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We report the results of a search for model-based relationships between hCB1 and hCB2 receptor binding affinity and molecular
structure for a group of 1-aryl-5-(1-H-pyrrol-1-yl)-1-H-pyrazole-3-carboxamides. The wave functions and local atomic reactivity
indices were obtained at the B3LYP/6-31G(d,p) levels of theory with full geometry optimization. Interaction pharmacophores were
generated for both receptors. The main conclusions of this work are as follows. (1) We obtained statistically significant equations
relating the variation of hCB1 and hCB2 receptor binding affinities with the variation of definite sets of local atomic reactivity
indices. (2) The interaction of the molecules with the hCB1 and hCB2 receptors seems to be highly complex and mainly orbital
controlled. (3) The interaction mechanisms seem to be different for each type of receptor. This study, contrarily to the statistically
backed ones, is able to provide a microscopic insight of the mechanisms involved in the binding process.

1. Introduction

Cannabis has a long history of association with mankind [1].
Probably it was used for medical purposes before recorded
history. The cultic use of Cannabis seems to have been an
extended practice ranging from Rumania east to the Yenisei
River from at least the third millennium BC [2–8]. Cannabis
originated in northern South Asia along the foothills of the
Himalayas or the valley of Central Asia. It was first cultivated
on a large scale basis in China for fiber and seed production
and later in India for resin production. Its cultivation spread
from China and India to other places of the world. In 1545
the Spanish brought Cannabis to the New World. From the
taxonomic point of view, two classes of plants are discernible:
a group of plants with relatively limited intoxicant potential,
obtained by selection for fiber and oil agronomic qualities,
and another group with considerable intoxicant potential,

obtained by selection for inebriant qualities. These two
groups are classified as subspecies sativa and indica, of C.
sativa, the only species of the genus Cannabis. Within each
subspecies wild and domesticated phases can be recognized.
These four groups are recognized as varieties [9–15].

Marijuana consists of a mixture of leaves, stems, and
flowering tops of Cannabis plants selectively bred to pro-
duce high levels of Δ9-tetrahydrocannabinol (THC or (−)-
trans-Δ9-THC) and several other psychoactive cannabinoids.
Various extracts including hashish and hash oil are also
produced from the plant. Muslims used Cannabis recre-
ationally because alcohol consumption was banned by the
Koran. Muslims also introduced hashish, whose popularity
spread quickly through 12th century Persia and North Africa.
Around 1900 it started to be used as a pleasure-inducing
drug in theWest [4, 6, 16–20]. It was reported that marijuana
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was sometimes used in folk medicine for treating gonorrhea
in Sikkim, India [21]. Marijuana’s active components are
potentially effective in treating pain, nausea, particularly
related to cancer chemotherapy, anorexia in AIDS patients,
and other conditions such as glaucoma.

The smoke produced by combustion of marijuana con-
tains, among other chemicals, at least sixty-one different
cannabinoids. THC produces most of the classical pharma-
cological effects of smoked marijuana: changes in mood,
perception, and motivation. The typical marijuana smoker
experiences a high lasting about two hours with impairment
of cognitive functions, perception, reaction time, learning,
and memory. The pharmacological actions of THC result
from its activity at the cannabinoid CB1 receptor, located
mainly in the central nervous system, the lungs, liver, and
kidneys, and the CB2 receptor, mainly expressed in cells
of the immune system and in hematopoietic cells. The
protein sequences of CB1 and CB2 receptors are about 44%
similar [22–24]. More specifically, the effects of THC are
primarilymediated by its activation ofCB1G-protein coupled
receptors, which results in a decrease in the concentration of
cyclic adenosine monophosphate through the inhibition of
adenylate cyclase.The finding of brain cannabinoid receptors
led to the discovery of endocannabinoids, such as anan-
damide and 2-arachidonoyl glyceride [25–28]. Given that
both cannabinoid receptors seem to be involved in a great
variety of processes the synthesis and testing of new ligands
with enhanced activity are still very active lines of research.
During the last two decades several families of these ligands
have been tested for CB1 and CB2 receptor affinity.

The search for structure-activity relationships (SAR or
QSAR) for cannabinoids began during the 1970 decade [29–
40]. In a 1987 meeting Mechoulam presented biological
data to show that the (−) enantiomers of cannabinoids
are more active than the (+) enantiomers [41]. He and
collaborators formulated some tentative rules for cannabi-
nomimetic structure-activity relationships, most of them
surviving across time.Martin discussed SAR of cannabinoids
regarding anticonvulsant activity and Melvin and Johnson
presented a review about SAR of tricyclic and nonclassical
bicyclic cannabinoids. Their studies demonstrated that some
of the analogues exhibited enantiomeric potency. This last
study showed that it is possible to achieve extreme biological
potency in structures different from the classical cannabi-
noid ring system (by classical we understand (−)-trans-Δ9-
tetrahydrocannabinol and derivatives). From the quantum-
chemical point of view the work by Reggio, presenting the
molecular parameters that determine the cannabinomimetic
activity, is of great importance [41]. Reggio commented that
“traditionally, cannabinoid SARs have been focused almost
entirely on the independent contribution of certain structural
groups (“functional groups”) of the molecules. These SARs
have been compiled into extensive “lists of requirements.”
This type of approach in SAR studies often assumes the
following: that functional groups must react directly with
specific sites in the receptor, that modification of one group
does not affect the reactivity of another, and that geometric and
stereometric factors, such as distance and spatial relationships

between functional groups, are all important. Such focus on
isolated aspects of the cannabinoids ignores the fact that the
molecular properties that are directly responsible for the molec-
ular interactions (that lead to the pharmacological effect) are
encoded in the entire molecular structure”. This observation
is still valid today, not only for cannabinoids but also for all
molecules presenting any kind of biological activity. After the
discovery of endogenous ligands of CB1 and CB2 receptors
and of nonclassical cannabinoids a multitude of structure-
activity studies appeared in the literature for the different
biological activities of these molecules.

