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ABSTRACT

The Quinoxalin-2(H)-one (QO) and its derivatives @& methylquinoxalin-2(1H)-one (MQO) and 3-
aminoquinoxalin-2(1H)-one (AQO) electrode potergtialere calculated in aqueous phase. For this purptise
DFT/B3LYP method, with the 6-311G basis set wdizedi. The calculated value of the redox potentialative to
SHE were 0.123 eV, 0.015 eV and -0.254 eV for QQOMnNd AQO respectively. The amino derivative (s7¢
eV) negative reduction potential because of amirauy is more electron donating group comparisonthyl
group. Energies of the highest occupied moleculdnital (HOMO) and the energy of the lowest unocedpi
molecular orbital (LUMO) of the studied compoundsrevcalculated in gas phase and water. Both electtonor
and electron acceptor substituents are effectiveducing the energy gap between HOMO and LUMQG@didition,
chemical potential (1), chemical hardnesgg, (global electrophilicity ¢) and dipole moments were calculated.
From the results shows that, quinoxalin-2-one, gheater is the tendency of the oxidized form torgdticed by
accepting electrons and the amino derivative ohqgualin-2-one is, the greater is the tendency efréduced form
to get oxidized by donating electrons.

Keywords: Density functional theory, Redox potential, HOMOdahUMO, chemical potential (i), chemical
hardnessr() and global electrophilicityc).

INTRODUCTION

With the family of biologically active heterocycltemplates, the quinoxalin-2-one (quinoxalione)ecoas received
much attention in recent years as on important mhaophore in numerous biologically active compounds
Substituted quinoxalines are an important clasisenizoheterocycles, which constitute the buildiracké of wide
range of pharmacologically active compounds hawntjbacterial [1,2] antifungal[3], anticancer[4ht&wubercular
[5], antileishmanial [6], antimalarial [7] and ahipressant activities [8].Also, some quinoxalinF@® and
guinoxaline-2,3-diones have been reported to shatimécrobial [9], novel, potent antithrombotic [11dnti-pain
and anti-inflammatory [12,13] activities.

In particular, quinoxalines were found as a coré ima number of biologically active compounds.igaxaline

including their fused ring derivatives display dise pharmacological activities such as neuropreicgents,
antifungal, antibacterial, radio protective, anticolsant, antimalarial, anticancer, potent antithipotic, analgesic,
anti-inflammatory, antiglaucoma, antiparasite, tairculosis, hypoglycemic, antiviral, anti-HIV, taalmintic

activities, antidepressant, NMDA receptor antagpmisd antimalarial activities [14—16].
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The oxidation—reduction reactions are a well knaype of electron transfer reactions, which playraportant role

in many area of chemistry [17].Accurate calculat@nelectrode potentials is advantageous specialigre the
experimental measurement is difficult due to comptbemical equilibrium [18]. Besides, for few casésis
claimed that the experimental estimates are foundbe associated with large uncertainty and the rétieal
approaches may indeed be as reliable as experihmga for determining redox properties of moledde]. It is

also suggested that in some cases where there geea discrepancy between theory and experiment, a
reexamination of the experimental data may be w#erh[20]. Therefore, it is essential to be abletedict the
redox potentials.

Recently, Electrochemical methods are widely uswdttie study of electroactive compounds in pharmtcal
forms and physiological fluids due to their simpiapid, and economical properties [21]. Computatiam@mistry
has evolved to the point that it is sometimes cditipe to experiment to obtain precise values fertain molecular
properties. Density functional theory (DFT) hasypld a predominant role in this evolution in thet ldscade
[22].The ability to calculate redox potentials aetaly using the theoretical methods would be athgeous in a
number of different areas, particularly where thxpegimental measurements are difficult, due to ¢benplex
chemical equilibrium and the reactions of the iweal chemical species. Recenthhintio methods have been
employed for the calculation of redox potentialdifferent species in aqueous solutions [23]. Irs thaper, the
redox potential of Quinoxalin-2(H)-one(QO) was cdéted with the employment of the density functiotieory
(DFT) at the B3LYP/6-311G level of theory. The Ridable Continuum Model (PCM) [24] was used to gklted
the free energy salvation of species involved ertaction.

In this paper we are calculated the half-wave pg@krE,,,, the electron affinity of the reduced specieshie jas
phase (A), the ionization potential (1), the eneofythe highest occupied molecular orbital (HOMBe €energy of
the lowest unoccupied molecular orbital (LUMO) fpuinoxaline-2(H)-one (QO) and its derivates ingas and in
the aqueous phase.

