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In the present work, the distribution of the electronic charge density of the natural sex pheromone, the
(Z)-13-hexadecen-11-ynyl acetate, in the female processionary moth, Thaumetopoea pytiocampa, and its
nine analogue derivatives was studied within the framework of the Density Functional Theory and the
Atoms in Molecules (AIM) Theory at B3LYP/6-31G*//B3LYP/6-31++G** level. Additionally, molecular elec-
trostatic potential (MEP) maps of the previously mentioned compounds were computed and compared.
Furthermore, the substitution of hydrogen atoms from the methyl group in the acetate group by electron
withdrawing substituents (i.e., halogen atoms) as well as the replacement effect of hydrogen by electron
donor substituents (+I effect) as methyl group, were explored. The key feature of the topological distri-
bution of the charge density in analogue compounds, such as the variations of the topological properties
encountered in the region formed by neighbouring atoms from the substitution site were presented and
discussed. Using topological parameters, such as electronic charge density, Laplacian, kinetic energy den-
sity, and potential energy density evaluated at bond critical points (BCP), we provide here a detailed anal-
ysis of the nature of the chemical bonding of these molecules. In addition, the atomic properties
(population, charge, energy, volume, and dipole moment) were determined on selected atoms. These
properties were analyzed at the substitution site (with respect to the natural sex pheromone) and related
to the biological activity and to the possible binding site with the pheromone binding protein, (PBP).
Moreover, the Laplacian function of the electronic density was used to locate electrophilic regions sus-
ceptible to be attacked (by deficient electron atoms or donor hydrogen).

Our results indicate that the change in the atomic properties, such as electronic population and atomic
volume, are sensitive indicators of the loss of the biological activity in the analogues studied here. The
crucial interaction between the acetate group of the natural sex pheromone and the PBP is most likely
to be a hydrogen bonding and the substitution of hydrogen atoms by electronegative atoms in the pher-
omone molecule reduces the hydrogen acceptor capacity. This situation is mirrored by the diminish of
the electronic population on carbon and oxygen atoms at the carbonylic group in the halo-acetate group.
Additionally, the modified acetate group (with electronegative atoms) shows new charge concentration
critical points or regions of concentration of charge density in which an electrophilic attack can also
occur. Finally, the use of the topological analysis based in the charge density distribution and its Laplacian
function, in conjunction with MEP maps provides valuable information about the steric volume and elec-
tronic requirement of the sex pheromone for binding to the PBP.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The specificity of insects’ chemical language is fascinating and it
is, often, the only means insects have for finding each other. In these
last decades, the researchers have discovered the code for the pher-
ll rights reserved.

: +54 3783 473930.
eruchena).
omone communication of more than 1,600 insects. In addition, the
insect behavior can be controlled by simple odor compounds or by
blend of several components of the sex pheromone.1

Intensive activity is encountered in the study of how insects
produce pheromones, how they trigger a response, and what influ-
ences that response. For example, researchers are beginning to un-
cover the hormones that trigger pheromone production as well as
the binding proteins that bring the pheromones to their receptors.2
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Other investigators also, are discovering the neurological pathways
that the pheromones stimulate in a responding insect,3 and the en-
zymes4 the insects use to break down the pheromone so as to shut
off its signaling.

This fascinating field of research should lead to the design of
new molecules that affect an insect’s response to pheromones, as
well as better ways to use pheromones or other compounds or ana-
logues to manage insect pests.5 Currently, the interest is centered
in expanding the successful use of pheromones in pest manage-
ment. Considering that the insects have become increasingly resis-
tant to conventional insecticides, and the fact that people became
highly alert to the adverse effects of insecticides, research in the
pheromone field is most necessary.

Lepidoptere pheromones are small organic molecules (10–20
non-hydrogen atoms), with low molecular weight. They have a
hydrocarbonated chain of 10–16 carbon atoms, they are usually
hydrophobic and volatile, and they, also, possess a polar group
(acetate, or hydroxyl group). Interestingly enough, and even
though they are simple molecules, they possess a very high speci-
ficity to activate the biological response.6 Considering their chem-
ical structure, the replacement of a hydrogen atom in the natural
compound, for more electronegative atoms or group of atoms such
as F, Cl, Br, CF3, OH, etc., is used in the design of analogue molecules
with synergistic effects similar to that of the natural compound.
This constitutes a habitual practice in the design of chemothera-
peutic compounds.7

In previous works, Camps et al. had fully characterized the sex
pheromone of the pine processionary moth Thaumetopoea pytio-
campa, TP, an important pest of pines. The structure of this phero-
mone has a long hydrocarbonated chain, a conjugated enyne group
(AC„CAC@CA) and an acetate group. The enyne group is a dis-
tinctive characteristic of the TP pheromone, and constitutes a un-
ique feature in the pheromone field. In relation to this, several
derivatives of the (Z)-13-hexadecen-11-ynyl acetate, with modifi-
cation in the polar group (acetate group) have been synthesized
by Camps et al.8,9 The effect of the biological activity of these mol-
ecules have been determined in his laboratory through the re-
sponse against a stimuli of the antennal receptors to vapours, (by
electroantennogram);10 and by the recording of the erratic flight
of males treated with the analogue, in a wind tunnel.11 Even
though there are many structural similarities between the ana-
logues and the natural sex pheromone in TP, the fluorinated deriv-
atives can show a strong reduction of the biological activity and, in
several cases, inhibitory effects.12

In general, it is accepted that the fluorine atom closely mimics
the steric volume of the hydrogen atom. In contrast, the strong
electronegativity of this halogen induces fluorinated compounds
to a different behavior.13a,13b

The carrier protein responsible for the transport of the phero-
mone to the receptor through the lymph is the pheromone binding
protein (PBP).14 The PBP is present only in male sensillae and has
showed some specificity as pheromone ligand with respect to
other analogues. Some analogues (for example, the trifluoromethyl
ketones (TFMKs)) can cause a disruption in the response compared
to the natural sex pheromone.12,15

It is known that the TFMKs are potent inhibitors of a number of
serine esterases12,16 and proteases, such as acetylcholinesterase,
chymotrypsin or human liver carboxylesterases.17 In insect, these
analogues reversibly inhibit the antennal esterases responsible for
the catabolism of pheromone molecules in male olfactory tissues.18

The electronic characteristic, possible conformations and chemical
features of the natural sex pheromone analogues remain poorly
known and only a few works can be found about them to date.

