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Abstract The Klopman-Peradejordi-Gomez FQSAR method was applied to search for relationships between the
electronic structures of a group of triazolopyridinone derivatives and their activities at the dopamine D, receptor and
the serotonin 5-HT 14 and 5-HT,4 receptors. The electronic structure was calculated with Density Functional Theory
at the B3LYP/6-31G(d,p) level after full geometry optimization. D-Cent-QSAR software was employed for
obtaining all the local atomic reactivity indices. Statistically significant equations were found for the three receptors.
The results suggest that atoms engage in halogen, non-classical weak carbon hydrogen bonds, electrostatic and alkyl
or alkyl-r interactions.

Keywords KPG QSAR model, Klopman-Peradejordi-Gémez method, Triazolopyridinone, D, receptor, 5-HTa
receptor, 5-HT,4 receptor, atypical antipsychotics, antipsychotic therapy, receptor selectivity, local atomic reactivity
indices

Introduction

The second-generation antipsychotics (also called atypical antipsychotics, AAs) are a group of molecules employed
to treat agitation associated with dementia, anxiety disorder, autism spectrum disorder, bipolar disorder, and
schizophrenia. Clozapine is the first atypical antipsychotic. Interestingly, this molecule can bind dopamine (D4, Dy,
D3, Dy), serotonin (5-HTya, 5-HT 1, 5-HT,a, 5-HTyc, 5-HTs, 5-HT5), adrenergic (a4, ap), muscarinic (M;, M) and
histamine (H;) receptors. The antipsychatic effects occur primarily through antagonism at D, dopamine receptor (the
overactive dopaminergic activity on D, receptors in the mesolimbic pathway is accountable for the positive
symptoms of schizophrenia). “When 5-HT,, antagonistic agents occupy 5-HT,a receptors in the mesocortical
pathway and in the prefrontal cortex, the negative symptoms of schizophrenia, affective symptoms, and cognitive
deficits and abnormalities are treated and reduced. Furthermore, 5-HT,4 receptor antagonism blocks the serotonergic
excitation of cortical pyramidal cells, reducing glutamate release, which in turn lowers hyperactive dopaminergic D,
receptor activity in the mesolimbic pathway, reducing or eliminating the positive symptoms of schizophrenia” [1].
Then, AAs with dual antagonistic properties at the D, and 5-HT,, receptors have a partial effectiveness in
ameliorating negative symptoms and cognitive deficits. In addition, “some effects of 5-HT;, receptor activation
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include decreased aggressive behavior/ideation, increased sociability, and decreased anxiety and depression” [1].
Then, an agonistic effect at the 5-HT 4 receptor is beneficial for the amelioration of current antipsychotic therapy.
Therefore, new molecules with an antagonistic activity at the D, and 5-HT, receptors and an activating activity at
the 5-HT 4 receptor are highly desirable to increase our knowledge and to obtain new molecules with increased
activity and selectivity [2-12]. In out Unit we have recently analyzed the D, and D, receptor binding affinities of a
group of (S)-enantiomers of 11-(1,6-dimethyl-1,2,3,6-tetrahydropyridin-4-yl)-5H-dibenzo[b,e][1,4] diazepines to be
used as possible atypical antipsychotics [13]. In previous studies, we have analyzed the D,, 5-HT;5 and 5-HTa
receptor affinity of other molecules possessing biological activity [14-25].

Recently, Wang et al. reported the activity of a series of triazolopyridinone derivatives at the D, 5-HT 14 and 5-HT ;4
receptors [6]. Their data was of enough interest to use it to search relationships between electronic structure and
activity. Here we report the results of this work.

Methods, Models and Calculations

Biological Activities

The selected molecules are a series of triazolopyridinone derivatives possessing an inhibitory activity against the D,
and 5-HT 4 receptors and an agonistic activity at the 5-HT 4 receptor (they were measured with using HTRF cAMP
and FLIPR calcium assays) [6]. The molecules are depicted in Fig. 1 and the activities are summarized in Table 1.
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Figure 1: General formulas of Triazolopyridinone derivatives

Table 1: Triazolopyridinone derivatives and biological activities
Mol. X; X, R; R, R; Ry log(ICs0) 10g(ECso)  log(I1Csp)

D, 5-HTia 5-HTa
1 CH CH H H H H 1.09 0.23 1.53
2 CH CH H F H H 1.42 -1.00 1.67
3 CH CH H H H F 1.48 0.26 1.55
4 CH CH H F H F 1.80 0.08 1.43
5 CH CH H Cl H H 2.13 0.98 2.16
6 CH CH H H H Cl 1.98 1.08 2.57
7 CH CH H Cl H Cl 2.61 -1.00 2.81
8 CH CH H H H Br 2.02 0.85 2.12
9 CH CH OMe H H H 1.09 0.30 111
10 CH CH H H H OMe 2.01 0.34 1.93
11 CH CH CN H H H 1.63 1.31 2.02
12 CH CH H CN H H 0.01 0.99 1.04
13 CH CH H H CN H 2.16 0.77 2.86
14 CH CH H H H CN 0.18 0.15 2.19
15 N CH H H H H 2.07 0.45 3.44
16 CH N H H H H 1.61 ---- 1.18
17 N CH H H H F 0.85 -1.00 1.89
18 CH CF H H H F 1.05 0.18 3.03

