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In the first part of this review (1), examples were
considered in which there was a linear relationship
between the response to drug dction and the relative
lipophilic character of the drug. Relative drug response
was defined in terms of log 1/C (pC), where C is the
molar concentration of drug producing a standard
response; relative lipophilic character was defined by
log P, where P is the octanol-water partition coefficient.
The present review extends this survey to the more
general problem of the nonlinear relationship between
pC and log P.

The term *‘drug” is difficult to defirie. In these discus-
sions it is employed in the widest sense possible. A
drug is considered to be any chemical capable of
causing a biochemical or biological response. A better
term might be pharmacon, which has been employed
by Ariéns (2). _

Ever since Meyer (3) and Overton (4) discovered
that the narcotic potency of the members of a set of
congeners tends to increase as their oil-water partition
coefficients increase, there has been interest in defining
“lipophilic character” and its role in the activity of

drugs. The analyses in this review are all based on the
operational definition of lipophilic character by log P
from the octanol-water system. There is, of course,
great advantage in using a single reference system. The
reasons behind the choice of octanol-water were
discussed previously (1, 5). It is possible to compare
work in other solvent systems with that obtained in
octanol-water via Eq. 1:
logPy = alogP; + b (Ea. 1)

In Eq. 1, first formulated by Collander and recently
(6) applied to a variety of systems, P; represents the
partition coefficiént of a solute between one solvent
and water, and P, is that for the solute between a
second solvent and water. Equation 1 holds well when
P, and P, are from simildr apolar solvents such as
alcohols, esters, and ethers. It fails completely when
comparisons are between hydrocarbons (such as
heptane or benzene) and solvents with hydrogen-
bonding ability such as alcohols, esters, and ethers.

Much of the early work seeking correlations with
partition coefficients was concerned with nonspecific
narcotic effects. Recently, it has become clear that by
using log P to define hydrophobic character opera-
tionally, one can correlate the binding of organic com-
pounds (drugs) to proteins (7-20), enzymes (7, 21-31),
and membranes (32). Equations 2-4 are typical ex-
amples:
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Figure 1-—Buactericidal activity of benzyldimethylalkylammonium
chiorides against Candida albicans [log I/C = —0.30(log P)? + 1.34
log P + 3.251.

binding of organic compounds by serum albumin (10)

n r -8

pC =075logP +230 42 0960 0159 (Eq.2)

hemolysis of red cells by alcohols and esters (32)

n r )

pC = 0.90 log P — 0.24 19 0993 0.096 (Eq.3)

binding of barbiturdtes by liver homogenate (5)

n r b

log (B/F) = 0.52 log P — 1.14 5 0973 0.124 (Eq.4)

In Egs. 2 and 3, C is the molar concentration of drug
that produces a 1:1 complex via equilibrium dialysis.
In Eq. 4, B is the percent of barbiturates bourid and F
is the percent free, For the equations throughout this
report, n represents thie number of data points used in
deriving the equation, r is the correlation coefficient,
and s is the standard deviation. Equations 2-4 and
hundreds of others like them (1, 5, 33) establish the
fact that drugs are bound in varying degrees by a large
percentage of the macromolecules they éncounter in
living tissue. Moreover, this is a partitioning-like pro-
cess, which is well modeled by the way the drugs parti-
tion between octanol and water. This partitioning has a
profound effect on the random walk process drugs
follow in finding their sites of action.

Under equilibrium conditions as in Eqs. 2-4, one
expects and finds linear relations between pC and log
P. The higher the value of log P, the tighter is the
binding. As log P values become large or the time of the
experiment becomes short, linearity is not the rule and
one finds a much better correlation by a second-order
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Figuré 2—Mycelia inhibition of 5-alkyl-8-hydroxyquinolines against
Aspergillus niger [log RBR = —0.13 (log P)? + 1.20 log P — 1.84].
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Figure 3— Hemolytic activity of a-monoglycerides against dove red
blood cells [log 1/C = —0.36 (log P)2 + 2.43log P — 0.27].

equation as in Eq. 5:

concentration of X—CyH\B(OH); localized in mouse brain in 15
min. (34)

log C = —0.54(log P)* 4 2.47 log P ~ 1.05
n

r 5
14 0.915 0.214 (Eq.S)

This equation, based on the work of Soloway et al. (35),
correlates the localization of benzeneboronic acids
(injected interperitoneally) in mouse brain. In this
time-dependent process, the parabola of Eq. 5 cor-
relates the data much better than linear relations such
as Egs. 2-4. Equations 2-4, from in vitro studies, ac-
tually lead one to expect nonlinear relationships such
as Eq. 5 from living systems: Since one finds tighter
and tighter binding between organic compounds and
macromolecules as the log P values of the former are
increased, it is clear that eventually a point is reached
where this restriction of movement is rate controlling.
The length of time allowed for attainment of equilib-
tium is, of course, important in setting the degree of
linearity found in any given case.

In early structure—activity studies, a departure from
linearity in response and lipophilic character was often
observed and was termed the “cutoff’’ point. Ferguson
(36-38) was one of the first to assume that there might
be a general ‘“rational” explanation for this phe-
nomenon. He attempted to explain it by arguing that
the higher members of a liomologous series would be-
come so insoluble that concentrations high enough to
cause a standard response could not be obtained. While
this might expldin certain special situations, in the
light of Eqs. 2-4 it is hard to know what one is talking
about in terms of solubility when the drug is injected
into an animal or added to a complex medium of
bacteria and nutrient. Depending on the lipophilic
character of the drug, it will be more or less bound to
all kinds of macromolecules present. _

It is probably best to abandon any traditional ideas
of solubility of drugs in an aqueous phase when con-
sidering the kind of data presented in this report. One
is faced with a highly complex set of equilibria of drugs
in an aqueous phase and drugs bound with varying
degrees of firmness by a large variety of macromole-
cules which make up living cells and tissue. For this
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Figure 4—Survival time of Calliphora erythrocephala blowfly larva
in aliphatic alcohols [log RBR = —0.21 (log P)? + 0.80 log P +
0.59].

reason, the authors have stressed the advantage of con-
sidering in probabilistic termis (34, 39, 40) the move-
ment of drug from the point of introduction to the
active sites.

For some time this laboratoty has been collecting
examples of what can be loosely termed *parabolic”
relationships between log 1/C dand log P. A large amount
of evidence is now in hand which clearly shows that
the ““break” in the linear relation between log 1/C and
log P is not precipitous (see examples in Figs. 1-6) and
that the term ‘“‘cutoff” is not well suited to describe
the phenomenon. In Figs. 1-6, the solid line is the
least-squares parabola drawn through the experi-
merital points. These six examples are representative
of the cases in Table I. In the present survey, about 230
examples were plotted (by computer). From a study
of these plots it was not possible to visualize any kind
of curve that would fit the data better than a parabolic
expression such as Eq. 6:

pCk) = —a(log P)? + blog P + constant  (Eq. 6)

whereé pC = log 1/C, and C is the molar concentration
of drug producing a standard response in constant time,
Other rate or equilibrium constants (k) may also be
used. Not all of these examples have been includeéd in
the present data base, partly for reasons of space but
also because it seemed important to select the best
examples for study.

For Table I, sets were selected having five or more data
points and where the F test (41) indicated that the addi-
tion of the (log P)? term to the linear equation in log P is
significant at the 0.99 level of significance or higher. With
afewexceptions, the equations of Table I havecorrelation
coefficients of 0.95 or higher. Some sets meeting these
standards were rejected because, from an inspection
of the plotted curve, it could be seen that the log P
values of the most active compounds (also most hy-
drophobic compounds) were considerably below log
P, (the apex of the parabola). In these examples the
confidence intervals on log P, weére very wide or could
not be established (40). Ideally, one would want to
include only examples where the data points covered
the complete parabola from zero activity with a low
partition coefficient to zero activity with a high parti-
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Figure S—Inhibitory activity of aliphatic amines against human liver
mitochondrial MAO [log K’ = —0.67 (log P)* — 0.53/og P + 8.14)].

tion coefficient. Such data are rare indeed and sorely
needed. For practical reasons it is not very interesting
to test the higher members of a homologous series once
activity begins to decline. For this reason, many in-
vestigators stop studying the more lipophilic homologs
once activity is found to drop. Moreover, the very
lipophilic members of a series are often extremely dif-
ficult to study because of their limited aqueous solu-
bility. Some.of the best data this study has uncovered
were obtained with carboxylate anions and quaternary
salts where the difficulties of solubility can be circum-
vented.

