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In the first part of this review (l), examples were 
considered in which there was a linear relationship 
between the response to drug action 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 define. 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 Ariens (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 oiu Eq. 1 : 

log PI = a log Pz + b (Eq. 1) 

In Eq. 1, first formulated by Collander and recently 
(6)  applied to a variety of systems, PI represents the 
partition coefficient of a solute between one solvent 
and water, and Pz is that for the solute between a 
second solvent and water. Equation 1 holds well when 
PI and P2 are from similar 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 l-Buctericidal activity of benzyldimethylalkylammonium 
chlorides aguinst Candida albicans [log IIC = -0.30(log P)2 + 1.34 
IGg P + 3.251. 

binding of organic compounds by serum albumin (10) 

n r  S 

pC = 0.75 log P + 2.30 42 0.960 0.159 

hemolysis of red cells by  alcohols and esters (32) 

n r  S 

pC = 0.90 log P - 0.24 19 0.993 0.096 

binding of barbiturates by liver homogenate ( 5 )  

n r  S 

log (B/F) = 0.52 log P - 1.14 5 0.973 0.124 

In Eqs. 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 bound and F 
is the percent free. For the equations throughout this 
report, n represents the 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 encounter 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 Ands a much better correlation by a second-order 
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Figure 2-Mycelia inhibition of 5-alkyl-8-hydroxyquittoIii~es against 
Aspergillus niger [log RBR = -0.13 (log P)2 + 1.20 logP - 1.841. 
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Figure 3-hemoly tic activity of a-monoglycerides against dove red 
blood cells [log I/C = -0.36 (log P)’ + 2.43 log P - 0.271. 

equation as in Eq. 5 : 

concentration of X-CSHIB(OH)~ localized in mouse brain in I5 
min. (34) 

log C = -0.54(10g P)2  + 2.47 log I‘ - 1.05 
n r  s 
14 0.915 0.214 (Eq. 5) 

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 Eqs. 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- 
rium 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 homologoas series would be- 
come so insoluble that concentrations high enough to 
cause a standard response could nqt be obtained. While 
this might explain 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-Suruiuul time of Calliphora erythrocephala blowfly larva 
iti aliphutic alcohols [log RBR = -0.21 (log P)2 + 0.80 log P + 
0.591. 

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

For some time this laboratory has been collecting 
examples of what can be loosely termed “parabolic” 
relationships between log 1/C and 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- 
mental 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: 

pC(k) = -u(log P ) 2  + b log P + constant (Eq. 6) 

where 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 included 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 
a few exceptions, 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 aetive compounds (also most hy- 
drophobic compounds) were considerably below log 
P o  (the apex of the parabola). In these examples the 
confidence intervals on log Po were 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 coeflicient to zero activity with a high parti- 
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Figure 5-Itiliibitory activity of aliphatic amities agaitist hiimaii liver 
mitochotidrial M A 0  [log K,’ = -0.67 (log P)z - 0.53 log P + 8.141. 

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 D 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 
111. In Table I1 a set of equations is given for which 
the limitations are not as severe. In these examples, 
the (log P ) 2  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 111 and the pC values can be found in the 
cited references. 
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Figure 6-1nhibi1ory actil;i/y of’aniitropyridities and utiilities agaitist 
Mycobacterium tuberculosis [log IjC = -0.57 (log P)2 + 2.73 log 
P + 2.221. 
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Most of the equations in Tables I and I1 are based 
on homologous series. This is not simply a chance 
occurrence. When elements other than CH2 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. 

Che main reason that the strong and often quantita- 
tively deflnable 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. Values 
are not available for all of the data used for the correla- 
tions of Tables I and 11. Unknown values have been 
calculated from additivity principles (6). 

From the values in the section on data, the equations 
in Tables I and I1 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 the 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 11. In these tables, a represents 
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 Po, 
is also listed along with its 95 

For convenience in analysis, the equations in Tables 
I and I1 have been factored into four sets based on 
the range of their log Po values, namely, equations 
(Table I, Part A and Table 11, Part A) with log Po less 
than 1.5, those (Table I, Part B and Table 11, Part B) 
with log Po between 1.5 and 3.0, those (Table I, Part C 
and Table 11, Part C) with log Po varying between 3.0 
and 5.0, and those (Table I, Part D and Table 11, Part 
D) with log Po greater than 5.0. Within each set the 
equations have been ordered by increasing values of the 
coefficient (6) of the linear (log P) term. Most of the 
equations in Table I were derived from the data listed in 
Table 111. Reference 1 in Table I refers to the location 
in Table I11 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 Po, b, a, c, and log P for the 100 equations 
in Table I Is given in Table IV. From these results, it is 
interesting to note that while the ranges of the cpeffi- 
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 the coefficients (a)  of the parabolic term within 

confidence limits. 
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Table 111-Data for Table 1 

~ H Z  
II 

0 
II 

7 Rf;H3 
111-1 111-2 111-3 111-4 
lJK,' 1JKi pC PC 

R logP Obs. Obs. Obs. Obs. 