The knowledge of physicochemical properties and reactions
sites of natural pheromone analogue compounds can provide a
deeper insight of their possible mechanism of action. In conse-
quence, theoretical studies of the natural sex pheromone and its
analogues may help in the design of semi-chemical compounds
with distinctive effects. Considering this, the electrostatic potential
has been extensively used for interpreting and predicting the reac-
tive behaviour of a wide variety of chemical systems.19 They have
been used in both, electrophilic and nucleophilic reactions. How-
ever, it has not been yet possible to determine accurately the sites
for nucleophilic attack.20 The reason to this is that the zones of po-
sitive potential are not necessarily expressing affinity for nucleo-
philes. In addition, molecular electrostatic potentials (MEPs) are
well suited for analyzing processes based on the ‘recognition’ of
one molecule by another, as in drug-receptor and enzyme-sub-
strate interaction, because it is through their potentials that the
two species first ‘see’ each other. In other words, it is through this
potential that a molecule is first ‘seen’ or ‘felt’ by another
approaching chemical species.21,22 In the same way, when a ligand
comes near to a receptor what they perceive are concentrations
(CC) and depletions (CD) of the electronic density. These CCs and
DCs in the valence shell of the atoms of a molecule can be quanti-
tated and rigorously determined by the Laplacian of the charge
density.23

In consequence, and even though the electrostatic potential (EP)
has emerged as a useful analytical tool in the study of molecular
reactivity, the electronic charge density is a more powerful prop-
erty.24 Electronic charge density is a real physical property that
can be determined experimentally25 by diffraction or by computa-
tional methods, using the rigorous principles of the quantum
mechanics.24 The theory of Atoms in Molecules (AIM), developed
by Bader26,27 is a key tool in the study of the electronic charge den-
sity. It is a simple, rigorous and elegant way of defining atoms,
bonds, chemical structures and structural changes. Via topological
analysis using AIM, a chemical structure may be unambiguously
assigned to a molecule by determining the number and kind of
critical points in its electronic charge distribution.

The local concentration and local depletion of electron charge
density allow us to determine whether the nucleophile or electro-
phile can be attracted.26 Considering this, the complementary
binding of the ligand and its receptor is based on a stereo electronic
recognition. Since no significant structural differences exist be-
tween the natural sex pheromone and selected analogues, it will
be interesting to perform a deeper electronic study in these types
of compounds.

In the present work, we report a computational study of the
natural sex pheromone of the T. pytiocampa (1) and its analogue
derivatives which were obtained by substitutions in the methyl
group at the acetate function of the pheromone molecule
(AOCO-R with R = AH (2) ACH2CH3 (3); ACH2F (4); ACH2Cl (5);
ACHF2 (6); ACHCl2 (7); ACF3 (8); ACCl3 (9) and the analogue deriv-
ative (10), where the acetate group has been substituted by a hy-
droxyl group. We also provide a detailed analysis of the nature of
the chemical bonding of these molecules, as well as the atomic
properties and the possible attack site by PBP. In addition, we at-
tempt to gain an insight about the relative contribution of the sub-
stituents to the ligand-receptor binding and relate them to the
changes observed in the biological activity.

Finally, the determination of the bond critical points, BCPs, in
the natural sex pheromone (1) and its analogues (compounds 2–
10), and the evaluation of their different topological parameters,
allowed us to visualize the changes (depending on the nature of
the substituent atom and the localization of the substitution in
the skeleton pheromone), that operate on the distribution of the
electronic density.

Currently, there are no systematic studies of the density distri-
butions of these compounds that are highly specific in activating
the process of communication among individuals of the same
species.
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2. Computational details

Starting at the minimal energy conformation of the sex phero-
mone, the (Z)-13-hexadecen-11-ynyl acetate, 1, the geometries of
all analogues obtained by substitution in the methyl group at the
acetate function in the pheromone molecule (2–9) and the ana-
logue derivative (10), where the acetate group has been substi-
tuted by hydroxyl group, were fully optimized (Scheme 1).
Calculations at the Becke3 Lee–Yang–Parr (B3LYP) level28 with
the 6-31G* basis set were performed with the Gaussian03 suite
program.29 Geometrical variables were optimized using the
Berny’s analytical gradient method.30 All stationary points were
characterized as minimal energetic by calculating the Hessian ma-
trix. The initial electronic study of the compounds was performed
using molecular electrostatic potential. MEPs have been shown to
provide reliable information both, on the interaction sites of the
molecules with point charges, and on the comparative reactivities
of these sites.19 MEPs were obtained at the same computational le-
vel used for optimization. For visualization, the Molekel program
(version 4.3) was used.31 The electrostatic potential isosurface
was calculated at B3LYP/6-31++G** level. Topological analysis of
the electron charge density was performed using the AIMPAC32

program. The Aim2000 program33 was used to display molecular
graphs and Laplacian critical points. The evaluation of the atomic
properties was performed using the PROAIM34 program with elec-
tron density obtained at B3LYP/6-31++G** level.
3. Results and discussion

As we mentioned before, the search for new, more stable, with
pest controlling potential compounds and with pheromone-like
activities in insects is encouraged in the computational field as
well as in experimental field of syntheses.

Structural descriptors or parameters, such as bond distances or
bond angles, hold little chemical information. However, if geomet-
rical as well as electronic descriptors, (based on the molecular elec-
tronic density) are used for characterization of these bonds, then
we should be able to extract (within the rigorous field of quantum
mechanics), a maximum of chemical information.35

The ACOO-R and AC„CAC(H)@C(H)A moieties are important
structural features in the natural sex pheromone in the context
of its biological activities. In order to identify other structural
and electronic features involved in the sex pheromone activity,
we were able to test a set of closely related compounds presenting
a modified ACOO-R moiety. The substitution of an atom by another
atom implicates many structural and electronic changes. In this
section of our work we evaluated the molecular size and electronic
properties of the studied compounds with the intention of under-
standing their role in the potential interactions with the phero-
Scheme 1. Schematic representation of the (Z)-13-hexadec
mone binding protein. In order to compare the properties of the
sex pheromone and its analogues at a same time, a tri-dimensional
molecular electrostatic potential maps at the van der Waals con-
tact surface, representing electrostatic potentials superimposed
onto a surface of constant electron charge density (0.001 e/au.3),
are shown in Figure 1.

