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Abstract: The global and local DFT reactivity descriptors were calculated at the
MP2/6-311++G (2d,2p) level of theory for aminocyclopyrachlor herbicide in
the aqueous phase. Global reactivity descriptors, such as ionization energy,
molecular hardness, electrophilicity and total energies, were caculated to
evaluate the reactivity of aminocyclopyrachlor. The local reactivity was eval-
uated through the Fukui function. The obtained results suggest that the cationic
and dipolar forms of aminocyclopyrachlor exhibit similar global reactivity and
are susceptible to de-amination and decarboxylation. In addition, opening of
the ring might become feasible through free radical attacks on the neutral form,
while asimilar processis caused by nucleophilic attacks on the anionic form.
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INTRODUCTION

Rangelands and pastures (RP) are the major source of high quality protein
and fat for human beings through the meat obtained from animals that graze
thereon.1-3 However, the incidence of weeds on these RP reduces the grass
density, and forage production.1=3 Weed control on RP is realized with specific
herbicides. However, some of these herbicides used to control many forb species
in pastures may aso injure desirable native grass species4® In this sense,
potassium 6-amino-5-chloro-2-cyclopropylpyrimidine-4-carboxylate (aminocyc-
lopyrachlor), see Fig. 1, is used to control or suppress severa broad-leaved
weeds and woody plant species in pastures, rangelands and various non-crop
sites,6 with aless injury to the native grasses in comparison to other herbicides.4
According to EPA, this herbicide poses very low risk to humans, including
workers and the general population, due to its low toxicity and low volatility.”
Moreover, it was reported that an evaluation of the available scientific infor-
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768 MENDOZA-HUIZAR

mation found that this herbicide does not present an unacceptable risk to human
health or the environment.8° However, the signs of toxicity associated with
aminocyclopyrachlor involve decreased body weight, decreased weight gain,
decreased food consumption, and decreased food conversion efficiency.10 The
mechanism by which aminocyclopyrachlor causes decreased food conversion
efficiency has not yet been clarified.10 Additionally, it is important to mention
that aminocyclopyrachlor is environmentally persistent, soluble in water, non-
volatile, and with a low sorption potential. Pesticides with such features tend to
move easily through the soil profile into groundwater.1112 Hence, extensive
application of this herbicide may increase its concentration in the soil and
groundwater and thus aminocyclopyrachlor is recognized as having the potential
to pollute groundwater.13-15

Fig. 1. Potassium 6-amino-5-chloro-2-cyclopropylpyrimidine-4-
-carboxylate.

Aminocyclopyrachlor slowly degrades by aerobic micrabia metabolism
with half-lives ranging from 114-433 days in different soils and it is stable to
degradation via other pathways.13.16 However, in some cases, this half-life is
more related to transport losses from runoff and leaching rather than degrad-
ation.® Furthermore, the leaching potential of aminocyclopyrachlor is similar to
that exhibited by picloram, which is recognized as an emerging water con-
taminant.11 Due to its dissociation constant (pKg = 4.65), aminocyclopyrachlor is
in the anionic form at typical soil pH levels.1? Here, it is important to mention
that anionic pesticides are generally weakly retained by most soil and sediment
components and potentially could reach and contaminate surface and ground-
waters,18.19

Unfortunately, information on the degradation and metabolic pathways of
aminocyclopyrachlor in water is limited, since the main source of information is
related to its absorption in soils. Thus, a good understanding of the reactivity of
aminocyclopyrachlor would alow the development of efficient degradation
methods for its removal from groundwater. To the best of existing knowledge,
the reactivity of aminocyclopyrachlor at the molecular level has not hitherto been
analyzed. Therefore, in this work, the molecular reactivity of this herbicide is
analyzed through the formulation of chemical reactivity based on the density
functional theory (DFT).20 It is considered that this kind of study would con-
tribute to a better understanding of the chemical behavior of this herbicide in
agueous media
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CHEMICAL REACTIVITY OF AMINOCY CLOPYRACHLOR HERBICIDE 769

Theory

The formulation of the chemical reactivity theory derived within the frame-
work of the density functional theory has enabled parameters that give infor-
mation about the general behavior of a molecular system to be defined.20 These
parameters are the electronic chemical potential (i), the electronegativity (y) and
hardness (1), which can be evaluated through the following equations;21-26

