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A series of the new urea derivatives with antinociceptive activity has been chromatographically 
evaluated using reversed phase materials: Zorbax Extend-C18, Cogent UDC Cholesterol with organic-
aqueous eluent systems with two organic modifiers (methanol and acetonitrile). The chromatographic 
lipophilicity parameters: log kw, S and j0 were determined basing on linear relationship between 
log k values and concentration of organic mobile phase modifier. The structure-retention studies 
revealed that the retention mechanism for all studied urea derivatives is uniform for the proposed 
chromatographic systems. However, a few exceptions were noticed. Derivatives containing nonpolar 
substituents in the imidazole ring acted as outliers for cholesterol column. In turn, the derivative 
containing ester polar substituent acted as an outlier in conventional reversed-phase system. 
Quantitative relationships based on a wide set of established computational molecular descriptors and 
experimental chromatographic data were also developed. Through a systematic study, by using the 
principal component analysis, fragmental method KowWIN appeared to be the most powerful software 
to produce reliable estimations of experimental retention parameters obtained on cholesterol column.
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Introduction

Lipophilicity is one of the most important parameters 
in drug design, playing a key role in kinetic and dynamic 
aspects of drug action.1 The importance of lipophilicity in 
predicting ADMET (absorption, distribution, metabolism, 
excretion, toxicity) properties has been well documented.1-3

It should be emphasized, however, that the number of 
existing experimental lipophilicity scales is extremely low 
in comparison to high number of compounds for which 
such data are essential. Among analytical sophisticated 
techniques (for instance: counter-current chromatography 
(CCC), micellar liquid chromatography (MLC), micellar 
capillary electrophoresis (MCE), microemulsion liquid 
chromatography), reversed phase high-performance 
liquid chromatography (RP-HPLC) appears to be the most 
common.4-12

At the beginning, the chromatographic retention 
parameters measured by monocratic RP-HPLC were used 
to estimate lipophilicity. However, many of the current 
papers describe application of retention factors estimated 
by polycratic methods. According to this last approach, the 
chromatographic lipophilicity values are derived from the 
linear relationship between retention (log k) and the volume 
fraction (j) of organic solvent in the mobile phase.13-16 
The lipophilicity parameters were calculated utilizing the 
following linear equation:

log k = -Sj + log kw (1)

The regression parameters: the intercept (log kw), 
the slope (S) and the ratio –log kw/S known as j0 are 
considered as relative lipophilicity scales.17,18 The quotient 
j0 is equivalent to the organic solvent content which is 
required to make retention time double the dead time. 
Frequently, this parameter has showed a better correlation 
with the log P values than the remaining chromatographic 



Flieger et al. 2313Vol. 27, No. 12, 2016

lipophilicity parameters.17,19,20 Moreover, the j0 values are 
the basis for deriving high-throughput lipophilicity data 
from gradient retention time. The log kw factor corresponds 
to the theoretical retention of the analyte in pure water or 
a buffer. The introduction of this parameter was intended 
to eliminate the influence of the organic solvent for the 
retention process. The S parameter is associated with 
retention mechanism and corresponds to the difference in 
retention of the analyte (log k) in pure water (j = 0) and 
pure modifier (j = 1). 

To construct chromatographic system for lipophilicity 
measurement, different stationary materials have been 
tested. Most frequently, octadecyl silica stationary phase 
and methanol-aqueous or buffered mobile phase have 
been applied. This system provides significant correlations 
between theoretical or experimental logarithmic partition 
coefficient (log P) and chromatographically measured 
log kw for structurally analogous compounds. It should 
be stressed that in some cases these relationships require 
corrections considering ionization of the analytes.21,22 

In recent years, several adsorbents imitating the 
biological membranes have been developed. The 
artificial biological membranes with immobilized 
phosphatidylcholine, ceramides, keratin, proved to be 
useful in drug design process, to compare lipophilicity, 
modeling bioavailability or anticipate the process of the cell 
membrane permeation. Nowadays, stationary phases with 
immobilized cholesterol, which is an important component 
of biological membranes are increasingly popular.23,24 
Cholesterol column possesses many advantageous 
properties like, for instance, low silanol activity or liquid-
crystalline behavior owing to their tendency to aggregate.25

Chromatographically estimated lipophilicity expressing 
affinity of molecules to hydrophobic phase simulating 
permeation through biological barriers was used firstly 
as a descriptor in QSAR (quantitative structure-activity 
relationship) by Hansch et al.26 QSAR approach by 
introductory screening of drug candidates enabled to reduce 
failed clinical trials lowering the costs of drug discovery.

