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ABSTRACT: The substituent effects on the N—H bond dissociation enthalpies N 0\)'&*’\) A 09082720
(BDE), ionization energies (IE), acidities (proton affinity, PA), and radical O ot PhozN®

scavenging behavior of 3,7-disubstituted phenoxazines (PhozNHs) and 3,7- v o0
disubstituted phenothiazines (PhtzNHs) were determined using density functional ROO H* 3 ROOH
theory, with the M0S-2X functional in conjunction with the 6-311++G(d,p) basis o

set. These thermochemical parameters calculated in both gas phase and benzene o, Jf’gﬁ 239 9,239803%3°
solution with respect to the changes in several different substituents including PhtzNH = =7 PhtzN®
halogen, electron-withdrawing, and electron-donating groups at both 3 and 7

positions in both PhozNHs and PhtzNHs systems were analyzed in terms of the inherent relationships between them with some

quantitative substituent effect parameters. The kinetic rate constants of hydrogen-atom exchange reactions between PhozNH and
PhtzNH derivatives with the HOO?® radical were also calculated, and the effects of the substituents on the kinetic behaviors of these

[l Metrics & More | @ Supporting Information

reactions were thereby quantitatively evaluated.

1. INTRODUCTION

The deterioration of physical, chemical, and mechanical
properties of a variety of materials in air is caused by many
factors and mostly related to chain reactions of free radicals
that are generated as pollutants circulating in the atmosphere.
Therefore, a study on the relevant processes with the purpose
to slow down the oxidative degradation of materials is an actual
and important topic for scientific research. From a chemical
view point, one of the indispensable methods for treating free
radicals is the use of antioxidants with proper content.

The main action of an antioxidant is to terminate the chain
of oxidation reactions or prevent oxidation reactions of free
radicals from occurring in organic compounds. The antioxidant
compounds generally operate according to possible mecha-
nisms involving hydrogen-atom transfer (HAT), proton-
coupled electron transfer (PCET), single-electron transfer
(SET), single-electron transfer followed by proton transfer
(SETPT), sequential proton lost electron transfer (SPLET),
sequential proton-loss hydrogen-atom transfer (SPLHAT), and
radical trapping adduction (RAF). Of these processes in the
gas phase, the most frequently applied mechanisms include the
HAT/PCET, SET, and SPLET.'~* As a result, the hydrogen
donating ability of a chain-breaking antioxidant induces a very
important effect on its antioxidant activity.

Currently, antioxidants used for organic polymers include
hindered phenol and amine compounds as well as their related
derivatives. In particular, antioxidants based on aromatic
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amines exhibit excellent antioxidant properties in which the
derivatives from phenoxazine and phenothiazine are consid-
ered as promising candidates for this purpose in terms of
efficiency.””’

Phenoxazine (PhozNH) is a heterocyclic compound with a
molecular formula of C;,HyNO, including an oxazine fused
with two benzene rings. Phenothiazine (PhtzNH) has a similar
structure to phenoxazine but the oxygen (O) atom is now
replaced by a sulfur (S) atom (Figure 1). Based on their
chemical and biological properties, they have been widely used
as chemotherapeutic agents, antioxidants, and acid—base and
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Figure 1. Molecular structures of phenoxazine, phenothiazine, and
their 3,7-disubstituted derivatives considered.
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Table 1. Comparison of Thermochemical Parameters Calculated at the M05-2X/6-311++G(d,p) Level and the Experiment for

Selected N—H Compounds (kcal/mol)*”

BDE(N-H)*° IE PA
compounds calc. exptl.d calc. exptl.” calc. exptl.”
NH, 107.3(-0.9) 108.2 + 0.3 234.3(2.1) 2322 £ 0.5 404.3(0.9) 403.4 + 12
CH,NH, 99.2(—2.4) 101.6 + 2.0 207.1(3.3) 205.2 + 2.3 402.9(0.9) 402.0 + 2.6
(CH,),NH 93.7(0.4) 94.1 190.3(0.3) 190.0 + 1.8 394.9(-0.2) 395.1 + 2.0
NH,CN 99.9(0.2) 99.0 244.2(-1.2) 2454 345.0(—4.2) 3492 + 2.9
C¢HsNH, 95.0(2.7/5.3) 92.3/89.7 177.2(-0.7) 178.0 + 0.05 366.1(—2.1) 368.0 + 0.3
4F—C¢H,NH, 93.9(5.1) 88.8 179.2(-3.2) 1822 + 2.3 362.8(—1.4) 3642 + 2.1
4Me—C¢H,NH, 93.1(5.6) 87.5 170.6(0.6) 170.0 + 0.5 366.1(—0.8) 3669 + 2.1
4CN-C¢H,NH, 98.1(2.0) 95.2 195.0(—3.2) 199.2.0 + 0.9 351.2(2.5) 348.7 + 2.1
(C¢H;),NH 88.5(1.3) 87.2 168.3(2.5) 165.8 + 0.3 349.4(—0.5) 3509 + 1.3

“Differences between both values are in parentheses. b 6gpE = 2.6 keal/mol, oy = 2.4 keal/mol, and 63, = 1.9 keal/mol. “Restricted open shell (RO)
for open-shell radicals is applied to calculate BDEs. “Data taken from ref 18 “Data taken from ref 19 (https://webbook.nist.gov/chemistry/).

