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Abstract

The lipophilicities and specific hydrophobic surface areas of sixteen bioactive heterocyclic compounds were
determined by reversed-phase thin-layer chromatography using various eluent systems. The data were evaluated by
principal component analysis (PCA), separately calculated from the correlation and covariance matrices, and by
cluster analysis. The ratio of the variances explained by the first PC component was high and was very similar for
both PCA methods, suggesting that the eluents have common elution characteristics. The lipophilicities and specific
hydrophobic surface areas of the compounds are well separated on the two-dimensional non-linear maps of PC
variables, indicating the different information contents of the two physico-chemical parameters. The information
contents of cluster analysis and two-dimensional non-linear mapping techniques were found to be similar but not

identical.

1. Introduction

In recent years, quantitative structure—activity
relationship (QSAR) studies have found growing
acceptance and application in the design of new
bioactive compounds [1,2]. Many molecular pa-
rameters have been correlated with the biologi-
cal activity, and many of them can be readily
determined by various chromatographic tech-
niques [3]. Chromatographic methods have some
advantages, e.g., they are simple and rapid and
require minute amounts of substances which
need not necessarily be very pure.

Lipophilicity is a frequently used molecular
parameter in QSAR studies [4]. Reversed-phase
thin-layer chromatography (RP-TLC) has been
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extensively applied to determine lipophilicity
[5,6]. However, in RP-TLC the apparent lipo-
philicity (R,, value) depends on the chromato-
graphic conditions, mainly on the organic phase
concentration in the eluent [7-9]. The support
particles partially retain their original adsorptive
characteristics even after coating [10], and the
R, value changes with the amount [11] and
quality [12,13] of the coating substance. When
the compound contains one or more dissociable
polar substituents, the pH of the eluent [14,15]
and the salt concentration [16-18] also modify
the lipophilicity. It has been established that not
only the R,, value extrapolated to zero organic
phase concentration (R,,,) but also the slope (b)
of the plot between the R,, values and the
organic phase concentration of the eluent (C)
characterizes the molecular lipophilicity [19,20].
For a homologous series of compounds, the
slope and the R, value exhibit a significant
linear correlation [20], but for a non-homologous
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series of solutes both parameters are needed to
describe the lipophilicity accurately {21]. The
slope has been regarded as a characteristic of the
specific hydrophobic surface area of the com-
pounds [22].

The application of computer-assisted multi-
variate mathematical—statistical methods makes
possible the simultaneous evaluation of an al-
most unlimited number of variables \enromato-
graphic parameters), which greatly facilitates the
solution of theoretical and practical problems.
Principal component analysis (PCA) has been
applied in chromatography to identify basic
factors that influence solute-solvent interactions
and to classify solutes and solvents into groups
having similar characteristics [23]. The advan-
tages of PCA are that it clusters the variables
according to their relationship (clustering chro-
matographic systems or solutes on the basis of
their retention behaviour) and the clusters can be
easily visualized by a non-linear mapping tech-
nique [24]. In addition, PCA offers the possi-
bility of the extraction of one or more back-
ground variables having a concrete physico-
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chromatography and it decreases the number of
variables to the minimum number required for
the solution of a problem [25]. PCA is suitable
not only for the calculation of two—two variable
relationship (PC variables), but also for the
study of all variables of a linear correlation
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correlation and covariance matrices of the origi-
nal data set but the results can sometimes be
different {26].

Recently, cluster analysis has found broad
application in various fields [27]. In chemistry,
cluster analysis has been used for the classifica-
tion of compounds based on their properties.
Cluster analysis belongs to the class of proce-
dures that seek to separate the component data
into groups by uncovering the interrelationships
that exist among them [28,29].

The objectives of this study were to determine
the lipophilicities and specific hydrophobic sur-
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pounds for future QSAR studies by reversed-
phase chromatography, to compare the physico-

chemical parameters determined in various
chromatographic systems, to evaluate the rela-
tionships between retention characteristics by
various multivariate mathematical—statistical
methods such as PCA, two-dimensional non-
linear mapping and cluster analysis and to assess
the similarities and dissimilarities between the

information content of the methods.