-3.15 
-2.65 
-2.15 
-1.65 
-1.15 
-0.65 
-0.15 

0.35 
1.850 
2.85 
3.85 
4.85 

3.37 
4.67 
6.02 
7.37 
8.1Q 
8.17 
8.01 
7.95 - 
- 
- 
- 

1.44 
2.70 
4.14 
5 . 4 6  
6.17 - 
- 

6.02 - 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

4.43 
5.52 
5.87 
5.44 
4.66 

- 
- 
- 
- 
- 
- 
- 

2.95 
4.52 
4.57 
4.32 
3.66 

7 RCOO- 
111-5 111-6 

R log P 
PC 
Obs. 

PC 
Obs. 

-3.20 
-2.70 
-2. m 
-1.70 
-1.20 
-0.70 

3.04 
3.01 
2.77 
4.41 
3.86 
4.60 

- 
- 

3.24 

3.76 
- 
- 

-0.20 4.24 4.31 
0.30 4.67 - 

- 4.51 0.80 
1.30 4.64 - 
1.80 - 4.74 

ClbHSl 2.80 3.11 4.31 
Cl7H35 3.80 2.55 4.36 

- RCHOHCOO- 
111-7 111-8 111-9 111-10 111-11 
PC PC PC Pc PC 

R logpb Obs. Obs. Obs. Obs. Obs. 

cbH13 -2.22 1.30 - 1.30 1.00 1.30 
CaH17 -1.22 2.81 1.60 2.50 2.20 1.90 
Cl OH21 -0.22 3.71 3.71 3.11 2.81 3.11 
Ci2Hz; 0.78 3.71 4.61 3.41 3.41 3.71 
CI4HZ9 1.78 2.81 4.31 3.41 3.71 4.61 

2.78 - 3.11 3.11 3.41 4.61 
GOH41 4.78 - - 2.81 - 4.31 
CisHsa 

7- RNHCNH~- -RCNHz- 
111-72 IU-13 
RBR 1/KER.I 

R logP Obs. R logP obs. 

-1.49 0.99 Methyl -4.38 0.04 H 
Ettiyl -3.88 0.23 CHs -1.21 2.30 
Proovl -3.38 0.65 CzHs -0.71 3.30 
ISOpGpyl -3.58 0.08 C3H; -0.21" 4.19 
Butyl -2.88 1.03 C4Hg 0.29 4.60 
Amy1 -2.38 1.50 CsHli 0.79 4.96 
Hexyl -1.88 1.90 
Heptyl -1.38 2.38 
Octyl -0.88a 2.70 
Decyl 0.12 2.79 
Dodecyl 1.12 2.85 

NH 
II 

-- RNHCNHi .CHaCOOH- 
111-14 111-15 111-16 

CONHNHR PC PC PC 
R logP Obs. Obs. 

Methyl -0.43 3.80 CIIHtr 0.65 5.15 5.30 

Propyl 0.57 4.90 Cl,Ha 1.65 5.30 5 . 6 0  

Hexyl 2.07 5.10 Cla33 3.15 5.18 5.40 
Heptyl 2.57 4.90 C l a n  4.15 4.74 4.64 

Q 
R log P c  Obs. 

Ethyl 0.07 4.60 ClnH2s 1 . 1 9  5.22 5.40 

Butyl 1.07 5.30 C14Hzg 2.15 5.30 5 .58  

(CHa)ar;(CHn).r;(CH3)3----- 111-17 111-18 

PC PC 
i l  log P Obs. Qbs. 

4 
5 
6 
7 
8 
9 

10 
11 
12 
18 

-3.34 
-2.84 
-2.34 
- j . 8 4  
-1.34 
-0.84 
-0.34- 

0.15 
0.66 
3.66 

3.42 - 
3.73 - 
4.03 - 
4.54 2.46 
5.72 3.00 
6.35 3.92 
6.53 4.35 
6.35 4.74 
6.01 5.25 
6.50 4.85 

111-19 111-20 111-21 111-22 111-23 111-24 111-25 111-26 111-27 111-28 111-29 
PC PC PC PC PC PC PC PC PC PC PC R logP Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. 

-1 .OB - 3.52 - - 3.69 3.00 1.68 2.69 1.52 - 1.76 
- 

C8Hl7 
CsHig -0.58 2.54 3.72 2.54 2.54 4:02 3.02 2.08 3.02 - 2.54 
CioHii -0.08" 2.57 3.74 2.74 2.74 4.74 3.57 2.41 3.57 3.45 3.01 2.95 
CIIHZ~ 0.42 3.06 4.06 3.06 3.06 5 . 0 6  4.06 2.92 4.06 - 3.59 - 

0.92 3.48 4.61 3.61 3.61 5.61 4.61 3.45 4.61 4.34 4.09 3.82 
CiaHz7 1.42 3.50 4.80 3.80 3.80 5.80 5.10 3.85 5.10 - 4.63 
CirHw 1.92 3.52 4.82 3.65 3.65 5.82 5.12 3.96 5.12 4.63 4.82 4.40 