COMPUTATIONAL DETAILS

The molecular structure, vibrational frequencied anergy of the optimized geometry of QO(ox.), Q@dd.) and

its derivatives MQO (0x.), MQOHred.) and AQO (ox.),AQOKred.) were computed employing the DFT method
using Gaussian 09 [25] program package employid B> basis set based on Becke’s three parametea, (|
non-local and Hartree-Fock) hybrid exchange fumaiowith Lee-Yang- Parr correlation functional (B&R)
[26].Frequency calculations were used to verifyt thea structure lies in a minimum of the potenéakrgy surface.
The oxidation reactions of Quinoxalin-2(H)-one dtal derivatives are shown in scheme 1. To obtaé rddox
potential, it is necessary to calculate the stahéf@e energy changa@®) for reaction (1).

QO(sol) + 2H(sol) + 2é — QOH, (sol) (1)
AGlis related to the absolute redox potential throtlghfollowing thermodynamic relation:

E® = - AG®/nF @)
wheren is the number of transferred electrons in the reacivhich is equal to 2 for reaction (1) akdis the

Faraday constant (96485 C mpl The calculated value of redox potentiaf)(&s thereby relative to the reduction
potential of a reference electrode. Here we widl thee normal hydrogen electrode (NHE):

H'(@ag)+e ___,  %:fgas) 3
with an associated free energy change of - 4.44 eV

To calculateAG” it is necessary to use the following (scheme &)rttodynamic cycle (Born-Haber) which is used
for transferring all of the species involved in tieaction (1) from the gas to solution phase. Basethe scheme 2,

thermodynamic cycle®\G(total) can be written as

AG® (total) =AG (g) + AG (solv, QOH2) -AG’ (solv, QO) - AG°(solv, H') (4)
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AG® (total)

QO(sol) + 2H(sol) + 2e QQHisol)

Y

AG%(solv,QO) AGY(solv,2H") AG%(solv,QOH,)

Qo( + 2Mg) + 22 — AG°@ . Qqisol)

Scheme 2 . Thermodynamic cycle for obtaining t#& (sol) of reaction in solution from the
AGP a(g) of reaction in gas phase for Quinoxalin-2(létje.

whereAG®(g) is the change of the standard free energyadftien (1) in the gas phaseG’ (solv, QOH), AG(solv,
QO) andAG’ (solv, H') are the standard free energy solvation of QOB and H respectively. The standard
Gibbs free energyof each state in the gas phad#tased by using Equation (5):

AG’jas= Bt ZPE +AAG> 208 (5)

The energy at 0 K (fis calculated by using DFT at the optimum geogneZero-point energies (ZPEs; unscaled)
and thermal contribution®\AGy & 299 together with entropies have been used to cointEtnal energies to Gibbs
free energies at 298.15 K [38]. In Equation (5)geatra term should be introduced to convertAm?gasstate from 1
atm to 1M:

AGogailM) = AGOga&l atm) +RT |n(2446) AGO_,* (6)

The connection between the gas and aqueous ptaseade through the calculation of the salvationbGifree
energy of the specific species. In this study, wedua polarized continuum approach (PCM) to desdhb solvent
and the interactions with the solute. TA@’%,,, values were computed from Equation (7):

AGOsoIv: AGan- AGogas (7)

in which AGan is the total Gibbs free energy of the system initgmn and AGogas is the equivalent quantity in a
vacuum. To take into account small changes in gagnvehen going from gas to solvent, we reoptimigkd
geometry of the molecule in PCM.

In order to calculataG° (g),the standard free energy of QO and Q@éte calculated in the gas phase at the DFT-
B3LYP level of theory using 6-311 basis set. Tahis, the molecular structure of QO and QMdre optimized at
B3LYP/6- 311G level of theory, separately and thitwe, vibrational frequencies calculation, at thensdevel of
theory and basis set, were performed on the optin&ructures to confirm that they are at the dlotiaima and
obtain the standard free energy of QO and @@Hjas phase. To calcular&® (g), we need to know the standard
free energy of free electron and (). To obtain the standard free energy of electvem used its energy (3.720
kJ.mol") and entropy (0.022734 kJ rifok™) at 298 K [27]. The Gibbs free energy of (d) has been reported to be
-26.3 kJ.mof [28].