To date, only two quantum-chemical studies carrying out
a full characterization of the entire molecules and correlating
this characterization with a biological activity have been
published in the cannabinoid field [19, 20]. By character-
ization we mean, in general, a description in quantum-
mechanical terms of the reactivity of all atoms constituting
themolecule and a representation of the nonelectronic effects
of the substituent. A very important condition is that this
description must appear in a natural (mathematical) way
inside a model linking biological activity with electronic
structure (a model-based method). The first paper analyzed
the CB1- and CB2-mediated inhibition of adenylyl cyclase
by a group of classical cannabinoid derivatives [19]. In the
second one we presented structure-receptor affinity rela-
tionships for the in vitro interaction of a group of classical
(CB1 binding to rat synaptosomal membranes, CB1 binding
to African green monkey kidney cells transfected with the
cDNA of rat CB1 receptor, and CB2 binding to COS-7
cells transfected with the cDNA of human CB2 receptors),
indole-derived (CB1 binding to rat brain P2membranes), and
aminoalkylindole-derived (inhibition of [3H]-WIN-55212-2
binding to rat cerebellar membranes) cannabinoids [20].
From this last work it was concluded that CB1 and CB2
receptor affinities are regulated by different mechanisms
involving orbital and charge control. CB1 and CB2 classical
ligands share probably three common features: a hydrogen
bond to a lysine (for CB1) or serine (for CB2) residue,
a fully aromatic ring, and a branched carbon side chain.
In the case of indole-derived and aminoalkylindole-derived
cannabinoids orientation and alignment rules were defined
as a basis for comparison of noncongeneric molecules. In
this way it was possible to associate the location of molecular
fragments of these systems with known molecular systems
such as classical cannabinoids. For aminoalkylindoles we
have proposed the locus with which they bind to a second
receptor site that is available to WIN-55212-2 but not to
classical cannabinoids and anandamide. On the basis of these
results a new molecule was proposed that should help to
discriminate between the two receptor sites. The results of
these studies are very encouraging taking into account that
the numerical values for the local atomic descriptors were
obtained with a semiempirical method.

On the basis of the already exposed data we have
performed here, with more advanced quantum-chemical
methods to calculate the electronic structure together with
an expanded formal method describing the in vitro drug-
receptor interaction, a study relating local atomic reactivity
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indices with human recombinant CB1 (hCB1) and CB2
(hCb2) receptor binding affinities in a group of 1-aryl-5-(1H-
pyrrol-1-yl)-1H-pyrazole-3-carboxamides [42].

2. Methods, Models, and Calculations

We have developed a formal model to correlate the in
vitro drug-receptor affinity constant with the electronic and
molecular structure [43–46]. This model has shown, beyond
all reasonable doubt, that it can shed light on the fine structure
of the drug-receptor interaction ([20, 47–56] and references
therein). As the last paper using thismodel and not belonging
to our unit was published in 1979 we shall present in the
following part the main lines of its development. Let us
consider the state of thermodynamic equilibrium and a 1 : 1
stoichiometry in the formation of the drug-receptor complex:
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and the 𝑄’s are the total partition functions (PFs) measured
from the ground state (in solution). 𝑇 and 𝑘 are the tempera-
ture and the Boltzmann constant, respectively. If we consider
that for practically all polyatomic molecules the Boltzmann
factors of the excited electronic states are negligible compared
to those of the ground state, that the rotational and vibrational
motions are independent and uncoupled, and that at body
temperature the vibrational PFs have a value close to 1, and
using the classical expression for the rotational PF together
with the assumption that the rotational PFs of the receptor
and the drug-receptor are similar (this requires that the
receptor molecule be much greater than the drug molecule),
we may write (2) as [44, 45]
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where 𝑎, 𝑏, 𝑐, and 𝑑 are constants, 𝑀 the drug’s mass, 𝜎
its symmetry number, and 𝐴𝐵𝐶 the product of the drug’s
moment of inertia about the three principal axes of rotation.

The interaction energy Δ𝜀
𝑖
cannot be calculated directly

due to the size of the receptor. But, as we are dealing with
a weak drug-receptor interaction, we can employ the pertur-
bation theory in the Klopman-Hudson form to evaluate Δ𝜀
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[57–59]. According to this method, the change in electron
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where 𝑄
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is the net charge of atom 𝑖, 𝐹
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of atom 𝑖 in the MO 𝑚 (i.e., the electron population per
MO and per atom) [60], 𝛽
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the drug-receptor complex does not involve covalent bonds.
The summation on 𝑝 is over all pairs of interacting atoms of
the drug and the receptor. The first term of the right side of
(5) represents the electrostatic interaction between two atoms
having net charges 𝑄

𝑖
and 𝑄

𝑗
. The second and third terms

introduce the interactions between the occupied and empty
MOs of the drug and those of the receptor. Recent working
on the expression for Δ𝜀 allowed us to include local atomic
reactivity indices coming from the density functional theory
(DFT) [46, 61]. The final expression for Δ𝜀 is
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where 𝑆
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These indices are very helpful to compare the reactivity
of similar atomic positions through a series of molecules
because they include the eigenvalue spectrum which is
habitually different in eachmolecular system.The last bracket
of the right side of (6) contains the new local atomic reactivity
indices. 𝜇

𝑖
, 𝜂
𝑖
, 𝜔
𝑖
, 𝜍
𝑖
, and 𝑄

max
𝑖

are, respectively, the local
atomic electronic chemical potential of atom 𝑖, the local
atomic hardness of atom 𝑖, the local electrophilicity of atom 𝑖,
the local atomic softness of atom 𝑖, and the maximal quantity
of electronic charge atom 𝑖 can receive (for the mathematical
definitions of the indices see [46]). For the sake of clarity we
present in Table 1 a summary of these local atomic reactivity
indices (LARIs) together with their physical meaning. Some
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of these new indices have appeared in recent QSAR studies
[56, 62].

The insertion of (6) into (4) leads to master equation (7):
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The moment of inertia term is a whole molecular prop-
erty. It was shown that it can be expressed in a first approxi-
mation as [51, 63]
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where the summation over 𝑡 is over the different substituents
of the molecule and𝑚

𝑖,𝑡
is the mass of the ith atom belonging

to the tth substituent, with 𝑅
𝑖,𝑡

being its distance to the
atom to which the substituent is attached. We have called
them orientation parameters. Equation (8) transformed a
molecular property into a sum of local properties. We have
interpreted these orientational parameters as follows. The
bioactive molecules are moving inside a biological fluid.
Inside this fluid, accumulation, recognition, and guiding of
the drug molecule toward the receptor through long-range
interactions occur. In order to interact with the receptor, a
time interval 𝜏 is required, in which the molecule must attain
a given rotational velocity. Only below this velocity value
will the receptormolecular electrostatic potential (MEP) have
time to match the drug MEP to guide it and to engage in
short-range interactions. Within this reasoning scheme we
interpret (8) (because it comes from the rotational partition
function) as accounting for the relative ease with which this
process occurs.

Then, for 𝑛 molecules we have a system of 𝑛 linear
equations. In principle, this systemof simultaneous equations
holds for all the atoms of the drug directly perturbed by
their interaction with the receptor. Combined with multiple-
regression techniques, these equations can be usefully applied
to estimate the relative variation of log𝐾

𝑖
in a family of

molecules. Also, they can be used to determine which atoms
are directly concerned in the formation of the drug-receptor
complex. Here statistical analysis is used, not to see whether
there is a structure-activity relationship but to find the best one.

The most important attribute of the master equation is
that it contains terms associated only to the drug molecule.
Note also that the numerical values of the LARIs can be
obtained with any quantum-chemical calculation (semiem-
pirical, ab initio or DFT). This equation, in its older and

Table 1: Local atomic reactivity indices and their meaning.

