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Abstract

Calcium dication has an important role at various stages of blood coagulation mechanism.
On the other hand, pindone is an important anticoagulant rodenticide which undergoes
1,3-type proton tautomerism to yield two enolic isomers of pindone. Although, the
anticoagulant mode of action of pindone is attributed to blocking of a liver enzyme
responsible for the recycling of vitamin K, nothing is known about whether the interaction
of it with calcium dication has some role as well. In the present study, the interactions of
pindone and its tautomers with Ca™™" have been investigated within the restrictions of
density functional theory at the level of B3LYP/6-311++G(d,p). It has been found that
Ca™™ highly affects pindone and its tautomers in many respects at the molecular level,

hence their anticoagulation effect should vary.

1. Introduction

2-Pivalyl-1,3-indandione, also known as pindone is an anticoagulant rodenticide of
the indandione type, as are chlorophacinone and diphacinone [1]. It is reported that
anticoagulant rodenticides inhibit the vitamin K dependent step in the synthesis of a
number of blood coagulation factors [1, 2]. The mode of action is attributed to blocking

of a liver enzyme responsible for the recycling of vitamin K [1, 2].
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The first generation anticoagulant rodenticides such as pindone have largely been
superseded by the syntheses and use of second generation anticoagulants of the
hydroxycoumarin type, such as bromadiolone and brodifacoum. These compounds of
novel type are lethal to target rodents after a single application, in spite of the fact that
death is delayed for some days. It has to be noted that baits containing the indandiones
and the first generation hydroxycoumarins are generally to be consumed repeatedly prior

to death occurs.

Two chemical forms of pindone; pindone acid which is a mixture of keto and enol
forms and pindone sodium (sodium salt of pindone), are used to prepare baits for rabbit
control in Australia. The pindone acid has low water solubility while the sodium salt is
soluble in water [1-5]. In terms of toxicity, the acid and salt forms of pindone can be
equivalent once ingested because gastric acidity is usually strong enough to liberate the
“free acid” from the salt. Thus, both forms of pindone break down to the same end
product in the field application. Because of that they have the same non-target impacts to

fauna.

A first generation anticoagulant pindone has been used to control rabbits in areas
where the alternative poison, sodium fluoroacetate, is either impractical or unsuitable.
Pindone inhibits the manufacture of blood clotting factors (prothrombin), leading to a
reduction in the clotting ability of the blood. One of the advantages of pindone is the

availability of an antidote in the case of accidental poisonings [6].

Both pindone acid and pindone sodium products are in use as a vertebrate poison to
control rabbits in urban and semi-urban areas where sodium fluoroacetate cannot be
used. Sodium fluoroacetate is usually preferred and used for rabbits because it is
cheaper. However, the lack of an antidote for this substance makes it unsuitable for use
in and around urban areas where domestic animals may be exposed. Pindone is the only

reversible poison available for rabbit baiting in such situations [2-5].
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Crystal structure of pindone was determined [7]. On the other hand, the tautomerism

in indandiones has attracted attention especially in the past [8-11].

As implied by the name, all anticoagulants, including pindone, are toxic due to their
ability to prevent blood clotting by inhibiting the formation/effectiveness of vitamin-K
dependent clotting factors (e.g. prothrombin) in the liver. The liver is the main site of
action where the blood clotting factors are produced. The toxic manifestations of
anticoagulants are delayed for several days because time is required for the viable
clotting factors circulating in the blood to become diminished, thus the effects of
poisoning become apparent [12]. Increased prothrombin times (i.e. the time taken for the
blood to clot) can be a useful indicator of the sensitivity of animals to these compounds
as prothrombin times increase before the onset of hemorrhage [3, 13]. Time to death with
the anticoagulants ranges from 1-20 days. Most target animals will continue to feed well
after they have ingested a lethal dose without any apparent ill-effects up until death

occurs.

If administered within a certain time period, vitamin K1 is a powerful antidote to
anticoagulant poisoning for the treatment of species accidentally poisoned (e.g. humans,
domestic livestock) [14, 15].

The mechanism of blood clotting involves many reactions in mammalian plasma [16-

18]. Various proteins participate in the process. Evidence is that, if not all, most of them

are enzymes which require Ca™" or other divalent cations in several of the conversions
[16, 17, 19, 20].

Pindone is an anticoagulant rodenticide and it may interfere blood coagulation
process by some way. It might be via interaction with Ca'™, thus reducing its active

concentration necessary for many conversions in blood clotting process or by means of

some other reactions.