* Molecule 16 has a fluorine atom bonded to C9 and an oxygen atom instead S1 (see skeleton numbering below).
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Figures 2, 3 and 4 show graphical representations of the experimental date analyzed here.
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Figure 2: D, data: histogram of frequencies (left) and Box-Whiskers plot with median and quartile values (right)
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Figure 3: 5-HT,4 data: histogram of frequencies (left) and Box-Whiskers plot with median and quartile values
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Figure 4: 5-HT,, data: histogram of frequencies (left) and Box-Whiskers plot with median and quartile values
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This study employed the Klopman-Peradejordi-Gomez (KPG) method to obtain formal relationships between

electronic structure and activity (FQSAR). It is based on the following master equation [26-39]:
sub Y
=1

log(BA)=a+blog (M, )+ @, +"| eQ +£Sf +sS)' |+
o=1 i

Y  (HOMO)*,i
> [hi(m)Rm*)+ (m)SF (m*) ]+
i=1 m=(HOMO-2)*,i
Y (LUMO+2)*,i
> [R(m)Rm=), (m)s] (m) |+

i=1 m=(LUMO)*,i

Y
+2|:giui +kin; o0 +z,G; +WjQi'me
i=1 (1)
where BA is a biological activity (measured in vivo or in vitro), Mp is the drug’s mass and @, is the orientational

parameter of the o-th substituent (the summation on o runs over all the substituents selected for a particular
E N
research). Q; is the net charge of atom i and S and i are, respectively, the total atomic electrophilic and

nucleophilic superdelocalizabilities of atom i. F; u« is the electron population of atom i in occupied (empty) local

E *
MO m* (m’*), S (m) is the orbital electrophilic superdelocalizability at occupied local MO m* of atom i and

N /s e
S (m)* is the orbital nucleophilic superdelocalizability at empty local MO m’* of atom i. Hi Ni , ®; , S and
*,max

Q are, respectively, the local atomic electronic chemical potential, the local atomic hardness, the local atomic
electrophilicity, the local atomic softness and the maximal amount of electronic charge that atom i may accept.
These indices were developed within the Hartree-Fock formalism and they are not the same than the ones developed
within DFT [33]. The molecular orbitals with an asterisk correspond to the Local Molecular Orbitals (LMO) of each
atom. For atom X, the LMOs are defined as the subset of the molecule’s MOs having an electron population greater
than 0.01e on x. In this study we have considered the three highest occupied local MOs ((HOMO)*, (HOMO-1)*
and (HOMO-2)*) and the three lowest empty local MOs ((LUMO)*, (LUMO+1)* and (LUMO+2)*) of each atom
because experimental evidence indicates that they could be determinant for molecular reactivity. The index Y runs
over all atoms composing the molecule.

Good and very good results were obtained for different molecular systems and biological activities [13, 35, 40-63].
The coefficients accompanying each term in Eq. 1 must now be determined. This requires that a system of linear
equations be constructed which must have the same number of terms for each molecule (i.e., the value of Y in Eq. 1
must be the same for all molecules). Since this usually does not happen, we must introduce the concept of a common
skeleton. This common skeleton is defined as a certain set of atoms, common to all the molecules, which is expected

to contain most of the information related to the biological activity. The common skeleton should be as inclusive as
possible. For this case, the common skeleton is shown in Fig. 5.
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Figure 5: Common skeleton numbering

Note that this particular skeleton has 33 atoms and that each atom is described by 20 reactivity indices. This shows
that Eq. 1 has at least 660 terms (plus the molecular mass and possibly the orientational effects). The way to deal
with this fact is explained below.

The electronic structure of all molecules was calculated with the Density Functional Theory (DFT) at the B3LYP/6-
31g(d,p) level after full geometry optimization. The Gaussian suite of programs was used [64]. All the information
to calculate the numerical values for the local atomic reactivity indices was obtained from the Gaussian results with
the D-Cent-QSAR software [65]. All the electron populations smaller than or equal to 0.01 e were considered as
zero [33]. Negative electron populations coming from Mulliken Population Analysis were corrected as usual [66].
Because the resolution of the system of linear equations 1 is not possible because we have not enough molecules, we
used Linear Multiple Regression Analysis (LMRA) techniques to find the best possible solution. For each case, a
matrix containing the dependent variable (the biological activity) and the local atomic reactivity indices of all atoms
of the common skeleton as independent variables was built. The Statistica software was used for LMRA [67].

