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Abstract: In this work, the chemical reactivity of isoxaflutole (ISOX) and 
diketonitrile (DKN) was analyzed at the X/6-311++G(2d,2p) (where X = 
= B3LYP, M06, M06L and ωB97XD) level of theory, in the gas and aqueous 
phases. The results indicate that DKN, the active metabolite of ISOX, is more 
stable than isoxaflutole in both phases. ISOX is susceptible to electrophilic and 
free radical reactions through the isoxazole ring; while the carbonyl group is 
attacked by nucleophiles. For DKN nucleophilic and free radical attacks are 
expected on the aromatic ring, while electrophilic attacks are favored on the 
oxygen atom of the carbonyl groups. The results suggest that the cleavage of 
the N–O bond in the isoxazole ring is possible through electrophilic and free 
radical attacks, while electrophilic and free radical attacks will favor substi-
tutions on the carbonyl groups of DKN. 

Keywords: isoxaflutole; diketonitrile; Fukui function. 

INTRODUCTION 
Isoxaflutole (5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) 

isoxazole, Fig. 1a) is a pre-emergence selective herbicide used primarily in corn 
and sugarcane crops for the control of grasses and broadleaf weeds in maize.1,2 
Here, it is interesting to mention that isoxaflutole (ISOX) is being used as a sub-
stitute for atrazine, by which has the potential to be extensively used in the 
coming decades.2 ISOX hydrolyses spontaneously to diketonitrile (DKN, 2-cyc-
lopropyl-3-(2-methylsulfonyl-4-(trifluoromethyl)benzoyl)-3-oxopropanenitrile), 
a phytotoxic compound, which exhibits herbicidal activity.3 Diketonitrile (Fig. 
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1b) is able to suppress the synthesis of 4-hydroxyphenylpyruvate dioxygenase 
(HPPD), an enzyme that allows the biosynthesis of carotenoids; which are res-
ponsible for protecting the chlorophyll from the action of sunlight, but in the 
absence of them the chlorophyll degrades, ands as consequence the leaves 
become discolored and finally the plant dies.1,4–6 Even though, in soil, ISOX has 
a very short half-life and degrades quickly to its stable and phytotoxic metabo-
lite,7 ISOX and its metabolite (DKN) are mobile and may enter surface waters 
through runoff and leaching;2,4 thus they can persist and accumulate in water at 
levels that are hazardous to some aquatic and non-target organisms, including 
threatened and endangered species.8 Also, ISOX has been identified as a pro-
bable human carcinogen,9 and has been associated with increased risks in preg-
nancy and therefore adverse effects to the fetus.10 Recently, there has been grow-
ing concern about the contaminant effect caused by this herbicide because it has 
been detected in groundwater in different places exceeding the concentrations 
considered as safe.11 Thus, it is not strange that several studies have been focused 
to investigate the degradation of ISOX and DKN.1,2 Mougin et al. suggested that 
the DKN chemical oxidation to benzoic acid implies the loss of the cyano group 
of the molecule, but they did not verify the existence of this reaction pathway.12 
Also, Lerch et al. reported that DKN may be oxidized by Hypochlorite in water, 
through nucleophilic attacks of the β-ketone (i.e., the carbonyl adjacent to the 
cyclopropyl group) to produce benzoic acid, cyclopropanecarboxylic acid 
(CPCA) and dichloroacetonitrile (DCAN).13 But, they did not study the degrad-
ation process employing electrophiles or free radical agents, by which a detailed 
study of the reactivity exhibited by ISOX and DKN, in aqueous media, may 
become fundamental to understand its degradation process. To our knowledge, a 
computational chemical study of ISOX and DKN to evaluate their global and 
local reactivity descriptors is still missing. Therefore, we consider that this kind 
of study will contribute to get a better understanding of the chemical behavior, in 
the gas and aqueous phases of this herbicide and potential emerging water 
contaminant. 

 
Fig. 1. Chemical structures of: a) isoxaflutole and b) diketonitrile. 

