexamic acid prodrugs
ProD 1-ProD 4 the barriers (AGi) for all steps described
in Fig. 4 were calculated in the gas phase as well as in
water (dielectric constant of 78.39). The calculated DFT
enthalpy and activation energy values for the barriers are
listed in Table 2. Careful examination of the AG* (AGH,
activation energy for the tetrahedral intermediate formation
and AG}, activation energy of the tetrahedral intermediate
dissociation) values in Table 2 demonstrates that while the
rate-limiting step for all prodrugs as calculated in the gas
phase is the tetrahedral intermediate formation the picture
is somewhat different when the calculations were done in
water. The DFT calculations in water indicate that the rate-
limiting step in the acid-catalyzed hydrolysis of tranexamic
acid ProD 4 was the tetrahedral intermediate formation
while that for ProD 1-ProD 3 was the tetrahedral inter-
mediate collapse.

For an evaluation of the factors playing dominate role in
determining the acid-catalyzed hydrolysis rate in tranex-
amic acid prodrugs ProD 1-ProD 4 we have made a
comparison of the calculated DFT properties for tranex-
amic acid prodrugs ProD 1-ProD 4 with previously cal-
culated properties for the acid-catalyzed hydrolysis of 1-7
(Fig. 1), atenolol Prodrugs ProD 1-ProD 2 (Fig. 6) acy-
clovir prodrugs ProD 1-ProD 4 (Fig. 6) and cefuroxime
ProD 1-ProD 4 (Fig. 6).

Table 2 lists the activation energy barrier values for the
intermediate formation (AG}) and dissociation (AG{) for
1-7, atenolol Prodrugs ProD 1-ProD 2, acyclovir prodrugs
ProD 1-ProD 4 and cefuroxime ProD 1-ProD 4.
Inspection of the energy values listed in Table 2 revealed
that the rate-limiting step (higher barrier) in the gas phase
for all systems studied is the tetrahedral intermediate for-
mation (the energy barrier for the tetrahedral intermediate
formation is about 0.5-20 kcal/mol higher than that for its
breakdown). On the other hand, the picture is quite dif-
ferent when the calculations were done in dielectric con-
stant of 78.39 (water medium). While for systems 1-7 and
atenolol prodrugs ProD 1-ProD 2 the rate-limiting step
was the breakdown of the tetrahedral intermediate (energy
difference between the breakdown and formation barriers
is 3-9 kcal/mol) in the reactions of cefuroxime prodrugs
ProD 1-ProD 4 and acyclovir prodrugs ProD 1-ProD 4
the rate-limiting step was found to be the formation of the
tetrahedral intermediate (energy difference between the
formation and break-down barriers is 14-30 kcal/mol).

Since the stability of the ground and transition states is
largely dependent on the reaction solvent and based on
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Table 1 DFT [B3LYP/6-31G(d,p)] calculated properties for the acid catalyzed hydrolysis of tranexamic acid ProD 1-ProD 4

Compound Enthalpy, H (gas phase) (Ha) Entropy, S (gas phase) (cal/mol-K) Frequency(cm™")
ProD 1GM* —974.8819081 163.12 -
ProD 1TS; —974.8326548 148.66 145.69i
ProD 1TETINT* —974.8471076 150.98 -
ProD 1TETINT (protonated) —898.7944564 137.23

ProD 1TS; —974.8065994 149.45 152.8i
ProD 1TS, (protonated) —898.7843298 135.69 84.33
ProD 2GM* —1,014.2048171 171.51 -
ProD 2TS; —1,014.1594626 156.97 115.951
ProD 2TETINT* —1,014.1723376 157.60 -
ProD 2TETINT (protonated) —938.2658956 146.56

ProD 2TS; —1,014.1327548 157.67 119.96i
ProD 2TS, (protonated) —938.1152433 145.14 78.44
ProD 3GM* —1,053.5140615 179.62 -
ProD 3TS; —1,053.4868204 171.73 102.39i
ProD 3TETINT* —1,053.4978521 163.08 -
ProD 3TETINT (protonated) —977.4522428 154.44