Results
Results for the activity at the 5-HT,, receptor
The best equation found is:

log(EC,, ) =-37.67—-0.57S,,5 (HOMO - 2)*+3.171,, +
+4.61F,, (LUMO +1)*—-1.64Q,, +0.30S ," ?

with n=17, R= 0.98, R2= 0.96, adjusted R2= 0.94, F(5,11)=55.294 (p<0.00000) and a standard error of estimate of
0.17. No outliers were detected and no residuals fall outside the +2¢ limits. Here, SZ7E(HOMO-2)* is the
electrophilic superdelocalizability of the third highest occupied local MO of atom 27, myg is the local atomic
hardness of atom 19, F,o(LUMO+1)* is the Fukui index of the second lowest empty local MO of atom 20, Qs is the
net charge of atom 26 and S;," is the total atomic nucleophilic superdelocalizability of atom 12. Tables 2 and 3
show the beta coefficients, the results of the t-test for significance of coefficients and the matrix of squared
correlation coefficients for the variables of Eq. 2. There are no significant internal correlations between independent
variables (Table 3). Figure 6 displays the plot of observed vs. calculated log(ECx).
Table 2: Beta coefficients and t-test for significance of coefficients in Eq. 2

Var. Beta t(11) p-level
S;;"(HOMO-2)* -0.52 -7.38 0.00001
Mo 0.27 4.40 0.001

Fa(LUMO+1)* 0.59 8.85 0.000002
Q2 -0.34 -5.28 0.0002
S 0.33 541 0.0002
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Table 3: Matrix of squared correlation coefficients for the variables in Eq. 2
S; (HOMO-2)* myg  Fpo(LUMO+1)* Qs Sip"
S,;;"(HOMO-2)* 1.00

Mo 0.06 1.00
Foo(LUMO+1)*  0.17 0.02 1.00

Q2 0.08 0.00 0.01 1.00

S 0.03 0.03 0.01 0.01 1.00

Observed Values

-1.2
-12 -10 -08 -06 -04 -02 00 02 04 06 08 10 12 14 16
Predicted Values

Figure 6: Plot of predicted vs. observed log(ECsp) values (Eg. 2). Dashed lines denote the 95% confidence interval
The associated statistical parameters of Eq. 2 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of five local atomic reactivity indices of atoms belonging to the
common skeleton explains about 96% of the variation of log(ECso). Figure 6, spanning about 1.4 orders of
magnitude, shows that there is a relatively good correlation of observed versus calculated values. Figures 7, 8 and 9
show, respectively, the plot of predicted values vs. residuals scores, the plot of residual vs. deleted residuals and the
normal probability plot of residuals. These figures give support to the hypothesis that the linear form of Eq. 1 is a
good first approach to be employed in this case. Let us notice that Eq. 1 is a truncated form of a longer equation
containing non-linear terms (quadratic, cubic, etc.) of the local atomic reactivity indices.
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Figure 7: Plot of predicted values vs. residuals scores

Residuals vs. Deleted Residuals
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Figure 8: Plot of residuals vs. deleted residuals
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Normal Probability Plot of Residuals
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Results for the activity at the 5-HT,4 receptor
The best equation found is:

0.0 0.1 0.2 0.3 0.4

Residuals

probability plot of residuals

log (IC,, ) =—88.11+4.66S,," —3.245,,° (HOMO —1)*+0.04S," (LUMO +1)*—

~3.165,," (LUMO +2)*+0.595,,,¥ (HOMO — 2)*~0.003S,," (LUMO) *

®)

with n=18, R=0.98, R2=0.96, adjusted R2=0.93, F(6,11)=39.523 (p<0.00001) and a standard error of estimate of
0.18. No outliers were detected and no residuals fall outside the +2¢ limits. Here, S;3" is the total atomic
nucleophilic superdelocalizability of atom 13, S;s5(HOMO-1)* is the electrophilic superdelocalizability of the
second highest occupied local MO of atom 18, S,"(LUMO+1)* is the nucleophilic superdelocalizability of the
second lowest empty MO of atom 2, S;;"(LUMO+2)* is the nucleophilic superdelocalizability of the third lowest
empty MO of atom 11, S,,5(HOMO-2)* is the electrophilic superdelocalizability of the third highest occupied local
MO of atom 20 and Sz“(LUMO)* is the nucleophilic superdelocalizability of the lowest empty MO of atom 30.
Tables 4 and 5 show the beta coefficients, the results of the t-test for significance of coefficients and the matrix of
squared correlation coefficients for the variables of Eq. 3. There are no significant internal correlations between
independent variables (Table 5). Figure 10 displays the plot of observed vs. calculated log(1Cs)

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

Var.

Beta t(11) p-level

Si3"

S5 (HOMO-1)*
SN(LUMO+1)*
SuN(LUMO+2)*
S,F(HOMO-2)*
Sso (LUMO)*

0.86 12.38 0.000000
-0.54 -7.76 0.000009
0.38 554 0.0002
-0.36 -5.46 0.0002
0.38 5.34 0.0002
-0.26 -3.62 0.004

Table 5: Matrix of squared correlation coefficients for the variables in Eq. 3

Sis'  Sig (HOMO-1)*

S (LUMO+1)*  S;M(LUMO+2)*  S,"(HOMO-2)*

Si£(HOMO-1)* 0.08 1.00
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S,N(LUMO+1)*  0.01 0.04 1.00

SN (LUMO+2)* 0.00 0.02 0.04 1.00

Sy (HOMO-2)*  0.00 0.01 0.04 0.04 1.00
Sy (LUMO)*  0.05 0.00 0.00 0.02 0.15

Observed Values

0.8
08 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Predicted Values

Figure 10: Plot of predicted vs. observed log(I1Csg) values (Eg. 3). Dashed lines denote the 95% confidence interval

