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Abstract

An evaluation of an empirical method for the determination of log P values for 24 phenols by thin-layer chromatography
is described. Separation is on bonded C, plates and aqueous methanol is used as the mobile phase. The method is based on
the Soczewinski equation and uses standards to define a solvent composition at which R,, is equal to log P. In addition, a
new approach, based on a paired t-test is described. The f-statistic is used to compare the differences between the literature
log P values and the computed R,, values over a range of solvent compositions. The p-value corresponding to the #-score can
then be used as the measure of agreement between the computed and chromatographic values of log P. The mean difference
between the estimated and the literature log P values varies between 0.1 and 0.2 of a log P unit, depending on the method

used.
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1. Introduction

Log P, the logarithm of the octanol-water parti-
tion coefficient, is an important descriptor for lipo-
philicity. There are a number of problems with the
classical shake-flask method of determining log P
[1]; the recent trend has been to calculate the value
of log P using various computational approaches
[2,3] or to determine the value by either HPLC [4] or
TLC [5].

The latter techniques use reversed-phase systems
with a stationary phase such as bonded C,; and a
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mobile phase such as aqueous methanol to determine
either log k" (HPLC) or R,, (TLC), either at a single
arbitrary mobile phase composition or over a range
of compositions. In the latter case, the data are
usually extrapolated to zero concentration of the
organic modifier. Log k' or R,, for a training set of
solutes is then related to log P by a suitable
regression equation.

The extrapolation approach can be satisfactory
because there is a smooth change in the retention of
a solute with changes in the composition of a mobile
phase consisting of an aqueous solution of an organic
modifier. Such a relationship was originally demon-
strated by Soczewinski and Wachtmeister [6].

Schoenmakers and co-workers [7] later demon-
strated that the capacity factor of a solute can be
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related to the composition of the mobile phase in a
reversed-phase separation by the following second
order equation:

Ink'=a,¢>+b,¢+c, (1)

where ¢ is the volume percent of an aqueous organic
modifier and a;, b, and c, are empirical constants for
a solute i. This relationship has been widely used in
liquid chromatography.

The retention of a solute can also be predicted
using the following equation, originally introduced
by Soczewinski [8]:

R,=a,logXs + b, (2)

where Xs is the mole fraction of a strong solvent in a
binary mixture with a weak solvent, and «, and b, are
empirical constants for a solute i. This equation was
originally suggested for normal-phase chromatog-
raphy but is valid also for reversed-phase chromatog-
raphy [9,10].

A new approach to determining log P by reversed-
phase TLC has been suggested and is based on Eq.
(2) [11]. It is not possible to use this equation to
extrapolate to zero concentration of organic modifier,
because of the logarithmic nature of the relationship.
It is however possible to select a concentration of
organic modifier (i.e. the strong solvent) such that
R,, equals log P for a given solute. This con-
centration is referred to as the equivalence mole
fraction. The range of equivalence mole fractions is
small for a given class of solutes (the mole fraction
range for the phenols under study is 0.0427 to
0.0838) and the midrange log mole fraction can be
used to estimate log P. In a preliminary study [11] it
was found that these estimated values of log P were
within 0.5 units of the corresponding shake-flask
values for the majority of the solutes tested. While
the previous results are acceptable, they were ob-
tained for small sets of compounds, each set con-
taining between five and seven compounds of known
shake-flask values. In order to test the method more
rigorously, a study utilizing 24 phenols was per-
formed, and is discussed below.

An implicit assumption in this approach is that a
plot of the values of log P obtained by chromatog-
raphy versus the shake-flask values has a slope of
unity and an intercept of zero. This assumption is
generally not valid for virtually all reports of log P

values estimated by chromatographic methods;
where R,, is correlated with log P either at zero
concentration of organic modifier (an extrapolated
value) or at an arbitrary concentration of the modi-
fier. The only exception is for systems with a
stationary phase of inert material impregnated with
either n-octanol or silicone oil. Plots obtained from
these systems have slopes with values close to unity,
but the intercepts are not close to zero [12]. A
statistical analysis of the preliminary results for the
new computational approach was inconclusive even
though two classes of solutes (phenols by TLC and
quinolines by OPLC) show a high probability of a
slope of unity and an intercept of zero. It is demon-
strated below, with respect to a set of 21 phenols,
that it is possible to obtain a slope and intercept that
are not significantly different from unity and zero,
respectively.