ProD 3TS; —1,053.4581183 164.32 172.631
ProD 3TS, (protonated) —977.4423073 154.45 167.48
ProD 4GM* —1,133.3773287 177.52 -
ProD 4TS¢ —1,133.3096986 171.68 145.69i
ProD 4TETINT? —1,133.3474671 175.66 -
ProD 4TETINT (protonated) —1,057.2912653 154.43

ProD 4TS4 —1,133.3678845 173.21 41.02i
ProD 4TS, (protonated) —1,057.2889832 161.75 79.441

GM, TETINT and TS are global minimum, tetrahedral intermediate and transition state structures, respectively. f and d refer to tetrahedral intermediate formation

and dissociation, respectively

% Calculated in the presence of a water molecule

Kirby’s findings and our previous DFT calculations on this
type of systems [24, 61], it is expected that the tetrahedral
intermediate formation and dissociation barriers will be
quite different when calculated in the gas phase or water. In
fact, examination of the barriers values for the tetrahedral
intermediate formation process (AG%) and tetrahedral

to shift the equilibrium to the reactants by destabilizing TS¢
and thus making the tetrahedral intermediate formation as
the rate-limiting step whereas solvents with high dielectric
constants such as water (78.39) interact via dipole—dipole
interactions with the ionic transition state to shift the
equilibrium to the right side (see Eq. 3).

NH,
NH o NH oH
HoOC - SO NH HoOC
HO /" Hooc o0 )= W\ £OH
o HOOC o e +
(0] / 0 (3)
o (o]
Intermediate Intermediate
formation dissociation /
I
(o)

intermediate breakdown process (AG}) tabulated in
Table 2 clearly indicates that solvents with low dielectric
constant such as the gas phase (dielectric constant =1) tend

The dipole—dipole (hydrogen bonding) interactions stabi-
lize the transition state for the tetrahedral intermediate
formation (TS;) which results in lowering the approach of
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Cefuroxime ProD 2
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Fig. 6 Chemical structures for atenolol ProD 1-ProD 2, acyclovir ProD 1-ProD 4 and cefuroxime ProD 1-ProD 4

the nucleophile to the electrophile barrier; thus the reaction
rate will be dependent on the tetrahedral intermediate
collapse step (the step via TSy is the rate-limiting).

For assigning the factor determining the rate-limiting
step, the strain energy values for the reactants (GM), and
intermediates (INT2) in 1-7 and tranexamic acid prodrugs
ProD 1-ProD 4 were calculated using Allinger’s MM2
method [75]. The MM2 calculated strain energies (Eg)
values are depicted in Table 2. The E; values were

correlated with the calculated DFT activation energy val-

(AG@E) (Table 2). Good correlation was obtained
between the E; (INT) in 1-7 and tranexamic acid ProD 1-
ProD 3 and the activation energies for the tetrahedral
intermediate breakdown (AGg) with a correlation coeffi-
cient values r = 0.86 (Fig. 7a). Attempts to correlate the
strain energies for the global minimum structures (Eg for
GM) with either the experimental log k. or AG] resulted
in a random correlation with r less than 0.40.
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Fig. 7 a Plot of activation
energy for tetrahedral
intermediate dissociation AGES
versus strain energy of the
tetrahedral intermediate (Esjnyt)
in systems 1-7 and tranexamic
acid ProD 1-ProD 3. b Plot of
acid-catalyzed hydrolysis
experimental rate (log ki)
versus intermediate strain
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energy (Esint) for processes
1-7. ¢ Plot of the DFT
calculated effective molarity
(EM_41c) versus the
experimental effective molarity
(EM,y,,) for systems 1-7

2
Es (INT)
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(C) log EM,,; vs. log EM,,,

10
log EMeyp

Fig. 8 Schematic
representation of the
intermolecular process Inter

H;C

In addition, strong correlation was found between the
experimental relative rate (log k) and E; (INT) in 1-7
with a correlation coefficient r of 0.95 (Fig. 7b).

Figure 7a, b and Table 2 demonstrate that the reaction
rate for systems 1-7 and tranexamic acid ProD 1-ProD 3
is dependent on the tetrahedral intermediate breakdown
and its value is largely affected by the strain energy of the
tetrahedral intermediate formed. Systems with less-strained
intermediates such as 2 and tranexamic acid ProD 3
undergo hydrolysis with higher rates than that having more
strained intermediates such as 4 and tranexamic acid ProD
1. This might be attributed to the fact that the transition
state structures in those systems resemble that of the cor-
responding intermediates.

