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Abstract: The ability of density functional theory (DFT) using the functional B3LYP with the cc-pVTZ
basis set to accurately predict the electrochemical properties of 20 3-aryl-quinoxaline-2-carbonitrile
1,4-di-N-oxide derivatives in dimethylformamide (DMF) was investigated and compared to pre-
vious predictions from B3LYP/6-31G and B3LYP/lanl2dz. The B3LYP/cc-pVTZ method was an
improvement over the B3LYP/6-31G and B3LYP/lanl2dz methods as it was able to predict the first
reduction potential of the diazine ring (wave 1) for all of the 3-aryl-quinoxaline-2-carbonitrile 1,4-
di-N-oxide derivatives accurately. The B3LYP/cc-pVTZ predicted electrochemical potentials had a
strong correlation to experimental values for wave 1. None of the methods demonstrated the ability to
predict the nitro wave reduction potential for derivatives containing a nitro group. B3LYP/cc-pVTZ
predicted electrochemical potentials for the second reduction of the diazine ring (wave 2) had a low
correlation to the experimental values for the derivatives without a nitro group and no correlation of
the derivatives when the nitro group was included in the analysis.

Keywords: quinoxaline-di-N-oxide derivatives; reduction potentials; computation; ab initio; density
functional theory; cc-pVTZ

1. Introduction

Research into quinoxaline 1,4-di-N-oxide derivatives is of interest to the pharmaceuti-
cal community, as these compounds have been associated with a wide range of bioactivities
including anti-tumor, anti-cancer, antimicrobial, antiparasitic and antioxidant [1-13]. As a
result, a significant number of new quinoxaline 1,4-di-N-oxides are designed, synthesized,
and tested for biological properties each year [14]. While the exact mechanism for the
bioactivities is not known for most quinoxaline 1,4-di-N-oxide derivatives, it has been
observed that bioactivity is often linked to the ease of reduction for homologous deriva-
tive series [9,15,16]. For some quinoxaline 1,4-di-N-oxide derivatives, it has been shown
that they produce a free-radical species capable of cleaving DNA under hypoxic condi-
tions [17,18]. The formation of the free radical is believed to cause cellular oxidative damage
and is presumed to be a common bioactivity mechanism for the quinoxaline 1,4-di-N-oxide
derivatives [17,18]. Figure 1 shows the first (wave 1) and second (wave 2) reductions of the
diazine ring in the parent 3-phenyl-quinoxaline-2-carbonitrile 1,4-di-N-oxide molecule.

The common correlation between the ease of reduction and bioactivity has made under-
standing the electrochemical reduction potentials of quinoxaline 1,4-di-N-oxide derivatives
of interest to the pharmaceutical community. Voltametric techniques are commonly used
to experimentally measure the electrochemical reduction potentials of the quinoxaline
1,4-di-N-oxide derivatives. We have proposed that computational techniques can be a
powerful tool allowing for the prediction of electrochemical reduction potentials. For
quinones and other small organic molecules, computational techniques have been used
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to study electrochemical potentials or the highest occupied molecular orbital /lowest un-
occupied molecular orbital (HOMO/LUMO) gap [20-24]. For quinoxaline derivatives,
computational studies have been used to investigate a wide variety of properties including
thermodynamic properties and the impact of substituents on polymerization [20,24-26].
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Figure 1. The first reduction (wave 1) and second reduction (wave 2) of the diazine ring in the parent
3-phenyl-quinoxaline-2-carbonitrile 1,4-di-N-oxide, derivative Al. Chemical structures were drawn
in ChemSketch FreeWare [19].

