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Abstract: The nucleophilic attack of hydrogen sulfide (HS−) on six different chloroacetanilide
herbicides was evaluated theoretically using the dispersion-corrected hybrid functional wB97XD and
the 6-311++G(2d,2p) Pople basis sets. The six evaluated substrates were propachlor (A), alachlor (B),
metolachlor (C), tioacetanilide (D), β-anilide (E), and methylene (F). Three possible mechanisms
were considered: (a) bimolecular nucleophilic substitution (SN

2) reaction mechanism, (b) oxygen
assistance, and (c) nitrogen assistance. Mechanisms based on O- and N-assistance were discarded
due to a very high activation barrier in comparison with the corresponding SN

2 mechanism, with the
exception of compound F. The N-assistance mechanism for compound F had a free activation
energy of 23.52 kcal/mol, which was close to the value for the corresponding SN

2 mechanism
(23.94 kcal/mol), as these two mechanisms could occur in parallel reactions with almost 50% of
each one. In compounds A to D, an important electron-withdrawing effect of the C=O and C=S
groups was seen, and consequently, the activation free energies in these SN

2 reactions were smaller,
with a value of approximately 18 kcal/mol. Instead, compounds E and F, which have a CH2 group
in the β-position, presented a higher activation free energy (≈22 kcal/mol). Good agreement was
found between experimental and theoretical values for all cases, and a reaction force analysis was
performed on the intrinsic reaction coordinate profile in order to gain more details about the reaction
mechanism. Finally, from the natural bond orbital (NBO) analysis, it was possible to evaluate the
electronic reorganization through the reaction pathway where all the transition states were early in
nature in the reaction coordinate (δBav < 50%); the transition states corresponding to compounds A
to D turned out to be more synchronous than those for compounds E and F.

Keywords: density functional theory; computational modeling; transition state; herbicides;
reaction mechanism

1. Introduction

Among the diversity of chemical compounds, pesticides constitute a heterogeneous category used
specifically for the control of pests, plant diseases, and to eradicate the unwanted weeds. The synthesis
and production of pesticides represent very important fields of industry. Currently, the use of pesticides
remains the most effective process for the protection of plants from pests; moreover, pesticides
contribute significantly to enhancing productivity and crop yields around the world [1].
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Herbicides are a class of pesticides that stand out for their expanded use around the entire world.
Four of them (acetochlor, alachlor, butachlor, and metolachlor) are widely used in the production
of several economically important crops. The annual production of these four compounds is about
125 million pounds per year; just metolachlor alone has an annual production of 65 million pounds per
year in the United States (US) [2].

Despite the importance of the production of herbicide, one aspect is still dramatic: the carcinogenic
potential of chloroacetanilide herbicides. Alachlor, acetochlor, and metolachlor were characterized
by the US Environmental Protection Agency as likely or possible carcinogenic compounds. However,
the carcinogenic mechanism of chloroacetanilide compounds is still unclear, despite some experiments
showing evidence that the carcinogenic properties relate to the herbicides’ ability to react with DNA
through nucleophilic reactions [3,4].

Another important characteristic of chloroacetanilide herbicides is their resistance to natural
degradation in various environments. Their water solubility and great persistence in the environment
represent topics of greatest interest in the scientific community. Currently, several scientific researchers
are trying not only to avoid pollution, but are also searching for methods that help mitigate the already
polluted soil and water systems [4].

Even with the already known environmental persistence and the pollutant characteristic of
chloroacetanilide herbicides, until now, there are few decontamination methods used to remove
or degrade these compounds. Bioremediation, chemical oxidation, and physical methods are used
without much success; therefore, it is imperative to search for new, safe, effective, and low-cost
decontamination methods for chloroacetanilide herbicide pollution [4–7].

Recently, some reports suggested a high selectivity of chloroacetanilide herbicides in the reaction
with inorganic compounds such as sulfur nucleophiles like HS−, S2−, and S2O3

2−; moreover, several
earlier works documented the great reactivity of chloroacetanilide compounds toward the thiolate
group of glutathione (GSH) [8,9]. Considering the importance of GSH in the biologic activity of plants,
this latter characteristic allows the widespread use of chloroacetanilide for crop production. In other
words, the knowledge of the reaction mechanism for chloroacetanilide against sulfur nucleophiles has
a pivotal role in understanding not only the action pathway of phytotoxicity, but it could also be an
opportunity to design new chemical remediation methods [8].