The associated statistical parameters of Eq. 3 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of six local atomic reactivity indices of atoms belonging to the common
skeleton explains about 93% of the variation of log(ICsg). Figure 10, spanning about 2 orders of magnitude, shows
that there is a relatively good correlation of observed versus calculated values. Figures 11, 12 and 13 show,
respectively, the plot of predicted values vs. residuals scores, the plot of residual vs. deleted residuals and the normal
probability plot of residuals. The figures support the hypothesis that the linear form of Eq. 1 is a good approach to be

employed in this case.
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Figure 11: Plot of predicted values vs. residuals scores
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Residuals vs. Deleted Residuals
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Figure 12: Plot of residuals vs. deleted residuals
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Figure 13: Normal probability plot of residuals
Results for D,
The best equation found is:

log (1C,, ) =11.43+1.88w,, +2.69S,,° (HOMO)*~0.35S," (LUMO +2)*+

+2.32F,, (LUMO)*-0.40S ;" —0.91Q, @

with n=18, R=0.98, R2=0.96, adjusted R2=0.93, F(6,11)=39.869 (p<0.00000) and a standard error of estimate of
0.18. No outliers were detected and no residuals fall outside the +2c limits. Here, wsz; is the local atomic
electrophilicity of atom 31, S35(HOMO)* is the electrophilic superdelocalizability of the highest occupied local MO
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of atom 30, Sg"N(LUMO+2)* is the nucleophilic superdelocalizability of the third lowest empty local MO of atom 8,
F5(LUMO)* is the Fukui index of the highest occupied local MO of atom 31, S;g" is the total atomic nucleophilic
superdelocalizability of atom 18 and Qg is the net charge of atom 26. Tables 6 and 7 show the beta coefficients, the
results of the t-test for significance of coefficients and the matrix of squared correlation coefficients for the variables
of Eq. 4. There are no significant internal correlations between independent variables (Table 7). Figure 14 displays
the plot of observed vs. calculated log(1Cs) values.
Table 6: Beta coefficients and t-test for significance of coefficients in Eq. 4

Var. Beta t(11) p-level

™3 0.94 13.26 0.000000

Ss(HOMO)*  0.44 6.48 0.00005

SV (LUMO+2)* -0.42 -6.51 0.00004
F3(LUMO)* 0.38 5.34 0.0002
Sig" -0.22 -3.46 0.005

Qu -0.19 -2.94 0.01

Table 7: Matrix of squared correlation coefficients for the variables in Eq. 4

0 Sy (HOMO)* SN(LUMO+2)*  Fgy(LUMO)* SN

03 1.00
Se-(HOMO)*  0.06 1.00

SN(LUMO+2)*  0.05 0.02 1.00

Fa:(LUMO)* 0.14 0.2 0.01 1.00

Sig" 0.00 0.01 0.00 0.00 1.00
Q2 0.00 0.00 0.00 0.00 0.01

28
26
24
22
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18
16
14
12
1.0
0.8
0.6
04
0.2
0.0

-0.2
-02 00 02 04 06 08 10 12 14 16 18 20 22 24 26

Observed Values

Predicted Values

Figure 14: Plot of predicted vs. observed log(ICs) values (Eq. 4). Dashed lines denote the 95% confidence interval

The associated statistical parameters of Eq. 4 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of six local atomic reactivity indices of atoms belonging to the common
skeleton explains about 93% of the variation of log(ICsp). Figure 14, spanning about 2.4 orders of magnitude, shows
that there is a relatively good correlation of observed versus calculated values. Figures 15, 16 and 17 show,
respectively, the plot of predicted values vs. residuals scores, the plot of residual vs. deleted residuals and the normal
probability plot of residuals. The figures back the hypothesis that the linear form of Eq. 1 is an acceptable method to
be employed in this case.
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Residuals

Deleted Residuals
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Figure 15: Plot of predicted values vs. residuals scores

Residuals vs. Deleted Residuals
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Figure 16: Plot of residuals vs. deleted residuals
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Expected Normal Value

Normal Probability Plot of Residuals
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Residuals

0.1

Figure 17: Normal probability plot of residuals

Local Molecular Orbitals
If a local atomic reactivity index of an inner occupied local MO (i.e., (HOMO-1)* and/or (HOMO-2)*) or of a
higher vacant local MO ((LUMO+1)* and/or (LUMO+2)*) appears inside an equation, this means that the
remaining of the upper occupied MOs (for example, if (HOMO-2)* appears, upper means (HOMO-1)* and
(HOMO)*) or the remaining of the empty MOs (for example, if (LUMO+1)* appears, lower means the (LUMO)*)
also contribute to the interaction. Their absence in the equation only means that the variation of their numerical
values does not account for the variation of the numerical value of the biological property. We work with the
hypothesis that any algebraic conditions imposed on the numerical values of a local atomic reactivity index
belonging to an inner occupied local MO or to an upper empty local MO of a given atom also hold for the
corresponding local MOs having a lower energy. Tables 8 to 10 show the local MO structure of atoms appearing in
Eq. 2 to 4 Nomenclature: Molecule (HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)* (LUMO+1)*

