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ABSTRACT

The aim of this study was to analyze the relationship between electronic structure and anti
Bovine Viral Diarrhea Virus activity in a series of imidazo[1,2-a] pyrrolo [2,3-c]pyridine
derivatives. The electronic structure and the local atomic reactivity indices were obtained
with density functional theory at the B3LYP/6-31G (d,p) level. A statistically significant
equation (n=15, R=0.90, R2=0.82, adj R2=0.77, F(3,11)=16.60 (p<0.0002), outliers>2σ=0,
SD=0.29) relating the variation of the antiviral activity with the variation of the electron-
donor and electron-acceptor properties of three atoms was obtained. The variation of
antiviral potency is orbital-controlled. A partial antiviral pharmacophore is proposed.

Keywords: Imidazo [1,2-a] pyrrolo [2,3-c] pyridine derivatives; bovine viral diarrhea virus;
quantitative structure-activity relationships.

1. INTRODUCTION

Bovine Viral Diarrhea Virus (BVDV) was first recognized as a viral disease in 1946. BVDV is
classified in the Pestivirus genus within the Flaviviridae family, which also contains the
Flavivirus and Hepacivirus genera [1-3]. There are at least two genotypes (BVDV1 and
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BVDV2); and two biotypes (cytopathic and noncytopathic). Both BVDV1 and BVDV2
genotypes have cytopathic and noncytopathic biotypes as members; and both BVDV1 and
BVDV2 genotypes have many different strains. The virus is distributed worldwide. Domestic
cattle seem to be the primary host, and BVDV is considered an economically important
pathogen of cattle in most regions of the world (BVDV also infects sheep and other
ruminants and pigs [4], but these infections are mainly subclinical) [5-14]. Today, 70 to 90
percent of the world’s cattle population is seropositive for BVDV. It can cause a diversity of
problems for cattle producers including reduced pregnancy rate, increased abortion, stillbirth,
increased calf sickness and loss. An important problem associated with BVDV is the
development of persistent infection [5]. In persistent infection an animal is already infected
with BVDV when it is born and it remains infected during its whole life. Cattle persistently
infected with BVDV are the primary reservoir for BVDV infection in cattle herds, continue to
have a heavy economic impact in the cattle industry and thus are the major focus of control
programs. Also, it is interesting to mention that  BVDV is a good candidate for oncolytic
therapies [15]. The BVDV RNA-dependent RNA polymerase (RdRp) can initiate RNA
replication by a de novo mechanism without a primer. Choi et al. showed that the BVDV
NS5B (one of the nonstructural proteins required for viral assembly and replication) binds a
guanosine triphosphate (GTP) next to the expected site of the initiation nucleotide and that
this extra GTP could provide the initiation platform [16]. Also they showed that BVDV RdRp
contains, besides the fingers, palm, and thumb domains common to other polymerases, a
unique N-terminal domain. RdRp is then the natural target for antiviral drugs. Neyts et al.
analyzed two imidazo [1,2-a] pyrrolo [2,3-c]pyridine derivatives and concluded that they
targeted the top of the finger domain of the RdRp [17]. Recently, Chezal et al reported the
synthesis and anti bovine viral diarrhea virus activity of an imidazo [1,2-a] pyrrolo [2,3-
c]pyridine series [18]. As a contribution to the understanding of the molecular action
mechanism this paper presents the results of a quantum-chemical study of the relationships
between electronic structure and antiviral activity of the abovementioned compounds.

2. METHODS, MODELS AND CALCULATIONS

2.1 The Method

Given that the model-based method relating drug-receptor equilibrium constants with
molecular structure has been described in great detail elsewhere, we present here only a
standard résumé used in other papers [19-25]. The drug-receptor affinity constant,
expressed as Ki, pA2 or IC50, is a linear function of several local atomic reactivity indices
(LARIs) and has the following form:
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Where M is 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. Qi is the net charge of atom j, Sj

E

and Sj
N are, respectively, the total atomic electrophilic and nucleophilic
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superdelocalizabilities of Fukui et al. Fj,m (Fj,m’) is the Fukui index of the occupied (vacant)
MO m (m’) located on atom j [26]. Sj

E(m) is the atomic electrophilic superdelocalizability of
MO m on atom j, etc. The total atomic electrophilic superdelocalizability of atom j
corresponds to the sum over occupied MOs of the Sj

E(m)’s and the total atomic nucleophilic

superdelocalizability of atom j is the sum over vacant MOs of the Sj
N(m)’s. j is the local

atomic electronic chemical potential of atom j, j is the local atomic hardness of atom j [27],

j is the local atomic electrophilicity of atom j, j is the local atomic softness of atom j, and
max
jQ is the maximal amount of electronic charge that atom j may accept from another site.

