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Abstract

Diazoxide have several potential effectors that may potentially contribute to cardio
protection. It is used to manage symptoms of hypoglycemia that is caused by pancreas
cancer, surgery, or other conditions. It also acts as a non-diuretic antihypertensive agent.
Diazoxide possessing various tautomeric forms should display variable biological
properties depending on its tautomer content. It may exhibit 1,3- and 1,5-type proton
tautomerism. Presently, all those possible tautomeric forms are considered. All the
calculations have been performed within the realm of density functional theory with the
constraints of B3LYP/6-311++G(d,p) level. All the tautomers are electronically stable
and thermo chemically favorable formation values at the standard conditions. Some
quantum chemical and spectral properties of those tautomeric systems as well as nucleus-
independent chemical shift (NICS) values have been obtained and discussed.

1. Introduction

Diazoxide structure (Figure 1), in the literature is given either as D1 (7-chloro-3-
methyl-2H-1,2,4-benzothiacliazine-1,1-dioxide [1,2] or D2 (7-chloro-3-methyl-4H-
1)%,2,4-benzothiadiazine 1,1-dioxide) [3]. They are indeed 1,3 tautomers. Diazoxide is a
nondiuretic benzothiadiazine antihypertensive agent, attenuates vascular responses to a
variety of vasoconstrictor substances [4]. It is chemically closely related to the thiazide
diuretics lacks the 7-sulfonamide group and a halogen substitution at the 6-position. It
does not inhibit carbonic anhydrase, and is devoid of chloriuretic and natriuretic activity.
It is a potent and rapidly acting antihypertensive agent and, after 12 years of clinical trial,
was marketed three years ago for intravenous therapy of hypertensive emergencies.
Diazoxide exerts its hypotensive action entirely by reducing vascular resistance in all
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circulatory beds through direct relaxation of arteriolar smooth muscle. Investigations
revealed that diazoxide competes with barium for a specific receptor site in the vascular
smooth muscle of the rat aorta [4].
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Figure 1. 2D-Structures for diazoxide.

Diazoxide causes hyperglycemia which can be inhibited by an adrenergic blocking
agent and adrenalectomy. In adrenalectomized rats, noradrenaline has been shown to
restore the hyperglycemic effect of diazoxide supported to a lesser extent by

corticosteroids [5].

Through the years many articles have piled up in the literature about medicinal
aspects of diazoxide [4-17]. In general, they point out that diazoxide may have several
potential effectors that may potentially contribute to cardio protection, including Ktp
channels in the pancreas, smooth muscle, endothelium, neurons and the mitochondrial
inner membrane. Diazoxide may also affect other ion channels and ATPases and may
directly regulate mitochondrial energetics. It is possible that the success of diazoxide lies
in this promiscuity and that the compound acts to rebalance multiple physiological

processes during cardiac ischemia [18].

On the other hand, tautomers having different structures possess dual reactivity.
Therefore, diazoxide which possesses various tautomeric forms should display variable
biological properties (beside others) depending on its tautomer content (allelotropic
mixture [19,20]). It is to be noted that substances which are isomeric under certain
conditions are tautomeric under more drastic conditions [19,20].

Being the pioneers, Orita et al., interested in diazoxide molecule theoretically in
1970s and performed some Hiickel’s molecular-orbital calculations. However, since then
only a few number of articles related to molecular orbital calculations or crystal structure
of diazoxide have appeared in the literature [2,22]. Bandoli and Nicolini investigated the
crystal and molecular structure of diazoxide in detail [22]. Quantum chemical
calculations were employed by Kamal et al., to corroborate the observed experimental
results for a series of derivatives [23]. For those compounds geometry optimization and
frequency calculations were performed at B3LYP/6-31G(d) level. Furthermore, in order
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to explain the reactivity of these molecules they calculated a gas-phase proton affinity
(PA) values.