0.3

(LUMO+2).
Table 8: Local Molecular Orbitals of atoms 2, 8, 11 and 12
Mol. Atom 2 Atom 8 Atom 11 (o) Atom 12 (o)
1(108) 10571067t108n- 10571067108 7- 10561066108c- 10561066108c-
11071130114 110xl11wl14n 111611861226 120612261246
2 (112) 1097110n112%n-  109%110m1127- 109611061120~ 109611061120~
11471176118n  114n115n118%n 115612361260 124612561266
3(112) 1097110%112n- 109711071 127- 109611061120~ 109611061120~
114711761197 114n1157119% 115612361260 124612561260
4 (116) 113n114n116n- 113nl114nl16m- 113611461160- 113611461160-
118n1227123n  118w120m123n 120612861316 129613061316
5 (116) 113n114n116m- 113w114n1167- 113611461160- 113611461160-
11811216123 118w1197123n 1196127613006 128013061336
6 (116) 113n114n116m- 113w114n1167- 113611461160~ 113611461160-
118n1216123w  118w1197123n 1196127613006 128612961306
7 (124) 121w 122%124n  121w1227124n— 1216122612406- 121612261240-
-126m 1300132 1267 1287n132n 128013661396 137613861396
=
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T

8 (125) 122712371257n- 122712371257 1226123061250- 122612361250~
12771316132 12771287n132%n 1286136061400 137613861396
9 (116) 113n114n116n- 113wl114nl167- 113011401160- 1130611461160-
11871216 1221 118n1197122% 1196127061316 129613161326
10 (116) 113n114n116n- 113wl114nl167- 113611401160- 113011461160~
1181216122 118w1197122n 119612761316 129613161336
11 (116) 113n114n116n- 113nl14xnl16m- 113011461160- 113011461160-
1181216 122 118w1197122n 119612461266 126612761286
12 (116) 113n114n116n- 113nl14nl167m- 113011461160- 113011461160-
1181216 122 118w1197122n 119612761316 128613161330
13 (116) 1137114x%116 113n1147n116 n- 113c11401160- 113011461160~
n- 1187121 118n119%122 = 119612761300 128013161336
1227
14 (116) 113n114n116n- 113nl114nl16m- 113011401160- 113611461160-
11871216 1221 118 m1197122n 1196127061316 129613161326
15 (108) 10571067108%-  105710671087- 105610661080~ 986510661080-
110% 111z 111x114w1230c 111611961200 117611861216
1130
16 (108) 10271057106w-  10261057w1067- 100610261070~ 100610261070~
110n1117113x  110x111xwl 137w 123612661280 118611961246
17 (112) 109711071 12n- 109711071 127- 1096110061120- 1036110061120~
114n1150 11571167118=% 1156124612606 122612361266
1170
18 (116) 1131114n116n- 113wx1147116m7- 109011461160- 112611461160~
11811216122n  118n1197123n 119612761316 1280130061316
Table 9: Local Molecular Orbitals of atoms 18, 19, 20 and 26
Mol. Atom 18 (o) Atom 19 (o) Atom 20 Atom 26
1(108) 100610261076~ 100610261030~ 10261037107 7- 10071026107 7t-
117612161226 115611961210 10911571176 10971 12n1247w
2 (112) 104610661116~ 104610661070~ 1066107x1117t- 1047106611 17t-
122612661276 119612061256 113711971207 113n116m119x%
3(112) 106610761116~ 104610661070- 1066107711 17- 1047106611 17-
122612661286 120012561270 113711871207 113n116m118n
4 (116) 109c111cl1156- 1086109c111c- 1096111x1157- 10871097 1157-
1270613001316 1246130061310 117n1246125n 11771197121=w
5 (116) 1086110c1156- 1076110c1110- 110c111n1157- 108711061157-
126613061316 1246129061300 117712471286 117712071226
6 (116) 108611061156~ 1086110c1116- 110c111n115%- 108711061157-
126613061316 124612901316 117112471286 1177120m122=%
7 (124) 118011961236~ 1156118c1196- 1180 11971237w- 11801197123 n-
1350613861396 13361380139¢ 12571316133n 12571277 1297
8 (125) 119612061246- 117611961200- 11961207124mn- 11771207124 7-
135613961406 1330613861400 126113371376 126712971307
9(116) 110clllcl150- 1086110011 10- 110c111n1157- 110c111n1157-
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125613261330 1236128061300 117xn123n12506 117x120%1260
10 (116) 1070108c111c- 108611001110- 110c111x1157- 108n111m1157-
125613001310 1236126061300 1177123n1250 1177120m128n
11 (116) 1096110c1150c- 107610961100- 110n11161157- 110n11161157-
126612961330 123612761290 117n123w1260 117n120n124n
12 (116) 1076109c61150- 106610961100- 109611071 157- 109c111x115%-
125613001310 123612961300 117n123w128c 117n120n126n
13 (116) 107610961150 10661096110c- 110x111c1157- 107210961157-
125613001320 123612961310 1177123n1250 1177120m132n
14 (116) 1076109c1150- 10761096110c- 1096110x1157- 10721096115n-
125613001310 123612801300 1177123n1250 1177120m1260
15(108) 9961016107c- 99610161020- 10161026107=- 9911017107 x-
1176121612206 115612001220 1097115%1200 1097112w122n
16 (108) 10461075108c- 101610361046- 103610471087- 10171036108x-
121612261236 114611961200 1097114n115% 1097112%1226
17 (112) 1036105061110- 103610561066- 1056106611 1x- 1037105%1 117-
122612661276 120612461256 1137119%120% 1137115w1 167
18 (116) 110cl111c1150- 1086110c1116- 110611171157- 1087110c1157-
1266131061330 1256129613206 1177124n12506 1177120%1240
Table 10: Local Molecular Orbitals of atoms 27, 30 and 31
Mol. Atom 27 Atom 30 Atom 31
1(108) 9971007107 7- 830840856- 830846856-
1097112=115% 118611961200 118611901210
2 (112) 1047106611 17- 1047106x1117- 846896900c-
113n116x119% 11671197129 1196124061256
3(112) 1037104x1117- 80081089c- 81683089c-
113n116n118n 1186124061250 118612461256
4 (116) 10772108%1157- 108710971 157- 87688089c-
1177119%121n 119712161250 121613261356
5 (116) 1087110c1157- 1087110c115%- 866870880-
1177120%122n 1201p122c6131c 12261280129¢c
6 (116) 1087110c1157- 85686687c- 860875880-
1177120%122n 122612806129¢c 12261280129¢c
7 (124) 1130116n123n- 11861197123n- 9169369%40-
125712771297 127712961310 12961380139¢c
8 (125) 1177120%1247- 95696699¢- 96698699¢-
126m1297130% 129613761380 129613761380
9 (116) 108n110c1157- 896900916~ 89690061000~
1177120%1237 126612761280 126612761286
10 (116) 108n111nl157- 840 8561010- 8568906900-
117712071237 1260128051300 126612701280
11 (116) 107=111c1157- 89c 900 91lc- 916946960-
1177120%123n 127612806129¢c 12761280129¢c
12 (116) 107210961157- 114n115x1167- 886920%46-
1177120%123n 1177119%120% 126612761280
13 (116) 107=111nl157- 850 860 91lc- 976107xnl111n-
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117712071237 126612761296 117712661290
14 (116) 106m107x1157- 8865895926- 880589594 6-
1177120%123n 128612961300 1266128061300
15 (108) 9819971107~ 810830840- 836850860-
109%112n115% 118611961216 118611961200
16 (108) 10171027108 7- 820840860- 846850860-
109%112n115% 1176118c119c 1170611861196
17 (112) 1027103w1117- 800886896- 85688689c-
113n11671197 119012361246 119012361240
18 (116) 1077108%1157- 846856936- 876886936-
117712071247 1240128061296 124012861296