In our previous study, we performed calculations using B3LYP/6-31G and B3LYP/
lanl2dz methods to predict the electrochemical reduction potentials for a set of 20 3-aryl-
quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives [27]. The 20 3-aryl-quinoxaline-2-
carbonitrile 1,4-di-N-oxides were originally synthesized and studied by Sheng et al. for po-
tential anti-tumor properties [28]. The parent molecule structure of the 3-aryl-quinoxaline-2-
carbonitrile 1,4-di-N-oxide [27,28] and the list of the substituent groups for each derivative
are shown in Table 1. The structures for all 20 derivatives are shown in Figure A1 in the
Appendix A with the substituent R1 and R2 groups highlighted. The derivatives can accept
two electrons during the first and second reduction of the diazine ring, as shown in Figure 1.
Derivatives E1-E4 contain an R2 substituent nitro group, which also undergoes reduction
in addition to the diazine ring. The 6-31G and lanl2dz basis sets were demonstrated to
have limited usefulness for predicting the reduction potentials for these 3-aryl-quinoxaline-
2-carbonitrile 1,4-di-N-oxide derivatives [27]. However, these basis sets could not give
realistic predictions for the reduction potentials of the nitro group containing derivatives
(Table 1. Compounds E1-E4) [27]. Additionally, B3LYP/6-31G and B3LYP/lanl2dz method
led to artificially long C—Cl bond lengths in the trianion or fully reduced structure of the
E4 derivative [27]. The bond lengthening caused the Cl to dissociate from the trianion
structure when optimized with B3LYP/6-31G [27]. Lanl2dz and 6-31G are both limited
basis sets [29,30]. The 6-31G basis set only used six primitive functions. The lanl2dz is a
double-zeta basis set without polarization functions. The C—Cl bond distance is likely an
artifact of using the limited basis sets without any polarization functions. When the nitro
group containing derivatives were removed from the analysis, the predicted electrochemi-
cal potentials from these methods had a strong correlation to the experimental potentials
for the first reduction of the diazine ring (wave 1) and a poor correlation for the second
reduction of the diazine ring (wave 2) [27].

Recently, we investigated the ability of the B3LYP/lanl2dz method to predict the elec-
trochemical reduction potentials for a second set of homologous 1,4-di-N-oxide quinoxaline
derivatives. A set of 37 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives [31] was
studied. The B3LYP/lanl2dz method was more successful in this new set of derivatives
as it was able to accurately predict the electrochemical potentials for all 37 of the deriva-
tives. The B3LYP/lanl2dz predicted electrochemical potentials for the 37 1,4-di-N-oxide
quinoxaline-2-carboxamide derivatives had a strong correlation to wave 1 and little to no
correlation to wave 2 experimental potentials [31].

In this study, we use the BBLYP/cc-pVTZ method [32] to predict the electrochemical
potentials for the 20 3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives (Table 1)
used in our 2019 study [27]. The B3LYP/cc-pVTZ predictions were compared to the
experimental data [33] and those previously calculated using the B3LYP/lanl2dz and
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B3LYP/6-31G methods [27]. The cc-pVTZ is a triple-zeta basis set [32] and is considered
more robust compared to the 6-31G and lanl2dz basis sets used in the 2019 study. The
cc-pVTZ basis set is designed to use more functions to describe the valence electrons in
the system [32]. For example, the cc-pVTZ basis set uses 30 functions to describe carbon
(4s,3p,2d,1f), including 2d and 1f polarization functions. Therefore, the cc-pVTZ basis set
would be expected to do a better job in predicting the geometries and energies associated
with the anion and dianion systems [34].

Table 1. The structure of the parent 3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide molecule drawn
in ChemSketch [19] with the R1 and R2 substituents for each derivative indicated [27,28].

2N
R 1 N /
B,
\ |
. R,
0 /

Compound R4 R,
Al H H
A2 CH; H
A3 OCH; H
A4 Cl H
B1 H 3-CH;
B2 CH; 3-CH;
B3 OCH; 3-CH,
B4 cl 3-CH;
C1 H 3-Cl
2 CH, 3-Cl
C3 OCH; 3-Cl
C4 cl 3-Cl
D1 H 4-Br
D2 CH; 4Br
D3 OCH; 4Br
D4 Cl 4-Br
E1 H 4-NO,
2 CH; 4-NO,
E3 OCH; 4-NO,
E4 cl 4-NO,

