Environmental Health Perspectives
Vol. 61, pp. 208-228, 1985

Partitioning and Lipophilicity in Quantitative
Structure—Activity Relationships

by John C. Dearden*

The history of the relationship of biological activity to partition coefficient and related properties is
briefly reviewed. The dominance of partition coefficient in quantitation of structure-activity relationships
is emphasized, although the importance of other factors is also demonstrated.

Various mathematical models of in vive transport and binding are discussed; most of these involve
partitioning as the primary mechanism of transport. The models describe observed quantitative structure-
activity relationships (QSARs) well on the whole, confirming that partitioning is of key importance in in
vivo behavior of a xenobietic. The partition coefficient is shown to correlate with numerous other pa-
rameters representing bulk, such as molecular weight, volume and surface area, parachor and calculated
indices such as molecular connectivity; this is especially so for apolar molecules, because for polar mol-
ecules lipophilicity factors into both bulk and polar or hydrogen bonding components. The relationship
of partition coefficient to chromatographic parameters is discussed, and it is shown that such parameters,
which are often readily obtainable experimentally, can successfully supplant partition coefficient in QSARs,

The relationship of agueous solubility with partition coefficient is examined in detail. Correlations are
observed, even with solid compounds, and these can be used to predict solubility. The additive/constitutive
nature of partition coefficient is discussed extensively, as are the available schemes for the calculation of
partition coefficient.

Finally the use of partition coefficient to provide structural information is considered. It is shown that

partition coefficient can be a valuable structural toel, especially if the enthalpy and entropy of partitioning
are available.

It was well over 100 years ago that Crum Brown and
Fraser (1) first suggested that biological activity could
depend on a physiochemical property, namely aqueous
solubility. At the same time (1869), Richardson (2)
showed that the narcotic effect of primary aliphatic al-
cohols varied with their molecular weight. In 1893 Ri-
chet (3) confirmed Crum Brown and Fraser’s prediction
by showing that the toxicities of a variety of simple polar
compounds such as ethers, aleohols and ketones were
inversely related to their aqueous solubilities.

Just before the turn of the century, Overton (4) and
Meyer (5) independently extended Richet’'s work and
found that the narcotic effect of compounds of various
classes inereased with their oil-water partition coeffi-
cient; they postulated that the oil-water partitioning
simulated the partitioning of a compound between the
agueous exobiophase and a lipophilic receptor. Partition
coefficient, first defined by Berthelot and Jungfieisch (6)
is, in practical terms, the ratio of concentrations at equi-
librium of a solute distributed between two immiscible
phases; the concentration in the more lpophilic phase
is, by convention, the numerator. The term “immisci-
ble” does not preclude the two phases having partial
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miscibility. For example, water-saturated 1-octanol
eontains about 27% mole of water [the solubility of water
in other common solvents is given by Leo (7}]. The term
“partition coefficient” is restricted to defining the con-
centration ratio of the same molecular species, as was
first pointed out by Nernst (8). The terms “distribution
coefficient” or “apparent partition coefficient” apply to
the ratio of total concentrations, including ionized and
associated species. Partition coefficients quoted in this
review are measured in the l-octanol-water system un-
less otherwise stated.

The work of Meyer and Overton implied that the more
lipophilic a compound, the better could it penetrate lipid
membranes and reach an appropriate receptor site. The
scene was thus set for further work on the relationship
between lipophilicity and biological activity. In the event,
Overton and Meyer were ahead of their time for there
are no published records of any further such studies for
many years.