Theory 
Global reactivity parameters. From the density functional theory global 

reactivity parameters such as the electronic chemical potential (μ), the electro-
negativity (χ), hardness (η) and the electrophilicity index (ω) have been defined 
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and used to understand the general chemical behavior of a molecule.14,15 They 
are evaluated within the framework of the DFT through Eqs (1)–(4), respect-
ively.16–19 

 
( )

( ) ( )H L
1 1=-
2 2r

E I A
N ν

μ ε ε∂ = + = + ∂ 
 (1) 

 χ = –μ (2) 

 
( ) ( )

( ) ( )
2

L H2
r r

E I A
N Nν ν

μη ε ε
 ∂ ∂ = = = − = −    ∂  ∂ 

 (3) 

 ω = μ2/2η (4) 
In these equations, the variables E, N and ν(r) are the energy, number of electrons and 

the external potential exerted by the nuclei, respectively. I is the ionization potential while A 
corresponds to the electronic affinity. In this sense, some reports suggest that the Koopmans’ 
theorem may become valid for calculations of the global reactivity parameters at the DFT 
level.17,20,21 Under this approximation, A is related to the minus lowest unoccupied 
molecular orbital (LUMO) energy (–εL), while I is associated with the minus highest occupied 
molecular orbital (HOMO) energy (–εH).17,20,21 The electronic chemical potential is asso-
ciated to the escaping tendency of an electron and is minus the Mulliken electronegativity of 
molecules,20 the value of η is related to the stability of the molecular system,16,17 while ω 
measures the susceptibility of chemical species to accept electrons.21 Thus, low values of ω 
suggest a good nucleophile, while higher values indicate the presence of good electrophiles. 
Also, it is possible to define the electrodonating (ω–) and electroaccepting (ω+) powers as:21 
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Local reactivity parameters. It is possible to analyze the chemical reactivity 
on different sites within a molecule employing local reactivity parameters.22,23 
Probably, the Fukui function (f(r)) is one of the local parameters most used to 
identify the more reactive regions or sites on a molecular system.14,24 The Fukui 
function (FF) is defined as:25 
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where ρ(r) is the electronic density. Eq. (7) allows us to identify the regions 
where a chemical species is changing its electron density, when the number of 
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electrons are modified. Thus, this parameter has become useful to identify the 
preferred molecular regions, which are susceptible either to electrophilic or nuc-
leophilic attack.23 In this sense, the three main approximations to evaluate FF are: 

a) the frozen core approximation,25 see Eqs (8) and (9): 

 ( ) ( ) ( ) ( )*
H H Hf r r r rϕ ϕ ρ− = =  (8) 

 ( ) ( ) ( ) ( )*
L L Lf r r r rϕ ϕ ρ+ = =  (9)

 where ρH(r) is the electronic density of the HOMO, and ρL(r) is the electronic 
density of the LUMO. 

b) finite differences,25 see Eqs (10)–(12): 

 ( ) ( ) ( )1N Nf r r rρ ρ−
−= −  (10) 

 ( ) ( ) ( )1N Nf r r rρ ρ+
+= −  (11) 

 ( ) ( ) ( )0
1 1

1
2 N Nf r r rρ ρ+ − = −   (12) 

where ρN+1(r), ρN(r), and ρN–1(r) correspond to the electronic density of the 
anionic, neutral and cationic chemical species, respectively, and 

c) the condensed atomic Fukui function (CFF), employing atomic charges,26 
see Eqs (13)–(15): 

 ( ) ( ) ( )1j j N j Nf r q q−
−= −  (13) 

 ( ) ( ) ( )1j j N j Nf r q q+
+= −  (14) 

 ( ) ( ) ( )( )0
1 1

1
2j j N j Nf r q q− += −  (15) 

In these equations, qj is the atomic charge at the jth atomic site in the neutral 
(N), anionic (N+1) or cationic (N–1) chemical species. 