The coloring area in the graph represents the electrostatic po-
tential, V(r). As it is well known, the electrostatic potential is, by
definition, the energy of interaction of a positively charge point
with the nuclei and the electrons of a molecule. The electrostatic
potential provides a representative measurement of the overall
molecular charge distribution. The color code of this MEP maps is
in the range of –0.0455 au. (deepest red) to +0.0235 au. (deepest
blue) in all compounds, where red indicates the strongest attrac-
tion and blue indicates the strongest repulsion. Regions of negative
V(r) are usually associated with the lone pair of electronegative
atoms and the p electrons of the unsaturated hydrocarbons.

The MEPs show an overall similarity for all studied derivatives,
including the alcohol, compound 10. All compounds display the
higher negative potential at two extreme regions: (a) at the oxy-
gen, fluorine and chlorine atoms in the acetate and acetate modi-
fied moieties, and (b) at the double and triple conjugated bond
regions.

The elimination of the acetate group in compound 1 (the natu-
ral sex pheromone) and maintenance of one of the oxygen atoms
leads to compound 10 the (Z)-13-hexadecen-11-yn-1-ol with no
relevant changes in the concentration of the electronic density in
the oxygen atom with respect to the natural sex pheromone.

More detailed information about the potential sites of the inter-
actions can be obtained from the isopotential surface at
�0.0125 au. in the different sex pheromone analogues. As stated
before, Figure 2 shows the negative isopotential surfaces localized
at the two ends of the molecule. We believe that an intermediate
level of internal charge separation is required in the natural sex
pheromone and its analogues so that they can be carried by the
pheromone binding protein. This previous assertion fits in well
considering that, and because of their hydrocarbonated chain,
pheromones are lipid soluble compounds. Pheromones also pos-
sess a polar group (acetate or alcohol) as part of their chemical
structure, indicating that some degree of hydrophilicity is, as well,
necessary for its biological activity. The pheromone binding pro-
tein, apparently, operates through weak, non covalent and revers-
ible interactions with certain sites of the sex pheromone pattern.

As we expected, analogues 2 and 3 showed general similarity to
the natural sex pheromone. However, in analogues 4 to 9, where
the halo-acetate group possess mono, di and tri-halogenated
groups, the isopotential surface displayed a higher area or region
of negative potential compared to the natural sex pheromone
(where the area in 4 < 6 < 8 and 5 < 7 < 9). For example, in com-
pound 6, the negative potential wraps the fluorine and oxygen
en-11-ynyl acetate and its analogs, compounds 1–10.



Figure 1. Molecular electronic potential maps onto a van der Waals surface (isodensity 0.001 e/au3) for compounds 1–10. The color-coded is shown at the right (in the range
of –0.04557 au. (deepest red) to +0.02354 au. (deepest blue)).

Figure 2. Electrostatic isopotential surface, (V(r) = �0.0125 au.), in compounds 1–10 showing which sites are able to interaction with proton-donor reactants. Note in all cases
the presence of two negative electrostatic potential regions corresponding to enyne group and acetate/modified acetate groups.
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atoms in a continuum envelope. Similar results were observed in
chlorinated compounds. In summary, the results obtained by iso-
potential surface are indicative of an increase of the attractive re-
gion upon the molecular surface in halogenated analogues.
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3.1. Topology of the charge density

3.1.1. Local properties
Because the use of topological concepts is well documented in

the standard literature, here, we only presented the essential the-
oretical information that is needed for the discussion of the numer-
ical and graphical results. Considering that the atom that
substitutes the hydrogen of the methyl group in the acetate moiety
shares with the bounded carbon atom three topological elements
related to each other (a point, a line and a surface), it is evident that
the three elements will be modified by that substitution. In conse-
quence, the exploration of topological properties related with these
three topological elements is a matter of interest in the present
work.

As it is well known, the critical point in the charge density
topology that is found between two chemically bonded nuclei con-
stitutes the first basic element: the bond critical point, BCP. From
these BCP, two unique trajectories of gradient vectors of electronic
density, rq(r), originate at that point and terminate at each of the
neighbouring nuclei. These trajectories define a line along which
the density is a maximum with respect to any neighbouring line.
This line is termed a bond path, BP, and constitutes the second ele-
ment. Atoms so linked are bonded to one another and share a com-
mon interatomic surface, this constitutes the third element.
Additionally, the set of trajectories that terminate at a BCP define
the interatomic surface (IAS) that separates the atomic basins of
the neighbouring atoms. Any IAS is such that it is a zero flux sur-
face for rq(r) and its significance in relation to the atomic proper-
ties will be discussed later.

We first, began with a brief description of the bonding topology
in several representatives bonds in the natural sex pheromone and
its analogues. All the BCPs were encountered from topological
analysis of the electronic density and characterized by a set of local
properties. Calculated properties at the BCP were labelled with the
subscript ‘b’ throughout the work.

Figure 3 shows the molecular graph of the natural sex phero-
mone, (compound 1). The BCPs are indicated in small circles and
the BPs in bold lines. The big circles correspond to attractors attrib-
uted to positions of the nuclei.

Table 1 reports the calculated local topological properties in the
natural sex pheromone: the electron densities (qb), the Laplacian
(r2qb), the ellipticity (e) and its three curvatures (k1–3), and the
relationship between the perpendicular and parallel curvatures
(|k1|/k3). The energetic relationship between the local kinetic en-
ergy density and the local potential energy density, |Vb|/Gb; the ki-
netic energy density by charge unit, Gb/qb, and the total energy
density, Ee(b) are also included. However, only a few representative
bonds (i.e., CAH, CAC, and CAO) at the acetate region are pre-
sented and analysed in this section. (Information related to local
topological properties at other BCPs can be solicited to the
authors).
Figure 3. Molecular graph for natural sex pheromone. Big circles correspond to
attractors attributed to nuclei, lines connecting the nuclei are the bond paths and
the small circles on them are the BCP.
Figure 4a–c shows in a vertical bar chart the values of the
charge density, Laplacian and Ee(b) at the BCP in three different
CAO bonds in all compound. In this figure the values of the natural
sex pheromone, previously reported in Table 1, are expressed as a
control group in order to have a comparative relation with the ana-
logue compounds.

