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Abstract

The reaction force profile and the electronic reaction flux concepts were explored for the herbicide alloxydim and some of
its derivatives at B3LYP/6-311G(d,p) level of theory. The exploration was achieved by rotating the oxime bond which is
the most reactive region of the molecule. The main objective is to understand how the rotation of this bond influences the
properties of the molecule and induces an electronic reorganization. The results show that the rotation of the dihedral angle
triggers alloxydim to go through three transition states. The first step of the transformation begins by the rupture of the
hydrogen bond and is characterized by a pronounced structural reorganization. In the last step of the process the electronic

reorganization is more important.
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1 Introduction

The European Union (EU) has one of the most developed
pesticide legislations. Since the adoption of the Council
Directive 91/414/EEC, which was later replaced by the
current Regulation (EC) No. 1107/2009 [1], any pesticide
must past a rigorous assessment process that proves that its
agronomic uses do not pose any risk for human and animal
health and the environment before marketed in any Member
State of the EU. Commission Regulation (EU) No 283/2013
[2] and 284/2013 [3] set out the data requirements for active
substances and plant protection products, respectively,
include a large number of experimental studies of different
areas (identity, physical and chemical properties, methods
of analysis, efficacy, toxicology, residues, environmental fate
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and behaviour and ecotoxicology). New approaches method-
ologies, such as quantitative structure—activity relationship
(QSAR) and computational analytical methods are being
considered by the European Food Safety Authority (EFSA)
as an alternative to substitute vertebrate studies and other
type of studies that nowadays are required, without preju-
dice the safety and the robustness of the risk assessment
[4]. Provisions in Regulation (EC) No. 1107/2009 states that
risk assessment of active substances and plant protection
products shall be based on current scientific and technical
knowledge, an alternative approach could take advantage of
computational chemistry to accelerate the process [5].

To understand the reactivity of pesticides is key to predict
their eco-toxicity and their environmental behaviour. There-
fore, the study of these issues by ab initio or Density Func-
tional Theory (DFT) methods might be an easy and costless
task. Recently, we started different studies on the herbicide
alloxydim (see Scheme 1) [6, 7]. From the theoretical point
of view we have explored the stability of different isomers
and conformers [8] and all possible degradation products
(DPs) obtained after dissociation of the oxime fragment [9]
as it is thought that the toxicity of this compound is linked
to its ability to detach this group.

The mechanism of oxime intoxication is thought to lie in
its interaction with nerve agents [10]. One key aspect that
seems to determine its toxicity as poisoning or as a drug is
the spatial orientation of the oxime group. Also, the side
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Scheme 1 Chemical structure of alloxydim herbicide. The sur-
rounded areas indicate the functional groups that have a relevant role
to determine the properties of the molecule

chain substituents at position 2 (see Scheme 1) in alloxydim
derivatives show great influence in the herbicidal activity
and therefore in its toxicity [7]. Substituents other than n-Pr,
i.e. H and Ph, did not seem to have an important effect in the
activity and toxicity.

The effect of rotation of chemical groups has been also
studied in related systems as benzidine derivatives [11, 12]
where relative low energy rotational barriers and therefore
rotational freedom has been related with their capacity to
freely interact with various components in biological media
and is thus with their toxicity.

In the present study we aim to study how different proper-
ties change with the rotation of the oxime group (dihedral
angle N,C,C;C, in Scheme I), but avoiding the rupture of
the oxime bond. Our main objective is to follow up the elec-
tronic and the structure variations with this dihedral angle.
To get more insights on this perturbation we decided also to
analyse the effect of the propyl group substitution by hydro-
gen, phenyl and chlorine group.

2 The theoretical framework

The intrinsic chemical change following a variation of
one of the internal coordinates of a chemical entity can
be understood in terms of geometrical changes and the
reordering of the electron densities involved in the pro-
cess [11]. Therefore, identifying structural and electronic
changes taking place along the coordinate variation
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produces valuable information on the molecule transfor-
mation and can be analysed by the reaction force con-
cept [13]. In fact, following the energy variation along the
dihedral angle evolution could shed light on the different
saddle points that encompass the reactivity of the systems
under study. Starting from the structure with the lowest
energy value associated to a given dihedral angle we can
construct the energy profile, (E(0)), and connect different
conformers through the corresponding transition states.
The reaction force is defined as the derivative of E(#) with
respect to angle variation @ by the expression [14],

dE(0)

FO)=-—) 6]

For any elementary step of a chemical change, the reac-
tion force is characterized by a minimum and a maximum
located at £, and &, which delimitate three regions along
the coordinate: the first one associated with the reactants
(0r £0<6)) in which the reactants are prepared for the
reaction mainly through structural reordering. The sec-
ond one (8, £0<0,) is the transition state region, corre-
sponds to the region where most electronic changes due to
bond formation and breaking take place. Finally, the third
region, (6, <0< 6p), is associated with structural relaxa-
tion to reach the products of the reaction [15]. This well
delimited reaction regions help to locate all the chemical
events that take place in a reaction coordinate, thus giv-
ing a detailed picture of the system transformation. The
activation energy and the energy necessary to attain the
minima can also be obtained through the analysis of reac-
tion force profile in the following decomposition in terms
of reaction works.

