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side of eq 2. This log Po represents the ideal lipophilic 
character for a set' of congeneric drugs. We have 
p o ~ t u l a t e d ~ ~ ~ ~ ' 0  that, st'eric and electronic factors re- 
maining constant, different sets of congeneric drugs 
acting in the same way on the same receptor sites 
should have the same log Po constants. Once log PO 
is found for a given set of compounds, this becomes a 
useful constant for t'he design of completely new sets of 
congeners to act on the same centers. The purpose 
of this work mas to take data from the studies of anti- 
bacterial agents and fit them to eq 2, and it's simpler 
forms, in order to explore our thesis concerning log Po. 
From some preliminary results* it was felt) that log Po 
would depend on the type of organism used in t'he t'est. 
Since considerable quantitative work has been carried 
out in the field of antibacterial agents using a variety 
of microorganisms, this seemed to be a good field in 
which to make a comparative study. We are of course 
quite irkerested in the diff erent>ial susceptibility of 
gram-positive and gram-negative microorganisms to 
various agents. 

Methods 
The biological and physicochemical pa- 

rameters are assembled in Table I. We have used two 
methods of expressing relative biological activity. 
One, using log (l /C),  is defined above. The other, 
using PC', refers t'o the phenol coefficient convert>ed to 
a molar basis. 

To derive the equations in the section on results, we 
have used the method of least squares and an IB-11 
360/40 computer. The values of u were taken from 
the compilation of Jaff&* 

The log P values refer to the neutral molecules.* 
Some of the values in Table I were obtained experi- 
mentally and others were calculated, taking advant'age 
of the additive-const'itutive nature of log P.6 For 
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compounds used for eq 3 and 30, 0.5 was added for 
each CH2 unit to the experimental value of 1.34 found 
for 4-methoxyphenol. For a branch in a chain, 0.2 
unit was subtracted. For example, 1.50 \vas used for 
n-propyl and 1.30 for isopropyl. The same procedure 
was followed for the molecules used in eq 4, 5, 31, and 
30. For 4-phenoxyphenol we subtracted 0.5 from 4- 
niethoxyphenol and added 2.13 for the phenyl moiety. 
For eq 6 and 29, the value of 0.62 for the CH3S group 
was taken from the phenoxyacetic acid systemGa arid 
added to 1.46 for phenol to obtain 4-methylthiophenol. 
Hydrogen is defined as zero. The higher members of 
the series were then calculated by adding CH2 unit 
values. I:or eq 12, the experimental value for cyclo- 
hexanol is 1.23. The methyl derivative values were 
obtained by adding 0.5 to 1.23. The log P of diethyl- 
carbinol was obtained by adding 0.5 to 0.61, the ex- 
perimental value for 2-butanol. The figure for tri- 
ethylcarbinol was obtained by adding 1.30 for three 
CH2 units to log P for t-butyl alcohol (0.3i). The 
values used for benzyl alcohol and phenethyl alcohol 
are the experimentally found ones. For eq 13, 14, 
37, 38, 47, 49, 52, 54, and 55 where the charged func- 
tional group makes it almost impossible to obtain 
accurate log P values in the octanol-mater system, we 
have taken the functional group as an unknown con- 
stant and simply used 0.5 for each CH, unit. This 
allows us to determine the dependence of biological 
activity on lipophilic character in terms of the slope 
but not the intercept. The log P values for the 
molecules used to find eq 9, 10, 19-21, and 40 were 
based on the experimentally found values for n-butyl- 
amine (0.81), di-n-propylamine (1.73), triethylamine 
(1.44), aniline (0.90), S-methylaniline (1.66), N,S-di- 
methylaniline (2.31), and quinoline (2.03). Tetra- 
hydroquinoline was calculated by adding 4 X 0.41 
for the four cyclic CH, units6b to 0.65 for pyridine. 
Log P for naphthylamine was found by adding 1.35 
for the (CH)4 moiety to 0.90 for aniline. The log 1' 
values for alcohols of eq 11, 35, and 36 were based 011 

the value of -0.66 for methanol, 0.37 for t-butyl, and 
0.89 for t-amyl alcohol. For the thiocyanates of eq 
16, log P for the phenyl derivative was measured. 
For the congeners in this set T values from the benzene 
system6' were used except for 4-1 which mas taken 
from the phenoxyacetic acid system. The phenoxy 
group was calculated by subtracting 0.5 from 2.11 for 
anisole. For the 2-naphthyl derivative, 1.35 was added 
for (CH)4. For eq 17 and 46 we elected to hold the 
common functiorial group (NCS) coilstant and use T 

values for the rest of the molecules. Where a func- 
tional group is attached to an alkyl moiety, aliphatic 
values are used.6b For example, to estimate H for the 
group CH3CH(CS)CH2, we add -0.84 for aliphatic 
CN to 1.30 for isopropyl to obtain 0.46. For those 
mixed aliphatic aromatic compounds, 4-SCC6HjCHZ 
serves as an example. To the value of 2.69 for toluene 
we add -0.57 for an aromatic CS to obtain 2.12. The 
other members were calculated in the same way. l:or 
the 2-C1 function we used the value of 0.59 from the 
phenoxyacetic acid system. 