Usually, in shared interactions the charge density is accumu-
lated between two bonded nuclei and the Laplacian is of the same
order of magnitude as the charge density. Habitually, in these
interactions the Laplacian takes negative values, even though a po-
sitive Laplacian may occur for polar covalent bonds, (e.g., the dou-
ble bonds between C and O, and the single bonds between C and F
or C and Cl). In accordance with the previous statement, it can be
seen that the carbonylic CAO bonds are either shared or covalent
interactions. They have the higher values of charge density at the
BCP, (qb > 0.40 au.) and a small Laplacian, r2qb, that is > 0. Conse-
quently, the charge density of the alkoxylic CAO bond is lower
than the adjacent carbonylic bond (qb is around 0.30 au.) and high-
er than the other alkoxylic C1AO bond (qb < 0.25 au.). Likely, the
Laplacian values are negative on these bonds, being of major mag-
nitude in the C10AO bonds.

Following in Table 1, more information about the CAO bonds is
been provided. Once the parameters obtained from the BCP on the
carbonylic and the alkoxylic bonds are analyzed, two different
characteristic about the Laplacian values can be clearly seen. Table
1 and Figure 4 show that r2qb values are small and positive in all
carbonylic bonds and negative in all alkoxylic bonds. In spite of
this, the total energy density values are negative in both bond
types.

In previous works, Cremer et al.36 have used the total energy
density, Ee(b), to complement the Laplacian in the analysis of bond
types. Ee(b) is given by (Vb + Gb), and its value at a BCP is negative
for ‘shared interactions’, and positive for ‘closed-shell interactions’
as it is shown in Table 1. Unlike the Laplacian value, that is deter-
mined by the local virial expression26 (and it is analyzed later on),
the value of Ee(b) is determined by the energy density itself and
therefore is negative for all interactions, that results in an accumu-
lation of electronic charge density at the BCP (see Table 1).

The alkoxylic C-O (C1AO and C10AO) bonds show covalent bond
characteristics with electronic charge density values around 0.30–
0.32 au. for C10AO bonds and 0.22–0.23 au. for C1AO bonds and
negative Laplacian values r2qb = �0.5069 in the natural sex pher-
omone that diminish to �0.463 au. in the trifluorinated compound
8 in C10AO bonds and similarly �0.3598 au. that diminished to
–0.287 au. in C1AO bonds.

In relation to the curvatures values at the BCP in carbonylic
bonds, a positive Laplacian at BCP denotes that the perpendicular
contraction of charge toward the AIL (k1,2) is less significant than
the longitudinal depletion of charge away from the BCP, toward
the nuclei (k3). In addition, the curvatures of the charge density
are extensively large (k1 = �1.1195, k2 = �1.0122 and k3 = +2.2220
in compound 1 and assumes similar values in the other com-
pounds). The ellipticity values reveal a double bond character, suit-
able to carbonylic CAO bonds.

As was previously expressed, the curvatures at BCP are higher in
carbonylic than in alkoxylic bonds. Moreover, the curvature value
in the direction of the bond in carbonylic bond is double than in
the perpendicular direction (Fig. 5); resulting in |k1|/k3 values near
to 0.50 in all studied compounds. The |k1|/k3 relationship is higher
in alkoxylic than carbonylic bonds (See Table 1).

Furthermore, the relationship |Vb|/Gb in carbonylic CAO bonds
is slightly lower than 2 and, in consequence; the Laplacian values
are small and positive. In contrast, this relationship in alkoxylic
CAO bonds is slightly higher than 2, resulting in negative Laplacian
values. In consequence, the total energy density is negative in both
situations, as was expressed above.



Table 1
Local topological properties (in au.) of the electronic charge density distribution calculated at the position of the bond critical points of selected bond paths for species 1a

Bond qb r2qb e k1 k2 k3 |k1|/k3 |Vb|/Gb Gb/qb Ee(b)

C1́-O(carbonylic) 0.4146 0.0903 0.106 �1.1195 �1.0122 2.2220 0.5038 1.9695 1.7836 �0.7169
C1́-O(alkoxylic) 0.2999 �0.5069 0.001 �0.6459 �0.6451 0.7841 0.8237 2.3698 1.1427 �0.4694
C1-O(alkoxylic) 0.2342 �0.3598 0.017 �0.3972 �0.3906 0.4281 0.9279 2.3945 0.9736 �0.3179
C1́-C2́ 0.2597 �0.6488 0.069 �0.5201 �0.4867 0.3580 1.4528 4.7262 0.2291 �0.2217
C2́-H 0.2752 �0.9450 0.010 �0.7130 �0.7061 0.4740 1.5040 7.3669 0.1600 �0.2803
C2́-H 0.2750 �0.9437 0.010 �0.7122 �0.7053 0.4738 1.5032 7.3503 0.1603 �0.2800
C2́-H 0.2809 �0.9925 0.009 �0.7395 �0.7328 0.4798 1.5413 7.9089 0.1495 �0.2901
C1-C2 0.2520 �0.5980 0.043 �0.4877 �0.4676 0.3573 1.3648 4.6337 0.2252 �0.2063
C2-C3 0.2427 �0.5479 0.008 �0.4486 �0.4452 0.3459 1.2971 4.4633 0.2292 �0.1926
C3-C4 0.2436 �0.5523 0.011 �0.4525 �0.4476 0.3479 1.3008 4.4874 0.2279 �0.1936

a See text and Figure 1 for an explanation of symbols and identification of atoms.
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Figure 4. Local Topological properties of the electronic charge density calculated at the BCPs of selected bond paths for species 1–10.
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Likewise, it can be observed in Table 1 that in both alkoxylic
CAO bonds the relationship Gb/qb and the Ee(b) values are lower
in magnitude to the corresponding values in carbonylic CAO bond.
It is also noticeable that the alkoxylic C10AO bond ellipticity is
higher in 6, 7, 8, and 9 analogues than in the natural sex phero-
mone. Similar effect can be seen in the carbonylic CAO bonds.