2.42 3.14 4.84 3.84 3.84 5.84 5.14 3.74 5.14 - 5.14 - 
- 4.68 3.68 3.68 5.56 5.16 3.30 5.16 4.88 4.56 4.79 2.92 c ~ ~ H ~ ~  3.42 - - 3.57 - 5.18 4.70 3.06 4.70 - 4.16 - 

3.92 2.85) - - 2.71 5.19 4.71 2.63 4.71 4.60 3.59 4.52 
CioHo 4.42 2.91 4.21 2.91 2.60 4.91 4.73 2.52 4.73 - 3.61 

- 
ClZHZ5 

C15H.31 
Cl6H33 

Cl8H37 
- 

c -RCHBrCOO- 
111-30 111-31 IIt-32 111-33 111-34 111-35 111-36 111-37 111-38 111-39 111-40 ~ _ _ _  . ~~- 
PC PC PC PC PC PC PC PC PC PC PC 

R log Pd Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. Obs. 

- - - - - - - - - - CrHs -1.68 1.30 
CsHia -0.68 1.90 1.60 2.50 2.20 1.90 2.81 2.50 2.20 1.90 1.90 1.60 
C8H17 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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RCHBrCOO- 
111-30 111-31 ' 111-32 111-33 111-34 111-35 111-36 111-37 111-38 111-39 111-40 

PC PC PC PC PC PC PC PC PC PC PC R l o g Y  Obs. Obs. Obs. Ow. Obs. Obs. Obs. Obs. Obs. Obs. Obs. 

CIOH~I 1.32 3.41 3.11 4.01 3.71 3.41 4.31 3.71 3.71 3.41 3.11 2.81 
CirHza 2.32 3.11 2.81 4.01 4.01 3.71 5.21 4.61 4.61 4.61 4.01 3.71 
CiBm 3.32 2.81 2.50 3.71 3.11 2.81 5.52 5.21 4.91 4.61 4.91 4.61 

4.32 1.90 1.90 2.51 2.20 1.90 5.52 5.21 5.21 4.91 4.91 4.61 - - - - - 3.11 2.81 2.81 2.81 2.y) 2.20 5.32 
GO& 6.32 - - - - - 3.11 2.20 2.81 2.81 2.10 1.90 
ClsHSI 
CIsH33 

A H s c H ( O R w  

PC 
log P Qbs. R 

Methyl -0.15 I .70 

Propyl 1.85 2.30 
Ethyl 0.850 a.12 

Isopropyl 1.45 2.30 
Butyl 2.85 2.00 

111-42 111-43 111-44 
RBR RBR pC 

Alcohol log P Obs. Obs. Obs. 

Methanol -0.6@ 0.00 - 2.57 
Ethanol -0.16 - - 3.62 
Propanol 0.34" 0.70 - 4.27 
Isopropanol 0.14 - 1.01 - 
Butanol 0.88" 1.25 - ' 5.24 
sec-Butanol 0.61" - 1,16 -, 
Pentanol 1.4011 1.36 - 5.66 
Hexano€ 2.03" 1.32 - 6.24 
Heptanol 2.53 1.22 - 6.55 
Octanol 3.03 1.12 - - 
Decanol 4.03 - - 6.38 
Dipropylcarbinol 2.18 - 1.83 
Diisopropylcarbinol 1.75 - 1.82 

- 
- 

Ethylbutylcarbinol 2.20 - 1.74 - 
Meth ylam ylcarbinol 2.33 - 1.74 - 
2-Hexanol 1.83 - 1.74 - 
2-Pentanol 1.11 - 1.65 - 
3-Pentanol 1.11 - 1.59 - 
Methylhe%ylcarbinol 2.83 - 1.19 - 

CH, 
I +  
I 
CH, 

HC-N--R 

I 

111-45 111-46 111-47 111-45 111-46 111-47 
PC PC PC PC PC PC 

X R logP Obs. Obs. Qbs. X R log P Obs. Obs. Obs. 

CioHzi -0.08" 
CllHZS 0.92 
CMHZD 1.92 

2.70 
3.79 
4.07 

2.79 
3.74 

3.11 
4.04 
4.52 

2-C1,4-C1 CioHni 1.38 
2-c1,4-c1 CixHas 2.38 
2-CL 4-c1 CIIHZD 3.38 

3.58 
4.14 
4.13 
3.46 

3.65 3.85 
4.25 4.43 
4.28 4.39 
3.41 - 
3.30 - 
2 70 - 
- - 

4.17 
3.92 
3.34 

C&a, 2.92 
c l a n  3.92 

ClOH81 0.68 
ClZH25 1.68 
C1IHz.e 2.68 
CSnHqr 3.68 

call -9.32 

3.92 4.54 
4.62 

3.47 

4.66 
4.74 

- 

- 
- 

- 
3.70 - 

ac1; 4-c1 c;d-Isa 4.38 
2-CI. 4-c1 5.38 H 

2 - a  
2 - a  
2-c1 
2-CI 
2 - a  

3.23 
1.92 
3.11 
3.85 

3.49 . 