(9B} L_
X=—H 2
_ 8#} _[82EJ _
,7_(_ = =(1-A) 3)
aN V(I’) aN2 V(r)

In these equations, E, N and v(r) are the energy, number of electrons and the
external potential of the system, respectively. The energy value of the vertical
electronic affinity (A) can be calculated as A=E(N)-E(N+1), where E(N)
and E(N +1) arethe total ground-state energiesin the neutral N and the singly
charged (N +1) configurations. Moreover, the ionization potential (1) can be
calculated as | = E(N —1)— E(N). The chemical potential measures the escap-
ing tendency of an electron and it can be associated with the molecular elec-
tronegativity,2” while 5 determines the resistance of the chemical speciesto lose
electrons and can be related to the stability and polarizability of the molecular
system.2829 On the other hand, the global electrophilicity index (o) is defined as
a measurement of the susceptibility of a chemical species to accept electrons and
it can be calculated as:30

a):’u—2 4
2n
According to this definition, low values of @ suggest a good nucleophile
while higher values indicate the presence of a good el ectrophile.30
Additionally to the global reactivity parameters, it is possible to define local
reactivity parameters, which can be used to analyze the reactivity on different
sites within a molecule.3132 This local reactivity can be evaluated through the
Fukui function ( f (7')),3334 which is defined as:35

o [op(F)) [ ou(r)
f(r)_( N Jv(r)_(av(r)J ®)

where p(F) is the electronic density. The Fukui function, Eq. (5), can be
evaluated by using a finite difference approximation. However, due to the dis-
continuity of the electron density with respect to the number of electrons (N), this
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770 MENDOZA-HUIZAR

approximation leads to three types of Fukui functions for a system, namely,
f+(r), f-(r), and fO(r) for nucleophilic, electrophilic, and free radical
attacks respectively. These condensed functions can be evaluated as:31

f+(r)=pna(F)-pn (T) (6)
f=(r)=pn(7)-pn-(T) ()
() =2 na(f)- pnaa(r)] ®

However, for studying the reactivity at the atomic level, a more convenient
way of calculating the Fukui function is through the condensed forms of the
Fukui function for an atom j in amolecule which are expressed as:31

B (F)=aj(n) ~ 9j(na) )
fi (F)=dj(n-1) —9j(n) (10)
1

fjo(r)=§{qj(N-1)_qj(N+1)} (11)

In these equations, qj is the atomic charge (evaluated from the Mulliken
population, electrostatic-derived charge, etc.) at the jth atomic site in the neutral
(N), anionic (N+1) or cationic (N-1) chemical species.

METHODOLOGY

The optimal conformations of aminocyclopyrachlor chemical species were subjected to
full geometry optimization in agueous phase employing the hybrid functional B3LY P,36-38 the
basis set 6-311++G(2d,2p),3%40 and the PCM solvation model 4142 The optimized geometries
in the agueous phase were re-optimized employing the second order Moller Plesset theory43
and the basis set 6-311++G(2d,2p). The final atomic charges for aminocyclopyrachlor studied
in the agueous phase were obtained within the framework of the MP2 theory. In all
calculations of these atomic charges, the Density=M P2 option was used in order to ensure that
the charges were calculated at the MP2 level. All the calculations reported here were per-
formed with the package Gaussian 09,* and visualized with the GaussView ver. 3.09
packages. 4>

RESULTS AND DISCUSSION

Aminocyclopyrachlor rapidly dissociates into the acid form (6-amino-5-
-chloro-2-cyclopropy!-4-pyrimidinecarboxylic acid) with the addition of water at
pH 4.65,%6 see Fig. 2a. Furthermore, it isimportant to consider that in an aqueous
environment at pH =7, the carboxyl groups are usually deprotonated, meaning
they lose an H* and become negatively charged, see Fig. 2b. Moreover, the
nitrogen of the pyrimidine ring can be protonated at pH 1.23 and the protonated
and the dipolar forms may exist at acid pH values,47:48 see Fig. 2c.
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Fig. 2. Chemical species of aminocyclopyrachlor at different pH values.