In 1939 Ferguson (9) postulated what has become
known as Ferguson’s principle: that the toxic dose of a
compound is a constant fraction of the aqueous solubil-
ity, or is at a constant thermodynamic activity, Ex-
tending this from toxicity to any biological activity, it
should follow that the dose capable of eliciting a given
biological response should increase as aqueous solubility
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increases. We shall see later that aqueous solubility is
generally inversely related to partition coefficient, so
that in effect Ferguson’s principle can be construed as
indicating that potency should increase with partition
coefficient. Martin (70) has pointed out that this rela-
tionship should not, as is generally believed, be taken
to imply a lack of specificity between substrate and re-
ceptor: the relative potency of congeners could well de-
pend on their lipophilicity, while the specificity of the
interaction will proebably be due to electronic and steric
effects (vide infra), including perhaps ionic and charge-
transfer interactions and hydrogen bonding.

Over the years, medicinal chemists came to realize
(11) that, despite the findings of Overton (4) and Meyer
(5), one could not increase potency ad infinitum by sim-
ply increasing lipophilicity—hence the despairing cry
“methyl, ethyl, butyl, futile.” This failure of the po-
teney-lipophilicity relationship was generally thought
to be eonnected with aqueous solubility limitations. In
1948, Fieser and Richardson (12) demonstrated a cur-
vilinear relationship between activity against P. lo-
phurae in ducks and alky! chain length in several series
of naphthoquineone antimalarials, with activity reaching
a maximum and then falling again as chain length in-
creased. Fieser, Ettlinger, and Fawaz (13) showed, in
effect, that the partition coefficient of the most active
member of each species was approximately the same.

While relatively little progress was made during the
first half of this century on correlating physicochemical
and/or structural properties with biological activities,
great strides were made, at least from 1940 onwards,
in correlating structure with chemical reactivity, fol-
lowing the work of Hammett (14) in developing substi-
tuent constants related to electron-directing effects:

log (Kax/Kay) = poy (1)

where Kayis the acid dissociation eonstant of a (parent)
compound and Kay that of a derivative with substituent
X; p is a series constant, and oy is the Hammett sub-
stituent constant of X,

In the 1950s and 1960s, various attempts were made
(15)—without a great deal of suecess—to correlate bi-
ological activity with the Hammett constant. At about
the same time Bruice, Kharasch, and Winzler (16) had
generated de novo substituent constants and correlated
these with biological response; this approach was fol-
lowed by Zahradnik (17) and was expanded in the often
quoted study of Free and Wilson(18).

A great leap forward was taken in 1962 by Hansch
et al. (19), who demonstrated quantitative correlations
between structural properties (partition coefficient and
Hammett substituent constant ¢) and biological activ-
ity. They showed that, for a series of 20 m- and p-
substituted phenoxyacetic acids:

log 1/C = 4.08% — 2.14%° + 2.780 + 3.36  (2)

where € is the concentration inducing a 10% growth in
Avena coleoptiles in 24 hr, and = is a hydrophobic sub-

stituent constant defined as log (Py/Py). We shall dis-
cuss this constant in more detail later. Hansch and Fujita
(20) justified the use of a quadratic equation in & by the
assumption of a normal Gaussian distribution of biolog-
ical activity with log P, since activity was often ob-
served to rise and then fall again as partition coefficient
increased. They added that they believed that the fall-
off in activity at high log P values was due to the longer
time needed for very lipaphilic compounds to reach the
site of action; this is in contrast to Ferguson’'s view that
the effect is one of limiting agueous solubility.

The justification for the use of log P (or m) is primarily
that this is a free-energy-related term, from the van't
Hoff isotherm:

AG = —RTInP 3)

and thus represents the free energy change during the
transfer of the solute from water to nonaqueous phase.

Following the Hansch school’s pioneering work in 1962
many hundreds of correlations between biological ae-
tivities of all kinds and physicochemical and structural
properties have been published. It is not appropriate in
this review to discuss these relationships in detail.
Hansch et al. have reviewed correlations rectilinear (21)
and curvilinear {22) in log P or 7, and suggest {21) that
the former represent a special case of the latter with a
restricted range of log P.