2. Materials and Methods
2.1. Building the 3-Aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide Derivatives

A series of structures with varying oxidation states were drawn for each 3-aryl-
quinoxaline-2-carbonitrile 1,4-di-N-oxide derivative with the charges specified in the input
file using GaussView 5 [35]. For each derivative without a nitro functional group (deriva-
tives A1-D4), three individual structures were previously built [27]; the original neutral
molecule, the radical anion product (wave 1 product) and the dianion product (wave
2 product). Figure 2 shows the three individual structures used for derivative Al. For each
derivative containing the nitro group (derivatives E1-E4), four structures were previously
created [27]; the original neutral molecule, the radical anion product (wave 1 product), the
diradical dianion product (nitro wave product), and the radical trianion product (wave
2 product). Figure 3 shows the four structures for E1.
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Figure 2. The structure of (a) the molecule, (b) the anion product from wave 1, and (c) the dianion
product of wave 2 for derivative Al. Chemical structures drawn in Chemsketch Freeware [19].

H H |
/N
H H N_ .~
>c H
oz H
H H ITJ
H H o +-0
" )
H o}
(a) (b)
g g
/N /N
H N .72 H N Z
C H ‘ H
o H H
H T H ITJ
H - o H - 0
H T/ H ’\ll/
H B H o}

() (d)

Figure 3. The structure of (a) the molecule, (b) the radical anion product of wave 1, (c) the diradical
dianion product of the nitro wave, and (d) the radical trianion product of wave 2 for derivative E1.
Chemical structures drawn in ChemSketch Freeware [19].



Computation 2023, 11,9

50f16

2.2. DFT Calculations

Geometry optimization was performed using density functional theory (DFT) with the
functional B3LYP and the cc-pVTZ basis set in Gaussian 09 [36]. The default criteria were
used including using the Gaussian 09 default “fine” grid for integrations. Each structure
was optimized in the gas phase to determine the lowest energy configuration. Next, to
consider thermal contributions, frequency calculations were performed. The gas-phase
energy (E¢) was found by adding the optimization energy (Eqy) and the thermal correction
factor (Etpermar), according to Equation (1).

Eg = Eopt + EThermal (1)

The energy of the solvated molecule (E,,,) was determined by performing an energy
calculation by solvating the optimized structure in N,N-dimethylformamide (DMF) using
the default solvent model in Gaussian 09, the integral equation formalism variant of the
polarizable continuum model (IEFPCM). Then, the difference between the energy of the
solvated molecule (E,) and the energy of the gas-phase molecule (E¢) was used to calculate
the change in Gibbs free energy of solvation (AGs,,), according to Equation (2).

AGsolv = Esolv - Eg (2)

The change in Gibbs free energy associated with the reduction is found by subtracting
the E¢ from the structures varying by one electron. For example, Equation (3) demonstrates
that the change in Gibbs free energy for wave 1 (AGyeq,wave1 (g)) i found by subtracting the
energy of the neutral structure (Eg ;) from the energy of the anion product (Eg ).

AGred, wavel(g) — Eg,ﬂ - Eg,n (3)

Figure 4 shows the visual representation of the thermodynamic cycles used to calcu-
late the change in Gibbs free energies for the reduction in solvent. Figure 4a shows the
thermodynamic cycles associated with the first (wave 1) and second (wave 2) reduction
of the diazine ring for the non-nitro group containing derivatives (derivatives A1-D4),
AGred wavel(solv)r AN AGyed wave2(soln), Tespectively. Figure 4b shows the modified thermody-
namic cycles used to calculate the first reduction of the diazine ring (wave 1), the reduction
of the nitro group (nitro wave), and the second reduction of the diazine ring (wave 2) for
the derivatives containing a nitro group (derivatives E1-E4).

For example, wave 1 is calculated according to Equation (4),

AGred, wavel(solv) — _AGsolv,n + AGred,wavel(g) + AGsolv,a 4)

where AGgpy,, is the neutral molecule change in Gibbs free energy of solvation, AGyeq wave1(g)
is the change in Gibbs free energy of the reduction in the gas phase and AG,y,,, is the
radical anion change in Gibbs free energy of solvation.

The AG,,; values were used to calculate the reduction potentials for comparison to the
experimental data. The following equation shows the calculation of the reduction potential
for wave 1 (€ 1p4 yave1) from the AG,,j yya0e1, Where F is Faraday’s constant (96,485 C/mole)
and 7 is the number of electrons per reduction.