LARI Name Physical meaning

𝑄
𝑖

Net atomic charge of atom
𝑖

Electrostatic interaction

𝑆
𝐸

𝑖

Total atomic electrophilic
superdelocalizability of
atom 𝑖

Total atomic
electron-donating
capacity of atom 𝑖

(MO-MO interaction)

𝑆
𝑁

𝑖

Total atomic nucleophilic
superdelocalizability of
atom 𝑖

Total atomic
electron-accepting
capacity of atom 𝑖

(MO-MO interaction)

𝑆
𝐸

𝑖
(𝑚)

Orbital atomic
electrophilic
superdelocalizability of
atom 𝑖 and occupied MO
𝑚

Electron-donating
capacity of atom 𝑖 at
occupied MO𝑚

(MO-MO interaction)

𝑆
𝑁

𝑖
(𝑚

)

Orbital atomic
nucleophilic
superdelocalizability of
atom 𝑖 and empty MO𝑚



Electron-accepting
capacity of atom 𝑖 at
empty MO𝑚

 (MO-MO
interaction)

𝐹
𝑖 Fukui index of atom 𝑖

Total electron population
of atom 𝑖 (MO-MO
interaction)

𝐹
𝑚𝑖

Fukui index of atom 𝑖 and
occupied MO𝑚

Electron population of
occupied MO𝑚 at atom 𝑖

(MO-MO interaction)

𝐹
𝑚

𝑖

Fukui index of atom 𝑖 and
empty MO𝑚



Electron population of
empty MO𝑚

 at atom 𝑖

(MO-MO interaction)

𝜇
𝑖

Local atomic electronic
chemical potential of
atom 𝑖

Propensity of atom 𝑖 to
gain or lose electrons

𝜂
𝑖

Local atomic hardness of
atom 𝑖

Resistance of atom 𝑖 to
exchange electrons with
the environment

𝜍
𝑖

Local atomic softness of
atom 𝑖

The inverse of 𝜂
𝑖

𝜔
𝑖

Local atomic
electrophilicity of atom 𝑖

Predisposition of atom 𝑖 to
receive extra electronic
charge together with its
resistance to exchange
charge with the medium

𝑄
max
𝑖

Maximal amount of
electronic charge atom 𝑖

may receive

Maximal amount of
electronic charge that
atom 𝑖may receive

present forms, produced good results for very diverse drug-
receptor systems [20, 47, 49–56, 62, 64, 65].

Themolecules chosen for this study are shown in Figure 1
and Table 2, together with the corresponding experimental
receptor binding affinities. Geometries were fully optimized
at the B3LYP/6-31G(d,p) level of the theory with the Gaus-
sian98 suite of programs [66]. With software written in our
laboratory we extracted from the Gaussian results all the
necessary information to obtain numerical values for the
LARIs. All electron populations smaller than or equal to 0.01 e
were considered as zero [46]. Negative electron populations
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Table 2: Molecules and their experimental binding affinities.

Molecule R1 R1 R1 R2 R3 R3 log 𝑘 (hCB1) log 𝑘 (hCB2)
1 -Cl -Cl -H 4-Chlorophenyl -H -H 2.08 1.90
2 -Cl -Cl -H 4-Chlorobenzyl -H -H 2.15 2.97

3 -Cl -Cl -H 2-Bromo-3,4,5-
trimethoxybenzyl

-H -H 2.36 —

4 -Cl -Cl -H (4-Chlorophenyl)ethyl -H -H 1.85 —
5 -Cl -Cl -H (3,4-Dichlorophenyl)ethyl -H -H 2.20 —

6 -Cl -Cl -H (3-Chloro-4-
methoxyphenyl)ethyl

-H -H 2.57 3.46

7 -Cl -Cl -H (2,4-Dichlorophenyl)ethyl -H -H 2.34 —
8 -Cl -Cl -H Cyclopentyl -H -H 1.92 2.23
9 -Cl -Cl -H Cycloheptyl -H -H 1.30 1.30
10 -Cl -Cl -H 4-Chlorophenyl -Me -Me 1.98 —
11 -Cl -Cl -H 4-Chlorobenzyl -Me -Me 1.95 —

12 -Cl -Cl -H 2-Bromo-3,4,5-
trimethoxybenzyl

-Me -Me 2.16 2.74

13 -Cl -Cl -H (4-Chlorophenyl)ethyl -Me -Me 1.48 —
14 -Cl -Cl -H (3,4-Dichlorophenyl)ethyl -Me -Me 2.07 —

15 -Cl -Cl -H (3-Chloro-4-
methoxyphenyl)ethyl

-Me -Me 2.05 3.54

16 -Cl -Cl -H (2,4-Dichlorophenyl)ethyl -Me -Me 2.19 —
17 -Cl -Cl -H Cyclopentyl -Me -Me 2.18 2.49
18 -Cl -Cl -H Cycloheptyl -Me -Me 1.90 1.90
19 -H -Cl -Cl 4-Chlorophenyl -H -H 3.11 2.90
20 -H -Cl -Cl 4-Chlorobenzyl -H -H 1.85 2.00
21 -H -Cl -Cl (4-Chlorophenyl)ethyl -H -H 2.38 3.08
22 -H -Cl -Cl Cyclopentyl -H -H 1.70 1.08
23 -H -Cl -Cl Cycloheptyl -H -H 0.75 0.11
24 -H -Cl -Cl Adamant-1-yl -H -H 1.49 1.30
25 -H -Cl -Cl 4-Chlorobenzyl -Me -Me 2.00 2.90
26 -H -Cl -Cl (4-Chlorophenyl)ethyl -Me -Me 2.59 —
27 -H -Cl -Cl Cyclopentyl -Me -Me 1.56 1.08
28 -H -Cl -Cl Cycloheptyl -Me -Me 1.08 0.62
29 -H -Cl -Cl Adamant-1-yl -Me -Me 0.75 1.08
30 -F -F -H 4-Chlorophenyl -H -H 3.32 —
31 -F -F -H 4-Chlorobenzyl -H -H 2.53 3.53

32 -F -F -H 2-Bromo-3,4,5-
trimethoxybenzyl

-H -H 2.54 —

33 -F -F -H (4-Chlorophenyl)ethyl -H -H 1.90 —
34 -F -F -H (3,4-Dichlorophenyl)ethyl -H -H 2.49 3.11

35 -F -F -H (3-Chloro-4-
methoxyphenyl)ethyl

-H -H 2.98 3.29

36 -F -F -H (2,4-Dichlorophenyl)ethyl -H -H 2.58 2.82
37 -F -F -H Cyclopentyl -H -H 3.38 3.04
38 -F -F -H Cycloheptyl -H -H 2.75 2.30
39 -F -F -H 4-Chlorophenyl -Me -Me 2.75 —
40 -F -F -H 4-Chlorobenzyl -Me -Me 1.75 —

41 -F -F -H 2-Bromo-3,4,5-
trimethoxybenzyl

-Me -Me 2.22 —
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Table 2: Continued.

