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Effect of zinc cation on thiobarbital and a perturbed thiobarbital — A DFT treatment
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Abstract

In the present study, thiobarbital and a perturbed thiobarbital which is constructed from thiobarbital by means of
certain centric perturbations have been subjected to effect of zinc cation in vacuum conditions within the
constraints of density functional theory at the level of B3LYP/6-31++G(d,p). Various structural and quantum
chemical data have been collected and discussed, including IR and UV-VIS spectra. The effect of Zn*? resulted
that in both of the structures considered an a-hydrogen of one of the ethyl moieties underwent a bond cleavage
which seemed that it is more dramatic on thiobarbital.

1. Introduction

Zinc is the second most abundant trace element (after iron) essential for all living organisms. Zinc exists as
a divalent cation (Zn?") and is not redox active under physiological conditions, which explains why zinc
performs multifarious physiological roles in a variety of biological processes [1]. Zinc is an essential trace
element crucial for the function of more than 300 enzymes and it is important for cellular processes like cell

division and apoptosis [2].

Regulation of zinc metabolism occurs at several sites: gut absorption and endogenous secretion, urinary
excretion, and the size and turnover of the rapidly (plasma, red blood cells, and liver) and slowly exchanging
pools (muscle and bone). Changes in zinc metabolism with age are tissue specific. An elaborate homeostatic
system of proteins regulates cellular Zn?* distribution and perhaps controls a hierarchy of zinc-dependent
functions [3].

A critical aspect of cellular zinc metabolism is the tight control of the pico molar concentrations of free zinc
ions and their fluctuations to balance folding and misfolding of proteins, supply of thousands of zinc-requiring
proteins with zinc, and dual functions of zinc as either a pro-oxidant or a pro-antioxidant. Zinc/sulphur
(cysteine) bonds in proteins have a key role in this control because they generate redox-active coordination
environments. Metallothionein (MT) is such a redox-active zinc protein, which couples biochemically to the
cellular redox state. The coordination dynamics and redox state of its zinc/thiolate clusters determine cellular
zinc availability. A fraction of MT in tissues and cells contains free thiols and disulfides [3].

Zinc metabolism is adversely affected by diabetes mellitus [4]. The significance of zinc, a trace metal,
in chronic liver disease has also been recently recognized [5-7].

Extensive research suggests zinc’s involvement in promoting malignancy and invasion in cancer cells,

despite its low tissue concentration [8].
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Studies have found that reduced blood zinc levels could predict vitamin D deficiency in adolescent girls,
while zinc supplementation increased vitamin D levels in postmenopausal women. In vitro studies using human
peritoneal macrophages have found that zinc induced the release of calcitriol (1,25-dihydroxycholecalciferol).
Zinc also acts as a cofactor for vitamin D functions, as the transcriptional activity of vitamin D-dependent genes
relies on zinc to exert pleiotropic functions, including mineral ion regulation. Vitamin D could also induce zinc
transporters to regulate zinc homeostasis. Together, zinc and vitamin D in adequate concentrations help to
maintain a healthy musculoskeletal system and beyond; however, deficiency in either of these nutrients can

result in various disorders affecting almost all body systems [9].

Thiobarbital, also known as 5,5-diethyl-2-sulfanylidene-1,3-diazinane-4,6-dione is a barbiturate derivative
that has been used in medical settings for its sedative and hypnotic properties [10,11]. Thiobarbital acts on the
central nervous system (CNS) by enhancing the inhibitory effects of gamma-aminobutyric acid (GABA), which
is a neurotransmitter. Thiobarbital acts on the central nervous system and this action results in sedative,

hypnotic, and anticonvulsant effects. Thiobarbital has an antithyroid effect [12,13].

2. Method of Calculations

In the present study, all the initial optimizations of the structures leading to energy minima have been
achieved first by using MM2 method which is then followed by semi empirical PM3 self consistent fields
molecular orbital method [14-16]. Afterwards, the structure optimizations have been achieved within the
framework of Hartree-Fock and finally by using density functional theory (DFT) at the levels of B3LYP/6-
31++G(d,p) [17,18]. 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 [19]. The correlation
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [20] and Lee, Yang,
Parr (LYP) correlation correction functional [21]. In the present study, 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 search has indicated that the structure of each molecule considered corresponds to
at least a local minimum on the potential energy surface. Furthermore, all the bond lengths have been
thoroughly searched in order to find out whether any bond cleavage occurred or not during the geometry

optimization process. All these computations were performed by using SPARTAN 06 program [22].

