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Abstract

Amrinone, is a pyridine phosphodiesterase 3 inhibitor. It is prescribed to patients
suffering from congestive heart failure. In the present study, amrinone and it tautomers
have been studied computationally within the limitations of the density functional theory
and the basis set employed (B3LYP/6-31++G(d,p)). The calculations have also been
extended to interaction of those tautomers with calcium cation. All the tautomers and
their composites with the calcium cation are electronically and structurally stable. Some
quantum chemical and spectral properties of those systems have been obtained and

discussed.

1. Introduction

Amrinone, chemically is a lactam, also known as inamrinone, and sold on the market
as inocor. It is a pyridine phosphodiesterase 3 inhibitor [1] which is a drug that may
improve the prognosis in patients suffering from congestive heart failure [2]. Medicinally
amrinone has been shown to increase the contractions initiated in the heart by high-
gain calcium induced calcium release (CICR) [3]. Its mode of action occurs by inhibiting
the breakdown of both cAMP and cGMP by the phosphodiesterase (PDE3) enzyme.
Consequently, an increase in level of cAMP with the administration of amrinone
in vascular smooth muscle produces vasodilatation by facilitating calcium uptake by
the sarcoplasmic reticulum and decreasing the calcium available for contraction [4,5]. In
myocytes, it has been shown that the increase of cAMP concentration increases in turn
the activity of PKA thus this kinase improves the inward Ca?" current through the L-type
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Ca?" channels. Hence, it leads to calcium-induced calcium release from the sarcoplasmic
reticulum, giving rise to a calcium spark that triggers the contraction; this results in
an inotropic effect. In man the primary route of excretion of both inamrinone and its
several metabolites (N-glycolyl, N-acetate, O-glucuronide and N-glucuronide) is via the
urinary system.

Innumerous articles are present in the literature about the medicinal aspects of
amrinone. Comparatively only a few articles exist about modeling studies [6] and
theoretical calculations [7]. However, in recent years some attention has been focused on
the conformations of bipyridine cardiotonics on account of their potential inotropic and
peripheral vasodilatory properties [8-10]. Although several experimental studies [11,12]
(Suzuki and Lambert et al.,,) have been made earlier in order to rationalize the
conformational changes on the basis of crystal forces, little work has been done to
support the experimental observations with theoretical conformational analysis which
might help to reveal the important structural prerequisites for understanding the structure-
activity relations. Conformational features of amrinone and its analogue milrinone have
been examined via ab initio (at STO-3G and 3-21G levels) molecular orbital theory [13].
The computational results of this theoretical investigation clearly have indicated that
amrinone possesses much greater flexibility when compared with that of milrinone.
Hence, greater cardiotonic potency of milrinone is most likely due to the reduced
conformational flexibility because of the existing 2-methyl group.

On the other hand, it is known that tautomers having different structures possess dual
reactivity, therefore it is anticipated that a material which is potent to exhibit tautomerism
should display variable properties depending on its tautomer content (allelotropic mixture
[14]). It is worth noting that substances which are isomeric under certain conditions are
tautomeric under more drastic conditions [14]. Therefore, it would be interesting to put
some light on to the tautomerism of amrinone. In the present study not only the
tautomerism exhibited by amrinone but also the interactions of amrinone and some of its
tautomers with calcium cation have been investigated within the limitations of the density
functional theory (DFT) and the basis set employed.

2. Method of Calculations

All the structures presently considered have been subjected to the geometry
optimizations leading to energy minima. The optimizations have been achieved first by
using MM2 method which is followed by semi-empirical PM3 self consistent fields
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molecular orbital (SCF MO) method [15,16] (at the restricted level [17,18]). Subsequent
optimizations have been performed at Hartree-Fock level employing sequentially various
basis sets. Afterwards, geometry optimizations were managed within the framework of
density functional theory [19,20] at the level of B3LYP/6-31++G(d,p) [17,21]. Note that
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 [20,22].
The correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN?3) local
correlation functional [23] and Lee, Yang, Parr (LYP) correlation correction functional
[24]. Also, additionally vibrational analyses have been done on the optimized structures.
The total electronic energies are corrected for the zero point vibrational energy (ZPE).
Moreover, the normal mode analysis for each structure yielded no imaginary frequencies
for the 3N-6 vibrational degrees of freedom, where N stands for the number of atoms in
the each system considered. Thus it has been indicated that the structure of each molecule
corresponds to at least a local minimum on the potential energy surface. All these
calculations have been done by using the Spartan 06 package program [25]. Whereas the
nucleus-independent chemical shift (NICS(0)) calculations have been performed by using
Gaussian 03 program [26].

