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Acquiring the detailed reaction mechanism between halogenated quinones and hydroxamic acids is crucial
for better understanding of the potential applications of benzohydroxamic acids in the detoxification of the
carcinogenic polyhalogenated quinoid metabolites of pentachlorophenol. In this study, the reaction
mechanism between tetrachloro-o-benzoquinone (o-TCBQ) and N-methyl benzohydroxamic acid (N-
MeBHA) has been systematically investigated at the B3LYP/6-311++G(d,p) level. It was found that o-
TCBQ can react with the anion of N-MeBHA (N-MeBHA™) under mild conditions. As the first step of
reaction, a molecular complex is formed between o-TCBQ and N-MeBHA™ followed by the nucleophilic
attack of the O atom of N-MeBHA™ at the C atom attached to the Cl atom of o-TCBQ, resulting in the
formation of an unstable intermediate containing an N-O bond. Subsequently, the unstable intermediate
decomposes via the homolytic cleavage of the N-O bond to produce N-centered and O-centered
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ecelve 2y radicals. For the O-centered radical, it can isomerize to a C-centered form upon structural relaxation.
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Finally, these radicals react with each other to form the major C-N bonding products and minor C-O

DOI: 10.1039/c7ra05083f bonding products. In addition, it was found that the reactivity of 0-TCBQ with N-MeBHA is higher than
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1. Introduction

As the major genotoxic and carcinogenic quinoid metabolites of
the widely used wood preservative pentachlorophenol (PCP),
polyhalogenated quinones can create many hazardous effects in
vivo, e.g., acute hepatotoxicity, nephrotoxicity, and carcinogen-
esis,”” where PCP has been classified as a group 2B environ-
mental carcinogen by the International Association for Research
on Cancer. Meanwhile, halogenated quinones can also be
produced during the oxidation or destruction of polyhalogenated
persistent organic pollutants (POPs).>” In particular, some hal-
obenzoquinones have been identified as an emerging class of
disinfection byproducts in drinking water.®® More recently, it was
found that the polyhalogenated quinones can react with
hydrogen peroxide (H,0,) or organic hydroperoxides to produce
hydroxyl and alkoxyl radicals experimentally,”’® which can
partially explain the potential carcinogenicity of polyhalogenated
aromatic environmental pollutants.
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that of tetrachloro-p-benzoquinone (p-TCBQ).

Another species of environmental and biomedical interest
are hydroxamic acids, which have been paid extensive attention
due to their strong capacity to inhibit transition-metal-
mediated oxidative stress and the activity of many enzymes
(e.g., metalloproteases and lipoxygenase).””*® Clinically, the
suberoylanilide hydroxamic acid and deferoxamine have been
applied for the treatment of cancer and iron-overload diseases.
Moreover, hydroxamic acids can effectively detoxify the carci-
nogenic polyhalogenated quinoid metabolites of pentachloro-
phenol and other persistent organic pollutants.”*** For
example, benzohydroxamic acid can dramatically accelerate the
conversion of the highly toxic tetrachloro-p-benzoquinone
(p-TCBQ) to much less toxic chloranilic acid via an unusual
double Lossen rearrangement mechanism.** However, for the
N-methyl benzohydroxamic acid, it can react with 2,5-dichloro-
1,4-benzoquinone (DCBQ) through a radical mechanism.**
Namely, a nucleophilic reaction may take place between DCBQ
and N-MeBHA to form a relatively stable initial product followed
by its homolytic decomposition to produce N- and O-centered
radicals. Especially, for the N-centered radical, it can readily
attack the deoxynucleotides, exhibiting its potential biological
implications.?* For the O-centered radical, it can isomerize to
the C-centered radical, which can be further coupled with the N-
centered radical to produce the major C-N bonding product via
keto-enol tautomerization. Similarly, the same is also true for
the p-TCBQ although no keto-enol tautomerization products
have been observed due to the specific geometry of p-TCBQ.**
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As the isomer of p-TCBQ and another quinoid metabolites of
PCP, 0-TCBQ has been involved in the toxicity of the bleached
kraft chlorination effluent many years ago.>* However, 0-TCBQ
has been paid less attention compared with the p-TCBQ.>*°
Can it react with N-MeBHA similar to that of p-TCBQ? If so, what
is the detailed reaction mechanism? What are the final reaction
products? Obviously, the clarifications of these questions are
crucial for the understanding of the reactivity of ortho-haloge-
nated benzoquinones with N-MeBHA as well as the detoxifica-
tion of the benzohydroxamic acids. Unfortunately, these
questions have not been clarified to the best of our knowledge.
So, a theoretical investigation on the title reaction appears to be
highly desirable in the lack of the relevant experimental studies.