Several experiments were performed in order to understand the reactivity of chloroacetanilide
herbicides toward thiolate groups. Even though the nucleophilic displacement of chlorine by the
thiolate group of glutathione (GSH) seems to overall follow second-order kinetics via an intermolecular
bimolecular nucleophilic substitution (SN

2) mechanism, some reported experimental results for
similar compounds do not support this mechanism; e.g., propachlor obeys a second-order law, while
methylene (analog of propachlor) obeys a first-order law [9,10]. Until now, the reaction mechanism of
chlorine displacement to the sulfur nucleophile remains unclear, and it seems to be a more complex
mechanism than a bimolecular nucleophilic substitution (SN

2).
Some authors proposed different reaction pathways in order to explain the kinetic behavior of

chloroacetanilide toward sulfur nucleophiles. Bordwell et al. [11] stated that the activation of chlorine
atoms could proceed from the interactions of anilide moiety with the incipient electrophilic center.
They argued the electronic interactions of carbonyl substituents activate alkyl halides toward SN

2

reactions with strong nucleophiles, while the carbonyl moiety is able to deactivate the reactivity
toward weaker nucleophiles such as amines. In contrast, a considerable increase in the electrophilicity
characteristic of the CH2Cl group due to the α-carbonyl moiety’s electronic effects was suggested;
consequently, the compounds are able to react toward softer nucleophiles such as GSH and other
SH-containing moieties via an SN

2 mechanism [11–13].
Arcelli et al. [14] explained the reactivity of chloroacetanilide herbicides via anchimeric assistance

provided by the ether oxygen. However, if this anchimeric assistance were the only factor
responsible of reactivity, it would be expected that chloroacetanilides such as alachlor and metolachlor
(which have N-alkoxyalkyl side chains) would be more reactive than propachlor (with an N-alkyl
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substituent). In fact, there is important evidence for this statement: propachlor is more reactive toward
sulfur nucleophiles than alachlor and metolachlor; consequently, this result led us to invoke new
alternative explanations.

Due to the uncertainty found with respect to the reactivity of chloroacetanilide with sulfur
nucleophiles, it is necessary to explore, in more detail, the reaction mechanism of these substrates.
In this sense, computational methods could be a helpful tool for this goal.

This work seeks to explore chloroacetanilide’s reactivity with HS− nucleophiles in order to
propose a reasonable mechanistic interpretation based on theoretical calculations. With this aim,
the potential energy surfaces were examined using the density functional theory (DFT) level, and the
results were analyzed and compared with the experimental data. The minimum energy structure of
reactants, the transition state, and the product were calculated, taking into account all possible reaction
mechanisms suggested in the literature.

The processes of rupture and bond formations were studied using natural bond orbital calculations
(NBO). In addition, intrinsic coordinate path reactions (IRC) and reaction force profiles were used to
gain more insight into the reaction pathway.

2. Results and Discussion

According to the reported products for the reaction between HS− and chloroacetanilide
herbicides [15], and based on the structure of each substrate, three possible mechanisms can be
suggested. The main mechanism is the well-known SN

2 displacement (Scheme 1), which is proposed
for all compounds. In the case of compounds B and C, the halogen elimination carried out by an
anchimeric assistance of the oxygen atom can be considered (Scheme 2). For compounds E and F,
due to the length of the carbon chain in the first case, and the lack of the carbonyl group in the second,
there is the possibility of an anchimeric assistance by the nitrogen atom in the chloride elimination
(Scheme 3).
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2.1. Thermodynamic Parameters

The thermodynamic parameters for the ten reaction mechanisms described above are included
in Table 1. These results are compared with the experimental values, and good agreement is found
among all of them. The SN

2 mechanism is suggested as the most plausible path for these reactions,
with the exception of compound F.
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Table 1. Thermodynamic properties at the wB97XD/6-311++g(2d,2p) level at 298.15 K, compared to
experimental results mentioned by Katrice et al. [15].

Compound Mechanism

Theory Experimental

∆H‡ ∆S‡ ∆G‡ ∆H‡ ∆S‡ ∆G‡

kcal/mol cal/molK kcal/mol kcal/mol cal/molK kcal/mol

A SN
2 11.45 −23.64 18.50 13.79 −18.24 19.22

B
SN

2 11.50 −25.43 19.08
13.84 −19.98 19.79O-assistance 33.02 −2.17 33.67

C
SN

2 11.91 −23.67 18.97
15.25 −19.29 20.98O-assistance 26.60 −6.36 28.50

D SN
2 13.44 −18.24 18.87 11.57 −23.80 18.64

E
SN

2 16.89 −21.36 23.26
25.33 4.97 23.85N-assistance 41.38 −0.22 41.45

F
SN

2 17.66 −21.05 23.94 — — —
N-assistance 23.45 −0.23 23.52 — — —

‡ Thermodynamic activation parameters.

