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Abstract
Mosquitoes are not only the cause of nuisance by their bites but also transmit deadly diseases like malaria, filariasis, yellow fever, dengue,
and Japanese encephalitis. In this paper, nine QSAR models were developed using different series of organotins with respect to their larvicidal
activities against Aedes aegypti and Anopheles stephensi mosquito larvae. Internal [cross-validation (LOO-q2), quality factor (Q), Fischer sta-
tistics (F ), and Y-randomization] and external validation tests have validated all these QSAR models. QSAR results suggest that the two
most important determinants for the toxicity are the hydrophobic (p) and Hammett electronic (sþ) parameters of the substituents, and the
kill mechanism is different for these two species of mosquito larvae. On the basis of QSAR (6), nine compounds 4ae4i are suggested as po-
tential synthetic targets.
� 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Mosquitoes (one of the most important single group of in-
sects) are not only the cause of nuisance by their bites but also
transmit deadly diseases like malaria, filariasis, yellow fever,
dengue, and Japanese encephalitis, which contribute signifi-
cantly to poverty and social debility in tropical countries, caus-
ing millions of death every year [1e3]. Mosquitoes in the
genus Anopheles are vectors of human malaria, and certain
species of Aedes mosquito are responsible for the transmission
of yellow fever, dengue and other pathogenic viruses [4]. Ma-
laria is one of the most widespread infectious diseases in the
world. This disease is estimated to kill between 1.5 and 2.7
million people every year, most of them African children un-
der 5 years of age [5].

Repeated use of synthetic insecticides for mosquito control
has fostered several environmental and human health con-
cerns, including disruption of naturalebiological control sys-
tems, resurgences in mosquito populations, widespread
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development of resistance, and undesirable effects on non-tar-
get organisms [2,3]. These problems have highlighted the need
of new strategies for mosquito control. Plants may be an alter-
native source of insecticidal agents because they constitute
a rich source of bioactive chemicals [6]. Much effort has
been focused on plant extracts or phytochemicals as potential
sources of commercial mosquito-control agents or bioactive
chemical compounds [7e10]. However, insecticides of plant
origin have been extensively used on agricultural pests and
to a very limited extent, against insect vectors of public health
importance. Thus, the current emphasis for chemists is on the
production of novel types of insecticide that prevent insect re-
sistance and that are environmentally friendly with relatively
long-term effects. The development of these kinds of insecti-
cides would be of worldwide interest.

It is well documented that the organotin compounds display
strong biocidal activities. Most of these compounds are gener-
ally very toxic, even at low concentration. The toxic activities
of organotin compounds are found to be dependent on the
number and nature of the organic groups bound to the central
Sn atom. It has been observed that compounds with three Sne
C bonds (R3SnX) show the highest biological activity [11,12].
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Recently, in the interest of developing a more effective insec-
ticide against the Aedes aegypti (Ae. aegypti) and Anopheles
stephensi (An. stephensi) mosquitos, several classes of organo-
tins have been synthesized and screened against their larvae
and the adult mosquitos. The toxicity studies indicated that
the organotins are effective against these two species of mos-
quito larvae [13e17]. In this paper, nine QSAR (Quantitative
structureeactivity relationship) models were developed on
four different series of organotin compounds (R3SnX) with re-
spect to their larvicidal activities against the second instar
stage of the Ae. aegypti and An. stephensi mosquito larvae to
understand their chemicalebiological interaction.

In the past 44 years, the use of QSAR (one of the well
developed areas in computational chemistry), since the ad-
vent of this methodology [18], has become increasingly
helpful in understanding many aspects of chemicalebiolog-
ical interactions in drug and pesticide research, as well as in
the areas of toxicology. This method is useful in elucidating
the mechanisms of chemicalebiological interaction in vari-
ous biomolecules, particularly enzymes, membranes, organ-
elles, and cells, as well as in humans [19e21]. It has also
been utilized for the evaluation of absorption, distribution,
metabolism, and excretion (ADME) phenomena in many or-
ganisms and in whole animal studies [22]. The QSAR ap-
proach employs extrathermodynamically derived and
computational-based descriptors to correlate biological activ-
ity in isolated receptors, cellular systems, and in vivo. Four
standard molecular descriptors routinely used in QSAR
analysis are electronic, hydrophobic, steric, and topological
indices. The quality of a QSAR model, however, depends
mainly on the type and quality of the data, and is valid
only for the compound structures analogous to those used
to build the model. QSAR models can stand alone, augment
other computational approaches, or be examined in tandem
with equations of a similar mechanistic genre to establish
their authenticity and reliability [23]. Potential use of
QSAR models for screening of chemical databases or virtual
libraries before their synthesis appears equally attractive to
chemical manufacturers, pharmaceutical companies and gov-
ernment agencies.

2. Methods

All the data have been collected from the literature (see in-
dividual QSAR for respective references). IC50 is the concen-
tration at which the test compounds killed 50% of the
mosquito larvae, which is expressed in molar concentration.
log 1/IC50 is the subsequent dependent-variable that defines
the biological parameter for QSAR development. Physico-
chemical descriptors are auto-loaded, and multi-regression
analysis (MRA) is used to derive the QSAR by utilizing the
C-QSAR program [24]. Selection of descriptors is made on
the basis of permutation and correlation matrices among the
descriptors in order to avoid collinearity problems. Details
about the C-QSAR program, the search engine, the choice
of parameters and their use in the development of QSAR
models, have already been discussed [25,26].
The parameters used in this paper have already been dis-
cussed in detail along with their application [19]. Briefly,
log P is the calculated partition coefficient of a compound
in n-octanol/water and is a measure of its hydrophobicity,
while p is the hydrophobic parameter for substituents
only. s, sþ and s� are Hammett electronic parameters
that apply to substituent effects on aromatic systems. ES

is Taft’s steric parameter for substituents. MR is the calcu-
lated molar refractivity for the whole molecule. Molar re-
fractivity (MR) is calculated from the LorentzeLorenz
equation and is described as follows: [(n2� 1)/
(n2þ 2)](MW/d), where n is the refractive index, MW is
the molecular weight, and d is the density of the substance.
MR is dependent on volume and polarizability. It can be
used for a substituent or for the whole molecule. The indi-
cator variable I is assigned the value of 1 or 0 for special
features with special effects that cannot be parametrized
and has been explained wherever used.

In QSAR equations, n is the number of data points, r is the
correlation coefficient between observed values of the depen-
dent and the values calculated from the equation, r2 is the
square of the correlation coefficient and represents the good-
ness of fit, q2 is the cross-validated r2 (a measure of the quality
of the QSAR model), and s is the standard deviation. The
cross-validated r2 (q2) is obtained by using leave-one-out
(LOO) procedure as described by Cramer et al. [27]. Q is
the quality factor (quality ratio), Q¼ r/s, where r is the corre-
lation coefficient and s is the standard deviation. Chance cor-
relation, due to the excessive number of parameters (which
increases the r and s values also), can, thus, be detected by
the examination of the Q value. High values of Q indicate
the high predictive power of the QSAR models and the lack
of ‘‘overfitting’’. F is the Fischer statistics (Fischer ratio),
F¼ fr2/[(1� r2)m], where f is the number of degrees of free-
dom, f¼ n� (mþ 1), n is the number of data points, and m
is the number of variables. The F-value is actually the ratio be-
tween explained and unexplained variance for a given number
of degrees of freedom. Thus, it indicates a true relationship, or
the significance level for the MLR models. The modeling was
taken to be optimal when Q reached a maximum together with
F, even if slightly non-optimal F-values have normally been
accepted. A significant decrease in F with the introduction
of one additional variable (with increasing Q and decreasing
s) could mean that the new descriptor is not as significant as
expected, that is, its introduction has endangered the statistical
quality of the combination. However, the statistical quality
could be improved by the introduction of a more convincing
descriptor [28e30]. Compounds were deemed to be outliers
on the basis of their deviation between observed and calcu-
lated activities from the equation (>2s) [31e34]. Each regres-
sion equation includes 95% confidence limits for each term in
parentheses.