Therefore, to address these questions mentioned above, in
this study, the reaction mechanism between 0-TCBQ and N-
MeBHA has been systematically investigated employing the
density functional theory (DFT) method. As a result, the detailed
reaction mechanism for the title reaction has been clarified at
the electronic level. Besides the major C-N bonding products,
the minor C-O bonding products have also been observed.
Expectedly, the present results not only can provide scientific
proof for the detection and identification of the relevant prod-
ucts of the title reaction, but also can provide useful clues to the
design and synthesis of large-size molecules containing C-N
bond experimentally.

2. Computational methods

All the species in the whole reaction have been fully optimized
at the B3LYP/6-311++G(d,p) level, where the reliability and
efficiency of the method in predicting geometries and proper-
ties has been verified by a number of systems.*-** Subsequently,
vibrational frequency analysis has been performed at the same
level to identify the nature of the optimized structures. More-
over, intrinsic reaction coordinate (IRC)**** calculations were
performed to further verify that the calculated transition states
indeed connected the reactants and products, where the
selected results have been given in Fig. S1 of the ESIf for
reference.

To further testify the reliability of the B3LYP functional, the
relevant calculations for the reaction of 0-TCBQ with neutral N-
MeBHA in the presence of one water molecule and the direct
reaction of o-TCBQ with the anion of N-MeBHA have been
performed at the M06/6-311++G(d,p) level. As a result, it was
found that the calculated results including geometries and
energy barriers are consistent with each other at both levels. For
the sake of simplicity, the relevant discussions have been given
in the ESIf for reference.

To calculate the interaction energy between free radicals, the
Boys-Bernardi counterpoise technique has been employed to
evaluate the basis set superposition errors (BSSE).*>

To investigate the solvent effect on the nucleophilic attack
process of N-MeBHA to o-TCBQ, the polarizable continuum
model (PCM)**** was employed in aqueous solution within the
framework of self-consistent reaction filed (SCRF) theory. To
explore the possibility of the proceeding of the title reaction in
the presence of water molecules, different numbers of explicit
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water molecules ranging from one to three have been intro-
duced to assist the proton transfer process.

To qualitatively predict which bond to be dissociated in the
formed intermediate, ab initio molecular dynamics has been
carried out at the B3LYP/6-311G(d,p) level using the atom-
centered density matrix propagation (ADMP) molecular
dynamics.***” The dynamics calculations were performed under
condition of constant temperature at 298.15 K. The simulation
time is long enough to observe the necessary phenomena with
a time step of 0.5 fs.

All the calculations have been carried out using Gaussian 09
program.*®

3. Results and discussion

In realistic system, N-MeBHA should exist in its neutral and
anionic forms depending on the pH of solution. So the reac-
tions of 0-TCBQ with neutral and anionic N-MeBHA have been
investigated, respectively.

For the sake of simplicity, the symbols MC, IM, TS, and P
have been employed to stand for the optimized molecular
complexes, intermediates, transition states, and products,
respectively. All the Cartesian coordinates of the optimized
species have been given in the ESIf for reference.

