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Statistical Analysis of the Partition Coefficient

WILLIAM J. DUNN, III * and SVANTE WOLD

Research Group for Chemometrics, Umea University, S-901 87 Ume#a, Sweden

Data for 26 solutes and 6 solvents systems were
analyzed by principal component analysis to
get information on the partitioning process. The
results indicate that the partitioning process is
a two-component process. The possible origin
of these components and their implications in
the use of the partition coefficient in structure-
activity studies are discussed.

The early work of Meyer! and Overton ? and
the more contemporary work of Hansch ® have
established the logarithm of the partition coef-
ficient (log P) of biologically significant mole-
cules as being an important parameter in
determining their pharmacological properties.
This parameter is determined as the equilibrium
eonstant for a molecule, A, between an aqueous
phase and a nonpolar phase. The partition

Aaqueous”“‘ Anonpolar

P= [Anoupolar]
[Aaqueoqs]

coefficient models the relative affinity of the
molecule for lipoidal phases in biological
organisms. Such nonpolar phases as diethyl
ether, chloroform, 1-octanol, efc., have been
proposed to model these lipoidal phases with
1-octanol the most commonly used.

It was first shown by Collander* that for
solutes of similar structure, the log P for a
particular solute in one solvent, e.g., chloroform,
could be related to its log P values in other
solvents, e.g., diethyl ether, by a relationship
shown as eqn. 1. This relationship has been
shown to

* On leave from the University of Illinois/Medical
Center, Department of Medicinal Chemistry, College
of Pharmacy, 833 8. Wood, Chicago, Illinois
60680, U.S.A.

1)

hold for a large number of solvents® and as
such represents an example of an extrathermo-
dynamic relationship (ETR).

An alternative formulation emphasizing the
ETR nature of this relation would be eqn. 2
below. Here Py is the measured partition

(2

constant for molecule % in solvent ¢, @; and b;
are solvent specific parameters and = is
a molecule specific parameter, the so-called
Hansch #-constant. The residuals e; contain
the part of the measured log Py data not
explained by the model, the random part.
This forms the basis for Hansch’s definition
of the n-constant with Py the partition coef-

3

ficient for a parent molecule in a series such
as benzene and Px the partition coefficient for
a substituted benzene such as benzoic. Hence,
nx is a substituent constant and it is assumed
to be relevant only if no second-order inter-
actions between the group and the parent
nucleus occur. The n-constant and log P have
been shown to model the effect of drugs on
various biological systems at many levels of
organization, from antigen-antibody inter-
actions ® to their effects on living systems.?

The basis of phenomenological relations such
as eqns. 1 to 3 is always of interest to physical
organic chemists. In the present case a better
understanding of z-values could indirectly
have implications about predictability of the
behavior of a biological system from parallel
observations made on a model of that system,
e.g. l-octanol.
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The partitioning of a substance between an
aqueous and nonpolar phase is generally con-
sidered to be governed mainly by the increase
in entropy due to desolvation of the solute when
the substance is transfered into the nonpolar
phase from water.%® The low affinity for aqueous
phases by relatively nonpolar solutes that
results under such conditions is termed the
“hydrophobic effect’””. On the basis of an
analysis of this effect using linear regression
methods, Cramer ** has recently observed some
discrepencies in this theoretical explanation
of the effect.

Data related to ETR’s lend themselves well
to principal components analysis (PCA). Recent
results in this laboratory with the use of PCA
in analyzing the Hammett equation *~ led us
to try this analysis on the partioning process
hoping that this would lead to new information
regarding its origin.

ETR’s as Principal Components Models. 1t
has recently been shown that ETR’s of the type
in eqns. 1 and 3 can be formulated as special
cases of a general PC model as shown in eqn.
4.1 In the example discussed here y refers to a

A

Y =m;+ 2 bia Uax + €11 4)
a=1

logarithmic, measured partition coefficient in
system 7 for solute k, m; is the mean value of
the %’s, A is the number of components
(factors) in the model, b;, is a parameter as-
sociated with the variables (nonpolar phases)
while wu, is a parameter associated with the
solutes. e is the residual for y; and contains
both experimental and model errors.