Beside experimental measurements there are many 
software packages (e.g., Clog P, Alog Ps, ACD-Labs) 
to compute log P basing on molecular structure. As a 
consequence of varied algorithms applied by different 
softwares, the calculated values are not consistent with 
each other. 

The aim of this study was to estimate the chromatographic 
behavior for a set of new urea derivatives covering broad 
structural diversity. Substituted urea derivatives belong 
to important class of molecules with a large spectrum of 
biological properties. Basing on our previous studies,27 
synthesized N-substituted 1-alkyl-4-aryl(arylalkyl)

imidazolidyn-2-ylidene ureas exhibit antinociceptive and 
serotonergic  activity.

Chromatographic experiments were conducted on 
octadecyl and cholesterol stationary phases. Owing to 
their similarity to biological membranes, both adsorbents 
can be utilized to anticipate affinity of analytes to the cell 
membranes. RP-HPLC derived parameters were measured 
with the aim to construct not only alternative lipophilicity 
scale, but also to analyze “congenerity” of the studied 
compounds in context of their behavior in partition systems.

To compare the experimental and calculated indices, 
the principal component analysis (PCA) was employed, 
revealing the similarities between all the variables and 
structural features.

The objective of the current study was to develop 
the regression model to predict reliable lipophilicity 
of urea derivatives using chromatographic results and 
computational descriptors based on their molecular 
structures. Such model can be useful for accurate prediction 
of the permeability or affinity to biological membranes for 
examined compounds, as well as for those belonging to 
the same chemical domain (i), to select outliers (ii) and to 
choose theoretical descriptor reflecting the best behavior 
of urea derivatives in partition systems (iii).

Experimental

The urea derivatives investigated in the study (Figure 1) 
were synthesized in Department of Organic Chemistry, 
Medical University of Lublin. The synthesis procedure was 
described previously.23 The structures of all the investigated 
solutes were confirmed by gas chromatography-mass 
spectrometry (GC-MS) analysis, 1H nuclear magnetic 
resonance (NMR), 13C NMR and infrared (IR) analysis 
and their purity was assessed by elemental analysis. 
HPLC grade methanol (MeOH), acetonitrile (ACN) and 
chromatographic reagents were obtained from E. Merck 
(Darmstadt, Germany).

The retention factors were measured with a liquid 
chromatograph LaChrom HPLC Merck Hitachi (E. 
Merck, Darmstadt, Germany) equipped with diode array 
detector, column oven L-7350 and solvent degasser 
L-7612. The columns were a Zorbax Extend-C18 
(150 mm × 4.6 mm i.d., 5 μm, pore size: 80 Å, surface 
area: 180 m2 g-1) from Agilent Technologies (Santa 
Clara, CA, USA) and Cogent UDC Cholesterol 
(150 mm × 4.6 mm i.d., 4 μm, pore size: 100 Å; MicroSolv 
Technol. Corp., New York, USA). The mobile phase 
consisting of organic solvent and water was filtered 
through a Nylon 66 membrane filter (0.45 μm) Whatman 
(Maidstone, England) by the use of a filtration apparatus.
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Figure 1. Investigated compounds.
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Retention data were recorded at a flow-rate of 
1 mL min-1. The retention times were measured by the 
diode-array detector (DAD) at appropriate wavelength 
chosen accordingly with the spectra recorded in the range of 
200-400 nm. The methanolic stock solutions (1.0 mg mL-1) 
were injected through a Rheodyne injector valve with a 
20 μL loop. Typical injection volumes were 3 μL. Uracil 
was used as the unretained marker. 

The lipophilicity parameters were calculated utilizing 
linear equation. At least four organic solvent concentrations 
were used to construct the regression curve. HPLC analysis 
was performed under isocratic conditions at ambient 
temperature. 