3.1 The reaction of 0-TCBQ with neutral N-MeBHA

Firstly, the reaction of 0-TCBQ with neutral N-MeBHA has been
investigated. Similar to the reactions of p-TCBQ and o-TCBQ
with H,0,,*** the nucleophilic attack process of N-MeBHA to o-
TCBQ has been mainly explored. As shown in Fig. 1, four
reaction modes, namely N1, N2, N3, and N4, have been con-
structed considering the symmetry of o-TCBQ. A molecular
complex MC1 has been located as the first step of the reaction.
Moreover, MC1 acts as the common reactant for the four reac-
tion modes, which has been confirmed by the IRC calculations.
Subsequently, nucleophilic attack of the hydroxyl O atom of N-
MeBHA to the C atom attached to the Cl atom of 0-TCBQ occurs,
accompanying with the proton transfer from N-MeBHA to the Cl
atom attached to the attacked C atom of 0o-TCBQ. After then, an
intermediate containing N-O bond has been produced. As
presented in Table 1, the MC1 has been stabilized by about 4.12
kcal mol~". The energy barriers in the nucleophilic attack
processes range from 50.71 to 51.33 kcal mol ! relative to the
separated reactants, implying that it is difficult to occur for the
reaction between o-TCBQ and neutral N-MeBHA. Moreover, the
calculated Gibbs free energy changes for the formation
processes of the intermediates are positive values, suggesting
that the whole processes are unfavorable thermodynamically.
Moreover, given the positive catalytic role of water molecules
in the assistance of proton transfer, so the reaction of 0-TCBQ
with N-MeBHA with the assistance water molecules have been
investigated on the basis of the N3 reaction mode. As displayed
in Fig. 2, one, two, and three water molecules have been intro-
duced to assist the proton transfer mentioned above. Here, the
bridge role of water molecules in the assistance of proton
transfer should be highlighted. For example, the introduced

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Optimized molecular complexes (MC), transition states (TS), and intermediates (IM) in the different reaction modes of o-TCBQ with
isolated neutral N-MeBHA. The selected interatomic distances are given in A.

Table 1 Calculated energy parameters for the direct nucleophilic
attack of N-MeBHA to o-TCBQ relative to the separated reactants®

Attack

modes MC TS M

N1 —4.12 51.33 —1.15/—0.14/8.72

N2 —4.12 50.78 —2.10/—1.38/8.30

N3 —4.12 50.71 —1.29/—0.04/6.23
(—13.68/—22.78/ (40.03/27.76/ (~12.34/-13.08/
—27.03) 18.21) —23.10)

N4 —4.12 51.00 —1.55/—0.45/8.34

“ All the units are in kcal mol ™. The data before and after slash refer to
the relative energies, enthalpy changes, and Gibbs free energy changes,
respectively. The data in parentheses refer to the results involving one,
two, and three water molecules, respectively.

single water molecule can accept the hydroxyl proton of N-
MeBHA and gives its own proton to the dissociated Cl atom of o-
TCBQ simultaneously. Similarly, the same is also true if
a second/third water molecule is introduced, where the second/
third water molecule accepts the proton of the first/second
water molecule and give its proton to the Cl atom of 0-TCBQ.
As presented in Table 1, compared with the case without
involving water molecules, the energy barriers in the nucleo-
philic attack process have been reduced by 10.68, 22.95, and
32.50 kecal mol™" to 40.03, 27.76, and 18.21 kcal mol™" in the
assistance of one, two, and three water molecules, respectively.
Despite the positive catalytic role of water molecules in reducing

This journal is © The Royal Society of Chemistry 2017

the energy barrier, the energy barrier here is still so high that
the title reaction is difficult to occur under normal conditions.

3.2 The reaction of 0-TCBQ with N-MeBHA anion

As mentioned above, the reaction of o-TCBQ with neutral N-
MeBHA is difficult to take place regardless of the presence of
explicit water molecules or not. Given the fact that N-MeBHA™
anion can be produced from the acid-base dissociation equi-
librium of N-MeBHA and it is a better nucleophile than neutral
N-MeBHA, the direct reaction between 0-TCBQ and N-MeBHA™
has been investigated below to further clarify the reactivity of
the title reaction.