The results reported in Table 1 show a good agreement between experimental and theoretical
reactivity trends. In all cases where the oxygen anchimeric assistance was considered, higher values
on the reaction barriers were found; therefore, this possibility can be discarded for those particular
substrates. With respect to the nitrogen-assistance mechanism, for the case of compound F, it is also a
favored mechanism, which is in agreement with the previously experimental evidence commented
about these compounds [15]. Interestingly, the values of free energy of activation for the SN

2 and
N-assistance mechanism are very close, which suggest that these reactions occur in parallel with
almost 50% of each case. Taking into account that the values of activation free energy of these two
mechanisms are similar, these two mechanisms can be differentiated only by considering the changes in
activation entropy, where the N-assistance mechanism present a small negative value (∆S‡ = −0.23) in
consonance with a unimolecular process, while the SN

2 mechanism presents a high negative activation
entropy value (∆S‡ = −21.36) due to its bimolecular nature (loss in translational degree of freedom).

For the case of compound E, a small positive entropy value (4.97) is reported in the experimental
work, which suggests a unimolecular process involving an anchimeric assistance through the nitrogen
atom, as depicted in Scheme 3, where a possible four-membered ring can be generated as an
intermediate. The theoretical thermodynamic parameters (∆G‡, ∆H‡, and ∆S‡) obtained for this
possible mechanism were 41.45 kcal/mol, 41.38 kcal/mol, and −0.22 cal/molK, respectively. Clearly,
the activation free energy for this N-assistance in compound E is higher than that corresponding to the
SN

2 mechanism; therefore, the assistance can be discarded.
Based on these results, for further analysis, the SN

2 mechanism for compounds A–F and the
anchimeric assistance for compound F were considered. In this sense, in Figures 1 and 2, the IRC
profiles for all the reactions studied in the present work are presented. Evidently, all the reactions are
exothermic except for the case of the assistance of a nitrogen atom, which is endothermic. Compounds
A, B, and C have similar values for the theoretical and experimental activation thermodynamic
parameters involved in the SN

2 mechanism, which is expected because they have the same reaction
center with a neighboring carbonyl group, with the rest of the molecule groups far away from the
reaction center. In the case of compound D, an oxygen atom is changed by a sulfur atom, and a small
effect is observed due to this change: a small increase in the activation enthalpy value accompanied by
a decrease in the activation entropy; however, this effect is compensated for, and a similar free energy
of activation with respect to compounds A–C is found. When compounds A–D were compared with
compounds E and F, a considerable difference was found in the thermodynamic activation parameters.
Clearly, the carbonyl group exerts an electro-withdrawing effect, which implies a more electrophilic
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carbon, and consequently, a small activation barrier of the process. On the other hand, compounds E
and F have a CH2 in the beta position instead of a CO; therefore, these compounds have higher barriers.
Based on these results, further analysis is centered on the SN

2 mechanism for all compounds, and the
only possible anchimeric assistance considered is the N-assistance found as favorable for compound
F. In addition, in Figures 1 and 2, the reaction force (RF) profiles for all the mentioned mechanisms
obtained as described in the methodology section are reported.
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From the RF profiles shown in Figures 1 and 2, a clear partition between three regions can be seen:
the reactant region (R), the transition state region (TS), and the product region (P). All the reactions are
concerted in nature, and it was possible to obtain the four associated values of work done (W1–W4)
based on the integration of each of these regions (Table 2). This value of work done (Wi) was used
to characterize the reaction in terms of structural rearrangements (W1) and electron reorganization
(W2) from the reactant to transition state. Considering W3 and W4, the reaction energy (Er) can be
also estimated. In all the reaction mechanisms evaluated, W1 > W2, suggesting that these reactions
are principally dominated by structural rearrangement (~70%) involving the approximation of the
nucleophile, which is correlated with the high entropy values found for these reactions in Table 1.
W2 began gaining an important role for compounds E and F, which have a CH2 group instead of
a CO neighbor to the reaction center. On the other hand, for the case of anchimeric N-assistance,
the electronic reorganization is more important due to the unimolecular nature of this reaction. In
order to characterize, in more detail, all the stationary points considered in this work, we describe the
changes in geometric parameters involved in these reactions in the next section.

Table 2. Values of work done associated with each region (reactant (R), transition state (TS), and
product (P)) in the reaction force (RF) profiles, given in kcal/mol. Er—reaction energy.