3. Results and discussion

A series of triorganotin 2,2,3,3-tetramethylcyclopropane-
carboxylates 1 was synthesized and evaluated for their



Table 1

Biological and physicochemical parameters used to derive QSAR Eqs. (1) and (2) for the toxicity of triorganotin 2,2,3,3-tetramethylcyclopropanecarboxylates 1 to

Aedes aegypti and Anopheles stephensi mosquito larvae

No. R log 1/IC50 [Eq. (1)] log 1/IC50 [Eq. (2)] pR MRR

Obsd. Pred. D Obsd. Pred. D

1e1 CH3 5.53 5.49 0.04 4.98 4.90 0.08 0.56 0.56

1e2 C2H5 5.45 5.74 �0.29 4.79 5.16 �0.37 1.02 1.03

1e3 n-C3H7 6.16 6.02 0.14 5.76 5.47 0.29 1.55 1.50

1e4 n-C4H9 6.33 6.34 �0.01 5.99 5.81 0.18 2.13 1.96

1e5 C6H5 6.55 6.25 0.30 5.70 5.71 �0.01 1.96 2.54

1e6 C6H11 6.53 6.71 �0.18 6.03 6.21 �0.18 2.82 2.67
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larvicidal activities against the second instar stage of the Ae.
aegypti, An. stephensi, and Culex pipiens quinquefasciatus
mosquito larvae by Song et al. [12]. From these data, they de-
veloped the following three QSAR models:

SnR3

O

1

(i) For the Ae. aegypti mosquito larvae, a QSAR was devel-
oped between the toxicity of the compounds 1 and the
principal moment of inertia along the z-axis of the com-
pounds (Iz). The equation generated was
LC50¼�0.00035� (Iz)þ 1.74 with a multiple R2 of
0.79 and a cross-validation of 0.50. LC50 is the concen-
tration at which the test compounds killed 50% of the
mosquito larvae, which is expressed in ppm.

(ii) For the An. stephensi mosquito larvae, the toxicity of the
compounds 1 was correlated to the dipole moment of the
molecule along the x-axis (Px). The QSAR equation gen-
erated was LC50¼ 6.03� (Px)þ 0.244 with a multiple
R2 of 0.92 and a cross-validation of 0.095. In this corre-
lation, the authors [12] were unable to accommodate the
ethyl derivative of the complex (1, R¼ C2H5) and this
compound was considered to be an outlier.

(iii) For the Cx. pipiens quinquefasciatus mosquito larvae,
the toxicity of the compounds 1 was correlated to
the surface area of the molecule. The QSAR equation
generated was LC50¼�0.007� (surface area)þ 2.52
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Fig. 1. Plot of observed versus predicted log 1/IC50 [Eq. (1)].
with a multiple R2 of 0.92 and a cross-validation of
0.095.

All the above three QSAR equations were obtained by us-
ing different descriptors of the molecules suggesting that the
interactions between the molecules and larvae are different
for each species. On the basis of these observations the authors
[12] suggested that the kill mechanism is different for each
species of larvae.

The advantage of using triorganotins as a potential larvicide
lies in their ability to biodegrade in the environment to non-
toxic tin species. Further, these three species of mosquitos
have no reported resistance towards triorganotins [12,35].
These facts encourage us to reevaluate the toxicity data of or-
ganotins 1 against Ae. aegypti and An. stephensi mosquito lar-
vae, to find out any possible similar kill mechanism, and also
about the contribution of hydrophobic descriptors of R-groups
[Eqs. (1) and (2)].
3.1. Toxicity of triorganotin 2,2,3,3-
tetramethylcyclopropanecarboxylates 1 to Ae. aegypti
mosquito larvae. Data obtained from Song et al. [12]
log 1=IC50 ¼ 0:54ð�0:36ÞpRþ 5:19ð�0:66Þ
n¼ 6; r2 ¼ 0:811; s¼ 0:237; q2 ¼ 0:568;

Q¼ 3:802; F1;4 ¼ 17:164 ð1Þ
Hydrophobicity of R-groups (pR) is found to be the single

most important parameter for this data set (Table 1). The linear
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Fig. 2. Plot of observed versus predicted log 1/IC50 [Eq. (2)].



Table 2

Biological and physicochemical parameters used to derive QSAR Eq. (3) for

the toxicity of triphenyltin para-substituted benzoates 2 to Aedes aegypti mos-

quito larvae

No. X log 1/IC50 [Eq. (3)] pX MRX

Obsd. Pred. D

2e7 H 5.75 5.76 �0.01 0.00 0.10

2e8 F 5.74 5.73 0.01 0.14 0.09

2e9a Cl 6.23 5.78 0.45 0.71 0.60

2e10 Br 5.87 5.84 0.03 0.86 0.89

2e11 I 5.86 5.95 �0.09 1.12 1.39

2e12 OCH3 6.10 5.99 0.11 �0.02 0.79

2e13 OH 5.86 5.96 �0.10 �0.67 0.29

2e14 NO2 6.12 6.02 0.10 �0.28 0.74

2e15 NH2 6.12 6.16 �0.04 �1.23 0.54

2e16 CH3 5.78 5.79 �0.01 0.56 0.56

2e17 C(CH3)3 5.95 5.95 0.00 1.98 1.96

a Not used in the derivation of Eq. (3).
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pR model suggests that the compounds with highly hydropho-
bic R-groups will be more active. A comparison between ob-
served and predicted log 1/IC50 of organotin derivatives 1 used
in the development of QSAR Eq. (1) is shown in Fig. 1.

It is interesting to note here that there is a high mutual cor-
relation between pR and MRR (r¼ 0.944). Where, MRR is the
molar refractivity of R-groups. Thus, it is very hard to predict
for this data set if it is a positive hydrophobic or polarizability
effect of the R-groups. We derived Eq. (1a) in term of MRR.
log 1=IC50 ¼ 0:55ð�0:27ÞMRR þ 5:15ð�0:50Þ
n¼ 6; r2 ¼ 0:891; s¼ 0:180; q2 ¼ 0:781;

Q¼ 5:244; F1;4 ¼ 32:697 ð1aÞ

Although, statistics of Eq. (1a) are better than those of Eq.
(1), we preferred Eq. (1) because the descriptor pR is more in-
formative than that of MRR. Molar refractivity (MRR) is the
parameter to measure the combined effect of bulk and polariz-
ability of R-groups.
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Fig. 3. Plot of observed versus predicted log 1/IC50 [Eq. (3)].
3.2. Toxicity of triorganotin 2,2,3,3-
tetramethylcyclopropanecarboxylates 1 to An. stephensi
mosquito larvae. Data obtained from Song et al. [12]
log 1=IC50 ¼ 0:58ð�0:41ÞpRþ 4:57ð�0:76Þ
n¼ 6; r2 ¼ 0:792; s¼ 0:270; q2 ¼ 0:538;

Q¼ 3:296; F1;4 ¼ 15:231 pR versus MRR;

r ¼ 0:944 ð2Þ

log 1=IC50 ¼ 0:52ð�0:50ÞMRRþ 4:65ð�0:93Þ
n¼ 6; r2 ¼ 0:682; s¼ 0:333; q2 ¼ 0:408;

Q¼ 2:480; F1;4 ¼ 8:579 ð2aÞ

We preferred Eq. (2) on the basis of the above reason as
well as on their statistics, which are better than those of Eq.
(2a) (Table 1). It is also interesting to note here that Eq. (2a)
is statistically not significant. A comparison between observed
and predicted log 1/IC50 of organotin derivatives 1 used in the
development of QSAR Eq. (2) is shown in Fig. 2.