The topological properties at the BCP on C10AC20, C1AC2, C2AC3,
and C3AC4 bonds are clearly indicative of shared interactions,
namely a relatively large value for qb and a negative value for
r2qb. Figure 4d and e shows the scarce variation of the charge den-
sity and r2qb in the different CAC bonds in relation to the CAO
bonds. Slight changes on C10AC20 and even slighter on C1AC2 bond
parameters can be observed due to the substitutions at C20 . The
charge density is around 0.25 au. and r2qb is negative in all cases.
The relationship |k1|/k3 is appreciably greater than one; Ee(b) is neg-
ative and show the same order of magnitude than qb; and Gb/qb is
less than one (see Table 1). It is noticeable that, in those analogues
substituted with fluorine, the qb and r2qb values at the BCP on
C10AC20 bond are slightly high, whether in analogues substituted
with chlorine those values slightly decrease. Nevertheless, in all
analogues the total energy density diminishes with relation to
the natural sex pheromone. This means that these bonds undergo
weak perturbations on the topology of the charge density. A deeper
analysis has to be done and it will be described below.

3.1.2. Atomic properties
As it was mentioned at the beginning of this section, the third

topological element to be considered between two atoms bonded
together is the interatomic surface (IAS). The interatomic surface
is defined by the set of trajectories of rq(r) that terminate at a
BCP. Accordingly, the Atoms in Molecules Theory defines an atom
as a bounded portion of real space, known as atomic basin, and



Figure 5. Vectors associated to the k1–3 autovalues, at the BCP, for selected bonds in
the sex pheromone.
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is denoted by X. Therefore, all information about a particular AIM
atom is contained in its finite volume and the properties can be ob-
tained by integrating each corresponding density property over the
atomic basin.26,37 (see Fig. 6). The ability to determine the individ-
ual atomic contributions to the changes in population, charge, en-
ergy, and volume at a fragment (for example, in modified acetate
group) should be of particular use for obtaining a better under-
standing of the subjacent modification produced in the analogues
derivatives from the sex pheromone. In Figure 7 and Table 2, the
atomic properties of selected atoms (corresponding to acetate/ace-
tate modified group) from the natural sex pheromone (compound
1) and analogues 2–10, are shown. The atomic properties informed
are the average number of electrons, N(X), (from which the atomic
net charge, q(X), can be calculated as ZX � N(X); being ZX the nucle-
Figure 6. The bond paths, bond critical points, and interatomic surfaces superim-
posed on the electronic charge density isocontour lines in the molecular plane
defined by OAC10(O)AC20 atoms, for compound 1. The set of all gradient paths
attracted to one nuclear critical point, (NCP), constitutes an atomic basin.
ar charge of the atom); the atomic volume, v(X), and the first mo-
ment of the atomic charge distribution, |M(X)|.

An analysis of our results shows that the atoms whose proper-
ties were significantly affected by substituents at C20 were the car-
bon and oxygen atoms at the acetate modified moiety.
Subsequently, these modifications will be described separately in
the following paragraphs.

3.1.2.1. Atomic properties modifications at the carbon
atoms. Based upon the descriptors mentioned above, we
can see in Figure 7a–c), that properties such as the electronic pop-
ulation and the volume at the C2’, C1’, and the C1 atoms are notice-
ably different among them and that also show distinctions in the
different surroundings. The evaluation of compounds 1–9 shows
that some properties have a broader range of variation than others.
The atomic carbon volumes vary in a range of 70 to 23 au. in C20

and of 45 to 32 au. in C10. This range of variation represents
only 52 to 50 au. for the more distant C1 carbon atom.

As it was mentioned above, the effect of the substitution of a
hydrogen atom by electron withdrawing substituents (one, two,
and three fluorine or chlorine atoms) is clearly reflected by the
electronic population (or electronic charge) and the atomic vol-
ume. Undoubtedly, the larger decrease in both properties is ob-
served upon the carbon atom where the substitution takes place
(C20). This atom experiences a decrease in population and subse-
quent electronic destabilisation (due to a decrease of �E(X), results
not shown). The charge values upon C20 show strong variations
from +0.072 in compound 1 (the natural sex pheromone) to
+1.784 au. in analogue 8 (therefore this carbon atom is already
80 times more positive after the substitution of three hydrogen
atoms by fluorine atoms). The volume has a decrease of about
26.6%, 48.2%, and 67.0% in compounds 4, 6, and 8 respectively com-
pared to the natural sex pheromone. The IAS in the C20, in the direc-
tion of the substituents, also shows the major change in these
compounds (results not shown). On the contrary, substitution of
the H by CH3 in analogue 3 at the C20 atom produces a low volume
decrease of 16.0% (from 70.41 to 59.17 au.) as expected from the
small differences in electronegativity between C and H atoms.

In the natural sex pheromone, the most electropositive carbon
atom is the one bounded to both oxygen atoms,
(qC10(X) = +1.593 au.) where, as well, the nucleophilic attack can oc-
cur (i.e., by interaction with a serine residue inside PBP). The
replacement of hydrogen by halogen atoms at C20 produces a slight
increase on the charge value on this atom (qC10(X) lie in the range
between +1.593 to +1.731 au.). In contraposition, the charge upon
C1 atom diminish very slowly and the atomic volumes, the elec-
tronic energy and the dipolar polarizations do not show significant
differences.

Figure 7 shows that the substituent’s effects can be clearly seen
by the atomic properties, such as population and volume, on the
carbon atoms. Interestingly, the substituent’s effects of the local
properties at the BCP (charge density, Laplacian, and total elec-
tronic energy) are less visible than the atomic properties.

3.1.2.2. Atomic properties modifications at the oxygen
atoms. In Figure 7d–f, the atomic properties (N(X); v(X), and
|M(X)|, for carbonylic and alkoxylic oxygen atoms at acetate/modi-
fied acetate moieties in the sex pheromone and its analogues are
shown. These results show that the properties assume higher val-
ues on the oxygen of the carbonyl group than on the oxygen of the
alkoxyl group (for example the |M(X)| in O(@C) is more than double
in the carbonyl oxygen than in the alkoxyl oxygen). The electronic
population of the oxygen atoms in carbonyl and alkoxyl groups de-
creases in the following order 1 � 3 > 2 > 5 > 4 > 7 > 9 > 6 > 8. It
was, as well, observed that the oxygen atom of the carbonyl group
is the most affected by the substitution of the H atom for
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Figure 7. Atomic properties q(X), v(X), and |M(X)| for selected carbon atoms (a–c); and N(X), v(X), and |M(X)|, for carbonylic and alkoxylic oxygen atoms (d–f), respectively; in
the sex pheromone and its analogues.