3.2.1 The formation of molecular complexes. As shown in
Fig. 3, four reaction modes named as A1, A2, A3, and A4 have
been constructed for the reaction of 0-TCBQ with N-MeBHA™.
Similar to the reaction involving neutral N-MeBHA, molecular
complexes have also been located as the first step of the reac-
tion, which are further confirmed by the IRC calculations.

As presented in Table 2, these MCs have been significantly
stabilized ranging from 29.44 to 32.24 kcal mol " relative to the
separated reactants, which are much larger than those of the
MCs in the reactions involving neutral N-MeBHA. Moreover, the
formation of these MCs is favorable exothermic and sponta-
neous process thermodynamically from the calculated negative
values of the enthalpy and Gibbs free energy changes.

3.2.2 The nucleophilic attack process. As displayed in
Fig. 3, the O atom of N-MeBHA™ can directly attack the C atom
attached to the Cl atom of 0-TCBQ. Unlike the reaction involving
neutral N-MeBHA, all the transition states here are lower in

RSC Adv., 2017, 7, 32419-32426 | 32421
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Fig. 2 Optimized molecular complexes (MC), transition states (TS), and intermediates (IM) in the reaction of o-TCBQ with neutral N-MeBHA in
the assistance of water molecules. The selected interatomic distances are given in A.

energy by 22.94-25.93 kcal mol ™" than the separated reactants.
As a result, depending on the specific reaction mode, the energy
barriers in the nucleophilic attack processes are in the range of
3.51-8.79 kcal mol * relative to that of the corresponding MC.
Obviously, it is easy to take place for the reaction of 0-TCBQ with
N-MeBHA ™. Actually, for the reaction of p-TCBQ with benzohy-
droxamic acid, it was also found that the free benzohydroxa-
mate anion is essential for the dramatic acceleration of p-
TCBQ hydrolysis.*® As for the nucleophilic attacked products,
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i.e., the intermediates containing N-O bond, they have been
significantly stabilized by 36.02-39.33 kcal mol . Moreover,
the enthalpy and Gibbs free energy changes are all negative
values in the formation processes of these intermediates, where
the former and the latter range from —35.52 to —38.84 kcal
mol™" and from —23.92 to —27.72 kcal mol ", respectively.
Therefore, the reaction of 0-TCBQ with N-MeBHA™ is more
favourable than that of the reaction involving neutral N-MeBHA
thermodynamically and kinetically.
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Fig. 3 Optimized molecular complexes (MC), transition states (TS), and intermediates (IM) in the different reaction modes of o-TCBQ with N-

MeBHA ™. The selected interatomic distances are given in A.
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Table 2 Calculated relative energies (AE), enthalpy changes (AH), and
Gibbs free energy changes (AG) for the available molecular complexes,
transition states, and intermediates in the nucleophilic attack of N-
MeBHA™ to o-TCBQ relative to the separated reactants”

Attack

modes MC TS M

Al —32.24/—31.76/—19.99 —24.30 —39.33/—38.84/—27.71

A2 —31.73/—31.18/—20.00 —22.94 —39.33/—38.34/—27.72

A3 —29.44/—29.04/—16.69 —25.93 —36.02/—35.52/—23.92
(—9.55) (-6.51)  (—28.62/—27.92/—19.56)

A4 —31.73/—31.18/—20.00 —23.05 —38.38/—37.80/—26.62

p-Al —29.39 —20.97 —38.32/—37.83/—26.14

p-A2 —29.35 —21.38  —38.94/—38.48/—26.55
(—9.86) (-1.51)  (—29.44/—28.75/—21.08)

“ All the units are in keal mol™~*. The data before and after slash refer to
the relative energies, enthalpy changes, and Gibbs free energy changes,
respectively. The data in parentheses refer to the corresponding results
in aqueous solution.

