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Abstract—The equilibrium geometries, electronic structures, and electrostatic potentials of a series of substituted phenyl triazol-
inones, a kind of important protoporphyrinogen oxidase (Protox) inhibitors, had been investigated using density functional theory
(DFT) method at the B3LYP/6-31G(d,p) basis set. The quantum chemical descriptors, such as energy difference (DE) between the
lowest unoccupied molecular orbital and the highest occupied molecular orbital, electrophilic and nucleophilic frontier electron den-
sity (f Ei and fNi ), and net atomic charge (Qi), were computed at the same DFT level. Based on these useful quantum chemical
descriptors, the quantitative structure–activity relationships was carried out and the results showed that descriptors, QC11, f

E
N5
,

fNC10 , f
E
O6
, fNC11 , and DE, were most likely to be responsible for the in vitro biological activity and the greenhouse pre-emergence activ-

ity of phenyl triazolinones. The descriptors accounted for 77–86% of the variation in the in vitro biological activity among the her-
bicidal phenyl triazolinone analogs 1–26 (except compounds 19 and 20). The results of the regression analysis showed that the
activity was parabolically related not only with the descriptor f EO6 , but also with the descriptor f

N
C11
. The optimum values of the terms

f EO6 and f
N
C11
were about 11.15 and 0, respectively. Studies also showed that compound 19 exhibiting the highest in vitro activity mim-

icked the three-ring portion of protoporphyrinogen IX (Protogen). The present work had proved that the DFT-based quantum
chemical descriptors could lead to the better correlation relationship than that the PM3-based electronic descripors, therefore,
DFT-based QSARs could be expected to help facilitate the design of additional substituted phenyl triazolinone derivatives of Protox
inhibitors with good biological activity.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Protoporphyrinogen oxidase (Protox, EC 1.3.3.4), the
last common enzyme in chlorophylls biosynthesis,1 has
been identified as the target site of action for several
photodynamically active porphyric herbicides of diphen-
yl ethers, phenyl heterocycles, and heterocyclic carboxa-
mides.2 These known Protox inhibitors apparently
compete with protoporphyrinogen IX (Protogen) at or
near the catalytic site on the enzyme, so Protogen accu-
mulates in plastids and diffuses through the plastidial
membranes into the cytosol, where it is oxidized to pro-
toporphyrin (Proto) by a plasma membrane-bound Pro-
tox.3 The Proto reacts with light to produce singlet
oxygen, leading to lipid peroxidation and the destruc-
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tion of cellular components.4 The attributes of low
application rates, good crop selectivity, low residue
and environmental safety exhibited by these compounds
are important characteristics for modern agrochemicals,
which have led to the rapid success of Protox inhibitors
as herbicidal products and attracted a worldwide re-
search commitment.

Phenyl triazolinones are one of the most important Pro-
tox inhibitors. A series of studies on substituted phenyl
triazolinones (Fig. 1) were carried out by Theodor-
idis.5–8 They qualitatively proposed the optimum
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Figure 1. General structure of phenyl triazolinone compounds.
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herbicidal activity at positions 2 (R1) and 3 (R2) of the
heterocyclic ring and positions 8 (R3) and 10 (R4) of
the phenyl ring and hypothesized that tricyclic protox
inhibitors mimicked three rings of Protogen6. In addi-
tion, they investigated the structure–activity require-
ments at position 11 (R5) of the phenyl ring using the
QSAR analysis. Two physicochemical descriptors, the
hydrophobicity term p and the Sterimol term B1, were
used to correlate with biological activity pI50 (-log con-
centration in molL�1) for 14 substituents at position 11
(R5) of phenyl ring. However, this set of physicochemi-
cal descriptors failed to predict the biological activities
for the substituents at position 10 (R4). Subsequently,
Reddy9 et al. hypothesized that bicyclic Protox inhibi-
tors (e.g., diphenyl ethers, isoxazolecarboxamides) mim-
icked two rings of Protogen and that tricyclic Protox
inhibitors (e.g., phenoxyphenoxy triazolinones) mim-
icked three rings of Protogen. These earlier QSAR stud-
ies were limited to the use of the physicochemical
descriptors or the electronic structure descriptors based
on semiempirical molecular orbital (MO) calculations.