2.02 
3.41 
4.14 
4.14 

2.79 
2.58 
2.92 
3.85 
4.25 

2.92 - 
3.79 - 4.18 

3.65 
3.46 
2.88 
3.53 
4.23 

3.54 
- 

3-a; 4-CI CioHai 1.38 
3-C1, 4-CI CIZH25 2.38 
3-C1. 4-CI C>IHIO 3.38 

3.74 
3.43 
2.60 
3.60 
4.04 
4.34 
3.85 

4.36 - 
4.64 - 
3.39 - 
3.11 - 
3.71 - 
4.11 - 
3.41 - 
2.04 - 
3.08 - 
4.w - 
4.23 - 
4.20 - 
3.23 - 

- - 

2-c1 c&; 4.68 

4-c1 GoHal 0.62 
4-CI ClZH25 1.62 
4C1 C,,Hm 2.62 

4-c1 call -0.38 
4.11 
3.39 
3.08 
3.67 
4.20 
3.95 
3.47 
2.04 

3-Ci; 4-ci C;&;; 4.38 
3-C1, 4-C1 c18H87 5.38 
3-OCH3, 4-OCHa CizHz6 1 .oo 
3-OCH8, 4-OCHa CiIHzo 2.00 
3-0CH2. 4-OCHq CikHw 3.00 4-c1 C&d3 3.62 

4-c1 Cw.Hw 4.62 3.53 
1.92 
3.11 
3.65 
4.25 

3.17 
2.11 
3.11 
4.20 
4.23 
4.00 

-."~~". . .~ 

4-FJO2 C8HlI -0.84 
4-N0a GoHa 0.16 
4-NOa CizHz6 1.16 

2.92 
3.85 
4.17 
4.00 
3.36 

4-NO1 GIHZO 2.16 
4-NG c16H33 3.16 
4-NOa CISHSI 4.16 
2-c1, 4 x 1  CsHn 0.38 

3.82 
3.54 
2.50 

3.46 
2.63 



0 

R' R$NL " 

R R' 

111-48 111-49 111-50 111-51 111-52 
PC PC PC PC PC 

l o g P  Obs. Obs. Obs. Obs. Obs. 

Methyl 
Methyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
PrOPYl 
ROPY1 
Propyl 
Propyl 
Propyl 
ROPY1 
ROPY1 
Isoprqpyl 
Isopropyl 
Isopropyl 
Butyl 
Butyl 
Butyl 
Butyl 
Isobutyl 
Isobutyl 
sec-But yl 
Amyl 
Isoarnyl 
Isoamyl 
Allyl 
Allyl 
Allyl 
Allyl 

Isopropyl 
Butyl 
Isobutyl 
sec-But yl 
sec-Pentyl 
Is o a rn v 1 
Hex yl 
MY1 
CHE(CHa) 

Phenvl 
CHaCHC(CH3) 

Propy1 
Isopropyl 
Isoamyl 
CH3CHC(CHa) 
CHiqCH,) 
Allyl 
Benzyl 
Butyl 
MY1 
Benzyl 
Butyl 
Allvl 

sec-Pent yl 
Cyclapentenyl 
Allvl 

-R8SnOCOCH3 
111-53 111-54 

0.65 
0.15 
0.65" 
0.95s 
1.89" 
1.690 
1.690 
2.07 
2.070 
2.77 
0.85 
0.65 
1.15 
1 .42a 
1.65 
1.45 
2.57 
1.65 
1.15 
1.35 
3.08 
2.07 
1.15 
2.88 
2.89 
1.85 
2.15 
1.65 
1.65 
1.45 
1.65 
2.15 
2.15 
1.95 
2.15" 
1.69 
1.05 
1.35 

- 
- 

2.91 
3.34 
3.53 - 
- 
- 

3.59 

3.28 
- 
- 
- 
- 
- 
- 
- 
- - 

3.47 

3.49 
3 .60  

3.08 
3.47 

3.63 

3.78 

3.45 

- 

- 

- 
- 

- 
- 
- - 
- 

3.54 - 

PC 
Obs. 

Methyl -1.32 3.05 3.05 
Ethyl 0.18 4.72 5.12 
Propyl 1.68' 5.49 5.49 
Butyl 3.18 5.84 5.84 
Hexyl 6.18 4.34 3.64 
Phenyl 3.57 5.61 - 

PC R log P Obs. 

111-55 111-56 
R I k H d 3  

PC 
Obs. 

PC 
R log P Obs. 

-2.07 0.53 - CSHlS 
C8H17 -1 . O r  1.28 0.88 
CizHz6 0.84. 3.44 3.09 
C14H29 1.84 4.08 4.11 
c16H93 2.84 4.16 4.46 
CiMss 3.54 3.97 4.25 
C17H.37 3.84 3.50 4.40 

-----4-R-Lincomycin- 7 

€11-57 
RBR 

R log P Obs. 

H 
Ethyl 
ROPY1 
Butyl 
Amyl 
Hexyl 

-0.95 
0.05 
0.59 
1.05 
1.55 
2.05 

-1.60 
-0.52 

0.00 
0.32 
0.53 
0.56 

-+R-Lincomycin 
111-57 

R 
RBR 

log P Obs. 