Moreover, given the fact that the reaction takes place in
solution generally, so the solvent effect on the above reaction
has been included on the basis of the reaction mode A3 pos-
sessing the lowest energy barrier. As a result, the original energy
barrier has been increased by about 19.42 kcal mol ' in
aqueous solution, which is still lower by 6.51 kcal mol™" in
energy relative to the separated reactants. Actually, the energy
barrier is only 3.04 kcal mol™" relative to the molecular
complex, which is comparable to that of the reaction of 0-TCBQ
with H,0,.*° Therefore, it is easy to occur for the title reaction in
solution.

In addition, the reaction of p-TCBQ with N-MeBHA™ has also
been investigated for comparison. Similar to o-TCBQ, as shown
in Fig. 4, the corresponding molecular complexes and transition
states have also been located, where two reaction modes (p-A1l
and p-A2) have been constructed due to the symmetry of p-
TCBQ. As presented in Table 2, the energy barriers for p-A1 and
p-A2 are —20.97 and —21.38 kecal mol * relative to the separated

p-MC(A2)

p-TS(A1)

p-TS(A2)
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Fig. 5 The reaction profiles for the nucleophilic attack processes of
N-MeBHA™ to o-TCBQ and p-TCBQ in the gas phase and in aqueous
solution.

reactants. Moreover, the energy barrier has been increased to
—1.51 keal mol™? if solvent effect is considered. Here, the low
barrier is consistent with the fact that p-TCBQ can readily react
with N-MeBHA under mild conditions.?* For comparison, the
reaction profiles for the reactions of N-MeBHA™ with 0-TCBQ
and p-TCBQ have been shown in Fig. 5. Obviously, the lower
energy barrier for the reaction of N-MeBHA™ with 0-TCBQ
suggests its higher reactivity than that of p-TCBQ.

3.2.3 The formation of radicals. To qualitatively predict
which bond to be dissociated in the formed intermediate after
the dissociation of the Cl™, ab initio molecular dynamics has
been performed firstly on the basis of the IM(A2). As displayed
in Fig. 6, the newly formed C25-O4 bond changes equably
nearby its original equilibrium distance overall. However, for
the N3-O4 bond adjacent to the C25-O4 bond significantly
deviates from its equilibrium distance in the most of dynamical
time, exhibiting the weakness of the N3-0O4 bond.

Subsequently, to confirm the decomposition mode of N3-0O4
bond, its bond decomposition enthalpy (BDE) has been

9

p-IM(A2)

Fig. 4 Optimized molecular complexes (MC), transition states (TS), and intermediates (IM) in the different reaction modes of p-TCBQ with N-

MeBHA ™. The selected interatomic distances are given in A.
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lengthes during the molecular dynamics for IM(A2) after the dissoci-
ation of Cl™. The dotted lines refer to the equilibrium distances in
IM(A2).

investigated on the basis of the IM(A2) since no transition state
has been located for the cleavage of the N3-O4 bond. For the
heterolytic cleavage of the N-O bond, the BDE is 140.82 and
165.23 keal mol " for the decomposed species between N* and
O~ fragments or the N~ and O' fragments, where the corre-
sponding geometries have been given in Fig. S2 of the ESI} for
reference. However, for the homolytic cleavage of the N-O bond,
the BDE is only 6.50 kcal mol™ ", which is much smaller than
that of the heterolytic cleavage. Therefore, the decomposition of
IM should occur via the homolytic cleavage of the N-O bond.
For the sake of simplicity, the produced N- and O-centered
radicals are named as 'N(CH;3)-COAr and 0-CBQ’, respectively.