For eq 18 and 45 we used T values from the phenoxy- 
acetic acid system except for 4-(Et)2N \vliich was baaed 
OII (CH3),N (0.1s) fiom the benzene system. Log P 
\rulues for C C ~  7, 13, '2S, 4S I Y ~ I ' C  batsed 011 the ex- 
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Compd 

4-Br-c~H4oH 
4-Br-2-Me 
4-B r-2-E t 
4-R r-2-n-P r 

4-Br-2-n-Am 
2-Br 
2-Br-4-&Am 
4-Br-2-s-Am 
4-Br-2-n-Hex 
4-Br-2-+Hex 
2-Br-4-n-Hex 
L'-Br-4-n-Pr-3,.)-llep 

4-Bl'-?-n-B11 

Compd 

n-PrNH, 
n-Bit 
n-Am 
n-Hex 
n-Hep 

(n-Pr)Z 
( n-B u ), 
Et3N 
PhCII2PI'II2 

Et&H 

Log P 

0.31  
0.81 
1.31 
1.81 
2.31 
0.73 
1.73 
2.73 
1.44 
1.09 

Lox P 

2 , A!) 
3.00 
3,5!) 
4 .O!)  
4.59 
5. O!) 
2.35 
4.53 
4.80 
5,5!1 
3.10 
5 ,3.i 
4.97 

P K ,  

IO. 60b 
10. 60a 
10. GOa 
10.60a 
10.93' 
10. 935 
10.93O. 
IO. 87b 
0.34 

10. 53h 

Log PC' 0 i J S d l s  

Eq 8 Erl 32 

1.04 0.06 
1 .39  1.35 
1.82 1.73 
2.15 2 .  1.5 
2 .  .i8 2.88 
3.21 3.17 
0.78 0.7.5 
I ,  93 2 .  ,59 
. . .  2.59 
. . .  3.53  
. . .  3.06 
. . .  3.23 
. . .  2 . 9 6  

Log PC' 
Eq 9 

0.00 
0.20 
0.45 
0.68 
0.90 
0.23 
0.34 
0.81 
0.20 
0.04 

Log P 

0.90 
1.40 
1.39 
1.G6 
2.16 
2.16 
2.1.5 
2.31 
2.81 
2.80 
3.31 
2.03 
2.29 
2.53 
2.25 

Compd Log P 

C yclohexanol 1.23 
o->le 1.73 
m-hle 1.73 
p-Ate 1.73 
Diethylcarbinol 1.11 

TULE I (Continued) 

0 b s d ~ ~ 8  
Eq 40 

-0 .83  
- 0.40 

0.08 
0 .52  

-0.80 
. . .  

. . .  

. . .  
-0.57 

PIG4 

4.5@ 
4.39* 
5 .  12b 
4 ,  8,jb 
5 .  l l h  
5.13" 
5.03" 
5 .  OGh 
5 .  S6h 
4.94c 
6 ,  .iCih 

5 .  13a 
5.87d 
3 .  92h 

4.94* 

Log PC' 
obsdl9 
Eq 12 

-0.26 
0.10 
0.18 
0.20 

-0.47 

Rl RE R6 Log P Eq 26 Eq 42 

H H H 2.84 3.16 2.86 
I1 H i-Am 5.14 3.33 4.33 
TI H i-Hex 5.64 3.36 4.66 
H H i-Hep 6.14 3.38 4.68 
I3 >Le H 3.34 3.20 3.50 
H Et  H 3.84 3.94 3.94 
H Pr H 4.34 4.27 4.27 
H Bu H 4.84 4.00 5.00 
Me H H 3.34 3.20 3.20 
E t  H H 3.84 3.24 3.24 
Pr H H 4.34 3.27 3.27 
l\Ze H Ale 3.84 3.24 3.94 
Me €I E t  4.34 3.97 4.27 
E t  H E t  4.84 4.30 4.30 
Et 1% Pr  5.34 4.33 5.03 
E t  H BU 5.84 * . .  5.06 
Et  II Am 6.34 * . .  5.38 
E t  H Hex 6.84 . . .  5.19 
Me H Pr  4.84 3.00 4.60 
&le H B u 3.34 3.03 5.03 
hle H Am 5.84 3.06 5.06 
Me H Hex 6.34 3.08 5.38 