COMPUTATIONAL METHODOLOGY 
The optimal conformation of ISOX and DKN was subjected to full geometry optimiz-

ation in the gas and aqueous phases at the X/6-311++G(2d,2p) (where X = B3LYP,27,28 
M06,29 M06L30 and ωB97XD31) level of theory, and the basis set 6-311++G(2d,2p).32,33 M06 
and M06L functionals were selected because they are able to provide adequate molecular 
structures, while ωB97xD allow studying the dispersion interaction forces present in intramol-
ecular interactions.31 Also we have compared these results with those obtained with one of the 
most popular functionals (B3LYP). Solvent phase optimizations were carried out using the 
polarizable continuum model (PCM) developed by Tomasi and coworkers.34,35 In all cases, 
the vibrational frequencies were computed to make sure that the stationary points were min-
ima in the potential energy surface (not shown). All the calculations reported here were per-
formed with the package Gaussian 09,36 and visualized with the GaussView V.3.09,37 packages. 
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RESULTS AND DISCUSSION 

Global reactivity parameters 
In Fig. 2 are depicted the molecular structures of ISOX and DKN, which 

were optimized at the B3LYP/6-311G (2d, 2p) level of theory in the aqueous 
phase. Similar geometries were obtained at the X/6-311G (2d,2p) (where X = 
= M06,29 M06L30 and ωB97XD31) level of theory and in the gas phase. The 
global reactivity descriptors for ISOX and DKN were evaluated employing the 
Eqs. (1)–(6) and they are reported in Tables I and II, for the gas and aqueous 
phases, respectively. The values of the global reactivity descriptors for ISOX and 
DKN employing the Koopmans’s theorem are reported as Supplementary mat-
erial to this paper, see Tables S-I and S-II. Observe that ISOX and DKN exhibit 
the higher value of I in the aqueous phase, which suggests that, in this phase, is 
more difficult to remove an electron due to the solvation effect rendered by water 
due to its high polarity. Also, note that the A value for ISOX and DKN are higher 
in aqueous media in comparison to the gas phase, which suggests a minor electro 
affinity of ISOX and DKN in this phase. In both phases, the values of μ and ω 
are higher for ISOX than for DKN, which suggests that the first one has a major 
electrophilic behavior in comparison to the second one. Also, the ISOX hardness 
value is lower than the obtained for DKN, which suggests that ISOX is more 
stable; this result agrees with the literature.7 On the other hand, the values of ω+ 
and ω– measure the capability of a chemical system for donating or accepting a 
small fractional amount of charge.14 Thus, ISOX shows higher values of ω+, 
which indicate a major capability to accept electrons, while DKN exhibits lower 
values of ω–, therefore, its capability to donate electrons is larger than the exhi-
bited by ISOX. Note that the same tendency is obtained at the different levels of 
theory, see Tables I and II. 

 
Fig. 2. Chemical structures of: a) isoxaflutole and b) diketonitrile optimized at the B3LYP/6- 
-311++G(2d,2p) level of theory in the aqueous phase employing the PCM solvation model. 

Bond distances are given in Å, DA = dihedral angle. 
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TABLE I. Global reactivity parameters, for isoxaflutole and diketonitrile (values between 
parentheses), evaluated at the X/6-311++G(2d,2p) (where X = B3LYP, M06, M06L and 
ωB97XD) level of theory and in the gas phase, employing Eqs. (1)–(6) 
Level I / eV A / eV μ / eV η / eV χ / eV ω / eV ω+ / eV ω-/ eV 
B3LYP –9.07 

(9.59) 
1.05 

(0.83) 
–5.06 

(–5.21) 
8.02 

(8.77) 
5.06 

(5.21) 
1.60 

(1.55) 
0.58 

(0.52) 
3.11 

(3.12) 
M06 9.18 

(9.80) 
0.99 

(0.78) 
–5.09 

(–5.29) 
8.19 

(9.02) 
5.09 

(5.29) 
1.58 

(1.55) 
0.56 

(0.51) 
3.11 

(3.16) 
M06L 8.75 

(9.12) 
1.00 

(0.77) 
–4.87 

(–4.94) 
7.75 

(8.35) 
4.87 

(4.94) 
1.53 

(1.46) 
0.56 

(0.49) 
2.99 

(2.96) 
ωB97XD 9.23 

(10.05) 
0.68 

(0.61) 
–4.96 

(–5.33) 
8.55 

(9.43) 
4.96 

(5.33) 
1.44 

(1.50) 
0.47 

(0.47) 
2.94 

(3.13) 