The effective molarities (EM) for the reactions of 1-7
and tranexamic acid ProD 1-ProD 4

The effective molarity parameter is considered an excellent
tool to describe the efficiency of a certain intramolecular
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NHCH; 4 CH3COOH ——> OH
+ NH,CH;
H,;C

Inter

process. It is generally accepted that the measure for intra-
molecular efficiency is the effective molarity (EM) which is
defined as a ratio of the intramolecular rate (Kj,.,) and its
corresponding intermolecular (k) Where both processes
are driven by identical mechanisms. The major factors
affecting the EM value are ring size, solvent and reaction
type. Values in the order of 10°—10"* M have been measured
for the EM in intramolecular processes occurring through
nucleophilic addition. Whereas for proton transfer processes
EM values of less than 10 M were reported [43] until
recently where values of 10'° was reported by Kirby on the
hydrolysis of some enzyme models [37-41, 43, 76-80].

For obtaining credibility to our calculation results we
introduce our computation rational for calculating the EM
values for processes 1-7 and tranexamic acid ProD
1-ProD 4 based on the DFT calculated activation energies
(AG*) of 1-7 and tranexamic acid ProD 1-ProD 4, and the
corresponding intermolecular process Inter (Fig. 8).

The intermolecular process Inter (Fig. 8) was calculated
to be used in the calculation of the effective molarity
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values (EM) for the corresponding intramolecular pro-
cesses 1-7 and tranexamic acid ProD 1-ProD 4.

For obtaining the EM values for the reactions of 1-7 and
tranexamic acid ProD 1-ProD 4 we have calculated the
kinetic and thermodynamic parameters for their corre-
sponding intermolecular process, Inter (Fig. 8).

Using Egs. 4-7, we have derived Eq. 8 which describes
the EM term as a function of the difference in the activa-
tion energies of the intra- and the corresponding inter-
molecular processes. The values calculated using Eq. 8 for
processes 1-7 and tranexamic acid ProD 1-ProD 4 in
water are listed in Table 2.

EM = Kintra/Kinter (4)
AGiimer = —RT In Kipter (5)
AGE = “RT InKi ©6)
AGE —AGE = “RT In Kinga/Kinter (7)
EM — e—(AG‘:EM—AG‘:EM)/RT (8)

where T is 298 °K and R is the gas constant.

The calculated log EM values listed in Table 2 were
examined for correlation with the corresponding log EM
experimental values [24, 61]. Good correlation was
obtained with r value of 0.93 (Fig. 7c). Inspection of the
log EM values listed in Table 2 and Fig. 7c reveals that 2,
S and tranexamic acid ProD 3 were the most efficient
processes among all processes where by which the tetra-
hedral intermediate dissociation is the rate-limiting step,
whereas processes 1 and 4 were the least. The discrepancy
in rates between 2 and 5 on one hand and 1 and 4 on the
other hand is attributed to strain effects.

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 1-7 was conducted in the presence of
aqueous acid whereas the DFT calculations were done in
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 experi-
mental EM values [24, 69-72].

Calculation of the t,, values for the cleavage reactions
of tranexamic acid prodrugs ProD 1-ProD 4

Using Eq. 9 obtained from the correlation of log EM_,.
versus log EMgy,, (Fig. 7d) and the t;,, value for process 2
(tj = 1 s) [61], we have calculated the t;,, values for
tranexamic acid ProD 1-ProD 4. The predicted t;,, at pH 2
for ProD 1-ProD 4 as calculated by B3LYP/6-31G(d,p)
method are 556, 253 h, 70 s and 1.7 h, respectively.