Log PC' obsd17b 
Compd Log P Eq 11 Eq 36 

MeOH -0.66 -2.05 -2.00 
EtOH -0.16 -1.70 -1.72 
a-PrOH 0.34 -1.19 -1.28 
n-BuOH 0.84 -0.67 -0.76 
ri-AmOIT 1.34 -0.13 -0.23 
n-HexOH 1.84 0.40 . . .  
n-HepOH 2.34 0.92 . . .  
n-OctOH 2.84 1.46 . . .  
2-PrOH 0.14 -1.39 -1.47 
S-BuOH 0.61 -0.92 -0.99 
s-AmOH 1.11 -0.44 -0.52 
s-HexOH 1.51 0.04 . . .  
t-BuOH 0.37 -1.19 -1.30 
t-AmOH 0.89 -0.77 -0.88 
t-HexOH 1.39 -0.31 . . .  

Log ( l /C)  obsdlL---- - - ~ -  
Eq 10 Eq 19 Eq 20 Eq 21 

4.51 4.37 4.45 4.62 
4.71 4.71 4.71 4.81 
4.77 4.71 4.71 4.81 
4.84 4.81 4.84 5.01 
5.12 5.08 5.08 5.21 
5.12 5.06 5.12 5.23 
5.12 5.06 5.12 5.23 
5.26 5.21 5.21 5.33 
5.37 5.32 5 .32  5.45 
5.59 5.55 5.53 5.67 
5.95 5.83 5.83 6.02 
5.32 5.13 5.26 5.32 
5.33 5.27 5.33 5.33 
5.57 5.48 5 . 5 i  5.57 
5.57 5.57 5.57 5.65 

(CHd, CNHz 1 

Log ( l / O  obsd'o 
a. Eq 13 Eq 37 

8 4.00 2.20 2.77 
9 4.50 2.41 3.17 

10 5.00 2.97 3.66 
11 5.50 3.23 4.08 
12 6.00 3.88 4.40 

(LH ) 
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('timpd 

' h ie  thylcarbiiiol 
13eiiLyl alcohol 
Pheriethyl dcohul 

C u m p i  

C G H ~ S C S  
4-C1 
3-Br 
4-Br 
4-1 
4-E t OOC 
4-Ph0 
4-NO2 
2-Naphthyl 

Log P 

3.28 
3.99 
4.14 
4.14 
4.54 
3.73 
4.89 
3.00 
4 . 6 3  

x 
€1 
0-CI 
p-Cl 
m-C1 
o,p-Cl* 

2,4,3-C13 
2,4,5,6-C14 
C1, 
n r ,  

2,4,6-Clj 

R S C S  
R ET 

XCCH2CITZ 0.16 
RIeCIICNCH, 0.46 
S C CH, hIe C H 0.46 
MeOOCCHzCH, 0.73 
s c (  cIr,)d 1.16 
PhCHZ 2.69 
4-N CPh C H2 2.12 
4-CIPhCIIz 3 .40  
4-NOzPhCHz 2.41 
2,4-CIzPhCHz 3.99 
3,4-C12PhCH* 4.11 
3-SOz-4-CIPhCII~ 3 12 
2-CIPhCfl, 3 28 

Log I' 
1.46 
1.71 
1.93 
2 .  1.i 
1.68 
1.58 
2.6.i 
1.77 
2.02 
1.94 
1.96 
2 .60  
2,3!1 
1.34 
3.48 
2 . 6 3  
2.59 
2.93 
?.!)I 
2 , !).-I 
4.10 

Y r  

0.00 
0 06 
0.34 
0 . 2 3  
1) 12 

-0 .27  
0.25 
0 06 

-0 07 
-0 17 
-0.14 

0.37 
0.23 

-0.27 
0.46 
0.39 
0.23 
0 35 
1 )  2s 
0. 1 ti  
0 56 

I,og I' 

I .87 
1.10 
I .60 

II 

0.00 
0.23 
0.39 
0.23 
0.28 
0.45 

-0.03 
0.75 
0.17 

Log I' xc 

1 .99 0.00 
2.58 0.21 
2.69 0.23 
2.7.i 0.37 
3.28 0.44 
3.87 0.65 
4.04 0.81 
4.63 1.02 
5 . 3 4  1.30 
6.29 1.41 
1 . 0 ~  (1,'C) 0hsd23 
Eq 1; Eq 46 