TABLE II. Global reactivity parameters, for isoxaflutole and diketonitrile (values between 
parentheses), evaluated at the X/6-311++G(2d,2p) (where X = B3LYP, M06, M06L and 
ωB97XD) level of theory in the aqueous phase, employing Eqs. (1)–(6) 
Level I / eV A / eV μ / eV η / eV χ / eV ω / eV ω+ / eV ω-/ eV 
B3LYP 7.25 

(7.88) 
2.54 

(2.27) 
–4.89 

(–5.07) 
4.71 

(5.61) 
4.89 

(5.07) 
2.54 

(2.30) 
1.47 

(1.20) 
3.91 

(3.74) 
M06 7.35 

(8.10) 
2.50 

(2.34) 
–4.92 

(–5.22) 
4.85 

(5.75) 
4.92 

(5.22) 
2.50 

(2.37) 
1.42 

(1.24) 
3.88 

(3.85) 
M06L 7.08 

(7.46) 
2.54 

(2.21) 
–4.81 

(–4.84) 
4.53 

(5.25) 
4.81 

(4.84) 
2.55 

(2.23) 
1.49 

(1.18) 
3.89 

(3.60) 
ωB97XD 7.38 

(8.19) 
2.19 

(2.16) 
–4.78 

(–5.18) 
5.19 

(6.03) 
4.78 

(5.18) 
2.21 

(2.22) 
1.17 

(1.12) 
3.56 

(3.70) 

Local reactivity parameters 
The local reactivity of a molecular system can be evaluated through the 

Fukui function, employing the frozen core,25 and the finite difference approxi-
mations.26 By using, the first approximation, FF can be related to the frontier 
molecular orbitals, and the distribution of the electrophilic (HOMO) and nuc-
leophilic (LUMO) sites on ISOX and DKN is reported in Fig. 3. 

Note that for ISOX the HOMO’s distribution is located on the isoxazole 
ring, which indicates the susceptible region to electrophilic attacks, while for 
DKN this region is located on the aromatic ring. On the other hand, for ISOX, an 
extended LUMO’s distribution in the whole molecule is observed, while for 
DKN the more reactive region to nucleophilic attacks is located on the aromatic 
ring. Similar results were obtained at the X/6-311G (2d,2p) (where X = M06,29 
M06L30 and ωB97XD31) level of theory, see Figs. S-1 and S-2 of the Supple-
mentary material. No significant differences were obtained when the HOMO’s 
and LUMO’s distributions in the gas phase were compared in the aqueous phase 
(not shown). 
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Fig. 3. HOMO and LUMO’s distributions on ISOX and DKN obtained at the  

B3LYP/6-311++G(2d,2p) level of theory in the aqueous phase employing the PCM 
solvation model. In all cases the isosurfaces were obtained at 0.08 e u.a.-3. 