In order to calculate the solvation energy for Q@ 0H, the Polarized Continuum Model (PCM) which defines
the cavity as the union of a series of inter logkittomic sphere [29], was used for ab initio caltiahs. Similar to
gas phase calculations, the molecular structur@®f and QOHwere re-optimized in aqueous phase using PCM
model at the same level of theory and basis setn;Tthe vibrational frequency calculations werefqrered to
obtain the Gibbs free energy of QO and Q@tbolution.AG (solv,QOH2) and (solv,QO) are is obtained from the
subtraction the standard Gibbs free energy of eaofpound in solution from the corresponding valugas phase.
We have used the literature value of -1104.6 kJ'miai AG® (solv,H") [30]. It should be mentioned that this value
is the change in the standard Gibbs free energgaaiftion (1) in solution in the standard state af ghase (1 atm).
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To obtain the change in the standard free energgaition (4) in solution, we need to atildAG™~" toAG? (total)
whereAG®™" is the correction for changing the standard stat@ gas phase (1atm) to solution (1 m3).LAG*™
value calculated from equation (&n is the change of moles in reaction (1) which isatdo -2.The value of
AG™™" is equal to 7.9 KJ.mdl

RESULTS AND DISCUSSION

The geometrical optimization was the most significstep for the calculation of the formal electrquigential, on
the grounds that the molecular parameters wererated by the molecular geometry. The moleculesQ
assumed as C1 point group of symmetry and the g@thgeometrical parameters and vibranational faqiges of
the title compound were calculated by DFT (B3LY®&)dls with the 6-311G basis set. The labeling ofrgtin QO
and QOHare given in Figure 1.

Redox potentials

The most appropriate way of calculating the redoteptial is by using a thermodynamic cycle linkihg process
in the gas phase with that in solvent [31]. Thecwaiation of the Gibbs free energy is summarize&guation (4)
which show the thermodynamic cycles for the redateptial of quinoxalin-2-one. The redox potentials
guinoxalin-2-one and its methyl and amine derivediare tabulated in Table 1. From the results gailimo-2-one is
high reduction potential (0.123 eV) comparisontefderivates. The methyl derivate is (0.015 eV) #redamino
derivative is (-0.76 eV) are less than quinoxaliofiz because of methyl group and the amino groepekactron
donating groups. The amino derivative is (-0.29% regative reduction potential because of amiraupgris more
electron donating group comparison of methyl grotigerefore quinoxalin-2-one, the greater is theléercy of the
oxidized form to get reduced by accepting electramd the amino derivative of quinoxalin-2-one & greater is
the tendency of the reduced form to get oxidizeddnyating electrons.

g

@
| : 2. @
*"a‘“”*o’ L AL =

L 09 *%9 2 o

OoH2

Qo
Figure (1) Optimized structures of QO (oxidized fom) and QOH, (reduced form) in gas phase.

HOMO-LUMO energies

The energies of the highest occupied moleculartarfHOMO) and the lowest unoccupied molecular tabi
(LUMO) of the title compound and its derivativestie ground state are calculated by using B3LYFhottvith 6-
311G basis set. The HOMO and LUMO are the maintarlthat take part in chemical stability. The HOMO
represents the ability to donate an electron, LUdCaN electron acceptor represent the ability taiolan electron.
The energy of the HOMO is directly related to tbeization potential and the energy of the LUMO isedly
related to the electron affinity. High value of H@Menergy is likely to indicate a tendency of thelenale to
donate electrons to appropriate acceptor molectileve empty molecular orbital energy. The lower wed of
LUMO energy show more probability to accept eleasroSo, the gap energy (Eg), i.e. the differencenargy
between the HOMO and LUMO, is an important stapilitdex. The smaller the LUMO and HOMO energy gaps,
the easier it is for the HOMO electrons to be editthe higher the HOMO energies, the easierfitrisdOMO to
donate electrons; the lower the LUMO energies, ghsier it is for LUMO to accept electrons. The gklted
HOMO level, LUMO level, and Eg are summarized irblEa2 and the HOMO and LUMO diagrams in groundestat
are represented by Fig (2).
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As shown in Table 2, the HOMO energy level of Q@ é@s derivatives decreases in the order: (AQO Q>
QO), which is the same order as the acceptor dtiefige calculated band gap Eg of the studied moal@lpounds
increases in the following order AQO > MQO > QO.eTimuch lower Eg of MQO and AQO compared to that of
QO indicates a significant effect of intra molecutharge transfer. However, the Eg values of MQ® saaller
than that of AQO. In MQO the lowering of the LUM®vEI by the presence of the acceptor moiety is riae
compensated by the lowering of the HOMO level. Kely origin of this effect is that the backboneraiten atom
localizes electrons and breaks the symmetry obthectures with consequent widening of the bandafape two
model compounds [32]. The HOMO value of AQO and M@@ high value comparison of QO, because of the
substituents are an electron donor groups. Howeéhath electron donor and electron acceptor sulestituare
effective in reducing the energy gap between HOM® l2UMO.