AE" =W, + W, @)
where,
6 Ors
W, =— [ F(@)dfand W, = — [ F(0)do 3)
Ok 0,

W, stands for the structural reorganizations to get the
transition state from the reactant while W, encompasses
the major electronic variations in the transition state
region. Oy and O delimit the activation region of the tran-
sition state. 6, is the coordinate where the reaction force
attains its minimum inside this region.

To deeply understand the changes along the dihedral
variation the conceptual DFT has been checked [16, 17].
This theory derives from DFT and offers an extended
range of theoretical tools that can allow to study and
understand the electronic changes which are directly asso-
ciated to physicochemical properties of molecular systems.
The electronic chemical potential, u, for a system of N
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electrons indicates the escaping tendency of electrons
from sites of high chemical potential to low chemical
potential and associated to the negative of electronega-
tivity, y [18]. It is defined as the derivative of the total
energy with respect to N when the external potential, v(r),
remains constant.

([ 0E() B
no =Gy ) = )

The reaction electronic flux [19], J(0), associated to a
chemical transformation can be defined using Eq. 5:

_du9)
do

J(9) = &)

The interpretation of the reaction electronic flux results
from the analogy with classical thermodynamics. Positive
values of J(#) should be associated to spontaneous rear-
rangements of the electron density driven by bond strength-
ening or forming processes; negative values of J(0) are
indicating nonspontaneous rearrangements of the electron
density that are mainly driven by bond weakening or break-
ing processes [16].

3 Computational details

The optimization of the stationary points of structures under
study was achieved at B3LYP/6-311G(d,p) level of theory
[20, 21]. The rotation of the concerned fragment has been
followed by a relaxed scan at the same level of theory by
means of Gaussian 16 series of programs [22]. The elec-
tronic population analysis was done by the quantum theory
of atoms in molecule theory (QTAIM), by using the AIMAIL
program [23].

.,

HyCO

Aloxydim R1=H

Scheme 2 Structures of the different derivatives of alloxydim under study

4 Results and discussions

Our purpose, as mentioned above, is to highlight the elec-
tronic changes in alloxydim most reactive site. To get deeper
insight on the different effects we substitute the propyl group
by different substituents. As can be shown in Scheme 2, pro-
pyl was replaced by hydrogen, aryl or chlorine. To follow up
the electronic and the structural changes of these derivates
along the dihedral variation we constructed the energy pro-
file starting from the most stable structure. This means that
the exploration of the energy variation begins at Oy ¢ ¢3.c4
~ — 180° and finishes at Oy 5 c3.c4 & 220°. The choice of
this structure comes of our recent exploration of the different
isomers of the alloxydim [8].

Figure 1 shows the energy profile of the four compounds
under study. The first conspicuous conclusion from this
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Fig. 1 Energy profile of alloxydim and its derivatives along the varia-
tion of the dihedral angle 6
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figure is that the rotation of the angle Oy ¢» 3.4 IS €ner-
getically more demanding in alloxydim compared to the
other species. Even with the electronic repulsion that can
be presented by the aryl derivate alloxydim needs to over-
pass approximately more than 80 kJ/mol between the two
minima while for the phenyl substitution this quantity does
not exceed 54 kJ/mol. In the case of chlorine substitution,
this value is about 33 kJ/mol. This is a simple image of the
variation of the energy within the increase in the dihedral
angle. However, if we explore the reaction force profile (see
Fig. 2) we would be able to reach more valuable informa-
tion. In fact, the reaction force profile as presented in Fig. 2
shows that the rotation process of the dihedral angle, 6,
triggers alloxydim and its derivatives to go through three
different maxima, called, TS1, TS2 and TS3. The minima
between them are hidden due to the highest energy barriers
obtained. Yet, the maxima have their origin on the middle
point between two inflections of the reaction force curve
which delimitate three regions of the compound transfor-
mation. Each one of these regions, as has been defined by
Toro-labbé [10], can show the structural and the electronic
reorganizations in each step of the systems under study. To
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quantify these transformations Toro-Labbé et al. proposed
to calculate the works W, and W, and their participation in
the activation energy, as defined above [19].