2. Method of Calculations

In the present study, all the initial geometry optimizations of the structures leading to
energy minima have been achieved by using MM2 method then followed by semi-
empirical PM3 self-consistent fields molecular orbital (SCF MO) method [24,25] at the
restricted level [26]. Afterwards, the structure optimizations have been managed within
the framework of Hartree-Fock (HF) and finally by using density functional theory (DFT)
at the level of B3LYP/6-311++G(d,p) [27,28]. It is worth mentioning 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 [29]. Also note that the
correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation
functional [30] and Lee, Yang, Parr (LYP) correlation correction functional [31]. 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 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 [32]. Whereas the nucleus-independent chemical shift,
NICS(0), calculations have been performed by using Gaussian 03 program [33].

3. Results and Discussion

Figure 2 shows the optimized structures of the tautomers of diazoxide. Direction of

the calculated dipole moment vectors are also shown. Note that structure D1 and D2 are

D2 D3(S) D4(R)

Figure 2. Optimized structures of the tautomers.
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1,3-whereas the others are 1,5-type proton tautomers. Also note that presently considered
1,5-type tautomers are enantiomers of each other, namely the sulfur atom is a chiral
center. Therefore they are label as D3(S) and D4(R). It has to be mentioned that direction
of the dipole moment vectors in D3(S) and D4(R) are quite different from each other.

Figure 3 shows the calculated bond lengths of the tautomers considered. The C-S and
N-S bonds in D1 and D2 are quite comparable whereas in D3(S) and D4(R) C-S bonds
are longer than N-S bonds. Also in each enantiomeric tautomer S-O and S-OH bonds
differ from each other. This should arise from the type of bonding involving the sulfur
atom.

Figure 3. Calculated bond lengths of the tautomers considered (hydrogens not shown).

Figure 4 shows the calculated IR spectra of 1,3-tautomers of diazoxide. In the
literature, as mentioned in the introduction part either of D1 or D2 is given as diazoxide
formula. The N-H stretching in D1 occurs at 3564 cm™! whereas in D2 it happens at 3615
cm!. In the cases of D3(S) and D4(R) O-H stretching occurs at 3749 cm™ and 3750 cm’!,
respectively. Note that the enantiomeric tautomers D3(S) and D4(R) are 1,5-type
tautomers and their occurrences are less likely than occurrences of 1,3-types, namely

occurrences of D1 and D2.

The electrostatic potential (ESP) charges on atoms of the tautomers are depicted in
Figure 5. 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 [32].
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Figure 6 illustrates the electrostatic potential maps of the tautomers considered. The
red/orange regions stand for negative whereas the blue regions for positive charge/
potential development. As seen in the figure the positive potential region in D2 spreads

over much larger area compared to D1 case.

IR Spectrum (1/cm)

4000 3500 3000 2500 2000
*
j
g DI
3
|
................................... Ty
4000
b
=
2
]
0154 0176 0.247
(e |.0.255 * ) 0.224
.w& .0.702 | 0628
f Ty <9987 0224
.“0.131 i  .0.978 g
-0.097 % -0.
© X 0.148 L] L0.40)9
D l 0.17 r1.282
-0.558
r-o.sss
0183 0.228
e« 0.235 0.181 .%.;;o
0.152 .0.282 0236 © -
o .mzf--' 3.o'm pE 2 o 51”9-2 o231
D3(S) ¥ g 0900 | 0236 S0 oy sz 8
0.146 | I )
0.730
0102 % 0325 o072 .)(' » D 4(R)
. _ - 323
. 1303 Q0149 i Sy
0.166 « 0.570 A oam T (2306
M L B -0.103 4 8.o_s';z
l;o.sos o164 \-0.604
0426 o424

Figure 5. The electrostatic potential charges on atoms of the tautomers.
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Figure 6. The electrostatic potential maps of the tautomers considered.