For the present review, only those data sets were
selected where the single variable log P in Eq. 6 gave a
high correlation of the data. While about 230 of these
sets are now in hand, several hundred others, where an
additional term such as one in ¢ or E; is necessary for
high correlation, support the general importance of the
parabolic relationship between the logarithm of a bio-

logical rate or equilibrium constants and log P. The

data for the results in Table I are contained in Table
IIT. In Table II a set of equations is given for which
the limitations are not as severe. In these examples,
the (log P)? term is significant at the 0.95 level. To
conserve space, the experimental data are not included
for these examples. However, most of the log P values
are in Table III and the pC values can be found in the
cited references.

LOG 1/C
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Figure 6—Inhibitory activity of aminopyridines and anilines against
Mycobacterium tuberculosis {log 1/C = —0.57 (log P)? + 2.73 log
P + 2.22].
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Ref-
erence
95 -
123
100
100
100
100
88
124
32,125

Activitys
PC’
S. aureus, PC’

Red cell rat,
hemolysis (RBR)

Type Biological
Aphid, percent
killed (RBR)
Tadpole, narcosis,
MED
S. haemolyticus,
PC’
S. aureus, PC’
T. rosaceum, PC'’
M. smegmatis,
percent
Red cell rabbit,
acceleration of’
10077 hemolysis
by saponin

Compound.

Testosterone esters
Benzene derivatives

4-RS-Phenols

RSCN
ROH
Phenols
Phenols
Phenols
Phenols

0.325
0.210
0.16t
0.157
0.070
0.160
0.098

0.199

0.117

0.944
0.995
0.983
0.983
0:996
0.981 -
0:994
0.938
0.983

7
10
32
34
21
33
12
14
17

Confidence
Interval
(5.79,9.18)
(5.78, 43.43)
(7.20, 28.61)
(6.95, 11.28)
(6.74,9.07)
(6.27, 10.25).
(4.92,8.02)
(6.29,.6.93)
(4.72, 8.84)

6.56
8.69
9.65
5.76
6.55
5.52

log Py

—0.13 +1.95

0.52+0.34
—2.28+0.92
—5.61 + 1.55

—0.10 = 0.07
—0.08 £ 0.07
—0.07 % 0.06
—0.21 = 0.13

1.35 +0.78-
1.38 4 0.34°
1.42 + 0.47
2.32.4-0.91

Equation
Number
165
166
167
171
172
173
s See Footnote-a, Table I. ? This equation varies slightly from that previously reported (34) die to minor refinements in the values of log P (6).

Table II—(Continiied).

Most of the equations in Tables I and II are based
on homologous series. This is not simply a chance
occurrence. When elements other than CH, units are
incorporated into a parent molecule, important elec-
tronic and. possibly steric effects are brought into the
structure-activity relationship. These must be accounted
for by the addition of other terms to Eq. 6.

One main reason that the strong and often quantita-
tively definable dependence of drug activity on lipophilic
character has been so slow in coming into focus has
been the shortage of partition coefficients from a suit-
able reference system. This is still a handicap. Valués
are not available for all of the data used for the correla-
tions of Tables I and II. Unknown values have been
calculated from additivity principles (6).

From the values in the section on data, the equations
in Tables I arid II were derived by the standard non-
weighted least-squares method (41). In addition to
fitting the data to Eq. 6, each set was fit to thé third-
order equation in which a term in (log P)3 was added
to Eq. 6. Out of 233 cases tested, the cubic term yielded
an improved correlation (significance at >0.95 in F
test) in 28 examples. Twelve of these examples were
with equations in Table I. Examination of the plots
of the cubic equations did not uncover any general
pattern of correlation. The results do not appear to
warrant further consideration at present.

RESULTS

The resulting equations selected for this study are
listed in Tables I and II. In these tables, a represénts
the coefficient of the parabolic (log P)? term, b is the
coefficient of the linear (log P) term, and c is the regres-
sion constant generated by the least-squares analysis.
The 95%, confidence interval for each of these values
is also given. The calculated ideal value of log P, log P,,
is also listed along with its 95 %7 confidence limits.

For convenience in analysis, the equations in Tables
I and II have been factored into four sets based on
the range of their log P, values, narely, equations
(Table 1, Part A and Table II, Part A) with log P, léss
than 1.5, those (Table I, Part B and Table II, Part B)
with log P, between 1.5 and 3.0, those (Table I, Part C
and Table II, Part C) with log P, varyirig between 3.0
and 5.0, and those (Table I, Part D and Table 11, Part
D) with. log P, greater than 5.0. Within each set the
equations have been ordered by increasing values of the
coefficient (b) of the linear (log P) term. Most of the
equdtions in Table I were derived from the ddta listed in
Table 1II. Reference I in Table I refers to the location
in Table III of the corresponding data or to the ap-
propriate literature reference if the equation was pre-
viously reported in the literature. Reference 2 indicates
the. original literature source of the biological activity
data used in the equation. '

A summary of the distribution and ranges of the
values of log Py, b, a, ¢, and log P for the 100 equations
in Table 1 is given in Table IV. From these results, it is
interesting to note that while the ranges of the coeffi-
cients (b) of the linear term within each group (Table I,
Part A-Table I, Part D) vary from group to group, the
range of thé coefficients (a) of the parabolic term within
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Table III—Data for Table T

+
—RNH;

