)

ELSEVIER

Journal of Chromatography A, 673 (1994) 113-124

JOURNAL OF
CHROMATOGRAPHY A

Determination of the hydrophobicity parameter R,,, by
reversed-phase thin-layer chromatography

Karl Dross®, Christoph Sonntag®, Raimund Mannhold***

“Department of Brain Research, Heinrich-Heine-Universitit, Universititsstrasse 1, 40225 Diisseldorf, Germany
"Department of Laser-Medicine, Molecular Drug Research Group, Heinrich-Heine-Universitdt, Universititsstrasse 1,
40225 Dusseldorf, Germany

(First received January 14th, 1994; revised manuscript received March 3rd, 1994)

Abstract

Experimental conditions were established that permit the determination of chromatographic lipophilicity
parameters on the basis of thermodynamically true R,, values. The superiority of methanol as compared with other
modifiers (e.g., acetonitrile) is substantiated; physico-chemical reasons are discussed. Solvent pH influences only
the silanophilic effect; hence, with highly ionized structures, determination at neutral pH is to be preferred.
Extrapolation to modifier-free conditions (R,,,, value) is essential to diminish the contribution of polar interactions.
Advantages and disadvantages of non-linear extrapolation procedures are compared with linear regression.
Correctly estimated R,,,, values coincide numerically not only with log k, values, as theoretically expected, but

also with partitioning data from the octanol-water system.

1. Imtroduction

The prime role of lipophilicity among quan-
titative structure—activity relationship (QSAR)
parameters is undisputed. The classical approach
to quantifying lipophilicity, by octanol-water
partitioning, is being supplanted by chromato-
graphic procedures, in particular high-perform-
ance liquid chromatography on reversed-phase
RP-18 phases (RP-HPLC). Using methanol as a
modifier, water-extrapolated log k values (log
k,) derived in this system show an excellent
correlation with octanol-water partition coeffi-
cients, as summarized by Braumann in a valu-
able review [1]. As thin-layer chromatographic
(TLC) procedures and HPLC exhibit the same

* Corresponding author.

dependence on the stationary and mobile phases,
this correlation should also apply to TLC.

R,, values, obtained by RP-TLC, have a long
tradition as lipophilicity parameters (see, e.g.,
ref. 2), but they are often viewed as “quick and
dirty” parameters. In a previous paper [3], we
showed that this view is due to incorrect mea-
surement of R,,. First, it is essential to determine
R values with the aid of front markers, which
are the only means of calculating thermody-
namically true R,, values. Because R, values
depend significantly on modifier content, Biagi et
al. 4] preferred R,,, values, i.e., R,, extrapo-
lated to 100% water, as lipophilicity parameters
in QSAR studies. The theoretical and ex-
perimental correctness of such an extrapolation
were demonstrated by Soczewinski and Wacht-
meister [5]. However, a linear dependence of R,
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holds only at low modifier content ¢; at high ¢,
the R,, values deviate from linearity [4,6].

Despite pronounced differences in experimen-
tal procedures, the basic partitioning conditions
are similar in RP-TLC and RP-HPLC. The
stationary phase, i.e., silica gel etherified with
octadecanol, is identical with that used on RP-
TLC plates. Hence the partitioning process is
governed by identical physico-chemical parame-
ters when the same solvent is used [1,7]. Corre-
spondingly, also in RP-HPLC it is common to
apply water-extrapolated values (log k) as lipo-
philicity parameters. Also for RP-HPLC it has
been shown by several workers [8-11] that in
case of high modifier contents the log k' values
can deviate from linearity and linear extrapola-
tions therefore lead to erroneous log &,

In this work, we investigated the questions of
linearity and extrapolation to R,,, on the basis
of thermodynamically true R,, values. In addi-
tion, a comparison of such R, data with other
lipophilicity data is given; experimental lipophil-
icity parameters such as log P, and log k, and
also calculation parameters such as I f [12] are
included Finally, we report on the influence of
acetonitrile as modifier and of the solvent pH on
Ry

2. Experimental

Precoated TLC plates (RP-18 Fs,s, 20x 10
cm) purchased from Merck (Darmstadt, Ger-
many) were used. Compared with differently
coated silica gel plates [4,6], these plates have
the considerable advantage of high stability,
permitting their use for large ranges of varying
modifier/buffer contents; they are also similar to
the material used in RP-HPLC. As solvent we
used methanol-buffer mixtures with methanol
contents between 20 and 100% (v/v) or acetoni-
trile-buffer mixtures with modifier contents be-
tween 40 and 75% (v/v) in 5% increments. Tris
buffer [pH 7.4 (ionic strength 0.1 mol/l1)} was
used, prepared with water obtained from a Milli-
Q Plus water system (Millipore, Bedford, MA,
USA). In some instances, commercially available
buffer (pH 12) from Riedel-de Haén (Seelze,

Germany) was used. TLC was performed in
twin-trough chambers (Camag, Muttenz, Swit-
zerland), which were placed in an incubator
adjusted to 30°C.