Brief mention must be made of the incorporation of
other than lipophilic parameters into quantitative struc-
ture—activity relationships (QSARs). Purcell and Testa
(22) considered that the prime factors controlling trans-
port to and interaction with the receptor are lipophilic,
polar, electronic and sterie. Transport may be consid-
ered to be controlled by lipophilicity for those com-
pounds for which no active transport mechanism exists,
but metabolism, which clearly can be controlled by elec-
tronic and steric factors {24), also governs the arrival
of the active species at the receptor. Interaction with
the receptor may be controlled by one or all of these
factors. Hence many QSARs contain terms represent-
ing more than one factor. An excellent example of this
is given by some recent work of Fujita (25) relating to
the activity of N-chloroacetyl-N-phenylglycine esters
against the rice plant:

plye = —0.331 — 0.95E""™ — 0.620 + 4.10 4)
with
n = 28
r = (1.959
s = (.261

where I, is the molar concentration that reduces shoot
elongation to half the length of that of the control in 6
days and E ™™ is the Taft steric substituent constant,
applied only to those compounds substituted in the ortho
position.

Occasionally a biological response may be found not
to depend on lipophilicity; this may occur, for example,
with an in vitro response in which transport plays only
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an insignificant part. An in vivo example is given by
the adrenergic blocking activity of N-disubstituted 2-
bromoalkylamines in the cat (26):

log(1/C) = 1.113E¢ + 3.5660" — 4.432n, + 11.911
(5)

with

where E° is the Hancock steric constant, o* is the Taft
polar constant, and ny is the number of hydrogens on
the protonated amine. It may be noted that the statistics
of Eq. () are dubious, since Topliss and Costello (27)
have shown that, in order to minimize the risk of chance
correlations, the ratio of observations to parameters
should be at least 5:1.

Should lipophilicity play an important role in receptor
binding, it may be that certain substituent positions in
the substrate are more susceptible than others to such
interactions. Insuch cases the QSAR should incorporate
lipophilicity terms specific to those positions. Thus Li
et al. (28) found that in the inhibition of human dihy-
drofolate reductase by 5-(X-benzyl)-2,4-diaminopyrim-
idines, 3~ and 5-substitution in the aromatic ring produced
different effects from 4-substitution:

log (UK,,;) = 0.48m,, + 0.15m, + 410  (6)

with

It is interesting to note that QSAR is being increasingly
applied to problems of the environment. The biocon-
centration (BC) of fungicidal dialkyl dithiolarylidene-
malonates in Oryzias latipes L. has been shown (29) to
be a function of lipophilicity, which is not unreasonable
since the compounds may be thought of as partitioning
between the fish and the aqueous milieu:

log BC = 0.65log P — 1.17 (7
with
n=9
+ = 0.962
s = 0.197
F,, =855

Published maximum noneffective doses (MND) of ben-
zene derivatives were correlated (30) with octanol-water
log P values:
log MND = 023(log P)* — 2.18 log P

+ 0.84fcy, + 1.0041, + 2.06 (8)

with
n =18
r = 0.893
§ = 0.505

Here I is an indicator variable describing the presence
(I = 1) or the absence (I = () of fragment X.
Chemoreception has been shown to be markedly de-
pendent on lipophilicity. Greenberg (31) investigated
the correlation of olfactory threshold concentrations of
various classes of compound with physiochemical prop-
erties. He found for alkanes in air, for example:

log (I/C) = -0.24 (log PY* + 257 log P + 1.36 (9)
with

n="T
r = 0.97
g = 0.39

Briggs (32) has shown that the soil adsorption properties
of a wide range of classes of compounds related to her-
bicides and pesticides are directly related to their oc-
tanol-water partition coefficients:

log K., = 0.52log P + 0.64 (10)
with
105
0.95

"

[

where K, is the distribution constant between soil or-
ganic matter and water,

Partitioning and Penetration

Bince lipophilicity is a factor in 30 many Q3ARs, itis
assumed that it is the prime mechanism by which xe-
nobiotics are transported from the site of administration
in an organism to the site of action and thence to the
site of excretion. Although that assumption has not been
proved absolutely, it can be assumed to have been proved
by inference, from the work of Overton (4) and Meyer
(5) onwards. The relationship can, following Hansch and
Dunn (21), be expressed as:

log Py = alog Poana + 0 (11)
where P, is the partition coefficient of a compound
between the biophase and water.