3. Results and Discussion

It would be interesting to investigate the tautomers of amrinone and then their
interactions with calcium cation because amrinone increases the contractions initiated in

the heart by high-gain calcium induced calcium release process.

Figure 1 shows amrinone (A) and its 1,3- and 1,7-type tautomers (structures B and C,

respectively). Note that amrinone possesses a lactam whereas its 1,3-tautomer has an

NH, NH,

Amrinone / \ o 0 == N/ A\ oH
\_/

1.3-type

1.7-tyvpe

Figure 1. Amrinone and its 1,3- and 1,7-type tautomers.
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embedded lactim system. Their optimized structures are included in Figure 2. As seen in
the figure in 1.7-type tautomer the rings are coplanar with each other and there exists no
aromatic ring. In tautomers A and B the rings possess certain degree of twist angle.
However it is worth mentioning that in general 1,7-type tautomers have less likely
occurrence as compared to 1,3- and 1,5-types.

B C

Figure 2. Optimized structures of the tautomers considered.

Table 1 lists some properties of the tautomers considered. Tautomer-C, differs
distinctly from the others in terms of the dipole moment and logP values. The dipole
moment vector of tautomer-C originates from 1,4-dihydropyridine like ring to the lactam
ring (see Figure 3) which is opposite to the direction of the vector in tautomer-B.
Whereas in amrinone the dipole moment vector is almost perpendicular to the lactam
ring. Note that tautomer-C has the lowest logP value and hydrophilic drugs (having low
octanol/water partition coefficients) are found primarily in aqueous regions. Considering
this fact together with its high dipole moment value structure of tautomer-C should be

highly polar one.
Table 1. Some properties of the tautomers considered.
Tautomer logP Dipole Polarizability Ovality
moment
A -1.57 0.71 55.62 1.30
B -0.70 3.28 55.53 1.30
-2.01 13.40 55.97 1.29

Dipole moments in debye units. Polarizabilities in 10-3° m? units.
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Figure 3 shows the electrostatic potential (ESP) charges on the atoms of the
tautomers considered. It is worth noting 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 [25].
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Figure 3. The ESP charges on the atoms of the tautomers considered.

Table 2 shows some energies of the tautomers considered, where E, ZPE and Ec
stand for the total electronic energy, zero point vibrational energy and the corrected total
electronic energy, respectively. The data reveal that all the structures considered are
electronically stable. The Ec values follow the order of A<B<C, thus A and C are
electronically the most and least stable tautomers, respectively.

Table 2. Some energies of the tautomers considered.

Tautomer E ZPE Ec
A -1643613.24 471.44 -1643141.80
B -1643599.20 471.04 -1643128.16
C -1643506.00 468.45 -1643037.55

Energies in kJ/mol.

In Table 3 aqueous energies of the tautomers are listed. The same order of stability is

valid in aqueous conditions as in the vacuum.

Table 3. Aqueous energies of the tautomers considered.

A B C

-1643674.84 -1643660.51 -1643643.02

Energies in kJ/mol.
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Table 4 tabulates some calculated stretching frequencies of the tautomers.

Table 4. Some calculated stretching frequencies of the tautomers.

Frequency A B C

N-H 3707, 4570 3691,3577  3660(NH), 3552(NH,)
O-H 3788

C=0 1727 1682

Frequencies in cm’!

Some thermo chemical values for the tautomers are listed in Table 5. As seen in the
table they all have exothermic heat of formation values and favorable G° values.
Tautomer-A is the most exothermic and the most favorable one in the group.

Table 5. Some energies of the tautomers considered.

Tautomer H° S° (J/mol®) G°
A -1643128.079 408.56 -1643249.890
B -1643114.405 408.42 -1643236.177
C -1643023.213 412.02 -1643146.059

Energies in kJ/mol.

Figure 4 displays some of the molecular orbital energies of the tautomers. As seen in
the figure the HOMO and LUMO energies decrease as going from tautomer-A to B. Note
that in tautomer-B a new aromatic ring emerges at an expense of the lactam ring.
Although the rings are not coplanar there exists some partial conjugation in between
them. In addition the amino and hydroxyl groups (which are both electron donor
substituents) interfere with the conjugation causing the HOMO and LUMO energies
decrease. Note that the inner lying molecular orbitals are also perturbed in terms of
energy in going from tautomer-A to B. As for tautomer-C, prevailing conjugative effects
raise the HOMO but lower the LUMO energies as compared to the others.
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Figure 4. Some of the molecular orbital energies of the tautomers.