The investigated compounds were first modeled using 
the LigPrep protocol from the Schrödinger Suite (LigPrep, 
Version 2.4: Schrödinger, LLC, New York 2010). In 
order to sample different protonation states of ligands in 
physiological pH, Epik module was used (Epik, Version 
2.1: Schrödinger, LLC, New York 2010). The molecular 
structures of the compounds in the ground state (in vacuo) 
were further optimized with the B3LYP DFT (the variant 
of DFT method using Becke’s three parameter hybrid 
functional (B3)28  with correlation functional such as the 
one proposed by Lee et al.29 (LYP)) using 6-31G(d,p) basis 
set as included in Gaussian09.30

Lipophilicity was calculated with the Virtual Chemistry 
Laboratory31 (ALOGPs, AClogP, miLogP, ALOGP, 
MLOGP, KOWWIN, XLOGP2, XLOGP3), Sybyl-X v. 1.2 

(SYBYL-X 1.2, Tripos International, 1699 South Hanley 
Rd., St. Louis, Missouri, 63144, USA), MOE Molecular 
Environment (MOE Molecular Operating Environment 
2009.10, Chemical Computing Group), Schrödinger suite 
of software Schrödinger suite of software (Schrödinger, 
LLC, New York 2010) and Discovery Studio v. 3.1 
(BIOVIVA). HOMO and LUMO energy and dipole moment 
were calculated with Gaussian09.30 Molar mass, blood-
brain barrier permeation and solubility were calculated 
with Discovery Studio v. 3.1  Molecular area (3D), 
molecular volume (3D), topological polar surface area 
(TPSA, 2D) and van der Waals donor and acceptor surface 
(2D) were calculated with MOE Molecular Environment. 
Polarizability and molar refractivity were calculated with 
Schrödinger suite of software. Distribution at different 
pH was calculated with ACDLabs software (ACD/I-Lab, 
Advanced Chemistry Development, Inc., Toronto, On, 
Canada, www.acdlabs.com, 2014).  All data were examined 
by correlation analysis with significant level (p < 0.05) 
and principal component analysis (PCA) was performed 
by statistical software package PQStat version v.1.6.0 
considering the following variables (Tables 1 and 2; Tables 
S1 and S2 from Supplementary Information): AlogPs (1), 
AC logP (2), AlogP (3), MlogP (4), KOWWIN (5), XlogP2 
(6), XlogP3 (7), clogP Sybyl (8), logP MOE (9), AlogP98 
Discovery Studio (10), logP Schrödinger suite (11), HOMO, 
eV (12), LUMO, eV (13), Mol. Mass (14), Area (15), TPSA 
(16), VDW surface donor 2D (17), VDW surface acceptor 

Table 1. Lipophilicity calculated using different algorithms. Variables numbers are collected in experimental part

No. ALOGPs AC logP ALOGP MLOGP KOWWIN XLOGP2 XLOGP3
clogP 
Sybyl

logP MOE alogP98 DS
logP 
Schr.