+
1/11-1 111/11}2 L3 Iﬁ‘H’, (")
1K' ¢ p p e . R
R logP  Obs.  Obs. Obs.  Obs. RNAONE— 1 RO
— v RBR 1/Kgg.1
C.H; —3.15 3.37 1.44 — — R log P Obs. R log P Obs.
S - »
CH, -2.1 : . - — Methyl —-4.38 004 H . —~1.462 0.99
gsgn -1 ?g é% g‘l‘g — - Ethyl -3.8 023 CHy -1.21 2.30
P -(1)- & 517 : - - Propyl -3.38 0.65 GCH; —0.71 3.30
C7 15 —0'15 8,01 - - - Isopropyl —3.58 0.08 C;Hy —0.21= 4.19
oHu =0. : — — Butyl -2.88 1.03 CH, 0.29 4.60
CﬂH‘Ls 1 . 85“ - - 5 . 52 4. 52 Hexyl __1 . 88 1 . %
CieHu 3.85 - - 5.44 432 Octyl —0.88 2.70
18H37 4.85 _" —_ 4.66 3.66 Decyl 0‘12 2.79
Dodecyl ‘1.12 2.85
RCOO™ 15 111-6 '
pC pg N Iﬁm
. - v -1 -1 -1
e o8 A
C: H; Y 28" ‘2‘-' 17 324 R log Pc Obs. R log P  Obs. , Obs.
" —1.7 .41 — Meth :
- yl —0.43 3.8 €,H 0.65 5.15 5.30
Sths -2 3.8 3.76 Ethyl 0.07 4.60 CuHi 1.15 522 540
CSH" —0.20 424 4.31 Propyl 0.57 4.9 Ci3Hyy 1.65 5.30 5.60
ol 030 467 -2 Butyl 1.07 530 CuHy,, 2.15 530 5.58
o 1.30 464 .y Heptyl 257 4.9 CuHy 4.15 474 4.64
T A cp——
15031 . .11 . CH;);N(CH;),N(CH EEE—
CuHas 3.80 2.55 4.36 (CH:):N(CHy) (111-31)3 I0-18
- — . pC pC
RCHOHCOO~ —— - n log P Obs, Obs.
ni-7  I0-8 1119 ng&lo -1 -
. pC pC pC pC 4 ~3.34 . _
R log P? Obs. Obs, Obs. Obs. Obs. 5 -3 13;4 ;3;% _
i : ' 6 —2.34 4.03 —
CeHys —2.22 130 — 1,30 1.00  1.30 7 —1.84 4.54 2.46
CHy —-1.22 281 1.60 2.5 220 1.90 8 -1.34 5.72 3.00
CuHn —-0.22 3.7t 371 311 2.8 3.1 9 —0.84 6.35 3,92
CpoHas 0.78 3.71 461 3.4 341 3.7 10 —0.34 6.53 4.35
CiHa 1.78 281 431 3.4 371 4.6l 11 0.15 6.35 4.74
CisHas 2.78 — 311 311 3.41 4.6 12 - 0.66 6.01 5.25
CaHay 4.78 — — 2.81 — 4.31 18 3.66 6.50 4.85
[
H;,C-—Il‘Ii-R
@ M-19 120 R Ii-22 [23 124 I25 TIR26 I-27 128 111-29
: pC pC pC pC pC pC pC pC pC pC pC
R log P Obs. Obs. Obs. Obs. Obs Obs. Obs. Obs, Obs. Obs Obs.
CiHyy ~1.08 — 3.52 — — 3.69 3.00 1.68 2.69 1.52 —_ 1.76
CoHyq ~0.58 2.54 3.72 2.54 2.54 4.02 3.02 2.08 3.02 — 2.54 —
CioHi —0.08¢ 2.57 3.74 2.74 2.74 4.74 3.57 2.41 3.57 3.45 3.04 2.95
CuHgs 0.42 3.06 4.06 3.06 3.06 5.06 4.06 2.92 4.06 . 3.59 -
Ci:Hy; 0.92 3.48 4.61 3.61 3.61 5.61 4.61 3.45 4.61 4.34 4.09 3.82
CisHi 1.42 3.50 4.80 3.80 3.80 5.80 5.10 3.85 5.10 — 4.63 —
CiHy 1.92 3.52 4.82 3.65 3.65 5.83 5.12 3.96 5.12 4.63 4.82 4.40
CisHy 2.42 3.14 4.84 3.84 3.84 5.84 5.14 3.74 5.14 — 5.14 -
CieHiys 2.92 - 4.68 3.68 3.68 5.56 5.16 3.30 5.16 4.88 4.56 4.79
CuHas 3.42 — — 3.57 — 5.18 4.70 3.06 4.70 — 4.16 —
CisHy 3.92 2.89 — — 2.7 5.19 4.71 2.63 4.71 4.60 3.59 4.52
CioHys 4.42 2.91 4.21 2.91 2.60 4.9] 4.73 2.52 4.73 — 3.61 —
- _ RCHBrCOO- . -~
IM-30 M3t mi32 33 34 035 I-36 0 I0-37 0 1038 -39 IM1-40
: P pC pC nC pC pC pC pC pC pC pC
R log Pd Obs. Obs. Obs Obs. Obs. Obs. Obs. Obs, Obs. Obs. Obs.
C.H, —1.68 1.30 — — — — — — — — — -
CeHis —0.68 1.90 1.60 2.50 2.20 1.90 2.81 2.50 2.20 1.90 1.90 1.60
CsHyr 0.32 2.50 2.20 3.11 3.41 2.50 3.71  3.41 3.11 2.81 2.81 2.50
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Table IF—(Continued)

- - RCHBrCOO - , :
111-30 I11-31 mr-32 11-33  II-3¢ II1-35 11136 I11-37 10138 11139 1i[-40
pC pC pC pC pC pC pC peC pC pC pC
R log P4 Obs. Obs. Obs, Obs. Obs, Obs. Obs, Obs. Obs. Obs Obs
CioHa 1.32 3.4]1 3.1 4.01 3.7 3.41 4.31 3.7 3.1 3.41 3.11 2.81
128125 2.32 3 2.81 4.0t 4.01 3.71 5.21 4.61 4.61 4,61 4.01 3.71
1¢Has 3.32 2.81 2.50 3.71 3.11 2.81 5.52 5.21 4.91 4.61 4.91 4.61
CieHss 4.32 1.90 1.90 2.51 2.20 1.90 5.52 5.21 5.21 4.91 4.91 4.61
CisHyr 5.32 — — —_ — — 3 2.81 2.81 2.81 2.50 2.20
CyoHa 6.32 — — — — — 3.11 2.2 2.81 2.81 2.20 1.90
- CH;CH(OR)y—————
. o I11-41
pC
R log P Qbs.
Methy! -0.15 1.70
Ethyl 0.85 3.12
Propyl 1.85 2.30
Isopropyl 1.45 2.30
Butyl 2.85 2.00
1I1-42  MI-43 - III-44
RBR RBR pC
Alcohol log P Obs. Obs. Obs.
Methanol —0.66= 0.00 c— 2.57
Ethanol —-0.16 — —_ 3.62
Propanol 0.34¢ 0.70 — 4.27
Isopropanol 0.14 —_ 1.01 —
Butanol 0.88s 1.25 — 5.24
sec-Butanol 0.61¢ — i.16 —,
Pentanol 1.40¢ 1.36 — 5.66
Hexanol 2.03s 1.32 — 6.24
Heptanol 2.53 . 1.22 —_ 6.55
QOctanol 3.03 1.12 — —
Decanol 4.03 — — 6,38
Dipropylcarbinol 2,18 — 1.83 —
Diisopropylcarbinol 1.75 — 1.82 -—
Ethylbutylcarbinol 2,200 — 1.79 —
Methylamylcarbinol 2.33 — 1.74 —
2-Hexanol 1.83 — 1.74 —
2-Pentanol 1.11 — 1.65 —_
3-Pentanol 1.11 — 1.59 —
Methylhexylcarbinol 2.83 — 1.19 —
CH,
|+
H,C—TV—R
CH,
X
Mi-45 111-46 111-47 nI-45 11146  111-47
pC pC pC pC pC pC
X R log P Obs. Obs. Qbs. X R log P Obs. Obs. Obs.
H CioHy —~0.08¢ 2.70 2.79 3.11 2-Cl, 4-Cl CyoHa 1.38 3.58  3.65 3.85
H CisHas 0.92 3.79 3.74 4.04 2-Cl, 4-Cl 12Has 2.38 4.14 4.25 4.43
H CyHsp 1,92 4.07 4.17 4.52 2-Cl, 4-C1 CiHa 3.38 4.13 4.28 4.39
H CieHas 2.92 3.92 3.92 4.54 2-Cl, 4-Cl - CieHss 4.38 3.46 3.41 —
H CiHz 3,92 3.23 3.34 4.62 2-Cl, 4-Cl1 CisHy 5.38 3.49 3.30 —
2-Cl C:Hy; —0.32 1.92 2.02 — 2-OH, 5-NQ: CioHy, —0.51 2.79 — —
2-Cl CyoHoy 0.68 3.1 3.41 3.47 2-0OH, 5-NO, C2Hys 0.49 2.58 2.70 -
2Cl Ci2Has 1.68 3.85 4.14 — 3-Cl, 4-Cl sHiz 0.38 2.92 2.92 —_
2-Cl Ci:Hze 2.68 4.18 4.14 — 3-Cl], 4-Cl CioHa 1.38 3.85 3.79 —
2-Cl CigHas 3.68 3.65 3.74 4.66 3-Cl, 4-Ci C2Hys 2.38  4.25 4.36 -
2-Cl 1wH g7 4.68 3.46 3.43 4.74 3.Cl, 4-Cl C,4Ha, 3.38 4.11 4.04 —
4-Cl CsHy; —0.38 2.88 2.60 — 3-Cl, 4-Cl CieHas 4.38 3.39 3.39 —
4-Cl CioHa 0.62 3.53 3.60 3.70 3-Cl, 4-Cl CisHsr 5.38 3.08 3:11 —
4-Cl Ci:Has 1.62  4.23 4.04 — 3-OCH;, 4-OCH; CioHas 1.00 3.67 3.71 —
4-Cl 14Hag 2.62 — 4.34 — 3-OCH;, 4-OCH; C,H:s 2.00 4:20 4.11 —
4-C] CieHas 3.62 3.54 3.85 — 3-OCH;, 4-OCH; C;sH;, 3.00 3,95 3.41 —
4-C} 18klg7 4.62 3.53 3.17 — 3-OCH;,, 4-OCH; C;sHy 4.00 3.47 — —
4-NO; CsHy, —-0.84 1.92 2.1 — 3,4-(OCH,0) sHyz —1.13 2.04 2.04 —
4-NO, CioHy 0.16 3.11 3.1 — 3,4-(OCH;0) CioHa —0.13 2.92 3.08 —_
4-NO; CioHas 1.16 3.65 4.20 — 3,4(OCH:Q) C2Hys 0.87 3.85 4.00 —
4-NO; C,Hzp 2.16 4.25 4.23 — 3,4-(QCH:0) C1Hsy, 1.87 4,17 4.23 —
4-NO; 1eH 33 3.16 3.82 4.00 — 3,4-(0OCH,0) CieHa: 2.87 4.00 4.20 —
4-NO; 18k 37 4.16 3.54 3.46 — 3,4-(OCH;0) CuHg 3.87 3.36 3.23 —
2-Cl, 4-Cl CsHy; 0.38 2.50 2.63 — ’ .
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Table III—(Continued)