In the present treatment, the interaction of pindone and its 1,3-type tautomers with

Ca'™" has been investigated within the constraints of density functional theory (DFT).
2. Method of Calculation

Optimized geometries of pindone and its tautomers as well as their Ca™" composites
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leading to energy minima have been achieved by using MM2 method prior to semi-
empirical PM3 self-consistent fields molecular orbital (SCF MO) method [21, 22] at the
restricted level [23, 24]. The subsequent optimizations of them have been achieved at
Hartree-Fock level using various basis sets hierarchically. Finally, the structure
optimizations have been managed within the framework of density functional theory [25,
26], finally at the level of B3LYP /6-311++G(d,p) [23]. The exchange term of B3LYP
consists of hybrid Hartree-Fock and local spin density (LSD) exchange functions with
Becke’s gradient correlation to LSD exchange [26, 27]. Note that the correlation term of
B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [28]
and Lee, Yang, Parr (LYP) correlation correction functional [29]. Also, the vibrational
analyses have been done for all the structures. The total electronic energies have been
corrected for the zero point vibrational energy (ZPE). The stationary points to energy
minima were proved in all the cases by calculating the second derivatives of energy with
respect to the atom coordinates. The normal mode analysis for each structure yielded no
imaginary frequencies for the 3N-6 vibrational degrees of freedom, where N is the
number of atoms in the system. This indicates that each structure corresponds to at least
a local minimum on the potential energy surface. All these calculations were done by

using the Spartan 06 package program [30].
3. Results and Discussion

Coagulation mechanism is very complex [17, 18]. Pindone and its tautomers in some
way disturb occurrence of series of reactions in the coagulation mechanism. Up to the
best knowledge of the author it is unknown yet at what stage of the coagulation
mechanism pindone and its tautomers interfere. It is already known that Ca™™ has an
important role in the coagulation process in mammals [17, 18, 20]. The anticoagulant
effect of pindone and its tautomers could be due to its interaction with Ca™" or by other

mechanisms. Pindone has two 1,3-type proton tautomers (presently labeled as P1 and P2)
which are also classified as keto-enol tautomers. Their tautomerisation interrelation has

been shown below.
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It has been recently investigated [31] that pindone, undergoes a 1,3-type keto-enol
tautomerism to yield an endocyclic enol (P1) which is more stable electronically and
more favorable thermodynamically than the isomeric 1,3-type exocyclic enol (P2) as well

as pindone itself.

Figure 1 shows the optimized structures of Ca*™ composites of pindone, P1 and P2
(P*, P1* and P2*) as well as the direction of the dipole moment vectors. From now on
the composite structures originated from pindone and its tautomers are symbolized as P*,
P1* and P2*, respectively.

P P1* P2=*

Figure 1. Optimized structures of the composite species considered.

Note that direction of the dipole moment of P1* (P1+Ca++) is different from the
others. Figures 2 and 3 show the electrostatic potential (ESP) and the natural charges,
respectively on the atoms of the systems considered. It is worth mentioning that the ESP
charges are obtained by the program based on a numerical method that generates charges

that reproduce the electrostatic potential field from the entire wavefunction [31].
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Figure 2. ESP charges on the atoms of the composite structures considered (Hydrogens

not shown).

From Figures 2 and 3 it is evident that as a result of interaction with the species

considered, the charge on the calcium atom decreases. The positive charge on the
calcium atom then has the order of P2*>P1#*>P* according to the ESP charge

calculations and P2*>P1*=P* order is obtained by the natural charge calculations.

1.419
,-9.9290.190 X

| Y -0.28
.;0.052 ‘015)_

o168

-0.487
\ /.0.730
\, -0.061

e '2‘8%

-0.774

‘.-0,735

F2r

-0.405

T

.497

o.saa‘

-0.492

//0.534 -0.661

Y

Figure 3. Natural charges on the atoms of the structures considered (Hydrogens not

shown).
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The calculated dipole moments of these composite structures are 15.82, 20.54 and
24.44 debye for P*, P1* and P2*, respectively. Whereas dipole moments of P, P1 and P2
are 2.26, 2.87 and 2.20 debye, respectively.

Note that the positive charge on the calcium atom is greater than the others in the
case of P2* Probably, the charge-dipole interactions are greater in P2*, hence its
formation is favored. On the other hand, the charge on the calcium atom in P* and P1*
cases are less than the charge in P2* which means some electron population has been
transferred to the calcium ion in P* and P1*. On the other hand, ionic activity is
proportional with charge of an ion and ionic strength (which is also a function of
magnitude of charge of the ion) [32]. Thus, the activity of calcium ion in P* and P1*
cases should be less than the activity of it in P2*. Consequently, P or P1 by causing
decrease of the activity of calcium should lead to more anticoagulative effect on the
mechanism of coagulation.

Figures 4 and 5 display the IR spectra of pindone and its tautomers and the respective
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Figure 4. Calculated IR spectra of pindone and its tautomers considered.
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respective composite structures considered. Note that the both series are the products of
the same level.

Pindone carbonyl stretchings occur at 1750-1770 cm” . The skeletal breathing of the
aromatic ring happens at 1258 cm”'. In P1 enolic O-H stretching is at 2793 cm” ' and the
carbonyl of cyclic part has C=0 stretching at 1756 cm . Whereas the carbonyl of the
substituent occurs at 1623 cm . As for P2, the enolic O-H stretching is at 3800 cm .