Table 6 lists the HOMO and LUMO energies as well as the interfrontier molecular
orbital energy gaps (Ae, Ae = g ymo-€nomo) of the tautomers considered. The orders of the
HOMO and LUMO energies are B<A<C and C<A<B, respectively. Note that in
tautomer-A some sort of extended conjugation exists in the lactam ring which is
exchanged with some other sort of extended conjugation (aromatic ring emerges) in
tautomer-B. Additionally in B the amino and hydroxyl substituents are oriented in such a
way that their similar type inductive and mesomeric effects are opposing to each other on
the aromatic ring. These perplexing interactions causes the present situations to arise in
the HOMO and LUMO energies of tautomers A and B. Tautomer-C is different from the
others because two rings in its structure are coplanar, thus a long extended conjugation
exists to raise the HOMO but lower the LUMO energy[27]. Whereas Ae values follow
the order of C<A<B. The consequence of this order (narrowing interfrontier molecular
orbital gap) is reflected in the UV-VIS spectra (time dependent DFT spectra) as seen in
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Figure 5. There, tautomer-C having the smallest interfrontier molecular orbital energy
gap exhibits a striking bathochromic effect as compared to the others.

Table 6. The HOMO and LUMO energies and Ag values of the tautomers

considered.
Tautomer HOMO LUMO Ag
A -549.46 -147.85 401.61
B -579.03 -146.55 432.48
C -471.51 -224.53 246.98

Energies in kJ/mol.
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Figure 5. UV-VIS spectra of the tautomers.
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Figure 6 shows the variation of the HOMO and LUMO patterns from tautomer to
tautomer. They mostly exhibit n-type symmetry. In tautomers A and B, mainly the lactam
or lactim ring contributes into the HOMO. Whereas in tautomer-C the pyridyl ring also
contributes quite appreciably into the HOMO. In the case of the LUMO both of the rings
are the contributors.

Figure 6. Variation of the HOMO and LUMO patterns of the tautomers.

Figure 7 displays the local ionization maps of the tautomers. Note that conventionally
red/reddish regions (if any exists) on the density surface indicate areas from which
electron removal is relatively easy, meaning that they are subject to electrophilic attack.

Figure 7. Local ionization maps of the tautomers.

Figure 8 displays the LUMO maps of the tautomers. A LUMO map displays the
absolute value of the LUMO on the electron density surface. The blue color (if any
exists) stands for the maximum value of the LUMO and the red colored region, associates
with the minimum value.
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Figure 8. The LUMO maps of the tautomers.

NICS

Table 7 tabulates “nucleus-independent chemical shift” (NICS) values of amrinone
and its 1,3-and 1,7-type tautomers considered, where Al and B1 stand for the pyridyl
ring in tautomers A and B, respectively whereas B2 stands for the ring having the
embedded lactim moiety in tautomer-B. NICS is the computed value of the negative
magnetic shielding at some selected point in space. Generally it is calculated at center of
a ring or cage (NICS(0)). Numerous articles have appeared in the literature during the last
decades, discussing aromaticity in terms of energetic, structural and magnetic criteria
[28-39]. Note that negative NICS values denote aromaticity (such as -11.5 for benzene,
-11.4 for naphthalene). On the contrary, positive NICS values stand for antiaromaticity
(28.8 for cyclobutadiene) while small NICS values are associated with non-aromaticity
(-2.1 for cyclohexane, -1.1 for adamantine). However, it is to be mentioned that although
NICS approach has been proved to be an effective probe for the local aromaticity of
individual rings of polycyclic systems, a couple of contradictory results exist [39]. As
seen in the table, the pyridyl ring of tautomer-A is more aromatic than the respective ring
of B (as an approximation) and the ring possessing the embedded lactim group of B is
more aromatic than its pyridyl ring. Note that the topology of the pyridyl ring in tautomer
A and B is almost the same but the conjugation with the other ring is somewhat different
(see Figure 2). The pyridyl ring of A is comparatively less conjugated with its lactam
ring. All these variations in NICS values should arise from the topology of the rings and
substituent effects acting on the ring current which is one of the main factors on the value
of NICS.
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Table 7. NICS(0) values of amrinone tautomers considered.

Al B1 B2

-6.4672 -6.3223 -7.7338

Interaction with calcium cation

Figure 9 shows the optimized structures as well as the direction of the dipole moment
vectors of the tautomer+Ca*? composite species. The conformation of NH, substituent in
A and B cases is such that the lone pair of it is next to the calcium cation. As compared to
the parent tautomers, the presence of the calcium cation changes not only the directions
of the dipole moment vectors but also the magnitudes of them (see Figure 2 and Table 1)
which are 34.18, 38.63 and 15.69 debye, respectively for the tautomer+Ca*? type species
shown in Figure 9. Thus the order of the dipole moments in the presence of calcium
cation is B+Ca™>A+Ca*>>C+Ca*2. Note that the order of dipole moments is C>B>A for
the parent tautomers. The change of order should be due to the structural changes and
distribution of the electrons affected by the presence of the cation.