0
R 5-NH
=0
RNy
R R’

1-48  I1-49  III-50  III-51 II1-52
pC pC pC pC pC
log P Obs. Obs. Obs. Obs. Obs.
Methyl CH;CHC(CHj3) 0.65 — — 2.64 — —
Methyl CH;C(CHj3) 0.15 — — 2.12 — —
Ethyl Ethyl 0.652 2.87 3.09 — 2.91 1.32
Ethyl Isopropyl 0.95% 3.00 3.30 — 3.34 1.89
Ethyl Butyl 1.89¢ 3.33 3.72 - 3.53 2.80
Ethyl Isobutyl 1.69 3.25 3.63 — — —
Ethyl sec-Butyl 1.69¢ 3.03 3.63 — — —
Ethyl sec-Pentyl 2.07 — — —_— —_ 3.07
Ethyl Isoamyl 2.07s 3.12 3.75 — 3.59 3.12
Ethyl Hexyl 2.77 — — — — 3.40
Ethyl Allyl 0.85 —_— —_ — 3.28 —
Ethyl CH;C(CH3;) 0.65 — — 2.91 — —
Ethyl CH;CHC(CH,) 1.15 — — 3.15 — —
Ethyl Phenyl 1.42¢ 3.19 3.46 — — 2.36
Propyl Propyl 1.65 298  3.55 — — =
Propyl Isopropyl 1.45 3.15 3.63 — —_ —
Propyl Isoamyl 2.57 3.04 3.48 — - —
Propyl CH;CHC(CH,) 1.65 — —_ 3.29 — —
Propyl 2C(CHjy) 1.15 — — 3.04 —_— —
Propyl Ally] 1.35 — — - 3.47 —
Propyl Benzyl 3.08 2.76 — — — —
Isopropyl Butyl 2.07 — — — 3.49 —
Isopropyl Allyl 1.15 —_ — — 3.60 —
Isopropyl Benzyl 2.88 2.87 — — — —
Butyl Butyl 2.89 — — —_ 3.08 —
Butyl Allyl 1.85 — — — 3.47 —
Butyl CH,;CHC(CH3) 2.15 — — 3.36 —_ —
Butyl CH,C(CHj) 1.65 — — 3.33 — —
Isobutyl Allyl 1.65 —_ —_ — 3.63 2.80
Isobutyl CH,C(CHy) 1.45 — — 3.27 — —
sec-Butyl Allyl 1.65 — —_ — 3.78 —
Amyl CH,C(CH5) 2.15 — — 3.32 — —
Isoamyl Allyl 2.15 — — — 3.45 —
Isoamyl CH,C(CH,) 1.95 — — 3.26 — - —
Allyl sec-Pentyl 2.15¢ — —_— —_ — 3.19
Allyl Cyclopenteny! 1.69 —_ — — — 2.90
Allyl y 1.05 — — — 3.54 —
Allyl CH;CHC(CHj;) 1.35 — — 3.39 —_ —
RsSnOCOCHj5 ~ —4-R-Lincomycin ,
III-C53 III-C54 Il{IéfZ
P D
R log P Obs. Obs. R log P Obs.
Methyl —1.32 3.05 3.05 Heptyl 2.55 0.18
Ethyl 0.18 4.72 5.12 ’ )
Propyl 1.68 5.49 5.49 Octy 3.05 0.00
Butyl 3.18 5.84 5.84
Hexyl 6.18 4.34 3.64 ROR'’ ~
Phenyl 3.57 5.61 — III-CSS
p
R r:I(CH . R R’ log P Obs,
kI 3 - ~
1I1- - !
A A - T
R Obs. bs. ethy thy] .27 .
M e, Sm 2R
p 7o R ethy! SOpropy! Y .
g:g‘: - % : g;a (1) : ;g 0.88 Methyl Cyclopropyl 0.48 2.75
Cn!_i% 0 84¢ 344 309 Methyl Butyl 1.27 2.70
CoH 184 4,08 211 Methyl Isobutyl 1.08 2.79
C“Hn 2,84 416 4,46 Methyl sec-Butyl 1.04 2.79
CirHas 3.54 3.97 4.25 Methy! fert-Butyl 98 27
: . : ethy! Amy!| : . .
. : thy| opy! 1. .
—— ——4-R-Lincomycin— — Ethyl Isopropyl 1.07 2.60
HI-57 Ethyl Cyclopropy! 0.98 3.00
RBR Ethyl Butyl - 2.03¢ 2.82
R log P Obs. Ethyl Isobutyl 1.83 2.82
Ethyl sec-Butyl 1.80 2.85
H —-0.95 —1.60 Ethyl tert-Butyl 1.56 2.92
Ethyl 0.05 -0.52 Eth_yl Isoamyl 2.35 3.00
Propyl 0.55 0.00 Ethyl tert-Amyl 2.08 3.15
Butyl 1.05 0.32 Ethyl Vinyl 0.47 2.34
Amyl 1.55 0.53 Propy! Propyl 2.03 2.79
Hexyl 2.05 0.56 Propyl Isopropyl 1.83 2.82
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Table 1XY—(Continued)