Table 2. Calculated BDE(N—H), IE, and PA (kcal/mol) Values of PhozNH and PhtzNH Derivatives at the M05-2X/6-311+

+G(d,p) + ZPE Level”

PhozNHs (X = O)

PhtzNHs (X = S)

substituent Y BDE(N-H) IE PA BDE(N—H) IE PA

H 76.7%(0.0) 159.8(0.0) 343.8(0.0) 80.6°(0.0) 158.45(0.0) 345.1(0.0)

F 75.3(—1.4) 165.3(5.5) 338.2(—5.6) 79.2(—14) 164.6(6.2) 339.4(—5.7)
Cl 76.2(=0.5) 165.3(5.5) 333.8(—10.0) 80.1(—0.5) 164.6(6.2) 335.5(—9.6)
CH, 75.2(-1.5) 153.2(—6.6) 345.7(1.9) 78.9(—1.7) 152.5(-5.9) 347.3(2.2)
OCH, 72.94(-3.8) 148.3(—11.5) 346.9(3.1) 76.5%(—4.1) 148.8(—9.6) 347.8(2.7)
NH, 70.7(—6.0) 138.8(—21.0) 350.7(6.9) 75.0(5.6) 140.3(—18.1) 351.8(6.7)
CF, 79.3(2.6) 176.9(17.1) 323.8(—20.0) 82.5(1.9) 174.2(14.8) 325.6(—19.5)
CN 79.4(2.7) 181.3(21.5) 317.2(—26.6) 82.3(1.7) 178.6(20.2) 319.1(—26.0)
NO, 80.4(3.7) 186.0(26.2) 310.7(=33.1) 83.2°(2.6) 182.5(24.1) 313.1(=32.0)

“In benzene: *77.6; *81.7; °81.6; 977.3; and °85.3 kcal/mol in this work; *77.2 + 0.3; ®79.3 + 0.3; €79.8 + 0.3, %76.3 + 0.4, and °81.6 + 1.0 kcal/mol
from ref 20 In DMSO: *79.5 and 83.7 kcal/mol in this work and *79.7 and ?82.3 kcal/mol from ref 21 155.4 + 1.6 kcal/mol (6.73 £ 1.6 eV) and
158.4 kcal/mol (6.87eV) ref 24 Values in parentheses are the differences between the calculated values of substituted derivatives with respect to the

parent compounds.

redox indicators. As antioxidant agents, their abilities are
similar to that of Trolox in terms of prevention of the oxidation
of linoleic acid.*’

As a matter of fact, antioxidant activities of both
phenoxazine and phenothiazine can be preliminarily predicted
via the relatively small bond dissociation energies of their N—
H bonds, bond dissociation enthalpies (BDE) (N—H) values,
which suggest that the separation or transfer of H(N) atom to
free radicals is favored.*'”"" In addition, the ionization energy
(IE) and proton affinity (PA) parameters involved in the first
step of SETPT and SPLET processes also need to be taken
into account. Furthermore, the antioxidant performance
evaluated from the nature of substituents and the substituted
positions is also an interesting topic for investigation.
Regarding the substituent effects, recent papers have
approached them more frequently in terms of the changes in
thermochemical parameters'”~'* but almost rarely on the
changes in kinetic behaviors. Therefore, a legitimate question
raises here is as to whether there is any relationship between
kinetic parameters (ie., energy barrier, rate constants, etc.)
with Hammett constants that are typical substituent parame-
ters.

In this context, we set out in the present study to investigate
the effects of a series of selected substituents, as shown in
Figure 1, not only on the thermochemical properties such as
BDE, IE, and PA in the gas phasels_17 but also on the kinetic
behaviors of the reactions between PhozNH and PhtzNH

derivatives (Figure 1) and the HOO® radical. The latter is a
typical and abundant free radical pollutant present in the
atmosphere. Therefore, the main content in this paper is 2-
fold: (i) first, we aim to determine the main thermochemical
parameters with respect to the changes in the substituents at
both 3 and 7 positions in the systems considered (Figure 1)
and to analyze the relationships between them with Hammett
parameters, and (ii) second, we construct the relevant portions
of the potential energy surfaces (PESs) and thereby kinetic
calculations on hydrogen-atom exchange reactions between
PhozNH and PhtzNH derivatives with the HOO® radical in
the gas phase and benzene solution. Based on these results, the
effects of the substituents and solvent on the kinetics behaviors
of these reactions will be explored.

2. RESULTS AND DISCUSSION

2.1. Calibration for Predicted Thermochemical
Parameters. The BDEs, IEs, and PAs are important
thermochemical parameters that define the three main
antioxidant mechanisms, namely, the HAT, SETPT, and
SPLET, respectively.>~"”

It should be noted that the accuracy of the computed results
for these parameters and energy barrier derived from the
potential energy surface (PES) of the scavenging radical
reactions considerably affects the accuracy of the calculated
rate constants. Therefore, the validation of the computational
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methods used for evaluation of these values is the first task
before proceeding further with calculations and analysis.