Reasonable QSARs (1) and (2) with correlation coefficients
r2¼ 0.811 and 0.792 were obtained for the toxicities of orga-
notins 1 to Ae. aegypti and An. stephensi mosquito larvae with
pR (hydrophobicity of R-groups). However, owing to the lim-
ited number of compounds used in generating the QSARs,
care should be taken in their use. QSAR Eq. (1) is very similar
to that of (2) expressing the similar kill mechanism for both
species of larvae, which is contradictory to the findings of
Song et al. [12].

Duong et al. [14] synthesized two series of organotin com-
pounds that are triphenyltin para-substituted benzoates 2 and
tricyclohexyltin para-substituted benzoates 3, and evaluated
their larvicidal activities against the second instar stage of
the Ae. aegypti and An. stephensi mosquito larvae.

O
SnPh3

O

X

O
Sn(C6H11)3

O

X

32

The authors [14] failed to generate a QSAR model from the
toxicity data of these compounds against Ae. aegypti mosquito
larvae but succeeded against that of An. stephensi. The QSAR
was generated using the formula weights (fw) and the valence
3rd path c index (xvp3) of the molecules. The equation was
LC50¼ 0.0120(fw)� 0.308(xvp3)þ 2.52 with a multiple R2

of 0.78 and a cross-validation of 15.8. On the basis of this find-
ing, the authors [14] suggested that the kill mechanism is dif-
ferent for these two species of mosquitoes.

We are interested to evaluate the contribution of X-substit-
uents on the kill activity of organotins 2 and 3 against Ae. ae-
gypti and An. stephensi mosquito larvae, and developed three
QSAR models [(3)e(5)]. One QSAR for the toxicity of com-
pounds 2 against An. stephensi mosquito larvae was not



Table 3

Biological and physicochemical parameters used to derive QSAR Eqs. (4) and (5) for the toxicity of tricyclohexyltin para-substituted benzoates 3 to Aedes aegypti

and Anopheles stephensi mosquito larvae

No. X log 1/IC50 [Eq. (4)] log 1/IC50 [Eq. (5)] pX ES�X sX
þ

Obsd. Pred. D Obsd. Pred. D

3e18 H 5.73 5.74 �0.01 5.87 5.76 0.11 0.00 0.00 0.00

3e19 F 5.55 5.70 �0.15 5.55 5.82 �0.27 0.14 �0.55 �0.07

3e20 Cl 5.74 5.77 �0.03 5.97 5.67 0.30 0.71 �0.97 0.11

3e21 Br 5.80 5.78 0.02 5.29 5.64 �0.35 0.86 �1.16 0.15

3e22 I 5.86 5.77 0.09 5.68 5.65 0.03 1.12 �1.62 0.14

3e23a OCH3 5.99 5.66 0.33 6.42 6.40 0.02 �0.02 �0.55 �0.78

3e24 OH 5.54 5.52 0.02 6.43 6.52 �0.09 �0.67 �0.55 �0.92

3e25b NO2 5.29 5.36 �0.07 5.65 5.11 0.54 �0.28 �2.52 0.79

3e26b NH2 5.49 5.39 0.10 5.59 6.83 �1.24 �1.23 �0.61 �1.30

3e27 CH3 5.70 5.70 0.00 6.14 6.02 0.12 0.56 �1.24 �0.31

3e28 C(CH3)3 5.82 5.81 0.01 6.10 5.98 0.12 1.98 �2.78 �0.26

a Not used in the derivation of Eq. (4).
b Not used in the derivation of Eq. (5).

264 C. Hansch, R.P. Verma / European Journal of Medicinal Chemistry 44 (2009) 260e273
formulated. This may be not possible due to a very low vari-
ation in the values of their log 1/IC50.
3.3. Toxicity of triphenyltin para-substituted benzoates 2
to Ae. aegypti mosquito larvae. Data obtained from
Duong et al. [14]
log 1=IC50 ¼�0:21ð�0:10ÞpX þ 0:32ð�0:16ÞMRX

þ 5:73ð�0:12Þ
n¼ 10; r2 ¼ 0:789; s¼ 0:078; q2 ¼ 0:646;

Q¼ 11:385; F2;7 ¼ 13:088 outlier : X ¼ Cl ð3Þ

pX and MRX are the hydrophobic and molar refractivity pa-
rameters of X-substituents (Table 2). Negative coefficient of
pX suggests that the toxicity of these compounds decreases
with the increase of hydrophobicity of X-substituents. On the
other hand, an increase in the molar refractivity of X-substitu-
ents increases the toxicity of these compounds (positive coef-
ficient). One compound (2e9, X¼Cl) was not used in the
derivation of Eq. (3) due to the high deviation between the ob-
served and predicted toxicity(Obsd.� Pred.¼ 6.23� 5.78¼
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Fig. 4. Plot of observed versus predicted log 1/IC50 [Eq. (4)].
0.45> 5� s). A comparison between observed and predicted
log 1/IC50 of organotin derivatives 2 used in the development
of QSAR Eq. (3) is shown in Fig. 3.
3.4. Toxicity of tricyclohexyltin para-substituted
benzoates 3 to Ae. aegypti mosquito larvae. Data
obtained from Duong et al. [14]
log 1=IC50 ¼ 0:22ð�0:08ÞpX þ 0:13ð�0:08ÞES�X

þ 5:74ð�0:11Þ
n¼ 10; r2 ¼ 0:849; s¼ 0:080; q2 ¼ 0:592;

Q¼ 11:513; F2;7 ¼ 19:679 outlier : X ¼ OCH3 ð4Þ

Positive pX suggests that the toxicity of these compounds
increases with the increase of hydrophobicity of X-substituents
(Table 3). ES�X is Taft’s steric parameter for X-substituents.
Since the values of ES�X constants are all negative, the positive
coefficient with this term in Eq. (4) indicates a small steric ef-
fect. In other words, the smaller the substituent, the stronger
the toxicity is. This might be due to polarizability of the
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Fig. 5. Plot of observed versus predicted log 1/IC50 [Eq. (5)].



Table 4

knotp values of the compound’s fragment containing xc3 and xpc4 subgraphs

No. Fragment Description xc3 xpc4 knotp

1 1 Cluster-3 0 Path cluster-4 0.5774 0.0000 0.5774

2 1 Cluster-3 1 Path cluster-4 0.4082 0.4082 0.0000

3 1 Cluster-3 2 Path cluster-4 0.2887 0.5774 �0.2887

4 1 Cluster-3 3 Path cluster-4 0.2041 0.6124 �0.4083
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X-substituent. One compound (3e23, X¼OCH3) was not
used in the derivation of Eq. (4) due to the high deviation
between the observed and predicted toxicity (Obsd.�
Pred.¼ 5.99� 5.66¼ 0.33> 4� s). A comparison between
observed and predicted log 1/IC50 of organotin derivatives
3 used in the development of QSAR Eq. (4) is shown
in Fig. 4.
3.5. Toxicity of tricyclohexyltin para-substituted
benzoates 3 to An. stephensi mosquito larvae. Data
obtained from Duong et al. [14]
log 1=IC50 ¼�0:82ð�0:46ÞsþX þ 5:76ð�0:20Þ
n¼ 9; r2 ¼ 0:719; s¼ 0:218; q2 ¼ 0:565;

Q¼ 3:890; F1;7 ¼ 17:911 outliers :

X ¼ NO2; NH2 ð5Þ

sX
þ is the values of sþ of X-substituents (Table 3). The nega-

tive coefficient with sX
þ (�0.82) implies that highly electron re-

leasing substituents at position X (e.g. NHCH3, N(CH3)3, etc.)
Table 5

Biological and physicochemical parameters used to derive QSAR Eqs. (6) and (7

Anopheles stephensi mosquito larvae

No. X Y log 1/IC50 [Eq. (6)]