Hept 1 2.55 0.18 
OCtYY 3.05 0.00 

-ROR'- 
111-58 

PC 
R R' log P Obs. 

~ 

Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
B@Yl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
ROPY1 
Proqyl 

Methyl 
Ethyl 
Propyl 
Isopropyl 
Cyclopropyl 
Butyl 
Isobutyl 
sec-Butyl 
tert-Bu t yl 
Amyl 
Ethyl 
PrOPYl 
Isopropyl 
Cyclopropy! 
Butyl 
Isobutyl 
sec-Butyl 
rert-Butyl 
Isoamyl 
tert- Amyl 
Vinyl 
PrOPYl 
Isoprop yl 

-0.23 
0.27 
0.77 
0.57 
0.48 
1.27 
1.08 
1.04 
0.80 
2.03 
0.77" 
1.27 
1.07 
0.98 
2.03" 
1.83 
1.80 
1.56 
2.35 
2.08 
0.47 
2.03" 
1.83 

1.43 
1.74 
2.45 
2.26 
2.75 
2.70 
2.79 
2.79 
2.79 
2.88 
2.22 
2.60 
2.60 
3.00 
2.82 
2.82 
2.85 
2.92 
3.00 
3.15 
2.34 
2.79 
2.82 
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Table III--(Conrinued) 

,-- - ROR' 
111-58 

PC 
R R' log P Obs. N -CH-CH,OH 

Isopropyl Isopropyl 1.63 2.82 
Vinyl Vinyl 0.17 2.33 111-66 on 111-64 111-65 

[ZISlo. 6 RBR RBR 
R logP Obs. Obs. R log P Obs. R 

H d - C = C X  
I 

R'  
111-59 

PC 
R R' X logP Obs. 

H 2.020 0.14 -0.12 CHI -0.37 -0.08 
CHs 2.52 0.45 - GH5 0.14O 0.31 
CzHs 3.02 0.49 - CsH, 0 .69  1.15 
C3H7 3.52 0.61 0.62 C& 1 .18  1.48 
CaHs 4.02 1.01 0.99 C.H., 1.67 1.R2 -.-- 
CsHil 4.52 1.05 1.07 ca;; 2 . i 8  2.21 
C&13 5.02 1.03 1.07 C,HI, 2.69 2.33 
C7H16 5.52 0.98 1.06 C&I~  3.20 2.41 
CsHn 6.02 0.81 0.90 CeH,, 3.71 2.52 

Methyl Ethyl H 1.18 2.59 
Methyl Ethyl C1 1.51 2.94 ._ - _ _  

CgHig 6.52 0.63 0.83 
CioH, 7.02 0.27 0.48 

Methyl Vinyl H 0.88 2.41 
Methyl ClCH=CH H 1.50 2.94 
Ethvl Vinvl H 1.38 2.79 

CHzOH EthGl CldH===CH H 2.00 3 . 2 6  
Propyl ClCH-CH H 2.50 2.90 
Isopropyl Vinyl H 1.68 2.92 
Isopropyl ClCH=CH H 2.30 3.17 

I 
I 

PC' PC 

CHOH 

4 H a O C O R - -  
111-67 111-68 OH 

R 
R log P Obs. R log PI Obs. 

111-60 
PC 

Compound log P Obs. 

H 0.80' -0.33 CnH,? 1-83 3 on COCHa- Aniline 
LdOC~H~-Aniline 
4-OCaH,-Aniline 
4-OCaHi1-Aniline 
4-OC6Hla-Aniline 
4-OCsH17-Aniline 
2-0CHa-3-NH2-Pyridine 
2-OC~H~-3-NHn-Pvridine 

0.78 3.39 
1.28 4.44 CBe 2.80 i.59 CHI; 2.33 3.48 
2.28 5.42 ~sDC~HO 2.60 1.42 CioHzi 2.83 3.84 
2.78 5.45 CaHu 3.30 1.80 CI& 3.33 4.18 
3.28 5.80 iso-CsHII 3.10 1.66 ClzHz6 3.83 4.34 
4.28 3.44 
0.09 2.59 

. ~. cais 3.80 2.02 C;,Hi, 4.83 4.25 
iso-C&Ila 3.60 1.75 cia33 5.83 3.45 
C7H16 4.30 1.82 Cia37 6.83 2.70 0.59 

1.09 
1.39 
2.09 
1.89 
3.09 
3.59 
4.59 
1.59 
2.59 
1.26 

3.54 
4.79 
4.52 
5.76 
5.46 
4.62 
3.75 
3.19 
5.73 
5.80 
5.13 

2-0CiHi-3-NHi-Piridine 
2-iso-OC4Ho-3-NH2-Pyridine 
2-OCd-IIl-3-NH~-Pyridine 
2-( 3-OC5Hll)-3-NHz-Pyridine 
2-OC7H1 K-3-NH~-Pvridine 

N - C - 0  

N - C s R  111-69 
n PC 

R R' log P Obs. 