HOMOj* refers to the highest occupied molecular orbital localized on atom j and LUMOj* to
the lowest empty MO localized on atom j. They are called the local atomic frontier MOs. The
molecule’s MOs do not carry an asterisk. The OB’s are the so-called orientational parameters
for the different substituents, and are related to their influence on the fraction of molecules
attaining the right orientation to interact with the partner [21,22]. Then, for n molecules, we
have a set of n simultaneous equations. Table 1 presents the physical interpretation and
units of the LARIs together with the appropriate references [21,22,26-28].

The application of this method to the drug-receptor interaction has been very successful for
several systems [21,23,29-43]. For a correct understanding of the results presented below,
let us remember that the conceptual bases of this model-based method are found in the
works of Agin, Peradejordi, Cammarata and Klopman [44-50]. Equation 1 was obtained from
the statistical mechanical definition of the equilibrium constant, Ki:

0exp( / )i
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Where R refers to the receptor, Di to the drug, DiR to the drug-receptor complex and 0
i to

the difference between the ground-state energy of DiR and the energies of the ground states
of Di and R:

0 ( )
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The Q’s are the corresponding total partition functions. From these last terms we have
derived the Orientational parameters (from the rotational partition functions) [22]. The
molecular masses come from the translational partition functions [19]. For this specific case
we have considered in a first approach that the molecular masses are similar (i.e., for a
given temperature the corresponding Boltzmann distributions are quite similar). The other

term is 0
i . Usually 0

i cannot be calculated directly. The first breakthrough was to use

perturbation theory (in the Klopman-Hudson form, [45,46,49]) to rewrite 0
i in terms of

local atomic reactivity indices. The second main advance was to use a series expansion to

expand the expression of 0
i in terms of more local atomic reactivity indices [27]. Let us

note the important fact that the numerical values of the reactivity indices depend on the
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quantum-chemical method to obtain them (for an example of anomalous numerical behavior
see [51]). On the other hand, we have recently proposed that log (Ki) can be replaced by log
(BA), where BA is any biological activity measured In vivo or In vitro. This extension was
successfully applied to the study of several very different processes [25,52-57]. This
replacement will successfully work if and only if all the molecules studied exert their final
biological activity through the same mechanism or mechanisms. If this condition is not
fulfilled, we cannot expect to obtain good results for the whole set.

Table 1. Local Atomic Reactivity Indices and their physical meaning

LARI Name Physical interpretation Units
Qi Net atomic charge of atom i Electrostatic interaction e
E
iS Total atomic electrophilic

superdelocalizability of atom i
Total atomic electron-donating
capacity of atom i
(MO-MO interaction) [26]

e/H

N
iS Total atomic nucleophilic

superdelocalizability of atom i
Total atomic electron-accepting
capacity of atom i
(MO-MO interaction) [26]

e/H

( )E
iS m Orbital atomic electrophilic

superdelocalizability of atom
i and occupied MO m

Electron-donating capacity
of atom i at occupied MO m
(MO-MO interaction) [26]

e/H

( ')N
iS m Orbital atomic nucleophilic

superdelocalizability of atom
i and empty MO m’

Electron-accepting capacity
of atom i at vacant MO m’
(MO-MO interaction) [26]

e/H

Fi Fukui index of atom i Total electron population of atom i
(MO-MO interaction) [26,28]

e

Fmi Fukui index of atom i and
occupied MO m.

