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Abstract Cytotoxic activities of cis-platinum complexes

against parental and resistant ovarian cancer cell lines were

investigated by quantitative structure-activity relationship

(QSAR) analysis using density functional theory (DFT)

based descriptors. The calculated parameters were found to

increase the predictability of each QSAR model with

incorporation of solvent effects indicating its importance in

studying biological activity. Given the importance of log-

arithmic n-octanol/water partition coefficient (log Po/w) in

drug metabolism and cellular uptake, we modeled the

log Po/w of 24 platinum complexes with different leaving

and carrier ligands by the quantitative structure-property

relationship (QSPR) analysis against five different con-

centrations of MeOH using DFT and molecular mechanics

derived descriptors. The log Po/w values of an additional

set of 20 platinum complexes were also modeled with the

same descriptors. We investigated the predictability of

the model by calculating log Po/w of four compounds in the

test set and found their predicted values to be in good

agreement with the experimental values. The QSPR anal-

yses performed on 24 complexes, combining the training

and test sets, also provided significant values for the sta-

tistical parameters. The solvent medium played an

important role in QSPR analysis by increasing the internal

predictive ability of the models.

Keywords QSAR � QSPR � cis-Platinum complexes �
DFT � Solvent effect

Introduction

There is a long-standing interest in platinum complexes

because of their well established anticancer activity. The

cis-diamminedichloroplatinum(II), clinically known as

cisplatin, was first recognized as an anti-tumor agent in the

early 1970s [1]. Cisplatin has since been a paradigm for the

treatment of testicular and ovarian cancers [2–5]. The lim-

itations of usefulness of cisplatin by the development of

resistance after continued treatment and high toxicity to

some normal cells have stimulated research toward devel-

oping analogs of cisplatin with lesser toxic effects. One of

them is the carboplatin [6], a second generation drug,

which presents lower toxicity than cisplatin. The pharma-

cokinetic difference between cisplatin and carboplatin is

due to the slower rate of conversion of carboplatin to the

reactive species. In continued search of new platinum-

based drugs of improved anticancer activity, more than

3,000 platinum compounds have been prepared and tested

against several tumor cell lines. The cytotoxicity of plati-

num complexes depends on the nature of carrier and

leaving ligands. Monti et al. [7] studied the cytotoxicities

of 16 platinum complexes with different leaving and carrier

groups in two cancer cell lines. Their results confirm the

Cleare and Hoeschele’s empirical rules that the presence of

NH3 and DACH [(1R,2R)-1,2-diaminocyclohexane] as

carrier groups and chloride and oxalate as leaving ligands

yield the highest cytotoxic effects.

Hydrophobicity, measured as logarithm of the 1-octanol/

water partition coefficient (log Po/w) is a very important

property owing to its usefulness to assess biological effects
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relevant to drug action, such as lipid solubility, tissue

distribution, receptor binding, cellular uptake, metabolism,

and bioavailability. Several experimental and theoretical

studies have been devoted in determining hydrophobicity

of different organic molecules of pharmacological and

toxicological importance. However, limited studies have

been carried out on log Po/w of platinum complexes.

Screnci et al. [8] reported log Po/w of eight platinum drugs,

including four platinum(IV) drug molecules using shake-

flask method. They also derived another hydrophobicity

parameter, log kw and observed a weak correlation between

log Po/w and log kw. Platts et al. [9] calculated hydropho-

bicity of a series of 24 platinum complexes with the help of

RP-HPLC technique and found a good correlation of these

values with that derived from DFT calculations.

The ultimate goal of quantitative structure-activity and

structure-property relationship (QSAR/QSPR) studies is to

correlate the biological activity/property of a series of

compounds with some appropriate descriptors. Among

different descriptors for describing the electronic properties

of molecules, the quantum chemical descriptors based on

density functional theory (DFT) and semi-empirical

methods have been found useful in several QSAR studies

[10, 11]. In particular, net atomic charges, HOMO–LUMO

energies, frontier orbital electron densities, and superde-

localizabilities have shown to correlate with various

biological activities [12].

In recent years, DFT based reactivity descriptors

namely, global hardness (g), electronegativity (v), chemical

potential (l), electrophilicity index (x), Fukui functions

(f(r)), philicity (xk
a), etc. [13–17] have attracted consider-

able interests to describe reactivity and site selectivity of

various bio-molecules [18, 19]. The electrophilicity and

philicity indices have successfully been used to predict the

biological activity/toxicity/property of different organic

systems [20–22]. Although numerous theoretical calcula-

tions have been performed to understand the structure and

binding mechanism [23–32] of platinum drugs with DNA,

very few studies have paid attention on QSAR/QSPR

analyses of these molecules [7, 9, 33]. In a recent paper, we

have calculated cytotoxicity of platinum complexes using

electrophilicity index in solvent phase which was found to

correlate well with the experimental values [34]. However,

this single QSAR parameter failed to reproduce the

experimental cytotoxicity values in gas phase. In the

present study, we have found that DFT derived reactivity

descriptors, in particular electrophilicity and philicity in

combination with energy of next LUMO orbital can cor-

relate drug activity of cis-platinum complexes remarkably

in both gas and solvent phases. In addition, we have cal-

culated hydrophobicity of those complexes, by noting its

importance in drug action, metabolism and receptor bind-

ing. We found from QSPR analysis that DFT based

reactivity descriptors in combination with molar refrac-

tivity and surface area can be used for prediction of

hydrophobicity of platinum complexes.