For alloxydim and its derivatives the rotation of the dihe-
dral angle 6, shows that the system goes through three steps.
The first one is associated to the rupture of the hydrogen
bond (HB) in the most stable conformers and the weaken-
ing of the NO bond (see discussion below) and is shown
the highest barrier energy along the process. Based on the
works values W1 and W2 deduced from Fig. 2 and listed in
Table 1, the highest activation energy is reported for R1=H
derivative. The structural rearrangement is about 53% of the
activation energy, whereas the electronic reorganization is
about 47%. The alloxydim on the other hand presents more
structural than electronic reorganization with values about
— 19.2 and 17.1 kJ/mol, respectively. This can be explained
by the size of the isopropyl of alloxydim which needs more
structural accommodation than the hydrogen as substitu-
ent. For the phenyl substituent, the structural and the elec-
tronic rearrangements to gain the first transition state, TS,
are similar because probably of the z cloud of the aromatic
substituent (see Table 1).
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Fig.2 The reaction force profile of alloxydim and its derivatives along the rotation
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able 1 Reaction works W, and TS, TS, TS,

W, performed by the system

along the rotation of angle 6 at W, W, AE* w, W, AE* W, W, AE*

each step of the process
Alloxydim 19.2 17.1 36.3 15.7 6.7 223 0 12.2 12.2
Rl1=H 30.3 26.9 57.2 1.4 1.1 25 0.5 7.95 7.5
R1=Ph 11.4 11.4 22.8 14.0 7.1 21.1 0 8.5 8.5
R1=Cl 6.1 9.6 15.7 9.1 6.2 15.3 0 2.8 2.8

AE* the energy barrier associated to each step. Values are in kJ/mol

Following the rotation of the dihedral angle the second
step appears energetically less demanding than the first one.
The highest barrier is observed for alloxydim and its phenyl
derivate (R1 =Ph). In all the cases the structural reorganiza-
tion is the dominant one. This is expected because this step
represents a typical rotational transition state where the sub-
stituents moved by the angle should adapt their structure to
fit with the new structural form of the molecule. It is worth
noting that the lowest barrier is observed for R1=H, about
— 2.5 kJ/mol accordingly with the size of the substituent
which does not require nor elevated structural nor electronic

changes to overpass the transition state. In what concerns
the last step of the energy profile, nearby TSj, it is clear that
structural movements are practically null in all the cases.
The electronic rearrangement is the most dominant instead.
This can be understood by the necessity of the system under
study to attain again the HB arrangement which basically
needs an electronic adaptation of the molecule.

The balance between the structural and the electronic
changes along the angle variation in the energy profile can
be viewed also by analysing the reaction electronic flux pro-
file (Fig. 3). In fact, in the first step of the rotation of all
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Fig. 3 Reaction electronic flux profile of the different substituents along the variation of the angle ¢
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the systems under scrutiny we can observe a positive value
of J(0) which is an indication of a bond strengthening and
spontaneous processes. Taking alloxydim as an example the
evolution of the system in this step imply the rupture of the
HB OH-N, between € ~ — 160° and 8 ~ — 90°, with a rein-
forcement of the associated C—O bonds and the apparition
of new weak HBs. This can be ratified by analysing different
structures in some critical points of the energy profile by
using the QTAIM population analysis. In Fig. 4a at the angle
6 = — 160 we observe, for alloxydim, a HB provided by the
hydroxyl group with an electronic density at the bond criti-
cal point (BCP) about 0.072 a.u. When moving to 8= — 90,
the density at this BCP decreases to attain approximately
0.017 a.u. which is accompanied by the appearance of small
H-H bonds which are basically provided by the CH groups.
The oxime group along the rotation is affected by the struc-
tural and the electronic reorganization. In fact, in this first
step while N-O bond along 6 variation is slightly weakened
(0.321-0.316 a.u.) the nearby bonds in 6-membered ring
become reinforced (0.313-0.327 a.u.). This might be an indi-
cation that the rupture of the oxime group may occur during
the first step of the conformational transformation.

The J(0) profile presents negative values when the sys-
tem overcomes the first transition state. This indicates that
changes in the molecule go in the opposite direction than
in the previous step. Form the QTAIM analysis given in
Fig. 4a, N-O bond is slightly reinforced, and density goes
back from 0.316 u.a. to 0.321 a.u. between 8 ~ — 90° and
0 ~ — 50°, while some bonds of the six membered ring are
weakened. After this point Fig. 4 shows very small variation
of the density in the different BCP in agreement with the low
values of W, reported in Table 1.

In the case of the phenyl counterpart from 6 ~ — 50°,
small HB interactions appear between the OH and the phenyl
group as acceptor (see Fig. 4b) stabilizing the system along
the rotation. This explain why the energy profile becomes
lower and get flat around 8 ~ — 50°, (see Fig. 1) and we
obtain lower values of AE* specially for TS1 (see Table 1).
The NO suffers smaller changes in the case of the phenyl
derivative as seen in the BCP along the reaction coordinate
(see Fig. 4b).

5 Conclusions

The intrinsic rotation of the dihedral angle @ of alloxydim
and its derivatives shows that the system goes through three
steps. The energy barrier in each step involves different
interactions: breaking of HB, weakening of the NO, rein-
forcement of the six-membered ring and HB interaction with
CH of isopropyl group in alloxydim or the aryl group in the
phenyl derivative. The analysis of the force profile shows
that the major structural reorganizations are done in the first

step of the rotation process, where the N-O bond is weak-
ened when moving the dihedral angle which might indicate
that the oxime group could be dissociated along this stage. In
this first step changes in the bond densities and energy barri-
ers are larger for alloxydim and the H derivative which may
be related with a higher toxicity of these two compounds.
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