Discussion

Discussion of the activity at the 5-HT 5 receptor

Table 2 shows that the importance of variables in Eq. 2 is Foo(LUMO+1)*> S,;5(HOMO-2)*>> Q6> S15™> M1o. A
high activity at the 5-HT,5 receptor is associated with small numerical values for SZ7E(HOMO—2)*, N1 and
Foo(LUMO+1)*, a positive net charge on atom 26 and with small numerical values for S,V

Atom 27 is an aromatic carbon atom in ring D (Fig. 5). Table 10 shows that (HOMO),; coincides with the
molecular HOMO or (HOMO-1). (LUMO),;" coincides with the molecular LUMO. A high activity is associated
with small numerical values for S,;5(HOMO-2)*. These small values are obtained by shifting downwards the MO
energy and/or making zero the electron density of this MO on atom 27 (remember that  S,,"(HOMO-2)*=
F27(HOMO-2)*/Eiomo-2).  Following our suggested interpretation, an optimal situation takes place when
(HOMO),;" coincides with an inner occupied MO of the molecule (i.e., its energy is very far from the molecular
HOMO). Therefore, this atom should behave as a good electron acceptor and be interacting with an electron-rich n
center such an anion (COO" for example) or an aromatic system (-anion or 7-r interaction). Atom 19 is a sp* carbon
in the chain linking rings C and D (Fig. 5). All local MOs have a sigma nature (Table 9). (HOMO)" y (LUMO);q"
do not coincide with the corresponding molecular HOMO and LUMO but with MOs being distant from them in the
energy axis. A high activity is associated with small numerical values for 1o the local atomic hardness. This means
that the resistance to exchange electrons with the environment is low. On this basis, and because C19 is a polarized
atom adjacent to a nitrogen atom, the first option is a non-classical carbon hydrogen bond C19-H...X (X=0 or N
and with d=3-3.9A). Also, alkyl (d=5-5.5A) or alkyl-n (d=5-5.5A) interactions are possible. Atom 20 is nitrogen in
ring D (Fig. 5). A high activity is associated with small numerical values for Fy(LUMO+1)*. Table 9 shows that
(LUMO),, has a 7 nature in all cases and that (LUMO+1)y has a m nature in all but one case. Small numerical
values are obtained when diminishing the electronic density in this local MO. Therefore, the optimal situation
should occur when (LUMO),," and (LUMO+1),," coincide with upper empty MOs of the molecule (see the case of
atom 27). Atom 20 should behave then as a bad electron acceptor. Table 9 also shows that (HOMO),," coincides
with the molecular HOMO or (HOMO-1). All these data suggest that atom N20 seems to be involved in a hydrogen
bond of the N20...H-X. An additional possibility is a t-n interaction. Atom 26 is an aromatic carbon in ring D (Fig.
5). This atom should have a positive net charge for an improved activity. Therefore, it is possible that C26 be
participating in an electrostatic interaction with a negatively charged center. It is interesting to note that C26 is
bonded to C27 and that it was suggested above that C27 could also be interacting with an anion. Atom 12 is a sp®
carbon in ring C (Fig. 5). All local MOs have a sigma nature (Table 8). A high activity at the 5-HT 4 receptor is
associated with small numerical values for Si,". This means that atom 12 should be a bad electron acceptor, fact
supported by the fact that (LUMO),, coincides with MOs that are very far from the molecular LUMO. Table 8 also
shows that (HOMO),, coincides with the molecular HOMO, suggesting that atom 12 is engaged in a weak hydrogen
bond C12-H...X (X=0O or N). In addition, alkyl or alkyl-m interactions are possible like in the case of atom 19. All
the suggestions are displayed in the partial 2D pharmacophore of Fig. 18.
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‘Non—classical carbon hydrogen bond,
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Figure 18: Partial 2D pharmacophore for activity at the 5-HT,, receptor