First, to ensure the accuracy of proposed approaches, the
relevant thermochemical results of compounds containing an
N—H bond whose experimental data are available are
calculated at the M05-2X/6-311++G(d,p) + ZPE level. A set
of nine compounds is chosen with the presence of F (halogen),
CH, (electron-donating group, EDG), and CN (electron-
withdrawing group, EWG), which represent typical kinds of
substituents on both PhozNH and PhtzNH. Their BDEs, IEs,
and PAs are calculated and given in Table 1; the differences
between the calculated and experimental values are also
evaluated. It should be noted here that PA values are calculated
for the anion derived from the parent molecule.

Based on the deviations between the calculated and
experimental values, the sample standard deviations (o) for
BDE(N—H), IE, and PA of nine small compounds considered
are ogpg = 2.6 kcal/mol, oy = 2.4 kcal/mol, and 6p, = 1.9 kecal/
mol. These results indicate that the M05-2X/6-311++G(d,p)
level is expected to reasonably generate thermochemical
parameters of the N—H bonds with an error margin of +2.0
kcal/mol.

2.2. Substituent Effects on Thermochemical Param-
eters and Correlation with Hammett Parameters.
2.2.1. Substituent Effects on BDE, IE, and PA Values. The
BDE(N—H), IE, and PA values based on M0S5-2X/6-311+
+G(d,p) computations for two sets of substituted phenox-
azines and phenothiazines are shown in Table 2, in which the
data in parentheses are the changes in the corresponding
parameters in going from the parent PhozNH/PhtzNH to their
substituted one. The reasonably accurate data in Table 2
provide the essential information not only to help us
preliminarily evaluate the antioxidant ability but also to clarify
the thermochemical effect of substituents for the studied
systems.

2.2.1.1. Bond Dissociation Enthalpy. In the HAT
mechanism, BDE of a given bond is essential for predicting
the radical scavenging capacity of the corresponding
antioxidant. The gas-phase-calculated BDE(N—H)s for
PhozNH and PhtzNH are 76.7 and 80.6 kcal/mol, respectively
(Table 2). In the benzene solvent, the calculated values, using
the radical-equilibrium electron paramagnetic resonance
(REQEPR) technique by Lucarini et al, increased to 77.6
and 81.7 kcal/mol and thus are slightly larger by about 0.4 and
2.4 kcal/mol with respect to the experimental results.”’
Moreover, in DMSO, our calculated values of 79.7 and 83.7
kcal/mol are quite close to the respective values calculated by
Bordwell and co-workers.?! For 3,7-di-Y-PhtzNHs, our
calculated results in benzene are 81.6, 77.3, and 83.0 kcal/
mol for Y = Cl, OCH; and NO,, respectively, whose
deviations to the experimental ones”’ are 1.8, 1.0, and 1.4
kcal/mol, respectively. This result once again confirms the
reliability of the proposed method for further calculations.

Of course, the change in molecular properties depends on
the nature of substituents. In the systems considered, the
effects are due to both X and Y substituents. First, for a
substituent Y, it is recognized that EDGs such as CH;, OCH;,
and NH, tend to reduce the BDE. Of these substituents, NH,
causes the highest decrease of the BDE value (—6.0 kcal/mol
in PhozNH and —5.6 kcal/mol in PhtzNH). In contrast,
EWGs are expected to increase the BDEs and more
pronounced when X = NO,. Halogen atoms such as F and

Cl slightly reduce the BDEs by an amount of only <1.4 kcal/
mol.

As shown in Table 2, the BDE(N—H) values are computed
in the range of 70.7—80.4 kcal/mol for PhozNH and from 75.0
to 83.2 for PhtzNH derivatives. A smaller BDE indicates the
antioxidant activity of this compound will follow the HAT
mechanism. Hence, the derivatives containing EDG emerge as
promising scavengers following the HAT mechanism.

2.2.1.2. lonization Energy. On observing the calculated IE
values in the gas phase, it is found that the effects of both EDG
and EWG on the IEs are quite similar to those exerted on
BDE. The largest changes are observed when Y = NH, and
NO,, with the corresponding changes of —21.0 and 26.0 kcal/
mol for PhozNHs and —18.1 and 24.1 for PhtzNHs. In the
cases of F and Cl, they increase the IEs up to 5.5 and 6.2 kcal/
mol in PhozNH and PhtzNH, respectively.