1og EMcye = 0.809log EM,y, + 4.75 (9)

In order to confirm that the DFT calculations at B3LYP/
6-31G(d,p) are not dependent on the specific theoretical
method used processes 1-3 were calculated at B3LYP/
3114+G(d,p), hybrid GGA: MPW1k and MP2/6-31G(d,p)
levels. The comparisons between the activation energy
values calculated by the different methods are listed in
Table 3. Careful examination of Table 3 reveals that the
calculated values at B3LYP/6-31G(d,p) and B3LYP/
311+G(d,p) were very close, whereas, those obtained by
either MPW1k [mpwpw91/6-31+G(d,p)] and MP2/6-
31G(d,p) were about 2-3 kcal/mol smaller.

Using the calculated energies by the different methods
we have calculated the EM values for tranexamic acid
ProD 1 and systems 1-3. The calculated EM values for
tranexamic acid ProD 1 at B3LYP/6-31G, B3LYP/
3114+G(d,p) and hybrid GGA: MPWIK [mpwpw91/6-
314+G(d,p)] were 9.53, 10.58 and 11.48, respectively.
Using the ty/, value for process 2 (t;, = 1 s) [61] and the
calculated EM values using the three different methods we
have calculated the t;,, values for tranexamic acid ProD 1
which were 556 h (as calculated by B3LYP/6-31G(d,p),
50.5 h [as calculated by B3LYP/3114-G(d,p)] and 6.2 h [as
calculated by mpwpw91/6-314+G(d,p)].

Hydrolysis studies

The kinetics of the acid-catalyzed hydrolysis studies were
carried out in aqueous buffer in the same manner as that
done by Kirby on Kirby’s enzyme model 1-7. This is in
order to explore whether the prodrug hydrolyzes in aqueous
medium and to what extent or not, suggesting the fate of
the prodrug in the system. Acid-catalyzed hydrolysis
kinetics of the synthesized tranexamic acid ProD 1 was
studied in four different aqueous media: 1 N HCI, buffer
pH 2, buffer pH 5 and buffer pH 7.4. Under the

Table 3 Comparison between calculated energies for 1-3 using
B3LYP/6-31G(d,p), B3LYP/6-311+G(d,p), MPWIK and MP2

methods

System B3L B3L311 MPW 1k MP2
AH} AH} AH} AH

1 27.31 27.42 25.07 25.75

2 13.93 14.02 11.96 10.41

3 24.41 23.85 22.61 21.51

ProD 1 28.19 26.76 25.52 -

B3L, B3L311, MPWI1k [mpwpw91/6-31+G(d,p)] and MP2 refer to
B3LYP/6-31G (d,p), B3LYP/6-3114+G(d,p), MPW1K/6-31G(d,p)
and MP2/6-31G(d,p) methods, respectively. AHY is the calculated
enthalpy activation energy (kcal/mol). d refers to tetrahedral inter-
mediate dissociation (see Fig. 4). All values were calculated with a
molecule of water in the gas phase
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Table 4 The observed k value and #,, of tranexamic acid prodrug
(ProD 1) In 1 N HCI and at pH 2, 5 and 7.4

Medium kops (A71) ty, (h)
1 N HCl 513 x 1073 0.9
Buffer pH 2 3.92 x 107° 23.9
Buffer pH 5 3.92 x 107° 270

Buffer pH 7.4 No reaction No reaction

experimental conditions the target compounds hydrolyzed
to release the parent drug (Fig. 6) as evident by HPLC
analysis. At constant pH and temperature the reaction
displayed strict first order kinetics as the k., was fairly
constant and a straight plot was obtained on plotting log
concentration of residual prodrug verves time. The rate
constant (kops) and the corresponding half-lives (t;,,) for
tranexamic acid prodrug ProD 1 in the different media
were calculated from the linear regression equation corre-
lating the log concentration of the residual prodrug verses
time. The kinetic data are listed in Table 4. The 1 N HCI,
pH 2 and pH 5 were selected to examine the interconver-
sion of the tranexamic acid prodrug in pH as of stomach,
because the mean fasting stomach pH of adult is approxi-
mately 1-2 and increases up to 5 following ingestion of
food. In addition, buffer pH 5 mimics the beginning small
intestine pathway. Finally, pH 7.4 was selected to examine
the interconversion of the tested prodrug in blood circula-
tion system. Acid-catalyzed hydrolysis of the tranexamic
acid ProD 1 was found to be higher in 1 N HCI than at pH