Discussion of the activity at the 5-HT,, receptor

Table 4 shows that the importance of variables in Eq. 3 is Si3">> S;gf(HOMO-1)* >> S,N(LUMO+1)* =
S, (HOMO-2)* > S;,N(LUMO+2)* > S5,M(LUMO)*. A high activity at the 5-HT, receptor is associated with small
numerical values for Si5", S;g5(HOMO-1)* and S,N(LUMO+1)*, large numerical values for S;,"(LUMO+2)* and
Ss(LUMO)* and large (negative) numerical values for S,“(HOMO-2)*.

Atom 13 is nitrogen in ring C (Fig. 5). A high activity is associated with small numerical values for Sis".
Remembering that:

local MOs F (OM )
Sy= > o
r=1 r (5)

We can see that the dominant terms are the lowest empty local MOs (because of their lower energy). Therefore, the
only way to obtain small numerical values is by making (HOMO);5™ to coincide with an empty molecular MO
having a higher energy that the LUMO. This makes atom 13 a bad electron acceptor. Therefore, we suggest that this
atom is interacting with an electron-deficient center, perhaps through its lone pair. Atom 18 is a sp® carbon in the
chain linking rings C and D (Fig. 5). Table 9 shows that all local MOs have a ¢ character, that the local (HOMO)g*
coincides with the molecular HOMO or (HOMO-1) and that the local (LUMO)g* coincides with molecular empty
MOs having a higher energy that the LUMO. A high activity is associated with small numerical values for
S5 (HOMO-1)* and S;s5(HOMO)* (following our interpretation). We exclude the formation of a weak C18-H...X
hydrogen bond because this atom is not bonded to an oxygen or nitrogen atom. Therefore, alkyl or alkyl-n
interactions are suggested. Atom 2 is an atom in ring B that can be C or N (Fig. 5). A high activity at the 5-HT,x
receptor is associated with small numerical values for S,"(LUMO+1)*. Table 8 shows that (LUMO), has a =
character in all cases and that (LUMO+1)," has x or o character. Also, (LUMO)," coincides with molecular MOs
close to LUMO. (HOMO)," has a  nature and it coincides with LUMO or close molecular empty MOs. Within the
standard interpretation we need to increase the (LUMO)," and (LUMO+1)," energies. For these reasons, we suggest
that atom 2 is interacting with an electron-deficient center through its occupied local MOs. The most probable
interaction is a m-m one. Atom 11 is a sp® carbon in ring C (Fig. 5). Table 8 shows that (HOMO),; coincides with
the molecular HOMO and that (LUMO);;” coincides with empty MOs close to the LUMO. A high activity is
associated with large numerical values for S;;"(LUMO+2)*. To obtain the values we need to lower (LUMO+2);"
energy, lowering also (LUMO+1);;" and (LUMO),;" energies. Considering that C11 is bonded to N10, our first
suggestion is that C11 participates in a non-classical carbon hydrogen bond C11-H...X (X=0O or N). In addition,
alkyl or alkyl-m interactions are conceivable. Atom 20 is nitrogen in ring D (Fig. 5). A high activity at the 5-HTa
receptor is associated with large (negative) numerical values for Sy“(HOMO-2)*. To obtain this large number we
must shift (HOMO-1),,"~ energy toward zero. Table 9 shows that (HOMO),," coincides with the molecular HOMO
or (HOMO-1). This data suggest that atom N20 seems to be involved in a hydrogen bond of the N20...H-O kind. An
additional possibility is a m-7m interaction. Atom 30 is the atom of the substituent attached to C26 (Fig. 5).
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Substituents are H, F, CI or CN (Table 1). A high activity is associated with large numerical values for
Ss(LUMO)*. The nature of the local MOs of the H substituent is o (Tables 1 and 10). For this case we suggest a
C26-H30....X (with X=N, O, S) weak hydrogen bond. Fluorine frontier local MOs have a m character (Table 10)
and coincide with molecular MOs close to the molecular HOMO and LUMO. Chlorine and CN frontier MOs also
have a 7 character and coincide with molecular MOs close to the molecular HOMO and LUMO or with the HOMO
and LUMO themselves. We suggest that F and Cl engage in a C26-C130...X and C26-F30...X halogen interactions.
For CN we suggest a n-w interaction. All the suggestions are displayed in the partial 2D pharmacophore of Fig. 19.