2.2.1.3. Proton Affinity. The gas-phase acidities of
PhozNHs and PhtzNHs are determined from the proton
affinities (PA) of the corresponding anions derived from
PhozNHs and PhtzNHs when donating H* at the amine group
(NH). In this case, the effects of both EDG and EWG are
rather opposite to those found above on the BDEs and IEs.
The EDGs induce an increase of PA with the values ranging
from 2.0 to 7.0 kcal/mol for both systems. On the other hand,
the strong EWGs considerably reduce the PA with the value
increasing up to 32.0 kcal/mol. The F and Cl atoms, in this
case, behave like the EWG (see the values given in parentheses
of Table 2 for details). Based on the PA values, the EWGs and
halogen atoms at both 3 and 7 positions of disubstituted
phenoxazines and disubstituted phenothiazines make these
derivatives to be compared to those of the EDGs.

2.2.2. Correlations Between BDE, IE, and PA Values with
Hammett Parameters. Substituent effects are very important
for understanding and predicting the property/activity of
organic compounds based on molecular structures. Up to now,
there are mainly three kinds of substituent electronic effect
descriptors derived from aromatic rings: ground-state polarity
effect constant, spin-delocalization effect constant, and excited-
state constant. The most representative ones of these
substituent constants are Hammett constants 6,22 spin-
delocalization substituent constants GJ.J,23 and excited-state
substituent constants é‘C‘P,24_26 respectively.

Generally, when interpreting the substituent effects, it is of
importance to determine any relationship between BDE, IE,
and PA quantities with the Hammett constants. The latter are,
in fact, characteristics for different classes of substituents.
Because the substituents are at the positions of 3 and 7 of the
aromatic ring with conjugation effects and resonance
stabilization of the negative charge centered by a substituent,
the modified Hammett constants for the para position o} is
better chosen, instead of the regular Hammett constants o‘p2 for
BDE and IE, and a set of o, parameters applied for PA>?7?8
Based on the calculated thermochemical parameters for both
sets of 3,7-disubstituted phenoxazines and 3,7-disubstituted
phenothiazines shown in Table 2 and the o and o, values
taken from Table S1 of the Supporting Information, the
Hammett plots between BDEs and IEs with 0; constants, and
PAs with 6, constants are constructed and shown in Figure 2.
All of the correlations are found to be very good with the R*
value being larger than 0.9465, in which the best ones are for
the BDEs (R* > 0.9819). Other analysis factors for evaluating
the linear regression are also given in Table S2. The values of
root-mean-square error (RMSE) are in the range of 0.4-3.1

https://dx.doi.org/10.1021/acsomega.0c04144
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Figure 2. Correlations between the modified Hammett parameters
with (a) BDE, (b) IE, and (c) PA of PhozNHs and PhtzNHs.

kcal/mol, depending on the property, in which the linear
equations for BDE have the smallest RMSE. The correlation
equations between BDE(N—H)s, IEs, and PAs with Hammett
constants can be expressed as follows.

For bond dissociation enthalpy

PhozNHs: BDE(N — H) = 4.54560, + 76.3798; R*

= 0.9819; RMSE = 0.4028 (1)
PhtzNHs: BDE(N — H) = 3.95260, + 79.9385

R® = 0.9831; RMSE = 0.3383 (2)
For ionization energy
PhozNHs: IE = 22.18016, + 164.5925 R* = 0.9580

; RMSE = 3.0297 (3)

PhtzNHs: IE = 19.74860, + 163.2474 R® = 0.9465

; RMSE = 3.0637 (4)
For proton affinity
PhozNHs: PA = —24.97695, + 3414714 R* = 0.9601

; RMSE = 2.6832 (3)
PhtzNHs: PA = —24.22690, + 342.8075 R* = 0.9583

; RMSE = 2.6614 (6)

To assess the stability of the obtained fitting equations, a
cross-validation is also performed. The data set is split into
training and test sets; the latter includes Cl, NH,, and NO,,
which characterize for three kinds of substituents (halogen,
electron-withdrawing, and electron-donating groups) and the
training set is the remains. The RMSE values of cross-
validation given in Table S3 of the SI for BDE, IE, and PA in
PhozNH/PhtzNH are 0.41/0.15, 3.76/3.48, and 3.91/3.81
kcal/mol, respectively. The RMSE for BDE is a good measure
of how accurately the obtained linear model predicts the BDE.
However, it should be noted that this sample size contains only
nine data points may increase the errors for estimation. For
example, in the case of IE and PA, the RMSE values are found
to be larger than 3.5 kcal/mol. With the purpose of increasing
the accuracy, other fitting models should be taken into
account.

It is worth noting that the factors of the substituent affecting
the BDE, IE, and PA are not only the Hammett constant but
also other substituent effect parameters.”* The contribution of
substituent parameters on the same property change of a
compound may be different and needs to be clarified. Based on
the quantitative substituent effect parameters shown in Table
S1, we demonstrate the contribution of the effects of the field/
inductive constant op,>” resonance constant o,”> and excited-
state substituent constant 68‘@},24’26 to the changes in BDE, IE,
and PA. As a result, the correlation equations are expressed as
follows.