Detailed experimental conditions for the de-
termination and calculation of thermodynamical-
ly true R; and R,, values have already been
published [3]. For determining the thermody-
namically true position of the front, KI was used.
A 0.5-ul volume of an ethanolic solution of the
test compounds was applied to the plates with
the aid of a Nanomat I1 (Camag). Positioning of
the starting points (Z,) and the positions after
the runs (Z,) were exactly evaluated with the
aid of a CD 50 densitomer (Desaga, Heidelberg,
Germany). The R value of a test compound X
is calculated according to

R}X=().99(ZX~ 22y, — Zy) (D

Z,—Z,and Z,,; — Z, characterize the migration
distances of the test compound X and of the
front marker KI; the correction factor 0.99
corresponds to the front gradient [3,7,13].

From the R, values, the thermodynamically
true R,, values were calculated according to the
well known procedure of Bate-Smith and Westall
[14]:

Ryy =1log(1/R}y — 1) (2)

2.1. Test compounds

The compounds tested are listed in Table 1.
Compounds 19-21 were kindly provided by
Professor Weber, Department of Pharmaceutical
Chemistry, University of Disseldorf. The re-
maining compounds were obtained from Aldrich
(Milwaukee, WI, USA).

2.2. Statistics

All statistical procedures were run with Graph
Pad InPlot, version 4.04 (Graph Pad Software,
San Diego, CA, USA). Deviations are given as
95% confidence intervals.
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Tabie 1

115

R, values, obtained by linear regression or according to Eq. 10, as compared with log k., log P, [27] and T f values,