We see that eqn. 1 is formulated to imply
a one component model, i.e., 4A=1 in the PC
model above. However, with log P values of
a number of compounds measured in a number
of solvents, it is possible to test whether A=1
or whether additional “factors’ influence the
variation of log P. This is part of the scope of
the present article.

The PC model has a straight-forward graphi-
cal representation. (Fig. 1).

Our problem is one in 6-dimensional space
which is impossible to illustrate but a 3-
dimensional representation is sufficient as an
analogy. In the simplest case with 4=1 in a
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data point k
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Fig. 1. Graphical representation of the Principal
Component Model.

PC model, the log P’s of the solutes will be
related by a straight line while with 4 =2 (as
is shown in the Figure) the points will lie close
to a plane. The u,’s are related to the position
in this plane describing the solutes. A residual
standard deviation can be calculated for each |
object and this is the orthogonal distance of the
object from the plane.

Analysis of a log P data matriz. For a given
data matrix, the data analysis involves two
main estimation problems. First, the number
of significant components, the product terms in
eqn. 4, 4, is to be determined. Second, for the
found value of 4, the values of the parameters
m;, by, and uy for ¢=1, 2,.M; k=1, 2,...N and
a=1,2,...4, are to be determined as to minimize
the residuals e;;,. The details of these estimation
calculations have been published elsewhere *
and will not be presented here.

The data analyzed in this study were obtained
from the Pomona College Medicinal Chemistry
Data Bank.'® They consisted of the log P values
for 26 solutes in 6 aqueous/nonpolar systems.
In some cases more than one value was reported
for a solute in one solvent so some data selection
was necessary. In those cases the median value
was selected. The solvents chosen were 1-
octanol, chloroform, heptane, benzene, carbon
tetrachloride and diethyl ether. For 9 of these
solutes log P values were not available in the
solvent heptane. Heptane was included since
it contains no polar functions and we were
interested to see if it were significantly different
from the other solvents containing polar groups
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Table 1. Partition coefficient data (log P) in different solvents.

Carbon Diethyl
Solute 1-Octanol  Chloroform Heptane tetrachloride Benzene ether
1. CH,O0H —-0.77% —1.2618 —2.801 —2.101 —1.891 —0.851
2. C,H,0H —-0.3717 —0.8518 —2.1018 —1.401 —1.6218 —-0.568 1
3. CH,COOH —-0.31% —1.60% —2.84% —2.45 % —2.00% —0.30"
4. C;H,COOH 0.25 2 —0.79 —1.46% —1.79% —1.22% 0.23 *
6. CH,CH,CH,O0H 0.25 Y7 —0.4018 —1.15% —0.8218 —0.701 0.28 1
6. (CH,),CHOH 0.05 ¥ —0.36%" —0.96 —0.96 —-0.19%
7. (CH,),N 0.16%7 0.64 * —0.09 ** —0.33% —0.341
8. CH,(CH,),COOH 0.79 % —0.27% ~1.023 —0.65% 0.68
9. CH,(CH,),CH,OH 0.88 Y7 0.45 % —0.7018 —0.44 % —0.34% 0.89 1
10. (CH,),CHCH,0H 0.65" 0.34 % —0.58% —0.08 % 0.84 1
11. (C,H;),NH 0.40 Y 0.81% 0.03 —0.06* —0.28%
12. CH,(CH,),CH,0H 1.56 17 1.05 1 —0.4018 0.36 % 0.59 1.20Y
13. (CH),N 0.65 ** 1.43 4 0.23 4 0.394 0.08 *
14. 4-NO,C,H,OH 1.914 0.20 4 —2.004¢ —0.99 4 0.15 2.04 1
15. 3-NO,C,H,NH, 1.374 1.61% —0.5748 0.45 ¢ 1.3114¢ 1.71 %
16. C,H,OH 1.48 4 0.3748 —0.82% —0.36% 0.36 %° 1.64
17. C,H;NH, 0.90 43 142 % ~0.03 5 0.60 5 1.00 ®2 0.85 5
18. 4-NH,C,H,SO,NH, —0.72 % —1.63%¢ —2.62% —2.05 % —0.82 %
19. CH,4(CH,),COOH 1.88% 1.05 % 0.57% 0.67 1971
20. CH4(CH,),CH,0H 2.03 Y7 1.6918 0.451 0.951® 1.301® 1.80%7
21. C;H,COOH 1.874 0.50 © —-0.22 % —0.22% 0.21% 1.89 ¥
22. C;H,CONH, 0.65 42 0.11¢ —1.54% —-0.71% -0.22%
23. 3-NO,C,H,OH 2.00 ¢ 0.41 % —1.404% —0.58 %7 0.42 % 2.201°
24. 3-NO,C,H,COOH 1.83 ¢ 0.48 2 —1.22¢ 0.15 > 0.21 ® 1.97 %
25. 2-OH-C,H,COOH 2.26 55 0.50 ¢ —0.57% —-0.15% 0.45 * 2,371
26. 4-OH-C,H,COOH 1.58 4 —2.00 ¢ —1.82°% —1.38% —1.07% 1.427°