1 2.9 3.4 4.3 3.3 4.4 4.1 2.8 5.2 3.5 3.7 3.3

2 2.6 2.9 3.4 2.7 3.2 3.1 2.5 4.2 2.8 2.9 3.1

3 2.9 3.2 3.3 2.7 3.5 3.1 2.3 4.7 2.9 2.8 3.3

4 2.5 2.9 3.6 2.7 3.2 3.4 2.4 4.8 3.1 3.1 3.3

5 2.8 3.2 3.9 3.0 3.7 3.5 2.8 4.7 3.1 3.4 3.6

6 3.3 3.5 3.8 2.9 4.0 3.6 2.6 5.2 3.2 3.3 3.7

7 2.0 2.5 2.9 2.3 2.8 2.5 1.8 3.6 2.5 2.4 2.6

8 2.6 3.0 3.3 2.7 3.0 3.1 2.1 4.1 2.8 2.8 3.3

9 2.3 2.8 3.4 2.5 3.3 2.9 2.1 4.1 2.8 2.9 3.1

10 2.9 3.1 3.2 2.7 2.9 3.0 2.1 4.2 2.8 2.7 3.1

11 2.7 2.9 3.3 2.5 3.2 2.9 2.1 4.1 2.9 2.8 2.9

12 3.3 3.6 3.7 2.9 4.0 3.6 2.6 5.2 3.2 3.1 3.6

13 1.8 3.9 - - 1.8 1.3 2.9 2.5 2.4 1.9 2.7

14 1.5 3.7 - - 1.1 0.8 2.2 1.5 2.1 1.4 2.4

15 2.1 2.4 4.2 2.1 2.3 4.5 2.7 4.5 2.6 2.9 3.1

16 1.9 2.3 4.2 1.9 2.4 4.4 2.7 4.4 2.6 2.8 3.0

17 2.0 2.3 4.2 1.9 2.4 4.4 2.7 4.4 2.6 2.8 3.0

18 2.5 3.0 5.2 2.5 3.4 5.1 3.4 5.4 3.2 3.8 4.0

19 2.7 3.0 4.9 2.6 3.0 5.1 3.3 5.2 3.2 3.5 3.7

20 2.8 2.7 4.4 2.4 2.4 4.7 3.0 4.7 2.9 3.0 3.2
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2D (18), Dipole moment, D (19), Molar Volume (20), 
Polarizability (21), Molar refractivity (22), BBB (23), 
logS (24), pH = 1.7 (Stomach) (25), pH = 4.6 (Duodenum) 
(26), pH = 6.5 (Jejunum & Ileum) (27), pH = 7.4 
(Blood) (28), pH = 8 (Colon) (29), log kw C18 M (30), 
S C18 M (31), jo C18 M (32), log kw C18 ACN (33), S 
C18 ACN (34), jo C18 ACN (35), log kw Chol M (36), 
S Chol M (37), jo Chol M (38), log kw Chol ACN (39), 
S Chol ACN (40), jo Chol ACN (41), 0,6 j M C18 (42), 
0,65 j M C18 (43), 0,7 j M C18 (44), 0,75 j M C18 (45), 
0,6 j  ACN Chol (46),  0,65j  ACN Chol (47), 
0 ,7j  ACN cho l  (48 ) ,0 ,75j  ACN cho l  (49 ) , 
0 ,8j  ACN cho l  (50 ) ,0 ,55j  ACN C18  (51 ) , 
0 ,6j  ACN C18 (52) ,  0 ,65j  ACN C18 (53) , 
0 ,7j  ACN C18 (54) ,  0 ,75j  ACN C18 (55) , 
0,8j ACN C18 (56), 0,7j M chol (57), 0,75j M chol 
(58), 0,8j M chol (59), 0,85j M chol (60). A variable 
normalization before applying the PCA was performed.

Results and Discussion

The analysis covers 20 new synthesized urea derivatives 
(Figure 1). Chromatographic analysis was conducted in 
reversed phase systems on octadecyl silica and cholesterol 
phases by the use of organic aqueous eluent containing 
methanol and acetonitrile as organic modifiers. Most peaks 
of examined compounds provided good parameters of 

peak symmetry and efficiency. It should be emphasized, 
however, that peak symmetry was better for methanol 
containing eluent system on octadecyl silica stationary 
phase and for acetonitrile/water mobile phase on UDC 
Cholesterol column. Representative chromatograms 
visualizing above trends are illustrated in Figures 2a and 2c. 
The two remaining systems enabled to obtain tailing peaks 
with a little bit worse symmetry (Figures 2b and 2d). 
Moreover, it was observed that cholesterol stationary phase 
is more sensitive to change the kind of organic additive. 

Table 2. The absolute values of the regression parameters determined for investigated compounds on different stationary phases from the relationships 
log k versus volume fraction of organic modifier in the mobile phase (j)

Zorbax XDB C18/MeOH Zorbax XDB C18/ACN UDC Cogent Cholesterol/MeOH UDC Cogent Cholesterol/ACN