Molecule R1 R1 R1 R2 R3 R3 log 𝑘 (hCB1) log 𝑘 (hCB2)
42 -F -F -H (4-Chlorophenyl)ethyl -Me -Me 1.70 —
43 -F -F -H (3,4-Dichlorophenyl)ethyl -Me -Me 1.73 —

44 -F -F -H (3-Chloro-4-
methoxyphenyl)ethyl -Me -Me 2.00 —

45 -F -F -H (2,4-Dichlorophenyl)ethyl -Me -Me 1.61 2.86
46 -F -F -H Cyclopentyl -Me -Me 2.92 2.95
47 -F -F -H Cycloheptyl -Me -Me 1.75 2.04

N
N

N

HN

O 2012

13

4
14

1

3

15

18

19

17

16

6
7
8

9
10

11

2

5

Ring A

Ring B

Ring C

R1

R1

R2

R3

R3

R1

Figure 1: General formula of the molecules analyzed in this study.
Numbers refer to the common skeleton used for LMRA.

coming from themulliken population analysis were corrected
according to a recent proposed method [67]. Here we shall
work with the common skeleton hypothesis which states that
there is a definite group of atoms, common to all molecules
analyzed, in which the variation of their electronic properties
accounts for nearly all the variation of the biological activity
through the series. Implicit in this choice is the supposition
that this common skeleton is aligned, in all molecules, in
almost the same position to interact with the receptor. The
effects of the substituents consist in modifying the electronic
structure of this common skeleton. For the case studied here
the common skeleton numbering is shown in Figure 1 (atoms
1–20).

All the linear multiple regression analyses (LMRA) were
performed with the Statistica software [68]. The dependent
variable is the logarithm of the corresponding biological
activity [42] and the independent variables are the local
atomic reactivity indices of the common skeleton plus the ori-
entational parameters of the substituents R1, R1, R1, R

2
, R
3
,

and R3 (see Figure 1). The orientational parameters were
calculated as usual [51, 63].

For a clear understanding of the results we need to
comment on the formation of the matrix containing the
variables. Figure 2 shows an example for three atoms, I, II,

and III, and for the three upper occupied and three lowest
empty molecular orbitals (this figure was previously used,
[46, 56, 61]).

If we include in an initial data matrix all electron
populations (the Fukui indices), we get the one shown in
the upper side of (9). But the interactions between the drug
and the receptor are achieved only through nonzero electron
populations. Therefore the actual matrix for Figure 2 is the
one shown in the middle side of (9). Then for atom I its
HOMO, HOMO − 1, LUMO, and LUMO + 1 match with
the corresponding molecular orbitals, but for atoms II and
III this is not the case. To avoid misunderstandings we have
used the nomenclature depicted at the lower side of (9). Here,
for example, 𝐹

𝑖
(HOMO − 1)

∗ refers to the first highest MO
having a nonzero electron population at atom 𝑖.

Matrix building for independent variables is as follows:

{{{{{

{{{{{

{

I II III
𝐹
𝑖 (L + 1) ⋅ ⋅ ⋅ 𝐹

𝑖 (L + 1) ⋅ ⋅ ⋅ 𝐹
𝑖 (L + 1)

𝐹
𝑖 (L) ⋅ ⋅ ⋅ 𝐹

𝑖 (L) ⋅ ⋅ ⋅ 𝐹
𝑖 (L)

𝐹
𝑖 (H) ⋅ ⋅ ⋅ 𝐹

𝑖 (H) ⋅ ⋅ ⋅ 𝐹
𝑖 (H)

𝐹
𝑖 (H − 1) ⋅ ⋅ ⋅ 𝐹

𝑖 (H − 1) ⋅ ⋅ ⋅ 𝐹
𝑖 (H − 1)

}}}}}

}}}}}

}

→

{{{{{

{{{{{

{

I II III
𝐹
𝑖 (L + 1) ⋅ ⋅ ⋅ 𝐹

𝑖 (L + 2) ⋅ ⋅ ⋅ 𝐹
𝑖 (L + 2)

𝐹
𝑖 (L) ⋅ ⋅ ⋅ 𝐹

𝑖 (L) ⋅ ⋅ ⋅ 𝐹
𝑖 (L + 1)

𝐹
𝑖 (H) ⋅ ⋅ ⋅ 𝐹

𝑖 (H) ⋅ ⋅ ⋅ 𝐹
𝑖 (H − 1)

𝐹
𝑖 (H − 1) ⋅ ⋅ ⋅ 𝐹

𝑖 (H − 2) ⋅ ⋅ ⋅ 𝐹
𝑖 (H − 2)

}}}}}

}}}}}

}

→

{{{{{

{{{{{

{

I II III
𝐹
𝑖(L + 1)

∗
⋅ ⋅ ⋅ 𝐹

𝑖(L + 1)
∗

⋅ ⋅ ⋅ 𝐹
𝑖(L + 1)

∗

𝐹
𝑖(L)
∗

⋅ ⋅ ⋅ 𝐹
𝑖(L)
∗

⋅ ⋅ ⋅ 𝐹
𝑖(L)
∗

𝐹
𝑖(H)
∗

⋅ ⋅ ⋅ 𝐹
𝑖(H)
∗

⋅ ⋅ ⋅ 𝐹
𝑖(H)
∗

𝐹
𝑖(H − 1)

∗
⋅ ⋅ ⋅ 𝐹
𝑖(H − 1)

∗
⋅ ⋅ ⋅ 𝐹
𝑖(H − 1)

∗

}}}}}

}}}}}

}

.

(9)

3. Results

3.1. hCB1 Receptor Binding Affinity. The first LMRA carried
out with the whole set (𝑛 = 47) showed that the standard
residual of molecule 23 fell outside the ±2𝜎 limit. A second
LMRA excluding this case (𝑛 = 46) led to an equation with
a standard error of the estimate (SD) of 0.38 and explaining
only 53% of the variation of CB1 receptor binding affinity
through the series. This suggested immediately that the
common skeleton working hypothesis could not be entirely
right for thewhole set and that perhaps some of themolecule’s
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Table 3: Beta coefficients and t-test for significance of coefficients
in (10).

Beta 𝑡 (24) 𝑃 level
𝑆
𝑁

8
(LUMO + 2)∗ −0.75 −9.10 <0.0000001

𝑆
𝐸

19
(HOMO − 1)∗ 0.34 3.49 <0.002

𝑆
𝑁

1
(LUMO + 2)∗ 0.33 3.70 <0.001

𝐹
20
(HOMO − 2)∗ −0.33 −3.75 <0.001

𝐹
16
(HOMO − 2)∗ −0.22 −2.77 <0.01

substituents also bind directly to another area of the receptor.
Examination of Table 2 shows that some R2 substituents
have 𝜋 electrons while others do not. Therefore we build
two separate sets, one containing the R2 substituents with 𝜋
electrons (Set I, 𝑛 = 33) and the other containing only fully
saturated R2 substituents (Set II, 𝑛 = 14).