2. Experimental

Reversed-phase KC,F TLC plates (20X20 cm;
catalogue number 4808-820) containing a fluorescent
indicator were obtained as a gift from Whatman Inc.
(Clifton, NJ, USA). Chromatography was performed
in a flat-bottomed chamber (Camag, Wilmington,
NC, USA). Aqueous methanol, with the aqueous
component 0.5 M in NaCl, was used as the mobile
phase. The 0.5 M NaCl was added in order to protect
the TLC layer at high water concentration [13].
Trifluoroacetic acid (0.004 M) was added to the
aqueous component, as suggested by Garst and
Wilson for HPLC [14].

Each solvent system was run at five mole fractions
and the results for each solute were fitted to Eq. (2).
All results reported are derived from data with a
value of R* of 0.99 or better. The phenols and the
trifluoroacetic acid were purchased from Aldrich
(Milwaukee, WI, USA). Methanol was purchased
from Baxter Burdick and Jackson (Muskegon, MI,
USA); sodium chloride was purchased from EM
Science (Cherry Hill, NJ, USA).

3. Results and discussion

The structures of the phenols used are shown in
Fig. 1. Table 1 lists the literature log P values [15],
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Fig. 1. Structures of the phenols used in the study.

the log equivalence mole fractions and the computed
R,, values using midrange mole fraction for sets of
24 and 21 phenols, respectively.

A literature log P value is not available for
pentabromophenol, but there is a literature value for
the log partition coefficient in methylene chloride—
water [15]. It was assumed that the latter is the same
as the value for chloroform—water, which can be
transformed into the required value after rearranging
the following relationship established by Leo and
Hansch [16]:

log Peyer,m,o = 1126108 Poinoimyo — 1.343  (3)
where log Peycy u, o 18 the chloroform—water parti-
tion coefficient and log P, ianoism.o 1S the octanol—
water partition coefficient. The error in assuming that
the partition coefficient in methylene chloride—water
is the same as in chloroform—water is assumed to be
small. The estimated log P value for pentabromo-
phenol yields a log equivalence mole fraction (see
below) similar to those of the other two penta-
halophenols in the study. The values of log equival-
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Table 1
Compound* Literature Log equivalence 24 Compounds 21 Compounds
log P mole fraction” R, R, —log P R, ] R, —log P
1 1.46 —1.1397 1.64 0.18 1.51 0.05
2 1.94 —1.1344 2.17 0.23 2.01 0.07
3 2.58 —1.1720 2.74 0.16 2.55 —0.33
4 2.93 —1.0815 3.44 0.51 322 0.29
5 3.23 —1.0767 3.80 0.57 3.56 0.33
6 1.77 —1.1368 1.99 0.22 1.83 0.06
7 3.23 —1.3027 2.96 -0.27
8 2.39 —1.2092 243 0.04 2.25 —0.14
9 3.00 —1.2414 2.94 —0.06 2.74 —0.26
10 3.62 -1.2170 3.64 0.02 3.41 -0.21
11 3.88 —1.1982 3.98 0.10 3.73 —0.15
12 5.12 —1.3698 4.46 —0.66
13 235 —1.2115 2.38 0.03 2.21 —0.14
14 2.63 —1.2419 2.58 -0.05 2.39 —-0.22
15 2.59 —1.2455 2.53 —0.06 2.35 -0.24
16 322 —1.1511 3.48 0.26 3.26 0.04
17 4.11 —1.2133 4.15 0.04 3.90 —0.21
18 5.30° —1.3178 4.84 —0.46
19 291 —1.2265 2.90 —0.01 2.70 —0.21
20 2.06 —1.1726 2,19 0.13 2.03 —0.03
21 1.91 —1.1473 2.1 0.20 1.95 0.04
22 1.54 —1.1308 1.78 0.24 1.62 0.08
23 1.64 —1.1099 1.93 0.29 1.77 0.13
24 1.60 —1.1427 1.79 0.19 1.64 0.04
* See Fig. 1.