log kw S jo R2 log kw S jo R2 log kw S jo R2 log kw S jo R2

2.85 3.51 0.81 0.99 1.20 1.80 0.66 0.99 4.21 4.75 0.88 0.97 1.26 1.45 0.86 0.98

3.51 4.20 0.83 0.99 1.39 1.77 0.78 0.96 3.55 3.67 0.96 0.98 2.42 1.88 1.28 0.93

5.33 5.72 0.93 0.99 3.50 4.05 0.86 0.99 3.43 3.63 0.94 0.99 3.07 3.51 0.87 0.99

3.65 4.33 0.84 0.99 2.31 2.99 0.77 0.99 3.36 3.80 0.88 0.99 2.02 2.50 0.80 0.99

4.44 5.18 0.85 0.99 1.89 2.36 0.80 0.99 3.89 3.98 0.97 0.99 2.40 1.73 1.38 0.97

2.63 3.52 0.74 0.99 2.55 3.05 0.83 0.99 3.87 4.04 0.95 0.99 2.41 2.70 0.89 0.99

4.57 5.50 0.83 0.99 1.80 2.39 0.75 0.99 2.79 3.21 0.86 0.99 1.67 1.90 0.87 0.98

4.04 5.02 0.80 0.99 1.86 2.51 0.74 0.99 2.93 3.11 0.94 0.99 1.87 2.17 0.86 0.99

3.68 4.30 0.85 0.99 1.44 1.75 0.82 0.97 3.56 3.50 1.01 0.99 3.01 2.40 1.25 0.98

3.90 4.89 0.79 0.99 1.85 2.51 0.73 0.99 2.78 3.01 0.92 0.99 1.81 2.14 0.84 0.99

4.82 5.71 0.84 0.99 2.04 2.58 0.79 0.99 2.90 3.33 0.87 0.99 1.82 2.11 0.86 0.99

5.03 5.95 0.84 0.99 2.55 3.09 0.82 0.99 3.65 3.84 0.95 0.99 2.35 2.69 0.87 0.99

0.75 1.54 0.48 0.98 -0.12 0.63 0.19 0.95 0.66 0.81 0.82 0.99 0.36 0.73 0.50 0.97

0.77 1.59 0.48 0.98 -0.03 0.72 -0.04 0.90 0.62 0.76 0.82 0.99 0.22 0.50 0.43 0.99

2.73 3.79 0.72 0.99 1.42 2.35 0.60 0.99 1.67 2.07 0.81 0.99 1.15 1.70 0.67 0.99

3.17 4.17 0.76 0.99 1.73 2.64 0.65 0.99 1.90 2.30 0.83 0.99 1.35 1.90 0.71 0.99

2.86 3.95 0.72 0.99 1.54 2.55 0.60 0.99 1.71 2.09 0.82 0.99 1.17 1.73 0.67 0.99

5.29 6.40 0.82 0.99 3.19 3.83 0.83 0.99 2.95 3.41 0.86 0.99 2.29 2.97 0.77 0.99

3.44 4.50 0.76 0.99 1.84 2.72 0.67 0.99 2.04 2.43 0.83 0.99 1.43 2.04 0.70 0.99

3.09 4.09 0.75 0.99 1.66 2.58 0.64 0.99 1.93 2.31 0.83 0.99 1.30 1.85 0.70 0.99

Figure 2. Comparison of peak parameters of compound 2 obtained on 
Cogent UDC Cholesterol using (a) 80% ACN/water, N = 1810, As = 1.31; 
(b) 80% MeOH/water, N = 1030, As = 1.6; and on Zorbax Eclipse 
XDB-C18 by the use of (c) 80% MeOH/water, N = 3700, As = 1.14; 
(d) 80% ACN/water N = 500, As = 2.95. N: theoretical plates number; 
As: asymmetry factor.
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Changing the mobile phase from 80% methanol into 80% 
acetonitrile on C18 column caused 0.72 min of difference 
in retention time, whereas on cholesterol stationary phase 
this difference was almost ten times longer (6.98 min).

Relationships between log k and j (the volume fraction 
of organic solvent in the eluent) were established for 
both eluents on tested stationary phases. Organic solvent 
concentration was ranging from 0.55 to 0.80j with 0.05 
increments for C18 column whereas cholesterol stationary 
phase required acetonitrile concentration from 0.60 to 0.80 
and methanol from 0.70 to 0.85j in order to ensure k value 
at acceptable level (k < 10). 

In all cases, the dependences of log k vs. j were linear 
with the squared correlation coefficients greater than 0.9. 
It can be assumed that the obtained chromatographic 
lipophilicity parameters log kw, S and j0 were burdened 
with a small error and could be utilized as an independent, 
credible lipophilicity scale. Table 2 contains all parameters 
obtained experimentally on Zorbax Eclipse XDB-C18 and 
Cogent UDC Cholesterol. 