calculated according to ref. 12

No. Compound Ry £95% c.i’ Log k,, Log P, b .
Linear Non-linear (Eq. 10)
1 Benzoic acid 1.649 + 0.018 1.661 +0.136 1.92 1.87 1.84
2 2-Methylbenzoic acid 1.967 = 0.029 1.974 + 0.267 2.18 2.14
3 3-Methylbenzoic acid 2.208 +0.020 2.218 = 0.100 2.37 2.36
4 4-Methylbenzoic acid 2.218 £0.043 2.270 £ 0.115 2.48 2.27 2.36
5 3,4-Dimethylbenzoic acid 2.668 = 0.058 2.701 = 0.300 2.87
6 3-Methoxybenzoic acid 1.804 +0.024 1.801 £ 0.169 2.02 1.91
7 4-Methoxybenzoic acid 1.954 +0.037 2.002 +0.126 1.96 1.91
] 3-Fluorobenzoic acid 1.763 = 0.030 1.853 £ 0.400 2.15 2.08
9 4-Fluorobenzoic acid 1.797 £ 0.028 1.798 £0.191 2.07 2.08
10 3-Chlorobenzoic acid 2.106 = 0.032 2.096 +0.111 2.68 2.57
1 4-Chlorobenzoic acid 2.190 = 0.027 2.179 £ 0.099 2.70 2.65 2.57
12 3-Bromobenzoic acid 2.265 £ 0.031 2.260 = 0.150 2.87 2.77
13 4-Bromobenzoic acid 2.368 = 0.032 2.383+0.145 2.86 2.77
14 3-lodobenzoic acid 2.536 £ 0.059 2.529 £0.185 3.13 3.08
15 4-lodobenzoic acid 2.628 = 0.054 2.603 =0.154 3.02 3.08
16 4-Butylbenzoic acid 3.940 * 0.155 4.002 £ 0.594 391
17 4-Pentylbenzoic acid 4.429+0.131 4.430 £ 0.332 4.43
18 4-Heptylbenzoic acid 5.440 = 0.103 5.410 = 0.380 5.47
19 2-Hydroxybenzoic acid 1.165 + 0.044 1.169 + 0.626 2.21 2.16
20 4-Hydroxybenzoic acid 1.068 + 0.022 1.033£0.910 1.20 1.57 1.50
21 2,4-Dihydroxybenzoic acid 0.872 + 0.056 0.737 £1.275 1.44 1.60
22 1-Naphthalenecarboxylic acid 3.047 = 0.063 3.016 = 0.215 3.10 312
23 3-Methylphenylacetic acid 2.049 = 0.029 2.039 £ 0.120 1.86 2.00
24 3-Fluorophenylacetic acid 1.644 = 0.055 1.624 = 0.192 1.65 1.72
25 4-Fluorophenylacetic acid 1.649 = 0.047 1.628 = 0.161 1.55 1.72
26 4-Chlorophenylacetic acid 2.166 + 0.036 2.146 £0.175 2.12 2.21
27 4-Bromophenylacetic acid 2.306 +0.017 2.302 £ 0.087 2.31 2.41
28 3-Phenylpropionic acid 2.095 +0.027 2.106 £0.133 1.84 2.00
29 4-Phenylbutyric acid 2.527+0.018 2.524 = (.083 2.42 2.52
30 Benzophenone 3.361 £ 0.082 3.385x0.239 3.15 3.38 3.05
31 2,6-Dimethylbenzophenone 4.038 £0.104 4.029+0.18% 3.65
32 2,2'-Dimethylbenzophenone 4.121 £ 0.155 4.116 = 0.416 3.87
33 2,6,2',6'-Tetramethylbenzophenone 4.463 +0.132 4.418+0.179 4.69
34 2,6,2’ 6'-Tetraethylbenzophenone 6,121+ 0.097 6.169 = 0,408 6.54
35 4-Bromoacetophenone 2.938 +0.052 2.950 +0.195 2.43 2.58
36 2-Hydroxybenzamide 1.380 = 0.013 1.385+0.123 1.24 1.28 1.09
37 4-Hydroxybenzamide 0.460 + 0.027 0.470 = 0.166 0.33 0.43
38 Phenol 1.278 £ 0.056 1.250 £ 0.556 1.30 1.46 1.55
39 4-Chlorophenol 2.031£0.026 2.039 +0.163 224 2.35 2.28
4.0 4-Bromophenol 2.223+0.023 2.209 £ 0.138 243 2.48
41 1-Naphthol 2.572 £0.035 2.592 +0.133 1.71 2.65 2.84
42 2-Naphthol 2.577 + 0.041 2.609 +0.124 2.15 2.70 2.84
43 4-Methylbenzyl alcohol 1.916 = 0.026 1.952+0.113 1.59 1.71
“ 4-Chlorobenzyl alcohol 2.120 £ 0.012 2.124 +0.074 1.96 1.92
45 Imidazole -0.130 £ 0.022 0.033 £1.020 -0.08 0.16
46 2-Methylimidazole 0.014 = 0.009 0.088 +0.638 0.68
47 2-Ethylimidazole 0.155 £ 0.016 0.262 £1.116 1.20
48 2-Propylimidazole 0.309 = 0.009 0.335 £0.117 1.72
49 1-Butylimidazole 0.614 = 0.014 0.602 = 0.262 2.02
50 2-Phenylimidazole 1.170 £ 0.041 1.094 £ 1.129 1.87 2.08
51 Benzimidazole 0.821 +0.032 0.866 * 0.365 1.20 1.45
52 2-Methylbenzimidazole 0.917 +0.018 0.960 = 0.592 1.43 1.96
53 5,6-Dimethylbenzimidazole 1.685 = 0.074 1.726 + 0.515 2.35 2.48

(Continued on p. 116)
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Table 1 (Continued)