Fig. 9 First order hydrolysis

(@) tog C (mg/ml) vst (hr)
1N HCI

2 and 5 (Fig. 9). At 1 N HCI the prodrug was hydrolyzed to
release the parent drug in less than 1 h. On the other hand,
at pH 7.4, the prodrug was entirely stable and no release of
the parent drug was observed. Since the pK, of tranexamic
acid ProD 1 is in the range of 34, it is expected at pH 5
the anionic form of the prodrug will be dominant and the
percentage of the free acidic form that undergoes the acid-
catalyzed hydrolysis will be relatively low. At 1 N HCI and
pH 2 most of the prodrug will exist as the free acid form
and at pH 7.4 most of the prodrug will be in the anionic
form. Thus, the difference in rates at the different pH
buffers.

Conclusions and future directions

The DFT calculations of the acid-catalyzed hydrolysis in
Kirby’s acid amides 1-7 and tranexamic acid ProD
1-ProD revealed that the reaction rate-limiting step
depends on the reaction medium. In aqueous medium the
rate-limiting step is a dissociation of the tetrahedral inter-
mediate whereas in the gas phase the formation of the
tetrahedral intermediate is the rate-limiting step. In addi-
tion, the calculations demonstrated that the efficiency of
the processes studied is largely sensitive to the pattern of
substitution on the carbon—carbon double bond and the
nature of the amide N-alkyl group. The reaction rate was
found to be linearly correlated with the strain energy of the
intermediate (E; INT). In addition, a linear correlation
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pH 2
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between the calculated and experimental EM values rein-
force the credibility of using DFT methods in predicting
energies as well as rates for reactions of the type described
herein [18-36].

Using the correlation equation obtained from the plot of
the calculated and experimental EM values we have cal-
culated the t;/, of four different tranexamic acid prodrugs
(ProD 1-ProD 4).

Comparison between the calculated t;, values (556 h)
for tranexamic acid ProD 1 to the experimental value
(23.9 h) indicates that while the value obtained by B3LYP/
6-31G(d,p) is overestimated (about 23 times larger than the
experimental) the values obtained by B3LYP/6-
3114-G(d,p) and mpwpw91/6-314G(d,p) were much more
closer [50.5 h as calculated by B3LYP/311+G(d,p)] and
[6.2 h as calculated by mpwpw91/6-31+G(d,p)].

The discrepancy between the calculated B3LYP/6-
31G(d,p) and the experimental values might be attributed
to (1) B3LYP/6-31G(d,p) is a DFT method without dis-
persion corrections and (2) PCM solvation model (calcu-
lations in presence of solvent) is not capable for handling
calculations in acidic aqueous solvent (medium) since the
dielectric constant for pH 2 aqueous solutions is not
known. In the study calculations the value of 78.39
(dielectric constant for pure water) was used instead.

The t;/, experimental value at pH 5 was 270 h and at pH
7.4 no interconversion was observed. The lack of the
reaction at the latter pH might be due to the fact that at this
pH tranexamic acid ProD 1 exists solely in the ionized
form (pK, about 4). As mentioned before the free acid form
is a mandatory requirement for the reaction to proceed.

On the other hand, tranexamic acid ProD 4 has a higher
pK., than tranexamic acid ProD 1 (about 6 vs. 4). There-
fore, it is expected that the interconversion rate of tranex-
amic acid ProD 4 to its parent drug, tranexamic acid, at all
pHs studied will be higher (log EM for ProD 4 is 14.33 vs.
9.53 for ProD 1).

Future strategy to achieve desirable tranexamic acid
prodrugs capable of releasing tranexamic acid in a con-
trolled manner and enhancing the parent drug bioavail-
ability is: (2) synthesis of tranexamic acid ProD 4; (2)
kinetic studies (in vitro) of ProD 4 will be performed in at
pH 6.5 (intestine) and pH 7.4 (blood circulation system) (3)
in vivo pharmacokinetic studies will be done in order to
determine the bioavailability and the duration of action of
the tested prodrug. Furthermore, based on the in vivo
pharmacokinetics characteristics of tranexamic acid ProD
4 new prodrugs may be design and synthesized.
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