As well known, QSAR studies could also help to under-
stand molecular mechanism of biological activities of
environmentally important molecules including medi-
cines and pesticides. It is essential for this purpose to ob-
tain QSAR equations with high-quality descriptors,
because the success of a QSARmodel is highly dependent
upon the choice of descriptors. So exploring the use of
reliable descriptors, especially descriptors based on rea-
sonably high level electronic structure calculations, could
lead to significantly better QSAR results. Semiempirical
molecular orbital (MO) calculations have been used to
obtain electronic descriptors for many years. However,
the latest development of the computer technology and
software of electronic structure theory allows calculating
quantum chemical descriptors at first-principles levels,
such as DFT, with higher accuracy including some effec-
tive consideration of electron correlation effects. We are
particularly interested in testing quantum chemical
descriptors based on density functional theory (DFT),
because DFT has played an important role in many re-
search areas of modern computational chemistry.

There have been dramatic changes in computational
chemistry over the last two decades. Electronic structure
Table 1. Quantum chemical descriptors of phenyl triazolinone compounds

No Descriptors

QC11 f EO6 f EN5 fNC10 fNC11 DE

1 0.35 14.23 21.86 23.59 0.41 5.27

2 0.31 13.73 21.35 23.18 0.30 5.29

3 0.39 13.69 21.29 23.51 0.38 5.29

4 0.36 7.70 13.31 22.18 0.17 5.15

5 0.05 15.40 23.30 24.56 0.78 5.33

6 0.39 11.36 17.60 23.46 0.56 5.16

7 0.37 14.65 22.43 24.15 0.90 5.28

8 0.16 14.59 22.46 24.38 0.55 5.34

9 �0.10 15.77 23.77 24.43 0.43 5.35

10 0.38 13.66 20.44 23.94 1.07 5.18

11 0.38 5.20 9.07 21.19 0.36 5.09

12 0.05 14.67 22.23 23.96 0.36 5.24

13 �0.11 14.06 21.46 24.10 0.39 5.23
theory has become an effective and powerful tool for use
in predicting the properties of a wide range of molecules
including geometries, energetics, reactivity, and spectro-
scopic properties. One of the major reasons for the
acceleration of the use of electronic structure theory in
predicting molecular properties for larger molecules
has been the development of density functional theory
(DFT). The combination of relatively low computa-
tional cost with reasonable accuracy has led to the suc-
cessful application of the DFT method to the prediction
of a broad range of properties of molecules. So, DFT
has emerged as a practical and versatile tool to obtain
accurate information on molecular systems of chemical
interest.10–19 This approach, which includes the dynamic
correlation effects, represents a valid alternative to the
Hartree–Fock (HF) theory, or to more sophistical
post-HF methods, such as those of the Møller–Plesset
theory, coupled-cluster theory, or configuration interac-
tion approach, that are highly demanding in terms of
CPU time. One of the most popularly used hybrid den-
sity functionals is Becke�s three-parameter hybrid ex-
change functional and the Lee–Yang–Parr correlation
functional (B3LYP).13,14 DFT has become a powerful
computational approach to investigate the precise elec-
tronic characteristic of molecular structure, which is
the key factor to determine the interactions between
the receptors and the ligands. However, DFT-based
quantum chemical descriptors were seldom used to carry
out quantitative structure–activity relationships study.20

As a part of our research interest on the structural mod-
ification and molecular design of Protox inhibitors, we
carried out a DFT-based quantitative structure–activity
relationships (DFT/QSARs) study for both substitutes
at positions 10 and 11 of the phenyl triazolinone deriv-
atives (Fig. 1). The equilibrium geometries, electronic
structures, and electrostatic potentials of a series of sub-
stituted at positions 10 and 11 phenyl triazolinones were
investigated by DFT method. The quantum chemical
descriptors,21 such as energy differences between the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), electro-
philic or nucleophilic frontier electron densities and
net atomic charges, were derived from the DFT calcula-
tions (Table 1). Based on these important quantum
chemical descriptors, a quantitative structure–activity
No Descriptors