This equation derives from the work of Collander (33),
who showed that, for a congeneric series:

log P, =alog P, + b (12)
where subscripts 1 and 2 relate to different partitioning
systems.

Numerous reports have confirmed the validity of Eq.
(11). For example, the distribution I} of alcohols be-
tween human erythrocyte membranes and aqueous
buffer was shown {34) to be correlated with their oc-
tanol-water log P values:
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log D = 1.003 log P — 0.883 (13)

with

L .
Iy

5
0,998
0.082

Lien (35) showed that the gastric absorption of sul-
fonamides by the rat could be expressed by:

log K = 0.314 log P, .yt acetare — 1.159 (14)
with

where K is the absorption rate constant. However, Lien
also pointed out that relationships involving rates of
partitioning are generally parabolic with respect to log
P, as would be predicted by the Penniston model (36)
of drug distribution; hence rectilinear relationships such
as that of Eq. (14) are but limited segments of more
general parabolic relationships. Thus, in the gastric ab-
sorption of barbiturates by the rat, the data are better
described by a quadratic equation:

log K = 0.268 log Py, + 0.806 (15)

and

log K = 0.303 log Pgey, — 0.068(log Pec,)® — 0.725
(16)

with

16
0.958
0.103

n
P
8

However, Pla-Delfina and Moreno (37) dispute the use
of the parabolic model and offer an alternative which
seems to fit better the observed biphasic relationships.

Naturally, the correlation of such parameters as pen-
etration or absorption rate with lipophilicity has led
investigators to search for @SARs in pharmacokinetics.
Seydel (38) has recently reviewed this field and reports

numerous correlations, for example for a series of
penicillins:

Vd,,, = —63.8log P + 484 (log P)* + 39.0 (17)
with
n =71
r =099
s =17
and
log C1 = 0.58 log P —0.85 (18)
with
n="17
r = 0.92
s = 0.25

where Vd,,. is the volume of distribution corrected for
protein-binding and Cl is the clearance, both in the rat.

The dependence of penetration on partitioning has led
to a number of attempts to model the distribution of
xengbiotic within an organism. Penniston et al. (36) de-
vised a nonsteady-state model based on rates of parti-
tioning (partition coefficient being by definition the ratio
of the forward and reverse partitioning rate constants).
They assumed, for simplicity, that the product &k, =
1. This is in fact not so (39), and the validity of the model
has consequently been queried by Kubinyi (40), who
showed (;1) that: \

cP
foiks ®P + 17 (19)
whete ¢ and 3 are constants for the system. It is, how-
ever, the view of Dearden and Townend (42) that the
model is valid, the assumption of k%, = 1 simply al-
tering the spread of the results.

By setting up and solving differential equations for
the transfer to and from each compartment of the model,
following initial administration of unit dose to compart-
ment 1 at zero time, Penniston et al. were able to obtain
the concentration (C) in each compartment as a function
of time and partition coefficient. They showed that a
plot of log C versus log P was approximately parabolic
and used this to justify the use of quadratic equations
in log P or « to describe the variation of biological re-
sponse within a congeneric series. The initial increase
of penetration rate {or concentration at the site of action
at a fixed time after administration) with partition coef-

1 2 3

FiGURE 1. Nonsteady-state model of Penniston et al. (36).