Obsd. Pred. D

4e29 H Cl 5.18 5.27 �0.09

4e30 H OH 5.39 5.27 0.12

4e31a H OAc 5.25 5.27 �0.02

4e32 CH3 Cl 5.61 5.64 �0.03

4e33 CH3 OH 5.72 5.64 0.08

4e34 CH3 OAc 5.58 5.64 �0.06

4e35 F Cl 5.72 5.90 �0.18

4e36 F OH 5.93 5.90 0.03

4e37 F OAc 6.05 5.90 0.15

4e38 Cl Cl 5.48 5.54 �0.06

4e39 Cl OH 5.64 5.54 0.10

4e40 Cl OAc 5.48 5.54 �0.06

4e41 SCH3 Cl ND 5.01 ND

4e42 SCH3 OH ND 5.01 ND

4e43 SCH3 OAc ND 5.01 ND

ND¼ not determined.
a Not used in the derivation of Eq. (7).
will enhance the kill activity of compounds 3 to An. stephensi
mosquito larvae. Two compounds (3e25, X¼NO2 and 3e26,
X¼NH2) were not used in the development of Eq. (5). The out-
lier (3e25, X¼NO2) is much more active than the expected by
2.5 times the standard deviation. This may be due to the forma-
tion of the nitro anion radical that interact with DNA [20]. The
other derivative (3e26, X¼NH2) was also considered to be an
outlier due to being much less active than expected by 5.7 times
the standard deviation. This anomalous behavior may be attrib-
uted due to its nature as aniline. This could result in the hydro-
gen abstraction [20,36]. A comparison between observed and
predicted log 1/IC50 of organotin derivatives 3 used in the devel-
opment of QSAR Eq. (5) is shown in Fig. 5.

Eqs. (4) and (5) for the kill activities of tricyclohexyltin
para-substituted benzoates 3 are very different to each other
suggest that these compounds may act by a different kill
mechanism for these two species of larvae (Ae. aegypti and
An. stephensi mosquito larvae), which is also supported by
the findings of Duong et al. [14].

A series of tris-( para-substituted phenyl)tins 4 was also
synthesized by Song et al. [16] and evaluated for their larvi-
cidal activities against the second instar stage of the Ae.
) for the toxicity of tris-( para-substituted phenyl)tins 4 to Aedes aegypti and

log 1/IC50 [Eq. (7)] pX sX
þ

Obsd. Pred. D

6.19 6.13 0.06 0.00 0.00

6.42 6.13 0.29 0.00 0.00

7.01 6.13 0.88 0.00 0.00

5.09 5.24 �0.15 0.56 �0.31

5.22 5.24 �0.02 0.56 �0.31

5.01 5.24 �0.23 0.56 �0.31

5.80 5.92 �0.12 0.14 �0.07

5.71 5.92 �0.21 0.14 �0.07

5.87 5.92 �0.05 0.14 �0.07

5.75 5.69 0.06 0.71 0.11

5.66 5.69 �0.03 0.71 0.11

5.81 5.69 0.12 0.71 0.11

4.79 4.81 �0.02 0.61 �0.60

5.00 4.81 0.19 0.61 �0.60

4.91 4.81 0.10 0.61 �0.60
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aegypti and An. stephensi mosquito larvae. From these data,
they developed the following QSAR models:

(4 - X – C6H4)3SnY

4

(i) For the Ae. aegypti mosquito larvae, a QSAR was devel-
oped between the toxicity of the compounds 4 and two
descriptors of the molecules, the kappa shape index
(k1) and kappa alpha shape index (ka2), which is a mod-
ified version of the kappa shape index. Both of these in-
dices are attributes related to the molecular shape
encoded in the molecules. The QSAR generated was
LC50¼ 2.388� ka2� 0.9808� k1þ 2.56986 with
a multiple R2 of 0.7379 and a cross-validation of 4.36.
During the formulation of this QSAR, three compounds
(4e41, 4e42, and 4e43) were excluded due to uncertain
results.

(ii) In the case of An. stephensi mosquito larvae, a QSAR was
also developed between the toxicity of the compounds 4
and two descriptors of the molecules, the ovality and
knotp. The ovality is equal to surface/4pr2, where
r¼ (3� volume/4p)1/3 and surface is defined as the sur-
face area. The knotp descriptor gives the difference be-
tween chi cluster-3 and chi path/cluster-4 descriptor.
Thus, knotp is defined as: knotp¼ xc3� xpc4. The value
of knotp is largest where an xc3 subgraph is not associated
with an xpc4 subgraph. The knotp descriptor will differen-
tiate between xc3 and xpc4 in situations where xc3 and
xpc4 have the same value. Increased adjacent branching
of the xc3 subgraph causes an increase xpc4 value result-
ing in a decrease in the value of knotp. When the adjacent
branching involves hetero atoms the decrease in knotp is
lessened because the value of xpc4 subgraphs is reduced
by the presence of heteroatom. Every path cluster-4
(xpc4) subgraph contains a cluster-3 (xc3) subgraph and
one additional atom. Each xc3 subgraph may be associated
with up to three of these additional atoms and thus be
contained within up to three xpc4 subgraphs, as shown
in Table 4. The knotp descriptor helps to separate this over-
lapping structure information into distinct numerical
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Fig. 6. Plot of observed versus predicted log 1/IC50 [Eq. (6)].
values [37]. The QSAR generated was LC50¼�5.351�
knotpþ 25.52� ovality� 50.555 with a multiple R2 of
0.830 and a cross-validation of 28.61. In this model, all
the 15 compounds were used.

On the basis of the above QSAR equations, authors [16]
suggested that the size of the substituent on the ring is respon-
sible for their toxicity. Now, we are interested to find out any
possibility for the contribution of hydrophobicity and elec-
tronic effects of the substituents X and Y. Thus, we developed
two QSAR Eqs. (6) and (7).
3.6. Toxicity of tris-( para-substituted phenyl)tins 4 to Ae.
aegypti mosquito larvae. Data obtained from Song et al.
[16]
log 1=IC50 ¼ 6:46ð�2:32ÞpX � 8:91ð�3:23Þp2
X

þ 1:49ð�0:86ÞsþX þ 5:28ð�0:15Þ
n¼ 12; r2 ¼ 0:851; s¼ 0:115; q2 ¼ 0:664;

Q¼ 8:017; F3;8 ¼ 15:230 optimum

pX ¼ 0:36ð0:35� 0:38Þ pX versus sþX ; r ¼ 0:056 ð6Þ

It is a parabolic correlation in terms of pX (hydrophobicity
of X-substituents) followed by linearly related to sX

þ (sþof X-
substituents), which suggests that the kill activities of com-
pounds 4 against Ae. aegypti mosquito larvae first increases
with an increase in hydrophobicity of X-substituents up to an
optimum value of pX¼ 0.36 and then decreases (Table 5).
The positive coefficient with sX

þ (1.49) implies that highly
electron withdrawing substituents at position X (e.g. NO2,
CN, CHO, CF3, COCF3, etc.) will enhance the kill activity
of the compounds. No contribution of Y-substituents was
found. Thus, one should increase the toxicity of compounds
4 to Ae. aegypti mosquito larvae by boosting the electron with-
drawing nature of X-substituents and preserving pX z 0.36. A
comparison between observed and predicted log 1/IC50 of or-
ganotin derivatives 4 used in the development of QSAR Eq.
(6) is shown in Fig. 6.
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Fig. 7. Plot of observed versus predicted log 1/IC50 [Eq. (7)].