No. Compound Ry £ 95% c.if Log k, Log Py, L frev
Linear Non-linear (Eq. 10)
34 4-Nitroaniline 1.415=0.032 1.421 £ 0.171 1.46 1.39 0.76
35 4-Chloroaniline 1.692 = 0.040 1.695 = 0.227 1.80 1.83 1.73
56 4-Bromoaniline 1.989 +0.031 2.014 £ 0.186 2.01 2.05 1.93
57 2.5-Di-tert.-butylaniline 4.383 £ 0.043 4,388 +0.188 5.15
58 2-Naphthylamine 2.201 = 0.043 2.207 £0.178 2.28 2.29
59 4-Bromo-1-naphthylamine 3.34120.033 3.358 £ 0.267 322
60 2-Aminobipheny! 2.988 = (0.027 2.977x0.112 2.84 2.92
61 2-Aminofluorene 3.421 2 0.045 3.381 £ 0.387 3.2
62 2-Amino-7-bromofluorene 4.110 = 0.070 4.134 £ 0.497 3.95
63 2-Amino-1,3-dibromofluorene 4.867 = 0.026 4.888 = 0.240 4.88
64 I-Aminoanthracene 3.562 = 0.037 3.563 +£0.255 3.58
65 3-Aminofluoranthene 4.588 = 0.079 4.581 £ 0.444 4.01
66 I-Aminopyrene 4.661 + 0.089 4.666 £ 0.294 . 4.01
67 Acridine 3.400 = 0.060 3.386 +0.399 2.87 3.40 3.31
68 4-Nitrotoluene 2.605 £ 0.022 2.607 £0.115 2.40 2.42 2.38
69 4-Chloronitrobenzene 2.701 £ 0.025 2.734 £ 0.049 2.35 2.41 2.59
70 4-Bromonitrobenzene 2.760 + (0.037 2.757 £ 0.160 2.55 2.79
n 1-Nitronaphthalenc 3.248 + 0.016 3.260 = 0.094 319 3.15
72 Pentamethylbenzene 4.352x0.182 4.369 £ 0.583 4.70 4.56 4.70
73 Biphenyl 3.920 = 0.084 3.937 0.342 4.09 4.08 4.02
74 Bibenzyl 4.676 £0.072 4.682 = 0.349 4.92 4.79 4.84
75 Naphthalene 3.168 = 0.053 3.171+£0.179 331 3.35 3.39
76 2-Methyinaphthalene 3.747 + 0.083 3,751 =0.253 3.86 3.91
77 2,6-Dimethylnaphthalene 4.290 + 0.090 4.331 = 0.196 4.31 4.43
78 1-Phenylnaphthalene 4.529 £ 0.036 4.542 = 0.105 5.31
79 2,6-Di-tert.-butylnaphthalene 6.416 £ 0.137 6.319+0.776 7.55
80 Anthracene 4.228 £ 0.039 4.243 +0.151 4.58 4.45 4.68
81 2-Methylanthracene 4.623 + 0.069 4.632 +0.154 5.07 5.20
82 2-Ethylanthracene 5.085 = 0.092 5.075 £0.202 5.72
83 2-Chioroanthracene 4.750 £ 0.170 4,725+ 0.417 5.41
84 9-Bromoanthracene 4.959 +0.163 5.023 £ 0.501 5.61
85 9-Phenylanthracene 5.158 £ 0.037 5.174 £0.135 6.60
86 9,10-Diphenylanthracene 6.938£0.197 6.963 + 0.540 8.52
87 2-Methylphenanthrene 5.158 £ 0.023 5.205 £ 0.332 4.86 5.20
88 1.3,5-Trichlorobenzene 4.047 £0.035 4.064 £0.221 4.26 4.02 4.29
89 1,2,4,5-Tetrachlorobenzene 4.524 » (.103 4.635 +0.638 4.65 4.52 5.02
90 Pentachlorobenzene 4.896 = (0.079 4.901 £0.205 5.25 5.03 5.75
91 Hexachlorobenzene 5.360 £ 0.131 5.375 £ 0.354 5.46 5.37 6.48
92 1.4-Dibromobenzene 3.877 £ 0.065 3.873 £ 0.285 3.64 3.97

“¢.i. = Confidence interval.

3. Results and discussion

3.1. Determination of R,,, values by linear
extrapolation

To test the linearity between R,, and methanol
content ¢, in general 16 data points were avail-
able for cach test compound. For compounds
with R,,, >3, R,, values cannot be calculated

with sufficient accuracy at low ¢, owing to
inaccurate measurement of migration distances
around 0.01 mm. For only 4 out of 92 investi-
gated compounds, the R,, values decline linearly
up to ¢ values of 0.85 (Fig. 1A); these four
compounds (tri-, tetra-, penta- and hexachloro-
benzene, 88-91) are extremely non-polar. Kam-
let et al. [15] specified their « and B values,
which quantify the proton-accepting and proton-
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Fig. 1. Dependence of R,, values on the methanol fraction
(¢). (A) Non-polar compounds; (B) acids; (C) bases.

donating behaviour, as zero. For all other test
compounds, deviations from linearity are found
at methanol contents of 45-75% (Fig. 1B and
C), presumably owing to the so-called silano-
philic effect, which has been described by
Nahum and Horvath [10] for RP-HPLC. This
effect is based on polar interactions between free
silanol moieties of the RP material and polar

moieties of the test molecules. In the RP materi-
al the silanol groups are only partially etherified
with octadecanol for stereochemical reasons; for
the Merck plates used in this investigation, the
amount of etherification is given as 22% [16]. In
solvents with a high buffer content, silanol
groups are quantitatively protected by water
molecules and the chromatographic process is
based almost exclusively on partitioning (re-
versed-phase behaviour). With increasing modi-
fier content the possibility of polar interactions
of the silanol groups increases (normal-phase
behaviour).