Electron population of occupied m
MO at atom i
(MO-MO interaction) [26,28]

e

Fm’i Fukui index of atom i and
empty MO m’

Electron population of vacant MO
m’ at atom i
(MO-MO interaction) [26,28]

e

i Local atomic electronic
chemical potential of atom i

Propensity of atom i to gain or
lose electrons.
HOMOi*-LUMOi* midpoint [27]

eV

i Local atomic hardness of
atom i

Resistance of atom i to exchange
electrons with the environment.
HOMOi*-LUMOi* gap [27]

eV

i Local atomic softness of atom
i The inverse of i 1/eV

i Local atomic electrophilicity
of atom i

Tendency of atom i to receive
extra electronic charge together with
its resistance to exchange charge
with the medium [27]

eV

max
iQ Charge capacity Maximal amount of electronic that

charge atom i
may receive [27]

---

Ot Orientational Parameter Influence the fraction of molecules
attaining the correct orientation to
interact with a partner [21,22]

uma·
Å2
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2.2 Selection of the Experimental Data

The first essential requirement to employ a set of experimental values in quantitative
structure-activity relationships studies is that they be obtained in a precise manner under
nearly identical conditions. The biological activity analyzed in this study is the 50% effective
concentration (EC50), defined as the concentration of compound that offered 50% protection
of the cells against the virus-induced cytopathic effect in MBDK (Madin Darby Bovine
Kidney) cells (see Supp. Mat. of [18]). Cytopathic BVDV induces cytoplasmic vacuolation,
detachment from the cell sheet, cell rounding, and death of cells. The cytopathic effect
habitually occurs within 2 to 3 days of infection of the cell culture. It is important to notice that
the exact antiviral action mechanism of these molecules is unclear. The molecules chosen
for this study are shown in Fig. 1 and Table 2, together with the corresponding experimental
biological activity.

N

N
NR3

R4

R1

R2

Fig. 1. Imidazo [1,2-a] pyrrolo [2,3-c] pyridine derivatives

2.3 Calculations

The electronic structure of the molecules was obtained within the Density Functional Theory
(DFT) at the B3LYP/6-31g (d,p) level with full geometry optimization. The Gaussian suite of
programs was employed [58]. The numerical values for the local atomic reactivity indices
were calculated with software written in this Unit. Negative electron populations coming from
Mulliken Population Analysis were corrected as suggested [59]. All electron populations
smaller than or equal to 0.01 e were considered as zero [27]. Orientational parameters of the
substituents were calculated as usual [21,22]. We employed the common skeleton
hypothesis: There is a particular set of atoms, common to all molecules analyzed, that
accounts for nearly all the biological activity. The variation of the values of a set of local
atomic reactivity indices of certain atoms belonging to this skeleton should give an account
of the variation of the anti-BVDV activity throughout the series analyzed. The action of the
substituents consists in modifying the electronic structure of the common skeleton and
influencing the precise alignment of the drug through the orientational parameters. Since the
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resolution of the system of n linear equations is not possible because there are not enough
cases (molecules), we made use of Linear Multiple Regression Analysis (LMRA) techniques
to determine which atoms are directly involved in the variation of the biological activity. We
built matrix containing the dependent variable (log (EC50)), and the local atomic reactivity
indices of all atoms of the common skeleton as independent variables. The Statistica
software was used for LMRA [60]. Note that in this study statistics is employed as a servant
and not as a queen. The common skeleton numbering is shown in Fig. 2.

Table 2. Imidazo [1, 2-a] pyrrolo [2, 3-c] pyridine derivatives and their anti-BVDV
activity

Mol. R1 R2 R3 R4 log(EC50) (μM)
1 H H H CO2Et 0.70
2 Br H H CO2Et 1.12
3 Me H H CO2Et 0.32
4 Ph H H CO2Et 0.57
5 m-MeOHPh H H CO2Et -0.40
6 CF3 H H CO2Et 1.11
7 i-Pr H H CO2Et 1.36
8 t-Bu H H CO2Et 1.70
9 H Br H CO2Et 1.15
10 Me Br H CO2Et 1.90
11 Me NO2 H CO2Et 1.81
12 CH(OEt)2 H H CO2Et 0.32
13 CHO H H CO2Et 1.34
14 CH2OH H H CO2Et 1.73
15 CH2Cl H H CO2Et 1.68
16 CH2N(Me)2 H H CO2Et 1.67
17 Me H H CO2H 0.71
18 Me H Me CO2Me 0.23
18 Me H H CO2Me 0.04
20 Me H H CO2Bu 0.32

N

N
NR3

R4

R1

R2

4

10

11

12
3

6
5
2

17
9

8

A

B C

Fig. 2. Common skeleton numbering
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3. RESULTS AND DISCUSSION

3.1 Results

A LMRA performed with all the set (n=20) produced no statistically significant equations. We
proceeded to test the validity of the common skeleton enlarging it by including the COO
moiety. No statistically significant results were obtained. The next step was to consider that
the orientational parameters can be employed only in the case in which the molecular

skeleton is larger than the substituent. Therefore we included the term
1/2log 1/ ( )ABC   of Eq.