Mechanism Compound W1 W2 W3 W4 Er

SN
2

A 9.19 3.80 −16.01 −23.59 −26.61
B 9.41 3.78 −16.36 −23.84 −27.01
C 8.99 4.04 −15.21 −24.03 −26.21
D 11.10 3.89 −17.03 −23.87 −25.91
E 9.91 6.40 −18.05 −24.01 −25.75
F 11.59 6.58 −15.70 −20.11 −17.64

N-assistance F 11.89 8.72 −5.78 −9.67 5.16

2.2. Geometric Parameters

In terms of geometric parameters, similar changes in the S–C and C–Cl distances were found
for compounds A–D. The S–C interatomic distance corresponding to the nucleophile approximation
decreased from ~3.7 Å to ~2.5 Å, while the C–Cl dissociation increased from ~1.8 Å to ~2.2 Å (Table 3).
Interestingly, the C–Cl bond in compounds E and F in the reactant, as well as in the transition
state, were a little longer than the same bond in compounds A–D, which are in agreement with the
electro-withdrawing effect of the CO group in compounds A–D, as discussed previously. With respect
to the S–C–Cl angle, compounds A–D present more linear transition states (~170◦) when compared to
compounds E and F (~160◦). The imaginary frequency values are associated with the transition vector
(TV), shown in Figure 3 for the first-order transition state found as a saddle point. In an illustrative
manner, Figure 3 depicts the optimized geometries for the reactant, transition state, and product for
the compound A SN

2 reaction mechanism, and the anchimeric N-assistance mechanism is described
for compound F. The Cartesian coordinates for all the structures considered in this study are included
in Table S1 in the Supplementary Materials.
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Table 3. Geometric parameters for reactants (R), transition state (TS), and products (P) at the
wB97XD/6-311++g(2d,2p) level.

Mechanism Compound Stationary
Point S–C (Å) C–Cl (Å) Angle S–C–Cl Imaginary

Frequency (cm−1)

SN
2

A
R 3.680 1.807

174.43 −545.06TS 2.551 2.197
P 1.829 3.557

B
R 3.711 1.808

172.19 −543.78TS 2.554 2.187
P 1.829 3.421

C
R 3.642 1.811

172.06 −542.17TS 2.553 2.205
P 1.827 3.481

D
R 3.769 1.811

170.03 −530.77TS 2.565 2.208
P 1.831 3.614

E
R 3.372 1.822

163.54 −534.96TS 2.604 2.296
P 1.830 3.723

F
R 3.531 1.823

158.66 −525.35TS 2.612 2.326
P 1.849 3.119

Stationary
Point N–C (Å) C–Cl (Å) Angle N–C–Cl Imaginary

Frequency (cm−1)

N-assistance F
R 2.384 1.815

155.99 −526.43TS 1.895 2.381
P 1.490 3.423
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2.3. Natural Bond Orbital (NBO) Analysis

The evolution on the electronic density through the reaction pathway plays an important role
in the reaction mechanism, in order to gain information about the changes in the atom charges
involved in the reaction mechanism for the different stationary points (reactants, transition states,
and products). In this sense, the NBO charge changes from reactant to transition state, denoted
by δQx = (QTS

x − QR
x) for the corresponding x atom, are reported in Table 4. The net charges for

each atom are included in Table S2 in the Supplementary Materials. Upon inspecting these results,
it is evident that for compounds E and F, higher changes in the electronic density were found when
compared to compounds A–D. The positive values of δQC and δQS suggest a decrease in electronic
density in the carbon and sulfur atoms, while the chlorine atom acquired more electronic density
with a negative value. Higher changes in the charge distribution were observed in the nucleophile
and leaving group almost with the same magnitude in compounds A–D (more synchronic charge
distribution); however, in compounds E and F, the charge distribution was less synchronic. On the
other hand, in the N-assistance mechanism, a major decrease was observed in the electronic density of
the carbon atom.

Table 4. Charge changes, δQx (x = S, C, or Cl), through the reaction pathway.

Mechanims Compound δQS δQC δQCl

SN
2

A 0.363 0.043 −0.378
B 0.374 0.092 −0.388
C 0.361 0.097 −0.386
D 0.382 0.108 −0.384
E 0.44 0.161 −0.581
F 0.316 0.164 −0.447

δQN δQC δQCl

N-assistance F 0.101 0.231 −0.486

In order to gain more insight into the reaction mechanism, the Wiberg bond indexes for the bond
involved in the transition state were determined, as listed in Table 5. The C–Cl bond represents the
determining factor in the rate-determining step, which presents a bigger evolution through the reaction
path with a δBi value of approximately 43%. The average value of δBav < 50%, suggests that an early
transition state is involved in the reaction mechanism, which is in agreement with the IRC profiles
reported in Figures 1 and 2. The synchronicity values suggest that the reactions for compounds A–D
are more synchronous than the reactions for compounds E and F, which agrees with the discussion put
forward in the NBO charge analysis above.

Table 5. Wiberg bond indexes changes, average value, and synchronicity.