For PhozNHs

BDE(N — H) = 3.6905-; + 83252, + 76.5878
R* = 0.9925; RMSE = 0.2754 (7)
IE = 34.62534-; + 32.10641-; + 158.92308; R* =
0.9835; RMSE = 2.0144 (8)
PA = —28203650 + 7454767cc, + 340.9995

R* = 0.97854; RMSE = 2.0863 9)
For PhtzNHs
BDE(N — H) = 2.7030-; + 7.4169-, + 80.3082

R® = 09824; RMSE = 0.3861 (10)

IE = 32.89842.; + 27.50119., + 157.36282; R* =
0.98147; RMSE = 1.9130 (11)
PA = —27.37637 + 7250315, + 342.3596

R* = 0.9785; RMSE = 2.0280 (12)
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It can be seen from eqs 7 to 12that the contributions of the
quantitative substituent effect parameters on the property
change are explicitly split. For example, the resonance effect is
stronger than the field/inductive effect on the BDE(N—H),
and the excited-state effect also plays an important role in the
PA values instead of only the Hammett constant. These
obtained equations are helpful in distinguishing the contribu-
tion of substituent parameters from each other.

2.3. Substituent Effect on the Kinetic Behaviors of
Hydrogen Atomic Transfer Reactions Between the
Studied Compounds with HOO® in the Gas Phase.
2.3.1. Evaluation of Hydrogen-Atom Transfer Reaction
Gibbs Energies Between the Studied Compounds with the
Free Radical HOO"® in the Gas Phase. To proceed with the
further calculations for examining the kinetic behaviors of the
current systems, the spontaneity of the reactions between
PhozNHs and PhtzNHs with HOO® in the gas phase is now
evaluated by calculating the standard Gibbs energy change
(AG®) of the respective reaction. The calculated results shown
in Table 3 indicate that all relevant reactions are characterized

Table 3. Calculated Gibbs Energies AG® of HAT Reactions
of PhozNHs and PhtzNHs with HOO® in the Gas Phase (in
kcal/mol, M05-2X-GD3/6-311++G(d,p) + ZPE)

substituent AG° of PhozNHs + HOO® AG° of PhtzNHs + HOO*
Y AG° AAG° AG° AAG®
—-10.0 0.0 —-6.5 0.0
F —-11.3 -1.3 -7.9 —-1.4
Cl —10.8 —-0.8 -7.0 -0.5
CH; —-11.7 -1.7 —-8.3 —-1.8
OCH, -147 —47 —9.7 -32
NH, —-15.7 =57 —-12.2 =57
CF, -78 22 —54 1.1
CN —-8.0 2.0 —4.9 1.6
NO, -5.8 42 -36 2.9

by negative Gibbs energies of the reaction. Therefore, in the
next section, all substituents are taken into account for
establishing the potential energy profiles and then predicting
the rate constants as well as the substituent effect on the
kinetic behavior. The substituent effect on such a reaction
spontaneity is also clear. The effect trend of the substituents on
the changes in AG® of reactions is also clear. The higher the
negative value of o, (i.e., stronger EDG), higher is the negative
AG?® value of the reaction.

2.3.2. Substituent Effects on Thermochemical Parameters
of Hydrogen-Atom Transfer Reactions. To get insights into
the molecular mechanism of the radical scavenging (HOO*)
via an H atom transfer process, the potential energy profiles of
these reactions in the gas phase are established and shown in
Figure 3a,b, indicating that from the reactants to the products,
the reactant complex RC, transition structure TS, and product
complex PC always exist along the reaction pathway for all
substituents considered (details are given in Table S4 of the
SI).

Concerning the RC species in Figure 3 and Table S4, the
trend of the changes in the relative enthalpy induced by
substituents is not clear-cut. In contrast, the change in the
relative enthalpies of TS and PC with the substituent is
consistent with the change in the BDE(N—H)s and IEs, as
discussed above. The decrease and enhancement of these
parameters correspond to the EDG and EWG, respectively. In

Relative enthalpy (kcal/mol)

= pH-PhozNH + HOO'
= pF-PhozNH + HOO'
= pCl-PhozNH + HOO
= PCHg-Pho 3

= pCF3-PhozNH + HOO'
—— PCN-PhozNH + HOO'
= pNO,-PhozNH + HOO'

Products

(a)

Relative enthalpy (kcal/mol)
—— pH-PhtzNH + HOO"
64 e TS
5.7 g pim==t = pF-PhtzNH + HOO'
i —— pCI-PhtzNH + HOO'
— pCHz-Pht

_32 === pCFs-PhtzNH + HOO'
2 ——— pCN-PhtzNH + HOO'

Y ——  pNO,-PhtzNH + HOO'

a5

RC

Products

PC

(b)

Figure 3. Schematic potential energy profiles illustrating the reaction
paths of HOO® with (a) PhozNHs and (b) PhtzNHs in the gas phase
(R: reagent, RC: precomplex; TS: transition state; PC: postcomplex;
and P: Products). Energy values are obtained from M05-2X-GD3/6-
311++G(d,p) + ZPE computations.

cases of halogen atoms, the energy change is not significant
and is within 1.0 kcal/mol. Based on the data shown in Tables
S1 and S4, plots of both TS and PC values with the modified
Hammett constants (o) are constructed and drawn, as shown
in Figure 4a,b.