1 in the independent variables set. No statistically significant results were obtained (the best
equation has adj R2=0.62 and SD=0.42). Next we turned our attention to the reported
experimental values, EC50. In Table 1 it can be seen that they are expressed in µM and that
the most active has EC50=0.4 µM and the least active has EC50=78.9 µM. The ratio of these
values is about 197. Therefore we tested the hypothesis that molecules presenting a high
antiviral activity may exert their action through a different mechanism than those with low
activity. First, we carried out a LMRA with the molecules having an EC50 in the range 21.8 -
78.9µM (n=8). No statistically significant results were obtained (in the most statistically
significant equation there is an unacceptably high degree of correlation between
independent variables). Starting from a set including the lowest EC50 values and adding
molecules with increasing EC50 values we obtained the following statistically significant
equation for the molecules in the 0.4-47.6 µM range (molecule 7 appeared as an outlier and
was discarded):

50 9 3 12log( ) 10.0 1.81 ( 1)* 2.75 ( 2)* 0.74E EEC S HOMO F LUMO S      (4)

With n=15, R=0.90, R2=0.82, adj R2=0.77, F(3,11)=16.60 (p<0.0002), outliers>2σ=0  and

SD=0.29. Here, 12
ES is the total atomic electrophilic superdelocalizability of atom 12 (see Fig.

2), 3( 2)*F LUMO  is the Fukui index (i.e., the electron population) of the third vacant MO

localized on atom 3 and 9 ( 1)*ES HOMO  is the local electrophilic superdelocalizability of the
second highest MO localized on atom 3. The Beta coefficients and t-test for significance of
coefficients of Eq. 4 are shown in Table 3. Table 4 shows that, at p<0.05, there are no
significant internal correlations between independent variables. Fig. 3 shows the plot of
observed values vs. calculated ones. The associated statistical parameters indicate that this
equation is statistically significant, explaining about the 77% of the variation of the antiviral
activity.

Table 3. Beta coefficients and t-test for significance of the coefficients in Eq. 4

Beta B t(11) p-level

9 ( 1)*ES HOMO  0.90 1.81 6.59 <0.00004

3( 2)*F LUMO  -0.44 -2.75 -3.20 <0.008

12
ES 0.28 0.74 2.10 <0.06
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Table 4. Squared correlation coefficients for the variables appearing in Eq. 4

9 ( 1)*ES HOMO  3( 2)*F LUMO 

3( 2)*F LUMO  0.11 1.00

12
ES 0.006 0.04

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Predicted EC50 Values (µM)
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Fig. 3. Observed versus calculated values (Eq. 4) of log (EC50). Dashed lines denote
the 95% confidence interval

3.2 Discussion

3.2.1 Molecular electrostatic potential (MEP) of imidazo [1,2-a] pyrrolo [2,3-c]
pyridine derivatives

In zone II of Ariëns’ model there is an accumulation, recognition and guiding of the drug
molecule towards the partner through long-range interactions [20,61]. This recognition
process can be associated with the matching of the molecular electrostatic potentials of both
partners to generate the correct geometrical alignment before the interaction occurs. Figs. 4
and 5 show, respectively, the MEP of molecules 12 and 3 with an isovalue of ±0.01 [62].