The values of the Fukui function, employing the finite difference approxi-
mation (Eqs. (10)–(12)), are reported in Fig. 4. In the case of ISOX, the atoms 
with major electrophilic behavior are 23C and 28N, see Fig. 4a, and they are loc-
ated on the isoxazole ring. The atoms 21C and 22O have the major nucleophilic 
behavior, see Fig. 4b; while the atoms 23C, 25C and 28N on the isoxazole ring, 
and 21C and 22O on the carbonyl group are the more susceptible sites to free 
radical attacks, see Fig. 4c. In the case of DKN, the atoms 16O and 21O (carbo-
nyl groups) are the atoms with major electrophilic susceptibility, see Fig. 4d. The 
sites with major nucleophilic behavior are 5C, 7C, 12C and 14C and they are 
located on the aromatic ring, see Fig. 4e, and the more susceptible sites to free 
radical attacks are 16O and 21O, see Fig. 4f. Similar results were obtained at the 
X/6-311G (2d,2p) (where X = M06,29 M06L30 and ωB97XD31) level of theory 
in the gas and aqueous phases, see Figs. S-3 and S-4 for ISOX and Figs. S-5 and 
S-6 for DKN (Supplementary material). When compared the FF distributions 
obtained in the gas phase, with those derived in the aqueous phase no significant 
differences were acquired, which suggests that the solvation effect is not modi-
fying the local reactivity exhibited by ISOX and its active metabolite. 

Also, it is possible to condense the Fukui function (CFF) through Eqs. (13)– 
–(15) to determine the pinpoint distribution of the active sites. In this approxim-
ation, the more reactive sites correspond to those with higher values of CFF. In 
all the cases, we used the Hirshfeld population to evaluate the values of CFF 
because these values are non-negative.22,38 The values of CFF for ISOX are rep-
orted in Fig. 5 for the electrophilic attacks in the aqueous phase. In the case of the 
gas phase, the distribution of the electrophilic sites on ISOX is reported in Fig. S-7 
of the Supplementary material. Observe that the pinpoint distribution of the elec-
trophilic active sites on ISOX has the same tendency in both phases. For nuc-
leophilic and free radical attacks, the distribution of the actives is reported in 
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Figs. S-8 and S-9 of the Supplementary material. For ISOX, the more susceptible 
atoms for electrophilic attacks are 28N>23C>22O>25C, see Fig. 5. In the nuc-
leophilic case is 22O>21C>25C>1C, see Fig. S-8, while for free radical attacks 
the reactivity order is 22O>28N>25C>23C, see Fig. S-9. The same distribution 
was obtained in the gas phase (not shown). In the case of DKN, the atoms with 
major electrophilic behavior are 21O>16O>19N>20C (see Fig. S-10), while the 
more susceptible nucleophilic sites are 12C˃14C˃5C˃7C (see Fig. S-11) and for 
the free radical attacks are 21O˃16C˃12C˃14C (see Fig. S-12). 

 
Fig. 4. Isosurfaces of the Fukui function for ISOX and DKN according to Eqs. (10)–(12) at 

the B3LYP/6-311++G(2d,2p) level of theory, in the aqueous phase, employing the PCM 
solvation model. For ISOX, in the case of: a) electrophilic, b) nucleophilic and c) free radical 
attacks, while that for DKN (d) the electrophilic, e) nucleophilic and f) free radical attacks are 

reported in the Figure. In all cases the isosurfaces were obtained at 0.007 e u.a.3. 

Also, the molecular electrostatic potential (MEPs) maps of ISOX and DKN 
obtained for ISOX and DKN, at the X/6-311G (2d,2p) (where X= M06,29 
M06L30 and ωB97XD31) level of theory, are reported in Fig. S-13 of the 
Supplementary material.  
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Fig. 5. Condensed Fukui function values for electrophilic attacks on ISOX at the  

X/6-311++G (2d,2p) (where X = B3LYP, M06, M06L and ωB97XD) level of theory, in the 
aqueous phase employing Hirshfeld population and Eqs. (13)–(15), broken circles show the 

more reactive zones in each molecule. 