Cyclohexylidine Ethyl 3.10 2.68 
Isopropylidine PrOPYl 2.50 2.46 
1-Methylhexylidine Propyl 4.50 3.38 
1 -Methylheptylidine PrOPYl 5.00 3.06 
1-Phenylethylidine Propyl 4.13 3.18 
1,2-Methylpropylidine Propyl 3.30 3.00 
1,3-Methylbutylidine Propyl 3.80 3.28 
1-Methyl-4-pentenylidine ROPY1 3.70 3.18 
Isopropylidine Butyl 3.00 2.71 

K-cf I 

2-6C&&NH~-Pyrimidine 2.26 5.49 
4-OC4H9-l-Naphthylamine 3.63 4.03 

-R--C&IKOO--- 7 

111-61 
RBR 

R log P Obs. 

H 1 .8F  1.92 
4Cl 2.650 1.93 
4-F 2.0@ 1.90 I~I-70 

O C  &CH1 
4-1 
4-ocH3 

4-NHCOCHs 
4-CN 

2.293 
3.01s 
1.950 

1.79 
1 J 6  
1.63 

R R' log P 6. 
Ethyl Ethyl 1.70 3.35 

Ethyl Hexyl 3.70 3.97 

Ethyl Isoamyl 3.00" 4.12 
Ethyl 1-Methylbutyl 3.00 4.25 

Isopropyl Allyl 2.20 3.92 
seoButy1 Allyl 2.70 4.12 

1 .59  1.54 
1.08 0.74 

o-c=o k 111-62 111-63 
PC PC 

R log P Obs. Obs. 

4 111-71 
PC 

R R' log P Obs. 

H 2.75 4.04 
3.77 

CHa 
OCHa H 2.21 

cSH17 -0 .99 1.14 0.84 
C12H2s 1.05 3.15 3.73 
C;,Hi, 2.05 4.12 4.33 
C16H33 3.05 4.21 4.43 
ClSH37 4.05 3.98 4.20 
3-OClzH25-3-OH-Propyl 1.66 4.00 3.76 

(continued) 
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Table III-(Conrinued) 

R 

c1 
Br 

H 3.01 3.78 
H 3.19 3.88 

tert-C4He H 4.43 3.23 
OH H 1.64 2.84 
COC2Hs H 2.20 3.22 
CH, CH:, 3 . 2 9  3.77 
CHa Br 3.50 4.20 

r -RSCN 
111-72 

PC 
R log Pa Obs. 

3.03 
4.03 
5.03 
6.03 
7.03 
8.03 

2.17 
2.60 
2.75 
2.82 
2.84 
2.66 

0 
I! 

0 -C -C- CH, 

X log P 

111-73 
PC 

Obs. 

H 1.99 2.89 
2 x 1  2.75 3.08 
4-Cl 2.69 3.25 -. .. 

2-Ci, 4-c1 3.45 3.49 
2-c1, 4-c1, 5-c1 4.21 3.84 
2-C1, 443, 6-C1 4.21 3.76 
243. 4-Cl. 5-CI. 6-C1 4.97 3.97 
Pentabromo ' 6.74 3.64 

OH 

111-74 
R PC' 
R R' log P Obs. 

H c1 2 . 3 9  0.81 
Methyl c1 2.89 1.34 
Ethyl c1 3.39 1.73 
Propyl CI 3.89 2.26 
Butyl C1 4.39 2.52 
Amyl c1 4.89 2.63 
sec-Amyl C1 4.69 2.23 
Cyclohexyl C1 4.90 2.25 
Heptyl CI 5.89 2.51 
Octvl c1 6.39 1.83 
c1 - H 2.19 0.50 
c1 Methyl 

Ethyl 
Prowl 

2.65 0.91 
3.15 1.35 
3.65 1.86 

c1 Butyl 4 .15 2.20 
C1 Amy1 4.65 2.23 
c1 terr- 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 
1 and 6. b Based on measured value of - 0.62 for a-hydroxypropionic 
acid. 0 Based on measured value of 0.37 for ,iproniaz,id. d Based on 
measured value of -3.18 for a-bromopropionic acid. .Based on 
measured value of - 0.16 for N,N-dirnethyldecylammonium bromide. 
f Based on measured value of -0.17 for monobutyrin. p 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 ( c )  within 
each group when compared between groups. Also of 
interest is the observation that the ranges of the in- 

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 
11) 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 9 5 9 9 %  level and an r value greater than 0.80. In 
addition, the plot of log P values uersus biological 
activity for each equation appeared unquestionably 
parabolic. 

A summary of the results of the equations listed in 
Table I1 is given in Table IV. Of the 67 equations in 
Table 11, 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 
Po 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 I1 are similar to those for 
Table I. Also very similar to the data in Table I are the 
ranges of the values of the coefficients of the parabolic 
terms in Table 11. On the other hand, the ranges of the 
constants of regression for the equations in Table I1 
vary drastically between groups, very much like the data 
in Table I. 