We can see in the upper part of both figures similar large regions of negative MEP. The
remaining molecular region has a positive MEP. All the other molecules have a similar MEP
structure. The structure of the MEP will vary only slightly with the orientation of the
C(O)OC2H5 fragment. To have an idea of the structure of the MEP at a given distance from
the nuclei we present, in Figs. 6 and 7, the MEP of molecules 12 and 3 at 3.5 Å from the
nuclei [63].
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Fig. 4. MEP of molecule 12. The orange isovalue surface corresponds to negative MEP
values (-0.01) and the yellow isovalue surface to positive MEP values (0.01)

Fig. 5. MEP of molecule 3. The orange isovalue surface corresponds to negative MEP
values (-0.01) and the yellow isovalue surface to positive MEP values (0.01)

We can see that the MEP structure of both molecules is similar. If we consider the negative
MEP region, in molecule 3 it is more extended (red/yellow/green) than in molecule 12
(red/yellow). A similar MEP structure appears in all the series (not shown here). The
negative MEP region probably faces a positive MEP region of the partner. We suggest the
existence of a “MEP channel” directing the approach of the molecule towards its partner.
The “walls” of this channel should be of negative MEP while in its center the MEP should be
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positive. The introduction of the concept of the MEP channel could explain why these
molecules bind to these specific kinds of structures and not to others. The X-ray results for
drug-receptor complexes (the Protein Data Bank is full of them) may serve to model and test
the validity of this concept.

Fig. 6. MEP of molecule 12 at a distance of 3.5 Å from the nuclei

Fig. 7. MEP of molecule 3 at a distance of 3.5 Å from the nuclei

3.2.2 Discussion of the relationship between molecular structure and antiviral activity

Eq. 4 shows that there is a direct dependence of the variation of 50log( )EC upon the variation
of three local atomic reactivity indices of the common skeleton. The Beta values (Table 3)

indicate that the importance of these variables is 9 ( 1)*ES HOMO  >> 3( 2)*F LUMO  >> 12
ES .
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A variable-by-variable analysis of Eq. 4 indicates that strong anti-BVDV activity in MDBK

cells is associated with high values of 3( 2)*F LUMO  (rings B/C), and 12
ES (ring C), and with

low values of 9 ( 1)*ES HOMO  (ring A). Table 5 shows the nature of the three highest
occupied and three vacant local MOs of atoms 3, 9 and 12 (Nomenclature: Molecule
(HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)*-(LUMO)* (LUMO+1)* (LUMO+2)*).

Table 5. Local molecular orbitals of atoms 3, 9 and 12

Mol. Atom 3 (C) Atom 9 (C) Atom 12 (C)
1 (60) 58σ59π60π-61π62π63π 57π59π60π-61π64π65σ 58σ59π60π-61π62π63π
2  (77) 75π76π77π-78π79π80π 75π76π77π-78π83σ84σ 75π76π77π-78π79π80π
3 (64) 62σ63π64π-65π66π67π 61π63π64π-65π68π69σ 62σ63π64π-65π66π67π
4 (80) 77π79π80π-81π82π83π 78π79π80π-81π82π86σ 77π79π80π-81π82π85π
5 (88) 86π87π88π-89π90π91π 85π87π88π-89π90π94σ 86π87π88π-89π90π91π
6  (76) 74σ75π76π-77π78π79π 74σ75π76π-77π78π81σ 74σ75π76π-77π78π79π
7  (72) 70σ71π72π-73π74π75π 69π71π72π-73π76π77σ 70σ71π72π-73π74π75π
8 (76) 74σ75π76π-77π78π79π 73π75π76π-77π80π81σ 74σ75π76π-77π78π79π
9 (77) 75σ76π77π-78π79π80σ 74π76π77π-78π79π82π 75σ76π77π-78π79π80σ
10 (81) 79σ80π81π-82π83π84π 78π80π81π-82π86π87σ 79σ80π81π-82π83π84π
11 (75) 73σ74π75π-76π78π79π 72σ74π75π-76π77π78π 72σ73σ74π-76π78π80π
12 (88) 86σ87π88π-89π90π91π 84π87π88π-89π92π93σ 86σ87π88π-89π90π91π
13 (67) 64π66π67π-68π69π70π 64π66π67π-68π69π72σ 65σ66π67π-68π69π75π
14 (68) 65σ67π68π-69π70π71π 66π67π68π-69π73π74σ 66π67π68π-69π70π71π
15 (72) 70σ71π72π-73π74π75π 70π71π72π-73π74π77σ 70σ71π72π-73π74π75π
16 (76) 74π75π76π-77π78π79π 74π75π76π-77π80π81σ 74π75π76π-77π78π79π
17 (56) 54σ55π56π-57π58π59π 53π55π56π-57π60σ61π 54σ55π56π-57π58π59π
18 (64) 62σ63π64π-65π66π67π 6π163π64π-65π68π70σ 62σ63π64π-65π66π67π
19 (60) 58σ59π60π-61π62π63π 57π59π60π-61π64π65σ 58σ59π60π-61π62π63π
20 (72) 70σ71π72π-73π74π75π 69π71π72π-73π76π77σ 70σ71π72π-73π74π75π