3.6.; 3.63 
4.00 3 .40 
3. 70 3.70 
3 .  40 3 .46  
3.7.5 3 .  75 
4.68 4.68 
4.57 4.57 
4 . 7 7  4 . 7 7  
4. 79 4. 70 
4.34 5.13 
5 .13  CS . 7 3  
.i .04 5 .34  

4 .77  
r,og (i,/c) 

Eq 2% 

1.08 
1.11 
1 , 2 6  
1.2s 
I .34  
1.48 
l .* i l  
1.53 
1.60 
1. 60 
1.70 
1.70 
1 .73 
1 .79 
1 . 9 2  
1 .!)ti 
1.98 
"23 
? . : < I  
2.34 
2.42 

ol,sd?j 

t:q 16 

4 .20 ) 2 ,  .;(I 
4 . 9 5  (5 :: .oo 
3 , 0.i S 4 .  00 
4 , 9 .-I IO .j. 00 
3 . 03 12 t i ,  00 
5.25 14 7 . 0 0  
4 .20  I 6  h 00 
4,  1.5 IS !1,00 
4. 70 

Eg 24, 25 E([ 41 

. . .  2.89 
3.08 3.08 
. ~ .  3.12 

3.12 2.91 
3.2s 3 .49  
2 ,  96 3.76 
3.09 3.84 
3.21 3 .97  
. . .  .:.I9 
. . .  .i , 32 

SI'liCH=C1\leXO~ 
s 

11 
2-11eO 
%-Et0 
3-MeO 
431e0 
2.3-( MeO)z 
"C1 
2,4-C1, 
3,4-C12 
2-NO2 
4-NO2 
4-NeCONIl 
4-Et2P-i 

r:([ 5 1  

2.89 
2. 0s 
a .  23 
2 .77  
3 49 
3.76 
3.84  
3 . 97 
4 , 7 1  
3 .64  

2 s  
0. 00 

-0.33 
0.17 
0.1' 

-0.04 
-0.21 
0. .i!f 
1 , 29  
1 46 

- 1) , 2,:: 
0.24  

- 0 . 7 9  
1.1s 

c tiI11L)d 

c,,r-I,cIwIi 

44-CI2 
2,4,5-( '13 

:J14,3-CI3 
2-Br 
4-B r 
4-1 
4-,\Ie 
2,4-h1ea 
4-C1-3,5-31er 
4-I-3,5-Me2 
4-hIeO 
4-NO1 
4-CK 
%NO* 
4-COOH 

4-C1 
2,4-C1, 

IAJC I' 
1 . ] ( I  
1 .9A 

2 ,  SO 
:; . 39 
:: , 64. 
I .83 
2.12 
2.36 
1 .is 
2.26 
2 . 06 
3.36 
1 .10 
1 .20 
0.78 
0.87 
0 .82  

.) - -  - . J . 1  

Eq .i6 

2.89 
3.08 
3 . 2!i 
8.91 
3.80 
3.76 
3.84 
4.67 
.-I. 00 
,>. 32 

20 

0 .  00 
-0.27 
-0.2.5 

0.12 
- 0 . X  
- 0 . 1 .i 

0 .  23 
0.46 
I), 00 
0 . 7 8  
0,;s 

-0 .02  
-0.60 

Y o  

0.00 
0 . 2 : ;  
0 , 4 6  
0 ,  60 
0 .8:3 
11.97 
II . 2;: 
0 ,  2:3 
0 . 2 8  

-0 .17  
-0.34 

0.09 
0.14 

-0.27 
0.78 
I). 83 
0.78 
0 . 2 7  

L<lg 11, C') ol>sil" 
ICq 1s Eq 45 

. . .  1 . 30 
--0.67 1.15 

. .  I .40 
-0.23 I . 5 2  
-0 .2s  I , 2 2  

. . .  'I .40 
- 0 . 2 0  1 .70 

. . .  2.41) 
(I, 46 2 . 5 2  
I ) .  .$ti I LO 
0 .  I!) I . 7 0  

- 0.40 0 .  8!)  
0 .0;  . . .  
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4.71 
5.47 
6.17 
6.93 
4.67 
5.23 
6.84 
4.87 
3.48 
5.62 
2.89 
4.10 

Log P 

3.31 
4.81 
5 81 
6.81 
7.81 

ROSO$-Na+ 
R 

n-Bu 
n-Am 
n-Hex 
n-Hep 
n-Oct 

n-Dec 
Lauryl 
Myristyl 
Cetyl 

71-Pu’oll 

X U  

0.00 
0.37 
0.60 
0.97 

-0.27 
-0.17 

0.01 
-0.27 
-0.66 
-0.40 

0.62 
-0.36 

STRUCTURE-ACTIVITY CORRELATIOKS FOR ANTIBACTERIALS 

TABLE I (Continued) 