Correlations between the intercept values determined 
for both eluent systems can be described by the following 
equations for examined columns, Zorbax Eclipse XDB-C18 
and Cogent UDC Cholesterol, respectively: 

log kw (MeOH) = (1.2511 ± 0.18) log kw (ACN) + 
(1.2989 ± 0.35)  (2)
n = 20, r = 0.8528, s = 0.68, F = 48.02

log kw (MeOH) = (1.1204 ± 0.18) log kw (ACN) + 
(0.7394 ± 0.35) (3)
n = 20, r = 0.8192, s = 0.62, F = 36.74

where n stands for the number of the compounds; r is the 
correlation coefficient; s is the standard deviation and F is 
the Fisher’s test.

The presented results reveal that log kw values correlate 
with each other. In case of Cogent UDC Cholesterol, 
correlation is a little bit worse considering lower correlation 
coefficient and Fisher’s factor. It appears that due to the 
exclusion of the first compound from this dependence, 
correlation coefficient significantly increases into the 
following one:

log kw (MeOH) = (1.2235 ± 0.11) log kw (ACN) + 
(0.4449 ± 0.21)  (4)
n = 19, r = 0.9377, s = 0.36, F = 123.77

Excluded compound, 1-(1-aryl-4,5-dihydro-1H-
imidazo)-3-(4-methylobenzyl) urea, differs from the others 
by the absence of methyl substituent in the imidazole 

ring. This structure involves stronger solvation with ACN 
and lower affinity for cholesterol stationary phase. In 
consequence, log kw parameter is almost four times smaller 
in acetonitrile containing eluent in comparison to methanol 
on Cogent UDC Cholesterol column. 

In turn, the derivative containing ester polar substituent 
at R1 position (number 6), namely 1-[1-methyl-4-(4-
methylphenyl)4,5-dihydro-1H-imidazo]-3-(4-ethoxy-
carbonylphenyl) urea, acts as an outlier in conventional 
reversed-phase system. Owing to removing this compound, 
the above correlation can also be improved into the 
following one:

log kw (MeOH) = (1.3607 ± 0.14) log kw (ACN) + 
(1.2052 ± 0.27) (5)
n = 19, r = 0.9199, s = 0.51, F = 93.60

For comparison of the free energies of the partition 
processes occurring on both columns, lipophilicity 
parameters could be cross-correlated.32 Relationship 
between log kw values is expressed by the equation:

log kw (C18/MeOH) = (1.6422 ± 0.20) log kw (Choles-
terol/ACN) + (0.8326 ± 0.36) (6)
n = 18; r = 0.8989; s = 0.59, F = 67.35

Despite satisfactory correlation of obtained lipophilicity 
parameters (r = 0.8989), it should be emphasized that the 
slope of the above relationship (1.6422) is far from unity, 
indicating that the energies of retention between compared 
chromatographic systems are not equivalent. Furthermore, 
the variation observed in the intercept indicates a substantial 
difference in the phase ratios of both columns. 

Visual examination of the curve in Figure 3 illustrating 
log kw (C18/MeOH) vs. log kw (Cholesterol/ACN) relationship 
made it possible to distinguish two outliers (compounds 6 and 
9) possessing cyclopentyl and ethoxycarbonyl substituents. 
The obtained results show that despite the fact that the 
retention mechanisms are heteroenergetic, conventional 
C18 column and methanol containing eluent system and 
cholesterol phase with acetonitrile/water mobile phase can 
be used as equivalent models of the partition system for a 
set of diverse urea derivatives. 

In the case of congeneric group of compounds, the 
intercept to slope ratio should be constant. Excellent 
statistical correlation between these indices was obtained by 
Natalini et al.33 and Flieger et al.34 In order to demonstrate 
the structural similarity of the tested compounds that 
undergo retention in accordance with the same uniform 
retention mechanism, the relationship between log kw and S 
was investigated for both studied systems. Obtained linear 
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regression equations were significant only in the case of the 
octadecyl bonded phase and methanol containing eluent system: 

log kw = (-0.9869 ± 0.03)S – (0.8072 ± 0.15) (7)
n = 20; r = 0.9891; s = 0.19; F = 814.77

Despite insignificant correlation between log kw and S 
for the cholesterol column in combination with acetonitrile 
containing eluent system, it was possible to notice that 
excluding N-methyl substituted derivatives possessing 
the most hydrophobic functional groups at R1 position 
such as CH2CH2C6H5, C5H9 numbers 2,5,9, correlation 
between log kw and S for cholesterol column becomes also 
statistically significant:

log kw = (-0.9517 ± 0.05)S – (0.3151 ± 0.11) (8)
n = 17; r = 0.9804; s = 0.15; F = 370.28