2. Experimental
The structures of the compounds are compiled
in Table 1. The imines (group A) were the
starting materials for further synthetic work and
the phenoxy (group B) and benzothiazole de-
rivatives (group C) were synthesized as promis-
ing insecticides and antibacterial agents, respec-
tively. The compounds were dissolved in acetone
(0.5 mg/ml) and 2 ul of each solution were
spotted on Silcoplate F-254 plates (Reanal Fine
Chemicals, Budapest, Hungary) impregnated by
overnight predeveiopment with n-hexane—parai-
fin oil (95:5, v/v). The plates were developed in

a sandwich chamber at room tempnerature using
ngwich chamoer foom iempera ng

different organic modifiers at various concen-
trations, and neutral, salt-containing, basic and
acidic aqueous phases. The following solvent
systems were applied: I, methanol-water; II,
methanol-aqueous NaCl; III, methanoi-aque-
ous CH,COONa; IV, methanol-aqueous

I _cnny. "/’ oﬂnonnl_“lofar v athannl_

CH,COOH; ethanol- r; VI, ethanol
aqueous NaCl; VII, methanol-aqueous
CH,COONa; and VIII, methanol-aqueous
CH,COOH [methanol and ethanol were used in
the concentration range 30-50% (v/v) in steps of
5%, and the end concentration of additives in
the eluent was 0. 25 M in each instance]; IX,

)."¢ ten yFrre nd YT fhnvonn
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[20-40% (v/v) in steps of 5%]; XII, 1-propanol;
and XIII, 2-propanol [10-20% (v/v) in steps of
2.5%]); X1V, acetonitrile [15-35% (v/v) in steps
of 5%]; and XV, glycerol {80-95% (v/v) in steps
of 2.5%].

After development, the plates were dried at
105°C and the spots were detected under 2 UV
lamp and with iodine vapour. Four independent
parallel determinations were carried out in each
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Table 1
Structures of heterocyclic compounds studied
Ry R3
Cly- CHCO - Ry @O\Rz @::\)-SEHz-RS
A B C
General formula

Compound General R, R, R, R, R;
No. formula

1 A - - - -

2 -N _ - - -

' OH
3 B - .—@’OY CH, CH, -

4 - | N] CH, CH, -
N
H
LN
]
5 - \<N CH, CH, -

(_cé_
x
)

7 —
g c - - - - -C00C3Hg
10 _ - - - ~CONHNH,
~CONHNH
11 - - - - OH
~CONH=CH OH
12 - - - - OH
~CONH=CH @-ocm
13 - - - - OEt
14 - _ - _ -CONH=(CH OH
N—N
-conHL S
e ) ) -7 g
—CONH-LS,LCH3
16 - - - - ~CONH Jti
CiCH3)3

The heterocyclic compounds were synthesized by Dr. Y. Darwish (Mansoura University, Mansoura, Egypt).
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instance. The data were omitted from the calcu-
lations when the spot of the solute remained at
the start or was very near to the front or the
relative standard deviation of the four parallel
determinations was above 8%. The R,, values of
the compounds were determined according to
the equation

R, =log(1/R, - 1) (1)

To increase the accuracy of the lipophilicity
determination and to determine the specific
hydrophobic surface area, linear correlations
were calculated between the R,, values of the
compounds and the concentration of organic
solvent (C) in the eluent:

R, =R, +bC (2)

where R,, is the actual R,, value of a compound
determined at a concentration C of organic
modifier in the eluent, R,,, (intercept) is the R,,
value of a compound extrapolated to zero or-
ganic phase concentration in the eluent and b
(slope) is the lipophilicity change of a compound
caused by unit concentration change of the
organic phase. The R,,, and b values in eqn. 2
were considered to be the best indicator of the
lipophilicity and the specific hydrophobic surface
area of the compounds, respectively.