To obtain R,, values accurate to two decimal places it was necessary to compute log equivalence concentrations to four decimal places.

‘ Calculated using Eq. (1) and a log Xs value of —1.2233.
4 Calculated using Eq. (1) and a log Xs value of —1.1611.
° Estimated log P value. See text.

ence mole fraction for the three pentahalophenols are
substantially more negative than those of the other
phenols studied.

For the complete set of 24 phenols, fourteen of the
R,, values are within 0.20 unit of the corresponding
shake-flask values and an additional six values are
within 0.29 unit. The remaining four phenols have
values that differ from the corresponding shake-flask
values by between 0.46 and 0.66 unit. Thus it is seen
that this method provides decent estimates of log P
for a diverse set of phenols. It must, however, be
noted that the four phenols with the poorest agree-
ment between computed and experimental log P
values have values of log Xs at, or, near the limits of
the range of equivalence mole fractions, whereas the
best agreement is found for those phenols with log
Xs values close to the midrange value of log Xs.

The shake-flask values of log P were regressed

against the corresponding chromatographic esti-
mates; the estimated slope of the fitted line is 1.126
and is significantly different from a slope of unity
(p=0.0360). The estimated intercept of the fitted
line is —0.4385 which is significantly different from
zero (p=0.0169).

There are insufficient compounds in the set of
phenols to search for correlations between log
equivalence mole fraction and structure. It is how-
ever noted that the compounds with the most positive
log equivalence mole fractions (—1.0815 and
—1.0767) are the phenols with either an n-propyl or
a tert.-butyl group attached. These are the phenols
with the largest alkyl substituents in the study. The
three pentahalophenols have the most negative val-
ues (—1.3698 to —1.3027) of the log equivalence
mole fraction. Elimination of the latter three com-
pounds results in a smaller range of log equivalence
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mole fractions (—1.2455 to —1.0767). Computation
of log P using the new midrange value results in
substantially smaller differences between the chro-
matographic and the shake-flask values. The differ-
ences are less than 0.10 unit for nine of the phenols,
and between 0.10 and 0.26 unit for ten phenols. Only
two of the phenols exhibited larger differences of
0.28 and 0.33 unit, respectively.

The shake-flask values of log P were regressed
against the corresponding chromatographic estimates
obtained with a midrange equivalence mole fraction
after the pentahalophenols were excluded; the esti-
mated slope of the fitted line is 1.036, and this is not
significantly different from a slope of unity (p=
0.497). The estimated intercept of the fitted line is
—0.055 which is not significantly different from zero
(p=0.691). Thus, exclusion of the three penta-
halophenols (the compounds with the most negative
log equivalence mole fraction values) results in
significantly better results both with respect to
agreement with shake-flask values and with respect
to the slope and intercept of the regression. These
compounds are the only pentasubstituted phenols
considered.

The present results indicate that a good to excel-
lent agreement between log P and shake-flask values
can be obtained by this method, depending on which
set of compounds are included in the study. This
agreement compares favorably to that obtained using
HPLC, a technique which Kaliszan [4] suggests
yields better results than TLC. In an inter laboratory
comparison of shake-flask to HPLC values involving
eighteen different laboratories, it was concluded that
the agreement between HPLC and shake-flask results
was usually within 0.5 of a log P unit [17]. The
results presented in the current paper show a similar
agreement. Thus, for this set of phenols, the current
method is competitive with the HPLC method.
Moreover, as discussed above and in reference [11],
when the chromatographic log P is regressed against
the shake-flask values, the current method results in
a slope and intercept that are not significantly
different from unity and zero, respectively. There are
no reports of such a relationship when the estab-
lished chromatographic methods are used to estimate
log P using bonded stationary phases. The values of
the above slope and intercept are based on relatively
small sample sizes. With a larger number of solutes,
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Fig. 2. Plots of p-value versus mole fraction used in Eq. (1). Plots
a, b and c are for sets of 24, 21 and 18 phenols, respectively, as
discussed in the text.
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the slope and intercept may indeed be significantly
different from unity and zero respectively, but these
differences are expected to be small. Thus, these
initial results indicate that the method based on an
equivalent mole fraction appears competitive with
the established chromatographic approaches to es-
timating log P.