Mechanism Compound δBi(S–C) % δBi(C–Cl) % δBav % Sy

SN
2

A 38.13 45.16 41.64 0.916
B 39.97 46.55 43.26 0.924
C 38.42 45.83 42.12 0.912
D 37.22 45.87 41.55 0.896
E 38.22 47.46 42.84 0.892
F 39.92 49.93 44.93 0.889

δBi(N–C) % δBi(C–Cl) % δBav % Sy

N-assistance F 38.12 48.11 43.12 0.884

3. Computational Details

Based on the experimentally evidenced reactions [15], the nucleophilic attack of hydrogen
sulfide (HS−) on chloroacetanilide herbicides, with the consequent displacement of a chloride atom,
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was studied in a total of six substrates: propachlor (A), alachlor (B), metolachlor (C), tioacetanilide (D),
β-anilide (E), and methylene (F) (Scheme 4).Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  10 of 13 
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All these calculations were performed with the Gaussian16 suite [16] at the wB97XD/
6-311++G(2d,2p) level. The long-range dispersion-corrected hybrid wB97XD functional [17–19] was
shown to be adequate in the study of reaction mechanism [20,21]. The Pople basis set 6-311++G(2d,2p)
was employed in order to adequately describe all the atom orbitals involved in the reaction, including
the chloride atoms [22]. For the self-consistent field (SCF) calculations, the convergence criterion
for the optimization process was set as default. To achieve the convergence in the density matrix, a
value of 10−9 atomic units was required; the maximum displacement threshold value was 0.0018 Å
and the maximum force threshold value was 0.00045 Hartree/Bohr. Reactants (R) and products (P)
were characterized as minimum stationary points in the reaction coordinate. On the other hand,
transition states (TS) were characterized as saddle points in the reaction path, with a unique negative
eigenvalue on the force constant matrix, which was obtained by a frequency calculation on the
optimized structures at 298.15 K [23]. With the frequency calculation, it is possible to obtain
all the thermodynamic parameters, such as the zero-point energy (ZPE), absolute enthalpy (H),
free energy (G), and entropy (S) values with the corresponding temperature correction, and the
basis-set superposition error (BSSE) correction was considered for the transition state geometry [24].
A bimolecular nucleophilic substitution reaction (SN

2) mechanism was considered for all the substrates,
as well as some possible anchimeric assistance for oxygen or nitrogen atoms. The anchimeric
O-assistance was considered for compounds B and C, and N-assistance for compounds E and F.
The solvation effect was directly taken into account in the optimization process using the polarizable
continuum model (PCM) with the solvation model density (SMD) proposed by Cramer and Truhlar,
and water as a solvent [25,26].

Intrinsic reaction coordinate (IRC) profiles were constructed for the reaction mechanism departing
from the transition state in the forward and reverse directions [27–30]. This method allows the
verification of the connection between the reactant and product through the transition state. In order
to further describe the corresponding mechanism, reaction force analysis (RF) was performed by
taking the first derivative of the energy with respect to the reaction coordinate (F(ξ) = dE/dξ) [31–34].
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This RF profile is valuable for describing the chemical changes along the reaction pathway in terms of
electronic reorganization and structural rearrangements. These two contributions can be separately
analyzed from the so-called works (Wi) obtained from the integration of each part on the reaction
force profile.

The description of the electronic nature of all the stationary points was performed by means
of natural bond orbital (NBO) analysis. In this sense, natural atomic charges (Qx) and bond orders
(Wiberg indexes) were obtained for the optimized geometries of the reactants (R), transition state
(TS), and product (P) (BR

i , BTS
i , BP

i ). In Qx, the x represents an atom, and, for the evaluation of the
charge changes through the reaction path, a δQx = (QTS

x − QR
x) value was estimated for each x atom.

With the Wiberg indexes, it was possible to estimate the evolution percent of each bond involved in
the transition state using Equation (1):

%Ev = δBi × 100 =

[
BTS

i − BR
i

BP
i − BR

i

]
× 100. (1)

The evolution of each bond allows us to establish what the determining factor is in the transition
state and how early or late the transition state is. These indexes are useful in determining how
synchronous the transition state is in nature, as described by the synchronicity concept proposed by
Moyano et al. [35], defined in Equation (2):

Sy = 1−

[
∑n

i=1
|δBi−δBav|

δBav

]
2n− 2

. (2)

A value of zero for Sy advises a completely asynchronous process, and a value of 1 implies a
synchronous process.