_AGred,wavel (solv)
Ered wavel = nF (5)
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Figure 4. Visual representation of the thermodynamic cycles used to calculate the change in free
energy of reduction (AG,.;): (a) wave 1 (first reduction of the diazine ring) and wave 2 (second
reduction of the diazine ring) for derivatives without a nitro group (A1-D4) and (b) wave 1 (first
reduction of the diazine ring), nitro wave (nitro group reduction) and wave 2 (second reduction of
the diazine ring) for derivatives containing a nitro group (E1-E4).
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2.3. Ferrocene/Ferrocenium Reference

The structures of ferrocene (Fc) and ferrocenium ion (Fc*) were constructed in Gaussian
View 5 [35] and the DFT calculations were carried out in Gaussian 09 [36], as described
above for the quinoxaline derivatives. The B3LYP/cc-pVTZ predicted reduction potential
for the Fc/Fc* reaction (ep./p.+) Was used as the reference for the calculated reduction
potentials according to Equation (6), since the experimental redox potentials were measured
with reference to a Fc/Fc* electrode ion [31].

Ecell = Ered,wavel — €Fc/Fe+ (6)

Lastly, the adjusted reduction cell potential was found by adjusting the potential of
the Fc/Fc* half-cell potential to zero according to Equation (7), since the Fc/Fc* electrode in
the experiment was set to zero.

€l = €cell +0.72V (7)

3. Results and Discussion
3.1. Computationally Predicted Electrochemical Reduction Potentials

The B3LYP/cc-pVTZ predicted half-cell potential for the Fc/Fc* half-cell was found
to be 5.17 V. The calculated B3LYP/cc-pVTZ reduction potentials for the 20 quinoxaline
1,4-di-N-oxide derivatives are tabulated in Table 2 and are listed beside the previously



Computation 2023, 11,9

7 of 16

calculated half-cells with the lanl2dz and 6-31G basis sets. Computational log files are
in Supplemental Materials (S1). All 20 derivatives were well-behaved with the cc-pVTZ
basis set with their optimized structures looking as expected and their calculated potentials
falling within the expected range. The carbon—chloride bond length lengthened in the
optimization calculation for trianion structure E4 with the lanl2dz and 6-31G basis set. The
cc-pVTZ basis set had a reasonable carbon—chloride bond length of 1.78 A. The cc-pVTZ is a
more robust basis set which includes polarization d and f functions. It was expected that the
cc-pVTZ basis set would do a better job of predicting the optimized structures, especially
for the anion species. The adjusted electrochemical cell potentials versus the Fc/Fc* half-cell
with Fe/Fc* set to zero are shown in Table 3 and are listed beside the previously calculated
adjusted cell potentials for the lanl2dz and 6-31G basis sets.

Table 2. Wave 1, nitro wave, and wave 2 half-cell reaction potentials (in volts) calculated using
B3LYP/cc-pVTZ and the previously calculated B3LYP /lanl2dz and B3LYP/6-31G predictions [27].

Wave 1 Nitro Wave Wave 2
Compound cc-pVTZ lanl2dz 6-31G cc-pVTZ  lanl2dz 6-31G cc-pVTZ lanl2dz 6-31G

Al 3.37 3.60 3.29 — — — 2.08 2.18 1.78
A2 3.31 3.55 3.24 — — — 2.07 2.16 1.77
A3 3.33 3.58 3.27 — — — 211 2.23 1.83
A4 3.49 3.75 3.46 — — — 2.26 2.40 2.02
B1 3.36 3.59 3.28 — — — 2.06 2.16 1.76
B2 3.30 3.54 3.23 — — — 2.05 2.09 1.75
B3 3.32 3.57 3.26 — — — 2.10 222 1.82
B4 3.47 3.74 3.45 — — — 2.25 2.39 1.79
C1 3.40 3.65 3.35 — — — 2.10 2.19 1.81
C2 3.37 3.61 3.31 — — — 2.09 212 1.81
C3 3.37 3.63 3.33 — — — 2.13 2.25 1.86
C4 3.52 3.80 3.52 — — — 2.27 2.41 2.04
D1 3.40 3.64 3.33 — — — 2.10 2.19 1.81
D2 3.34 3.58 3.28 — — — 2.09 212 1.80
D3 3.36 3.62 3.31 — — — 2.13 2.24 1.86
D4 3.52 3.78 3.50 — — — 227 2.40 2.04
El 3.48 8.05 7.77 2.47 —4.22 —4.72 2.43 5.62 541
E2 3.43 8.00 7.72 2.48 —4.18 —4.63 2.44 5.58 5.26
E3 3.42 7.96 7.67 2.54 —4.09 —4.53 2.50 5.58 522
E4 3.57 7.98 7.65 2.76 —3.88 No Value * 2.58 5.72 No Value *