In these maps, the areas of negative potential are characterized by an abun-
dance of electrons (red color), while areas of positive potential are characterized 
by low abundance of electrons (blue color). In the case of isoxaflutole the oxygen 
and nitrogen atoms show the regions with the greatest abundance of electrons 
(nucleophilic sites), while a part of the aromatic ring exhibits electrophilic sites 
(blue color). Also, the Molecular Electrostatic Potential (MEPs) maps of ISOX 
and DKN obtained for ISOX and DKN, at the X/6-311G (2d,2p) (where X = 
= M06,29 M06L30 and ωB97XD31) level of theory, are reported in Fig. S-13 of 
the Supplementary material. In these maps, the areas of negative potential are 
characterized by an abundance of electrons (red color), while areas of positive 
potential are characterized by low abundance of electrons (blue color). In the 
case of isoxaflutole the oxygen and nitrogen atoms show the regions with the 
greatest abundance of electrons (nucleophilic sites), while a part of the aromatic 
ring exhibits electrophilic sites (blue color). The active metabolite (DKN) shows 
nucleophilic sites in oxygen and nitrogen atoms, while the aromatic ring and the 
lateral chain show electrophilic susceptibility. The same results were derived in 
the gas phase. Thus, from the results obtained in this work, it is possible to sug-
gest that, in the aqueous phase, the cleavage of the N–O bond in the isoxazole 
ring is probable through electrophilic and free radical attacks, but an attack by 
nucleophiles to the isoxazole ring will favor a nucleophilic substitution on the 
carbonyl group.The results agree with the degradation of ISOX to DKN in soil.3 
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In the case of DKN, electrophilic and free radical attacks will favor substitutions 
on the carbonyl groups, while nucleophiles will attack the aromatic ring. 

CONCLUSION 

In this work, we have analyzed the chemical reactivity of isoxaflutole and its 
active metabolite in aqueous phase. According to the global descriptors μ and ω 
the isoxaflutole behaves like a good electrophilic, while DKN behaves like a nuc-
leophile. The hardness values of ISOX and DKN indicate that the active meta-
bolite is more stable compared to ISOX, which compare favorably with the exp-
erimental results. Our results suggest that electrophilic or free radical agents may 
induce cleavage in ISOX to produce DKN, while electrophilic or free radical 
attack on the carbonyl carbon of DKN will favor its cleavage, which supports the 
hypothetical pathway reported by Mougin et al. Also, these results provide the 
molecular support to the two-step nucleophilic attack pathway reaction proposed 
by Lersh et al. 
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И З В О Д  
РАЧУНАРСКА СТУДИЈА ХЕМИЈСКЕ РЕАКТИВНОСТИ ХЕРБИЦИДА ИЗОКСАФЛУТОЛА 
И ЊЕГОВОГ АКТИВНОГ МЕТАБОЛИТА КОРИШЋЕЊЕМ ГЛОБАЛНИХ И ЛОКАЛНИХ 

ДЕСКРИПТОРА 

LUIS H. MENDOZA-HUIZAR1, CLARA H. RIOS-REYES2 и HECTOR ZUÑIGA-TREJO1 
1
Universidad Autónoma del Estado de Hidalgo, Academic Area of Chemistry, Carretera Pachuca-Tulancingo 

Km. 4.5 Mineral de la Reforma, Hgo., México и 
2
Universidad La Salle Pachuca, Calle Belisario Domínguez 

202, Centro, 42000 Pachuca de Soto, Hgo., México 

У овом раду анализирани су изоксафлутол (ISOX) и дикетонитрил (DKN) на 
X/6-311++G(2d,2p) (где је X = B3LYP, M06, M06L и ωB97XD) нивоу теорије, у гасној и 
воденој фази. Резултати указују да је DKN, активни метаболит ISOX-а, стабилнији од 
изоксафлутола у обе фазе. ISOX је осетљив на електрофилне и слободнорадикалске 
реакције преко изоксазолског прстена, док карбонилна група бива нападнута нуклео-
филима. За DKN се нуклеофилни и слободнорадикалски напади очекују на ароматич-
ном прстену, док су електрофилни напади фаворизовани на кисеониковом атому карбо-
нилних група. Последњи резултати указују на то да је раскидање N–O везе у изоксазол-
ском прстену могуће путем електрофилних и слободнорадикалских напада, док ће елек-
трофилни и слободнорадикалски напади фаворизовати супституције на карбонилним 
групама DKN. 

(Примљено 5. новембра 2019, ревидирано 6 априла, прихваћено 6. маја 2020) 
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