4. Conclusions

A mechanistic detailed study for the bimolecular nucleophilic substitution reaction of
HS− with chloroacetanilide compounds was performed using density functional theory at the
wB97XD/6-311++G(2d,2p) level. An SN

2 reaction mechanism was found as favorable for all
compounds, with activation free energy values between 17 and 24 kcal/mol. Compounds A–D,
which have the presence of a neighboring carbonyl group (C=O) and C=S, possess almost the same
barrier (∆G‡ ≈ 19 kcal/mol). The C=O and C=S groups exert an electro-withdrawing effect favoring
the nucleophilic attack, and consequently, a minor activation free energy was found in comparison
with compounds E and F, which have a neighboring methylene group (CH2) in the same position.
With respect to the reaction force analysis, in all cases, W1 > W2; W1 corresponds to the work done
for geometric reorganization, corresponding to the formation of the transition state, and it represents
about 70% of the total activation barrier for compounds A–D, and about 60% for compounds E and F.
The charge evolution and bond-order analysis are in agreement with the reactivity trends described
previously for the studied substrates: the presence of a carbonyl group reduces the electron density of
the carbon atom in the CH2Cl group, which implies a smaller free activation energy. In compound F,
the anchimeric N-assistance via a unimolecular process is also favored in almost 50% of cases, because
the activation free energy of this mechanism is very close to the value found for the corresponding
SN

2 mechanism. Based on the Wiberg bond index analysis, it is possible to conclude that all transition
states are early in nature (δBav < 50%), and the corresponding values for compounds A to D turned
out to be more synchronous than those for compounds E and F.
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2864/s1.

Author Contributions: J.R.M, C.C. and E.M. performed the research; J.R.M and C.C. contributed to the calculations
and data analysis; E.M. conceived and designed the study. All authors discussed the results and wrote
the manuscript.

http://www.mdpi.com/1422-0067/19/10/2864/s1
http://www.mdpi.com/1422-0067/19/10/2864/s1


Int. J. Mol. Sci. 2018, 19, 2864 12 of 13

Acknowledgments: The authors are grateful to USFQ Poligrants 2018–2019 for the financial support for this
research. The high-performance computing system available in the USFQ was used for this project. We highly
appreciate the assistance of Rhys Davies.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Vogel, J.R.; Majewski, M.S.; Capel, P.D. Pesticides in Rain in Four Agricultural Watersheds in the United
States. J. Environ. Qual. 2008, 37, 1101. [CrossRef] [PubMed]

2. Barbash, J.E.; Thelin, G.P.; Kolpin, D.W.; Gilliom, R.J. Major Herbicides in Ground Water: Results from
the National Water-Quality Assessment Major Herbicides in Ground Water: Results from the National
Water-Quality Assessment. J. Environ. Qual. 2001, 30, 831–845. [CrossRef] [PubMed]

3. Dearfield, K.L.; McCarroll, N.E.; Protzel, A.; Stack, H.F.; Jackson, M.A.; Waters, M.D. A survey of EPA/OPP
and open literature on selected pesticide chemicals II. Mutagenicity and carcinogenicity of selected
chloroacetanilides and related compounds. Mutat. Res. 1999, 443, 183–221. [CrossRef]

4. Coates, J.D.; Bruce, R.A.; Haddock, J.D. Anoxic bioremediation of hydrocarbons. Nature 1998, 396, 730.
[CrossRef] [PubMed]

5. Adrian, L.; Szewzyk, U.; Wecke, J.; Görisch, H. Bacterial dehalorespiration with chlorinated benzenes. Nature
2000, 408, 580–583. [CrossRef] [PubMed]

6. Zwillich, T. A tentative comeback for bioremediation. Science 2000, 289, 2266–2267. [CrossRef] [PubMed]
7. Lovley, D.R. Bioremediation: Anaerobes to the rescue. Science 2001, 293, 1444–1446. [CrossRef] [PubMed]
8. Fuerst, E.P. Understanding the Mode of Action of the Chloroacetamide and Thiocarbamate Herbicides.

Weed Technol. 1987, 1, 270–277. [CrossRef]
9. Gan, J.; Wang, Q.; Yates, S.R.; Koskinen, W.C.; Jury, W.A. Dechlorination of chloroacetanilide herbicides by

thiosulfate salts. Proc. Natl. Acad. Sci. USA 2002, 99, 5189–5194. [CrossRef] [PubMed]
10. Loch, A.R.; Lippa, K.A.; Carlson, D.L.; Chin, Y.P.; Traina, S.J.; Roberts, A.L. Nucleophilic aliphatic substitution

reactions of propachlor, alachlor, and metolachlor with bisulfide (HS−) and polysulfides (Sn2−). Environ. Sci.
Technol. 2002, 36, 4065–4073. [CrossRef] [PubMed]

11. Bordwell, F.G.; Brannen, W.T. The Effect of the Carbonyl and Related Groups on the Reactivity of Halides in
SN

2 Reactions. J. Am. Chem. Soc. 1964, 86, 4645–4650. [CrossRef]
12. Bach, R.D.; Coddens, B.A.; Wolber, G.J. Origin of the Reactivity of Allyl Chloride and a-Chloroacetaldehyde

in SN
2 Nucleophilic Substitution Reactions: A Theoretical Comparison. J. Org. Chem. 1986, 51, 1030–1033.