ROR’
111-58 N e
N
, pC O
R R log P Obs, @ = kN N —CH=—CH,0H
Isopropyl Isopropyl 1.63 2.82 N
Vinyl Vinyl 0.17 2.33 OH 111-64 I11-65 111-66
RBR RBR (Z/870.5
R R log P Obs. Obs. R log P  Obs.
I
HO—C—C=CX -~ H 2.022 0.14 —-0.12 CH, —-0.37 —-0.08
| CH; 2.52 0.45 — GH; 0.14+ 0.31
R’ C:H; 3.02 0.49 — C:H; 0.666 1.15
111-59 C;H; 3.52 0.61 0.62 CH, 1.164 1.48
pC C.H, 4,02 1.01 0.99 CsH, 1.67 1.82
R R’ X log P Obs. C:Hy, 4.52 1.05 1.07 CgHys 2.18 2.21
CeHis 5.02 1.03 1.07 CH;; 2.69 2.33
Methyl Ethyl H 1.18 2.59 C:His 5.52 0.98 1.06 CgH,; 3.0 2.41
Methy! Ethyl cl 1.51 2.94 C:Hyy 6.02 0.81 0.90 CyHy, 3.71 2.52
Methyl Vinyl H 0.88 2.41 sHio 6.52 0.63 0.83
Methyl CICH=CH H 1.50 2.94 wHy  7.02 0.27 0.48
Ethyl Vinyl H 1.38 2.79
Ethyl CICH=CH H 2.00 3.20 CH;OH
Propyl CICH=CH H 2.50 2.90 OH |
Isopropyl Vinyl H 1.68 2.92 CHOH
Isopropyl CICH—=CH H 2.30 3.17 ]
on - CH;OCOR——-—
II1-60 I1-67 - 111-68
pC R pC
Compound log P Obs, R log P Obs. R log P/ Obs.
4-OCH,-Aniline 0.78 3.39 H 0.80° —0.33 CiHy 1.83 3.00
4-OC;Hj-Aniline 1.28 4.44 C.H, 2.80 1.59 CyHj 2.33 3.48
4-OC.H,-Aniline 228 5.42 iso-C,H, 2.60 1.42 C,Hy 2.83 3.84
4-QOC;sHy-Aniline 2.78 5.45 C:Hy 3.30 1.80 CyHy 3.33 4.18
4-OC¢Hjs-Aniline 3.28 5.80 is0-CsHy 3.10 1.66  CiHas 3.83 4.34
4-0C;H -Aniline 4.28 3.44 CeHys 3.80 2.02 1 Hag 4.83 4.25
2-OCH;-3-NH;-Pyridine 0.09 2.59 is0-CgHys 3.60 1.75  CyeHss 5.83 3.45
2-OC;H;-3-NH,-Pyridine 0.59 3.54 His 4.30 1.82 CuHy 6.83 2.70
2-OC;H+-3-NH:-Pyridine 1.09 4.79
2-is0-OCH;-3-NH;-Pyridine 1.39 4.52 N=-C=0
2-0C;Hy-3-NHy-Pyridine 2.09 5.76 r—c’ |
2-(3-OC;Hj;)-3-NH,-Pyridine 1.89 5.46 N=C=R II1-69
%-OC1215-§-§Igz-gzrigine 3. Og 431 32 H pC
-OC;:H,7-3-NH,-Pyridine 3.5 .75 ’
4-OC H¢-3-NH;-Pyridine 1. . . 1
4-OC:H,-3-NH,-Pyridine 2.59 5.80 Cyclohexylidine Bt 3 2.68
2-OC H,-5-NH;-Pyrimidine 1.26 5.13 lsgjfmg’ylﬁ i di Pr°Pyl R 338
2-OC¢H,;-5-NH,-Pyrimidine 2.26 5.49 M o i Propy} s 00 306
4-OC H,-1-Naphthylamine 3.63 4.03 -yethyheptyhidine opY. - ~
l-ghenyletlhyhduied 1I:ropy{ 4. %(3; g . (1)(8)
i 1,2-Methylpropylidine TODY. 3. .
—R—CH . L00——— 1,3-Methylbutylidine Propyl 3.80 3.28
1I-61 1-Methyl-4-pentenylidine Propyl 3.70 3.18
R log P %ESR Isopropylidine Butyl 3.00 2.71
Hc1 ég? igg R(;;Nl){-s
4- .65¢ .
4-F 2.og 1.9(9) RNy II;-C70
4-CH;, 2.2 1.7
4-1 3.01s 1.76 R log P Obs.
4-OCH,; 1.95« 1.63
4-CN 1.562 1.54 Ethyl Ethyl 1.70 3.35
4-NHCOCH; 1.08 0.74 Ethyl Isoamyl 3,00 4.12
Ethyl 1-Methylbutyl 3.00 4.25
Ethyl Hexyl 3.70 3.97
Isopropyl Allyl 2.20 3.92
@ sec-Butyl Allyl 2.70 4.12
N+
i 111-62 I11-63 0—?=0
R log P Obs. Obs.
CHy; —0.95 1.14 0.84 R -7
CyHis 1.05 3.15 3.73 pC
CHzs 2.05 4.12 4.33 R R’ log P Obs.
CisH 3.05 4.21 4.43
1w H 5 4.05 3.98 4.20 CH; H 2.75 4.04
3-0C,;H.5-3-OH-Propyl 1.66 4.00 3.76 OCH; H 2.21 3.77
(continued)
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Table IIX—(Continued)

IH-71
pC
R R’ log P Obs.
Cl H 3.01 3.78
Br H 3.19 3.88
tert-C ;H, H 4.43 3.23
OH H 1.64 2.84
COC.H; H 2.20 3.22
CH;, CH; 3.25 3.77
CH; Br 3.50 4.20
RSCN .
111-72
pC
R log Ps Obs.
CeHys 3.03 2.17
C:Hy; 4.03 2.60
CioHyy 5.03 2.75
Ci2Has 6.03 2.82
CiHz 7.03 2.84
16H 53 8.03 2.66
0
i
O-—C—([==CH._.
CH,
I11-73
X pC
X log P Obs,
H 1.99 2.89
2-Cl 2.75 3.08
4-Cl 2.69 3.25
2-Cl, 4-Cl 3.45 3.49
2-Cl, 4-Cl, 5-Cl 4.21 3.84
2-Cl, 4-Cl, 6-Ci 4.21 3.76
2-Cl, 4-Cl, 5-Cl, 6-Cl 4.97 3.97
Pentabromo 6.74 3.64 .
OH
R
111-74
R pC’
R R’ log P Obs.
H Cl 2.39s 0.81
Methyl Cl 2.89 1.34
Ethyl Cl 3.39 1.73
Propyl Cl 3.89 2.26
Butyl Cl 4.39 2.52
Amyl Cl 4.89 2.63
sec-Amyl Cl 4.69 2.23
Cyclohexyl Cl 4.90 2.25
Heptyl Cl 5.89 2.51
Octyl Cl 6.39 1.83
Cl H 2.15¢ 0.50
Cl Methyl 2.65 0.91
Cl Ethyl 3.15 1.35
Cl Propyl 3.65 1.86
Cl Butyl 4.15 2.20
Cl Amyl 4.65 2.23
Cl ter--Amyl 4.33 2.00

a Experimentally determined value of log P. All other values of log P
were calculated according to additivity principles outlined in References
I and 6. ® Based on measured value of —0.62 for a-hydroxypropionic
acid. ¢ Based on measured value of 0.37 for iproniazid. 4 Based on
measured value of —3.18 for a-bromopropionic acid. ¢ Based on
measured value of —0,16 for N,N-dimethyldecylammonium bromide.
/ Based on measured value of —0.17 for monobutyrin. ¢ Based on meas-
ured value of 2.03 for butylthiocyanate.

each grouping is essentially constant (—0.50 to —0.10)
for all groups. In addition, there is significant variation
in the ranges of the constants of regression (¢) within
each group when compared between groups. Also of
interest is the observation that the ranges of the in-
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dividual log P values represented in the data used to
derive the equations vary noticeably between groups.

Of the eight equations in Table I, Part A, five describe
enzyme systems. Of the 58 equations in Table I, Part B,
36 are derived from data involving bacterial systems.
In addition, 14 of the 27 equations in Table I, Part C,
were derived from bacterial systems while nine describe
hemolysis data. From the entire series of 100 equations,
it appears that the coefficient of the linear term in the
equation describing a bacterial system most often lies
between 0.50 and 1.50. In addition, most of the equa-
tions involving hemolysis data contain coefficients of
the linear term between 0.75 and 1.75.

Of the compounds used to derive these equations,
the largest single grouping consists of those that are
ionic. Of the eight equations in Table I, Part A, six were
derived from ionic compounds. Also, 35 of the 58
equations in Table I, Part B, consist of ionic compounds,
while 17 of the 27 equations in Table I, Part C, were
derived from data composed of ionic compounds. From
these data, it appears that most of the equations de-
rived from these compounds contain coefficients of the
linear term between 0.5 and 1.5.

The second best set of 67 equations (listed in Table
IT) was selected according to less stringent statistical
criteria and might, therefore, be considered a slightly
less reliable basis set than those given in Table I. Specif-
ically, requirements for inclusion in this set included
an F ratio showing the parabolic equation to be more
significant than the corresponding linear equation at
the 95999 level and an r value greater than 0.80. In
addition, the plot of log P values versus biological
activity for each equation appeared unquestionably
parabolic.

A summary of the results of the equations listed in
Table 11 is given in Table IV. Of the 67 equations in
Table II, the distribution among the four subsets was
markedly different from that for the 100 equations in
Table I. In this set the equations are essentially equally
distributed among the four groups. The range of log
Py varies in this set from — 1.37 to 12.03, a range double
that for the data in Table I.

However, the ranges of the coefficients of the linear
term for the data in Table 1I are similar to those for
Table 1. Also very similar to the data in Table I are the
ranges of the values of the coefficients of the parabolic
terms in Table II. On the other hand, the ranges of the
constants of regression for the equations in Table II
vary drastically between groups, very much like the data
in Table 1.