Under these considerations, the chemical species shown in Fig. 2 were
optimized, at the B3LY P/6-311++G (2d,2p) level, in the aqueous phase without
any symmetry constraints employing the PCM solvation model. A frequency
analysis was applied to the optimized geometries to verify the stability criterion
and in all cases, the frequency values were positive and their values were similar
to those reported in the literature for pyrimidine.49 The optimized geometries at
the B3LYP/6-311++G (2d,2p) level were re-optimized at the MP2/6-311++G
(2d,2p) level. The optimized geometries of the neutral form at the MP2/6-
-311++G (2d,2p) level are depicted in Fig. 3. Note the existence of two possible
conformers for this neutral form in which the cyclopropyl is oriented in a posi-
tion either cisoid (Fig. 3a) or transoid (Fig. 3b). The electronic energies for the
cisoid and transoid conformers are —1082.672645 and —1082.672819 hartrees,
respectively. Note that there is an energy difference of 0.11 kcal* mol—1 between
both conformers, which could be expected for two isoenergetic conformers. In
addition, the optimized geometries of the anionic, cationic and dipolar forms are
reported in Figs. 4-6, respectively. For the anionic, cationic and dipolar forms,
the energy differences between the cisoid and transoid conformers are 0.07, 2.32
and 1.76 kcal mol-1, respectively. These results suggest the existence of two
isoenergetic conformers for aminocyclopyrachlor chemical species. However, it
is important to mention that a conformer may be converted into another via an
inversion symmetry operation. Thus, under the Born—Oppenheimer approx-
imation, these conformers must have identical electronic structures and energy
and the observed differences may be due exclusively to numerical imprecision.0

*1kcal =4186J
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772 MENDOZA-HUIZAR

Fig. 3. Neutral aminocyclopyrachlor. 8 Bond distances (A): 1C-10Cl = 1.74, 1C-3C =1.38,
3C-11C =1.50, 3C-6N =1.34, 11C-130 = 1.21, 11C-120 = 1.34, 120-22H = 0.97, 6N-2C
=1.34,2C-14C =1.47,2C-5N = 1.34, 5N-4C = 1.34, AC-7N = 1.36, 7N-8H = 1.01,
7N-9H =1.01, 14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52, 16C-19C = 1.50 ,
16C-17H = 1.08, 16C-18H = 1.08, 19C-20H = 1.08 and 19C-21H= 1.08, dihedral angles (°):
19C-14C-2C-5N = -145.65 and 6N-3C-11C-130 = 58.43. b) The bond distances were the
same as in conformer (a) but the dihedral angles were 19C-14C—2C-5N = -34.80 and
6N-3C-11C-130 = 59.15.

Fig. 4. Anionic aminocyclopyrachlor. 8 Bond distances (A): 1C-10CI = 1.74, 1C-3C = 1.38,
3C-11C =1.52, 3C-6N =1.35, 11C-130 = 1.26, 11C-120 = 1.26 , 6N-2C = 1.34, 2C-14C =
=1.48, 2C-5N = 1.34, 5N-4C = 1.34, 4C—7N = 1.37, 7N-8H = 1.01, 7N-9H = 1.01,
14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52, 16C-19C = 1.50, 16C-17H = 1.08,
16C-18H = 1.08, 19C—20H = 1.08 and 19C-21H = 1.08, dihedral angles (°):
19C-14C—-2C-5N = -145.69 and 6N-3C-11C-130 = 89.76. b) The same bond distances
were the same as in conformer (a) but the dihedral angles were 19C-14C—2C-5N = —-34.63
and 6N-3C-11C-130 = 89.85.

Global reactivity descriptors

The values of the global reactivity descriptors (u, # and @) were calculated at
the MP2/6-311++G(2d,2p) level of theory employing Egs. (1), (2) and (3),
respectively, see Table I. From the results reported in this Table, it may be
observed that the globa hardness of the aminocyclopyrachlor chemical species
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increases with increasing pH value. This result suggests an increment in the
stability of aminocyclopyrachlor in the agqueous phase in terms of the pH value.
In addition, note that the values of 4 and @ decrease and increase, respectively.
This behavior suggests that the electronegativity and nucleophilic behavior of
aminocyclopyrachlor diminishes with increasing pH.