which are commonly used in structure-activity
studies. The partition coefficient data are given
in Table 1.

I. The data were first regularized to give
them zero mean and variance of unity. This is
done to give each solvent system equal weight
in the analysis. With the complete matrix of
26 solutes and § solvent systems PCA resulted
in a model with A=2 components being
significant. In this first calculation two objects,
Nos. 26 (4-hydroxybenzoic acid) and 22
(benzamide) were indicated to be outliers and
were removed from the analysis. The partition
coefficient for object 26 in chloroform of —2.00
is unusually low while object 22 deviated con-
siderably in its log P estimates in all solvents
except benzene. With these two objects deleted
the calculations were repeated. Again 4 was
found to be 2, i.e., a two-component model
resulted. The parameters for the variables and
objects are given in Fig. 2 and Table 2, respec-
tively.

II. For the 17 solutes for which heptane
partition data were available, a similar analysis

also yielded a two-component model. These
results are given in Table 2 and Fig. 3.

Table 2. b;’s for solvents.

Solvent 5 Solvents 6 Solvents
1-Octanol
b, —0.44 —0.40
b, 0.46 0.52
Chloroform
1 —0.45 —0.42
b, —-0.44 —0.26
Heptane
1 - —0.31
b, - —0.44
Carbon tetrachloride
L —0.45 —0.42
by —0.43 -0.32
Benzene
b, —0.48 —-0.43
b, ~0.15 —0.47
Diethyl ether
b, ~0.42 —0.38
b, 0.62 0.59
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Fig. 2. Plot of the solute parameters, ;, for PC model with 5 solvents. A =alcohols, []= carboxylic
acids, O =amines, ¥ =phenols.
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Fig. 3. Plot of the solute parameters, u;, for PC model with 6 solvents. A = alcohols, [] = carboxylic
acids, O =amines, ¥ =phenols.

Graphical analysis of the solute parameters. it is possible to detect regularities in these
The observation of two significant components parameters that might result from structural
in the partitioning process is of interest since changes within a group of solutes. The resulting
the process is considered to be entropy con- plot (from analysis I) is given in Fig. 2. From
trolled. By graphing u, v8 u, for the solutes Fig. 2, two observations can be made.
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The largest single class of substances in the
data set is the group of 8 aliphatic alcohols.
These vary from u,= —3.03 for hexanol to
uy=3.66 for methanol. There is no significant
variation in u, for this series. In the partitioning
of aliphatic alcohols only a single component
changes in the process with the magnitude of the
component obviously related in some way to
the number of carbons attached to the OH group.

An analysis of the 4 aliphatic carboxylic acids
shows there is a similar relationship between
carbon number and «,. However, in this case
there appears to be a small but definite decrease
in the second component, u,, with an increase
in chain length. In both cases, the aliphatic
alcohols and acids appear to be different from
their aromatic counterparts. The partition coef-
ficients for the phenolic objects (14, 16 and 23)
and benzoic acids (objects 21, 24 and 25) contain
both components. This trend is also indicated
when the amines (objects 7, 11, 13, 15 and 17)
are considered. '

The chain length or carbon number effect
associated with u, can most probably be
attributed to the molar volume effect that is
observed in partitioning experiments with
homologous solutes.® The second component
associated with u, is more difficult to asses but
is probably the cause of the discrepencies that
are observed when partition studies are ex-
tended to nonhomologous series of molecules.
Its origin, mechanistically, is not possible to
ascertain from this study due to limited data.
However, a comparison of the aliphatic amines,
alcohols and acids shows that the u, values
increase across the series. This suggests an
increase in u, with the electronegativity of the
polar function in the series. The effect on
partitioning may result from a solvent-solute
interaction of a dipole-dipole type.