The ring carbonyl stretches at 1723 cm” . The peak at 1591 em”! stands for enolic C=C
stretching. The presence of calcium cation causes some changes in the IR spectra of

pindone and is tautomers (compare Figures 4 and 5). In the composite of pindone (P*)
the ring carbonyl stretchings occur at 1831 cm ' whereas the carbonyl of the substituent
is observed at 1547 cm . In P1* the enol O-H ketone C=0 stretchings occur at 3050
em ™' and 1512 cm_l, respectively. Those stretchings in P2* happen at 3514 and 1815

-1 . . . N
cm , respectively and coupled with various other vibrations.
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Figure 5. Calculated IR spectra of the composite species considered.
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Table 1 shows some energies of the composite species presently considered. In the
table E, ZPE and E. are the total electronic energy, zero point vibrational energy and the

corrected total electronic energy, respectively. The E. values indicate that the

electronically favored stability order is P2*>P1#>P*,

Table 1. Some energies of the structures.

E ZPE E.
p* -3793580.44 651.825142 -3792928.615
P1* -3793636.00 655.141921 -3792980.858
pP2* -3793648.28 655.455584 -3792992.824

Energies in kJ/mol.

Table 2 displays the calculated Gibbs free energies of pindone and its tautomers and
their composites with Ca'™. The G° values of pindone series follow the order of
P1<P<P2 whereas the composites possess the order of P2*<P1*<P*,

In the table AG=AG’ (Pi—Pi*)-G* (Ca++). Then, AG° values in the table indicate that

Ca'" interacts with pindone and its tautomers in the order of P2>P1>P. In other words

P2* formation is more favorable than the others.

Table 2. Gibbs free energy values of the species of concern.

Specie G’ Specie G’ AG®
P -2015359.681 pP* -3793071.065 -1777711.384
P1 -2015377.908 P1* -3793121.869 -1777743.961
P2 -2015327.758 P2* -3793134.865 -1777807.107

Energies in kJ/mol. P;* stands for Ca™ composite of P;.

Figures 6 and 7 stand for the calculated UV-VIS spectra of pindone (and its
tautomers) and their composites, respectively (all at the same level of calculations). The

effect of calcium dication is clearly seen by the comparison of the spectra.

Earthline J. Chem. Sci. Vol. 3 No. 1 (2020), 77-91
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Figure 6. Calculated UV-VIS spectra of pindone and its tautomers considered.
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Figure 7. UV-VIS spectra of the composite species considered.
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Compared to the spectrum of P* (Figure 7), the spectra of P1* and P2* exhibit some
bathochromic effect, namely shift to longer wavelengths. However, this shift occurs in
P1* so that affecting both of the Ay,.x1 and Ayax2. Whereas, in P2* only Apax1 undergoes
to longer wavelengths. Note that in P1* there exists more extended conjugation than the
other species which could be the reason for the different appearance of its spectrum from
the others.

Figure 8 shows some of the molecular orbital energy levels of the composite structures.
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Figure 8. Some of the molecular orbital energy levels of the structures.

As seen in the figure, P* is the lowest HOMO and P1* is the highest HOMO possessors

among the composites.

Table 3 shows the HOMO, LUMO energies and the interfrontier molecular orbital

energy gaps of the composites.

Earthline J. Chem. Sci. Vol. 3 No. 1 (2020), 77-91
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Table 3. The HOMO, LUMO energies and the interfrontier molecular orbital energy
gaps of the composites.

Specie HOMO LUMO Ag
p* -1411.27031 -1020.40685 390.8635
P1* -1274.36937 -960.598755 313.7706
p2* -1309.17140 -957.532149 351.6393

Energies in kJ/mol.

The HOMO and LUMO levels of the composites follow the order of P*< P2*<P1*
and P*<P1*<P2%*, respectively. Consequently, the interfrontier molecular orbital energy
gaps (Ag) follows the order of P*>P2*>P1* (see Figures 7 and 8).

B= P1*

B>

Figure 9. Electrostatic potential maps of the structures.

Figure 9 shows the electrostatic potential maps of the structures where the regions
having shades of blue and red stand for positive and negative potential regions,
respectively. The positive regions are around the calcium cation whereas negative
regions are especially coincide with carbonyl oxygen(s) in pindone moiety of P* and
P2*,
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4. Conclusion

The present investigation within the constraints of density functional theory at the
level of calculations performed, has revealed that Ca™" strongly interacts with pindone
and its tautomers at the molecular level. The interaction should highly influence the
anticoagulant effect of these species on the coagulation mechanism (beside any pindone-
induced some other anticoagulative mechanisms) so that exocyclic enol, P2, should be

less effective anticoagulant than pindone and endocyclic enol P1.
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