* Trianion structure had optimization issues so no electrochemical potential could be determined.

Table 3. The adjusted electrochemical wave 1, nitro wave, and wave 2 reaction potentials (¢,

in Volts) with the Fc¢/Fc* reduction potential set to zero calculated using B3LYP/cc-pVTZ and the

previously calculated B3LYP/lanl2dz and B3LYP/6-31G predictions [27].

Wave 1 Nitro Wave Wave 2
Compound cc-pVTZ lanl2dz 6-31G cc-pVTZ  lanl2dz 6-31G cc-pVTZ lanl2dz 6-31G

Al —1.09 —1.19 -1.17 — — — —2.37 —2.62 —2.69
A2 —1.10 -1.25 -122 — — — —2.39 —2.63 —2.69
A3 —1.05 —1.21 -1.19 — — — —2.35 —2.56 —2.63
A4 —1.06 —1.05 —1.00 — — — —2.35 —2.40 —2.44
Bl -1.14 —1.20 -1.18 — — — —2.38 —2.63 —2.70
B2 —1.15 —1.26 —1.23 — — — —2.40 -2.71 -2.71
B3 —1.08 —1.22 —-1.20 — — — —2.36 —2.58 —264
B4 -1.11 —1.06 —1.01 — — — —2.36 —2.40 —2.69
C1 —-1.12 —1.14 —-1.11 — — — —2.34 —2.60 —2.65
C2 —-1.13 —1.18 -1.15 — — — —2.35 —2.68 —2.65
C3 —1.09 —1.16 -1.13 — — — —2.32 —2.55 —2.60
C4 —-1.10 —1.00 —0.94 — — — —2.32 —2.39 —2.42
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Table 3. Cont.

Wave 1 Nitro Wave Wave 2

Compound cc-pVTZ lanl2dz 6-31G cc-pVTZ  lanl2dz 6-31G cc-pVTZ lanl2dz 6-31G
D1 —-0.97 —1.16 —-1.13 — — — —2.19 —2.60 —2.65
D2 —0.98 -1.21 -1.18 — — — —2.20 —2.67 —2.66
D3 —0.93 —1.18 —1.15 — — — —2.18 —2.55 —2.60
D4 —0.94 —1.01 —0.96 — — — —2.18 —2.39 —242
E1 —0.97 3.26 3.31 —1.98 —9.01 -1.15 —2.02 0.82 0.95
E2 —1.03 3.21 3.26 —1.98 —8.98 —1.20 —2.02 0.78 0.80
E3 —1.03 3.17 3.21 —-1.91 —8.88 —1.25 —1.95 0.79 0.76
E4 —0.88 3.18 3.19 —1.69 —8.67 No Value * —1.88 0.93 No Value *

* Trianion structure had optimization issues so not electrochemical potential could be determined.

3.2. Comparison to Experimental Electrochemical Data

Table 4 shows the referenced experimental electrochemical reduction data for wave 1,
the nitro wave, and wave 2 [33]. All experimental electrochemical reduction potentials were
reported compared to the Fc/Fc* electrode. Wave 1 is reversible in the experimental data set
for all compounds except derivative C3. In the experimental data set, the electrochemical
reduction potential for derivative C3 is determined from only the cathodic potential. For
the other 19 derivatives, the difference between E; /, (average of the cathodic and anodic
peaks) and Ep. (cathodic peak only) ranges from 0.035 to 0.65 V; therefore, it would be
expected for the irreversibility to make C3 an experimental outlier [33]. Moreover, C3 has
no reported wave 2 value. For these reasons, C3 is not considered in the analysis of the
computational data sets. Additionally, the Bl and D1 derivatives are noted as having a
shoulder in their wave 2 voltammograms [33]. Despite this potential concern about the
experimental data, we opted to include B1 and D1 in the data analysis for wave 2.