13 19 20
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ficient is consistent with the observation of Collander
(43) that:
logPen = alogP + b (20)

where Pen is penetration rate. Collander, however,
studied compeunds of low partition coefficient and so
did not observe the decrease of penetration rate at high
P values. Penniston et al. ascribed this fall-off to a de-
creasing ability of compounds to leave lipid membranes
for subsequent aqueous compartments as P increases.
Thus the concept of an optimal partition coeffieient (P,)
giving maximal biological response arises. Penniston et
al. pointed out that P, decreases as the number of par-
titioning steps in the model increases. Tute (44) has
related this to the complexity of the “random walk” of
compound from the site of administration in an organism
to the site of action, pointing out that log £, = 6 for
bactericides active against Gram-positive bacteria, while
log P, = 4 for those active against the more complex
Gram-negative bacteria.

McFarland (45) devised a model based on probability
and demonstrated that the probability of a drug reach-
ing a receptor site is a function of its partition coefficient
and the number of intervening aqueous-lipid interfaces.
Like the Penniston model, McFarland’s model gener-
ated approximately parabolic relationships between (in
McFarland’s case) the probability of a molecule arriving
at a receptor in a given time and log P. All McFarland’s
curves showed log P, = 0, which, as we have seen, is
not the case in practice.

Higuchi and Davis (46) developed an equilibrium model
based on consideration of the relative lipophilicity of the
biophase and the receptor, and generated biphasic (but
not necessarily parabolic) relationships between activity
and carbon chain length (lipophilicity). Only when re-
ceptor lipophilicity is less than general biophase (lipoi-
dal} lipophilicity does the model generate approximately
parabolic curves. Curves reaching a plateau are ob-
tained when the lipophilicities of receptor and lipid are
equal. Such curves are sometimes observed in practice,
but the conditions required by the Higuchi-Davis model
seem too specific for the model to be very realistic.

Noting that many QSARs are not true parabolae,
Franke (47) proposed that binding of the hydrophobic
chain of a drug to a complementary site adjacent to the
receptor would increase biological response by encour-
aging receptor binding; however, if the size of the mol-
ecule surpassed the size of the binding area, loss of
activity would result from any further increase in li-
pophilicity. Thus Franke envisaged a rectilinear posi-
tive slope of such a QSAR and a parabolic peak and
negative slope, each part of the QSAR described by a
separate equation. He proposed that a positive slope of
ca. 0.5 indicated adsorption onto a protein surface, since
such low slopes are found for the correlation of binding
constants to proteins with log P values (40), while a
slope of ca. 1.0 indicated transfer of the drug molecule
into a hydrophobic pocket. While the importanee of pro-
tein-binding in drug activity should not be ignored, it

must be pointed out that Franke’s theory calls for a
specific type of increase in lipophilicity, via increase in
alky! chain length. In many congeneric series this is not
the case. Secondly, the theory requires adjacent com-
plementary hydrophobic sites, which may not always
be present. Thus, the theory cannot be considered as
having general applicability.

Yalkowsky and Flynn (48) considered steady-state
transport in a water—membrane-water model. They
predicted that under these conditions the flux across
the membrane (which they took to be a measure of
biologieal activity) would rise ad infinitum as chain
length (i.e., log P) increased. However, they pointed
out that in practice two other effects would come into
operation to prevent this. First, at some chain length
or log P value, diffusional control of the overall transfer
rate would become dominant (49), which would cause
the activity to level off, since diffusion is only slightly
dependent on molecular size. Second, as chain length
increased, aqueous solubility would fall and this would
reduce the flux. Hence, the overall relationship is sim-
ilar to that predicted by other models. This model would
be applicable to prolonged-release drug formulations,
or continuous infusion, or organisms exposed to more
or less constant concentrations of environmental pol-
lutants. It is not, however, applicable to single-dosage
situations. Hanseh (50) has pointed out that if lack of
water solubility caused activity to fall in such cases, one
would expect a common log £, value for the very li-
pophilic (poorly water-soluble) drugs active against both
Gram-positive and Gram-negative bacteria. In fact, log
P, = 4 against Gram-negative bacteria and log P, = 6
against Gram-positive bacteria. Furthermore, Dearden
and Patel (51) have shown that a physical model com-
prising eleven alternate stirred agueous and octanol
compartments shows an approximately parabolic de-
pendence of log C on log P, where C is the concentration
in the »'" compartment at a given time after single-dose
administration in solution in the first aqueous
compartment,