Again similar to the data in Table 1, the most common
biological system type appearing in Table II is bacterial
in nature. Of the 67 equations, 37 (55%) describe
bacterial systems. Of the 16 equations in Table II,
Part A, 10 equations (6379) involve bacterial systems,
as do four of the 17 equations (23 %) in Table 11, Part B,
10 of the 15 equations (67 %) in Table 11, Part C, and
13 of the 19 equations (68 %) in Table 1I, Part D. In
addition, 409 of the equations contained in Table II
were derived from ionic compounds. Of the 16 equa-
tions in Table II, Part A, 12 involve ionic compounds
while eight of the 17 equations in Table II, Part B, six
of the 15 equations in Table II, Part C, and one of the



Table IV—Summary of Comparison of Results

Equations in—————
Values Compared Table I Table II
A. Distribution of log P, values
<1.5 Z 259
1.5-3.0 58% 247,
3.0-5.0 27% . 2%
>5.0 1% 29%
Range —0.40-6.26 —1.37-12.03
B. Range of values of 6
Group A —~0.53-1.23 —0.34-1.06
Group B 0.33-3.72 0.13-3.68
Group C 0.71-2.95 0.45-8.07
Group D 0.80-2.45 0.69-2.32
Average 0.33-2.59 0.23-3.78
C. Range of values of a
Group A —-0.77--0.10 —0.55-—-0.05
Group B —0.69-—-0.09 —0.72--0.02
Group C —0.48-—-0.09 —0.88--0.05
Group D ~0.24--0.06 —0.21--0.04
Average —0.54-—-0.08 —0.59-—-0.04
D. Range of values of ¢
Group A 2.77-8.14 0.10-7.06
Group B —1.78-6.33 —1.57-5.58
Group C —1.84-3.84 —13.32-4.16
Group D —3.47-1.37 —-5.61-2.51
Average —1.084.92 —5.10-4.82
E. Range of values of log P
Group A —4.38-3.80 —4,70-5.03
Group B —3.34-6.32 —4.34-4.40
Group C —2.22-6.32 —3.70-5.63
Group D 1.53-9.53 —3.70-10.07
Average —2.10-6.49 —4.11-6.28

19 equations in Table 11, Part D, also describe data
from ionic compounds.

DISCUSSION

By what ways can the parabolic relationship between
log 1/C and log P be explained? There are, of course, a
variety of possible explanations, any one or a combina-
tion of which might be involved in a given problem.
If the partition coefficient is defined as P = concentra-
tion in fatty phase/concentration in aqueous phase, one
can reason that if P for a drug approaches zero, the
drug will be so insoluble in fatty phases that it will not
cross a lipid membrane and will remain localized in
the first aqueous phase it contacts. Conversely, as P
approaches infinity, the drug will be so insoluble in
water that it will remain localized in fatty tissue. Some-
where between the value of zero and infinity there
will be an optimum P value (termed P,) such that those
drugs possessing this value will be least inhibited in
their movement through the aqueous and lipcphilic
phases of living tissue. Intuitively, it was felt that a
parabola would approximate the relationship between
the concentration of drug administered and the con-
centration at the active site (after a certain fixed time
interval) under nonequilibrium conditions (39, 126).
By definition, it is impossible to attain true equilibrium
with a living system. Under certain conditions, with
cells or isolated tissue, it may be possible to reach a
pseudoequilibrium.

The finding of ‘active sites by drugs can be regarded
as a random walk process in which drug molecules must
cross many membranes. This partitioning process is
much like that of the drug’s partitioning on and off of
lipophilic macromolecules (Egs. 2-4). An astronomical

number of such events must occur with each drug
molecule before it ultimately hits its final target. The
progress a drug molecule makes in running this gantlet
of aqueous and lipophilic phases is heavily dependent
on its hydrophilic-lipophilic balance.

After the drug reaches the active site, it must partition
onto it. This may be a much more specific kind of parti-
tioning in which the steric and electronic characteristics
of the drug may play rate-limiting roles. The rate of
response can be formulated as:

d response

ar = AkxC

(Eq. 174)

where A is the probability a drug molecule will reach
the active site in the time Az allotted for the test, C is
the molar concentration of applied drug, and kyx is a
rate or equilibrium constant for the combination of
drug and receptor. In the first attempt to treat the
problem mathematically (127), the assumption was
made that 4 would be normally distributed with re-
spect to log P:

A = qge— (log P—log Po)1/b (Eq. 175)
For a fixed time interval of testing, d response/dt is
constant so that Eq. 174 can be written as:

k1 = ae—(log P—log P))?*/b.kx.C (Eq. 176)
Taking the logarithm of Eq. 176, collecting constants
(bearing in mind that P, is a constant), and rearranging
give:

log 1/C = —ke(log P)* + kslog P + kikx + ks (Eq. 177)

In general, one might expect to correlate kx via the
linear combination of steric, electronic, and hydro-
phobic terms as in Eq. 178:

kx = alogP 4+ be + cE, + d (Eq. 178)

However, for the present review, data were selected to
avoid cases where significant electronic and steric ef-
fects were involved so that it is assumed that log kx
is linearly related to log P. Substituting this into Eq.
177 yields:

log 1/C = ~ks(log P)? + k;log P + kslog P + k; (Eq. 179)
or:

log 1/C = —k(log P)* + ks log P + kx  (Eq. 180)

Four important parameters are associated with Eq.
180: ki, ks, k1, and log P,. The first three are obtained
by fitting experimental data to Eq. 180. Log P, is found
by setting (d log 1/C)/d log P equal to zero and solving
for log P. Since ks is the sum of k; and ke, its value de-
pends in part on the random walk process and in part
on the hydrophobic interaction of the drug and the ac-
tive site. The value of log P, also depends on the resul-
tant sum of these two processes. This can be better
visualized (40) by taking the derivative of Eq. 179,
setting it equal to zero, and solving for log P:

log Py = ;T{: + zk'kiz (Eq. 181)
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The first term on the left of Eq. 181 relates the localiza-
tion rate at the sites of action to log P. Since there is
reason to believe that this might be rather constant for
certain types of systems (e.g., mammalian), it could be
defined as log P, in the following equation:
log Po = log P + A2 (Eq. 182)
2

The above equations, of course, rest on the Meyer—
Overton assumption that partition coefficients between
a fatty solvent and water serve to model partitioning
between the lipophilic and aqueous phases of biological
material; that is, Eq. 1 must hold where P; is from a
reference system such as octanol-water and P, is a kind
of average partition coefficient for the heterogeneous
phases of biological tissue. Equation 1, first suggested
by Collander (128), was shown to have certain but not
unlimited generality (129). Not every solvent system
serves as a suitable reference system. Recently, Seeman
et al. (130) measured the pattition coefficients for a
series of alcohols between red cell ghosts and water.

These were correlated (1) with octanol-water values in
Eq. 183:

nor s
108 Pghosts = 1.00log P — 0.88 5 0.998 0.082 (Eq. 183)

The slope of 1in Eq. 183 indicates a 1:1 correspondence
in the two processes. The negative intercept indicates
that it is about seven times more difficult for an alcohol
molecule to move into the ghost membrane than into
octanol, Equation 183 does suggest that octanol-water
is a good reference system to model partitioning in and
out of membranes, while Eq. 2 and others of its kind
(1, 5) show that octanol-water serves to model parti-
tioning between an aqueous phase and proteins.

The many excellent linear correlations between log P
values and various equilibrium and rate constants that
are heavily dependent on partitioning processes (1, 5)
emphasize that membranes and proteins in an aqueous
environment are much more fluid than was indicated
by the ideas developed up to 1960. The fluid mosaic
model (131) of membranes developed by Singer suggests
an ever changing, loose association of the lipids in
which other large molecules may be rather loosely
held. Branton (132) aptly described this model as: “a
sea of lipid in which other molecules swim.” Many
enzymes and proteins must have a similar fluidity;
otherwise, the kind of structure-activity correlations
obtained using log P or « would not be possible. There
are now over 1000 such correlations in the authors’
data base alone.

The “parabolic” relationship between log 1/C and
log P can be rationalized in a number of mechanistic
ways. The following nine seem most important.