QC11 f EO6 f EN5 fNC10 fNC11 DE

14 0.03 11.26 18.00 26.52 4.50 5.24

15 0.40 3.63 6.24 20.47 0.61 5.05

16 0.42 6.86 11.79 21.76 0.28 5.12

17 0.37 4.53 7.58 20.10 0.60 5.09

18 0.38 15.80 23.60 0.41 0.07 4.31

19 0.37 6.25 10.79 21.13 0.26 5.09

20 �0.29 11.67 18.98 0.59 1.39 5.33

21 0.23 2.11 4.11 0.52 0.41 4.66

22 �0.10 10.48 17.20 10.80 5.94 5.36

23 0.07 14.09 22.03 23.47 0.52 5.34

24 �0.24 16.66 24.77 14.60 2.42 5.54

25 �0.14 18.66 26.49 7.04 6.32 4.06

26 �0.25 10.15 16.99 12.70 4.11 5.50
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relationships (QSARs) study had been carried out for
both substitutes at positions 10 and 11 of the title com-
pounds. To our knowledge, this is the first application
based on DFT/QSAR method in the pesticide field.
2. Materials and methods

2.1. Test compounds

All phenyl triazolinone compounds and their in vitro
biological activity pI50 values and in vivo biological
activity ED90 values used for the analysis were taken
from literature8 and listed in Table 2.

2.2. Calculated methods

The geometry optimizations were performed by the
DFT10–19 method using the B3LYP14,15 functional. A
standard valence double-zeta with polarization function
6-31G(d,p) basis set22 was used for all kinds of atoms in-
volved in phenyl triazolinones. Vibrational frequencies
were computed at the B3LYP/6-31G(d,p) levels to char-
acterize stationary points. Net atomic charges were de-
rived from ChelpG23 method that produces charges fit
to the electrostatic potential at points selected. All calcul-
Table 2. Structure and herbicidal activity of phenyl triazolinone derivatives

N

N

N

O F

F

F

12

3

4 5

6

7

12

No Substituents

R4 R5 Obsd Eq. 4 d1

1 Cl OCH2CCH 7.60 7.43 0

2 Cl OCH2CHCH2 7.50 7.26 0

3 Cl OCH3 7.50 7.53 �0
4 Cl OH 7.20 6.73 0

5 Cl CH2OCH3 7.10 6.59 0

6 Cl NHSO2C2H5 7.10 7.19 �0
7 Cl OCOCH3 7.10 7.54 �0
8 Cl CH3 7.00 6.89 0

9 Cl H 6.80 6.14 0

10 Cl NHSO2CH3 6.70 7.40 �0
11 Cl OC6H5 6.60 6.51 0

12 Cl Cl 6.50 6.44 0

13 Cl Br 6.50 5.84 0

14 Cl C6H5 6.30 6.05 0

15 Cl O-(4-NHSO2Et)Phenyl 6.60 6.39 0

16 Cl O-(4-Methoxy)phenyl 6.70 6.83 �0
17 Cl O-(4-Cl)Phenyl 6.70 6.41 0

18 Cl O-(4-NO2)Phenyl 6.80 6.86 �0
19 Cl O-(4-OCH2CO2Et)Phenyl 9.00 6.57 2

20 O-(4-Cl)Benzyl H 7.90 5.09 2

21 O-(4-Cl)Benzyl NH2 4.90 5.34 �0
22 O-(4-Cl)Benzyl Cl 5.00 5.64 �0
23 Br H 6.10 6.54 �0
24 F H 5.30 5.92 �0
25 NO2 H 5.20 5.18 0

26 OCH(CH3)2 H 5.10 5.23 �0
a d: Difference between observed and calculated values.
ations were performed using the Gaussian 03 program24

on a Silicon Graphics Origin 300 server.