3. Results and Discussion

In the present study, effect of Zn*? on thiobarbital and one of its structural isomer, constructed by mutual
sulphur/oxygen replacements (centric perturbations engender perturbed thiobarbital) have been investigated
within the realm of density functional theory (DFT). The organic specie and the zinc cation altogether constitute
a composite system which is named as [+Zn*? or II+Zn*? depending on the organic part, thiobarbital (I) or the
perturbed thiobarbital (II). The ground state electronic configuration of zinc atom is 1s?2s?2p®3s?3p4s2.
Figure 1 stands for the optimized structures of the composite systems considered. The figure also displays the

direction of the dipole moment vectors for the composite systems.
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[+/n*2

1+/n*?

Figure 1. Optimized structures of the composites of thiobarbital isomers considered (different views).

As seen in the figure, both of the composites undergo some great structural changes such that in each case,
one of a-C-H bonds of an ethyl substituent exhibits striking elongation, which stands for bond cleavage. The
elongations for I+Zn*? and II+Zn*? systems are 6.237 A and 2.713 A, respectively (see Figure 2). After the
optimization process the data reveal that the charge of zinc cation is no longer +2 but decreased to 1.068 and
1.374 esu, (see Figure 3) respectively for composites [+Zn*? and II+Zn*? (The natural charges are 1.249 and
1.412, respectively). Thus, the zinc cation in each case accepts some electron population from the organic
partner, (acting as an oxidizer cation) being itself reduced. All these effective changes also accompanied by
some other (minor) bond length and bond angle variations.

Figure 2 shows the calculated bond lengths/distances (A) of the composites whereas the electrostatic
potential (ESP) charges on atoms of the composites considered are depicted in Figure 3. Note 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 [22].

Figure 2. The calculated bond lengths/distances (A) of the zinc composites of isomeric thiobarbital species
considered.
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Figure 3 displays the ESP charges on atoms of the composites considered. Note that more positive charge
resides on the zinc atom in the case of II+Zn*2. Keep in mind that prior to decomposition by the effect of zinc
cation, structure II is the perturbed thiobarbital.
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Figure 3. The ESP charges on atoms of the composites considered.

Figure 4 shows the calculated IR spectra of the composites considered. In IR spectrum of 1+Zn*2, the peaks
at 3525 cm’! and 3520 cm! stand for symmetrical and unsymmetrical N-H stretchings, respectively. They
somehow appear as overlapped. Various C-H stretchings happen in between 3229-2937 cm™!. The peak at 1822
cm! is for one of the carbonyl (amide) stretching accompanied by ring breath. The sharpest peak stands for the

other carbonyl peak and appears at 1662 cm!. The peak at 1539 cm! is due to overlap of C=S stretching and
adjacent N-H bendings.
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Figure 4. The calculated IR spectrums of the composites considered.

As for the spectrum of 1I+Zn*2, the peak at 3500 cm! is the N-H stretch for the imide moiety (between two
C=0 groups). Whereas the N-H stretch for the imide (between C=S and C=0 moieties) occurs at 3422 cm.
The C=0 moieties stretch at 1903 cm! and 1684 cm!. The peaks at 1569 cm™!' and 1275 cm! are N-H bendings.

Table 1 shows some calculated properties of the composite species considered. All the data in Table 1 are
greater for I+Zn*? compared to II+Zn*2.
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Table 1. Some calculated properties of the composite species considered.

Composite Dipole Polarizability Area (A?) Volume (A3)
[+Zn*? 7.70 57.17 233.82 200.51
[+Zn*2 5.93 56.37 220.25 197.02

Dipole moments in debye units. Polarizabilities in 10-3° m3 units.

Figure 5 shows the exposed area of atoms in the composites considered. Note that the exposed surface areas
of atoms are highly environment dependent [23]. They differ for the same type of atoms. For instance the
doubly bounded sulphur atoms in the composites considered are quite different.

834 A?
<
2849 A?
A1 A* 14.69 A?
1/15.79 A*
243 A% ['® 830 Py 845 A?
R e ‘,12-43 A oY A2
/ ) [I+Zn"?
545 A? 8.82 A?
525 A? 23 1283 A, 525&‘5.20 A
17.61 A} 693 A
11.95 A? P
® P A \Lh e caz
+2 10.68 A?
+7Zn HIA ¢ 5% A® 53 é’s'“ A

Figure 5. Exposed area of atoms in the composites considered.