The calculation was carried out separately for
each compound and for each eluent system.

To compare the retention behaviour of the
compounds, the data (parameters of eqn. 2)
were evaluated by multivariate mathematical-
statistical methods, as follows.

2.1. Principal component analysis

PCA has been used to assess the similarities
and dissimilarities both between the RP-TLC
systems and solutes. PCA was carried out on the
retention data matrix consisting of the lipophilic-
ity and specific hydrophobic surface area values
of solutes. The RP-TLC systems were the vari-
ables and the solutes were the observations. To
elucidate the effect of normalization required for
the calculation of the correlation matrix on the
results of PCA, PCA was carried both on the
correlation and on the covariance matrix. The

limit of the variance explained was set to 99.9%
in both instances.

2.2. Non-linear mapping technique

For easier visualization of the distribution of
RP-TLC systems and solutes, the two-dimen-
sional non-linear maps of PC loadings and vari-
ables obtained by both PCAs were calculated.
The iteration was carried out to the point where
the difference between the two last iterations
was lower than 107%.

2.3. Cluster analysis

Cluster analysis has been used to elucidate the
similarities between RP-TLC systems. To study
the effect of PCA on the cluster formation,
calculations were carried out on the original data
matrix and on the PC variables calculated both
from the correlation and the covariance ma-
trices.

2.4. Comparison of the various multivariate
methods

To compare the information content of the
two PCA methods, linear correlations were
calculated between the corresponding coordi-
nates of the two-dimensional non-linear maps.
Dependent variables were always those calcu-
lated from the covariance matrix:

PC loadings:

Yoou=a+bXom (3)

Yooz =a+bX o, (4)
PC variables:

Yoz =a+bX s (5)

Youa=a+bX o4 (6)

where X and Y are the coordinates of the
corresponding non-linear maps of PC loadings
and variables calculated from the correlation and
covariance matrices, respectively.

Cluster analysis and non-linear mapping tech-
niques are theoretically similar, and therefore
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the distances between the units (in this instance
RP-TLC svstems) have to be gimilar. To verifv
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the validity of the hypothesis outlined above,
linear correlations were calculated between the
corresponding distances on the cluster dendo-
grams (the dependent variable being in both
instances the distances on the cluster dendogram
calculated from the original data matrix). Linear

corralatione wera alea caleulated hatwean the
COITC1aulns woIC ais® CaiCliaiCG oCiweln ull

distances on the cluster dendogram (dependent
variables) of the original data matrix and the
distances on both two-dimensional non-linear
maps. To facilitate calculations only the neigh-
bouring distances were included.

3. Results and discussion

Each compound showed normal retention be-
haviour, that is, the retention decreased mono-
tonously with increasing concentration of organic
modifier and no anomalous retention behaviour
was obscived to miake guestionable the applica-
tion of eqn. 2. The relationships between the R,,
values and the concentration of organic phase in
the eluent were in each instance highly signifi-
cant, as shown on some examples in Table 2.
The r values indicate that the change in the
organic solvent concentration explains 82-99%
of the ulal“lge in compound retention, pfO‘v“ll‘lg
again the applicability of eqn. 2. It was found
that the slope values for glycerol-water eluents
are the lowest, a finding in good accordance with
the solvent strength theory that a less lipophilic
solvent exerts a weaker effect on retention. The
high R,,, values indicate that the compounds are
hydrophobic and they show very low mobility in
water as eluent, that is, the use of a relatively
high concentration of organic modifier is needed
for their effective reversed-phase separation.
The R,,, values differ slightly according to the
character of the organic modifier, although they
have to be identical as theoretical values ex-
trapolated to zero organic phase concentration.
This discrepancy can be tentatively explained by
the inherent low reproducibility of RP-TLC and
the possible non-linearity of extrapolation. How-
ever, R,,, values of similar magnitude have been

successfully used in previous QSAR studies and

we ctronolv helieve that the diccrenancies dic-
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cussed above will not influence their further
application.