Eq 27 R Log P 
3.39 Me 1.88 
6.92 Et 2.38 
6.50 n-Pr 2.88 
6.54 i-Pr 2.68 
4.44 n-Bu 3.38 
3.41 Allyl 2 38 
3.51 Benzyl 4 .01 

Phenol 1.46 3.46 
2.42 
3.53 
4.55 
3.42 

_____ Log (1 / Cj  obsd*o------- 
Eq 39 Eq 50 

2 . 8 3  4.33 
4.44 5.44 
4.51 5.81 
4.26 5.38 
3.61 4.61 

Log (1/C) 
obsd30 

a Eq 47 

2.00 0.08 
2.50 0.36 
3.00 0.51 
3.50 0.94 
4.00 1.27 
4.50 1 .T9 
5.00 2.25 
6.00 3.27 
7.00 3.88 
8.00 3.58 

H W H J C H S  

R O m ! H  N’ .nHC1 

R 
Me. HCI 

i-Pr. HCl 
Et.HC1 

i-Bu‘ HCI 
H.2HC1 
Et.2HC1 
i-Pr .2HC1 

i-Am. 2HC1 
n-Hex.2HC1 
n-Hep ‘2HC1 

i-Bu. 2HC1 

n-Oct .2HC1 
s-Oct *2HC1 
n-Dec. 2HC1 
n-Dodec ’2HC1 
n-Cet. 2HCl 
Quinine.HC1 

KCHBrCOO-K + 

R T 

n-CeH13 3 00 
n-CsHli 4.00 
n-CloH21 5.00 

n-ClrH2s 7.00 
n-CitHx 6.00 

n-Cl6H38 8.00 
n-ClsH87 9.00 
n-C20H41 10.00 

Log (1/C) 
obsda’ 

Log Pf Eq 54 

2.03 3.60 
2.53 3.62 
2.83 3.73 
3.33 4.34 
1.53 3.62 
2.53 3.6.; 
2.83 4.06 
3.33 4.47 
3.83 4.99 
4.53 5.18 
5.03 5.41 
5..53 5.43 
5.33 5.61 
6.53 5.46 
7.53 4.78 
9 , g3 3 .52  
1.73 3.60 

Log (1/C) ~ b s d ~ ’ ~  
Eq 53 Eq 55 

2.20 1.90 
3.11 2.51 
3.71 2.81 
4.61 3.71 
4.91 4.61 
5.21 4.31 
2.81 .. 
2.81 . . .  

Eq 58 Eq 69 

3.55 3.16 
4.81 4.44 
5.23 4.63 
4.98 4.93 
5.03 4.31 

XPhCH=CHNO? 
x 

H 
3-JIeO 
4-MeO 
3,4-CI2 
3-NO2 
4-NOz 
2-Me0 
2-c1 
2,4-C1z 
2-XO2 
2-Et0 
4-RIeC00 

Log PC‘ 
obsd*a 
Eq 34 

0.62 
1.10 
1.46 
1.40 
1.88 
1.36 
2.30 
0.00 

Compd 

MeOH 
EtOH 
n-PrOH 
i-PrOH 
n-BuOH 
i-BuOH 

n-AmOH 
t-AmOH 

t -B uOH 

Zs 

0.00 
0.12 

-0.04 
1.46 
0.11 
0.24 

-0.33 
0.59 
1.29 

-0.23 
0.17 

-0.64 

Z U  

0.00 
0.12 

-0.27 
0 60 
0.71 
0.78 

-0.27 
0.23 
0.46 
0.78 

-0.25 
0.31 

Log P 

-0.66 
-0.16 

0.34 
0.14 
0.84 
0.64 
0.37 
1.14 
0.89 

7r 

4.00 
5.00 
6.00 
7.00 
s.OO 

435 

Log ( 1 / 0  
0bsdf9 
Eq 35 

-0.35 
-0.08 

0.28 
0.29 
0.49 
0.49 
0.28 
1.03 
0.57 

Lor ( 1  ’C) 

Erl 32 
olsda2” 