Figure 6 shows the local ionization maps of the composites considered. 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. It is worth remembering that the local ionization potential map is a graph

of the value of the local ionization potential on an isodensity surface corresponding to a van der Waals surface.

- q ‘

Figure 6. The local ionization maps of the composites considered.
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Figure 7 shows the LUMO maps of the composites considered. 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. Note that the LUMO and NEXTLUMO
are the major orbitals directing the molecule towards of the attack of nucleophiles [22]. Positions where the
greatest LUMO coefficient exists is the most vulnerable site in nucleophilic reactions.
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Figure 7. The LUMO maps of the composites considered.

Figure 8 shows the bond density maps of the zinc*? composites of isomeric thiobarbital species considered.
In the case of I+Zn*?, oxygen atom of carbonyl group seems to donate some electron population to Zn*?
meanwhile o-C-H bond elongates appreciably. Whereas in the case of 1I+Zn*?, it seems the zinc cation is in
interaction with a-carbon of one of the ethyl groups causing the elongation of the attached C-H bond.

I+Zn*2

Figure 8. The bond density maps of the composites considered.

Figure 9 shows some of the orbital energy levels of the composites considered. The effect of zinc cation on
the orbital energies is more dramatic in the case of II+Zn*2, especially on the frontier molecular orbitals.
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Figure 9. Some of the orbital energy levels of the composites of considered.
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Table 2 shows the HOMO, LUMO energies and the interfrontier molecular orbital energy gap, Ae, values

(Ae = e ymo-€nomo) of the composites considered.

Table 2. The HOMO, LUMO energies and Ag values of the
composites considered.

Composite HOMO LUMO Ag
[+Zn*? -1351.51 -1159.21 192.3
II+Zn*? -1496.42 -1094.27 402.15

Energies in kJ/mol.

The algebraic orders of the HOMO and LUMO energies are [+Zn*? < [+Zn*? and [+Zn"? < 1I+Zn",
respectively. Consequently, the order of Ag values becomes I1+Zn*2> [+Zn*2. All the geometrical and electronic

factors operative in these decomposed composites should be responsible for that.

Figure 10 shows the HOMO and LUMO as well as the HOMO-1 and LUMO+1 patterns of the composites
species considered.

HOMO-1

Figure 10. The HOMO, LUMO, NEXTHOMO and NEXTLUMO patterns of the composites species
considered.

Figure 11 displays the bond density-HOMO (absolute value) maps. Whereas Figure 12 shows the ionization

maps of the composites considered. Ionization potential map indicates the ease or difficulty of electron removal.
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Figure 12. The ionization map of the composites considered.

Figure 13 displays the calculated UV-VIS spectra (time dependent DFT) of the composites considered. In
spectrum of [+Zn*? absorption peaks are at 317, 423, and 604 nm. Such a large span of absorption implies that
quite effective extended conjugation exists in the composite system. Whereas the spectrum of 1I+Zn*? does not
have so distinct peaks but has a huge shoulder. Altogether the absorption spreads to 200-450 nm. The broad and
overlapped peaks are at 299.60 and 347.27 nm. Since the interfrontier molecular orbital energy gap value for the
II+Zn*? is greater, the excitation requires more energy; therefore its spectrum is confined to UV region almost
completely.
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Figure 13. UV-VIS spectrums of the composite species considered.
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4. Conclusion

The present computational DFT study, on thiobarbital and one of its structural isomers reveals that zinc
cation affects those structures causing the C-H bond cleavage of one of the ethyl moieties present. The result of
bond rupture dictates various properties of these systems. However, the calculations are true for vacuum
conditions as well as the restrictions of density functional approach. It is a matter of question whether
thiobarbital or similar type compounds may lead to zinc deficiency although in the living organisms zinc is
usually in the chelated form by various organic or inorganic nucleophiles, thus the concentration of free zinc
cation is under the control of various multiple equilibria. On the other hand, whether the zinc cation adversely
diminishes the therapeutic value of thiobarbital is another point to be investigated. However further theoretical
research in aqueous media or some clinical surveys may put more light on to the subject.
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