For the case of Set I preliminary LMRAs showed that
molecules 11, 15, and 25 displayed standard residuals outside
the ±2𝜎 limit. Discarding these cases we obtained the follow-
ing regression equation:

log 𝑘 (hCB1)

= 2.45 − 0.04𝑆
𝑁

8
(LUMO + 2)

∗
+ 3.49𝑆

𝐸

19
(HOMO − 1)

∗

+ 0.002𝑆
𝑁

1
(LUMO + 2)

∗
− 0.36𝐹

20(HOMO − 2)
∗

− 0.71𝐹
16(HOMO − 2)

∗

(10)

with 𝑛 = 30, 𝑅 = 0.93, adj 𝑅2 = 0.86, 𝐹(5, 24) = 29.802 (𝑃 <

0.000001), outliers > 2𝜎 = 0, and SD = 0.16. Here
𝑆
𝑁

8
(LUMO + 2)

∗ and 𝑆
𝑁

1
(LUMO + 2)

∗ refer, respectively, to
the LUMO + 2 nucleophilic superdelocalizability of atoms
8 and 1; 𝑆𝐸

19
(HOMO − 1)

∗ is the electrophilic superdelocal-
izability of HOMO − 1 at atom 19; 𝐹

20
(HOMO − 2)

∗ and
𝐹
16
(HOMO − 2)

∗ are the Fukui indices of the HOMO − 2 at
atoms 20 and 16, respectively. The beta coefficients and t-test
for significance of coefficients of (10) are shown in Table 3.
Concerning independent variables, Table 4 shows that there
are no significant internal correlations at 𝑃 < 0.05. Figure 3
shows the plot of observed values versus calculated ones. No
outliers were detected and no residuals fall outside the ±2𝜎
limits. The associated statistical parameters of (10) show that
this equation is statistically significant, explaining about 86%
of the variation of the hCB1 receptor binding affinity.

For the case of Set II the best equation obtained was

log 𝑘 (hCB1) = 10.73 + 1.09𝑆
𝐸

5
(HOMO − 2)

∗
− 10.03𝑄

max
8

− 37.63𝐹
19(HOMO − 2)

∗
− 0.0006ΦR1

(11)

with 𝑛 = 14, 𝑅 = 0.98, adj 𝑅2 = 0.95, 𝐹(4, 9) = 69.67 (𝑃 <

0.000001), outliers > 2𝜎 = 0, and SD = 0.17. Here, ΦR1 is
the orientational effect of the R1 substituent, 𝑆𝐸

5
(HOMO − 2)

∗

is the HOMO − 2 electrophilic superdelocalizability at atom
5, 𝐹
19
(HOMO − 2)

∗ is the Fukui index of HOMO − 2 at
atom 19, and 𝑄

max
8

is the maximal amount of charge that

I II III

H

L

L + 1

L + 2

H − 1

H − 2

Figure 2: Molecular orbitals and electronic populations (Fukui
indices). H means HOMO (the highest occupied MO), H − 1 the
next upper occupiedMO,H−2 the second next upper occupiedMO,
L the LUMO (the lowest unoccupied MO), L + 1 the second lowest
unoccupied MO, and L + 2 the third lowest unoccupied MO. The
circles depict those MOs in which an atom has a nonzero electron
population.
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Figure 3: Observed versus calculated values (10) of log 𝑘(hCB1).
Dashed lines denote the 95% confidence interval.

atom 8 may accept. The beta coefficients and t-test for
significance of coefficients of (11) are shown in Table 5.
Concerning independent variables, Table 6 shows that there
are no significant internal correlations at 𝑃 < 0.05. Figure 4
shows the plot of observed values versus calculated ones. No
outliers were detected and no residuals fall outside the ±2𝜎
limits. The associated statistical parameters of (11) show that
this equation is statistically significant, explaining about 95%
of the variation of the hCB1 receptor binding affinity.

3.2. hCB2 Receptor Binding Affinity. The first LMRA carried
out with the whole set (𝑛 = 31) indicated that the standard
residual of molecule 15 fell outside the ±2𝜎 limit. A second
LMRA excluding this case (𝑛 = 30) led to an equation with a
standard error of the estimate of 0.29 and explaining only 87%
of the variation of CB2 receptor binding affinity throughout
the series. For these reasons we proceeded as in the case
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Table 4: Squared correlation coefficients for the variables appearing in (10).

𝑆
𝑁

1
(LUMO + 2)∗ 𝑆

𝑁

8
(LUMO + 2)∗ 𝐹

16
(HOMO − 2)∗ 𝑆

𝐸

19
(HOMO − 1)∗

𝑆
𝑁

8
(LUMO + 2)∗ 0.12 1.00

𝐹
16
(HOMO − 2)∗ 0.006 0.02 1.00

𝑆
𝐸

19
(HOMO − 1)∗ 0.17 0.02 0.08 1.00

𝐹
20
(HOMO − 2)∗ 0.03 0.005 0.0009 0.2

Table 5: Beta coefficients and t-test for significance of coefficients
in (11).

Beta 𝑡 (10) 𝑃-level
𝑆
𝐸

5
(HOMO − 2)∗ 0.28 3.90 <0.004

𝑄
max
8

−0.74 −11.05 <0.000002
𝐹
19
(HOMO − 2)∗ −0.38 −5.75 <0.0003

ΦR1 −0.29 −4.52 <0.001

Table 6: Squared correlation coefficients for the variables appearing
in (11).

𝑆
𝐸

5
(HOMO − 2)∗ 𝑄

max
8

𝐹
19
(HOMO − 2)∗

𝑄
max
8

0.19 1.00
𝐹
19
(HOMO − 2)∗ 0.14 0.07 1.00

ΦR1 0.10 0.06 0.004

Table 7: Beta coefficients and t-test for significance of coefficients
in (12).

Beta 𝑡 (12) 𝑃-level
𝑆
𝑁

17
(LUMO)∗ 0.70 13.29 0.0000001

𝐹
4
(LUMO + 1)∗ 0.35 5.75 0.0001

𝐹
20
(LUMO + 2)∗ −0.48 −8.64 0.000003

𝐹
19
(LUMO + 2)∗ −0.20 −3.54 0.005

𝑄
19

−0.17 −3.18 0.009

of CB1 data and formed Set III comprising those molecules
with an R2 substituent with 𝜋 electrons (𝑛 = 17) and Set IV
containing only fully saturated R2 substituents (𝑛 = 14).