Table 2
Atomic Properties of Selected Atoms in Species 1a,b

Atom N(X) E(X) v(X) q(X) |M(X)|

O(carbonylic) 9.218 �76.0547 135.26 �1.219 0.489
O(alkoxylic) 9.105 �75.9864 103.44 �1.105 0.189
C1 5.522 �37.7891 50.99 +0.478 0.562
C1́ 4.407 �37.0483 37.96 +1.593 0.818
C2́ 5.928 �38.0279 70.41 +0.072 0.120
H1(C2́) 0.979 �0.6131 48.99 +0.021 0.134
H2(C2́) 0.979 �0.6132 48.94 +0.021 0.134
H3(C2́) 0.976 �0.6156 48.33 +0.024 0.133
H1(C1) 0.971 �0.6263 45.10 +0.028 0.138
H2(C1) 0.997 �0.6363 48.62 +0.003 0.139

a Atomic electron populations, N(X); atomic energies, E(X); atomic volume inte-
grated to the 0.001 au isodensity envelope, v(X) ; net atomic charge, q(X), and atomic
dipolar moment, |M(X)| (all values in au.).

b 1 au (M) 8478 � 10�30 C m; 1 au. (E) 2.6255 kJ mol�1.
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electronegative atoms in C20. The variation of population upon alk-
oxylic oxygen is hardly noticeable.

The increase of the positive charge upon C10, (because of the
electronegative atoms in the adjacent C atom) and the decrease
of the negative charge upon the oxygen, both at the carbonyl
group, (in the fluorinated 4, 6, and 8 analogues) are accompanied
by a decrease in the dipolar moment upon the carbon atom and a
light increase of the same property upon the carbonylic oxygen
atom. In contrast to this result, and in accordance with what
we expected, the substitution of the acetate group by a formate
group (analogue 2) or by a propionate group (analogue 3), pro-
duces only a slight change in all the atomic properties examined.
These results are in accordance to the biological response at the
electroantennogram study where the reduction is only 17% in
analogue 3 comparing to the activity of the natural sex phero-
mone that is 100%. The increase in volume by the addition of a
methyl group is similar to the increase in volume by the addition
of a chlorine atom. Therefore, the small diminish of the activity in
analogue 3 should be attributed to the steric instead of the elec-
tronic effect.

The previous analysis indicates that the oxygen atoms achieve
the decrease in the electronic population due to the extraction of
electrons from the neighbouring carbon. In addition, fluorine and
chlorine atoms behave in the same way. This results in the increase
of the possibility of a nucleophilic attack at the C10 atom.

The decrease in the electronic population observed upon the
two oxygen atoms was previously detected by MEPs. The MEPs
indicated the decrease of negative electrostatic potential V(r) in
fluorinated and chlorinated analogues. This was further confirmed
and quantified by AIM analysis, as can be seen in Figure 7.

The successive replacement of hydrogen by fluorine atoms at
the acetate moiety, results in the loss of electrons in the neighbour-
ing atoms. Data shows that the values were: 0.542e, 1.106e, and
1.712e upon the carbon where the substitution took place;
0.034e, 0.073e, and 0.123e upon the carbonylic carbon; and
0.028e, 0.034e, and 0.053e upon carbonylic oxygen in 4, 6, and 8
analogues, respectively. It has also been observed that the loss of
the electronic population on the carbon and oxygen atoms at the
carbonyl group is lower in chlorinated than in fluorinated com-
pounds. This tendency should be in accordance to the loss of the
biological activity in halogenated compounds. Nevertheless, the
biological activity is still lower in chlorinated analogues that in
fluorinated analogues.
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Even though the chlorine atom has a lower polarity than the
fluorine atom, the chlorine atom is a more voluminous substituent;
in consequence, the replacement of the hydrogen atoms in CH3

group by Cl atoms raises the possibility of a steric hindrance. In
compound 8 the CCl3 group clearly occupies the largest area in
the modified acetate moiety. Therefore, the oxygen atom of the
alkoxyl group results scarcely accessible for intermolecular inter-
actions. In conclusion, both electronic effect and steric hindrance
may be deleterious to the biological activity.

An important observation is noticeable: in general, the similar-
ity of the atomic volume of the fluorine and hydrogen atoms is ac-
cepted. However, our results show that the volume of the fluorine
atom, calculated by AIM, is double that the volume of hydrogen,
and half the volume of chlorine (i.e., v(H) = 48.99 au. in 1,
v(F) = 108.75 au. in 4, and v(Cl) = 218.82 au. in 5). As a result, it is evi-
dent that the presence of a voluminous group in some analogues
could impose an important steric hindrance and limit the perfect
match with the PBP. Interestingly enough, the contraction of the
carbon volume, (C20) is as well noticeable in these halogenated
analogues.

3.2. Topology of the Laplacian of the charge density

The Laplacian of q(r) is an information-rich function. It should be
distinguish that the topological description of the Laplacian of the
electronic density distribution, r2q(r), is a powerful tool in the
interpretation of quantum chemical results. It provides an en-
hanced view of the local form of the electronic density. We believe
that a deep knowledge of the electronic structure of these ana-
logues is essential in order to understand the mechanisms that oc-
cur during the recognition process in chemical communications of
insects. For this reason, we describe, in the following paragraph, a
study based on the topology of the Laplacian.

As it was mentioned at the beginning of the results section, the
potential isosurface (Figure 2) shows that the region of attractive
interaction localized on the modified acetate group undergoes lar-
ger changes when the hydrogen atom is substituted by electroneg-
ative atoms than when it is substituted by a methyl group. These
graphs also show that the attractive region of the oxygen atom
in the alkoxy group decreases in all cases. In addition, the attractive
region near the carbonyl group always increases in the presence of
electronegative atoms in the halo-acetate group.

More accurately, the topology of the Laplacian of the charge
density can show in a molecular graph (with the localization of
critical points in the tridimensional space), the localization of the
preferential sites of attack between the nucleophiles, such as in
the sex pheromone and its analogues, and the electrophiles such
as in the PBP. In other words, a tridimensional chart can show
whether the charge density is either maximally concentrated or
maximally depleted. In the first case, (maximally concentrated
charge) it is possible to report which sites are able to deliver elec-
Figure 8. Critical points of the �r2q distribution superimposed on molecular graph in a
analogue 9. In all cases, note the two maximum bonded in the VSCC of the carbon atoms,
(c) two b-CPs along of the C-Cl bonds. Note the localization of the nb-CPs on carbonylic
tronic charge and, in consequence, that they are especially reactive
toward electron-poor reactants (such as hydrogen atoms involved
in hydrogen bonds). In the second case, it is possible to show which
sites are able to stabilize an overload uptake of electronic charge
and that they are especially reactive toward electron-rich reactants
(i.e., oxygen atom at the serine residue).