We can see that the (HOMO-1)* has π character in all molecules. Low 9 ( 1)*ES HOMO  values
can be obtained by lowering the corresponding eigenvalue and/or the associated Fukui
index. The only explanation for this requirement is that atom 9 is acting as an electron donor
but only through its HOMO*. The partner seems to be constituted by an electron-acceptor
center having at least one vacant π MO followed by σ MOs. These σ MOs probably repel the
(HOMO-1)9* MO. A high value for 3( 2)*F LUMO  , a local π MO in almost all cases, suggests
that atom 3 acts as an electron-acceptor site through its three lowest vacant MOs. If this

interaction occurs it should be with an electron-rich counterpart. A high value for 12
ES is

associated with a high electron-donor capability. The total atomic electrophilic
superdelocalizability of atom 12 is a sum of F12(MO)/MOenergy terms, and the dominant ones
correspond to the highest occupied local MOs of atom 12. Then, atom 12 acts as an
electron-donor center through, at least, its two highest occupied local MOs. Another
possibility is that atoms 3 and 12 participate together in a π-π stacking interaction. These
suggestions are depicted in the partial two-dimensional (2D) antiviral pharmacophore
depicted in Fig. 8. It must be emphasized that the variation of the antiviral activity is
explained by the simultaneous variation of the three indices just discussed. All reactivity

indices that do not contribute significantly to the variation of 50log( )EC will not explicitly
appear in Eq. 4. Note finally that the variation of the antiviral activity is orbital-controlled [59].
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Fig. 8. Partial 2D antiviral pharmacophore

3.2.3 Molecular orbitals of imidazo [1,2-a] pyrrolo [2,3-c] pyridine derivatives

A qualitative discussion seems necessary prior to the analysis of the MO structure. Within
the LCAO-MO theory, occupied and vacant MOs can be visualized as being ordered in
layers from the lowest to the highest energy eigenvalue. The set of these eigenvalues has
upper and lower bounds. The upper energy bound is simply the energy at the end of the
quantum states and the beginning of the energy continuum. The lower bound, and for a
specific molecule, lies somewhere below the negative of the highest ionization potential of
the atoms constituting it (in molecules electrons are less attracted by their own nucleus due
to the presence of the remaining nuclei). In the case of bigger and bigger molecules, the
number of levels tends to infinity; groups of MOs become very similar in energy over a
certain range and form almost continuous bands [64]. But MOs interact electrostatically with
one another, trying to minimize their repulsion. Therefore in the case, for example, of
exchange of a hydrogen atom for fluorine, we are adding molecular orbitals with energies
that should lie between these bounds. These new MOs may change the ordering of the layer
and/or the localization of the MOs. Figs. 9-11 show, respectively, the HOMO of molecules 9,
5 and 26 (see Table 4).

We can see that the HOMO is of π nature in all molecules and localized on rings A, B and C.
The substituents alter the localization of the HOMO on specific atoms. Note, for example,
that the HOMO is not localized on atom 8 (See Fig. 2) in molecule 9, while it is in the case of
molecule 5. These differences in the localization of a frontier MO should provide the basis for
a fine explanation of, for example, a π-π stacking interaction and/or the electron donating
properties of a given atom.

We can see that in molecules 1 and 13 the local (LUMO+1)* of atom 19 has π nature but
that the localization on atom 9 is different. In molecule 2 the local (LUMO+1)* of atom 9 has
σ nature and therefore it does not participate in charge acceptance. All these differences in
localization, magnitude of the localization and nature of the MOs are represented
mathematically by the local atomic reactivity indices used here [27]. It is then not
extraordinary that, aside from the drug-partner interaction, any measured biological activity
should be a linear function of these reactivity indices. Even the hydrophobic properties of a
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molecular system can be appropriately accounted for by, for example, the local atomic
hardness (and maybe by the local atomic charge capacity).