Methods

Theoretical background

The global electrophilicity index (x) introduced by Parr

et al. [16] is expressed in terms of chemical potential and

hardness as:

x ¼ l2

2g
ð1Þ

where the chemical potential (l) and hardness (g) are the

partial derivatives of the system’s energy E expressed as a

functional of an external potential, vðr~Þ; and a function of

the number of electrons N:

l ¼ oE

oN

� �
mðrÞ

ð2Þ

g ¼ 1

2

o2E

oN2

� �
mðrÞ

ð3Þ

In finite difference approach, global hardness and

chemical potential can be approximated as

g ¼ IP� EA

2
ð4Þ

l ¼ � IPþ EA

2

� �
ð5Þ

where, IP and EA are the first vertical ionization potential

and electron affinity, respectively, of the chemical system.

Further approximation using Koopmans’ theorem [35],

the above parameters can be expressed by taking IP and EA

as negative of the HOMO and LUMO energies:

l ¼ ELUMO þ EHOMO

2
ð6Þ

and

g ¼ ELUMO � EHOMO

2
ð7Þ

where ELUMO is the energy of the lowest unoccupied

molecular orbital and EHOMO is the energy of the highest

occupied molecular orbital.

Recently, Chattaraj et al. [18] have defined a generalized

concept of philicity associated with a site k in a molecule

as:

xa
k ¼ xf a

k ð8Þ

where a = ?, -, and 0 represent nucleophilic,

electrophilic, and radical attacks, respectively, and f a
k ; the
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Fukui function (FF), [16] is by far the most important local

reactivity index and defined as:

f a
k ¼

dl
dmðrÞ

� �
N

¼ dqðrÞ
dN

� �
mðrÞ

ð9Þ

Mendez and Gazquez [36] and Yang and Mortier [37]

introduced a procedure to obtain information about f a
k . This

procedure condenses the values around each atomic site

into a single value that characterizes the atom in the

molecule. With this approximation, the condensed Fukui

function becomes

fþk ¼ ½qkðN þ 1Þ � qkðNÞ�
ðfor nucleophilic attack on the systemÞ ð10aÞ

f�k ¼ ½qkðNÞ � qkðN � 1Þ�
ðfor electrophilic attack on the systemÞ ð10bÞ

f 0
k ¼

1

2
½qkðN þ 1Þ � qkðN � 1Þ�

ðfor radical attack on the systemÞ
ð10cÞ

where qk(N), qk(N ? 1), and qk(N - 1) are the charges of

the kth atom for N, N ? 1 and N - 1 electron systems,

respectively.

Computational details

Full unconstrained geometry optimizations of all com-

plexes were carried out at gradient corrected DFT using the

DMol3 program [38]. The most widely used exchange-

correlation functional suggested exchange potential by

Beck [39] with gradient corrected correlation provided by

Lee, Yang and Parr [40] (BLYP) was used in combination

with double numerical with polarization (DNP) basis set to

study all the complexes in both gas and solvent phases. The

BLYP/DNP level was adopted as it can predict compara-

tively better geometry of platinum complexes as found in

our previous study [34]. The size of this DNP basis set is

comparable to the 6-31G** basis of Hehre et al. [41].

However, it is believed to be much more accurate than a

Gaussian basis set of the same size. We performed all

electron calculations, including relativistic effects for all

complexes, as available in DMol3. All complexes were

characterized as minima (no imaginary frequency) in their

potential energy surface through harmonic frequency

analysis. The reactivity descriptors electrophilicity index

(x) and local philicity xþk
� �

were calculated for all the

systems using Eqs. 1 and 8, respectively. The Hirshfeld

[42] population analysis (HPA) was used to calculate the

FF. The conductor-like screening model (COSMO) [43] as

incorporated into the DMol3 program with dielectric con-

stant of 78.4 was adopted to study the solvent (water)

effect. The molar refractivity parameter of carrier ligands

and surface area of each complex were obtained from the

MM? computations with Hyperchem software [44]. The

predictive ability of models was determined using the

‘‘leave one out’’ (LOO) cross-validation method.

QSAR/QSPR modeling

From the results of DFT calculations, different descriptors

were selected for QSAR and QSPR modeling such as, the

energy of highest occupied molecular orbital (EHOMO),

energy of lowest unoccupied molecular orbital (ELUMO),

energy of the next lowest unoccupied molecular orbital

(ENL), energy difference between LUMO and HOMO

(DL–H), dipole moments, electrophilicity (x), hardness (g),

philicity (x?), etc. In addition, the molecular mechanics

(MM) parameters such as molar refractivity of carrier

ligand (MRCL), van der Waals surface area (SA), molecular

volume, hydrophobicity of carrier ligand (log PCL) were

also selected.