For Set III the best equation obtained was

log 𝑘 (hCB2)

= 1.42 + 0.03𝑆
𝑁

17
(LUMO)∗ + 3.02𝐹4(LUMO + 1)

∗

− 3.63𝐹
20(LUMO + 2)

∗

− 1.30𝐹
19(LUMO + 2)

∗
− 4.07𝑄

19

(12)

with 𝑛 = 17, 𝑅 = 0.98, adj 𝑅2 = 0.96, 𝐹(5, 11) =

87.86 (𝑃 < 0.000001), outliers> 2𝜎= 0, and SD= 0.09. Here,
𝑄
19

is the net charge of atom 19, 𝑆𝑁
17
(LUMO)∗ is the local

atomic nucleophilic superdelocalizability of atom 17 at the
lowest unoccupied MO, and 𝐹

4
(LUMO + 1)

∗ is the Fukui
index of LUMO+ 1 MO at atom 4 with 𝐹

19
(LUMO + 2)

∗ and
𝐹
20
(LUMO + 2)

∗ being the Fukui indices of the LUMO+2
MO at atoms 19 and 20. The beta coefficients and t-test
for significance of coefficients of (12) are shown in Table 7.
Concerning independent variables, Table 8 shows that there
are no significant internal correlations at 𝑃 < 0.05. Figure 5
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Figure 4: Observed versus calculated values (11) of log 𝑘(hCB1).
Dashed lines denote the 95% confidence interval.
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Figure 5: Observed versus calculated values (12) of log 𝑘(hCB2).
Dashed lines denote the 95% confidence interval.

shows the plot of observed values versus calculated ones. No
outliers were detected and no residuals fall outside the ±2𝜎
limits. The associated statistical parameters of (12) show that
this equation is statistically significant, explaining about 96%
of the variation of the hCB2 receptor binding.

For Set IV the best statistical equation is

log 𝑘 (hCB2)

= 25.82 − 158.42𝜇
12
− 0.0009Φ

𝑅2

− 52.68𝐹
12(HOMO)∗ − 4.60𝑆𝐸

18
(HOMO − 1)

∗

(13)
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Table 8: Squared correlation coefficients for the variables appearing in (12).

𝐹
4
(LUMO + 1)∗ 𝑆

𝑁

17
(LUMO)∗ 𝑄

19
𝐹
19
(LUMO + 2)∗

𝑆
𝑁

17
(LUMO)∗ 0.05 1.00

𝑄
19

0.05 0.05 1.00
𝐹
19
(LUMO + 2)∗ 0.16 0.07 0.002 1.00

𝐹
20
(LUMO + 2)∗ 0.06 0.02 0.03 0.04

Table 9: Beta coefficients and t-test for significance of coefficients
in (13).

Beta 𝑡 (10) 𝑃-level
𝜇
12

0.78 10.46 <0.000002
ΦR2 −0.43 −4.63 <0.001
𝐹
12
(HOMO)∗ −0.26 −2.82 <0.02

𝑆
𝐸

18
(HOMO − 1)∗ −0.19 −2.49 <0.03

Table 10: Squared correlation coefficients for the variables appear-
ing in (13).

𝐹
12
(HOMO)∗ 𝜇

12
𝑆
𝐸

18
(HOMO − 1)∗ ΦR2

𝐹
12
(HOMO)∗ 1.00

𝜇
12

0.02 1.00
𝑆
𝐸

18
(HOMO − 1)∗ 0.004 0.08 1.00

ΦR2 0.38 0.04 0.03 1.00

with 𝑛 = 14, 𝑅 = 0.98, adj 𝑅2 = 0.94, 𝐹(4, 9) = 48.24 (𝑃 <

0.000001), outliers > 2𝜎 = 0, and SD = 0.22. Here,
ΦR2 is the orientational parameter of R2 substituent, 𝜇

12
is

the local atomic electronic chemical potential of atom 12,
𝐹
12
(HOMO)∗ is the Fukui index of the HOMO at atom

12, and 𝑆
𝐸

18
(HOMO − 1)

∗ is the local atomic electrophilic
superdelocalizability of HOMO − 1MO at atom 18. The beta
coefficients and t-test for significance of coefficients of (13)
are shown in Table 9. Concerning independent variables,
Table 10 shows that there are no significant internal correla-
tions at 𝑃 < 0.05. Figure 6 shows the plot of observed values
versus calculated ones. No outliers were detected and no
residuals fall outside the ±2𝜎 limits. The associated statistical
parameters of (13) show that this equation is statistically
significant, explaining about 94% of the variation of the hCB2
receptor binding affinity.

4. Discussion

Before discussing the LRMA results we shall comment on
the electronic structure of the molecules studied here, using
molecules 1 and 9 as examples. The only difference between
them is the nature of the R2 substituent (i.e., molecule 1
has an aromatic R2 substituent and molecule 6 a saturated
one). Figure 7 shows the molecular electrostatic potential
(MEP) of both molecular systems. The R2 substituent is
located at the right side in both images. In molecule 1
a region of negative MEP surrounds almost all the R2
substituent while in molecule 9 the R2 substituent is laying
inside of a region of positive MEP. Given the variety of
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Figure 6: Observed versus calculated values (13) of log 𝑘(hCB2).
Dashed lines denote the 95% confidence interval.

Figure 7: MEP of molecules 1 (upper) and 6 (lower). The orange
isovalue surface corresponds to negative MEP values (−0.0004) and
the yellow isovalue surface to positive MEP values (0.0004).

R2 substituents (see Table 2) it could be logical to assume
that the recognition area could be the left side of these
molecules. This question is difficult to answer in a definitive
way because of the conformational flexibility of these systems.
We employed the fully optimized geometry to obtain the
MEP values, but there is no perfect way to know how the
conformation (and therefore the MEP’s structure) of any of
these molecules evolves when they approach the receptor (at
body temperature all conformations up to 7Kcal/mol from
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Figure 8: Localization of the HOMO (upper) and LUMO (lower) in
molecule 1 (isovalue = 0.02 e).

Figure 9: Localization of the HOMO (upper) and LUMO (lower) in
molecule 6 (isovalue = 0.02 e).

the fully optimized structure are available). For smaller and
almost rigidmolecules, such asmescaline derivatives, this can
be done with confidence [69].

Another important point to comment on is the localiza-
tion of the frontier molecular orbitals (HOMO and LUMO).
Figure 8 shows the HOMO and LUMO of molecule 1. The
HOMO is localized on the R2 substituent while the LUMO
is localized mainly on Ring C. This indicates to us that
for molecule 1 all electron populations for the HOMO (i.e.,
𝐹
𝑘
(HOMO)) of the common skeleton atoms are zero. Then,

if the common skeleton interacts with the receptor through
a 𝜋 molecular orbital, it will do it using an inner 𝜋 MO.
This is a specific example in which the HOMO∗ of any
atom of the common skeleton does not coincide with the
molecular HOMOand helps understand the logic underlying
the building of thematrix of independent variables to employ
in the LMRA. Figure 9 shows the HOMO and LUMO of
molecule 6. In this case the HOMO is localized on Ring A
(i.e., on the common skeleton) and the LUMO on Ring C
as in molecule 1. In this case only the electron populations

(the Fukui indices) of Ring A have nonzero values. If this
molecule interacts with the receptor through a 𝜋 molecular
orbital localized on Ring A, it will do it using the molecular
𝜋 HOMO, which is not the case of molecule 1. Note that the
LUMOs of molecules 1 and 6 are localized on the same areas.

