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The quantitative structure activity relationships (QSARs) have been
investigated on a series of substituted phenyl triazolinones having
protoporphyrinogen oxidase (PPO) inhibition activities. The density
functional theory (DFT) method is applied to calculate the quantum
chemical descriptors. The derived QSAR model is based on three
molecular descriptors namely highest occupied molecular orbital
(HOMO) energy, electrophilic group frontier electron density (F§)
and nucleus independent chemical shift (NICS). The best QSAR model
has a square correlation coefficient 1> =0.886 and cross-validated
square correlation coefficient g* = 0.837.
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INTRODUCTION

A highly prominent, attractive principle of herbicidal
action is chlorophylls biosynthesis inhibition in plants. Proto-
porphyrinogen IX oxidase [1,2], which is a vital enzyme for
chlorophylls biosynthesis, is the target for the action of various
classes with distinct structures of a compound having high herbi-
cidal activity, such as phenyl triazolinones, cyclic imides and
diphenyl ethers [3,4]. These compounds exhibit the character-
istics of good crop selectivity, low application rates, environ-
mental safety and low residue, which are crucial for modern
agrochemicals that have received a global research attention
and resulted in the rapid and successful use of protoporphyrinogen
oxidase (PPO) inhibitor as herbicides.

In arecent study [4], the phenyl triazolinones are reported
as inhibitors of PPO. Many groups [5-7] tried to form the
quantitative structure activity relationship (QSAR) to explain
the PPO inhibition activity phenyl triazolinone series of mole-
cules. Herein, density functional theory (DFT) [8-11] is used
to generate the descriptors of QSAR equation. The highest
occupied molecular orbital (HOMO) energy, electrophilic group
frontier electron density (Fg) [12] and nucleus independent
chemical shift (NICS) [13,14] of the molecules act as effective
quantum chemical descriptors giving a very good QSAR model
that satisfactorily explain the antimalarial activity for this class
of molecules. This study is likely to provide useful guidelines
for the design of new inhibitors with better activities.
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EXPERIMENTAL

In the formation of QSAR, choice of descriptors is a very
important step. Many descriptors are reported in the literature
[12,14,15], among them, nucleus independent chemical shift
(NICS), group frontier electron density (F,) and HOMO energy
have been seen to be the appropriate descriptors for the present
set of molecules.

Nucleus independent chemical shift (NICS): Schleyer
et al. [13] proposed the NICS method for estimating aromat-
icity by using the ring current strength. For an aromatic system,
NICSs are acquired as the negative values of absolute magnetic
shielding factors, represented as NICS(1) and NICS(0), where
these are computed at the ring centroid and 1 A above the ring
centroid, respectively. Generally, the more negative are the
NICSs, the higher is the ring aromaticity and vice-versa. Anti-
aromaticity is indicated by a positive NICS. A non-aromatic
system exhibits a near-zero NICS value. NICSs are measured
using the current of m-aromatic ring systems; however, the
ring current of 6-bonds contaminates the NICS(0) current strength.
Therefore, NICS(1) values are considered more suitable
because 1 A above the centroid, the ring current mainly comprises
n-electrons (Fig. 1). NICS(1) can be a suitable descriptor that
represents T-interactions between drugs and proteins because
it is a measure of the m-electron ring current of an aromatic
system. Recently, to establish QSAR models for COX-2 inhibitors,
Sarkal ef al. [14] introduced NICS(1) as quantum chemical
descriptors, for the first time.

Fig. 1. Ring current on and above 1 A an aromatic planar moiety. The
strength of the current related to NICS(0) value on the ring and
NICS(1) value above 1 A

Group frontier electron density (F,): The distribution
of electrons associated with two frontier orbitals, namely HOMO
and LUMO, is frontier electron density. HOMO and LUMO
play a crucial role in various chemical reactions of unsaturated
and saturated molecules thereby determine their reactivity. The
two reactivity indices, electrophilic and nucleophilic frontier
electron densities, were applied to evaluate the role of the electron
density of frontier orbitals; Karelson et al. [15] introduced
two reactivity indices, namely electrophilic frontier electron
density (Ff) and nucleophilic frontier electron density (FY),
defined respectively as:
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where, CHOMO and CEY™O are the coefficients of the atomic

orbitals of any particular atom (kth) in HOMO and LUMO
states, respectively. AE represents the energy gap between
HOMO and LUMO.