2.3. Quantum chemical descriptors

Quantum chemical descriptors (listed in Table 1) taken
from DFT calculations were used to analyze variations
in the herbicidal activity of compounds 1–26 by Han-
sch–Fujita method. The minimum energy conforma-
tions were selected as the bioactive conformations and
used to calculate electronic descriptors such as DE (the
difference between LUMO and HOMO orbital energy),
QC11 (net atomic charges of carbon atom at position 11),
f EN5 (the electrophilic frontier electron density of 5-posi-
tion nitrogen atom), fNC10 (the nucleophilic frontier elec-
tron density of 10-position carbon atom), fNC11 (the
nucleophilic frontier electron density of 11-position car-
bon atom), and f EO6 (the frontier electron density of
HOMO at the 6-position oxygen atom),21 etc.

Atomic frontier electron density is defined as:

f Ei ¼
X

ðCHOMO;iÞ2 � 100

fNi ¼
X

ðCLUMO;iÞ2 � 100
R4

R5

8 9

10

11

pI50 log 1/ED90
a Eq. 5 d2

a Eq. 6 d3
a Obsd Eq. 9 d4

a

.17 6.96 0.64 7.36 0.24 1.52 1.07 0.45

.24 6.95 0.55 7.20 0.30 0.90 0.96 �0.06

.03 6.97 0.53 7.43 0.07 0.90 1.13 �0.23

.47 7.00 0.20 6.88 0.32 0.52 0.48 0.04

.51 6.79 0.31 6.69 0.41 0.30 0.38 �0.08

.09 7.24 �0.14 7.24 �0.14 1.21 0.82 0.39

.44 6.91 0.19 7.47 �0.37 0.52 1.12 �0.60

.11 6.87 0.13 6.93 0.07 0.30 0.59 �0.29

.66 6.72 0.08 6.31 0.49 0.30 0.06 0.24

.70 7.12 �0.42 7.37 �0.67 1.52 0.98 0.54

.09 6.66 �0.06 6.65 �0.05 0 0.24 �0.24

.06 6.98 �0.48 6.61 �0.11 0 0.34 �0.34

.66 7.06 �0.56 6.16 0.34 0 �0.13 0.13

.25 6.52 �0.22 6.44 �0.14 �0.30 �0.32 0.02

.21 6.34 0.26 6.53 0.07 — — —

.13 6.91 �0.21 6.92 �0.22 — — —

.29 6.45 0.25 6.51 0.19 — — —

.06 6.58 0.22 6.39 0.41 — — —

.43 6.83 2.17 6.71 2.29 — — —

.81 5.39 2.51 4.38 3.52 1.21 1.20 0.01

.44 5.17 �0.27 4.97 �0.07 — — —

.64 4.67 0.33 5.30 �0.30 — — —

.44 6.86 �0.76 6.61 �0.51 — — —

.62 5.42 �0.12 5.50 �0.20 — — —

.02 5.23 �0.03 5.48 �0.28 — — —

.13 5.34 �0.24 4.97 0.13 — — —



Table 3. Some selected torsion angles in the most stable conformation of the protoporphyrinogen IX and compound 19

NH

NH HN

HN

COO

Protoporphyrinogen IX Compound 19

H COOH

AB

C D

13

15

7

23

11

19

4

12
20

58
59

62

1

5
21

9
17

310

18

22

6

14

16
49

50

53

2

8

24

N

N

N

O

O

O

Cl

F O

F

F
1 2

3
4

5

6

78

9

10

24

25

26

27
28

29

30

36

37
40

41

42O

A'
B'

C'

11

Atoms Degree Atoms Degree

A–B rings C–D rings

N1–C5–C21–C9 30.82 N2–C8–C24–C12 34.20

C13–C5–C21–C9 �146.97 C16–C8–C24–C12 �147.18
C5–C21–C9–N3 71.84 C8–C24–C12–N4 68.98

C5–C21–C9–C17 �106.89 C8–C24–C12–C20 �107.12

B–C rings D–A rings

N3–C10–C22–C6 �37.43 N4–C11–C23–C7 �42.55
C18–C10–C22–C6 140.08 C19–C11–C23–C7 139.62

C10–C22–C6–N2 �63.81 C11–C23–C7–C15 117.21

C10–C22–C6–C14 115.60 C11–C23–C7–N1 �61.21

A 0–B 0 rings B 0–C0 rings
N1–N5–C6–C11 42.03 C11–C10–O24–C25 �7.06
C4–N5–C6–C7 50.73 C9–C10–O24–C25 174.58