Fig. 5. Cationic aminocyclopyrachlor. &) Bond distances (A): 1C-10Cl = 1.72, 1C-3C = 1.37,
3C-11C =1.50, 3C-6N = 1.36, 6N-23H = 1.02, 11C-130 = 1.22, 11C-120 = 1.33,
120-22H = 0.97, 6N-2C = 1.35, 2C-14C = 1.46, 2C-5N = 1.32 , 5N-4C = 1.35, 4C-7/N =
=1.32, 7N-8H = 1.01, 7N-9H = 1.01, 14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52,
16C-19C =1.50, 16C-17H = 1.08, 16C—-18H = 1.08, 19C—20H = 1.08 and 19C-21H = 1.08,
dihedral angles(®): 19C-14C-2C-5N = -145.80 and 6N-3C-11C-130 = -0.004. b) The bond
distances were the same as in conformer (a) but the dihedral angles were
19C-14C-2C-5N =-33.42 and 6N-3C-11C-130 = 0.007.

Fig. 6. Dipolar aminocyclopyrachlor. a) Bond distances (A): 1C-10CI = 1.72, 1C-3C = 1.37 ,
3C-11C = 1.54, 3C-6N = 1.36, 6N-23H = 1.03, 11C-130 = 1.26, 11C-120 = 1.25, 6N-2C =
=1.34,2C-14C = 1.46, 2C-5N = 1.32, 5N-4C = 1.35, 4C-7N = 1.33, 7N-8H = 1.01,
7N-9H = 1.01, 14C-15H = 1.08, 14C-16C = 1.52, 14C-19C = 1.52, 16C-19C = 1.50,
16C-17H = 1.08, 16C-18H = 1.08, 19C-20H = 1.08 and 19C-21H = 1.08, dihedra angles(°):
19C-14C-2C-5N =-145.46 and 6N-3C-11C-130 = -0.008. b) The bond distances were the
same as in conformer (a) but the dihedral angles were 19C-14C-2C-5N = -33.69 and
6N-3C-11C-130 =0.
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TABLE 1. Globa reactivity descriptors for aminocyclopyrachlor chemical species at the
MP2/6-311++G(2d,2p) level of theory

Descriptor I/ev AleV nlev ulev wl eV
Cationic 9.55 311 6.44 -3.22 0.80
Dipolar 8.93 201 6.92 -3.46 0.86
Neutral 8.48 153 6.95 -3.47 0.87
Anionic 7.96 0.51 7.45 -3.73 0.93

Local reactivity descriptors

In order to evaluate the reactivity at atomic resolution, the Fukui function
was evaluated through Egs. (9)—<11). It is well known that the Fukui function
alows the determination of the pinpoint distribution of the active sites on a
molecule. However, the value of this function is completely dependent on the
scheme of charges used. A variety of schemes to evaluate atomic charges has
been reported.#2 However, atomic charges derived from the electrostatic potential
(MEP) have found good acceptance to calculate the condensed Fukui function
and good agreement with the experimental results was obtained.>0-52 The values
of the Fukui function in terms of MEP charges for the cisoid and transoid
conformers of aminocyclopyrachlor in its neutral form are reported in Table S
of the Supplementary material to this paper. Observe that for neutra cisoid-
aminocyclopyrachlor, the more reactive sites for electrophilic, nucleophilic and
free radical attacks are the 2C, 3C, and 3C atoms, respectively. On the other
hand, 7N, 3C, and 6N are the more reactive sites for electrophilic, nucleophilic
and free radical attacks respectively in the case of the neutral transoid-amino-
cyclopyrachlor conformer. Note that even though the cisoid and transoid con-
formers are isoenergetic, the local reactivity is different when electrophilic and
freeradical attacks are considered.

The values of the condensed Fukui function for the anionic, cationic and
dipolar forms are reported in Tables S-11-S-1V, respectively. The more reactive
sites for neutral, anionic, cationic and dipolar forms are summarized in Table I1.
From these results, observe that the cationic and dipolar forms are susceptible to
de-amination (7N) and decarboxylation (3C). In the neutral cisoid form, an elec-

TABLE II. The more reactive sites for aminocyclopyrachlor chemical species;, 7N (de-
amination), 3C (decarboxylation), 2C (electrophilic substitution), 5N (opening of the ring), 1C
(dechlorination), 6N (opening of the ring)