The aforementioned frontier electron density definition
is local, i.e. this definition considers single atom contribution
in the electron density of frontier orbitals. Recently, we extended
Karelson’s definition of the density of frontier electrons to a
set of atoms that are logically related (such as aromatic rings)
belong to a larger molecule by defining the ‘density of group
frontier electrons’, which is a sum of the densities of frontier
electrons of a relevant class of atoms [ 13]. This new semi-global
reactivity index is defined for a portion of molecules, which is
also not based on atoms and not defined for an entire molecule.
During intermolecular interactions, this index can provide the
significance of the correlated atom set. According to the afore-
mentioned definition of the density of group frontier electrons,
two secondary reactivity indices were further introduced for
the characterization of electrophilic and nucleophilic attacks,
termed as electrophilic and nucleophilic group frontier electron
densities, respectively. These are defined as:
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where the summation is taken over a group of n relevant atoms.

Dataset selection and descriptor computation: Table-1
presents the activities of the protoporphyrinogen oxidase (PPO)
inhibition of several phenyl triazolines derivatives acquired
from the literature [4]. The selected molecule structures were
completely optimised by employing the density functional
theory (DFT) method [5-8] by using B3LYP/6-31G(d,p), the
hybrid density functional of Becke’s three parameters. It
includes the DFT exchange correlation functional and Hartree-
Fock exchange that used the Gaussian 03W program [16]. The
optimized structures were investigated using harmonic vibra-
tional frequencies, which indicated that the structures acquired
were the minimal on the potential energy surface. Various des-
criptors of global and local reactivities were determined using
the geometries optimised through Gaussian 03.

The NICSs were measured using the optimized geometries
of molecules by employing the GIAO technique as executed
in Gaussian 03. The densities of group frontier electrons (Fy,
FY) were determined using eqns. 3 and 4 by calculating the
sum of the densities of frontier electrons of the atoms of a
triazolinone ring.

Model derivation and validation: A training set was used
to derive QSAR models through multiple linear regression
(MLR) by employing the observed antimalarial activities and
different combinations of selected descriptors as dependent
and independent variables, respectively. According to the data
point number (n), standard error estimate (SEE), square of
correlation coefficient (r*), F-statistics (F), population (p), and
T-statistics (T), model quality was considered statistically satis-
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TABLE-1
MOLECULAR STRUCTURE FORMULA AND THEIR HERBICIDAL ACTIVITIES OF PHENYL TRIAZOLINONE DERIVATIVES

6

o)

N

F

F 5 7 10
F>—3N_ N )R,
N
No. R, R, pICs, No. R, R, pICs,
1 Cl OCH,CCH 7.6 12 Cl Br 6.5
2 Cl OCH,CHCH, 7.5 13 Cl C¢Hs 6.3
3 cl OH 72 14 cl O-(4-NHSO,Et)phenyl 6.6
4 Cl CH,OCH; 7.1 15 Cl O-(4-methoxy)phenyl 6.7
5 Cl NHSO,C,H; 7.1 16 Cl O-(4-Cl)phenyl 6.7
6 cl OCOCH, 7.1 17 al O-(4-NO,)phenyl 6.8
7 cl CH, 7.0 18 O-(4-Cl)benzyl NH, 4.9
8 cl H 6.8 19 O-(4-Clybenzyl cl 5.0
9 cl NHSO,CH, 6.7 20 Br H 6.1
10 cl OCH, 6.6 21 NO, H 52
11 Cl Cl 6.5 22 OCH(CH,) H 5.1
factory. The large values of F indicate the model fit as not being TABLE-2
a chance occurrence. The T-test was employed to determine P%N&]ﬁg%ﬁnﬁgsgfaéggL
the statistical significance of regression coefficients. Larger - —
T-test values corresponded to regression coefficients with higher hilin s Uineenfimits  Aizs welney 2 el
significance. Constant 0.70 -4.34 0.000
The acquired models were validated by measuring the 510110 LU S e
coefficients of cross-validated squared correlation (q*), which NICE(I) 0.062 -10.28 0.000
were determined using the 'leave-one-out' (LOO) test [17,18]. F ULL e 5 LY
Many researchers [19,20] have considered higher q* value (>
0.5) as an indicator for a high-predictive QSAR models. By TABLE-3
following procedures reported by Roy et al. [21], the QSAR PEARSON CORRELATION MATRIX
models derived using the training set was employed to acquire pICs, HOMO NICS (1) Fy
the prediction of the biological activity of external test sets of pICs, 1.000
seven molecules for evaluating the potential of external HOMO -0.620 1.000
predictions [21]. NICS(1) -0.530 0.005 1.000
F; -0.680 0.023 -0.035 1.000