One way to reduce the silanophilic effect and
achieve an improved determination of R,, would
be to use Merck RP-18 HPTLC plates, which are
coated with a silica gel material with higher
etherification with octadecyl groups. However,
these plates can only be moistened by solvents
containing less than 40% of water. This makes
extrapolation to modifier-free conditions less
accurate. Similar experience has been reported
by Butte et al. [17].

The linear part of the relationship between R,,
and methanol content was determined by the aid
of a computer program [18]. Because the silano-
philic effect always initiates an increase in the
measured R,, values, the necessary procedure
was unequivocally defined. Correspondingly cal-
culated R,,, values are summarized in Table 1.

3.2. Determination of R, by non-linear
regression

Schoenmakers and co-workers {19,20] de-
scribed the correlation between log k' and ¢
with a Scatchard-Hildebrand extended solubility
parameter model [21,22] by means of the follow-
ing equation:

logk’ =logk, + Ap” ~ S¢ 3)

The application of this approach to the determi-
nation of R, necessitates, for an accurate
calculation, the availability of a large number of
data points, particularly at low modifier con-
tents; mainly for technical reasons these data
were not always available. Log k,, values calcu-
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lated according to Eq. 3 have been correlated
with log P, data by Braumann [1] and El Tayar
et al. [23]. From these correlations, it is con-
cluded that in the case of lipophilic compounds
the above approach yields overestimated param-
eters.

The shape of the plots of R,, versus ¢ resem-
bles a decreasing exponential in the first part
followed by an increasing one. We therefore
attempted to describe this pattern empirically by
the following equation:

R,, =log(Ae ®¢ + Ce”%) (4)

The decreasing exponential in Eq. 4 expresses
the contribution of hydrophobic interactions
between the test compound, the stationary hy-
drophobic phase and the aqueous mobile phase
to R,,, while the increasing exponential corre-
sponds to the contribution of polar adsorption.
Parameters A, B, C and D were calculated by
non-linear regression. If the parameters A, B, C
and D are given, R,,, is calculated by setting
e =0:

R, =log(A + C) (5)

Table 2 summarizes some R,,, values, calcu-
lated according to this approach for six test
compounds representing the chemical classes
included in this study. These results agree well
with those obtained by linear extrapolation.
However, in some instances the iteration pro-
gram calculated negative values for D, which

Table 2

means that the program fits the plot of R,
versus ¢ to two decreasing exponentials. This is
obviously misleading, as the adsorptive, polar
contribution to R,, increases with increasing
modifier content. Hence Eq. 4 is not generally
applicable.

Nahum and Horviéth [10] developed an equa-
tion that separates two contributions to log k'
depending on the buffer content of the eluent.
Owing to the above-mentioned free silanol
groups, they assumed the simultaneous existence
of both reversed-phase (solvophobicity) and nor-
mal-phase (silanophilicity) behaviour. Solvo-
phobic behaviour is expressed as follows:

k, = Ae®" (6)

where ¢ defines the water content. In normal-
phase chromatography with polar adsorbents
such as silica gel, the interdependence between
the retention factor and the composition of a
binary solvent is expressed as follows [24,25]:

ky=1/(C + D) (7

The entire retention factor k' is then the sum of
k, and k,:

k' = Ae®* +1/(C + Dy) (8)
or, in logarithmic form,
log k' =log[Ae®" + 1/(C + Dy)] (9)

As already outlined above, this calculation can
also be applied to the determination of R, .

Comparison of some R,,, values, obtained by non-linear regression (Eq. 4), with linearly extrapolated data

No. Compound Ry, *95% c.i” A
Nonlinear regression Linear regression
by Eq. 4
1 Benzoic acid 1.682 = 0.061 1.649 = 0.018 0.033
26 Benzophenone 3.457+0.121 3.361 £ 0.082 0.096
40 Imidazole ~0.075 £ 0.173 —0.130 £ 0.022 0.055
50 4-Chloroaniline 1.691 = 0.054 1.692 = 0.040 —0.001
72 Anthracene 4.197 = 0.065 4.228 £ 0.039 —0.031
82 Pentachlorobenzene 4.896 +0.148 4.896 +0.079 0.000