Hyde (52) developed an equilibrium medel base on
receptor occupancy theory, which led to the equation:

log(1/Cy = —log (@ + 107™) (21)

where C is the concentration required to produce a spe-
cific response. Equation (21) generates a curve rising
and reaching a plateau, as lipophilicity (w) increases. A
number of experimentally observed QSARs are of this
form, including some to which quadratic equations have
been fitted on the assumption that at a sufficiently high
partition coefficient, activity must eventually fall. How-
ever, the Hyde model cannot be considered of general
applicability, since so many QSARs show a fall-off of
activity at high lipophilicity.

Since it is generally assumed that oniy nonionized
forms of molecules can penetrate lipid membranes and
since many drugs are ionizable, Martin and Hackbarth
(563} developed an equilibrium model, or rather a series



208

J. C. DEARDEN

1 2 n-1

FigureE 2. Modified Penniston model.

of modeis, to take ionization into account. They obtained
a number of equations for different sets of conditions
and showed that under many of those conditions, par-
aboliclike curves were obtained. For example, with a
model eomprising one aqueous compartment, one non-
aqueous compartment and a receptor, and assuming that
only the neutral form of the drug interacted with the
receptor, they obtained:

-1

1
aP" (1 - a)] e
(22)

log(1/C) = log[l + dP° +

where a, b, ¢, and d are constants, & is the proportion-
ality constant between amount of drug at the receptor
and potency and « is the degree of ionization.

In empirical terms, ionization may be accounted for
by using the apparent rather than the true partition
coefficient (i,e., the ratio of total concentrations at, say,
physiological pH) in a QSAR. Thus, Moser et al. (54)
showed that for a series of phenylbutazone analogs, var-
iation of anti-inflammatory activity could be deseribed
by the equation:

log (VC) = —2.10 + 0.77 log P’ — 0.57 (log P')*
(23)

with
16

0.798
0.255

oy

w3

where P’ is the apparent partition coefficient at pH 7.4.
Alternatively, a pK, term can be included in the equa-
tion, although pK, is generally used as an electronic
term to represent electron-directing substituent effects.
In Eq. (24), pK, is used to correct for ionization {38):
logk,, = —0.21log P + 0.13pK, — 1.29 (24)
with
10
0.9
0.1

w %R

0
2
where k,, is the rate constant for in vivo N* -acetylation
of sulfonamides in the rat.

It seemed to us, on examining the various models,
that that of Penniston et al. (36) was at once the most
realistic and the most flexible. It is not a guantitative
model, in that it does not generate equations to which
experimental data can be fitted. But it can be adapted
to model single or multiple administration, continuous
administration, dissolution, equilibrium conditions and
multiple receptor binding, for example. Perhaps most
importantly of all, it can be used to examine the effect
of time after administration upon biological response—
a factor which has been sadly neglected.

The model as we use it can be represented by Figure
2. Compartment 1, which iz aqueous, represents the
site of administration, and can handle single, multiple
or continuous administration and solubility limitation;
it can also be adapted to include a disselution step. One
or more side-compartments, representing receptors, can
be incorporated as required. The final compartment is
aqueous and represents excretion; it can, of course, be
made reversible if an equilibrium model is needed.