3.1. Principal component analysis

Results of PCA carried out on the correlation

and favarinncs matricoe ara cummarizad in
QLI VU VALIGLIVEY LA MIVLY GlV JUILIIIGI LAV kAL

Table 3. The first principal component explains
most of the total variance, indicating that the
retention characteristics of the fifteen eluent
systems can be described by only one back-
ground variable. This result suggests that the
eluents have common elution characteristics. In
other words, a single chromatographic system
should be sufficient to obtain most of the in-
formation content of all RP-TLC systems. Un-
fortunately, PCA does not define this system as a
concrete physico-chemical unit, but only indi-
cates its mathematical possibility. The ratio of
the variance explained for both PCA methods is
very similar, that is, the PCAs calculated from
the correlation and covariance matrices extract
similar amounts of information from the original
data matrix. This finding indicates that the nor-
malization required for the calculation of the
correlation matrix does not modify markedly the
variance explained by the principal components.

3.2. Non-linear mapping technique

The two-dimensional non-linear maps of PC
loadings calculated from the correlation and
covariance matrices are very similar (Figs. 1 and
2). Except for glycerol, all the eluent systems
form one ciuster. This finding supports our
previous quantitative conclusion that the reten-
tion characteristics of glycerol differ considerably
from those of the other organic modifiers. The
eluents containing salt, acidic and alkaline addi-
tives are not separated from the corresponding
neutral eluent systems, that is, the pH value and
sodium chioride content have negligible effects
on the retention behaviour of these heterocyclic

derivatives. This ﬁndlpo is enrprmlno because the

compounds are alkahne and therefore the pH of
the eluent should modify their retention. The
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Table 3
Similarities and dissimilarities between the retention charac-
teristics of RP-TLC systems

No. of principal ~ Variance explained  Total variance
component (%) explained (%)
CORR COVA CORR COVA
1 80.15 84.53 80.15 84.53
2 6.69 5.53 86.84 90.06
3 3.92 3.17 90.77 93.24

Results of principal component analysis using the correlation
(CORR) and the covariance matrix (COVA).

elucidation of this phenomenon needs further
investigation.

The two-dimensional non-linear maps of PC
variables are shown in Figs. 3 and 4. As for the
two-dimensional non-linear map of PC loadings,
similar conclusions can be drawn from both
maps: the hydrophobicity (R,,) and specific
hydrophobic surface area (b) of the compounds
are well separated from each other, indicating
that the two physico-chemical parameters have
different information contents and both of them
can be included in QSAR studies as separate

\
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Fig. 1. Two-dimensional non-linear map of PC loadings
calculated from the correlation matrix. Number of iterations,
485; maximum error, 2.87-1072. Numbers refer to eluent
systems in Experimental.
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Fig. 2. Two-dimensional non-linear map of PC loadings
calculated from the covariance matrix. Number of iterations,
68; maximum error, 1.67-10"%, Numbers refer to eluent
systems in Experimental.

independent variables. The compounds do not
form separate clusters according to their chemi-
cal structures, which makes it probable that each
substructure has a similar impact on the re-
tention characteristics.

3.3. Cluster analysis

The cluster dendogram calculated from the
original data matrix is shown in Fig. 5. The
distribution of RP-TLC systems represented by
distances proves again that the retention charac-
teristics of glycerol (system XV) deviate the most
strongly from the retention characteristics of
other systems. The dendograms of clusters calcu-

f2
RMo 125 b
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K y H S x? x0 % \
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bas x> nw /] xu_ x¥ o F
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S s 4
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~~~~~ x‘___-———"'""—-_
35

Fig. 3. Two-dimensional non-linear map of PC variables
calculated from the correlation matrix. Number of iterations,
288; maximum error, 1.00-1072. Numbers refer to
heterocyclic compounds in Table 1. R,,, = lipophilicity; b =
specific hydrophobic surface area.
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Fig. 4. Two-dimensional non-linear map of PC variables
calculated from the covariance matrix. Number of iterations,
109; maximum error, 7.95-107>. Numbers refer to
heterocyclic compounds in Table 1. R,,, = lipophilicity; b =
specific hydrophobic surface area.