Again similar to the data in Table I, the most common 
biological system type appearing in Table I1 is bacterial 
in nature. Of the 67 equations, 37 ( 5 5 % )  describe 
bacterial systems. Of the 16 equations in Table 11, 
Part A, 10 equations (63%) 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 11, Part D. In 
addition, 40% of the equations contained in Table I1 
were derived from ionic compounds. Of the 16 equa- 
tions in Table 11, Part A, 12 involve ionic compounds 
while eight of the 17 equations in Table 11, Part B, six 
of the 15 equations in Table 11, Part C, and one of the 
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Table IV-Summary of Comparison of Results 

Equations in 7 

Values Compared Table I Table I1 

A. Distribution of log Po values 
<1.5 8 7  
1;5-3.0 58 2 
3.0-5.0 27 z 
> 5.0 7 z  
Range -0.40-6.26 

Group A -0.53-1.23 
Group B 0.33-3.72 
Group C 0.71-2.95 
Group D 0.80-2.45 

B. Range of values of 6 

Average 0.33-2,59 

Group A -0.77--0.10 
Group B -0.69--0.09 
Group C -0.48--0.09 
Group D -0.24--0.06 
Average -0.54--0.08 

Group A 2.77-8.14 
Group B - 1.78-6.33 
Group C -1.84-3.84 
Group D - 3.47-1 .37 
Average -1 .084 .92  

Group A -4.38-3.80 
Group B - 3.34-6.32 
Group C -2.22-6.32 

Average - 2.10-6.49 

C. Range of values of a 

D. Range of values of c 

E. Range of values of log P 

Group D 1.53-9.53 

25 % 
24 72 
22 z 
29 z 

-1.37-12.03 

-0 .341 .06  
0.13-3.68 
0.45-8.07 
0.69-2.32 
0.23-3.78 

-0.55--0.05 
-0.72--0.02 
-0.88--0.05 
-0.21--0.04 
-0.59--0.04 

0.10-7.06 
-1.57-5.58 

-13.32-4.16 - 5.61-2.51 
-5.10-4.82 

-4.70-5.03 
-4 .344 .40  
-3.70-5.63 
-3.70-10.07 
-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 Po) 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 (Eqs. 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: 

AkxC d response ~ 

dt (Eq. 174) 

where A is the probability a drug molecule will reach 
the active site in the time At  allotted for the test, C is 
the molar concentration of applied drug, and k ,  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 w a s  
made that A would be normally distributed with re- 
spect to log P: 

A = ae- (log P -log Po)P/b (Eq. 175) 

For a fixed time interval of testing, d responseldt is 
constant so that Eq. 174 can be written as: 

kl = ae-(log P--log Pd2b.kx .C (Es. 176) 

Taking the logarithm of Eq. 176, collecting constants 
(bearing in mind that Po is a constant), and rearranging 
give : 

log 1/C = --h(log P)' + ks log P + krkx + kg (Eq. 177) 

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

k x = a l o g P + b a + c E , + 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 k, 
is linearly related to log P.  Substituting this into Eq. 
177 yields: 

log 1/C = -k&g P)e + ka log P + ks log P + k7 (Q. 179) 

or: 
log 1/C = -kz(log P)' + ks log P + kl (Eq. 180) 

Four important parameters are associated with Eq. 
180: k2, ks, k,, and log Po. The first three are obtained 
by fitting experimental data to Eq. 180. Log Po is found 
by setting (d log l /C) /d  log P equal to zero and solving 
for log P. Since ks is the sum of k l  and ka, 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 Po 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: 

k k  log Po = 3 + 2 2ka 2 k a  
(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 Pi in the following equation: 

log Po = log Pi + 2 (Eq. 182) 

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 Pz is from a 
reference system such as octanol-water and PI 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 partition coefficients for a 
series of alcohols between red cell ghosts and water. 
These were correlated (1) with octanol-water values in 
Eq. 183: 

k 
2kz 

n r  S 
logpghosts  = 1.00 10gP - 0.88 5 0.998 0.082 (Eq. 183) 

The slope of 1 in 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 ‘A would not be possible. There 
are now over 1000 such correlations in the authors’ 
data base alone. 

The “parabolic” relationship between log l /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 1 is the rate constant for the reverse 
passage. Compartment 1 has a given volume, V1, and 
a given concentration of solute, A1, at zero time. The 
other compartments have corresponding values. The 

HzO lipid H20 
Scheme I 

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: 

ga = - S ([At - kAs) 
dt Va (Eq. 184c) 

For cells of uniform volume and surface, S/VI = 
S/Vz = S/V ,  = constant. 

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

dA1 = -kA1 + IAz dt 

dA dt = - 2 l A ~ i  + k(A9i-1 + A~i+l) 

dhl = -2kAzi+l + I(Azi + Ani+r) dt 

- = - ( I  + m)An-l + kA,-2 dt 
= - (k  + m)A,-l + IA,,-t 

dAn - _  - mAn-l dt 

(Eq. 185a) 

(Eq. 1856) 

(Eq. 1854 

n = odd (Eq. 185d) 

n = even (Eq. 185e) 

dA-1 

0%. 185f) 

In these equations, A t  represents the concentration in 
the ith phase and A,, that in the last phase. Since A I / A ,  
does not depend on AlO, an arbitrary initial concentra- 
tion such as 1.0 can be used. For a specific value of n, 
the partition coefficient (P = k/l )  can be varied over an 
interval to obtain a series of solutions to the set of 
equations by integrating over time t .  Values of k and 
I were chosen so that k X I = 1 ; that is, it is assumed 
that there is a reciprocal relation between hydrophobic 

-20 I I I I I I I L 

-3 -2 -1 0 1 2 3 4  
LOG P 

Figure 7-Concentration in 20th compartment as a fuizction of log 
P when t = 10 and m = 1. The curve is a parabola fitted to the cal- 
culatedpoints by the method of least squares. 