1.60 
2 .51  
3.41 
4.01 
3.71 

Log (1/Cj 
obsd24 
Ea 44 

0.42 
0.80 
0.33 
1.22 
0.62 
0.43 
0.54 
0.8.5 
1.30 
0.68 
0.82 
0.15 

Log (1,C) 
obsd3a 

A Eq 43 

0.50 3.82 
1.00 3.70 
1.50 3.82 
2.00 4.00 
2.50 5.12 
3.00 5.40 
3.50 5.12 
4.00 5.12 
4.50 6.00 
5.00 6.00 
5.50 6.30 
6.00 6.30 
6.50 6.60 
7.00 6.60 
7 .  .i0 0 . 3 J  
8.00 6.30 
8.50 6.30 
9.00 6.00 
9.50 6.00 

10.00 6.30 

a Estimated from values of other closely related congeners. * From A. Albert and E. P. Serjeant, “Ionization Constants of Acids 
From E. A. Braude and F. C. Nachod, “Determination of 

From G. ITniii5, ‘‘l~icti(~iiaiy 
a From RS. Yoshioka, K.  IIamamoto, and T. 

and Bases,” John Wiley and Sons, Inc., New York, N. Y. ,  1962, p 144. 
0ip:Liiic Striictiires by Physical RIethod,,” Vol. 1, Academic Preiz IIIC., Sew York, iY. Y., 1!J35, p 596. 
uf Organic Compound-,” 4th ed, Oxford Univeisity Press, New York, N. Y., 1965. 
Kubota, Bull. Chem. SOC. Japan, 35, 1725 (1962). f The log P value of the un-ionized base was wed. 



1 v.xirncntnlly dcterniiiicd valucs for 4- and 2-chloro- 
phenol. I’or tlie 4-chloro-3-iiietliyl congeners the 
vnluc of O.T,G for the %methyl group in pliciiol was em- 
1)10yed.~~ AIost of the values for cq 22 are expcrinieiitiil 
v i i l ~ e - . ‘ ~  1,og P ~: t lues  for eq 23 and (il are lx~sctl on 
cy)eriincnt:il v:ilue\ for benzyl :~lcohols where 1)o+ 
sihle.6” \There not possible. thc TT r-due for the func- 
tion I I I  the I)heiioxyacetic acid 3ysteni I\ 

log 1’ tor tienzyl alcohol. I’or eq 27, I( 
t ) ~ i i c  ht ruct ui  (> S-pheiiy1-S’-:~,-l-t11chloro~~~icriylur~~:~ 
( 1 . T 1 )  :is ~ i i c u u ~  cd cxperimeiit:illy and log I’ \-dues for 
its tlcrivnt ive\ \\ere oht:iined by xiding TT v:iluer froin 
t l i e  I)hcw)xyacrtic acid i except for phenyl (2.1::) 
i l l t c l  (C‘Hj).S, SH2, i11 .SH2 obtained from the, 

I’or CCl ::1 \\e h:i\-c added TT(yJO( [ I l  

(0 12)  to  log 1’ of’ I)heriol to get log I’ of 1.5s for ritetliyl 
I-Il~cllo\;~~,ellzo:ltc. The. IIe of 0 -12 \\ <Is c:llculatccl 
i i o i n  (’(1 I T  of I:ujit:i? In 
\ ‘llll(’S j‘0l  the c~ulllllle dr1 t1L-e. of (’(1 47 \\ell? f 0 U l l t l  

t i j ,  ~(l t111iq C‘HL units  to tlie \ ,iluc of 2.0e3 for dihydro- 
c l u i i i i i i o  1,og I’ foi tlihydioquiiiiiie \\ai found by 
:id(Iiiig 0 ;< (tho c t i f f c w n c e  bctn wii ethyl :mcl vinyl) to  
1 i : 3  tor  quiri11ic. 

111 c~tini:itiiig log I’ for thci ~)heiiyl  methacrylate of eq 
24, 2,>, 11. 51, Xi. 57, aiitl (io \ re  have used TT of -0.64 
io i  t h r  C’H,(’OO nioicf‘.‘’n Subtracting 0.5 for thc 

:idled 2 1:i tor heit.miie :iiitl 1.00 for CHL=C(CHj) 
t o  qc>t 1 99. 1 oi i i : t l )hthol  dciivatire5 of eq 26 nnd 32 
\\ (’ -t:ii  t d  IT it h t l ic vnluc~ of ?..\t foi B-n:il)htliol. 