lated from the PC loadings are shown in Figs. 6
and 7. The clusterings of chromatographic pa-
rameters are appreciably different on both den-
dograms. These results indicate that the use of
PCA considerably modifies the distribution of
eluent systems, and the results of PCA and
cluster analysis may be different. We must stress
that this conclusion is based only on experimen-
tal data and is not supported by theoretical
considerations. It is reasonable to assume that
the conclusions are valid only for this data matrix

DISTANCE

XX v xivve 1 X I ® v X X VIl VIl XV

Fig. 5. Cluster dendogram of eluent systems calculated from
the original data matrix. Numbers refer to eluent systems in
Experimental.
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DISTANCE

PXEXIVVEIXV X XEXN 0 iV R VE VS XV

Fig. 6. Cluster dendogram of eluent systems calculated from
PCA loadings (correlation matrix). Numbers refer to eluent
systems in Experimental.

and each generalization may lead to severe
misinterpretation.

3.4. Comparison of the various multivariate
methods

The parameters of linear correlations between
the corresponding coordinates of the two-dimen-
sional non-linear maps of PC loadings and vari-
ables calculated from the correlation and co-
variance matrices are compiled in Table 4. The
significant correlations between the coordinates

DISTANCE

V VEXIVXE XE W IV XE T 8 IX X VE VIt XV

Fig. 7. Cluster dendogram of eluent systems calculated from
the PCA loadings (covariance matrix). Numbers refer to
eluent systems in Experimental.
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Table 4
Comparison of the information content of PCAs carried out
on the correlation and on the covariance matrix

Equation Parameter
No.

n a b S, r
3 15 421.41 —-1.63 0.38 0.7682
4 15 51.34 0.42 0.18 0.5401
5 32 —-30.89 1.19 0.06 0.9659
6 32 57.46 0.35 0.10 0.5422

Parameters of the linear correlations between the corre-
sponding coordinates of the two-dimensional non-linear maps
of PC loadings and variables:

PC loadings:

Yo =+ bX o0 (3)

Yeos =@ +bX,pppy o
PC variables:

Yon=a+bX,,, &)

Yu=a+bX ., (6)

support our previous conclusions drawn from the
comparison of the variances explained that in
our case the information content of PCAs com-
puted from different matrices is similar. How-
ever, the ratio of variance explained is fairly low
in the case of the second coordinates, suggesting
the existence of small differences between the
PCA methods.

No significant linear correlation was found
between the distances of RP-TLC systems on the
various cluster dendograms. This finding sup-
ports our previous qualitative conclusion that the
use of PCA modifies the group formation of
RP-TLC systems. The parameters of significant
linear correlations between the corresponding
distances on various maps are compiled in Table
5. The results suggest that the information con-
tents of non-linear mapping and cluster analysis
are similar.

It can be concluded that both PCA and CA
can be successfully applied for the evaluation of
the similarities in the retention behaviour of
reversed-phase chromatographic systems and sol-
utes. We assume that PCA followed by two-
dimensional non-linear mapping is superior to

Table 5

Comparison of the information content of non-linear map-
ping technique and cluster analysis both carried out on the
PCA loadings

Equation Parameter
No.
n a b Sy r
7 7 26.88 0.54 0.11 0.9116
8 7 10.55 0.87 0.10 0.9656

Parameters of significant linear correlations®:
Y=a+bX, )
Y=a+bX, (8)

¢ Y = distances between the nearest neighbouring RP-TLC
systems on the cluster dendogram calculated from the
original data matrix; X, = distances between the same RP-
TLC systems on the two-dimensional non-linear map of PC
variables calculated from the covariance matrix; X, =
distances between the same RP-TLC systems on the two-
dimensional non-linear map of PC variables calculated from
the correlation matrix.

cluster analysis, because the non-linear mapping
technique has a higher dimensionality than clus-
ter analysis.
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