The anticancer activity data of complexes (1–16) against

the A2780 human ovarian adenocarcinoma cell line and its

cisplatin resistant subline (A2780Cp8) were taken from the

results reported by Osella et al. [7]. These values were

conventionally transformed to log IC50
-1 in QSAR studies.

The analyses were performed in both gas and solvent

media for the 16 platinum complexes. We carried out

QSPR studies for analyzing the log Po/w values of platinum

complexes (1–24) for 0% (extrapolated), 20, 30, 40 and

50% MeOH [7]. Since the partition behavior markedly

depends on the solvent, we also performed multiple

regression analysis using solvent phase predicted molecular

properties. The log Po/w values of a training set of 20

platinum complexes were also modeled. Further we

investigated predictability of the models by calculating

log Po/w of four compounds in the test set. The regression

analyses were also performed on 24 complexes obtained

from combination of training set and test set. The

descriptors having greater correlation to log IC50
-1 and

log Po/w with smaller autocorrelation were selected out to

perform the stepwise multiple linear regression. Three

parameter QSAR and four parameter QSPR [45] were

performed using least square error estimation method [46]

to calculate and compare the cytotoxicity (log IC50
-1) and

hydrophobicity (log Po/w) of the complexes, respectively.

The predictive ability of models was determined using the

‘‘leave one out’’ (LOO) cross-validation method.

Results and discussion

All studied platinum complexes are presented in Fig. 1.

The optimized geometries of the complexes have square

planar configuration with angles close to the ideal values of

90� and 180�. The optimized geometry of cisplatin (1) is in
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Fig. 1 Sketch of the platinum

complexes used to build QSAR

and QSPR models
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good agreement with X-ray crystal structure reported by

Milbum and Truter [47]. The calculated Pt–Cl and Pt–N

bond lengths are 2.32 and 2.11 Å, respectively, in accor-

dance with their experimental values. The N–Pt–N angle

(97.1�) and Cl–Pt–Cl (96.8�) angle are larger by about 5–7�
from their experimental values, 87 ± 1.5� and 91.9 ± 0.4�,

respectively. Similar deviation of bond angles in cisplatin

was reported in theoretical studies performed by Wys-

okinske and Michalska [48]. The planar environment of the

platinum atom and the boat conformation for the six-mem-

bered chelate ring obtained for carboplatin (9) are in

agreement with the X-ray diffraction data [49, 50]. The Pt–N

(2.10 Å) and Pt–O (2.00 Å) bond lengths and N–Pt–N angle

(96.4�) and O–Pt–O angle (84.3�) of oxaliplatin (13) are

close to its X-ray crystal structure [51]. Chair configuration

of the cyclohexane ring with two amino groups in equatorial

positions is found in accordance with the experimental

results. The geometrical parameters of other complexes, for

which X-ray data are not available, are compared with

geometries of their similar analogue. We found that our

calculated geometries for all complexes are in good agree-

ment with the available experimental data.

QSAR analysis on A2780 cell line

The QSAR equations with absolute values of statistical

parameters in both gas and solvent phases for 16 platinum

complexes against A2780 cell line are represented by

Eqs. 11 and 12. The values were calculated by considering

the cytotoxicity (log IC50
-1) as a dependent variable and

electrophilicity (x), philicity (x?), and energy of the next

LUMO orbital (ENL) as independent variables. The

descriptors used to build the QSAR model for both gas and

solvent phases are presented in Table 1.

Gas phase: log IC
�1

50

� �
¼ �9:942þ 3:25x� 11:397xþ

� 3:71ENL

n ¼ 16; r2 ¼ 0:706; r2
CV ¼ 0:430;

SD ¼ 1:147; F ¼ 9:63; p\0:05

ð11Þ

Solvent phase: log IC
�1

50

� �
¼ �22:437þ 2:341x

þ 10:562xþ � 5:019ENL

n ¼ 16; r2 ¼ 0:710; r2
CV ¼ 0:637;

SD ¼ 1:141; F ¼ 9:78; p\0:05

ð12Þ
Here, r2 is the square of correlation coefficient, r2

CV is

the leave-one-out (LOO) cross validated squared correla-

tion coefficient, F is the overall F-statistics for the addition

of each successive term, p is the p values using the F

statistics, and SD is the standard deviations of regression.