(x have ubetl x initead of 
log /’. Tl11> coIl-t:lrlt 17 dellllccl a.: x = log I’y - 
log 1’11. l’k i i  tlie 1i:irtition c*ocfficient of n clcrivntir-e 
: L I I ( I  PIl  tha t  of :I I)areiit molrrrile. l’or example. 
B(  1 1  = log I’ toluciic - log 1-’ benzerie. Tliur T is thc~ 
1og;tritliiii of the p:irtitioli cocfficieiit of :i molecular 1):ii t .  
\\ livr(x. log 1’ iefei s to the. v, hole iiioleculc. Since K 
i. Liiou I I  to be ndditivcl in nutiire, \I c c:in explore thc 
I i ~ ~ o ~ ~ h i l i c  rolc of substitueritb in :i serics of drugs without 
:ietually riie,isuring ttriy partition coefficients. Equa- 
tioiis of the foi 111 of l 11 ill havcl the saiiie slopc n hether 
\ \ e  i i w  T or log 1’. They will differ only in intcrccyt. 
ii-hcii itroiig electron-wthdrnn ing groups are placed 
on moleculcs with acidic 1)rotoiii. .;ignificiLnt chnngos in 
ioti ization niay ic.ult. I n  oiie way or miother, thcse 
c~li:i~igeii 111 ioiiizatioii ni:iy nfYclct the biological arth-ity 
of t lie (3oiiil)ouiid. Kach iict of d:tt:i has bcen fit to cq 2 
: t i i d  thrii, by i t  cpn isc iegrcssioii :iiialpis, 11 e 11:iv~~ 
ol l l i t tcd fir-t the p u  tcwu a l l t l  thcn  the (log Z’)2 tcr111. 
Oiily tlio\e tciiiii :ii c iticludetl i n  the. equntioiis i n  
’l’:iI~le 11 wliicli :ire juhtified :it >0.90 level of sigriificwicc 
hy :if1 1 8  tc-t. 

I n  scveral of the equations we have used p K a  iii- 
- t w d  of u t u  accourit for electronic cffects on activity. 
Siticc u iz dcfiried as u = log (KXIKII )  where KEI is the 
ioiiizatiori constant oi‘ bc)nzoic acid aiid KX that of i1 

(I(wv:Ltive, eithcr pk’, or u niay be used as a iiieasulc 
of ielative acidities of iiiciiibers of n set of coli- 
geiicr-. 

I’or .ubstitueiits in oitho position.; we have used up, 
uriiirig this to give a rough approximation of the 

c~lwtronic~ c~ff‘c~ct. I’oi tiiii:itcly, el roiiic c f fec l i  :ti*[> 

s1ri:ill for riio\t o f  t lie coiiipounds under coii+krntioii 
i o  tliat thii i y  iiot :L seriouz problem. If clectronir 
01’1 ( ~ ’ ( 5  :ti e Luge eiiough to inake big changes in ioiiizit- 

tcm. 

iii(’thy1 gr0111) ~ i ~ l d \  x oi - 1.11 for -COO-. TO tlils 

111 wnie of tlic equ:itioii. 

Results 

In Table 11 \\ r have sunimarised the statistic:illy 
inost sigriificniit equations correlating the s t ruc tur r  
activity relatioiidiip in gram-negative bacteria. 111 

these cquatioii3. I I  is the iiumber of data points uscd 111 

the regression analysis, / -  is the correlation cocfficieiit, 
and s is the standard deviation. The figures uridcr log 
Po defiiie the 90°C confidence interval on this conrtant. 

The correlations TI ith the 24 different systcnis 111 

Table I1 iue ,  oii the whole, (illite satisfying. Of tlic 
24, eleven I i a \  c correlatioii coefficients above 0 95, 
nine have r l x t \wen  O.%i :uid 0.%, and thrce have. very 
poor correlatioii.. Tn  clve of the equations are linear 
in nature. Ji-e asbunie this i.i because in thcse inveiti- 
gationq :in insufficient iiuiiiber of nioleculcs with log Z’ 
greater than 4 w t b  studied aiid hence the apex of t h k .  
paraboln rel:itiiig log I T ’  or log (1,’C) and log P could 
not be defiiietl \nth any degice of ,tatistical assurniicc. 

Tlic most iriteresting rebult from the equations 01 
Tahlc I1 arc tlie eight cabeb nherc log Po could t)c cii- 
tnblishcd. The\c \ t  i uctures : ~ i  e sunirriarized in Tahlr 
111. The r:iiig(’ tor thew ~ig l i t  valucs is 3.8-5.1 \\ i l l1 
;i i w : i i i  of 4 . 1  ( h i t t i n g  tlic liigliest vdue  ( 3  I ) ,  \\ c 
fir i t1 :I riiiigc C J ~  oiily :i. S-4.6 nitli a nipan of -1.3. 
fortwiatcly, all of the ex:iniplez but onc nheic log Pf, 
could be enlculatcd 01 e studies cniployirig phciiols. 
The oiic excelltior1 is that einbodicd in oq 16 for ptieiiyl 
isothiocyart:itc~.. It i i  oi special interest that for thi- 
\et \\e firid log 1’1, = 4.10, ~e1.y CIOSC to thc i i ic ;~~i  v; l l~(’  
found for thcb j)honoli. This ]mans that tho idevil hi)()- 
Iiydiophilic chai  :~ctc’i Iyuii.cd for iiin.;iinum toxicity 
i i  1 II(. wiiic for pliciiols uiid l)heiiyl isot1iiocyan:it es : i i d  

of act1on inust he 1 I lC balll(’. 