C10–O24–C25–C30 �79.20
C10–O24–C25–C26 105.08
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where f Ei is the electrophilic frontier electron density of
atom i at HOMO and CHOMO,i is the coefficient of the
atomic orbital Xi in the HOMO. fNi is the nucleophilic
frontier electron density of atom i at LUMO and
CLUMO,i is the coefficient of the atomic orbital Xi

in the LUMO. fi represents the reactivity of different
atoms within a molecule (Table 3).
3. Results and discussion

3.1. QSARs analysis and model validation

Variations in the herbicidal activity of phenyl triazol-
inone compounds (Table 2, 1–26) were analyzed using
the quantum chemical descriptors listed in Table 1 and
the obtained equations with best correlation coefficients
were listed in Table 4.
Table 4. Correlation between some quantum chemical parameters and biolo

No Regression equations

1 pI50 ¼ 1:1075þ 2:4970QC11 þ 0:8805DE þ 0:0516f EO6
2 pI50 ¼ 10:5197þ 0:0253fNC10 � 0:0525 fNC11

� �2
� 1:2679DE þ 0:56

3 pI50 ¼ 5:3458þ 1:9441QC11 þ 0:0305f EN5 þ 0:0232f
N
C10
In these and the following equations, n is the number of
compounds, q2 is the crossvalidated correlation coeffi-
cient using the Leave-One-Out (LOO) method. spress is
the root mean predictive error sum of squares, r2

is the correlation coefficient, s is the standard error,
and F is F-test value. The figures in parentheses under
each coefficient are the 95% confidence intervals of the
regression coefficient.

From Table 4, we can conclude that the correlation coef-
ficients of these equations are not satisfied and com-
pounds 19 and 20 are two outliers. After omitting
compounds 19 and 20, Eqs. 4–6 with significantly im-
proved correlation coefficients were obtained as follows:

pI50 ¼ 0:3968
ð0:0852Þ

þ 3:3413QC11
ð0:4198Þ

þ 0:8530DE
ð0:2574Þ

þ 0:0960f EO6
ð0:0213Þ

n ¼ 24; q2 ¼ 0:68; spress ¼ 0:496; r2 ¼ 0:77;
s ¼ 0:417; F ¼ 22:90 ð4Þ
gical activity

n r2 s F-test

26 0.35 0.8239 4.01

40f EO6 � 0:0267 f EO6

� �2
26 0.55 0.7238 4.82

26 0.31 0.8505 3.31



Table 8. Correlation matrix for variables used to drive Eq. 5

fNC10 fNC11

� �2 DE f EO6 f EO6

� �2

fNC11

� �2
0.1537 1.0000

DE 0.4439 0.0790 1.0000

f EO6 0.0159 0.0349 0.0006 1.0000

f EO6

� �2
0.0002 0.0422 0.0114 0.9596 1.0000

Table 9. Development of QSAR of Eq. 6

Intercept QC11 f EN5 fNC10 s r F-test

6.0916 2.3344 0.6279 0.66 17.19

4.6882 3.1383 0.0691 0.4925 0.82 21.34

4.1272 2.6437 0.0520 0.0495 0.3298 0.93 40.67

Table 10. Correlation matrix for variables used to drive Eq. 6

QC11 f EN5 fNC10
f EN5 0.1834 1.0000

fNC10 0.0336 0.0243 1.0000
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pI50 ¼ 11:1270
ð0:0845Þ

þ 0:0673fNC10
ð0:0169Þ

� 0:0409 fNC11

� �2
ð0:0087Þ

� 1:4226DE
ð0:3807Þ

þ 0:3390f EO6
ð0:1308Þ

� 0:0152 f EO6

� �2
ð0:0063Þ

n ¼ 24; q2 ¼ 0:64; spress ¼ 0:556; r2 ¼ 0:80;
s ¼ 0:414; F ¼ 14:44 ð5Þ

pI50 ¼ 4:1272
ð0:0673Þ

þ 2:6437QC11
ð0:3409Þ

þ 0:0520f EN5
ð0:0125Þ

þ 0:0495fNC10
ð0:0096Þ

n ¼ 24; q2 ¼ 0:76; spress ¼ 0:434; r2 ¼ 0:86;
s ¼ 0:330; F ¼ 40:67 ð6Þ
The development of these equations and the intercorre-
lation of variables were shown in Tables 5–10, respec-
tively. The in vitro biological activities calculated by
Eqs. 4–6 were listed in Table 2, respectively.