[CrossRef]
13. Lippa, K.A.; Roberts, A.L. Correlation analyses for bimolecular nucleophilic substitution reactions of

chloroacetanilide herbicides and their structural analogs with environmentally relevant nucleophiles.
Environ. Toxicol. Chem. 2005, 24, 2401–2409. [CrossRef] [PubMed]

14. Arcelli, A.; Papa, M.; Porzi, G.; Sandri, S. Participation of neighbouring amide group in the competitive
acid catalysed hydrolysis of ether linkage and an intramolecular S(N)2 reactions. Tetrahedron 1997, 53,
10513–10516. [CrossRef]

15. Lippa, K.A.; Demel, S.; Lau, I.H.; Roberts, A.L. Kinetics and mechanism of the nucleophilic displacement
reactions of chloroacetanilide herbicides: Investigation of alpha-substituent effects. J. Agric. Food Chem. 2004,
52, 3010–3021. [CrossRef] [PubMed]

16. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16, Revision A. 03; Gaussian Inc.: Wallingford, CT, USA, 2016.

17. Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction.
J. Comput. Chem. 2006, 27, 1787–1799. [CrossRef] [PubMed]

18. Chai, J.D.; Head-Gordon, M. Systematic optimization of long-range corrected hybrid density functionals.
J. Chem. Phys. 2008, 128, 084106. [CrossRef] [PubMed]

19. Chai, J.D.; Head-Gordon, M. Long-range corrected hybrid density functionals with damped atom–atom
dispersion corrections. Phys. Chem. Chem. Phys. 2008, 10, 6615. [CrossRef] [PubMed]

20. Skara, G.; Pinter, B.; Top, J.; Geerlings, P.; De Proft, F.; De Vleeschouwer, F. Conceptual Quantum Chemical
Analysis of Bonding and Noncovalent Interactions in the Formation of Frustrated Lewis Pairs. Chem. A
Eur. J. 2015, 21, 5510–5519. [CrossRef] [PubMed]

http://dx.doi.org/10.2134/jeq2007.0079
http://www.ncbi.nlm.nih.gov/pubmed/18453431
http://dx.doi.org/10.2134/jeq2001.303831x
http://www.ncbi.nlm.nih.gov/pubmed/11401272
http://dx.doi.org/10.1016/S1383-5742(99)00019-8
http://dx.doi.org/10.1038/25470
http://www.ncbi.nlm.nih.gov/pubmed/9874368
http://dx.doi.org/10.1038/35046063
http://www.ncbi.nlm.nih.gov/pubmed/11117744
http://dx.doi.org/10.1126/science.289.5488.2266
http://www.ncbi.nlm.nih.gov/pubmed/11041789
http://dx.doi.org/10.1126/science.1063294
http://www.ncbi.nlm.nih.gov/pubmed/11520973
http://dx.doi.org/10.1017/S0890037X00029729
http://dx.doi.org/10.1073/pnas.042105199
http://www.ncbi.nlm.nih.gov/pubmed/11943844
http://dx.doi.org/10.1021/es0206285
http://www.ncbi.nlm.nih.gov/pubmed/12380076
http://dx.doi.org/10.1021/ja01075a025
http://dx.doi.org/10.1021/jo00357a016
http://dx.doi.org/10.1897/04-450R.1
http://www.ncbi.nlm.nih.gov/pubmed/16268142
http://dx.doi.org/10.1016/S0040-4020(97)00662-5
http://dx.doi.org/10.1021/jf030290d
http://www.ncbi.nlm.nih.gov/pubmed/15137847
http://dx.doi.org/10.1002/jcc.20495
http://www.ncbi.nlm.nih.gov/pubmed/16955487
http://dx.doi.org/10.1063/1.2834918
http://www.ncbi.nlm.nih.gov/pubmed/18315032
http://dx.doi.org/10.1039/b810189b
http://www.ncbi.nlm.nih.gov/pubmed/18989472
http://dx.doi.org/10.1002/chem.201405891
http://www.ncbi.nlm.nih.gov/pubmed/25694108


Int. J. Mol. Sci. 2018, 19, 2864 13 of 13

21. Villegas-Escobar, N.; Toro-Labbé, A.; Becerra, M.; Real-Enriquez, M.; Mora, J.R.; Rincon, L. A DFT study of
hydrogen and methane activation by B(C6F5)3/P(t-Bu)3 and Al(C6F5)3/P(t-Bu)3 frustrated Lewis pairs.
J. Mol. Model. 2017, 23, 234. [CrossRef] [PubMed]