Of course, the reaction energies, being the relative energy of
products (P) with respect to reactants, are expected to follow
the linear correlations with Hammett constants because they
include PhozNHs or PhtzNHs radicals, a component of the
BDE(N—H) values, and therefore they behave similarly as the
BDE(N—H) values.

The linear equations between, on the one hand, Hammett
constants and on the other hand, energy barriers (via TS) and
reaction energies (via PC) can be established and are shown in
Figure 4, with RrR? being larger than 0.94, indicating a good
correlation between them.

2.3.3. Kinetic Parameters for HAT Reactions Between
PhozNH and PhtzNH with the Free Radical HOO® in the Gas
Phase. The HAT process has been proved to be the most
favorable antioxidant mechanism in both the gas phase and

https://dx.doi.org/10.1021/acsomega.0c04144
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g0 " TSPRoNH 316570, + 08016, 2 20,0499 the EWG. The obtained results summarized in Table 4 also
5 | ® TOPnNH) = 286080, + 36752 R = 0.9623 indicate that with the strongest EWD group such as the NO,,
£ 4% the rate constants of the H-abstraction reactions with peroxyl
f,- 3.0+ radical are still larger than 10° M™":s™". The high values of Kgas
5 15] in HAT reactions with HOO® suggest that both PhozNH and
g 00l PhtzNH systems can be considered as potential efficient
9 1] antioxidants.
5 2.3.4. Solvent Effect on the Kinetic Behaviors of Hydrogen
301 Atomic Transfer Reactions Between the Studied Com-

101 m PC(PhozNH) = 5.6351c, - 19.674; R? = 0.9513

-12-{ ® PC(PhtzNH) = 52910} - 16.452; R*=0.9915 @
-14
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-28
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(b)

Figure 4. Correlation between the modified Hammett parameters and
(a) TS energy barriers and (b) PC reaction energies in the reaction of
HOO?* with PhozNHs and PhtzNHs in the gas phase (at the M0S-2X-
GD3/6-311+G(d,p) + ZPE level).

nonpolar solvents;*” 2! therefore, in this section, we mainly
focus on the HAT characteristics in the gas phase and benzene.

Based on the schematic potential energy profiles shown in
Figure 3a,b and Table S4 of the SI, the kinetic constants,
including the calculated activation free energies AGZ,
tunneling corrections (k), and rate constants kg, at 298.15 K
in the gas phase are computed and shown in Table 4.

The rate constants for the HOO® scavenging of the PhozNH
derivatives in the gas phase are in the range of 2.17 X 10°—1.39
x 10° M~1:s7, while the AG” values for these reactions are in
the range of 5.9—13.2 kcal/mol. For PhtzNH derivatives, the
rate constants are calculated in the range of 2.53 X 10°—5.49 X
107 M7l

In terms of substituent effects, the EDGs make the velocity
of HAT reactions faster, about two orders of magnitude, than

pounds with HOO®. Because both PhozNH and PhtzNH
and their derivatives are freely soluble in benzene and, in most
of the cases, these systems are proposed to be used as an
antioxidant or additives in unpolar media,”'***** we attempt
to clarify the effect of benzene, one of typically apolar solvent,
on the kinetic behaviors in their reactions with HOO® via the
HAT mechanism.

As analyzed above, the M05-2X/6-311++G(d,p) + ZPE
level also accurately predicts the BDE parameter in the
benzene solvent; this indicates that the computational
procedure of MO05-2X/6-311++G(d,p) is reliable for con-
structing the PES for reactions of PhozNHs or PhtzNHs with
HOO?® in the benzene solvent. The detailed relative energies
for all existing species including RC, TS, PC, and P relating to
PES are shown in Table S5 of the SI. The obtained data
indicate that in comparison with the gas phase, the TS barriers
in benzene are higher, resulting in the lower rate constants.
The trend of the substituent effects on the change in RC, TS,
PS, and P values is similar to those in the gas phase. The linear
relationships between Hammett parameters and the relative
energies of TS and PC reaction energies are also plotted and
are shown in Figure S1 of the SL

In terms of the kinetic study, the activation Gibbs energies
(AG”) and rate constants (kyenene) calculated using the
Eyringpy program’* in the benzene solvent for these reactions
are shown in Table 5. The required parameters for calculating
the rate constant in benzene are shown in Tables S6 and S7 of
the SL The results in Table 5 indicate that the AG” values in
benzene with the corresponding substituents are higher than
those in the gas phase; the values are in the range of 1.3-3.7
kcal/mol for PhozNH and 2.7—3.8 for PhtzNHs. As a result,
the rate constants in the benzene solution are 10—1000 times
lower than those in the gas phase (see details in Table S8 of
the SI). The most decreases of the rate constants are
recognized for the EWG in both PhozNH and PhtzNH
systems.