“¢.i. = Confidence interval.
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Calculation of the parameters A, B, C and D
and setting ¢ = 1 (modifier free) then gives

R, =log[Ae® +1/(C + D)] (10)

Correspondingly calculated R,,, data are sum-
marized in column 2 in Table 1. Linear extrapo-
lation and non-linear regression according to
Horviéth (Eq. 10) results in almost identical R,,,,
values ranging between —0.13 and 6.98, as
shown by the regression equation

Ry yior = 0.997(=0.005)R, ., ;. +0.016(0.017)

(11)
n=92; s =0.039; r =0.9997; F =144 000

The mean difference between the two calculation
procedures is 0.01 = 0.04; only in three cases it is
greater than 0.1.

Although non-linear regression according to
Nahum and Horviéth [10] is the better approach
for the determination of R,,,,, our results dem-
onstrate that the far more convenient linear
extrapolation yields almost identical results, if
carefully applied. In addition, confidence inter-
vals are significantly smaller in the latter in-
stance, as expected from the calculation pro-
cedure.

3.3. Influence of solvent pH on R,,

Concerning the influence of solvent pH on the
R,, values of strong bases, we have already

Table 3
R,,,, values of imidazoles

02 2-ethylimidazole g

pH 12,7
0.0f

-0.2f
’ pH 7.4

Ry

—0.4F N -
~Q, -
‘0--9—@"0

-0.6F ae-g

-08 1 2 L s
0.0 0.2 0.4 0.6 0.8 1.0

methanol fraction

Fig. 2. Influence of pH on R,, values. Curves were calcu-
lated according to Horvath (see also Eq. 10).

reported [3] that the silanophilic effect, but not
the lipophilic distribution, depends on solvent
pH. For a validation of this hypothesis, we
selected some imidazole derivatives exhibiting
pK values around 7 [26]. R,, values were
measured at pH 7.4 (50% dissociation) and 12
(no protonation). As shown in Table 3, the
measured data are well correlated, with the
greatest deviation being 0.067. This is shown by
the regression equation

RMw,pH7.4 = 0'969(i0'042)RMw,pH12
+0.010(=0.036) (12)
n=09; s=0.031; r =0.9988; F=2973

The influence of solvent pH is shown in detail in
Fig. 2. At higher pH, polar interactions are

No. Compound Ry, PHT) n R,. (PH 12) n A

45 Imidazole —0.130 6 —0.130 4 0.000
46 2-Methylimidazole 0.014 5 0.037 3 —-0.023
47 2-Ethylimidazole 0.155 5 0.173 3 —-0.018
48 2-Propylimidazole 0.309 7 0.253 4 0.056
49 1-Butylimidazole 0.614 6 0.611 5 0.003
50 2-Phenylimidazole 1.170 4 1.188 3 -0.018
51 Benzimidazoie 0.821 9 0.803 8 0.018
52 2-Methylbenzimidazole 0.917 5 0.949 4 -0.032
53 5,6-Dimethylbenzimidazole 1.685 6 1.752 S —0.067

Data measured at pH 7.4 are compared with values derived at pH 12.0 and their differences (A) are given. n = Number of data

points included for linear extrapolation.
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strengthened. Accordingly, the curve shape is
linear between 20 and 40% methanol at pH 7.4,
but only up to 30% methanol at pH 12. Hence,
uncertainties in the extrapolation to R,,, arise,
which underlie the deviations in Eq. 12. At low
methanol contents, where R,, depends solely on
the lipophilic distribution, the data coincide
almost exactly.

3.4. Influence of the modifier on R,,

The pronounced influence of the modifier on
the quality of chromatographic data has been
comprehensively described by Braumann [1].
The distribution of the test compounds into the
octadecyl phase of the RP-18 phase depends
significantly on physico-chemical properties of
the modifier such as dipole moment or proton-
donating properties. In this respect, the prop-
erties of acetonitrile are distinctly different from

Table 4

those of water, whereas methanol is very similar.
Accordingly, methanol has to be viewed as the
modifier of choice for the chromatographic de-
termination of lipophilicity. These considerations
are impressively substantiated by our present
investigations. R,,, values determined with ace-
tonitrile as modifier (Table 4) are significantly
lower than the data measured in the methanol
system:

Ry aen = 0.679( t()'070)R1\4w\Mc()II

+0.232(£0.217) (13)
n=225=0.179; r = 0.9766; F = 412

The mean difference is 0.69+0.41. Also in
comparison with log P, the acetonitrile-related
data show a significant negative deviation with a
mean value of 0.87 = 0.30. Correspondingly, the
correlations of the chromatographic data with
log P, are less significant in the case of the