4.1. hCB1 Receptor Binding Results. When scientists publish
a paper containing the synthesis and biological activity
of a family of molecules, they normally present a list of
requirements with statements such as “when we change this
substituent by this other activity diminishes,” or similar ones.
This is presented normally as QSAR or SAR analysis, but
we maintain that this is not strictly the case. Statements
of this kind could be right only in the cases when, for
example, we replace a chlorine atom by a bromine atom or
a methyl group by an ethyl one. Below we shall employ a
variable-by-variable (VBV) analysis, but we must not forget
that it is the simultaneous variation of all variables in the
statistical equation that gives an account of the variation of
the biological activity through the family of molecules.

The associated indices of (10) (Set I, aromatic R2 sub-
stituents) indicate that this equation is statistically signif-
icant. The results show that the variation of log(hCB1) is
associated with the variation of several local atomic reac-
tivity indices located at atoms 1, 8, 16, 19, and 20 of the
common skeleton (see Figure 1). Table 3 shows that the
most important variable is the (LUMO + 2)

∗ nucleophilic
superdelocalizability of atom 8 (𝑆𝑁

8
(LUMO + 2)

∗), followed
by the electrophilic superdelocalizability of (HOMO − 1)

∗ at
atom 19, the (LUMO+2)∗ nucleophilic superdelocalizability
of atom 1, and the Fukui index (i.e., the electron population)
of the (HOMO − 2)

∗ at atom 20 and 𝐹
16
(HOMO − 2)

∗.
The VBV analysis indicates that a good receptor binding
affinity is associated with high values of 𝑆𝐸

19
(HOMO − 1)

∗,
𝐹
20
(HOMO − 2)

∗, and 𝐹
16
(HOMO − 2)

∗, with small val-
ues for 𝑆

𝑁

8
(LUMO + 2)

∗ and with a negative value for
𝑆
𝑁

1
(LUMO + 2)

∗. Let us examine the case of 𝑆𝑁
1
(LUMO + 2)

∗.
Ab initio and DFT calculations produce most of the time
negative eigenvalues for one or more empty MOs. Given that
we are analyzing a family of molecules we shall interpret
these negative eigenvalues as being relatively more reactive
than the upper ones. As the LMRA matrix contains only
nonzero values for this, we suggest that also 𝑆𝑁

1
(LUMO + 1)

∗

and 𝑆
𝑁

1
(LUMO)∗ also participate in an interaction with an

electron-donating site of the receptor (they do not appear
in the equation because their numerical values are constant
thorough the family of molecules or because their variation
is not statistically significant). Atoms 16 and 20 (a double-
bonded oxygen atom) participate through interactions with
electron-accepting sites of the receptor. The case of a low
numerical value for 𝑆𝑁

8
(LUMO + 2)

∗ is interesting. Figure 10
shows the (LUMO+2)∗ for atom 8 in molecules 1 and 9 (see
Figure 1).

The (LUMO+2)∗ shows a strong 𝜎 character on atom 8
in both molecules. As it is well known that these kinds of
MOs do not participate in charge transfer, the small value
for 𝑆
𝑁

8
(LUMO + 2)

∗ can be interpreted as facilitation for
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Figure 10: Localization of the (LUMO+2)∗ for atom 8 inmolecules
1 (upper) and 6 (lower) (isovalue = 0.02 e).

an optimal interaction of 𝑆𝑁
8
(LUMO + 1)

∗ and 𝑆𝑁
8
(LUMO)∗

(both having a 𝜋 character) with an electron-donating center
of the receptor. In the case of atom 19, the (HOMO − 1)

∗ is
of 𝜎 character. We interpret a high value of 𝑆𝐸

19
(HOMO − 1)

∗

as the interaction of the methyl group with an apolar area of
the hCB1 receptor (probably with lateral methylene chains of
amino acids).This last statement is supported by the fact that
atom 19 has a high local atomic hardness.

A very important fact is that (10) explains only about
86% of the variation of the hCB1 receptor binding affinity.
This strongly suggests that there is an additional sector of
this family of molecules that has not been included in this
skeleton. Support for this suggestion is provided by Figure 3,
spanning two orders ofmagnitude and showing that there are
several molecules falling outside the 95% confidence interval.
The MO localization evidence permits us to conjecture that
the R2 aromatic substituents are also interacting with the
receptor. We did not test this hypothesis because of the
problems arising to build the common skeleton for this
new area [70]. Another possibility could be the fact that
we did not consider more local atomic reactivity indices for
the common skeleton [46] such as the local atomic density
of states or higher terms of the infinite expansion. This
was not done because we are still analyzing their physical
meaning. Then, interactions of these molecules are highly
specific, being in this case orbital controlled [59]. The set of
these interpretations is shown in the two-dimensional (2D)
interaction pharmacophore of Figure 11.

For the case of Set II (with saturated R2 substituents)
(11) explains about 95% of the variation of the hCB1 receptor
binding affinity. This is a satisfactory result and suggests that
the R2 substituent is not interacting with a complementary
site of the receptor. Using molecules 1 and 6 as examples we
may see that the R2 substituents are more or less equal in
size but entirely different regarding electronic structure (i.e.,
in the actual case the R2 substituents have no 𝜋 electrons).
If we accept that in the previous case (Set I) the aromatic
R2 substituents interact with a place of the hCB1 receptor
through their 𝜋 electrons, then, in this case, or an area of

N
NN

HN

O
20

19
1

16

8Electron-
Electron-donating

accepting
area

Electron-
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area

center

Electron-donating
center
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CH2 groups? Area for

interaction
with 

substituent?

R2

R2

Figure 11: 2D interaction pharmacophore for Set I.

the receptor should have enough conformational flexibility to
accommodate an apolar R2 substituent or the drug molecule
adopts a conformation with the R2 substituent pointing in
a different direction than in the fully optimized structure
(or both possibilities). Table 6 shows that there are no sig-
nificant correlations between the independent variables. The
most relevant variables are 𝑄max

8
and 𝐹

19
(HOMO − 2)

∗ (see
Table 5). A VBV analysis shows that a high receptor binding
affinity is associated with high values for 𝑆𝐸

5
(HOMO − 2)

∗

and 𝑄
max
8

and with small values for 𝐹
19
(HOMO − 2)

∗ and
ΦR1. Figure 4, spanning three orders of magnitude, shows a
good correlation between observed and calculated values.We
shall tentatively interpret the requirement of a small value
for 𝐹
19
(HOMO − 2)

∗ (a 𝜎 MO) by suggesting that a great
electron population on the (HOMO − 2)

∗ of atom 19 (which
has a total negative net charge) hinders in some way the
interaction with the proposed apolar region for Set I. This
is a point that needs more research. The high value required
for 𝑆𝐸
5
(HOMO − 2)

∗ indicates the possible interaction of the
three occupied MOs localized on atom 5 with an electron-
accepting area of the receptor. The value of 𝑄max for atom
8 suggests that this atom should be able to receive extra
electronic charge from an electron-donating center located
on the receptor. This is exactly the same case of Set I (see
Figure 11). The low value required for ΦR1 is a good example
of how H, F, and Cl substitutions may exert a nonelectronic
influence on the receptor affinity. As the three atoms produce
different effects on the electronic structure of Ring C, the
experimentalist should be able to find equilibrium between
electronic and orientational effects by testing substitutions
having the same electronic effect. This interaction seems to
be charge, orbital, and steric controlled. Figure 12 shows the
2D interaction pharmacophore for Set II.