Summarizing the above results it could be emphasized 
that hydrophobic effect governing adsorption process 
on C18 stationary phase with methanol-water eluent is 
disturbed by molecule containing polar substituent at R1 
position. Excluded compound with ester polar functional 
group acting among others as steric hindrance confirms the 
statement of Minick et al.35 that RPLC separates compounds 
into classes according to hydrogen bonding properties. 
Discrimination of ester (hydrogen bond acceptor) 
demonstrates that this chromatographic system is sensitive 
to hydrogen-bonding differences between noncongeners 
appearing among urea derivatives. 

In contrast, for UDC Cholesterol column applied with 
acetonitrile-water mobile phase, correlation between log kw 
and S improves after removing solutes with more non-polar 
substituents due to their worse fitting to the regression 
line. One could conclude that cholesterol column with 
acetonitrile-water eluent system is preferable for illustrating 
similarity of compounds with more polar even enable to 
ionization substituents.

Significant correlations presented above prove that the 
retention process of the most urea derivatives is governed 
by the similar intermolecular forces on examined stationary 
phases differing, however, with each other. Additionally, 
it should be noted that the slope in all cases is close to 
unity (0.9868, 0.9517), proving similarity of compared 
parameters.

The correlations between parameters obtained 
theoretically and experimentally were investigated by PCA 
analysis. From that investigation one may infer that the 
first two principal components carry the most important 
information. Together at each case they explain a great part, 
as much as above 80%, of the variance. Graph on Figure 4a 
shows the great contribution of all original variables to the 
principal components except dipole moment (variable 19) 
and VDW surface donor (variable 17).

Figure 3. Relationship between log kw values obtained by the use of 
different chromatographic systems: Zorbax XDB C18 with methanol-
water eluent and UDC Cogent cholesterol with acetonitrile-water mobile 
phase. The 6 and 9 numbers denote compounds acting as outliers from 
the presented relationship.

Figure 4. Biplots present the vectors of original variables: (A) 1-29: theoretically calculated descriptors; (B) 30-41: chromatographic lipophilicity parameters; 
(C) 42-60: all retention data; and points presenting particular compounds (1-20) placed in a coordinate system defined by 2 principal components.
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The points carry the information about particular 
compounds. As it can be seen, compounds number 1 and 7 
are at a large distance from the others. For point 7, reversible 
to the first compound, the value of the first component is 
much greater than the average and the value of the second 
component is much smaller than the average. Considering 
the fact that the log D values at pH = 4.6 (Duodenum) 
has the largest contribution in the first component and the 
second one is dependent on AlogP, one can conclude that 
compounds number 1 and 7 become outliers mainly due 
to these descriptors.

PCA of chromatographic lipophilicty parameters 
(Figure 4B) revealed the following best relationships: 
S (C18 column and methanol containing mobile phase) vs. S 
(cholesterol column and acetonitrile in the mobile phase); 
S (C18 column and acetonitrile containing mobile phase) 
vs. log kw (C18 column and acetonitrile containing mobile 
phase); log kw (cholesterol column and acetonitrile in the 
mobile phase) vs. S (cholesterol column and methanol in 
the mobile phase); S (C18 column and methanol containing 
mobile phase) vs. log kw (C18 column and acetonitrile 
containing mobile phase); S (cholesterol column and 
acetonitrile in the mobile phase) vs. log kw (C18 column 
and acetonitrile containing mobile phase). Despite the high 
statistical significance of the above correlation, it would be 
difficult to find a rational explanation for them. 

Most interesting is the relationship between j0 values 
obtained on the octadecyl bonded phase (variables 
number 35, 32) and cholesterol phase (variables 38, 41) 
highly correlated indicating that this parameter (j0) is 
independent on the organic modifier in the mobile phase. 
Similar conclusion was obtained by Natalini et al.33 for 
a series of bile acids. Biplot on Figure 4B shows two 
outliers 13 and 14. Both compounds are 1-(1-oxido-1,2,4-
benzotriazin-3-ylo)-3-arylalkilureas. By projecting the 
points onto the lines which extend the vectors of original 
values, the reasons can be possibly found. High and positive 
values on the projection onto the original value of the first 
component depend mainly on j0 measured on C18 column 
and methanol containing mobile but small values of the 
remaining original values (negative values on the projection 
onto the extension of the vectors illustrating the remaining 
original dependent on the log kw values determined on C18 
column and acetonitrile containing mobile). 