RESULTS AND DISCUSSION

Derivation and validation of the model: To ascertain
the relationship between chemical structures of selected phenyl
triazolines derivatives and their protoporphyrinogen oxidase
(PPO) inhibition activities (pICsy) values, we have generated
various equations through different combinations of DFT based
local and global reactivity descriptors. It was kept in mind
that for the best QSAR model the number of descriptors should
be as small as possible and should have maximum correlation
coefficient for the measured activities. In the present case, the
best model was obtained using the descriptors (i) energy of
highest occupied molecular orbital (HOMO), (ii) nucleus inde-
pendent chemical shift (NICS) at aromatic ring and (iii) electro-
philic group frontier electron density at the triazolinone ring.
The model having the highest correlation coefficient is:

plCso= -3.523-0.037 HOMO -
0.526 NICS(1) - 0.00426 F; (5)

with n =22, 1> =0.886, g = 0.837, P =0.000, F = 97.19, SEE
= 0.171.

Other relevant statistical parameters have been listed in
Table-2. The pearson correlation matrix (Table-3) shows that
the descriptors are independent. The predicted pICs, values of

the training set and test set from the QSAR model is given in
Table-2 along with actual measured activity values. A graph
of actual activity versus predicted pICs of the training set and
test set has been provided in Fig. 2.
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Fig. 2. Plot of predicted [from eqn. (1)] vs. experimental pICsy
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Fig. 3. (a) HOMO and (b) LUMO of molecule 1

From eqn. 5, it is obvious that NICS(1) of aromatic ring
is the most important determining factor of the antimlarial
activity. The NICS(1) values being itself negative and the co-
efficient of the NICS(1) term being the largest in eqn. 5, a higher
magnitude of NICS(1) creates a positive contribution to the pICs,
values and thus is likely to be responsible for the antimalarial
activity of the present set of molecules. Also, a electron releasing
groups at Rs is likely to increase the NICS(1) value of aromatic
ring. From Table-1, one can see that all sulfonyloxy group
bearing molecules show comparatively higher activities. Being
a electron releasing group, sulfonyloxy group increases the
electron density on ring B and thus a higher value of the NICS(1)
in induced by this group.

The group frontier electron density of triazolinone ring is
the least important among the descriptors as the coefficient
multiplying it in eqn. 5 is hundred times smaller than the other
coefficients. Group frontier electron density itself being
positive, a high value of it tends to decrease the pICsy. The
electron density of triazolinone ring can be increased by substi-
tuting the electron releasing groups at R; and R,. The HOMO
and LUMO of the molecules are mainly located on aromatic
and triazolinone rings (Fig. 3) and partly on R, and R,. HOMO
energy being negative a high value of HOMO energy will make
a positive contribution to the activity.

Conclusion

In present work, the effectiveness of phenyl triazolinones
derivatives as potential protoporphyrinogen oxidase (PPO)
inhibitors as herbicidal products was studied. The quantitative
structure activity relationship studies based on DFT optimized
structures of the molecules reveal that NICS(1) on the aromatic
ring, electrophilic group frontier electron density and HOMO
energy of the molecules are appropriate descriptors. It can be
predicted that the baseborn of phenyl triazolinone with NO,,
CCl;, CF; as Ry and NH,, NHR, OH, NR; (R = alkyl) as R, exhibit
good activity.
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