We found that the gas phase r2 value (0.706) increases

slightly (0.710) with the inclusion of solvent. However, for

this case r2
CV value (0.441) increases to an acceptable value

Table 1 Parameters used to build the QSAR models with the jackknife results for gas and solvent phases against two cancer cell lines

Complex log IC50
-1 Gas phase Solvent phase

A2780 A2780Cp8 x x? ENL rj
2 x x? ENL rj

2

A2780 A2780Cp8 A2780 A2780Cp8

1 -0.315 -3.807 4.134 0.868 -1.264 0.750 0.723 3.884 1.056 -0.223 0.698 0.826

2 -1.714 -4.770 3.468 0.697 -1.212 0.707 0.705 3.873 1.026 0.032 0.728 0.812

3 -3.305 -4.843 3.353 0.624 -0.616 0.709 0.719 4.107 0.920 -0.197 0.735 0.825

4 -3.660 -4.607 3.503 0.648 -0.565 0.698 0.745 4.188 0.955 -0.097 0.747 0.816

5 -1.991 -3.330 3.585 0.649 -1.523 0.794 0.713 2.956 0.834 -1.004 0.711 0.809

6 -2.179 -4.172 3.131 0.517 -1.312 0.744 0.748 2.978 0.822 -1.008 0.713 0.824

7 -5.171 -6.859 2.819 0.555 -0.501 0.658 0.647 3.078 0.605 -1.008 0.670 0.784

8 -5.120 -5.956 3.001 0.582 -0.847 0.708 0.691 3.230 0.707 -0.704 0.699 0.801

9 -2.036 -4.814 3.368 0.546 -0.907 0.706 0.726 2.820 0.663 -1.240 0.715 0.818

10 -2.220 -4.190 2.964 0.430 -0.959 0.713 0.720 2.666 0.645 -1.196 0.738 0.832

11 -4.912 -6.467 2.673 0.513 -0.469 0.673 0.661 2.907 0.610 -0.956 0.678 0.793

12 -5.121 -6.422 2.879 0.538 -0.825 0.709 0.709 3.118 0.692 -0.715 0.682 0.795

13 0.734 -1.890 2.753 0.347 -1.222 0.681 0.658 4.357 0.388 -1.607 0.787 0.798

14 -0.030 -2.111 3.072 0.602 -1.49 0.724 0.732 3.815 0.992 -0.139 0.798 0.936

15 -0.798 -2.271 2.749 0.412 -1.133 0.702 0.693 2.966 0.813 -1.209 0.695 0.798

16 -0.419 -1.319 2.608 0.344 -1.111 0.701 0.704 3.748 0.885 -0.987 0.716 0.764

Complexes having bold values are outliers
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(0.637) with the change of gas phase to solvent phase

indicating the importance of the solvent model. In general, a

regression model is significant at p value\0.05 using the F

statistics [52] and so these models are statistically signifi-

cant. However, according to the generally statistical

standards, a model with r2 [ 0.80 [53] and r2
CV [ 0:60 [54]

is acceptable. Therefore, these QSAR equations should be

further improved to become a statistically significant model.

To improve r2, one scheme was suggested by Dietrich

et al. [55] and Cornish-Bowden and Wang [56] in which a

compound is considered as outlier if its corresponding r2,

called jackknife r2 (rj
2) value obtained from the regression

analysis after deleting the compound, is comparatively

higher than the other rj
2 values. We applied this method to

increase overall quality of the regression models. The rj
2

values calculated in gas and solvent phases for the cell lines

are presented in Table 1. Since the independent variables

are different in both gas and solvent phases, a particular

complex has quite different values of rj
2 in gas phase than

that calculated in solvent phase. Thus the outliers are dif-

ferent for both the phases. We observed that the complexes

1, 5 and 6 exhibited unduly high rj
2 values (0.75, 0.794, and

0.744, respectively) in the gas phase; whereas, in the sol-

vent phase the complexes 13, and 14 possessed higher rj
2

values (0.787, and 0.798, respectively) and thus these

complexes may be considered as outliers. However, it is

seen that when complexes 5 and 6 were deleted from the

data set, a significant improvement of the statistical

parameters were observed compared to that obtained by

deleting complexes 1 and 5.

The QSAR equations after deleting these complexes

(5, and 6, in gas phase) and (13, and 14, in solvent phase)

with significant statistical quality are presented in Table 2.

We observed that r2 values increased from 0.706 to 0.859

and r2
CV values from 0.430 to 0.748 in the gas phase. The

solvent model did not show any influence for this cell line.

However, the solvent phase predicted r2 and r2
CVvalues

after applying jackknife test increased from 0.710 to 0.844

and 0.637 to 0.695, respectively.

QSAR analysis on A2780Cp8 cell line

Multi-linear regression analysis between log IC50
-1 of plat-

inum complexes (1–16) against A2780Cp8 cell line and the

combination of three DFT derived descriptors yielded the

following QSAR equations

Gas phase: log IC�1
50

� �
¼ �8:510þ 2:313x� 10:984xþ

� 3:13ENL

n ¼ 16; r2 ¼ 0:702; r2
CV ¼ 0:450;

SD ¼ 1:00; F ¼ 9:43; p\0:05

ð13Þ

Solvent phase: log IC�1
50

� �
¼ �22:766þ 2:06x

þ 10:016xþ � 4:846ENL

n ¼ 16; r2 ¼ 0:813; r2
CV ¼ 0:595;

SD ¼ 0:796; F ¼ 17:39; p\0:05

ð14Þ

The influence of solvent effect was very much

prominent for this cell line. The r2 and r2
CV values (0.702

and 0.45, respectively) obtained in the gas phase increased

to 0.813 and 0.595, respectively, with the inclusion of the

solvent. Although the model in the solvent medium

displayed acceptable statistical quality revealing the

importance of the descriptors in the determination of

biological activity of platinum complexes, the jackknife

test may provide more insight in building more significant

models for the cell line in both the media.