Correlation with molecular orbital theory

The most widely used theory by chemists is the mdée orbital (MO) theory. It is important that chieal
hardnessr() and electronic chemical potential (pg¢ put into a MO framework. This can readily be el@ithin the
limitations of Koopmans’ theorem, the orbital eriesgof the frontier orbital’s are given by

- Brvomo =1, -Elumo =A

The global electrophilicity power has been receddfined by Parr et al.[33]by:
w==— (8)

which measures the stabilization in energy whensgstem acquires an additional electronic chaiyefrom the
environment. In Eq. (1) p angare the electronic chemical potential and the ¢banmardness of the ground state
(GS) of atoms and molecules, respectively. Thesergrors have been defined within the contexthaf density
functional theory of Parr, Pearson and Yang [34.V8Bile the electronic chemical potential 1 desesilthe charge
transfer pattern of the system in its ground stgtemetry, the chemical hardnegslescribes the resistance to the
change. A very simple operational formula for ptémrms of the one electron energies of HOMO and Q)N
andeg, is given by [36]:

W= (e +£)/2 )

It is also possible to give a quantitative représtion to the chemical hardnesg €oncept introduced by Pearson
as[35]:

N= g - &x (10)

Note that the electrophilicity index given in E&) €ncompasses both, the propensity of the eldtteofm acquire
an additional electronic charge driven By and the resistance of the system to exchange@iéxcharge with the
environment described hy, simultaneously. A high value of p and a low vatide) therefore characterize a good
electrophile. On the other hand, the maximum amotietectronic charge that the electrophile systeay accept is
given by[33]:

ANpay = % (11)

The maximum charge transf&N.x towards the electrophile was evaluated using Eb). Thus, while the quantity
defined by Eq. (8) describes the propensity of #system to acquire additional electronic charge frihra
environment; the quantity defined in Eq. (11) didses the charge capacity of the molecule. Tablnaliding the

M, 1, ®, andANnax From the table 4, the NHsubstituted Quinoxalin-2(H)-one is good electréplsiomparison of
the CHsubstituted Quinoxalin-2(H)-one and Quinoxalin-2@e in gas and aqueous phase. Therefore quinexalin
2-one, the greater is the tendency of the oxidiftech to get reduced by accepting electrons and atiméno
derivative of quinoxalin-2-one is, the greater lie tendency of the reduced form to get oxidizeddbgating
electrons.

The electrophilicity of the QO may be drasticallyanged by suitable substitution. In Table 4 we sanue the
enhanced electrophilicity pattern induced by stibstit effect for compounds QO, MQO and AQO. The,NH
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substituted Quinoxalin-2(H)-one (AQO) has high ealy comparison of the Ctsubstituted Quinoxalin-2(H)-one
and Quinoxalin-2(H)-one in gas and aqueous phasause of NH s strong electron donor group. AQO is a strong
electrophile with an electrophilicity power 8.098¥. MQO and AQO are with electrophilicity valuesngorised
within the 7.0566 and 6.3993 eV respectively. Tdiéssification is also consistent with the electmativity pattern
described by the negative of the electronic chehpictential. For instance, the AQO is characterizgdhe highest
values in electronic chemical potential, therelgigating that this compounds will more likely bebaas electron
donor species (i.e. as nucleophiles), on the dihad display the lowest value in electronic cheimicaential for
MQO and QO, thereby suggesting that they will ingral act as electron acceptors. The maximum chhegeach
species may accept from the environment measur@dly, almost parallel the variations in electrophilicifyhis

is also suggested that quinoxalin-2-one, the gréstihe tendency of the oxidized form to get remtliby accepting

electrons and the amino derivative of quinoxalior® is, the greater is the tendency of the reddoed to get
oxidized by donating electrons.