A stepwise regression analysis for the development of
Eq. 4 in Table 5 indicates QC11 term accounts for 44%
of the biological variance. Adding DE and f EO6 terms im-
proves the explained variance to 77%. The positive coef-
ficient of the QC11 term indicates that the more the
positive charges of the carbon at position 11, the higher
the activity, which suggests that the position 11 of the
phenyl ring should be occupied by electron-withdrawing
substituents. The positive coefficient of the DE term indi-
cates the greater the energy differences between the
LUMO and the HOMO, the higher the activity. In addi-
tion, Table 5 shows that the introduction of the f EO6 term
led to a significant improvement in the correlation and
its positive coefficient shows that the higher the electro-
philic frontier electron density of 6-position oxygen
atom, the higher the activity, which shows that the abil-
ity of the oxygen atom to donate electrons has an impor-
tant effect on the herbicidal activity.
Table 5. Development of QSAR of Eq. 4

Intercept QC11 DE f EO6 s r F-test

6.0916 2.3344 0.6279 0.66 17.19

1.9955 2.5363 0.7894 0.5786 0.74 12.58

0.3968 3.3413 0.8530 0.0960 0.4174 0.88 22.90

Table 6. Correlation matrix for variables used to drive Eq. 4

QC11 DE f EO6
DE 0.0299 1.0000

f EO6 0.1787 0.0006 1.0000

Table 7. Development of QSAR of Eq. 5

Intercept fNC10 ðfNC11 Þ
2

DE f EO6
5.1183 0.0711

5.6645 0.0517 �0.0332
10.3936 0.0825 �0.0339 �1.0344
9.9973 0.0776 �0.0370 �0.9990 0.0

11.1270 0.0673 �0.0409 �1.4226 0.3
Eq. 5 indicates that the frontier electron density is a use-
ful descriptor in determining the biological activity. The
negative coefficient of the ðf EO6Þ

2
term indicates that var-

iations in the activity are parabolically related to the
electrophilic frontier electron density of 6-position oxy-
gen atom. The optimum f EO6 value according to Eq. 5 is
about 11.15. The negative coefficient of the ðfNC11Þ

2
terms

indicates that variations in the activity are also parabol-
ically related to the nucleophilic frontier electron density
of 11-position oxygen atom and the optimum value is
about 0. In addition, Eq. 5 shows that fNC10 term corre-
lates with the biological activity positively and the
greater the ability of the carbon atom to accept elec-
trons, the higher the activity (Fig. 2).

A stepwise regression analysis for the development
of Eq. 6 indicates that introducing the f EN5 term improves
the explained variance from 44% to 67%. Eq. 6 is statis-
tically better than Eqs. 4 and 5 with larger correlation
coefficient, small standard error and few descriptors.
The observed versus predicted pI50 values according to
Eq. 6 were plotted in Figure 3a. Eq. 6 shows that 5-posi-
tion nitrogen atom, 10-position carbon atom and 11-
position carbon atom are the very important sites, which
maybe bind to the receptor.
ðf EO6 Þ
2

s r F-test

0.6308 0.66 16.83

0.5353 0.78 16.46

0.4692 0.85 16.73

276 0.4632 0.86 13.25

390 �0.0152 0.4138 0.89 14.44



Figure 2. (a) Molecular size of compound 19 and protoporphyrinogen IX. (b) Matching of compound 19 with protoporphyrinogen IX.