The complexes 4 and 6 with higher rj
2 values (0.745 and

0.748, respectively) in the gas phase and complexes 10 and

14 indicating higher rj
2 values (0.832 and 0.936, respec-

tively) in the solvent phase could be considered as outliers

(Table 1). The QSAR equations obtained after deleting

these complexes are given in Table 2 along with statisti-

cally significant quantities. Importantly, for this cell line,

the r2 value 0.794 obtained after applying the jackknife test

increased to 0.954 and r2
CV value increased from 0.568 to a

very acceptable value of 0.908 in solvent medium dem-

onstrating the importance of the selected descriptors in the

determination of log IC50
-1 values of platinum complexes.

Autocorrelation coefficients among the descriptors of

QSAR models (Table 2) are reasonable. We found that in

gas phase ENL had very low correlations with x and x?

(\0.3) for both cell lines. Similarly, in solvent phase, x had

low correlations with ENL and x? (\0.5). We found

slightly higher autocorrelation between x and x? in gas

phase and ENL and x? in solvent phase. However, models

Table 2 QSAR models with the statistical parameters for two cancer cell lines in gas and solvent media

Cell line QSAR equations r2 r2
CV SD F

A2780 Gas phase log IC�1
50

� �
¼ �12:063þ 3:852x� 12:442xþ � 4:855ENL 0.859 0.748 0.863 20.30

Solvent phase log IC�1
50

� �
¼ �16:087� 0:333xþ 14:742xþ � 3:566ENL 0.844 0.695 0.760 18.05

A2780Cp8 Gas phase log IC�1
50

� �
¼ �7:593þ 1:493x� 9:743xþ � 4:083ENL 0.794 0.568 0.905 12.91

Solvent phase log IC�1
50

� �
¼ �23:184þ 2:129xþ 9:717xþ � 5:11ENL 0.954 0.908 0.403 69.66
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having descriptors with autocorrelation of about 0.8 have

been reported for QSAR analyses [53].

In platinum drug-DNA binding, the DNA molecule acts as

an electron donor whereas the complex is an electron

acceptor and the mechanism involves the nucleophilic attack

at Pt atom. In this type of interaction ELUMO and ENL play an

important role. The lower values of these parameters

increase the capability of the molecules to accept electrons

from DNA making the system stable. We found that the

coefficients of ENL in all the QSAR equations (Table 2) were

negative suggesting highly favorable intermolecular inter-

actions between DNA molecule and the complex and an

enhanced cytotoxic activity of the complex. The coefficients

of other two independent factors (x and x?), however, were

not consistent in all equations. Importantly, the most sig-

nificant model r2 ¼ 0:954 and r2
CV ¼ 0:908

� �
had positive

coefficients for x and x?. Thus, increasing their values can

improve the anticancer activity. Although, all QSAR models

are statistically significant, we found solvent phase derived

model with r2 = 0.954 and r2
CV ¼ 0:908; and gas phase

derived model with r2 = 0.859 and r2
CV ¼ 0:748 as the best

models. The standard errors of regression coefficients (Sb)

for two cancer cell lines in gas and solvent phases were

calculated and provided as Supplementary Table a. We

found that the best two models have lower values of Sb than

that of other two models. The correlation plots between

experimental and calculated log IC50
-1 values of the platinum

complexes derived from these two QSAR models are shown

in Fig. 2 which indicates that these descriptors can be

effectively used in the prediction of cytotoxicity of platinum

complexes.

QSPR analysis

We carried out QSPR studies for analyzing the log Po/w

values of platinum complexes (1–24) for 0% (extrapo-

lated), 20, 30, 40 and 50% MeOH. These log Po/w values

were estimated by reversed-phase high performance liquid

chromatography (RP-HPCL) technique [9]. Since the

partition behavior markedly depends on the solvent, we

also performed multiple regression analysis using solvent

phase predicted molecular properties.

Multi-linear regression analyses were performed using

the experimental log Po/w values for 0, 20, 30, 40, and 50%

MeOH as a dependent variable and combination of four

descriptors, namely electrophilicity (x), philicity (x?),

molar refractivity of carrier ligands (MRCL), and surface

area (SA) of the complexes as independent variables in gas

and solvent models (Table 3). The QSPR equations obtained

in both gas and solvent phases with r2, r2
CV; SD and F-values

are listed in Table 4. As expected the solvent phase models

displayed higher predictive power with r2
CV values ranging

from 0.914 for 0% MeOH to 0.795 for 50% MeOH. The

statistical significance of the models of log Po/w in the sol-

vent phase was similar for 0 and 20% MeOH but different in

the gas phase. Although predictability of the models

decreases for higher concentration, the solvent phase

derived QSPR equations for 30–50% MeOH could predict

the partition coefficient with the r2
CV values in the range

0.867–0.796, respectively. Also, the standard errors of

regression coefficients for QSPR models in all concentra-

tions are lower in solvent phase than that in gas phase

(Supplementary Table b). The sign of all descriptors in gas

phase is consistent with that obtained in solvent phase,

except for MRCL. But we found positive correlation of

log Po/w values of the complexes at all concentrations of

MeOH with MRCL while taking it as a single descriptor. The

steric factor of the amine carrier ligands can be expressed by

MRCL. Thus, greater the steric effect of carrier amine

ligands, greater might be the hydrophobicity of the com-

plexes, in agreement with the observations by Platts et al.