It is not normally necessary to use a receptor side-
compartment, since similar results are obtained if con-

Il

-1

-3

il
-2 -1 0 1 2
Log P
FIGURE 3. Variation of concentration in the nth compartment with
partition coefficient at a given time (¢ = 10} after dosage (Dearden
and Townend modification of the Penniston model).
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centrations in the nth compartment are followed. Fig-
ure 3 shows the variation of concentration with log P
(= log k./k,) at a fixed arbitrary time after a single dose
has been administered in compartment 1 (55). It will be
seen that, as Penniston et al. {36) reported, log £, de-
creases as the number of partitioning steps to the “site
of action” increases. As well as this indicating different
optimal lipophilicities for organisms of different com-
plexity (44), it can be taken to show that different routes
of administration will result in different lipophilic re-
quirements. Thus, for analgesic analogs of paracetamol
(acetaminophen), Dearden and Tomlinson (56) found log
P, = 1.48 for oral administration to mice, while Dearden
and O'Hara (57) found log P, = 0.90 for subcutaneous
administration. Figure 4 shows how log P, varies, within
a given compartment, with time after dosage (50). The
reason for this variation is that compounds with differ-
ent lipophilicities move at different rates through an
organism. So far as is known, there is no experimental
confirmation of this prediction. It is interesting, al-
though confusing, to note that Cooper, Berner, and
Bruce (58), in an analysis of the Penniston model, con-
cluded that it predicted that log P, decreased with both
time after dosage and the number of partitioning steps.

A related aspect is the variation of time to maximal
concentration in a given compartment. Dearden and
Townend (55,59) showed that this took an approxi-
mately parabolic form, being high for compounds of very
low and very high lipophilicity, and low for intermediate
compounds. There is ample experimental evidence to
support this prediction. For example, the resuits of Kut-
ter et al. (60) for the effects of morphine-like analgetics

25
/
o
20
o
1.5,
. o
o
g
10
/O
o
05 /
b
15 3§ <0 80 760 320 BL0

Time ( arbitrary wnits )

FIGURE 4. Variation of optimal partition coefficient with time after
dosage (Dearden and Townend modification of the Penniston model).

for P measured in heptane-buffer, pH 7.4, in the rabbit
can be correlated thus:

toa(min) = 0.660 (log P + 0.826 log P + 3.457
(25)

with

The model also predicts that maximal concentration
in a given compartment rises and then levels off as log
P increases (i.e., curves similar to those generated by
the Hyde model are obtained). Again, there is experi-
mental confirmation of this prediction, from an inves-
tigation of blood platelet inhibition by aspirin derivatives
(61).

Duration of action of a compound is often considered
to be related to metabolism, but for eompounds which
are not metabolised appreciably, the model predicts an
approximately parabolic relationship with lipophilicity,
with compounds of intermediate lipophilicity having the
shortest duration of action (42). Although duration of
action data are scarce in the literature, those that there
are confirm the model prediction. For example, the re-
sults of Kutter et al. (60) and Herz and Teschemacher
(62} concerning the analgesic effect of morphine analogs
administered intravencusly in rabbits ean be correlated
thus:

Duration (hr)

= 0.149 (log P¥ + 0.053 log P + 0.449 (26)

with

—
oo =

foome R e}

n
r 981
8 .324
for P measured in heptane-buffer, pH 7.4. Occasionally,
QSARs containing two peaks have been observed.
Franke and Kithne (63) extended Franke's original hy-
pothesis (47) to aceount for this, by postulating two
adjacent receptors; initial activity involves activation of
one receptor only and as the chain length of the molecule
increases, activity falls off, but increases again when
the chain is long enough to interact with the second
receptor site. This theory is vulnerable to the same
criticism as that of Franke's earlier theory regarding
biphasic curves (47). We prefer, as a general theory,
the concept of two different receptors having different
lipophilic requirements and showed (64) that the Pen-
niston model, modified by two receptor side-compart-
ments, could account satisfactorily for such double-
peaked QSARs.