22. Papajak, E.; Zheng, J.; Xu, X.; Leverentz, H.R.; Truhlar, D. Perspectives on Basis Sets Beautiful: Seasonal
Plantings of Diffuse Basis Functions. J. Chem. Theory Comput. 2011, 7, 3027–3034. [CrossRef] [PubMed]

23. Julio, L.L.; Mora, J.R.; Maldonado, A.; Chuchani, G. Gas-phase elimination kinetics of selected aliphatic
α,β-unsaturated aldehydes catalyzed by hydrogen chloride. J. Phys. Org. Chem. 2015, 28, 261–265. [CrossRef]

24. Ochterski, J.W. Thermochemistry in Gaussian; Gaussian Inc.: Pittsburgh, PA, USA, 2000; Volume 264, pp. 1–19.
25. Tomasi, J.; Mennucci, B.; Cammi, R. Quantum mechanical continuum solvation models. Chem. Rev. 2005,

105, 2999–3093. [CrossRef] [PubMed]
26. Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal solvation model based on solute electron density and

on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions.
J. Phys. Chem. B 2009, 113, 6378–6396. [CrossRef] [PubMed]

27. Hratchian, H.P.; Schlegel, H.B. Accurate reaction paths using a Hessian based predictor-corrector integrator.
J. Chem. Phys. 2004, 120, 9918–9924. [CrossRef] [PubMed]

28. Hratchian, H.P.; Schlegel, H.B. Using Hessian updating to increase the efficiency of a Hessian based
predictor-corrector reaction path following method. J. Chem. Theory Comput. 2005, 1, 61–69. [CrossRef]
[PubMed]

29. Gonzalez, C.; Bernhard Schlegel, H. An improved algorithm for reaction path following. J. Chem. Phys. 1989,
90, 2154–2161. [CrossRef]

30. Gonzalez, C.; Schlegel, H.B. Reaction path following in mass-weighted internal coordinates. J. Phys. Chem.
1990, 94, 5523–5527. [CrossRef]

31. Toro-Labbe, A. Characterization of chemical reactions from the profiles of energy, chemical potential and
hardness. J. Phys. Chem. A 1999, 103, 4398–4403. [CrossRef]

32. Herrera, B.; Toro-Labbé, A. The role of reaction force and chemical potential in characterizing the mechanism
of double proton transfer in the adenine-uracil complex. J. Phys. Chem. A 2007, 111, 5921–5926. [CrossRef]
[PubMed]

33. Martínez, J.; Toro-Labbé, A. The reaction force. A scalar property to characterize reaction mechanisms.
J. Math. Chem. 2009, 45, 911–927. [CrossRef]

34. Pérez, P.; Toro-Labbé, A. Theoretical analysis of some substituted imine-enamine tautomerism.
Theor. Chem. Acc. 2001, 105, 422–430. [CrossRef]

35. Moyano, A.; Pericàs, M.A.; Valentí, E. A Theoretical Study on the Mechanism of the Thermal and the
Acid-Catalyzed Decarboxylation of 2-Oxetanones (β-Lactones). J. Org. Chem. 1989, 54, 573–582. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00894-017-3404-y
http://www.ncbi.nlm.nih.gov/pubmed/28733881
http://dx.doi.org/10.1021/ct200106a
http://www.ncbi.nlm.nih.gov/pubmed/26598144
http://dx.doi.org/10.1002/poc.3404
http://dx.doi.org/10.1021/cr9904009
http://www.ncbi.nlm.nih.gov/pubmed/16092826
http://dx.doi.org/10.1021/jp810292n
http://www.ncbi.nlm.nih.gov/pubmed/19366259
http://dx.doi.org/10.1063/1.1724823
http://www.ncbi.nlm.nih.gov/pubmed/15268010
http://dx.doi.org/10.1021/ct0499783
http://www.ncbi.nlm.nih.gov/pubmed/26641116
http://dx.doi.org/10.1063/1.456010
http://dx.doi.org/10.1021/j100377a021
http://dx.doi.org/10.1021/jp984187g
http://dx.doi.org/10.1021/jp065951z
http://www.ncbi.nlm.nih.gov/pubmed/17566987
http://dx.doi.org/10.1007/s10910-008-9478-0
http://dx.doi.org/10.1007/s002140000223
http://dx.doi.org/10.1021/jo00264a014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Thermodynamic Parameters 
	Geometric Parameters 
	Natural Bond Orbital (NBO) Analysis 

	Computational Details 
	Conclusions 
	References