[9]. Importantly, the complexes (19, 20, and 22) with

bulkiest amine carrier ligands and higher values of molar

refractivity (38.22, 47.42, and 40.73, respectively) exhibited

higher values of log Po/w (in all concentrations of MeOH).

The plots between experimental and calculated values of

log Po/w for 0, 20, 30, 40 and 50% MeOH predicted by gas

and solvent phases presented in Fig. 3 suggest that the

Fig. 2 Plots of experimental

versus calculated values of

cytotoxicity (log IC50
-1) for

two best models
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selected descriptors can be effectively used in the determi-

nation of log Po/w of the complexes.

We have also carried out QSPR analysis for an addi-

tional set of 20 complexes, whose log Po/w values were

calculated by standard shake-flask method. The log Po/w

values of complexes 1, 9, 13, 17, 19, 20, 21 and 25–40

(Fig. 1) were taken from results reported by Screnci et al.

[8] and Souchard et al. [57] (both these papers reported

values for 1). The complexes 1 (from reference [8]), 9, 13,

20 and 25–40 (a set of 20 compounds) were considered as a

training set and the other four compounds (1, 17, 19, and 21)

were treated as a test set. Table 5 lists the values of log Po/w

and other descriptors derived from gas and solvent phases

for the training set. The multi-linear regression analysis

between log Po/w values of these 20 complexes and four

descriptors yielded the QSPR equations as shown below

Table 3 Parameters used to build the QSPR models for 24 platinum complexes in both gas and solvent phases

Complex log Po/w (% MeOH) Gas phase Solvent phase

0 20 30 40 50 x x? MR SA x x? MR SA

1 -2.27 -2.28 -2.08 -2.15 -2.09 4.134 0.868 4.8 142.2 3.884 1.056 4.8 144.64

2 -2.16 -2.20 -2.04 -2.08 -2.19 3.468 0.697 12.62 167.56 3.873 1.056 12.62 168.86

3 -0.85 -0.87 -0.90 -0.98 -0.97 3.353 0.624 32.21 242.64 4.107 0.920 32.21 243.6

4 -1.23 -1.24 -1.22 -1.32 -1.27 3.503 0.648 30.24 228.14 4.188 0.955 30.24 228.66

5 -2.32 -2.35 -2.13 -2.19 -2.20 3.585 0.649 4.8 172.88 2.956 0.834 4.8 176.75

6 -2.19 -2.25 -2.04 -2.15 -2.23 3.131 0.517 12.62 197.29 2.978 0.822 12.62 197.9

7 -1.17 -1.16 -1.26 -1.31 -1.27 2.819 0.555 32.21 275.92 3.078 0.605 32.21 277.82

8 -1.47 -1.44 -1.47 -1.46 -1.37 3.001 0.582 30.24 260.17 3.230 0.707 30.24 259.95

9 -1.63 -1.69 -1.60 -1.72 -1.80 3.368 0.546 4.8 217.47 2.820 0.663 4.8 223.54

10 -1.70 -1.70 -1.66 -1.67 -1.64 2.964 0.430 12.62 241.82 2.666 0.645 12.62 243.55

11 -0.47 -0.49 -0.63 -0.78 -0.75 2.673 0.513 32.21 320.62 2.907 0.610 32.21 323.19

12 -0.79 -0.81 -0.95 -1.05 -1.06 2.879 0.538 30.24 304.23 3.118 0.692 30.24 304.97

13 -1.39 -1.41 -1.37 -1.46 -1.43 2.753 0.347 28.71 237.77 4.357 0.388 28.71 237.18

14 -1.40 -1.41 -1.34 -1.41 -1.34 3.072 0.602 28.71 226.24 3.815 0.992 28.71 228.19

15 -1.37 -1.40 -1.35 -1.44 -1.43 2.749 0.412 28.71 253.08 2.966 0.813 28.71 257.17

16 -0.85 -0.88 -0.92 -1.02 -1.04 2.608 0.344 28.71 301.85 3.748 0.885 28.71 301.94

17 -1.94 -1.90 -1.93 -1.86 -1.79 3.654 0.735 14.59 187.72 3.289 0.783 14.59 190.17

18 -0.61 -0.54 -0.91 -0.65 -0.72 3.382 0.643 32.13 253.83 4.911 0.783 32.13 271.44

19 0.09 0.06 0.06 0.00 -0.05 3.500 0.668 38.22 283.27 5.621 1.360 38.22 283.88

20 1.06 1.07 1.14 1.16 1.19 3.411 0.645 47.42 315.4 5.431 1.350 47.42 315.18

21 -0.04 -0.18 -0.41 -0.78 -1.06 5.425 0.705 13.69 263.8 4.876 0.880 13.69 260.75