Figure 3. (a) Plot of observed (from Eq. 6) versus predicted pI50 and (b) plot of observed (from Eq. 9) versus observed log 1/ED90 for phenyl

triazolinones of interest.
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Compound 19 was predicted to have a pI50 value of 6.4
according to Eq. 7 obtained by Theodoridis,8 while we
got the predicted pI50 value of 6.57, 6.83, and 6.71
according to Eqs. 4–6, respectively, whereas the
observed value was found to be 9.0.

pI50 ¼ 2:51þ 7:02B1 � 0:18p2 � 2:57B21
n ¼ 14; r2 ¼ 0:78; s ¼ 0:216 ð7Þ
Compound 20 was not included in Eq. 7 for in vitro
activity and Eq. 8 for in vivo activity obtained by The-
odoridis.8 We predicted the in vitro pI50 values of com-
pound 20 to be 5.09, 5.39, and 4.38 according to Eqs.
4–6, respectively. For the greenhouse pre-emergence
activity, we obtained Eq. 9 containing compound 20
with improved correlation compared to Eq. 8. The
observed versus predicted log1/ED90 values according
to Eq. 9 were plotted in Figure 3b. According to Eq.
9, we can predict well the in vitro activity of compound
20. Therefore, we deduced that the in vitro pI50 value
(7.90) of compound 20 may be a wrong value.

log 1=ED90 ¼ 0:66pI50 þ 0:25p � 6:98
n ¼ 14; r2 ¼ 0:60; s ¼ 0:40 ð8Þ

log1=ED90 ¼ 0:3237
ð0:0919Þ

þ2:4748QC11
ð0:5364Þ

þ0:0867f EN5
ð0:0271Þ

�0:0854fNC10
ð0:0193Þ

n¼ 15; q2 ¼ 0:42; spress ¼ 0:504; r2 ¼ 0:71;
s¼ 0:356; F ¼ 8:95 ð9Þ

To compare the difference between the DFT and semi-
empirical methods, the QSAR analysis of compounds
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1–26 was also carried out by using the same descriptor
values calculated by using MOPAC program25 (version
6.0) with PM3 parameterizations. Based on these
descriptor values, we obtained the following correlation
relationships, respectively:

pI50 ¼ �2:9718
ð0:1373Þ

þ 6:3141QC11
ð1:7103Þ

þ 1:1441DE
ð1:0329Þ

� 0:8481f EO6
ð6:7477Þ

n ¼ 24; r2 ¼ 0:41; s ¼ 0:672; F ¼ 4:72 ð10Þ

pI50¼ 30:9822
ð0:1336Þ

�1:7486fNC10
ð2:5067Þ

�20:6866 fNC11

� �2
ð35:1394Þ

�3:1307DE
ð1:2851Þ

þ108:1887f EO6
ð28:3940Þ

�928:3773 f EO6

� �2
ð227:4528Þ

n¼ 24; r2¼ 0:50; s¼ 0:654; F ¼ 3:61 ð11Þ

pI50 ¼ 6:1669
ð0:1383Þ

þ 5:8871QC11
ð1:5940Þ

þ 1:0297f EN5
ð2:0813Þ

þ 1:5230fNC10
ð2:3400Þ

n ¼ 24; r2 ¼ 0:41; s ¼ 0:677; F ¼ 4:56 ð12Þ
A comparison of the DFT-based QSAR results (Eqs.
4–6) with the PM3-based QSAR results (Eqs. 10–12)
clearly demonstrates that DFT-based quantum chemical
descriptors led to the better correlation relationship than
that the corresponding descriptors based on PM3
method. This shows that the QSAR analysis using
DFT-based quantum chemical descriptors is more relia-
ble than that using the corresponding descriptors based
on the MOPAC-PM3 method.

Validation is a crucial aspect of any quantitative struc-
ture–activity relationship (QSAR) modeling. Most of
the QSAR modeling methods implement the
leave-one-out (or leave-some-out) cross-validation
procedure.26 The outcome from the cross-validation
procedure is cross-validated q2, which is used as a
criterion of both robustness and predictive ability of
the model. It has been shown that a cross-validated q2

of 0.3 corresponds to a probability of chance correlation
with activity of less than 0.05, hence a q2 value of 0.3 or
more is considered to be statistically significant.27–29