F Cisoid Transoid

orm Electrophilic Nucleophilic Freeradical Electrophilic Nucleophilic Free radical
Cationic 7N 3C 7N 7N 3C 7N
Dipolar 7N 3C 7N 7N 3C 7N
Neutral 2C 3C 3C 7N 3C 6N
Anionic 2C 5N 1C 2C 1C 1C
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trophilic substitution is expected on 2C and decarboxylation may be caused by
either nucleophiles or free radicals by attack on 3C. In the neutral transoid form,
de-amination, decarboxylation and opening of the ring processes are expected
through €electrophilic, nucleophilic and free radicals attacks, respectively. At
basic pH values, eectrophilic, nucleophilic and free radicals attacks on the
anionic cisoid form would cause e ectrophilic substitution, opening of the ring
and dechlorination, respectively. For the anionic transoid form, electrophilic
substitution is expected through electrophilic attacks, while dechlorination
process may be caused by either nucleophilic or free radicals attacks. These
results suggest that a degradation process that involves the opening of the ring
might be feasible through free radical attacks to the neutral transoid form and
nucleophilic attacks on the anionic cisoid form. Theoretical analyses of the
possibility of more reactive free radicals and nucleophiles to open the pyrimidine
ring are beyond of the scope of this paper, however they will be analyzed in
future works.

CONCLUSIONS

In the present work, DFT reactivity descriptors for aminocyclopyrachlor
herbicide in the aqueous phase were cal culated. The cationic and dipolar forms of
aminocyclopyrachlor showed similar values of the global reactivity parameters,
which is indicative of equivalent global chemical behavior under acid agueous
conditions. Under these acid conditions, the values of the Fukui function suggest
that attacks by free radicals and electrophiles on 7N would cause a de-amination
process, while a nucleophilic attack would cause decarboxylation. For the neutral
form, nucleophilic and free radical attacks would cause a decarboxylation pro-
cess, while eectrophilic substitution is expected on 2C. The neutral transoid
form is susceptible to de-amination, decarboxylation and opening of the pyri-
midine ring through electrophilic, nucleophilic and free radical attacks, respect-
ively. At basic pH vaues where the anionic form of aminocyclopyrachlor is
predominant, the cisoid form is susceptible to electrophilic substitution (2C),
opening of the ring (5N) and dechlorination (1C). On the other hand, the transoid
form would be vulnerable to electrophilic attacks on 2C, and a possible dechlor-
ination through nucleophilic and free radical attacks on 1C.

SUPPLEMENTARY MATERIAL

Values of the condensed Fukui function, Tables S-I-S-1V, are available electronically
from http://www.shd.org.rs/JSCS/ or from the corresponding author on request.

Acknowledgments. LHMH gratefully acknowledges financial support from CONACYT
(Project INFR-2014-227999) and to the Universidad Auténoma del Estado de Hidalgo
through the projects PIFI 2008-13M8U0017T-04-01 and PIFI-2009-13M SU0017T-04-01.
LHMH wishes to thank the National Laboratory for the Characterization of Physicochemical
Properties and Molecular Structure, (LACAPFEM) for providing supercomputing time.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



776

A

MENDOZA-HUIZAR

U3BOJ
HAJIM3A XEMUJCKE PEAKTUBHOCTHU XEPEMLITUJIA AMUHOLMKIIOITUPAXJIOP
[TOMORY ®YKYUJEBE ®YHKIUJE

LUIS HUMBERTO MENDOZA-HUIZAR

Universidad Auténoma del Estado de Hidalgo, Area Académica de Quimica Quimicas, Mineral de la Reforma,

Hidalgo, C.P. 42186, México

HW3pauyHaTy cy rinodanHu U gokanHu DFT peakUUOHM JECKPUNITOPHU 3a Xepduuup amu-

Houukionupaxiop Ha MP2/6-311++G (2d,2p) HuBOy Teopuje y BojeHoj ¢asu. I'mobanuHu
PEeaKkIHoHM IeCKPUIITOPH Cy eHEepruja joHu3auuje, MoeKysacka TBpAoha, enekTpodUIHOCT U
YKyTHa eHepruja. JlokasHa peakTHBHOCT je mpolewmeHa nomohy ®dykyujese dbyHuuje. Jodu-

jeHu

pesyiTaTd ykasyjy Ha TO Jla KaTjoHCKe W JurnojapHe (opme aMHHOLMKIOMUpaxaopa

UMajy CJIMYHY I7100aIHy PEaKTHBHOCT, U MIOEXY JeaMHHOBAbY U JeKapdoKCHIaLHjH.
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