22 -0.04 -0.06 0.12 0.12 0.13 3.778 0.362 40.73 310.73 4.227 0.980 40.73 312.54

23 -0.46 -0.55 -0.64 -0.86 -1.01 3.934 0.377 31.42 267.82 4.137 1.170 31.42 268.01

24 -2.12 -2.25 -2.22 -2.38 -2.55 3.265 0.580 23.81 214.73 3.169 0.815 23.81 209.75

Table 4 QSPR models for 24 platinum complexes with the statistical parameters in gas and solvent media

MeOH (%) QSPR equations r2 r2
CV SD F

Gas phase 0 log Po=w ¼ �7:253þ 0:559xþ 0:812xþ þ 0:025MRCL þ 0:012SA 0.914 0.798 0.274 50.63

20 log Po=w ¼ �7:234þ 0:512xþ 0:986xþ þ 0:026MRCL þ 0:012SA 0.908 0.845 0.284 47.10

30 log Po=w ¼ �6:473þ 0:502xþ 0:648xþ þ 0:029MRCL þ 0:010SA 0.86 0.734 0.329 29.17

40 log Po=w ¼ �6:304þ 0:414xþ 0:925xþ þ 0:033MRCL þ 0:009SA 0.833 0.656 0.362 23.71

50 log Po=w ¼ �6:071þ 0:312xþ 1:140xþ þ 0:035MRCL þ 0:009SA 0.812 0.602 0.388 20.53

Solvent phase 0 log Po=w ¼ �6:859þ 0:449xþ 0:651xþ � 0:013MRCL þ 0:015SA 0.952 0.914 0.203 95.33

20 log Po=w ¼ �6:802þ 0:449xþ 0:591xþ � 0:010MRCL þ 0:015SA 0.951 0.917 0.206 93.63

30 log Po=w ¼ �6:375þ 0:363xþ 0:894xþ � 0:008MRCL þ 0:013SA 0.927 0.867 0.236 60.77

40 log Po=w ¼ �6:232þ 0:369xþ 0:790xþ � 0:001MRCL þ 0:012SA 0.916 0.855 0.257 51.82

50 log Po=w ¼ �5:947þ 0:321xþ 0:743xþ þ 0:005MRCL þ 0:011SA 0.882 0.795 0.307 35.68
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Gas phase: log Po=w ¼ �6:849� 0:623xþ 4:864xþ

þ 0:014MRCL þ 0:018SA

n ¼ 20; r2 ¼ 0:946; r2
CV ¼ 0:913;

SD ¼ 0:251; F ¼ 65:79 ð15Þ

Solvent phase: log Po=w ¼ �4:947� 0:230xþ 1:884xþ

þ 0:027MRCL þ 0:010SA

n ¼ 20; r2 ¼ 0:955; r2
CV ¼ 0:920;

SD ¼ 0:228; F ¼ 80:67 ð16Þ

As expected, the solvent phase played an important role

in improving the statistical quality of the model. The cor-

relation plot between experimental and calculated log Po/w

values in gas and solvent media presented in Fig. 4 indi-

cates that the selected parameters can predict the

hydrophobicity of platinum complexes with greater pre-

dictability in the solvent phase. The predicted log Po/w

values of the compounds in the test set are presented in

Table 6. The training set and test set were then combined

and multi-linear regression analysis was performed on this

data set of 24 complexes. The QSPR equations obtained in

gas and solvent phases are reported below

Fig. 3 Experimental versus

calculated log Po/w values of 24

platinum complexes at 0%

MeOH in gas and solvent media

Table 5 Parameters used to build the QSPR models for additional 20 platinum complexes in both gas and solvent phases