Table 1 tabulates some calculated properties of the tautomers considered. In the table
the most striking property is that the dipole moments of 1,3-tautomers (D1 and D2) are
much greater than the respective values of 1,5-tautomers. Also the value of D2 is much
greater than the one of DI1. This might arise from the comparative bond length
differences (especially incident to the sulfur atom) and charges on atoms in D1 and D2.
Components of the dipole moment vectors are listed in Table 2. In the cases of D1 and
D2, Z-component of the vectors, in absolute value, is much greater than the other
components. Whereas for the other tautomers considered, X-component of the vectors is
greater than Y and Z-components. Note that components of the dipole moment vectors
are not only the functions of charges and bond distances but also the angles with the
coordinate axes, etc.

Table 1. Some calculated properties of the tautomers considered.

Tautomer Dipole Area Volume Ovality Log  Polarizability
moment (A2 (A%) P

D1 4.29 213.31 189.28 1.34 -1.43 55.57

D2 8.88 212.55 189.11 1.33 -1.13 55.49

D3(S) 1.42 213.83 189.38 1.34 - 55.61

D4(R) 1.42 213.83 189.38 1.34 - 55.61

Dipole moments in debye units. Polarizabilities in 10-*° m? units.
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Table 2. Components of the dipole moment vectors.

Tautomer X Y V4

D1 1.307120 -1.693101 -3.713932
D2 0.569051 0.981096 -8.810160
D3(S) -1.227196 0.402304 -0.583786
D4(R) 1.221413 0.469462 -0.562147
In debye units.

As seen in Table 1 the ovality and polarizability values do not appreciably vary from
one tautomer to other. On the other hand, the polarizability is defined according to the

multi variable formula [32].
Polarizability = 0.08*V - 13.0353*h + 0.979920*h? + 41.3791

where V and h are the Van der Waals volume and hardness, respectively. Hardness is
defined as,

Hardness = -( egomo - €Lumo)/2

where eyomo and g ymo are the molecular orbital energies of the highest occupied
(HOMO) and lowest unoccupied (LUMO) molecular orbital energies.

Table 3 shows some energies of the tautomers considered where E, ZPE and E 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 stability order is D2>D1>D3(S)>D4(R). However keep in mind

that the last two tautomers are enantiomeric.

Table 3. Some energies of the tautomers considered.

Tautomer E ZPE Ec

D1 -3748017.42 381.53 -3747635.89
D2 -3748029.34 382.78 -3747646.56
D3(S) -3747953.28 376.64 -3747576.64
D4(R) -3747953.35 376.89 -3747576.46

Energies in kJ/mol.

Earthline J. Chem. Sci. Vol. 9 No. 2 (2023), 249-265
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Table 4 lists the calculated E(aq) values of the tautomers. The present calculations
indicate that tautomer D2 is the preferred structure in vacuum as well as in aqueous
conditions although in some of the literature D1 is presented as the structure of diazoxide.

Table 4. Calculated E(aq) values of the tautomers.

DI D2 D3(S) D4(R)

-3748090.13 -3748189.43 -3748048.93 -3748048.82

Energies in kJ/mol.

In Table 5 some thermo chemical values of the tautomers considered are tabulated.
As seen in the table, all the structures have exothermic heat of formation and favorable
Gibb's free energy of formation values at the standard state. The H® and G° values follow
the order of D2<D1<D3(S)<D4(R).

Table 5. Some thermo chemical values of the tautomers considered.

Tautomer H°(kJ/mol.) S° (J/mol®) G°(kJ/mol.)

D1 -3747639.355 429.89 -3747767.507
D2 -3747650.094 428.68 -3747777.904
D3(S) -3747579.31 435.14 -3747709.037
D4(R) -3747579.152 435.01 -3747708.853

Figure 7 displays some of the molecular orbital energy levels of the tautomers
considered. Note that shift of proton from one nitrogen site to the other one, namely
going from D1 to D2 highly perturbs the distribution of the inner lying molecular orbitals
energy levels. The HOMO, LUMO energies and intermolecular orbital energy gap (Ag)
values of the tautomers are shown in Table 6. As seen in the table the HOMO and LUMO
orders are D2<D1<D3(S)<D4(R) and D4(R)<D1<D3(S)<D2, respectively. So, D2
tautomer is characterized with the lowest HOMO and the highest LUMO values of all.
These energy orders are reflected into the intermolecular orbital energy gap values, Aeg,
(Ae=gLumo-€nomo) that the order of Ag values happens as D2>D1>D3(S)>D4(R).
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Figure 7. Some of the molecular orbital energy levels of the tautomers.