R, values of some selected test compounds measured in the acetonitrile system, and the differences from the values obtained in

the methanol system

No. Compound Ryacn £95% ci’ AR, meon
1 Benzoic acid 1.360 + 0.112 0.289
2 2-Methylbenzoic acid 1.548 = 0.065 0.419
4 4-Methylbenzoic acid 1.561 £ 0.049 0.657
5 3,4-Dimethylbenzoic acid 1.756 = 0.050 0.912
6 3-Methoxybenzoic acid 1.476 = 0.098 0.328
7 4-Methoxybenzoic acid 1.441 +0.109 0.513
8 3-Fluorobenzoic acid 1.530 £ 0.092 0.233
9 4-Fluorobenzoic acid 1.507 £ 0.095 0.290

10 3-Chlorobenzoic acid 1.696 = 0.071 0.410

11 4-Chlorobenzoic acid 1.711 £ 0.059 0.479

12 3-Bromobenzoic acid 1.779 £ 0.054 0.486

13 4-Bromobenzoic acid 1.773 2 0.056 (3.595

14 3-Iodobenzoic acid 1.867 + 0.072 0.669

15 4-lodobenzoic acid 3.998 = 0.072 0.748

30 Benzophenone 2.757 £0.097 0.604

31 2,6-Dimethylbenzophenone 3.239 +().286 0.799

32 2,2’-Dimethylbenzophenone 3.277 = 0.356 0.844

33 2,6,2',6’-Tetramethylbenzophenone 3.582 +0.226 0.881

34 2,6,2".6'-Tetracthylbenzophenone 3.998 = (0.060 2.133

72 Pentamethylbenzene 3.119 £ 0.092 1.233

73 Biphenyl 2.843 £ 0.115 1.077

75 Naphthalene 2.489 +0.074 0.679

“c.i. = Confidence interval.
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acetonitrile system (Eq. 14) as compared with
the methanol system (Eq. 15):

Ry acn = 0.677(20.126) log Py,

+0.028(0.360) (14)
n=17, s=0.180; r =0.9476; F =132

3.5. Comparison of R,,, with
logl%kl

For 65 of 92 test compounds (see Table 1), log
Py, values have been published [27]. For the
latter a measuring accuracy of 0.3 log units is
generally accepted [28]; 52 pairs are located
within this range.

Correlations between log P, and R,,, data,
obtained either by linear extrapolation (Eq. 15)
or by non-linear regression (Eq. 16), yield the
following results:

Rppo 1in = 1.008(£0.064) log P,
—0.151(%0.183) (15)
n==65; s =0.294; r =0.9699; F = 1000
Rypw por = 1.009(£0.066) log P,
—0.147(+0.190) (16)
n=65; s =0.304; r =0.9679; F =935
The average R,,, values are 0.13x0.29 lower
than the corresponding log P, values. In five
cases (three benzoic acids and two imidazoles),
the values were more than two standard devia-
tions lower. The R,,, values of all acids exhibit
lower values than log Py, with a mean differ-
ence of 0.24+0.31. Omission of these acids
results in correlation equations with regression
coefficients approximating 1 and with intercepts
only marginally differing from zero:
Ry 1in = 1.000(£0.062) log P,
—0.059(x0.197) 17)
n =40; s =0.260; r =0.9827; F=1070

R v Hor = 0.998(£0.063) log Py,

~0.036(0.202) (18)
n =40; s = 0.267; r = 0.9818; F = 1013

Not surprisingly, the mean differences for this

set of 40 compounds are as low as 0.06 = (.26,
ranging within the measurement accuracy of 0.3
units, as accepted for log P.

On closer inspection (see also Fig. 3), the
halogenated and hydroxylated benzoic acids are
seen to be underestimated in comparison with
log Pg,. An extraordinarily strong deviation is
found for salicylic acid (19) and some substituted
imidazoles (50-53). It remains to be clarified
whether the chromatographic or the partitioning
approach supplies more precise data. Neverthe-
less, it is striking that all these compounds are
polar. Octanol-water distribution coefficients of
ionizable compounds depend strictly on the
compound- pK values and the pH of the buffer
phase. Hence an exact determination of log P
necessitates precise measurements of both log D
and pK. Mannhold et al. [29] demonstrated the
profound influence of questionable pK values on
transforming log D into log P. On the other
hand, chromatography-based lipophilicity deter-
minations are independent of pK/pH, are only
influenced by one parameter and therefore rep-
resent from our point of view the more accurate
data.