As displayed in Fig. 7, for the 'N(CH3)-COAr radical, the
unpaired electron is mainly distributed around the N atom
before and after structural relaxation. At the same time, small
amounts of the unpaired electron have also been observed on
the O atom. As for the o0-CBQ' radical, the spin density

*N(CH3)-COAr 0-CBQ-

Fig. 7 Spin density maps for the free radicals before and after struc-
tural relaxation (top and bottom) in the homolytic cleavage of the N-O
bond of IM(A2) after the dissociation of Cl™. The isodensity contours
are 0.01 electron bohr™3
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P1 P2

Fig. 8 The formed C-N bonding and C-O bonding products for the
title reaction and the transition state between them.

redistribution from the O atom involved in the N-O cleavage to
its adjacent C* atom attached to the Cl atom occurs upon
structural relaxation. Therefore, the N and O atoms in "N(CHjs)-
COAr radical and the C* atom in 0-CBQ" radical should be the
active sites for the subsequent reactions.

3.2.4 The formation of the reaction products. On the basis
of the spin density analyses mentioned above, the possible
reaction products have been constructed. As shown in Fig. 8,
not only the C-N bonding product P1, but also the C-O bonding
product P2 has also been located. As presented in Table 3, the
interaction energies are —31.17 and —17.10 kcal mol " for P1
and P2, respectively. Correspondingly, P1 is more stable by
14.53 kcal mol ! than P2. The calculated enthalpy and Gibbs
free energy changes are all negative values, suggesting that the
formation processes of P1 and P2 are exothermic and sponta-
neous reactions. Meanwhile, the more negative value of Gibbs
free energy changes for P1 implies that the formation of P1 is
more favorable than that of P2 thermodynamically.

Moreover, as shown in Fig. 8, a transition state has been
located between P1 and P2, which is confirmed by the IRC
calculation. The forward and reverse energy barriers are 43.04
and 28.52 kecal mol™?!, where the direction from P1 to P2 is
defined as the forward reaction. Obviously, it is difficult to
interconvert between P1 and P2. Given the fact that no transi-
tion state has been observed in the formation processes of P1
and P2, so the major products for the title reaction should be
the C-N bonding types as well as the minor C-O bonding types.

On the basis of the above analyses, the reaction mechanism
for the title reaction can be summarized as follows. As shown in
Fig. 9, 0-TCBQ can react with the anionic form of the N-MeBHA.
As the first step of the reaction, a molecular complex has been
formed followed by the nucleophilic attack of N-MeBHA™ to o-
TCBQ to form an unstable intermediate containing N-O bond.
After that, the unstable intermediate decomposes homolytically
via the N-O bond to form the N- and O-centered radicals. For
the O-centered radical,
radical upon structural relaxation. Finally, these radicals

it can isomerize to the C-centered

Table 3 Calculated energy parameters for the reaction products
formed between o-CBQ" and *N(CHz)-COAr radicals®

Complexes AEp. AH AG AEgq
P1 —-31.17 —36.07 —20.12 0.00
P2 —17.10 —21.27 —6.34 14.53

@ All the units are in kcal mol .
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Fig. 9 The proposed reaction mechanism for the reaction of o-TCBQ with N-MeBHA™.

interact with each other to form the C-N bonding products
predominately as well as minor C-O bonding products.
Certainly, relevant experiments are required to confirm the
present results.

4. Conclusions

In this study, the reaction mechanism between 0-TCBQ and N-
MeBHA has been systematically investigated at the B3LYP/6-
311++G(d,p) level. It was found that o-TCBQ can directly react
with the anion of N-MeBHA through the following reaction
mechanisms. Namely, a molecular complex has been located as
the first step of the title reaction followed by the nucleophilic
attack process, resulting in the formation of an unstable inter-
mediate containing N-O bond. Subsequently, the unstable
intermediate decomposes homolytically via the cleavage of N-O
bond to produce the N- and O-centered radicals. For the O-
centered radical, it can easily isomerize to the C-centered
radical. Finally, the C-centered radical reacts with the N-
centered radical to produce the major C-N bonding product,
accompanying with the formation of minor C-O bonding
product. In addition, it was found that the reactivity of o-TCBQ
with N-MeBHA is higher than that of p-TCBQ. Hopefully, the
present results can provide helpful information for the detec-
tion and identification of the reaction products experimentally.
Certainly, relevant experiments are required to further confirm
the present results.
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