Table 4. The experimental electrochemical wave 1, nitro wave, and wave 2 reduction potentials (¢,
in volts) measured versus the Fc/Fc* electrode. [33].

Compound Wave 1 Nitro Wave Wave 2
E]/z (V) E1/2 (V) Epc (V)
Al —1.296 — —2.163
A2 —-1.327 — —2.310
A3 —1.331 — —2.166
A4 —1.188 — —-1.973
B1 —1.309 — —2.56P
B2 —1.318 — —2.377
B3 —1.333 — —2.216
B4 —-1.196 — —-2.115
C1 —1.269 — —2.097
C2 —1.303 — —2.125
C3 —1.4012 — No Value
C4 —1.154 — —2.080
D1 —1.278 — —2.06P
D2 —1.305 — —2.326
D3 —1.300 — —1.995
D4 -1.181 — -2.132
E1l —1.234 —1.518 —2.306
E2 —1.265 —1.539 —2.352
E3 —-1.277 —1.566 —2.372
E4 —1.134 —-1.514 —-2.141

a. Irreversible b. Shoulder [33].
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3.2.1. Comparison of Predicted and Experimental Wave 1 Electrochemical Potentials

The correlation between the predicted and experimental values of wave 1 for the
B3LYP/cc-pVTZ, B3LYP/lanl2dz, and B3LYP/6-31G methods are shown in Figure 5.
Figure 5a excludes C3 and Figure 5b excludes C3 and the nitro group containing derivatives
E1-E4. Figure 5a demonstrates that the B3LYP/cc-pVTZ does the best job at predicting
the electrochemical potentials. The best fit for the B3LYP/cc-pVTZ data is y = 1.24x + 0.52
with R? of 0.949 and a standard error of the y-estimate (hereafter, standard error) is 0.019 V,
while the best-fit for the B3LYP/lanl2dz and B3LYP/6-31G methods are y = 9.70x + 12.02
with R? of 0.111 and standard error of 1.8 V and y = 9.76x + 12.12 with R? of 0.113 and
standard error of 1.8 V, respectively.

The nitro group containing derivatives were clear outliers in the B3LYP/lanl2dz
and B3LYP/6-31G data. Once the nitro group containing compounds are removed from
consideration (Figure 5b), the ability for the B3LYP/lanl2dz and B3LYP/6-31G methods to
calculate wave 1 improves dramatically. Without the nitro groups containing compounds,
the best-fit for the B3LYP/lanl2dz, and B3LYP/6-31G methods are y = 1.38x + 0.6 with R?
of 0.963 and standard error of 0.018 V and y = 1.52x + 0.81 with R? of 0.968 and standard
error of 0.018 V, respectively. The best-fit for the B3LYP/cc-pVTZ for wave 1 without the
nitro groups appears to improve slightly to y = 1.20x + 0.46 with R? of 0.969 and standard
error of 0.014 V. However, the slope and intercept do not vary by more than their relative
uncertainties. Without the nitro group containing derivatives, all the methods had strong
correlations, with R > 0.96 and similar standard errors.
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Figure 5. Comparison of computational electrochemical cell potentials vs. experimental [31] electro-
chemical cell potentials for (a) wave 1 and (b) wave 1 with the nitro group containing derivatives
(E1-E4) removed from analysis. The B3LYP/cc-pVTZ method is indicated by pink pentagons and the
previously calculated methods B3LYP/lanl2dz and B3LYP/6-31G [27] are indicated with blue crosses
and yellow stars, respectively. Derivative C3 is excluded from analysis.