16 0 Journal of’Pharmaceutica1 Sciences 



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 t = 
10 and m = 1. The least-squares line in Fig. 7 results 
from fitting these points to  Eq. 186: 

log A, = a(1og P)* + b log P + c (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-activity correlations 
was also justified by McFarland (133) using a strictly 
probabilistic approach, which is, in effect, a kinetic 
justification. 

As already considered, the parabolic relationship 
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 
Po, 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 uiu regression anal- 
ysis, it is most important to  achieve a sharp definition 
of A l  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 uitro), 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 Po (4-6) with a “linear” relationship between log 
1/C and log P. However, Higuchi and Ravis (134) 
showed that even under equilibrium conditions, one 
can expect to find “parabolic” relationships between 
log l/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 : 

u. 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,, Vl, V2, 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 occvpied 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, .  . . t ;  that is: 

S = CwV, + C I V ~  + CzVz + . . . + CtVt (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 .  - (Eq. 188a) - c w  
and : 

i=t  ) (Q. 1884) 

The effective concentration of small molecules on the 
receptor is: 

or : 

i = l  

It is assumed that relative biochemical 
proportional to  E. 

In a system where Y ,  >> Zfl=fK,V,, Eq. 
to: 

K ,  
constant 

E = -  

Increasing the partition coefficient results 

(Eq. 189) 

0%. 199) 

response is 

190 reduces 

(Eq. 191) 

in increased 
activity up to  the point set by bulk tolerance or micelle 
formation or to  the point where ZiZ:KfVi > V,. This 
eventually occurs if there are compartments whose Ki’s 
are much greater than K,. 

For the case where V, < ZfI:K,Vi, an increase in 
lipophilic character can yield a less active congener 
since now: 

K, E G -  Ki Vi (Eq. 192) 

For the comDarison of relative activitv of derivatives 
with a parent compound, Higuchi a i d  
defined the function R: 

By the proper choice of parameters in Eq. 
calculate various sets of R values, which 

Davis (134) 

(Es. 193) 

193, one can 
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  going 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 
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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 the gradual 
change from agonist to antagonist often observed in 
thc 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 for 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- 
soma1 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 
Eqs. 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 Eqs. 2-4. 

8. Poisoning of an enzyme by a reaction product 
could also result in a biphasic relationship between log 
1jC 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 l/Km 
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 
beconies rate controlling. It was shown (7) that the 
coefficient with H 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 

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 cannot 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 separated 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 I1 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 11. 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 6. 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 Po, 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 
Po values are composed OF neutral compounds. Of the 
seven sets in Table I, 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 Po 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 Po 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 Po from Table I1 
because of the wider confidence limits on the values 
of log Po in this set. In Table I1 the distribution of log 
Po values is more evenly spread. The most general 
statement that can be made about log P o  is that values 
below 1 and above 4 are less common. Negative log P o  
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values are rare. Out of 167 examples in Tables I and 
11, only four having negative signs occur. In this con- 
nection, it is interesting to point out that anticancer 
alkylating agents have negative log Po values (142). 

It is clear from Tables I and I1 that the charge on a 
set of congeners has an important part in setting the 
value of log Po. As mentioned previously, properly 
there are no uncharged molecules in Table I, Part D, 
and only one set in Table 11, 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 
tdgether causes the drag effect which results in a lower 
log P o  for sets of ions. 

In Table I there are 27 data sets where cationic drugs 
(the positive charge being on the organic ion) are acting 
on microorganisms. The mean value and standard de- 
viation for log Pu for these are 2.51 f 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 f 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 11, 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 

The log Po for charged compounds acting on micro- 
organisms can be compared with log Po for neutral 
compounds. It was shown (58) that the log Po for neu- 
tral compounds acting in uirro 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 
Po 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 Po in 
whole animals outside of the 1.5-3.0 range. For a wide 
variety of hypnotics acting in various whole animals, 
log Po 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 Po of 
about 2.5 for charged drugs acting in closed in uitro 
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 become 
severe as log P approaches 2-2.5. 

Most equations in Tables I and I1 are based on log 

log P. 

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 I1 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 i s  close to the 3.2 
value previously found for fungi (55) .  Neutral non- 
specific compounds such as phenols and alcohols have 
low values (< l ) ;  RSCN, for example (Eq. 11 l), has a 
value of 3, showing a specificity at least two orden of 
magnitude above phenols, alcohols, and thioureas 
(Eg. 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 Po 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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