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

Tautomer HOMO LUMO Ag

D1 -668.31 -195.88 472.43
D2 -675.72 -174.91 500.81
D3(S) -656.36 -195.79 460.57
D4(R) -656.30 -195.92 460.38

Energies in kJ/mol.

Figure 8 displays the HOMO and LUMO patterns of the tautomers considered. In
general they exhibit n-type symmetry. In all the cases the methyl group supplies either
nothing or very little to the HOMO and the LUMO. The same holds for the chlorine atom

for the LUMOs.
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Figure 8. The HOMO and LUMO patterns of the tautomers considered.

Figure 9 shows the calculated UV-VIS spectra of the tautomers. The spectra lie in the
ultraviolet region only. Except D2 spectrum, all the others have some discernable
shoulders. The A, values are 259.17, 258.01, 261.40, 261.49 nm, respectively for D1
through D4(R). As compared to the order of Ag values, the quite big difference between
Ag values of D1 and D2 has not been reflected to the order of A, values because in the
calculated spectra not only the energies of the HOMO and LUMO orbitals but some
others orbitals are involved as well.

Figure 10 is the local ionization potential map of diazoxide tautomers, where
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 11 shows the LUMO maps of the diazoxide tautomers considered. Note that 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. Various nucleophiles may attack on
diazoxide, one of them is the hydride ion which causes ring opening reaction to produce
some valuable compounds [34].
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Figure 9. Calculated UV-VIS spectra of the tautomers.
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Figure 10. The local ionization maps of the tautomers.
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Figure 11. The LUMO maps of the tautomers.
NICS

To determine the local aromaticity of the rings present in the tautomers considered,
“nucleus-independent chemical shift” (NICS) values were obtained. Note that NICS is
the computed value of the negative magnetic shielding at some selected point in space,
generally at center of a ring or cage. Through the years, theories developed on the subject
and the calculated data so far have piled in the literature [35-46], have indicated that
negative NICS values are associated with 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 indicative of 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 have been reported [46].

Table 7 shows the NICS(0) values for the presently considered tautomers of
diazoxide. In the table the lower case letters, a and b, stand for the phenylene ring and the
ring having the sulphone moiety, respectively. As seen in the table, a-ring of D2 is more
aromatic than a-and b- rings of the other tautomers. The electron topology of D2 should
have strengthen the ring current more favorably as compared to D1, thus the former one
has a more aromatic a-ring. In the enantiomeric tautomers presently considered, a-rings
have substantially more aromatic character than their b-rings which could fall into the
non-aromatic classification. That should be due to the effect of SO(OH) moiety present in
ring-b exerting some barrier to the ring current.

Table 7. The NICS(0) values of the tautomers considered.

Dla D2a D3a D3b D4a D4b

-9.8304 -10.1836 -9.1792 -3.0033 -9.1764 -2.9771
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4. Conclusion

The present DFT treatment at the level of B3LYP/6-311++G(d,p) has indicated
(within the limitations of the theory and basis set) that in vacuum and aqueous conditions,
diazoxide tautomers are electronically stable and have thermo chemically favorable
formation values. Tautomer D1 is electronically less stable and thermo chemically less
favorable compared to D2 although in some of articles in the literature, D1 is accepted as
diazoxide structure. The phenylene ring in D2 is more aromatic than the respective ring
of the other tautomers. So, a perturbation due to proton tautomerism occurring in b-ring
affects NICS value of the adjacent ring in all the cases presently considered.
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