3.2.2. Comparison of Predicted and Experimental Wave 2 Electrochemical Potentials

Figure 6 shows the correlation between predicted and experimental values of wave 2
for the B3LYP/cc-pVTZ, B3LYP /lanl2dz, and B3LYP/6-31G methods. Figure 6a excludes
C3. The best fit for the B3LYP/cc-pVTZ, B3LYP/lanl2dz, and B3LYP/6-31G methods are
y = —0.012x — 2.27 with R? of 0.00013 and standard error of 0.17 V, y = —2.54x — 7.44
with R? of 0.0732 and standard error of 1.4 V, and y = —3.13x — 8.94 with R? of 0.134 and
standard error of 1.3 V, respectively. The predicted electrochemical potentials using the
B3LYP/cc-pVTZ, B3LYP/lanl2dz, and B3LYP/6-31G methods show no correlation with
the experimental results. The Appendix A Figure A2a shows the correlation between the
predicted and the experimental values for wave 2 excluding B1, C3, and D1. The correlation
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improves slightly with the removal of the Bl and D1 derivatives (shoulder in experimental
data). The best fit for the B3LYP/cc-pVTZ, B3LYP/lanl2dz, and B3LYP/6-31G methods are
y = —0.17x — 2.61 with an R? of 0.0175 and standard error of 0.17 V, y = —4.71x — 12.07
with a R? of 0.1663 and standard error of 1.4 V, and y = —5.52x — 14.07 with an R? of 0.2739
and standard error of 1.2 V, respectively.

Figure 6b demonstrates that even with the nitro group containing compounds removed,
there is a low correlation with the experimental data. The best fit for the B3LYP/cc-pVTZ,
B3LYP/lanl2dz, and B3LYP/6-31G methods are y = 0.30x — 1.66 with R? of 0.327 and standard
error of 0.07 V, y = 0.40x — 1.68 with R? of 0.313 and standard error of 0.097 V, and y = 0.36x
— 1.83 with R? of 0.307 and standard error of 0.088 V, respectively. Like the wave 1 results,
once the nitro group containing derivatives are removed, all three methods improved their
predictive ability and have a similar correlation with the experimental data with R? ranging
from 0.307 to 0.327. It is worth noting that the removal of derivatives Bl and D1, which were
indicated in the experimental data set as having a shoulder, does improve the correlation to
experiment for the non-nitro-group containing derivatives (Appendix A Figure A2b). The
best fits for the B3LYP/cc-pVTZ, B3LYP/lanl2dz, and B3LYP/6-31G methods improve to
y = 0.43x — 1.37 with R? of 0.379 and standard error of 0.07 V, y = 0.64x — 1.17 with R? of 0.430
and standard error of 0.094 V, and y = 0.52x — 1.47 with R? of 0.360 and standard error of
0.089 V, respectively. The elimination of Bl and D1 from the comparison does increase the
correlation of the data with R? values now between 0.360 and 0.430; and, unexpectedly, the
lanl2dz basis set has the best correlation when B1 and D1 are removed from analysis.
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Figure 6. Comparison of computational electrochemical cell potentials vs. experimental [31] electro-
chemical cell potentials for (a) wave 2 and (b) wave 2 with the nitro group containing derivatives
(E1-E4) removed from analysis. The B3LYP/cc-pVTZ method is indicated by pink pentagons and the
previously calculated methods B3LYP /lanl2dz and B3LYP/6-31G [27] are indicated with blue crosses
and yellow stars, respectively. Derivative C3 is excluded from analysis.