¡
Fig. 9. Localization of the highest occupied molecular orbital (HOMO) of molecule 9

(isovalue = 0.02)

Fig. 10. Localization of the highest occupied molecular orbital (HOMO) of molecule 5
(isovalue = 0.02)

Fig. 11. Localization of the highest occupied molecular orbital (HOMO) of molecule 26
(isovalue = 0.02)
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Fig. 12 depicts the LUMO of molecule 3. This MO is almost identical in all molecules of the
set analyzed.

Fig. 12. Localization of the lowest vacant molecular orbital (LUMO) of molecule 3
(isovalue = 0.02)

The magnitude of the localization and the nature of the local MOs can be very different. For
example Figs. 13 to 15 show, respectively, the local (LUMO+1)* of atom 9 (see Fig. 2) of
molecules 1, 2 and 13.

Fig. 13. Localization of the local (LUMO+1)* of atom 9 in molecule 1 (isovalue = 0.02)

The low explanatory ability (by our own standards) of this equation deserves some words.
As we said above, the conditions to use a given set of experimental values is that they must
have been obtained in nearly identical laboratory conditions and that the action mechanism
or mechanisms should be the same for all molecules. Our results strongly suggest that the
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set of molecules analyzed here act through different mechanisms. This statement is
supported by the impossibility to obtain a statistically significant equation for the whole set of
experimental values. Moreover for the potency range 21.8-78.9µM (n=8) no statistically
significant results were obtained. This suggests that at high concentrations there is more
than one antiviral mechanism. In contrast, a statistically significant equation was obtained for
the molecules in the 0.4-47.6 µM range. Fig. 3 shows that several points lie outside the 95%
confidence limit. One possible explanation is that the common skeleton hypothesis does not
work very well for this case. We think that this possibility can be ruled out because there is
no way to include more atoms in this skeleton save the C(O)O group at C9, whose inclusion
failed to provide statistically meaningful results. Another possible explanation is that we
might be in the presence of extra interactions through the substituents of the common
skeleton. A third possibility is related to the range used for obtaining Eq. 4 (0.4-47.6µM).
Perhaps there is not a single range, but two different sets of molecules acting in different
ways over the whole measured range. To provide a definitive answer we need to wait for a
larger set of similar molecules with different substituents at different positions. Note that we
found similar dispersions of points in the analysis of indole-based reversible inhibitors of
Hepatitis C virus NS5B polymerase [54] and the antiproliferative activity of 1-
azabenzanthrone derivatives in normal human fibroblasts [25]. Recently, for a series of (Z)-
1-aryl-3-arylamino-2-propen-1-ones, we found an equation explaining only 69% of the
variation of toxicity against the K562 cell line [57]. Nevertheless, and considering all the
approximations made to obtain Eq. 1, the results presented and discussed here indicate that
the method employed is suitable for providing a first insight into the molecular action
mechanism of these systems. It is possible to speculate that the molecules studied here
target the finger domain of the RdRp only because it was shown that similar molecules acted
in that way. Unhappily, the method employed here is not able to provide information about
what is the exact location at which the molecules studied here bind. Nevertheless we may
state the following general rule: any result obtained for the molecules analyzed in this paper
with other methods (molecular modeling or docking) must be fully compatible with the results
presented here.

Fig. 14. Localization of the local (LUMO+1)* of atom 9 in molecule 2 (isovalue = 0.02).
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Fig. 15. Localization of the local (LUMO+1)* of atom 9 in molecule 13 (isovalue = 0.02)

4. CONCLUSION

We have obtained statistically significant results relating the variation of a definite set of local
atomic reactivity indices to the variation of antiviral activity against the Bovine Viral Diarrhea
Virus for a series of imidazo [1,2-a] pyrrolo [2,3-c] pyridine derivatives. The whole process is
orbital-controlled. The results suggest that the subset of molecules with highest antiviral
activity seems to have a different action mechanism than molecules with low activity. The
exact boundary between the two sets could not be defined clearly. More experimental
information is needed to clarify this point.
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