4.2. hCB2 Receptor Binding Results. Table 7 indicates that
the order of importance of the variables is 𝑆𝑁

17
(LUMO)∗ >

𝐹
20
(LUMO + 2)

∗
> 𝐹
4
(LUMO + 1)

∗
> 𝑄
19
. Table 8 shows

that no significant correlation exists among independent
variables. Figure 5, spanning two orders of magnitude, shows
a good correlation between experimental and calculated
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Figure 12: 2D interaction pharmacophore for Set II.

values. Equation (12) (Set III, aromatic R2 substituents) shows
that a good binding affinity is associated with large values for
𝐹
19
(LUMO + 2)

∗ and 𝐹
20
(LUMO + 2)

∗, negative values for
𝑆
𝑁

17
(LUMO)∗, small values for𝐹

4
(LUMO + 1)

∗, and a positive
net charge on atom 19. Atom 20 is an oxygen one (Figure 1)
and the three highest emptyMOs located on it are of𝜋 nature.
With this data we suggest that this atom is interacting with
an electron-donating center of the hCB2 receptor. Atom 19
(the C atom of a methyl group) has a very high local atomic
hardness indicating that for it the HOMO∗ − LUMO∗ gap is
relatively large hindering it to act as an electron-donating or
an electron-accepting center (e.g., 𝜇

19
is 9.31 eV for molecule

1 and 9.25 eV for molecule 6). Its beta coefficient (Table 6)
shows that its contribution to the variation of the hCB2
binding affinity is important. We propose that the methyl
group is facing an apolar area such as methylene groups of
amino acids. Knowing that (7) is a truncated expression of
an infinite series expansion we think that it seems necessary
to introduce some terms that could give an account of
the interpenetrability of the electron density between two
partners. An educated guess points to the local atomic density
of states, terms that were not included in this work but that
were obtained by us during the development of the general
model [46]. The positive net charge on atom 19 suggests an
electrostatic interaction with a negative counterpart. A low
value for𝐹

4
(LUMO + 1)

∗, a𝜎MO, suggests that this term acts
by obstructing the optimal interaction of𝐹

4
(LUMO)∗, anMO

of 𝜋 character, with an electron-donating site located in the
receptor. A negative value for 𝑆𝑁

17
(LUMO)∗ indicates that this

atom (and probably all the aromatic moiety) also interacts
with an electron-donor site of the receptor. As (12) explains
about 96% of the variation of the hCB2 receptor binding it
seems that the aromatic R2 substituents do not interact with
an area of this receptor. This interaction is charge and orbital
controlled. The corresponding interaction pharmacophore is
shown in Figure 13.

For Set IV (saturated R2 substituents), Table 9 indicates
that the order of importance of the variables is 𝜇

12
> ΦR2 >

𝐹
12
(HOMO)∗ > 𝑆

𝐸

18
(HOMO − 1)

∗. Table 10 shows that there
is a correlation of 38% between ΦR2 and 𝐹12(HOMO)∗. Note
that ΦR2 is a purely geometric index while 𝐹

12
(HOMO)∗ is

a purely electronic one. Figure 6 shows a good correlation
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Figure 13: 2D interaction pharmacophore for Set III.

between experimental and calculated values. A VBV analysis
shows that a good hCB2 receptor binding affinity is associated
with small values for the local atomic electronic chemical
potential of atom 7 and 𝑆

𝐸

18
(HOMO − 1)

∗, and with great
values for the orientational parameter of the R2 substituent
and possibly for 𝐹

12
(HOMO)∗ (13). As this equation explains

about 94% of the variation of the hCB2 receptor binding
affinity, we think that the R2 substituent does not interact
with the hCB2 receptor. This is consistent with the results
for Set III. The high value required for the orientational
parameter of R2 suggests that this moiety could serve only
slowing the rotational velocity of the wholemolecule in order
to provide enough time for the recognition process. Noting
that this term does not appear in the hCB1 cases (Sets I and
II) we advance the idea that the in vitro form of the hCB2
receptor site is less accessible than the hCB1 receptor site.
The low numerical value required for 𝑆𝐸

18
(HOMO − 1)

∗ is
consistent with the fact that the (HOMO − 1)

∗ of atom 18 is
of 𝜎 character while its (HOMO)∗ is of 𝜋 character. Then,
a facilitation of the (HOMO)∗ interaction with an electron-
accepting site of the receptor will occur with a very small or
zero electron population at the (HOMO − 1)

∗ level. Strictly
speaking this can be done by substituting the molecule in
such a way that the (HOMO − 1)

∗ of atom 18 is shifted to
inner occupiedMOs.Ahigh value for𝐹

12
(HOMO)∗ indicates

that this atom is engaged with a receptor site as an electron-
donating center. This is totally consistent with the low value
required for 𝜇

12
(low 𝜇 values correspond to good electron

donors [46]). The interaction pharmacophore for Set IV is
shown in Figure 14.

Note finally that if we compare the 2D pharmacophores
for Sets I and II we do not observe contradictory facts in
them (e.g., a given atom acting as an electron donor in one
pharmacophore and as an electron acceptor in the other).The
same happens in the pharmacophores for Sets III and IV.

The main conclusions of this work are as follows. (1)
We obtained statistically significant equations relating the
variation of hCB1 and hCB2 receptor binding affinities with
the variation of definite sets of local atomic reactivity indices.
(2) The study of the interaction of the molecules with the
hCB1 receptors strongly suggests that there is an extra site in
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the receptor that interacts with aromatic R2 substituents. (3)
The interaction of the hCB1 receptor with molecules carrying
an aromatic R2 substituent seems to be charge-controlled. (4)
In the case of molecules having a saturated R2 substituent,
their interaction with the hCB1 receptor is orbital, charge and
steric controlled. (5) In the case of hCB2 receptors there is
no evidence of the existence of an extra site that interacts
with aromatic R2 substituents. (6) The interaction of hCB2
receptors with molecules carrying an aromatic substituent
at R2 is orbital and charge controlled, while for molecules
having a saturated R2 substituent it is orbital and steric
controlled.
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[53] J. S. Gómez-Jeria, L. A. Gerli-Candia, and S. M. Hurtado,
“A structure-affinity study of the opioid binding of some
3-substituted morphinans,” Journal of the Chilean Chemical
Society, vol. 49, no. 4, pp. 307–312, 2004.
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