1. The kinetic model (34) is possibly the general ex-
planation for truly complex systems such as whole
animals. To formulate this model, assume a simple
fluid membrane as depicted in Scheme I, where k is
the rate constant for passage from the aqueous to the
lipid phase, and / is the rate constant for the reverse
passage. Compartment 1 has a given volume, V), and
a given concentration of solute, A4,, at zero time. The
other compartments have corresponding values. The
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H:0 lipid H:0
Scheme 1

surface area between compartments is assumed to be
the same for all. It is assumed that in living tissue, one
is considering a “‘stirred” solution. The differential
equations governing solute concentrations in the three
compartments are:

‘%‘ = %(lAz — kdy) (Eq. 184a)
‘%’ - %(kAl — 2y + kdy) (Eq. 184b)
‘%‘ = 5—3 (ds — kds) (Eq. 184¢)

For cells of uniform volume and surface, S/V; =
S/V, = S|V, = constant.

In the general model, it was assumed that the solute
was bound in the final phase with a rate constant m.
The general set of differential equations is then:

o = kit 4 (Eq. 185a)
A% - 2ty + K(Arics + Ari) (Eq. 1855)
ist = ks + Kas + Arns) (Eq. 185¢)
"—’;';;‘ = —( 4 Moy + kdss n=odd (Eq. 185d)
= —(k + m)As + [An- n = even (Eq. 185¢)

‘%- = md,_, (Eq. 1851)

In these equations, A, represents the concentration in
the ith phase and 4, that in the last phase. Since 4:/A4,
does not depend on A4,°, an arbitrary initial concentra-

- tion such as 1.0 can be used. For a specific value of »n,

the partition coefficient (P = k/I) can be varied over an
interval to obtain a series of solutions to the set of
equations by integrating over time ¢. Values of k and
I were chosen so that k£ X [ = 1; that is, it is assumed
that there is a reciprocal relation between hydrophobic

—4 °

(J

—20 1 1 —1 Il 1 i .

-3 —2 -1 0 1 2 3 4
LOGP

Figure 7—Concentration in 20th compartment as a function of log
P whent = 10 and m = 1. The curve is a parabola fitted to the cal-
culated points by the method of least squares.



character and hydrophilic character. The points in
Fig. 7 show the concentration in the last compartment
as a function of log P for a 20-barrier model when ¢ =
10 and m = 1. The least-squares line in Fig., 7 results
from fitting these points to Eq. 186:

log A4, = a(log P)* + blog P + ¢ (Eq. 186)
The fact that the points fit the line quite well justifies
the postulate of Eq. 175.

The use of Eq. 180 for structure—actmty correlations
was also justified by McFarland (133) using a strictly
probabilistic approach, which is, in effect, a kinetic
justification.

As already considered, the parabohc relatlonshlp
between log 1/C and log P has been rationalized in
kinetic terms for systems not at or near equilibrium,
~ The observed biological response is quite time de-
pendent, and the parameters of Eq. 180, including log
P,, are at least in part determined by the time span
allotted between the introduction of the drug and the
*reading” of the biological response. For practical
studies that one hopes to correlate via regression anal-
ysis, it is most important to achieve a sharp definition
of At for the biological test. '

2. The thermodynamic model (134) considers the case
where, under certain conditions (for example, in a
closed system of isolated tissue in vitro), one may ap-
proach rather close to equilibrium between drug in
solution and drug on the sites of action. Generally,
under such conditions (1) one can expect to find a high
log Py (4-6) with a “linear” relationship between log
1/C and log P. However, Higuchi and Davis (134)
showed that even under equilibrium conditions, one
can expect to find “parabolic” relationships between
log 1/C and log P. This time-independent model as-
sumes that equilibrium or better quasiequilibrium
conditions obtain (by definition, living systems are
never at equilibrium). Their model is developed as
follows:

a. The test system can be represented by the following
compartments: w, 1,2, 3, ...t and r, where w repre-
sents the water phase and r the receptor. All the phases
except w (1, 2, 3, etc.) are lipophilic. The effective volume
of each compartment is V,, Vi, V5, etc.

b. Thermodynamic equilibrium is essentially reached
so that, for all practical purposes, the activity of drug,
inhibitor, or substrate is the same in each phase and all
can be related to a standard reference state. The drug
is distributed to all compartments according to Nernst’s
distribution law.

c. Biological or biochemical response is proportional
to the fraction of active sites occupied by the substrates
or inhibitors.

" d. A relatively small amount (S) of the applied drug
is attached to the receptor, the rest being in phases w,
1,2,3,...¢ thatis:

S=CVo+Ch +CVa+ ... + CiV; (Eq. 187)
In Eq. 187, the C’s refer to the effective concentration
in each accessible phase. By assuming that drug distri-
bution between the aqueous phase and each biophase
follows a linear partition isotherm, the partition coeffi-

cient can be defined as:
k=9 (Eq. 1884)

and:

$=i
5= cu,(Vw + K,-V,-> (Eq. 1885)

=1

The effective concentration of small molecules on the
receptor is:

SK,

C = KCy = o (Eq. 189)
Vot 3, KiVs
=]
or:
E= % - X (Eq. 190)
Vot Y, KiVi

i=1

It is assumed that relative biochemical response is
proportional to E.

In 3 system where V,, > Z{={K,V,, Eq. 190 reduces
to: .

o Kr
constant

(Eq. 191)

Increasing the partition coeflicient results in increased
activity up to the point set by bulk tolerance or micelle
formation or to the point where ZiZ{K,V,> V,. This
eventually occurs if there are compartments whose K,’s
are much greater than X..

For the case where ¥V, < Z{Z!K.V, an increase in
lipophilic character can yield a less active congener
since now:

Kf
KV

E == (Eq. 192)
For the comparison of relative activity of derivatives
with a parent compound, Higuchi and Davis (134)

defined the function R:
i=t
K,<Vw + 2 k> V,->
= =1 (Eq. 193)

$=t
K,*<Vw + 2 KiV;')
i=1

By the proper choice of parameters in Eq. 193, one can
calculate various sets of R values, which Higuchi and
Davis plotted against increasing numbers of carbon
atoms in, for example, side chains. In this way, one
obtains whole families' of curves varying all the way
from linear relations that level off at a limiting value to
symmetrical parabolas.

3. The principle of bulk tolerance (135) could also
lead to a nonlinear relationship between log 1/C and
log P. In general, an increase in log P means an increase
in the size of the drug. In gomg to larger members of
a series of congeners, a point is reached where it be-
comes more and more difficult for each successively
larger derivative to fit into or onto the active site.

4, Conformational distortion of the active site can
also result in nonlinear relationships which may be

Y
]
&
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“parabolic”” in certain instances. As members of a
congeneric series become more hydrophobic, they
produce greater distortions in a critical enzyme or
membrane. This effect could account for thé gradual
change from agonist to antagonist often observed in
the study of homologous series (136). Such distortions
could be considered as overinduced fits. Koshland (137)
showed that conformational changes in enzymes caused
by the substrate induce the proper arrangement of
enzyme components for catalytic activity. No doubt
the hydrophobic portions of the substrate play an im-
portant role in inducing the proper fit. Such an induc-
tion could be overdone, with the resultant mismatching
of parts producing less than optimal activity.

5. Metabolism could also be responsible far a
biphasic relationship between log 1/C and log P.
Since Brodie et al. (138) pointed out that there appears
to be a direct relationship between the rate of micro-
somal metabolism and the lipophilic character of drugs,
evidence has been found that this phenomenon can be
quantitatively correlated using the log P scale (139,
140). As the members of a congeneric series become
more lipophilic, other factors being equal, they are
more rapidly destroyed by microsomal metabolism.

6. Micelle formation may, under certain conditions,
account for a break in the linear relationship between
activity and log P. Micelles can trap drug molecules
(141). It is hard to imagine that drugs injected into
whole animals could remain in micellar form when
Eqgs. 2-4 and many others of this type (1) indicate that
organic compounds bind hydrophobically with so
many of the macromolecules of living systems. How-
ever, in simpler systems such as isolated enzymes,
micelle formation could be important. Even when
working with drugs at concentrations below the CMC,
it is possible that micelle-like clumps of molecules
could form on enzyme (27) surfaces. These islands
could function as a second compartment and produce a
parabolic relationship via mechanism 2 above.