The structure-activity experiments of in-
terest to the medicinal chemists are generally
not ones involving homologs. The more relevant
cage is that in which the chemist is studying
the structure-activity relationships for a series
similar to solutes 15, 23 and 24. This can be
considered a series of 3-substituted nitrobenzenes
from which a set of n-constants can be defined.

ax =log P3 xcavos +108 Pegno,

By connecting these points in Fig. 2 we see
that in such a series log P in a particular solvent

will be a function of %, and u,. Thus in such
circumstances the partition coefficient contains
two fundamental components. One component
is related to the apolar nature of the solute and
the other to the nature of the polar groups in
the solute. This same conclusion can be made
by considering the solutes 4, 5 and 7, propionic
acid, propanol and trimethy! amine, respectively

Graphical analysis of the solvent parameters.
The solvent parameters, b, and b,, from the
analysis give indications of solvent similarities
or dissimilarities. On comparing the results
obtained for the § solvents with those obtained
with heptane included, it can be seen that the
inclusion of heptane does not significantly alter
the PC model. For the analysis with all solvents
the first component is seen to be almost equally
weighted with b, for heptane slightly less
negative. There do appear to be differences in
the solvents on the basis of b,.

This can be seen by comparing b, and b,

“for the 6 solvents given in Table 2. On one hand

I-octanol and diethyl ether are very similar
as are on the other hand chloroform, carbon
tetrachloride and benzene. Heptane appears to
be more like the latter group.

The similarity of 1-octanol and diethyl ether
suggests that the major effect of the OH group
of l-octanol on the partitioning process is via
a solute-solvent interaction with 1-octanol
being a hydrogen acceptor.

The difference between the solvents 1-octanol
and diethyl ether and the others on the basis of
b, is very interesting. As an example we con-
sider the three compounds 15, 23 and 24. From
the derived PC model and Fig. 3 we can see
that the change in y;, between these compounds
is related to the change in the u;’s by 4 yy =
b,+1.39 b,. Comparing benzene for example,
with 1l-octanol, Adyy=—1.08 and +0.32,
respectively. While most of the reduction in the
standard deviation in the log P data is due to
the first component in the model (59 9%, com-
pared to 22 9, for component 2) the second
component can have a profound result in the
partitioning process when different solvents are
compared. For the 3 solutes compared here the
partition coefficient not only changes but the
change is in opposite directions. A similar
result is given by the solutes 4, 5 and 7.

These results suggest that the ‘“hydrophobic”
effect observed in the solvent 1-octanol is not
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comparable to one that is observed in benzene
or chloroform. For structure-activity studies
our results suggest two alternatives: (1) the
use of one solvent only in the derivation of
structure-activity correlations or, (2) the
requiring of log P values for the solutes of
interest in a number of solvents and use the
resulting %, and u, values in the structure-
activity studies. The second alternative has the
advantage of allowing one to assess the relative
significance of the two components in the
partitioning process on the biological process
being studied.

Summary. The use of principal component
analysis in analyzing the partitioning process
establishes that there are two fundamental
components which contribute to the partition
coefficient. One component is associated with
the chain length in homologous series and may
be the molar volume effect while the second
appears to be the result of a dipolar interaction
of solute and solvent. The first component
appears to be the major one.

Solvents which are used to model the lipoidal
phases of biological systems are of at least two
different types depending on the role of the
second component in partitioning. This is
determining by the b, values derived for each
solvent. It has a positive value for 1-octanol and
diethyl ether and a negative value for the other
solvents studied. This suggests that one should
either use only one single solvent in structure-
activity studies or use u, and u, values derived
from several solvents.
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