3.2.3. Comparison of the Predicted and Experimental Nitro-Wave
Electrochemical Potentials

Figure 7 shows the correlation of the experimental and predicted nitro-wave for the nitro-
group containing compounds E1-E4 for the B3LYP/cc-pVTZ, B3LYP/lanl2dz, and B3LYP/6-31G
methods. All three methods do a poor job of calculating the nitro wave. The best fits for the
B3LYP/cc-pVTZ, B3LYP/lanl2dz, and B3LYP/6-31G methods are y = 2.12x + 1.36 with
R2 of 0.138 and standard error of 0.15 V, y = 1.51x — 6.56 with R2 of 0.057 and standard
error of 0.057 V, and y = —3.94x + 15.17 with R2 of 0.997 and standard error of 0.0068 V,
respectively. The R? value of the B3LYP/6-31G method is artificially high as the comparison
only included E1-E3 due to the method’s inability to optimize the trianion structure of
E4. With only three data points, the artificially high R? value should not be considered
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an indication of good correlation of the predicted electrochemical potentials with the
experimental potentials. The inability for all three methods to adequately predict the nitro
wave may indicate that none of the methods are correctly determining the dianion structure
for the nitro group containing compounds.
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Figure 7. Comparison of computational electrochemical cell potentials vs. experimental [33] electro-
chemical cell potentials for the nitro wave for the nitro group containing derivatives (E1-E4). The
B3LYP/cc-pVTZ method is indicated by pink pentagons and the previously calculated methods
B3LYP/lanl2dz and B3LYP/6-31G [27] are indicated with blue crosses and yellow stars, respectively.

4. Conclusions

The ability of the B3LYP/cc-pVTZ method to calculate experimental electrochemical
potentials for a series of 20 quinoxaline 1,4-di-N-oxide derivatives was investigated and
compared to the previous results for B3LYP/lanl2dz and B3LYP/6-31G methods. The
B3LYP/cc-pVTZ method had increased ability to calculate the first reduction potential of
the diazine ring (wave 1) as the cc-pVTZ basis set was able to calculate the wave 1 reduction
potentials for the nitro-group containing derivatives. However, when the nitro groups
containing derivatives were removed, the correlation between the B3LYP/cc-pVTZ method
and experiment is very similar to the correlations to the BSLYP/lanl2dz and B3LYP/6-31G
methods and experiment.

The cc-pVTZ basis set did not provide a major improvement for calculating second
reduction potentials for the diazine ring (wave 2). The correlation between the B3LYP/cc-
pVTZ predicted wave 2 electrochemical potentials and the experimental data was very
weak. When the nitro group containing derivatives (E1-E4) and the experimental outliers
(B1 and D1) were excluded, the lanl2dz basis set had the most correlation with the ex-
perimental data based upon the R? values. None of the methods were able to correctly
predict the electrochemical potentials for the reduction of the nitro group in the nitro group
containing derivatives. The B3LYP/cc-pVTZ method was able to optimize the dianion and
trianion nitro group containing derivatives successfully, which was an improvement to the
artificial C—Cl bond lengthening previously observed in E4 with the B3LYP/lanl2dz and
B3LYP/6-31G methods.

While all three methods provide a strong correlation to experimental data for wave 1,
we were surprised that the B3LYP/cc-pVTZ method poorly predicted the reduction po-
tentials for wave 2 and the nitro wave. We had expected to have improved correlation to
wave 2 with the cc-pVTZ predictions. The inability of B3LYP/lanl2dz to predict wave 2,
while giving a strong correlation between predicted and experimental wave 1 potentials
is also observed in the set of 37 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives
(unpublished) [31]. Considering combined data of all three of our reduction potential
prediction studies, we hypothesize that the system may be undergoing structural changes
with the addition of the second electron to the system and that the chemistry may not be
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as straightforward as the scheme shown in Figure 1. Given the reactivity of the chemical
species created during the addition of the electrons, it is possible that the derivatives may
be interacting with solvent, electrolytes, or other quinoxaline molecules present in the
solution. Unfortunately, structural changes during reduction were not investigated during
the experimental study.
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Figure A1. Structures of the 3-Aryl-Quinoxaline-2-Carbonitrile 1,4-Di-N-Oxide derivatives drawn
with ChemSketch Freeware [19]. The substituent R1 and R2 groups are labeled.
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Figure A2. Comparison of computational electrochemical cell potentials vs. experimental electro-
chemical cell potentials for (a) wave 2 and (b) wave 2 without the nitro groups. The B3LYP/cc-pVTZ
method is indicated by pink pentagons and the previously calculated methods B3LYP/lanl2dz and
B3LYP/6-31G [27] are indicated with blue crosses and yellow stars, respectively. Derivative C3, Bl
and D1are excluded from analysis.
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