A+Ca™? B+Ca*? C+Ca'?

Figure 9. The optimized structures of the tautomer+Ca* species.

Figure 10 displays the ESP charges on the atoms of the tautomer+Ca* type species
considered. As seen in the figure the charge on the calcium cation follows the order of
B+Ca">>A+Ca™>>C+Ca'? which is the order of the dipole moments. It seems some
electron population has been transferred from the organic part to the calcium cation in all
three cases decreasing the original charge of the cation.

Earthline J. Chem. Sci. Vol. 9 No. 2 (2023), 209-226
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Figure 10. The ESP charges on the atoms of the tautomer+Ca*? species considered.

Table 8 shows some energies of the tautomer+Ca™ type species considered.
According to the data presented, the electronic stabilities based on Ec values is C+Ca*™>
A+Ca™>>B+Ca*. Note that the stability order for the parent tautomers is A>B>C
(Table 2). The electronic stability arises from various factors which are implicit functions
of each other, such as charge-charge, dipole-charge and dipole-dipole interactions

(or more).
Table 8. Some energies of the tautomer+Ca*? species considered.
Tautomer E ZPE Ec
A+Ca'? -3421313.46 478.91 -3420834.55
B+Ca*? -3421165.78 474.98 -3420690.80
C+Ca™ -3421433.28 478.21 -3420955.07

Energies in kJ/mol.

Table 9 shows the HOMO, LUMO energies and Ae values of the tautomer+Ca*?
species considered. The orders of the HOMO and LUMO energies are A+Ca*™ < B+Ca*?
< C+Ca* and B+Ca'? < A+Ca'? < C+Ca™?, respectively. Whereas the Ag values follow
the order of C+Ca*?> A+Ca'?> B+Ca™.
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Table 9. Some energies of the tautomer+Ca*? species considered.

Tautomer HOMO LUMO Ag
A+Cat®? -1152.31 -953.71 198.6
B+Ca™ -1128.29 -1039.56 88.73
C+Ca® -1124.70 -850.75 273.95

Energies in kJ/mol.

Figure 11 shows some of the molecular orbital energy levels of amrinone and its 1,3-
tautomer as well as the respective levels of the composites considered. As seen in the
figure the cation affects not only the frontier molecular orbital energies but the inner
lying ones as well.
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Figure 11. Some of the molecular orbital energy levels of amrinone, its 1,3-tautomer and

their calcium cation composites.

The less likely tautomer C (1,7-type tautomer) and its composite are not shown in the
figure.

The calculated time-dependent DFT UV-VIS spectra of A+Ca*> and C+Ca*? are
shown in Figure 12, whereas B+Ca*? spectrum due to bathochromic effect is out of scale
of wavelengths.
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Figure 12. The calculated UV-VIS spectra.

Figure 13 shows the HOMO and LUMO patterns of the tautomer+Ca* species
considered. As seen in the figure, in the cases of A+Ca*? and B+Ca*?, the HOMO has
been confined to the pyridyl moiety whereas the LUMO is supplied mainly by the
calcium cation. In the case of C+Ca*? the HOMO is spread over the amino substituted
ring which has little contribution to the LUMO. As compared to the HOMO and LUMO
patterns of the parent tautomers (see Figure 6) it is evident that the calcium cation highly
perturbs the patterns.

HOMO LUMO
B+Ca*2
C+Ca'?

. ¥
®

Figure 13. The HOMO and LUMO patterns of the tautomer+Ca*? species considered.
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4. Conclusion

The present density functional treatment, within the constraints of the theory and the
basis set employed, has indicated that the positional variations of tautomeric hydrogen in
amrinone results electronically stable and thermodynamically favorable tautomeric
structures. However, 1,7-tautomer is rather different from the others, namely amrinone
and its 1,3-tautomer. 1,7-Tautomer has the highest dipole moment and higher
polarizability of the all. Also its interfrontier molecular orbital energy gap value is the
smallest one, thus its UV-VIS spectrum is characterized with a bathochromic effect. The
calculations have also been extended to interaction of those tautomers with the calcium
cation. In each case, the composites are found to be stable. The cation highly perturbs the
parent systems in terms of the energies, charge distributions and the molecular orbitals. In
every case, some electron population has been transferred from the organic component to
the cation by diminishing its positive charge. Thus, the observed medicinal effect of
amrinone should be the result of over all effect with its tautomers and their interactions
with the calcium cation.
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