Many authors consider higher q2 (for instance,
q2 > 0.5)30 as an indicator or even as the ultimate proof
that the model is highly predictive. The models of Eqs.
(4)–(6) have the following statistic results q2 = 0.68,
spress = 0.496, q2 = 0.64, spress = 0.556, and q2 = 0.76,
spress = 0.434, respectively, which suggests that these
models are highly predictive and reliable for the predic-
tion of in vitro biological activity. The model of Eq. 9
has the statistic results q2 = 0.42, spress = 0.504, which
suggests the present QSAR model for in vivo biological
activity is statistically significant.
3.2. Molecular shape similarity of compound 19 and
Protogen

Through the comparison of the difference between ob-
served and predicted values (Table 2) from QSAR equa-
tions 4–6, we can find that compounds 19 and 20 are
outlier. The foregoing discussion indicates the pI50 value
(7.9) of compound 20 may be a wrong value. So we spe-
cially compared the geometries of compound 19 and
Protogen (Fig. 2) here. And the torsion angles of Proto-
gen and compound 19 in the most stable geometries
were listed in Table 3, respectively. The equilibrium
geometry of Protogen was investigated at the same
DFT level.

Table 3 listed some selected torsion angles in the most
stable conformation of Protogen and compound 19.
From Table 3, we can conclude that the torsion angles
of Protogen B–C rings and compound 19 B 0–C 0 rings
are very close. Furthermore, we can find from Figure
2(a) that the distance between nitrogen atom at position
5 and carbon atom at position 40 of compound 19 is
9.63Å, which is almost equal to that (9.69Å) between
carbon atom at position 5 and carbon atom at position
53 of Protogen. The superimposition model of com-
pound 19 and Protogen is shown in Figure 2(b). These
results suggest that compound 19 exhibited great simi-
larity to the A, B, and C rings of Protogen, which ex-
plains reasonably why compound 19 has the highest
activity.
4. Conclusion

It is the key to obtain QSARs equations with high qual-
ity, because the success of a QSARs model is highly
dependent upon the choice of descriptors. So exploring
reliable descriptors, especially electronic descriptors,
and studying their applicability could lead to vital
improvements in QSARs.

By considering all of the above facts, the present study
was performed to examine the applicability of DFT-
based quantum chemical descriptors in QSAR analysis
for studying the biological activity of a series of Protox
inhibitors. The DFT-based quantum chemical descrip-
tors were obtained at the B3LYP/6-31G(d,p) level. It
has been shown that the use of the DFT-based quantum
chemical descriptors indeed led to a better QSAR
equation than that obtained from the use of the corre-
sponding descriptors evaluated at a semiempirical
PM3 level.

The obtained QSAR results based on the DFT-based
descriptors showed that the more the positive charges
at the 11-position carbon atom of the phenyl ring, the
higher the activity. The greater the ability of the 10-posi-
tion carbon atom to accept electrons, the higher the
activity. And the greater the ability of the 6-position
oxygen atom and 5-position nitrogen atom to donate
electrons, the higher the activity. Moreover, the negative
coefficients of the ðfNC11Þ

2
, ðf EO6Þ

2
terms indicated that

variations in the activity were parabolically related to
the nucleophilic frontier electron density of 11-position
oxygen atom, the electrophilic frontier electron density
of 6-position oxygen atom, respectively. The optimum
f EO6 value and optimum fNC11 value in Eq. 5 were about
11.15 and 0, respectively. The results indicated the
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triazo ring was an electron-donating site binding to the
electropositive region of receptor and the phenyl ring
was an electron-accepting site binding to the electroneg-
ative region of receptor. Furthermore, geometry analysis
for compound 19 and Protogen suggested that the sim-
ilarity between the inhibitors and a part of the natural
substrate of the enzyme in terms of 3-D molecular shape
was important for the molecular recognition at the
active site of the Protox.

In conclusion, the excellent QSAR results for phenyl
triazolinones were obtained using important quantum
chemical descriptors based on DFT method. Moreover,
the reason of the highest activity of compound 19 can
also be explained rationally using geometry analysis
and the greenhouse pre-emergence activity of compound
20 can also be predicted exactly using quantum chemical
descriptors. The crossvalidation using the LOO method
shows the QSARs model is reliable. Therefore, DFT-
based QSARs could be expected to help facilitate the fu-
ture design of additional substituted phenyl triazolinone
derivatives of Protox inhibitors with good biological
activity.
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