Table 6

Biological, physicochemical, and structural parameters used to derive QSAR Eqs. (8) and (9) for the toxicity of triorganotin 2,2,3,3-tetramethylcyclopropane-car-

boxylates 1, triphenyltin para-substituted benzoates 2, tricyclohexyltin para-substituted benzoates 3, and tris-( para-substituted phenyl)tins 4 to Aedes aegypti and

Anopheles stephensi mosquito larvae

No. log 1/IC50 [Eq. (8)] log 1/IC50 [Eq. (9)] log P MR I1 I3 I4

Obsd. Pred. D Obsd. Pred. D

1e1b 5.53 5.53 0.00 4.98 7.11 �2.13 1.68 6.94 1 0 0

1e2b 5.45 5.76 �0.31 4.79 6.81 �2.02 3.27 8.33 1 0 0

1e3b 6.16 5.99 0.17 5.76 6.51 �0.75 4.86 9.73 1 0 0

1e4 6.33 6.23 0.10 5.99 6.21 �0.22 6.45 11.12 1 0 0

1e5 6.55 6.25 0.30 5.70 5.79 �0.09 6.64 13.09 1 0 0

1e6 6.53 6.42 0.11 6.03 5.73 0.30 7.78 13.37 1 0 0

2e7c 5.75 5.94 �0.19 5.19 5.28 �0.09 4.47 12.49 0 0 0

2e8c 5.74 5.96 �0.22 5.09 5.27 �0.18 4.62 12.50 0 0 0

2e9c 6.23 6.04 0.19 5.21 5.17 0.04 5.19 12.98 0 0 0

2e10c 5.87 6.06 �0.19 5.25 5.11 0.14 5.34 13.26 0 0 0

2e11c 5.86 6.10 �0.24 5.10 5.00 0.10 5.60 13.79 0 0 0

2e12c 6.10 5.93 0.17 5.13 5.15 �0.02 4.39 13.10 0 0 0

2e13c 5.86 5.84 0.02 5.40 5.24 0.16 3.81 12.64 0 0 0

2e14c 6.12 5.90 0.22 5.05 5.15 �0.10 4.22 13.10 0 0 0

2e15c 6.12 5.76 0.36 5.26 5.20 0.06 3.25 12.86 0 0 0

2e16c 5.78 6.01 �0.23 5.00 5.18 �0.18 4.97 12.95 0 0 0

2e17c 5.95 6.20 �0.25 5.12 4.88 0.24 6.30 14.34 0 0 0

3e18 5.73 5.61 0.12 5.87 6.18 �0.31 4.47 12.49 0 1 0

3e19b 5.55 5.63 �0.08 5.55 6.18 �0.63 4.62 12.50 0 1 0

3e20 5.74 5.71 0.03 5.97 6.07 �0.10 5.19 12.98 0 1 0

3e21b 5.80 5.73 0.07 5.29 6.01 �0.72 5.34 13.26 0 1 0

3e22 5.86 5.77 0.09 5.68 5.90 �0.22 5.60 13.79 0 1 0

3e23a 5.99 5.60 0.39 6.42 6.05 0.37 4.39 13.10 0 1 0

3e24 5.54 5.51 0.03 6.43 6.15 0.28 3.81 12.64 0 1 0

3e25 5.29 5.57 �0.28 5.65 6.05 �0.40 4.22 13.10 0 1 0

3e26b 5.49 5.43 0.06 5.59 6.10 �0.51 3.25 12.86 0 1 0

3e27 5.70 5.68 0.02 6.14 6.08 0.06 4.97 12.95 0 1 0

3e28 5.82 5.87 �0.05 6.10 5.78 0.32 6.30 14.34 0 1 0

4e29 5.18 5.35 �0.17 6.19 5.85 0.34 3.57 9.82 0 0 1

4e30 5.39 5.34 0.05 6.42 5.92 0.50 3.51 9.48 0 0 1

4e31b 5.25 5.33 �0.08 7.01 5.72 1.29 3.46 10.44 0 0 1

4e32 5.61 5.57 0.04 5.09 5.55 �0.46 5.06 11.21 0 0 1

4e33 5.72 5.56 0.16 5.22 5.62 �0.40 5.00 10.87 0 0 1

4e34 5.58 5.55 0.03 5.01 5.42 �0.41 4.96 11.83 0 0 1

4e35 5.72 5.41 0.31 5.80 5.84 �0.04 3.99 9.86 0 0 1

4e36a 5.93 5.40 0.53 5.71 5.91 �0.20 3.93 9.52 0 0 1

4e37a 6.05 5.39 0.66 5.87 5.71 0.16 3.89 10.49 0 0 1

4e38 5.48 5.66 �0.18 5.75 5.53 0.22 5.70 11.29 0 0 1

4e39 5.64 5.65 �0.01 5.66 5.61 0.05 5.64 10.95 0 0 1

4e40 5.48 5.64 �0.16 5.81 5.40 0.41 5.60 11.91 0 0 1

4e41 ND 5.59 ND 4.79 5.03 �0.24 5.24 13.63 0 0 1

4e42 ND 5.58 ND 5.00 5.10 �0.10 5.18 13.29 0 0 1

4e43 ND 5.58 ND 4.91 4.90 0.01 5.14 14.25 0 0 1

ND¼ not determined.
a Not used in the derivation of Eq. (8).
b Not used in the derivation of Eq. (9).
c Not used in the development of a separate QSAR for the toxicity of organotins 2 to An. stephensi mosquito larvae.
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3.7. Toxicity of tris-( para-substituted phenyl)tins 4 to An.
stephensi mosquito larvae. Data obtained from Song
et al. [16]
log 1=IC50 ¼�0:83ð�0:37ÞpX þ 1:36ð�0:39ÞsþX
þ 6:13ð�0:18Þ n¼ 14; r2 ¼ 0:914;

s¼ 0:162; q2 ¼ 0:862; Q¼ 5:901; F2;11 ¼ 58:453

pX versus sþX ; r ¼ 0:337 outlier : X ¼ H; Y¼ OAc ð7Þ
The negative coefficient with pX suggests that the highly
hydrophilic X-substituents will increase the toxicity (Table
5). On the other hand, the positive coefficient with sX

þ (1.36)
implies that highly electron withdrawing X-substituents (e.g.
NO2, CN, CHO, CF3, COCF3, etc.) will enhance the toxicity
of the compounds. Again, no contribution of Y-substituents
was found. One compound (4e31, X¼H, Y¼OAc) was
not used in the derivation of Eq. (7) due to the high devi-
ation between the observed and predicted toxicity
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Fig. 8. Plot of observed versus predicted log 1/IC50 [Eq. (8)].
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(Obsd.� Pred.¼ 7.01� 6.13¼ 0.88> 5� s). A comparison
between observed and predicted log 1/IC50 of organotin deriv-
atives 4 used in the development of QSAR Eq. (7) is shown in
Fig. 7.

QSAR Eqs. (6) and (7) for the kill activities of tris-( para-
substituted phenyl)tins 4 to Ae. aegypti and An. stephensi mos-
quito larvae were developed by using two same descriptors (pX

and sX
þ) but their nature is different from each other, which

suggests that these compounds may act by different kill mech-
anism for these two species of larvae.