Obviously, the strong EDG increases the rate constants in
the H-transferred reactions; therefore, the pronounced

Table 4. Calculated AG?, k, and Ko
(M05-2X/6-311++G(d,p) + ZPE)

PhozNH + HOO*®

for the HOO® Scavenging of the PhozNH and PhtzNH Derivatives in the Gas Phase

PhtzNH + HOO®

substituent AG? (kcal/mol) K Keas (MLs™h AG7? (kcal/mol) K Kea (MLs™h
H 9.5 11.9 8.43 x 10° 11.7 27.1 433 X 10°
F 8.8 6.3 4.11 x 107 11.3 19.6 6.62 X 10°
Cl 9.2 10.2 1.2 x 107 122 36.7 2.53 x 10°
CH, 8.7 49 1.26 X 107 10.1 12.5 3.07 X 10°
OCH, 6.2 3.6 7.28 X 10° 9.6 8.6 5.63 x 10°
NH, 59 2.3 1.39 x 10° 8.1 6.8 5.49 x 107
CF, 11.8 48.6 7.22 % 10° 12.8 244.1 7.28 X 10°
CN 11.0 76.8 3.97 x 10° 13.7 427.6 497 x 10°
NO, 132 167.2 2.17 X 10° 14.2 973.1 2.65 X 10°
F https://dx.doi.org/10.1021/acsomega.0c04144
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Table 5. Calculated AG” and ky,p,ene at 298.15 K in Benzene
(M05-2X-GD3/6-311++G(d,p) + ZPE)

PhozNH + HOO® PhtzNH + HOO*®

' AG* Kpegaene AG* Kpegaene
substituent  (kcal/mol) Mts™h (kcal/mol) M7
H 10.8 8.6 X 10° 14.4 5.4 x 10°
F 11.6 14 x 10° 14.3 4.5 x 10°
Cl 122 8.8 x 10* 154 1.5 x 10°
CH, 11.1 2.4 % 10° 12.6 4.7 x 10*
OCH; 8.5 1.3 x 107 122 6.2 x 10*
NH, 8.1 1.7 X 107 11.9 7.8 X 10*
CF; 14.9 4.6 x 10° 16.1 3.5 x 10°
CN 14.6 1.3 x 10* 17.4 7.2 X 10*
NO, 16.9 6.4 x 10 18.0 6.4 x 10

PhozNH and PhtzNH compounds with two strongest EDGs,
namely, OCH; and NH,, are chosen to evaluate the radical
scavenging reactivity with a variety of well-known antioxidants;
the detailed data are listed in Table 6, in which k/k. is the
ratio of the rate constants between the studied compounds
with the reference antioxidant.

In nonpolar media, the peroxyl radical scavenging activity of
PhozNHs with two strongest substituted EDGs, namely,
OCH; and NH,, at 3 and 7 positions are found to be higher
than those of the reference antioxidant compounds. For
instance, the computed data show that when Y = NH,, the rate
constant amounts to 1.7 X 10’ M~ !s™%, being 5000, 2977, 106,
and 21 times faster than those of Trolox,” ascorbic acid,*
tocophenol,® and dopamine,”” respectively. The peroxyl
radical scavenging rate constants of 3,7-disubstituted pheno-
thiazines + HOO?® reactions, when Y = NH, and OCHj;, are
11-23 times as faster as compared with ascorbic acid and
Trolox but slightly slower than those of a-tocopherol and
dopamine. On the basis of this analysis, PhozNHs and
PhtzNHs, when Y = OCH; and NH,, can be considered as
the potential radical scavenging antioxidants in apolar media.
The antioxidant activities of PhozNH compounds are better
than those of PhtzZNH counterparts.

2.3.5. Correlation Between log k with Hammett Param-
eters. It is now of interest to explore whether there exists any
relationship between modified Hammett parameters (o;) with
kinetics behaviors of PhozNH/PhtzNHs + HOQ? reactions. In
this situation, based on the Evans—Polanyi principle,”**” log k
is taken into account instead of the rate constants (k). Linear
fitting between these values taken from Tables S1 and S8 is
carried out and the obtained fitting graphs are shown in Figure
S.
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gas )

logk

Benzene O ---log

-1.5 -1.0 -0.5 0.0 0.5 1.0

(@)

Iogkga = -0.9933¢ +6.0628; R* =0.7831

s

logk
o
I
[0}
/
,
/

e . ®
44 ATl
// o < _ - ®
, Benzene: ® S~ol
3 =<
© -~ 10gK,qene= ~1-06630; + 3.7574; R? = 0.88840
T T T T |

-1.5 -1.0 -0.5 0.0 0.5 1.0

o
3

(b)

Figure S. Correlation between modified Hammett parameters with
logk of HOO® reactions with (a) PhozNHs and (b) PhtzNHs.

In PhozNHs compounds, relatively good linear correlations
are found between both log k and 6, quantities in both the gas
phase and the benzene solvent with R* being 0.8960 and
0.8917. However, in PhtzNH compounds, the fitting linear
equations are not tight; the corresponding R* are only 0.7831
and 0.8234 in the gas phase and benzene, respectively.
However, all of the obtained linear equations (shown in
Figure S) are useful for quantitatively predicting the kinetics
behaviors of the same reactions when using different
substituents at both 3 and 7 positions.