Non-classical
C1l1-H...X C26-H30....X weak hydrogen pond.
H-bond. Possibly alkyl or alkyl-pi Halogen inieractions. -

Possible alkyl or

alkyl-pi interactions. ieractons. 30 |Pi-piinteraction (?).

N20...H-O hydrogen
bond. Also a pi-pi interaction

—— Interaction with an
pi-pi interact. electron-deficient
with an electron- center.

deficient center.

Figure 19: Partial 2D pharmacophore for activity at the 5-HT,, receptor

Discussion of the activity at the D, receptor
Table 6 shows that the importance of variables in Eq. 4 is w3;>> S35 (HOMO)*> SN(LUMO+2)*> Fyi(LUMO)*>
Sis™> Q. A high activity at the D, receptor is associated with small numerical values for wg;, large (negative)
numerical values for Sz (HOMO)*, large numerical values for SgV(LUMO+2)*, small numerical values for
F5(LUMO)*, large numerical values for S;5" and a positive net charge on atom 26.
Atom 31 is the atom of the substituent attached to C27 (Fig. 5). Substituents are H or CN (Table 1). A high activity
at the D, receptor is associated with small numerical values for ws; and Fz;(LUMO)*. To obtain these small values
we must reduce the localization of this MO on atom 31. In other words, the local (LUMO)3;" should coincide with
molecular empty MOs with high energy. On the other hand, the local atomic electrophilicity is defined as:
2

5031:;i

Na1 (6)
where ps; is the local atomic electronic potential of atom 31 and ns; is the local atomic hardness of atom 31.
Remembering that ng is the HOMOg, -LUMOg3," energy gap, shifting upwards the F3(LUMO)* energy will
increase the value of ns;, giving a smaller value for wz;. Therefore, both conditions are equivalent. For H atoms it is
proposed a weak C27-H31...X (X= N, O, S) hydrogen bond. Perhaps a methyl or ethyl groups should be tested.
Atom 30 is the atom of the substituent attached to C26 (Fig. 5, see also the discussion of this atom presented above).
Substituents are H, F, Cl or CN (Table 1). A high activity is associated with large (negative) numerical values for
SsF(HOMO)*. This number is obtained by shifting the (HOMO)3," energy toward zero, making this MO more
reactive. The local MOs of the H substituent have a ¢ nature (Table 10). For this case we suggest, as above, a weak
C26-H30....X (X= N, O, S) hydrogen bond. Fluorine frontier local MOs have a © character (Table 10) and they
coincide with molecular MOs close to the molecular HOMO and LUMO. Chlorine and CN frontier MOs also have a
n character and coincide with molecular MOs close to the molecular HOMO and LUMO or with the HOMO and
LUMO themselves. We suggest that F and Cl engage in a C26-Cl130...X and C26-F30...X halogen interactions. For
CN we suggest a n-n interaction (also, a w-alkyl interaction is possible). Atom 8 is an aromatic carbon in ring A (Fig.
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5). A high activity at the D, receptor is associated with large numerical values for SgN(LUMO+2)*. Large numbers
are obtained by shifting the (LUMO+2)s" energy towards zero. Table 8 shows that (HOMO)  has a 7 character and
coincides with the molecular HOMO. Also, (LUMO);" has a m character but it coincides with the molecule’s
(LUMO+1) or (LUMO+2). A high activity at the D, receptor is associated with large numerical values for Sig".
From Eqg. 5 we know that large numbers are obtained by shifting toward zero the energies of the two or three lowest
empty local MOs. Therefore, atom 8 is prone to interact with electron-rich sites such as © regions and/or with anions
having © MOs. Atom 18 is a sp® carbon in the chain linking rings C and D (Fig. 5). A high activity is associated with
large numerical values for S;g". Table 9 shows that all local MOs have a o nature, that the local (HOMO)g*
coincides with the molecular HOMO or (HOMO-1) and that the local (LUMO)g* coincides with molecular empty
MOs having a higher energy that the LUMO. Given that C18 is not bonded to a nitrogen or oxygen atoms we shall
rule out the formation of a weak C18-H...X hydrogen bond. Therefore, we suggest that C18 is participating in alkyl
or alkyl-m interactions. Atom 26 is an aromatic carbon in ring D (Fig. 5). A high activity is associated with a positive
net charge on atom 26. It is possible that C26 be participating in an electrostatic interaction with a negatively
charged center (an anion for example). All the suggestions are displayed in the partial 2D pharmacophore of Fig. 20.

- - Electrostatic interaction with a
Interact with electron-rich negatively charged center.
sites such as aromatic regions

and/or with anions having pi MOs.

Weak C26-H30....X
26 hydrogen bond

8 O% — | Halogen interactions,
I\ N 30 Pi-pi interactions
18 E
OEORNIROO R
N
s.B.x
X

Alkyl or alkyl-pi C27-H31...X
interactions. hydrogen bond

Figure 20: Partial 2D pharmacophore for activity at the D, receptor
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