Complex log Po/w
a Gas phase Solvent phase

x x? MRCL SA x x? MRCL SA

1 -2.53 4.134 0.868 4.8 142.2 3.884 1.056 4.8 144.64

9 -2.30 3.368 0.546 4.8 217.47 2.820 0.663 4.8 223.54

13 -1.65 2.753 0.347 28.71 237.77 4.357 0.388 28.71 237.18

20 0.81 3.411 0.645 47.42 315.4 5.431 1.350 47.42 315.18

25 -3.36 5.283 0.718 4.8 183.13 7.948 0.540 4.8 224.13

26 -3.28 5.263 0.511 14.59 224.72 6.946 0.392 14.59 225.07

27 -1.71 4.727 0.397 38.22 323.12 6.967 0.385 38.22 318.91

28 -1.14 6.967 0.507 47.42 351.86 6.934 0.362 47.42 353.65

29 -0.91 6.649 0.390 56.62 386.53 8.755 0.359 56.62 397.07

30 -0.35 7.759 0.698 62.62 382.13 7.957 0.607 62.62 378.95

31 -2.13 8.821 0.547 26.46 372.26 8.083 0.225 26.46 375.7

32 -1.41 8.496 0.509 30.43 418.04 9.617 0.326 30.43 419.56

33 -1.59 6.447 0.621 13.69 308.75 7.304 0.727 13.69 315.54

34 -0.83 6.596 0.387 40.49 417.54 7.547 0.237 40.49 425.23

35 -1.06 4.818 0.384 22.68 346.64 6.933 0.643 22.68 349.61

36 -1.17 7.430 0.952 28.71 276.97 9.835 1.321 28.71 278.99

37 -1.18 7.430 0.952 28.71 276.97 9.835 1.321 28.71 278.99

38 -1.03 7.430 0.952 28.71 276.97 9.835 1.321 28.71 278.99

39 -1.59 2.753 0.347 28.71 237.77 4.357 0.388 28.71 237.18

40 -0.16 7.191 0.683 30.71 371.37 8.942 1.096 30.71 374.59

a Experimental log Po/w values obtained from Ref. [8, 57]
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Gas phase: log Po=w ¼ �7:057� 0:677xþ 5:320xþ

þ 0:008MRCL þ 0:020SA

n ¼ 24; r2 ¼ 0:895; r2
CV ¼ 0:842;

SD ¼ 0:393; F ¼ 32:05 ð17Þ

Solvent phase: log Po=w ¼ �4:917� 0:275xþ 2:031xþ

þ 0:022MRCL þ 0:011SA

n ¼ 24; r2 ¼ 0:922; r2
CV ¼ 0:882;

SD ¼ 0:339; F ¼ 44:32 ð17Þ

The sign of coefficients of all descriptors are same for

both training set and data set in gas phase as well as in

solvent phase. However, their signs for x and MRCL are

different from those obtained in QSPR models for five

different concentrations of MeOH. This inconsistency may

be due to their log Po/w values calculated from different

experimental techniques. The plots between experimental

and calculated log Po/w values of the data set displayed a

good correlation among them (Fig. 5). The correlation in the

solvent phase was better than that of gas phase as expected.

The standard errors of regression coefficients for QSPR

models of both training and data set are lower in solvent

phase than that in gas phase (Supplementary Table b).

Together, these results demonstrate that the four descriptors

(x, x?, MRCL and SA) can be satisfactorily used in the

prediction of hydrophobicity of platinum complexes and the

Fig. 4 Experimental versus

calculated log Po/w values for

training set of platinum

complexes in both gas and

solvent phases

Table 6 Experimental and predicted log Po/w values of four complexes in the test set

Complex log Po/w (expt.)a Gas phase Solvent phase

log Po/w (calc.)b Residualc log Po/w (calc.)d Residualc

1 -2.19 -2.443 0.253 -2.264 0.0742

17 -1.68 -1.785 0.105 -1.917 0.237

19 0.36 0.142 0.217 0.216 0.143

21 -0.32 -1.610 1.290 -1.412 1.092

a Experimental log Po/w values obtained from Ref. [8, 57]
b Predicted log Po/w values calculated using Eq. 15
c Difference between the experimental and calculated values of log Po/w

d Predicted log Po/w values calculated using Eq. 16

Fig. 5 Correlation plots

between experimental and

calculated log Po/w values of the

data set obtained in gas and

solvent phases

352 J Comput Aided Mol Des (2009) 23:343–354

123



solvent model derived descriptors provide a better

correlation.

Conclusions

The QSAR approach with three parameters, i.e., x, x? and

ENL provides regression models capable of predicting log

IC50
-1 of cis-platinum complexes against A2780 and

A2780Cp8 cancer cell lines. The jackknife test applied on

the QSAR studies improved the statistical quality of the

models in both gas and solvent phases. The inclusion of

solvent medium increases the correlation coefficient

(r2 = 0.954) and cross-validated squared correlation

r2
CV ¼ 0:908

� �
for the A2780Cp8 cancer cell line sug-

gesting the importance of solvent effect and significance of

the selected descriptors. The QSPR equations modeled by

x, x?, MRCL, and SA parameters against five different

concentrations of MeOH (0–50%) are capable of predicting

log Po/w values of 24 platinum complexes with r2 values in

the range of 0.914–0.812 (gas phase) and 0.952–0.882

(solvent phase) and r2
CV values in the range of 0.798–0.602

(gas phase) and 0.914–0.795 (solvent phase), respectively.

The solvent effect influences the QSPR model developed

for 20 platinum complexes (training set) where calculated

log Po/w values are in close proximity to their experimental

values with r2 = 0.946 (0.955) and r2
CV ¼ 0:913ð0:920Þ for

gas (solvent) media. The predicted log Po/w values of four

complexes in test set derived from the models are near to

their corresponding experimental values, indicating sig-

nificance of the selected descriptors in determination of

hydrophobicity of platinum complexes. QSPR models for

the data set also show good statistic qualities in both gas

and solvent phases. Thus these descriptors emerged from

DFT and MM? methods can successfully be used to pre-

dict activity and hydrophobicity of platinum complexes. In

summary, the current work clearly shows the importance of

the selected parameters as well as solvent effect in the

QSAR and QSPR analyses of cis-platinum complexes.
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