Finally, we derived Eqs. (8) and (9) from the combined data
of organotin compounds 1e4 for better understanding about
their kill mechanism towards the two species of larvae, that
are Ae. aegypti and An. stephensi mosquito larvae.
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3.8. Toxicity of triorganotin 2,2,3,3-
tetramethylcyclopropanecarboxylates 1, triphenyltin
para-substituted benzoates 2, tricyclohexyltin para-
substituted benzoates 3, and tris-( para-substituted
phenyl)tins 4 to Ae. aegypti mosquito larvae [12,14,16]
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Fig. 9. Plot of observed versus predicted log 1/IC50 [Eq. (9)].
log 1=IC50 ¼ 0:15ð�0:05Þlog P� 0:33ð�0:15ÞI3

� 0:46ð�0:15ÞI4þ 5:28ð�0:27Þ
n¼ 37; r2 ¼ 0:711; s¼ 0:184; q2 ¼ 0:645;

Q¼ 4:582; F3;33 ¼ 27:062

outliers : 3e23; 4e36; 4e37 ð8Þ
log P is the calculated hydrophobicity for the whole mole-

cules, whereas I3 is an indicator variable taking the value of 1
or 0 for the presence or absence of compound series 3 (Table
6). Similarly, I4 is an indicator variable taking the value of 1 or
0 for the presence or absence of compound series 4. A compar-
ison between observed and predicted log 1/IC50 of organotin
derivatives 1e4 used in the development of QSAR Eq. (8) is
shown in Fig. 8.
3.9. Toxicity of triorganotin 2,2,3,3-
tetramethylcyclopropanecarboxylates 1, triphenyltin
para-substituted benzoates 2, tricyclohexyltin para-
substituted benzoates 3, and tris-( para-substituted
phenyl)tins 4 to An. stephensi mosquito larvae
[12,14,16]
log 1=IC50 ¼�0:22ð�0:07ÞMRþ 0:64ð�0:33ÞI1

þ 0:90ð�0:23ÞI3þ 7:96ð�0:85Þ
n¼ 36; r2 ¼ 0:722; s¼ 0:265;

q2 ¼ 0:635; Q¼ 3:208; F3;32 ¼ 27:703

outliers : 1e1; 1e2; 1e3; 3e19; 3e21; 3e26; 4e31

log P versus MR; r ¼ 0:424 ð9Þ
MR is the calculated molar refractivity for the whole mol-

ecules, whereas I1 is an indicator variable taking the value of 1
or 0 for the presence or absence of compound series 1 (Table
6). Similarly, I3 is an indicator variable taking the value of 1 or
0 for the presence or absence of compound series 3.
A comparison between observed and predicted log 1/IC50 of
organotin derivatives 1e4 used in the development of QSAR
Eq. (9) is shown in Fig. 9.

The combined Eqs. (8) and (9) are actually dominated by
the indicator variables. This may be due to the fact that these
equations were developed by the toxicity data of four different
series of compounds, where we can use only the descriptors
for the whole molecules and not for their substituents. Eqs.
(8) and (9) for the kill activities of organotins 1e4 to Ae. ae-
gypti and An. stephensi mosquito larvae, respectively, are very
different to each other suggests that these compounds may act
by very different kill mechanism for these two species of
larvae.

4. Validation of the QSAR models

QSAR model validation becomes an essential part in devel-
oping a statistically valid and predictive model, because the
real utility of a QSAR model is in its ability to predict accu-
rately the modeled property for new compounds. The follow-
ing approaches have been used to validate the QSAR Eqs.
[(1)e(9)].
4.1. Internal validation
- Fraction of the variance: The fraction of the variance of an
MRA model is expressed by r2. It is believed that the closer



Table 7

Y-randomization test data for Eqs. [(1)e(9)]

Eq. no. NOR-1 NOR-2 NOR-3 NOR-4 NOR-5

r2 q2 r2 q2 r2 q2 r2 q2 r2 q2

(1) 0.081 �1.830 0.132 �1.279 0.248 �0.753 0.248 �0.663 0.028 �2.746

(2) 0.022 �1.410 0.008 �1.375 0.171 �1.082 0.397 �0.334 0.009 �2.712

(3) 0.379 �0.035 0.089 �1.179 0.087 �0.761 0.091 �1.064 0.338 �0.087

(4) 0.096 �1.581 0.049 �1.555 0.000 �1.582 0.123 �1.322 0.319 �0.816

(5) 0.041 �1.207 0.426 �0.103 0.006 �0.555 0.029 �0.510 0.024 �0.344

(6) 0.282 �0.449 0.223 �0.424 0.354 �1.696 0.448 �0.094 0.301 �1.050

(7) 0.270 �0.068 0.196 �0.453 0.140 �0.585 0.221 �0.087 0.008 �0.516

(8) 0.440 0.305 0.441 0.313 0.443 0.313 0.445 0.314 0.440 0.310

(9) 0.405 0.277 0.435 0.335 0.412 0.274 0.432 0.321 0.391 0.285

NOR¼ number of Y-randomization.
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the value of r2 to unity, the better the QSAR model. The
values of r2 for these QSAR models are from 0.711 to
0.914, which suggests that these QSAR models explain
71.1e91.4% of the variance of the data. According to the
literature, the predictive QSAR model must have r2> 0.6
[38,39].

- Cross-validation test: The values of q2 for these QSAR
models are from 0.538 to 0.862. The high values of q2 val-
idate the QSAR models. According to the literature, the
predictive QSAR model must have q2> 0.5 [38,39].

- Standard deviation (s): s is the standard deviation about the
regression line. The smaller the value of s the better the
QSAR model. The values of s for these QSAR models
are 0.078e0.270.

- Quality factor (Q): Chance correlation, due to the excessive
number of parameter (which increases also the r and s
Table 8

QSAR obtained by the use of fewer numbers of descriptors than that of the origin

OEN NSQ QSAR with fewer numbers of descriptors than that of

(3) 3a log 1/IC50¼�0.05(�0.13)pXþ 5.93(�0.11)

3b log 1/IC50¼ 0.08(�0.20)MRXþ 5.86(�0.19)

(4) 4a log 1/IC50¼ 0.15(�0.10)pXþ 5.61(�0.10)

4b log 1/IC50¼ 0.001(�0.17)ES�Xþ 5.66(�0.24)

(6) 6a log 1/IC50¼ 0.10(�0.58)pXþ 5.55(�0.27)

6b log 1/IC50¼�0.46(�1.07)sX
þþ 5.56(�0.18)

6c log 1/IC50¼ 0.09(�0.60)pX� 0.45(�1.13)sX
þþ 5.53(�

6d log 1/IC50¼ 3.19(�2.16)pX� 4.35(�2.99)pX
2 þ 5.37(�

(7) 7a log 1/IC50¼�1.22(�0.86)pXþ 6.04(�0.44)

7ba log 1/IC50¼ 1.62(�0.63)sX
þþ 5.82(�0.20)

(8) 8a log 1/IC50¼ 0.16(�0.08)log Pþ 5.01(�0.39)

8b log 1/IC50¼�0.16(�0.24)I3þ 5.81(�0.13)

8c log 1/IC50¼�0.36(�0.22)I4þ 5.87(�0.11)

8d log 1/IC50¼ 0.16(�0.08)log P� 0.16(�0.20)I3þ 5.05

8e log 1/IC50¼ 0.15(�0.07)log P� 0.34(�0.17)I4þ 5.14

8f log 1/IC50¼�0.34(�0.20)I3� 0.49(�0.20)I4þ 6.00(�

(9) 9a log 1/IC50¼�0.12(�0.11)MRþ 7.07(�1.42)

9b log 1/IC50¼ 0.38(�0.58)I1þ 5.52(�0.17)

9c log 1/IC50¼ 0.61(�0.33)I3þ 5.42(�0.16)

9d log 1/IC50¼�0.13(�0.11)MRþ 0.40(�0.55)I1þ 7.07

9e log 1/IC50¼�0.20(�0.08)MRþ 0.82(�0.27)I3þ 7.88

9f log 1/IC50¼ 0.55(�0.48)I1þ 0.67(�0.32)I3þ 5.36(�0

OEN¼ original equation number; NSQ¼ number of QSAR models obtained by th
a Eq. (7b) can be considered, but the statistics of Eq. (7) are far better than that
values) is detected by the examination of Q value [28e
30]. The high values of Q (3.208e11.513) for these
QSAR models suggest their high predictive power and
lack of overfitting.

- Fischer statistics (F ): Fischer statistics (F ) is the ratio be-
tween explained and unexplained variance for a given num-
ber of degrees of freedom. The larger the value of F the
greater the probability that the QSAR equation is signifi-
cant. The F-values for these QSAR models are obtained
from 13.088 to 58.453, which are statistically significant
at the 95% level.