The above cases show that the Penniston model, suit-
ably modified as appropriate, can account for virtually
all aspects of quantitative structure—activity relation-
ships involving only lipophilie parameters.
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It may be argued, following Yalkowsky and Flynn
(48), that the model is invalid because it takes no account
of diffusion and solubility which, as Yalkowsky and Flynn
showed, become rate-limiting (for their model at least)
at high lipophilicity. But, as already mentioned, the
physical medel of Dearden and Patel (51), consisting of
eleven stirred compartments containing alternately
water and l-octanol, yielded approximately parabolic
curves for log C vs. log F after single-dose administra-
tion in solution in the first compartment. Experimental
confirmation was thus obtained for the postulate that
biphasic QSARs can be interpreted purely in terms of
control by a partitioning mechanism; it is not necessary,
at least for the single dose situation, to invoke diffusion
or solubility limitations, important though these may
be in some circumstances.

This review of QS AR modeling would not be complete
without reference to the work of Kubinyi. He obhserved
that many so-called parabolic QSARs in fact appeared
rather to consist of straight ascending and descending
sections joined by a curvilinear section in the region of
the peak. From a reconsideration of the McFarland (45)
and Higuchi and Davis (46) models, Kuhinyi derived his
hilinear model (65) which yields the general equation:

log(1/C) = alogP — blog BP + 1) + C (27

The B term was introduced to permit log P, to have
values other than zero. Kubinyi hypothesized that § was
related to the relative volumes of lipid and aqueous
compartments in the organism; in support of that, we
have shown (Dearden and Townend, unpublished work)
that with the Penniston model, log P, of the generated
curves varies as the lipid/aqueous volume ratio is al-
tered. 1t may be noted, however, that recently van de
Waterbeemd has pointed out (66) that B can be used in
membrane characterization and in terms of artifieial (i.e.,
organic solvent) membranes is related to the viscosity
(m) of the selvent:

log B = —0.502 log m + 0.156 (28)
with
n =
r = -0,961
g = 0.130
Fi. = 84.65

Kubinyi showed that his equation often proved a better
fit to experimental data than did the quadratic equation.
For example, for the hemolytic activity of homologous
a-monoglyeerides in aqueous solution, the bilinear model
gives (41):

log (1/C) = 0.993 log P
Z 2212 log (BP+1) + 1.149  (29)

with

0
0

B = -3.454
P, =336

* 255
0% 05

0.999
0.057

For the same data, Hansch and Clayton (22) give:

§

log (1/C) = —0.36 (logP)* + 243 log P — 0.27 (30)

with
log P, = 3.36
n="1
= 0,987
s = (.152

In many examples, like the one above, the difference
in fit of the two equations is marginal, and perhaps in
such cases the quadratic equation is to be preferred
because it is simpler to use; the Kubinyi equation re-
quires an iteration procedure in order to solve for B.
Where the bilinear equation really scores, however, is
in cases where the ascending and descending sections
of the QSAR have markedly different slopes, or where
a plateau rather than a descending section is observed.
Kubinyi (40) has stated that the Hyde equation (52),
which describes a plateau, is a special case of Eq. (27).

Kubinyi has also (41) investigated the “QSAR” curves
generated by a large number of multicompartment par-
tition models of both the eguilibrium and the noneqgui-
librium types, and with and without side compartments.
His findings are in general similar to our own, but a
particularly interesting observation is that, using a non-
equilibrium side-compartment model (Fig. 5), the curve
generated by plotting log (concentration in side-com-
partment) vs. log P is asymmetrical, with the descend-
ing arm of lower gradient than the ascending arm, in
line with many experimental QSARs.

Berner and Cooper (67} have recently applied diffu-
sion theory to the partitioning process. Their model
predicts a maximum in the curve of C.(f) vs. log P,
where (1) is the concentration in the receptor com-
partment at time ¢, in much the same way as does the
Penniston model. They found it necessary, however, to
introduce shunt pathways to make the model more
realistic.

Other equations to model the variation of biological
activity with lipophilicity have been proposed by Wag-
ner and Sedman (68) and Seydel and Schaper (69).
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FiGUurE 5. Nonequilibrium side-compartment model.