7. The limited solubility of the higher members of a
congeneric series can, in principle, cause a “cutoff”
in linear correlation between activity and lipophilic
character. Ferguson (36, 37) demonstrated this, but it
seems unlikely that this is a generally important mecha-
nism because of the reasons discussed in connection
with Egs. 2-4.

8. Poisoning of an enzyme by a reaction product
could also result in a biphasic relationship between log
1/C and log P. For example, consider a hydrolytic
process in which an increase in log P results in better
binding between enzyme and substrate. As log 1/K,
increases, overall hydrolysis goes more rapidly; but
as log P for one of the hydrolysis products increases,
desorption of this from the enzyme may become in-
creasingly more difficult to the point where this step
becomes rate controlling. It was shown (7) that the
coeflicient with = for enzyme-substrate complex forma-
tion is positive; but for the catalytic step, the coeffi-
cient for this term is negative.

9. Finally, the linear relation between log k and log P
cannot prevail past the point where insufficient drug
molecules are present to activate the minimum number
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of sites necessary to produce the standard biological
response, '

There are such a variety of reasons to expect parabolic
relationships that it is extremely difficult or impossible
to deduce in any given situation which mechanism or
combination of mechanisms is responsible for the final
result. What is most important to establish at this time
is whether or not Eq. 180 can be employed to delineate
the role of hydrophobic forces in the structure-activity
relationship for a set of congeneric drugs. Even though,
because of the variety of the discussed mechanisms,
one canpot expect Eq. 180 to describe lipophilic effects
perfectly and invariably, it will be enormously helpful
in regression analysis if it can account for most of the
variance in the hydrophobic effects. Only after these
effects have been more or less séparated can one begin
to assign electronic and steric roles to the structural
modifications present in a set of congeners.

The examples in Figs. 1-6 were selected to show the
variation in types of parabolas as well as the variation
in types of systems and drugs. While these examples
and all of the others in Tables I and II are very well fit
by symmetrical parabolas, this does not mean that
other functions of log P would not give as good or even
better correlations. For example, in Fig. 5 the results
could also be interpreted to imply that activity increases
linearly and levels off in a rather flat fashion. One
might want to interpret Figs. 1 and 2 as being best de-
scribed by two straight lines. Figure 2 is a very broad
parabola, while Fig. 5 is more pointed. Plotting the
data is helpful in understanding the variation in the
linear terms (b) in Tables I and II. Since the constraint
that the “best” symmetrical curve be drawn through
the points is employed, a single very bad point on the
right-hand side of the parabola can have a large in-
fluence on the value of b. Since these points are the most
difficult to determine experimentally, caution must be
used in interpreting the value of b. Only when a good
spread in data points on both sides of the apex is
present can one make significant comparisons with
other equations.

The equations in Table I have first been categorized
by log Py, and within these sets they have been ordered
on the slope of the linear term (b). One of the first
points of interest is that-the sets having the highest log
P, values are composed of neutral compounds. Of the
seven sets in Table 1, Part D, only number 104 contains
drugs ionized at pH 7. In this example, log P values
were used for the neutral amines because log P ion
is not available. Since these compounds are almost com-
pletely ionized at pH 7, log P, should be 3-4 units lower
than the listed value of 5.8, This set might better be
placed in Table I, Part B.

The largest number of log P, values in Table I falls in
the 1.5-3.0 range. Many of those in Table I, Part C, are
near 3 or have confidence intervals considerably below
3. '

It is harder to generalize about log P, from Table 11
because of the wider confidence limits on the values
of log Py in this set. In Table II the distribution of log
P, values is more evenly spread. The most general
statement that can be made about log P, is that values
below 1 and above 4 are less common. Negative log P,



values are rare. Out of 167 examples in Tables I and
II, only four having negative signs occur. In this con-
nection, it is interesting to point out that anticancer
alkylating agents have negative log P, values (142).

It is clear from Tables I and II that the charge on a
set of congeners has an important part in setting the
value of log P,. As mentioned previously, properly
there are no uncharged molecules in Table I, Part D,
and only one set in Table I, Part D. Since the apex of
the parabola occurs at a lower value when either a
positive or negative charge is present on a set of con-
geners, this suggests that the apolar portion of a mole-
cule may exert a considerable drag on the molecule in
its movement to the site of action, regardless of the
fact that overall the molecule is relatively hydrophilic.
On the other hand, it may be-that the charge or a
combination of the charge and the apolar moiety acting
together causes the drag effect which results in a lower
log P, for sets of ions.

In Table I there are 27 data sets where cationic drugs
(the posmve charge being on the organic ion) are acting
on microorganisms. The mean value and standard de-
viation for log P, for these are 2.51 + 0.43. Considering
the great variety of organisms (Gram positive, Gram
negative, and fungi) and the variety of drugs employed,
this is a relatively sharp constant.

The results with anionic drugs are not as sharp.
Omitting Eqs. 9 and 10, there are 16 examples that have
a mean value of 2.34 + 0.68. While the mean value is
close to that of the cationic drugs, the standard deviation
is much larger and would be even greater if the two
data sets omitted were included. There are relatively
few sets of cationic drugs acting on microorganisms
among the less good correlations of Table II,” while
there are a good many sets of anionic compounds.
Cationic drugs apparently show a more limited range
of specificity and give more precise correlations with
log P.

The log P, for charged compounds acting on micro-
organisms can be compared with log P, for neutral
compounds. It was shown (58) that the log P, for neu-
tral compounds acting in vitro on Gram-negative or-
ganisms is about 4, and for Gram-positive organisms
it is about 6. The fact that it is possible to go to higher
log P values in a congeneric series before reaching log
P, may mean that these compounds are less hindered
in their movement and that one can approach equilib-
rium in a shorter time.

In Table I there are very few examples of log P, in
whole animals outside of the 1.5-3.0 range. For a wide
variety of hypnotics acting in various whole animals,
log P, of about 2 was observed (40, 143). No doubt, in
these systems nothing approaching an equilibrium be-
tween drug in the open system (whole animal) and
drug on the receptor sites occurs. The mean log P, of
about 2.5 for charged drugs acting in closed in vitro
systems against microorganisms may result from equi-
librium not being reached because of the additional
drag placed on drug movement by the positive or
negative charge. Localization of the drug in the first
lipophilic material it encounters appears to becorne
severe as log P approaches 2-2.5.

Most equations in Tables I and II are based on log

1/C data; one can, therefore, compare intrinsic activi-
ties by comparing intercepts (listed under c¢). The value
of the intercept is determined by the sensitivity of the
system and the intrinsic activity of the pharmacophoric
function in the set of congeners (32, 55). Comparing
intercepts (other factors being equal) means comparing
sets of congeners under isolipophilic conditions (log P =
0). If the systems have the same sensitivity, then dif-
ferences in intercept represent differences in the stereo-
electronic character of the pharmacophoric function
common to the members of the set. The diversity of
systems is so great in Tables I and II that not much in
the way of useful generalization is possible. The mean
intercept of cationic drugs (except guanidines) acting
on microorganisms is about 3; this is close to the 3.2
value previously found for fungi (55). Neutral non-
specific compounds such as phenols and alcohols have
low values (<1); RSCN, for example (Eq. 111), has a
value of 3, showing a specificity at least two orders of
magnitude above phenols, alcohols, and thioureas
(Eq. 150). '

In summary, it can be said that the present review
provides a large amount of support for the thought
embodied in Eq. 177; that is, if one can assume that
the relationship between log 1/C and log P is well ap-
proximated by a parabola, then the role of the hydro-
phobic character of drugs can be at least roughly
separated from the electronic and steric characteristics
of drugs. This should be of great help in drug design.
The many good correlations and the general agreement
among log P, and intercept values for sets of charged
congeners provide further support for the utility of
log P values from the octanol-water system as an
operational definition of relative lipophilic character.

Finally, it is hoped that this summary of equations
will prove useful for comparison with the results of
future work.
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