- Y-randomization test: In this test, the dependent-variable
vector (Y-vector) is randomly shuffled and a new QSAR
model is developed using the original independent variable
matrix. The process is repeated several times. It is expected
that the resulting QSAR models should have low r2 and low
al QSAR with their statistical parameters

the original QSAR n r2 q2 s

10 0.107 �0.470 0.150

10 0.087 �0.312 0.152

10 0.584 0.374 0.124

10 0.000 �0.992 0.192

12 0.016 �0.404 0.264

12 0.083 �0.141 0.255

0.28) 12 0.095 �0.340 0.267

0.23) 12 0.553 0.235 0.188

14 0.442 0.242 0.395

14 0.725 0.642 0.277

37 0.325 0.229 0.274

37 0.049 �0.037 0.325

37 0.248 0.177 0.289

(�0.38) 37 0.373 0.268 0.268

(�0.33) 37 0.535 0.454 0.230

0.12) 37 0.440 0.352 0.253

36 0.121 0.023 0.457

36 0.050 �0.020 0.475

36 0.289 0.218 0.411

(�1.39) 36 0.177 0.065 0.449

(�1.02) 36 0.588 0.511 0.318

.16) 36 0.388 0.309 0.387

e use of less number of descriptors than that of the original QSAR.

of Eq. (7b).



Table 9

QSAR models of the training sets (original setsetest sets) with their statistical parameters, and the comparison between the observed and predicted biological activities of the test set compounds

OEN QSAR of the training sets (original setsetest sets) used to predict the biological activities of the test set

compounds

Biological activities of the test set compounds (randomly selected)

Compd. no. log 1/IC50

Obsd. Pred. D

(1) log 1/IC50¼ 0.51(�0.44)pRþ 5.12(�0.83); n¼ 4, r2¼ 0.925, s¼ 0.184, q2¼ 0.737, Q¼ 5.228, F1,2¼ 24.667 1e3 6.16 5.92 0.24

1e5 6.55 6.13 0.42

(2) log 1/IC50¼ 0.50(�0.42)pRþ 4.75(�0.85); n¼ 4, r2¼ 0.930, s¼ 0.159, q2¼ 0.569, Q¼ 6.063, F1,2¼ 26.571 1e2 4.79 5.25 �0.46

1e3 5.76 5.52 0.24

(3) log 1/IC50¼�0.17(�0.10)pXþ 0.40(�0.23)MRXþ 5.69(�0.13); n¼ 7, r2¼ 0.896, s¼ 0.063, q2¼ 0.748,

Q¼ 15.016, F2,4¼ 17.231

2e11 5.86 6.06 �0.20

2e14 6.12 6.04 0.08

2e17 5.95 6.14 �0.19

(4) log 1/IC50¼ 0.17(�0.07)pXþ 0.12(�0.05)ES�Xþ 5.71(�0.10); n¼ 7, r2¼ 0.941, s¼ 0.040, q2¼ 0.651,

Q¼ 24.250, F2,4¼ 31.898

3e19 5.55 5.70 �0.15

3e25 5.29 5.53 �0.24

3e28 5.82 5.90 �0.08

(5) log 1/IC50¼�0.84(�0.57)sX
þþ 5.73(�0.27); n¼ 7, r2¼ 0.738, s¼ 0.244, q2¼ 0.547, Q¼ 3.521,

F1,5¼ 14.084

3e18 5.87 5.73 0.14

3e27 6.14 5.98 0.16

(6) log 1/IC50¼ 6.37(�3.18)pX� 8.88(�4.48)pX
2 þ 1.48(�1.24)sX

þþ 5.28(�0.19); n¼ 9, r2¼ 0.857, s¼ 0.124,

q2¼ 0.503, Q¼ 7.468, F3,5¼ 9.988, optimum pX¼ 0.36(0.34� 0.39)

4e33 5.72 5.60 0.12

4e36 5.93 5.89 0.04

4e39 5.64 5.48 0.16

(7) log 1/IC50¼�0.83(�0.57)pXþ 1.43(�0.65)sX
þþ 6.13(�0.31); n¼ 10, r2¼ 0.857, s¼ 0.196, q2¼ 0.593,

Q¼ 4.725, F2,7¼ 20.976

4e29 6.19 6.13 0.06

4e37 5.87 5.91 �0.04

4e41 4.79 4.76 0.03

4e43 4.91 4.76 0.15

(8) log 1/IC50¼ 0.15(�0.08)log P� 0.30(�0.19)I3� 0.40(�0.17)I4þ 5.19(�0.41); n¼ 28, r2¼ 0.667, s¼ 0.189,

q2¼ 0.549, Q¼ 4.323, F3,24¼ 16.024

1e1 5.53 5.45 0.08

1e4 6.33 6.17 0.16

1e6 6.53 6.38 0.15

2e12 6.10 5.86 0.24

2e15 6.12 5.69 0.43

3e18 5.73 5.57 0.16

3e22 5.86 5.75 0.11

3e27 5.70 5.65 0.05

4e32 5.61 5.56 0.05

(9) log 1/IC50¼�0.24(�0.10)MRþ 0.68(�0.46)I1þ 0.94(�0.31)I3þ 8.29(�1.21); n¼ 27, r2¼ 0.696, s¼ 0.301,

q2¼ 0.514, Q¼ 2.771, F3,23¼ 17.553

1e5 5.70 5.81 �0.11

2e7 5.19 5.27 �0.08

2e9 5.21 5.15 0.06

2e12 5.13 5.12 0.01

2e17 5.12 4.82 0.30

3e20 5.97 6.09 �0.12

3e27 6.14 6.10 0.04

4e35 5.80 5.91 �0.11

4e36 5.71 5.99 �0.28

OEN¼ original equation number.
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Fig. 10. Plot of observed versus predicted log 1/IC50 for nine compounds in

test set [Eq. (8), Table 9].
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q2 values. This is a widely used technique to ensure the ro-
bustness of a QSAR model. The statistical data of r2 and q2

for five runs have been listed in Table 7 [Eqs. (1)e(9)]. The
poor values of r2 and q2 in the Y-randomization test ensure
the robustness of QSAR models [31,39e41].

- Lack of overfitting: A model overfits if it includes more de-
scriptors than required. The lack of overfitting for all the
QSAR models [Eqs. (1)e(9)] was confirmed by using the
following conditions.
B Number of data points/number of descriptors� 4.
B High values of Q.
B All the QSAR models [except those with only one de-

scriptor i.e. Eqs. (1), (2), and (5)] were checked for
their correlation with a fewer numbers of descriptors
than that of the original and listed in Table 8 [42].

B Y-randomization test (Table 7) suggests that the high
r2 values of the QSAR models [Eqs. (1)e(9)] are not
due to the chance correlation or overfitting [43].
4.2. External validation
The original data sets of the QSAR models [Eqs. (1)e(9)]
were divided into training (n¼ 70e75%) and test (n¼ 25e
30%) sets in a random manner. QSAR models for these train-
ing sets were generated by using the same descriptors as those
of their respective original QSARs [Eqs. (1)e(9)] and
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Fig. 11. Plot of observed versus predicted log 1/IC50 for nine compounds in

test set [Eq. (9), Table 9].
validated from their statistics (acceptance criteria: r2> 0.6
and q2> 0.5). The validated QSAR models of these training
sets were then used to predict the biological activities of their
respective test set compounds. A very good agreement be-
tween the predicted and experimental (observed) biological
activities of the test set compounds (see Table 9) has validated
all the QSAR models [Eqs. (1)e(9)]. It is important to note
here that the QSAR models [Eqs. (8) and (9)] have reasonably
large size of test sets (each has nine compounds). Thus, the
validation of these QSAR models [Eqs. (8) and (9)] can also
be demonstrated by the comparison between observed and pre-
dicted log 1/IC50 of their respective nine test set compounds
(Table 9) as shown in Figs. 10 and 11. As it can be seen in
Figs. 10 and 11, the models exhibit remarkably good predic-
tive abilities (r2¼ 0.883 and 0.916).