Table 1. The Gibbs free energy of the studied moletes for both reduced (red.) and oxidized (ox.) fans in the gas phase and the aqueous
phase, along with the change of the Gibbs free ergrAG%gas) , Gibbs free energy of reaction (IAG(total) , and electrode potentials
(E).

QO(ox) QOH(red) MQO(0x) MQOH(red) AQO(0x) AQOH(red)
*G°(Gas) -493.080427  -494.273322 -532.378688  -5333833-548.441777] -549.606706
*G°(aq) -493.093981] -494.287134 -532.391564 -533.5G6B1548.496086| -549.66056pD
2AG 050l -35.586023 -33.805934 -142.58826
G Red)so -36.263402 -35.399613 -141.39523
tAG’(gas -3073.22923 -3051.56886 -2999.80451
2AG (total) -880.506601 -859.762543 -807.594532
E'(eV) 0.123 0.015 -0.254

*these energies are in atomic units, Hartree (1 tree = 2625.49975 kJ md)
a these energies are in kJ fhol

Table 2. The HOMO and LUMO energies and the energgap between HOMO and LUMO (Eg), ionization potenti&(l), electron affinity
(A) in eV units and dipole moment () in debye uits in the gas phase and the aqueous phase of sediimolecules.

QO(0x) | QOH(red) | MQO(ox)| MQOH(red) | AQO(ox)| AQOH(red)
HOMO(g) | -6.67958| -5.53698 -6.5538) -5.48691 -5.9590 -5.59602
LUMO(aq) | -4.31736] -4.92173 -4.4204D -4.89724 -4828  -4.95873
HOMO(g) | -6.66326| -5.53616 -6.5813p -5.51684 -6.0B98 -5.65154
LUMO(aq) | -4.27137| -4.81587 -4.3824 -4.79982 -4.2936 -4.92145
Eg (9) -2.36222|  -0.61525 -2.1333f -0.58961 -1.63B5 -0.63729
Eg (aq) -2.39188  -0.72029 -2.19895 -0.71702 -1.8461 -0.73008
1(9) 6.67958 5.53698 6.55387 5.48691 5.959p2 5.59602
I(aq) 6.66326 5.53616 6.5813% 5.51684 6.03984 56515
Ag) 4.31736 4.92173 4.42044 4.89724 4.325p2 4.95873
A(aq) 4.27137 4.81587 4.3824 4.79982 4.29369 4.92145
u(g) 4.576: 3.209¢ 3.681¢ 3.138% 1.449; 2.557:
u(aq) 6.224 4.1136 5.1495 4.1437 2.0543 3.3107

Table 3.Global electrophilicity (@), chemical potential (i), chemical hardnessyj and the maximum charge transfer ANmax ) values for
Quinoxalin-2(H)-one (QO) and its derivatives of 3-rethylquinoxalin-2(1H)-one (MQO) and 3-aminoquinoxain-2(1H)-one (AQO). All
values are in eV.

1! n o) ANmax
molecule Gas water Gas wate Gag water Gas Water
QO -5.4984| -5.4903 2.362p 2.34%9 6.3993 6.4P47 72.322.3404
MQO -5.4871| -5.5009 2.13383 2.1608 7.0566 7.0018 7215 2.5458
AQO -5.1422| -5.1826 1.633p 1.7143 8.09839 7.8340 4821 3.0232
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Fig (2) The HOMO and LUMO diagrams of studied moécules at B3LYP/6.311G basis set.
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CONCLUSION

The electrode potentials Quinoxalin-2(H)-one (Q@Y ats derivatives of 3-methylquinoxalin-2(1H)-o&QO)
and 3-aminoquinoxalin-2(1H)-one (AQQO) were caloedatin water. Results shows that quinoxalin-2-onas h
greater tendency of the oxidized form to get redumgaccepting electrons and the amino derivathgumoxalin-
2-one has greater tendency of the reduced formetoogidized by donating electrons. Both electromatoand
electron acceptor substituents are effective irucedy the energy gap between HOMO and LUMO. The, NH
substituted Quinoxalin-2(H)-one (AQO) has high ealy comparison of the Cisubstituted Quinoxalin-2(H)-one
and Quinoxalin-2(H)-one in gas and aqueous phasaulse of NH is strong electron donor group. Therefore
quinoxalin-2-one, the greater is the tendency ef dRidized form to get reduced by accepting electrand the
amino derivative of quinoxalin-2-one is, the greasethe tendency of the reduced form to get oxidiby donating
electrons.
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