In the natural sex pheromone, the oxygen atoms of the acetate
group are sites that exhibit the highest concentration of charge.
Therefore, it is assumed that from all the possible sites, the oxygen
atoms will be the preferred ones for an electrophilic attack by the
binding protein. Furthermore, it is essential to mention here that
the electrophilic capacity of both oxygen atoms of the acetate
group might be affected by the substitution of the hydrogen atom
by fluorine or a chlorine atom. Moreover, it should also be taken
into account that the presence of halogen atoms increases the
number of possible sites of binding. Due to this fact, we consider
that it will be interesting to explore the electronic effects of the
substitution of the methyl hydrogen atoms of the acetate group
by charge-withdrawing atoms such as F or Cl or by a donating
ACH3 group.

In this context, the AIM theory defines the valence–shell charge
concentration (VSCC) as the outer region of an atom in one mole-
cule where r2q < 0. The VSCC is of spherical symmetry in the iso-
lated atom but it is distorted upon chemical combination, showing
by this, a topology sensitive to different environments. The ex-
tremes or critical points in the distribution of the Laplacian func-
tion of q are classified by their rank and signature in the same
way as it is done for the CPs in the charge density. The Laplacian
CPs appear where r(r2q) = 0 and the eigenvalues of the Hessian
ofr2q indicate the principal curvatures of r2q at the CP. In accor-
dance with other authors,23,27 it is convenient, for a more intuitive
interpretation, to consider the �r2q function for out studies. A
(3, �3) CP corresponds to a local maximum (in a tridimensional
chart) in �r2q (with r2q < 0), and indicates a local electronic
charge concentration (CC), while a (3, +3) CP corresponds to a local
minimum in �r2q, (with r2q > 0) and indicates a local depletion
of the electronic charge (CD).
3.2.1. Critical points of �$2q
Figure 8 shows the maxima CC points or (3,�3) critical points in

�r2q(r), superimposed on the molecular graph (networks of bond
path in the density topology). These points show the localizations
of bonded and non-bonded maxima for the natural sex pheromone
(1) and two tri-halogenated compounds (analogues 8 and 9).

Table 3 shows the non-bonded maxima (nb) characterization of
the VSCCs of oxygen, fluorine and chlorine atoms in the natural sex
pheromone and its analogues.

It is important to emphasize that the existence of nonbonding
maxima in the VSCC of the carbonyl and alkoxyl oxygen atoms as
well as chlorine and fluorine in halo-acetate groups, indicates
cetate/halo-acetate function for species (a) sex pheromone, (b) analogue 8, and (c)
along of the CAC bond. In (b) it can be noted one b-CP along of the CAF bonds and in
and alkoxylic oxygen atoms and fluorine and chlorine atoms.



Table 3
Characterization of non-bonded máxima for the VSCCs for oxygen, fluorine and
chlorine atoms by B3LYP/6-31++G** in 1-10 compounds.

Atom Compound Non-bonded maxima (nb)

#nb r2q(r)
a r (au.)a

Ocarbonylic 1 2 6.138 0.634
2 2 6.095 0.635
3 2 6.141 0.634
4 2 5.973 0.636
5 2 6.149 0.634
6 2 6.162 0.634
7 2 6.102 0.634
8 2 6.179 0.634
9 2 6.130 0.634
10 — — —

Oalkoxylic 1 2 5.824 0.637
2 1 5.853 0.637
3 2 5.821 0.637
4 1 5.953 0.635
5 1 5.926 0.636
6 1 5.871 0.636
7 1 5.867 0.636
8 1 5.921 0.636
9 1 5.931 0.636
10 2 6.546 0.632

F 4 F1 2 11.742 0.553
6 F1 2 11.888 0.553

F2 2 11.853 0.553
8 F1 2 11.627 0.554

F2 2 11.676 0.553
F3 2 11.613 0.554

Cl 5 Cl1 3 0.834 1.168
7 Cl1 2 0.849 1.166

Cl2 2 0.841 1.167
9 Cl1 3 0.844 1.166

Cl2 3 0.854 1.166
Cl3 3 0.844 1.166

a When the number of the non-bonded maxima (#nb) is 6¼ 1 the average value of
the properties is given.
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new sites for electrophilic attract and H bonding in these
molecules.

As it is well known, the fluorine atom is the most compact, from
all analyzed atoms, and presents the smallest radius of the non
bonded maxima. It also shows the highest value of the negative
�r2q(r) (approximately 11.7 au.). This represents almost twice as
much as the �r2q(r) values of the O atom. (Oxygen possesses the
second the highest value around of 5.8–6.5 au.). As it is expected
in the third period of the periodic table, the Cl atom shows the low-
est values of the �r2q(r) and the highest distance from non-
bonded critical point (nb-CP) in valence shell at the nucleus.

3.2.2. Oxygen VSCC
In the carbonyl oxygen atoms, at the acetate or the modified

acetate moieties in the sex pheromone or its analogue derivatives
respectively, two nonbonding charge concentrations, correspond-
ing to the classical ‘lone pairs’ in the carbonyl oxygen VS, were
found (Table 3). Such non-bonding charge concentrations have
been shown to be the sites for either protonation or H-bonding.37

Both of them will be discussed below. The position of every max-
ima in these O atoms is not symmetrically located at 120 degrees
from the C@O bond direction in the molecules we studied here.
If a non-symmetrical environment is present in the immediate
vicinity of the carbonyl group, like in the halo-acetate group, then
its maxima will be located in non-symmetrical positions in the
oxygen VS. This shows the influence of the electric field produced
by electron withdrawing substituents (‘neighbouring’ atoms) in
the position of the VSCC maxima of the carbonyl oxygen atom
(Table 2).
Moreover, this substitution effect at the ‘neighbouring’ carbon
atoms is observed upon the alkoxyl oxygen atom in halogenated
analogues. In the alkoxyl oxygen atom, two non-bonding charge
concentrations were found in the sex pheromone and in analogue
3, where a methyl group was replaced by an electron donating
ethyl group.