5. New molecule prediction

QSAR Eq. (6) is a parabolic correlation in terms of the hy-
drophobic parameter of the X-substituents where the optimum
hydrophobicity of the X-substituents is well defined, whilst ac-
tivity is also linearly related to sX

þ (sþof X-substituents). We
believe that this equation may prove to be an adequate predic-
tive model that can help to provide guidance in design/synthe-
sis and subsequently yield very specific organotin compounds
4 that have high kill activities against Ae. aegypti mosquito lar-
vae. On the basis of this model, that is, by boosting the elec-
tron withdrawing nature of X-substituents and preserving
pX z 0.36 for the compound series 4, nine compounds 4ae
4i are suggested as potential synthetic targets. For the valida-
tion of the predictive biological activities of these suggested
compounds 4ae4i, we calculated their predicted log 1/IC50

from both of the equations i.e. the original QSAR Eq. (6)
and the QSAR of their training set. A very good agreement be-
tween the predicted biological activities obtained from both of
the equations (Table 10) has validated the predictive biological
activities of these suggested compounds 4ae4i. It can also be
demonstrated by Fig. 12, which exhibits an excellent predic-
tive ability (r2¼ 0.999). The predictive capacity of the
QSAR Eq. (6) is further judged from their high predictive
R2 (RPred

2 ¼ 0.864) value, which was calculated by Eq. (10):

R2
Pred ¼ 1�

P�
YPredðTestÞ � YTest

�2

P�
YTest � YTraining

�2 ð10Þ

In the above Eq. (10), YPred(Test) and Y(Test) are the predicted
and observed activities, respectively, of the test set compounds
and YTraining is the mean activity of the training set compounds.

It is interesting to note here that these compounds 4ae4i
are also well predicted by Eq. (7), which suggests that these
molecules may also have the high kill activities against An.
stephensi mosquito larvae. For the validation of the predictive
biological activities of these compounds 4ae4i, we also calcu-
lated their predicted log 1/IC50 from both of the equations i.e.
the original QSAR Eq. (7) and the QSAR of their training set.
Again a very good agreement between the predicted biological
activities obtained from both of the equations (Table 10) has



Table 10

Predicted log 1/IC50 of tris-( para-substituted phenyl)tins 4 against Aedes aegypti and Anopheles stephensi mosquito larvae obtained from Eqs. (6) and (7) as well as

from the equations of their training sets along with their physicochemical parameters

No. X Y log 1/IC50 (Pred.) log 1/IC50 (Pred.) pX sX
þ

Eq. (6) a Eq. (6) b Eq. (7) a Eq. (7) b

4a C^CH Cl 6.70 6.67 6.04 6.06 0.40 0.18

4b C^CH OH 6.70 6.67 6.04 6.06 0.40 0.18

4c C^CH OAc 6.70 6.67 6.04 6.06 0.40 0.18

4d COOC2H5 Cl 6.97 6.92 6.36 6.40 0.51 0.48

4e COOC2H5 OH 6.97 6.92 6.36 6.40 0.51 0.48

4f COOC2H5 OAc 6.97 6.92 6.36 6.40 0.51 0.48

4g 4-Pyridinyl Cl 8.11 8.06 7.34 7.43 0.46 1.17

4h 4-Pyridinyl OH 8.11 8.06 7.34 7.43 0.46 1.17

4i 4-Pyridinyl OAc 8.11 8.06 7.34 7.43 0.46 1.17

a Predicted log 1/IC50 from the original Eqs. (6) and (7).
b Predicted log 1/IC50 from the training set equations of the original data sets of Eqs. (6) and (7).
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validated the predictive biological activities of these com-
pounds 4ae4i. It can also be demonstrated by Fig. 13, which
exhibits an excellent predictive abilities (r2¼ 0.999). The pre-
dictive capacity of the QSAR Eq. (7) is further judged from
their high predictive R2 (RPred

2 ¼ 0.981) value, which was cal-
culated by Eq. (10).

The predicted log 1/IC50 of these compounds 4ae4i against
Ae. aegypti and An. stephensi mosquito larvae obtained from
Eqs. (6) and (7) as well as from the equations of their training
sets along with their physicochemical parameters are given in
Table 10.
6. Conclusion

In this paper, we derived seven equations from four differ-
ent compound series of organotins 1e4 for their larvicidal ac-
tivities against the second instar stage of the Ae. aegypti and
An. stephensi mosquito larvae. Finally, we combined the
data and developed two more equations to understand the
chemicalebiological interactions. Our QSAR results suggest
that the two most important determinants for the toxicity are
the hydrophobic (p) and Hammett electronic (sþ) parameters
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Fig. 12. Plot of the predicted biological activities (log 1/IC50) of suggested

compounds 4ae4i against Aedes aegypti obtained from the original QSAR

Eq. (6) and the equation of their training set [Note: only three points instead

of nine points are shown because there are only three different sets of values

for log 1/IC50 i.e. each set of three compounds have the identical values of

log 1/IC50 (see Table 10)].
of the substituents, and the kill mechanism is different for
these two species of mosquito larvae.

Out of nine QSAR models, seven contain a correlation be-
tween toxicity and hydrophobicity. A positive linear correla-
tion is found in four equations [Eqs. (1), (2), (4), and (8)].
The coefficient with the hydrophobic parameter varies consid-
erably, from a low value of 0.15 [Eq. (8)] to the high value of
0.58 [Eq. (2)]. These data suggest that toxicity might be im-
proved by increasing substituent/compound hydrophobicity.
A negative linear correlation is found in two equations [Eqs.
(3) and (7)], the coefficients are �0.21 [Eq. (3)] and �0.83
[Eq. (7)]. Less hydrophobic congeners in these compound
families might display enhanced toxicity. Parabolic correlation
with hydrophobic parameter of the substituents is found in one
equation [Eq. (6)], which reflects situation where toxicity in-
creases with increasing hydrophobicity of the substituents up
to an optimal value and then decreases. This is an encouraging
example, where the optimal value of hydrophobic parameter
of the substituents is well defined. We believe that this equa-
tion may prove to be adequate predictive model to narrow
the synthetic challenges in order to yield very specific com-
pounds 4 that may have high larvicidal activities against Ae.
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Fig. 13. Plot of the predicted biological activities (log 1/IC50) of suggested

compounds 4ae4i against Anopheles stephensi obtained from the original

QSAR Eq. (7) and the equation of their training set [Note: only three points

instead of nine points are shown because there are only three different sets

of values for log 1/IC50 i.e. each set of three compounds have the identical

values of log 1/IC50 (see Table 10)].
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aegypti mosquito larvae. On the basis of this model, nine com-
pounds 4ae4i are suggested as potential synthetic target.
These compounds are also well predicted by Eq. (7) suggest-
ing that these molecules may also have high larvicidal activi-
ties against An. stephensi mosquito larvae.

The second important parameter is Hammett electronic pa-
rameter (sþ), which is present in three equations [Eqs. (5)e
(7)]. Molar refractivity of the substituent/compound [Eqs. (3)
and (9)] and Taft’s steric parameter [Eq. (4)] are also impor-
tant, but they do not seem to play as important a role as hydro-
phobicity and Hammett electronic parameter (sþ) of the
substituents for the data sets that we have examined. Further
development of QSAR studies should not only enlarge the
areas of their application, but also increase our understanding
towards the mechanisms of chemicalebiological interactions.
This may assist in the development of new compounds with
excellent larvicidal activity.
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