Figure 4C shows PCA of all retention data (log k) 
measured by polycratic methods on both columns. The 
vectors are placed on a plane defined appropriate by 
the two selected principal components. Vector lengths 
are comparable involving comparable contribution of 
the original variable to the components. Considering 
the angle between vectors indicating the correlation of 

original values it should be noted that vectors are separated 
into highly correlated groups. Upper vectors represent 
chromatographic data measured on cholesterol column, 
whereas lower vectors belong to parameters determined 
by the use of Zorbax XDB C18 column. Considering the 
significance of Euclidean distances between the points the 
information carried by compounds can be compared. Once 
again, compounds number 13 and 14 being 1-(1-oxido-
1,2,4-benzotriazin-3-ylo)-3-arylalkilurea derivatives 
formed separated group. Additionally, derivatives of 
ethyl{[(1-aryl-2-arylsulfonylimidazolidin-2-ylidene)-
carbamoyl]-amino}-acetate (structure 8) created another 
cluster, except compound number 18 possessing the most 
hydrophobic (2,3-methyl) substituents in this group. 
Interesting localization concerns compound number 9. For 
this compound higher contribution of second component 
representing retention on cholesterol column eluted by 
0.65j acetonitrile in water is visible. This compound 
appears again as an outlier. Its structure is characterized by 
all hydrophobic substituents: CH3, CH3 and C5H9.

PCA of theoretical parameters (1-29 variables) and 
chromatographic lipophilicity parameters log kw, S and j0 
values (30-41 variables) is presented on Figure 5. 

The correlation between them was of lower quality 
except S value determined in methanol/water eluent 
system on cholesterol column and log P values calculated 
by fragmental method KowWIN. It appeared that the 
above fragment-based approach comprising electronic 
interactions within one fragment guarantees statistically 

Figure 5. Factor loadings graph. The vectors represent original variables: 
theoretical descriptors number 1-29 presented in Tables 1, S1, S2; 
chromatographic lipophilicity parameters number 30-41 collected in 
Table 2.
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significant correlation with chromatographic lipophilicity 
scale. Finally, Pearson correlation is illustrated graphically 
in Figure 6 and is described by the following equation:

S (Cholesterol/MeOH) = (-1.2609 ±0.93)  
log P KOWWIN + (0.8359 ± 0.29) (9)
n = 20, r = 0.9547 ± 0.07, s = 0.31, F = 185.72

Conclusions

A chromatographic study of newly synthesized urea 
derivatives was undertaken. The reversed-phase materials: 
a Zorbax Extend-C18 and Cogent UDC were applied 
under varying solvents. Nowadays, cholesterol columns 
are becoming more and more popular.36-39 In the presented 
work, by comparing conventional octadecyl bonded 
phase with cholesterol column, confirms the suitability of 
cholesterol stationary phase for chromatographic analysis 
of urea derivatives and determination of their lipophilicity. 
It should be emphasized that to achieve better efficiency of 
chromatographic system containing cholesterol stationary 
phase, acetonitrile can be recommended in analysis of 
urea derivatives. It was proved that although the retention 
mechanism on cholesterol phase and conventional 
octadecyl silica phase at aqueous-organic mobile phase 
differs from each other, both systems reveal congenericity 
of examined compounds. Plots of log k versus organic 
solvent content in the mobile were constructed with an 
aim to determine lipophilicity parameters on both columns 
studied. Only Cogent UDC Cholesterol column appeared 
to be a source of parameters significantly correlating with 
theoretically calculated log P values applying fragmental 
method. This model can be successfully used in either 
lipophilicity prediction or passive transport through the 
biological phospholipids barriers anticipation of urea 
derivatives.

Supplementary Information

Supplementary Information (Table S1: structural 
parameters: HOMO: highest occupied molecular orbital; 
LUMO: lowest unoccupied molecular orbital; TPSA: 
topological polar surface area; BBB: blood-brain barrier 
permeation; log S: solubility; VDW: van der Waals and 
Table S2: distribution, log D at different pH) is available 
free of charge at http://jbcs.sbq.org.br.
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