The position of the CP of maxima VSCC is located, above and be-
low the plane that contains the C1AOAC10 nuclei and exhibits sim-
ilar values in terms of distances to the nucleus and -r2q(r). In
addition, two nb-CPs at the oxygen valence shell were found in
the alcohol analogue, (compound 10) with values that were
slightly higher than the previous ones.

The presence of electron withdrawing substituents, such as
fluorine and chlorine, modifies the topology of the Laplacian at
the oxygen valence shell. In these cases (analogues 4–9) only
one non-bonding maxima appears in the oxygen valence shell.
Its localization is at the middle of the two now missing critical
point and it is positioned in the same plane as the C1AOAC10

fragment.

3.2.3. Chlorine and Fluorine VSCCs
The chlorinated compounds exhibit three (3, �3) nb-CPs at the

chlorine VS, and show a tetrahedral form for this maxima. This is in
consistence with the valence shell electron pair repulsion (VSEPR)
model. Two bonded critical points (b-CPs) in the CACl bond direc-
tion were found: one (3, �3) b-CP at the chlorine VS and another
one at the carbon VS. In contrast, the valence shell of F atoms re-
vealed only two non-bonded maxima in the studied analogues
(Fig. 8b and c). In general, the bonding of a F with a C atom is such
that it forms a single bond (showed only one b-CP between both
atoms) with three non-bonding maxima localized38 in its VSCC,
such as in the CH3F case. If the negative hyperconjugation is pres-
ent, this effect will create a partial double bond character in the
FAC bonds. In this situation, only two ‘lone pairs’ will be present
in the fluorine VS as non-bonding maxima of CC. They will be lo-
cated in the molecular plane and approximately 120–140 degrees
from the FAC bond direction. In addition, when conjugation is
present, an increase in the density (especially in the bond elliptic-
ity) is expected to occur at the BCP with respect to those of a single
FAC bond. The latter seems to be the case of the fluorine atoms in
analogues 4, 6, and 8 (Table 3).

In summary, the results in Table 3 show that one site (corre-
sponding to one nb-CP at alkoxyl oxygen atom VS) disappears
and six new sites appear in the trifluorinated compound.

As it has been previously described, the Laplacian of the elec-
tronic charge density can be used as an indicator of protonation
sites of a molecule.37 This may be of great help in the pheromone
field. Popelier et al.39 have investigated and discussed to what ex-
tent the function evaluated at the nb-CP of CC in the atomic VS can
be used as an indicator of protonation energy. These authors have
emphasized that an essential condition for the success of the Lapla-
cian is that the protonation trends should be established in a series
where the local environment of the protonation site is not too per-
turbed. In other words, although this function correctly predicts
the protonation site in substituted aldehydes, the Laplacian values
cannot be used in a comparative form over atoms with different
atomic numbers (i.e., oxygen, fluorine, and chlorine) to predict
the preferred site of protonation.

In consequence, we would like to emphasize that in the ana-
logues we studied the highest values of �r2q(r) in fluorine atoms
should not be interpreted as of the highest susceptibly to electro-
philic attack. In concordance to what we mention above, Grabow-
ski40 has established that, although the fluorine atom is the more
electronegative atom in the periodic table, it is also a weak proton
acceptor and that this property decreases by the addition of an-
other fluorine atom.
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In the same way the regions of charge depletion, (3, +1) CP, in the
VSCC of the C atom, have been identified as sites of nucleophilic at-
tack in methanal and similar compounds.27,41 Therefore, it is evident
that the carbonyl groups in our set of analogues are candidates for
such type of attack and that the carbonyl carbon atoms with the larg-
est depletion in their VSCC will be the most susceptible to nucleo-
philic attack.41,42 Subsequently, the carbonylic carbon atoms in
halogenated analogues (analogues 4–9) showed an increase capabil-
ity for such attack because they have a greater region of charge
depletion in their VSCC to be filled (data not shown). These results
are consistent with the observation of the decrease of the electronic
population and the increase of positive charge in C10 (Fig. 7).

4. Conclusions

A theoretical study of the electronic properties of the sex phero-
mone and its analogue derivatives in the female processionary moth
T. pytiocampa is accomplished in this work within the framework of
the density functional theory. Using the Bader’s quantum topologi-
cal theory of atoms in molecules as well as the molecular electro-
static potential analysis on the van der Waals surface, we were
able to rationalize the effect of the substitution of hydrogen atoms
in the acetate group on the electronic charge density distribution.

Based in the electrostatic potential analysis on the molecular
surface, a remarkable result of this work shows that, in addition
to the oxygen atoms of the acetate group or modified acetate in
the compounds studied here, the electrophilic region defined by
the enyne group is a site that exhibit a very high (but not the high-
est) concentration of electronic charge density. In consequence, the
distance between both sites might be considered as an indicator of
the electronic requirement in the molecular recognition process.

As a result of the electron withdrawing effect, the substitution
of hydrogen atoms by halogen atoms produce a diminish of the
electronic population in the oxygen and carbon atoms at the car-
bonyl group. This may explain the diminish of the capacity of the
oxygen atoms as hydrogen acceptor, in the modified ester moiety
of the pheromone analogues. These results reinforce the idea that
the crucial interaction between the acetate group of the phero-
mone and the receptor PBP is most likely a hydrogen bonding that
is affected by the substitution of atoms at this group.

In addition, the replacement of an H atom by an electron donor
substituent, such as the methyl group, or in other words, the
replacement of a methyl group by an ethyl group in the ester func-
tion, produces only a small electronic change and a major steric ef-
fect with a scarce reduction in the pheromonal activity.

The variation in the atomic properties, such as electronic popu-
lation and atomic volume, are sensitive identifiers of the loss of the
biological activity in the analogues studied here. Additionally, the
modified acetate group, with electronegative atoms, shows new
charge concentration critical points or regions of charge density
concentration in which an electrophilic attack can occur as well.

Finally, the use of the topological analysis, (based in the charge
density distribution and its Laplacian function), in conjunction
with MEPs, provide valuable information about the steric volume
and electronic requirement of the natural sex pheromone in its
interaction with the PBP. In addition, a deep electronic analysis
of other analogues and the potential interactions with the PBP
are under investigation in our laboratory and the results will be
published in the near future.
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