3. CONCLUDING REMARKS

In the present theoretical study, the bond dissociation energy
(BDE), ionization energy (IE), and proton affinity (PA) values
of the PhozNH and PhtzNH derivatives were calculated using
the density functional theory (DFT) with the MO05-2X
functional in conjunction with the 6-311++G(d,p) basis set.
Application of a restricted open-shell formalism for radical
species produces more reliable BDE values, as compared to the
experiment. Very good linear correlations were found between

Table 6. Rate Constants (M~':s™') of the HAT Reaction between the Selected Compounds with HOO®

symbol reaction with HOO*®
PhozNH:
A (Y = OCH,) A
B (Y = NH,) B
PhtzNH:
C (Y = OCH;) C
D (Y = NH,) D

L 35
reference antioxidant compounds trolox™”
ascorbic acid
36
a-tocopherol

.37
dopamine

kbenzene kA/ kref kB/ kref kC/ kref kD/ kref
1.3 x 107
1.7 x 107
6.2 x 10*
7.8 x 10*
3.40 x 10° 3823 5000 18 23
571 X 10° 2277 2977 11 14
1.6 x 10° ~82 106 ~0.4 ~0.5
8.16 x 10° ~16 ~21 ~0.08 ~0.1
G https://dx.doi.org/10.1021/acsomega.0c04144
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the BDE and IE values with the modified Hammett constants
6; and between the PA values with the ¢,. In addition, to
distinguish the contribution of substituent parameters from
each other in the changes of BDE, IE, and PA values such as
the resonance effect, field/inductive effect, and excited-state
effect (G?C’p), constants are also taken into account.

The radical scavenging of both PhozNH and PhtzNH
derivatives via a hydrogen-atom transfer process in the gas
phase was evaluated by thermodynamic and kinetic calcu-
lations. The kinetic behaviors in the HAT reactions with the
free radical HOO® were studied based on the potential energy
profiles and kinetic rate constants. Interestingly, very good
correlations are found between the enthalpies for activation
and reaction followed by the Evans—Polanyi principle.”**”” In
the case of rate constants (k), the linear equations between
logk and Hammett-modified parameters (o,) are also
obtained. This finding provides us a useful way of preliminarily
estimating the antioxidant reactivity of a new derivative. The
rate constants for both studied systems are larger than the
limiting rate value of 10° M~Ls7 reconfirming that both
substituted phenoxazine and phenothiazine derivatives are
promising candidates as efficient antioxidants for trapping
radicals in the gas phase via the HAT mechanism.

4. COMPUTATIONAL METHODS

The structures of the phenoxazine, phenothiazine, and their
3,7-disubstituted derivatives considered (Figure 1) in the
neutral state and their radical, radical cation, and anion forms
are optimized using density functional theory (DFT) with the
MO05-2X functional and the d,p-polarization plus the diffuse
functions 6-311++G(d,p) basis set. The unrestricted formalism
is used for open-shell species. Their general structures are
shown in Figure 6.

QW radical 3’3‘0’3’“}—”
233983332~ °.3%33289,°
%2398338° Uil 2 3%33853.°
OJ?KW‘;I{? neutral ® j‘m})\J\”

@0 ON S oC H @Y
(a) PhozNH (b) PhtzNH

Figure 6. Optimized structures of (a) 3,7-disubstituted phenoxazines
and (b) 3,7-disubstituted phenothiazines considered in neutral,
radical cation, anion, and radical forms.

All thermochemical properties of both sets of PhozNHs and
PhtzNHs derivatives are also calculated using the M05-2X/6-
311++G(d,p) method. The accuracy of the combination of the
6-311++G(d,p) basis set with the M05-2X density functional
was previously validated by comparing the calculated
thermochemical parameters with the available experimental
data.'®"” In general, the error margin of the computed values is
expected to be at +2.0 kcal/mol with respect to available
experimental values, as discussed in the following section.

Parts of the potential energy surfaces are constructed based
on the computed data obtained at the same level of theory but
including the addition of dispersion interaction corrections

based on the GD3 approximation for the complexes with the
weak bonds*’ (hereafter denoted as M05-2X-GD3).

All geometry optimizations, harmonic vibrational frequen-
cies, and ener§y calculations are carried out using the Gaussian
09 program. ' Cartesian coordinates for all species in
PhozNHs and PhtzNHs systems are shown in Tables S9—
S12 of the SL

Based on the potential energy profiles, the kinetic
parameters in the gas phase are determined using the Eyringpy
code.”* Rate constants (k) of the relevant H-abstraction
reactions are computed following the conventional transition
state theory and at standard conditions according to eq 13**~*

k= aKkB—Te_(AG#)/RT

(13)

where ¢ is the reaction symmetry number,””"" « is tunneling
correction, which is calculated using an Eckart barrier,>” kg is
the Boltzmann constant, & is the Planck constant, and AG” is
the Gibbs energy of activation.

In the benzene solvent, the TST rate constant is corrected
including the diffusion-limit according to the Collins Kimball
theory.*™*?
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