A number of workers [1,17,30-34] have con-
cluded that R,,, or log k, values better correlate

6

S+ X

RMW
&

[e]3

_l 1 1 i 1
-1 0 1 2 3 4 5 6

|°g POct

Fig. 3. Correlation of R,,, with log P, values. X = Non-
polar compounds (72-92); @ = hydroxybenzoic acids (19-
21); © = halogenated benzoic acids (8-15); O =remaining
benzoic acids (1-7, 16-18); A =phenones (30, 35); O=
benzamides (36, 37); < = phenols (38-42); W = substituted
imidazoles (50-53); + =amines (45, 54-56, 58, 60, 67);
* = nitro compounds (68-71).
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with log P, than R,, or log k' values measured
at one given modifier content. Regression equa-
tions with respect to the varying modifier con-
tents have been calculated according to

Ry, =alog Py +b (19)

Fig. 4 shows the slopes @ and the intercepts b
for the individual regression equations as a
function of the modifier content ¢. In the range
20-45% methanol content, R,, determinations
were not possible for some test compounds
owing to their high lipophilicity. Corresponding-
ly, the number of test compounds (r) included
differs for the various methanol-buffer mixtures.

Our investigations substantiate the findings of

slopes

00 02 04 06 08 1.0
methanol fraction

intercepts
i
=)
9
T

-1.0p

00 02 04 06 08 1.0
methanol fraction

Fig. 4. (A) Slopes and (B) intercepts of the function R, =
A log P, + B, calculated for various methanol fractions ¢.
For ¢ >0.45 up to 1.0 the number of included compounds is
65 (for further explanations, see text).

the above-mentioned workers that correlations
between R,, and log P, are optimum when
using the extrapolated data (see Eqs. 15-18).
With increasing methanol content the correlation
coefficient decreases from 0.97 to 0.80. This
decreasing interrelation is due to additional polar
effects, which significantly emerge with increas-
ing modifier content.

Fig. 4 clearly demonstrates that with decreas-
ing modifier content the slope of Eq. 19 approxi-
mates to 1 and the intercept approximates to
zero. Correspondingly, R,,,, and log P, can be
considered as interchangeable lipophilicity pa-
rameters. These results coincide completely with
the investigations of Braumann [1] and several
other workers [17,31,33}] concerned with RP-
HPLC. The conclusion of Braumann that log &,
has to be accepted as an a priori parameter for
lipophilicity is identically applicable to R,,, from
our investigations.

3.6. Comparison between R,,, and log k,,

According to our introductory remarks and
the considerations detailed above, R, and log
k, should be correlated, provided they have
been measured under comparable conditions.
For 25 of the test compounds studied here,
log k, values were available from the literature
[1,31,34-39]. Their correlation with our R,,,
data gives the following equation:

Ry = 0.905(%0.091) log k., + 0.246(=0.298)
(20)

n=25;5=0.296; r=0.9737; F=421

The most discrepant compounds are 1-naphthol

(41) and acridine (67), the R,,, data for which

are almost identical with log P,,.. Omitting these
two yields

R, =0.931(%£0.069) log k., + 0.111(%0.229)
(21)

n=23;5=0.219; r=0.9869; F =787

Also in this correlation a certain trend to some-

what lower R, as compared with log &k,
emerges; nevertheless, the theoretically expected
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coincidence between these parameters seems to
be proved.

Correspondingly, we view RP-TLC as a feas-
ible alternative to lipophilicity determination by
HPL.C. One of the major advantages of RP-TLC
is its rapidity. As described in detail (see Ex-
perimental), 30 compounds can be tested
simultaneously. This number can even be in-
creased by the double use of at least some
starting positions. One has only to guarantee
that the compounds sharing a starting position
should differ in lipophilicity by at least one unit.
Lipophilicity can easily be determined ahead of
time by calculating the ¥ f values.

3.7. Comparison between R,, and ¥ f

We compared our R,,, data with calculated
lipophilicity values using the I f system of
Rekker [11,40-42]. The correlation between

Ry, and the calculated data is given by
Ry 1in = 0.914(£0.057)X f,., +0.013(+0.204)

(22)

cV.

n=092; s =0.444; r = 0.9585; F = 1017

The high interrelation, also found in this com-
parison, again substantiates the general ap-
plicability of R, as a reliable lipophilicity
parameter.
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