An alternative approach to that discussed above is
to use Eq. (2) to compute R,, for each compound
over a range of mole fractions, and then to perform a
paired z-test where the #-statistic is used to compare
the differences between the literature log P value and
the computed R,, for each value of the mole fraction.
The p-value corresponding to the ¢-score can then be
used as the measure of agreement. The higher the
p-value, the better the overall agreement between log
P and R,,, since any differences are less significant
statistically. The methanol concentration corre-
sponding to the highest p-value can then be used to
compute R,,. Plots of the p-value versus mole
fraction for the sets of 18, 21 and 24 phenols are
shown in Fig. 2. The set of eighteen phenols was
obtained by eliminating the three phenols with the
smallest equivalence mole fractions (the three penta-
halophenols) as well as the three phenols with the
largest equivalence mole fractions (ortho-n-prop-
ylphenol, meta-tert.-butyphenol and 3,5-dimethoxy-
phenol). The distribution of sizable p-values occurs
over a smaller concentration range for the smaller set
of phenols. These plots were constructed by incre-
menting the methanol concentration in units of 0.001
mole fraction. This procedure can be reiterated with
smaller increments until an optimal mole fraction is
reached; this yields the highest p-value and the best
overall agreement. This approach avoids the use of
the arbitrary midrange concentration for estimating

log P. However, as with the midrange method, it is
necessary to find a training set of compounds that
have a small range of equivalence mole fractions and
then to limit the technique to other compounds of
similar structure. It is expected that the distribution
of p-values and the value of the maximum p-value
should provide an estimate of the appropriateness of
the training set of compounds.

While the paired-r method yields the best overall
agreement, it does not always yield the best estimate
of log P for individual compounds. For one member
(pentachlorophenol) of the set of 24 phenols, the
paired- method results in a larger absolute differ-
ence (0.76 unit) between the shake-flask and R,,
value than the largest difference (0.66 unit) — also
for pentachlorophenol — that occurs for the mid-
range method. For 3-rert.-butylphenol in the set of 21
phenols, the paired-r method results in a larger
absolute difference (0.37 of a unit) between the
shake-flask and the R,, value than the largest abso-
lute difference (0.33 unit) — also for 3-tert.-
butylphenol — that occurs for the midrange method.
A brief comparison of the results by the two methods
is shown in Table 2. There is only a very small
difference between the two methods when comparing
the mean of the absolute differences between the
shake-flask and the estimated log P values. The
difference between the literature and the TLC result
decreases by about 30%, to a value of 0.14 of a unit,
when the set of 24 phenols is reduced to 21.

Table 2 shows also that the mean absolute
difference between the literature and the TLC result
becomes even smaller when all the compounds are of
a more narrowly defined class. In the case of the nine
phenols considered that are mono-, di-, tri- and
tetrasubstituted with chlorine or bromine, the mean

Table 2

Number of Smallest difference” Largest difference” Mean difference"

phenols Midrange Paired-7 Midrange Paired-t Midrange Paired-7

24 0.010 0.100 0.763 0.208 0.197

21 0.031 0.004 0.375 0.142 0.138
9¢ 0.0002 0.037 0.412 0.111 0.114

* Refers to the compound for which there is the smallest absolute difference between literature and estimated log P value.
" Refers to compound for which there is the largest absolute difference between literature and estimated log P value.

“ Mean difference between literature and estimated log P value.

¢ Phenols that are mono-, di-, tri- or tetrasubstituted with chlorine or bromine.
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absolute difference decreases to about 0.11 of a unit
using either the midrange or the p-value method of
calculation.
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