I‘or tlic equ:rtioriz in Table IT Jio\viiig :L 1111e:ii~ tlc- 
l)c’fitlcricc 011 log /’ (7 12- 17 Z<), WP f i i i (1  :L i i i t l i c i  

liiiiitcd i aiigc. of -lol)c-. 

i*:ingc~ of slolw of O..i1-0.77 for ~cvei i  sets of alcohols. 
uiiin(l-7 a i i t l  p t i c  iiols. The iiie:in value is 0.ti.i. (’oil- 
sideriiig tlic \\ i t lc  variety oi compounds iiiclucld : t r i c l  

t l i v  fact tli:tt t l i c  iiivestigntioiis were carried orif i r i  

several diffcrcsiit laboratoriei uiiiig different gr:mi- 
iiegativc h c t  viia :ib test organisms, the similarity i r i  

s1opc.s of the s(’veii equations is remarlisble. ISquit- 
tion 11 for :ilcoliols has u slopc of 1.02 which is u”- 
siderltbly tiig1ic.r than the others. It mas observed b y  
the investig:itorslY tha t  the bacteria used in testing 
t h c v  : ~ l c o l i o l ~  w:i\ ~inusunlly sensitive and, in fwt, 
t I i ( i i ( ~  \\:I- cwi i . i t l tb i  : L t ) I c  doubt :i5 to its identity. Thc 
hmie  pioblciii of uiicc~rtaiiity :Lpl,lics to eq 9 ant1 12. 

Omlttln$ c~rluatlollb 0, 11, 12, 17, and 1s \ re  ilfltl < L  

i 1 I i i j i t a  .I 11cd I h i m  9, 707 [ IObbi 
1) 1 I 111.i i i i i c i  ( I 1  ( i i v  11,  i b id  , 10, MJl 11‘)67). 



Drug US. S. lypi iosa 

1 lydroquiiiorie 
monoethers 

Resorcinol nioiiuetheis 

4-Alkylresorcinole 

p-1% ydroxypheu yl 
alkyl sulfides 

Alkylchlorophenols 

Alkylbromophenols 
Aliphatic amines* 
Arylamines 
Alcoholsh (priIn-tert) 
Alcohols 

Iliamidines 
(cyclohexanols, etc.) 

Diguanidines 

Drug US. E. dysenteraue 

Alkylchlorophenols 

Drug us.  E. colt 

Phenyl isothiocyanates 

RXCS 
1-Aryl-2-nitropro- 

penes 
Arylamines 

Arylamines 

Arylamines 

Substituted phenols 

Drug U S .  E .  aerogenes 

Drug us.  B. dysenteraae F .  

Drug US. Ps. neruginorim 

Drug us.  P. vulgarzr.c E. 
col i ,  and Ps. pyocyaneu  

Benzyl alcohols 

Phenyl methacrylates 
Phenyl methacrylates 

Alkyl-p-nap h th 01s 

Drug US. K. pneumonaae  

Drug u s .  S. t yphosa  

Equation 

Log f’c‘ = --().28O(l(Jg P)’ f 2,199 lOg 1’ f 1.21!)U - 2.213 

Lug PC‘ = -0.180(log /I)$ + 1.625 log I’ - 1.777 

Log PC’ = -0.204(log P)’ + l . i i1 log P - 1.871 

Log PC’ = -0.407(log P ) $  + 3.082 log P + 2 . 4 6 0 ~  - 3.649 

Log PC’ = -0.334(log P)’ + 2.991 log P - 4.340 

Log PC’ = 0.765 log P - 0.998 
Log PC’ = 0.375 log P - 0.151 
Log (1/C) = 0.389 log P + 3.94!) 
Log PC‘ = 1.024 log P - 1.536 
Log PC’ = 0.614 log P - 0.949 

Log (1/C) = - 0 . 1 1 5 ~ ~  + 2 . 0 0 1 ~  - 4.127 

Log (l /C) = - 0 . 0 8 1 ~ ~  + 1 . 4 8 3 ~  - l..i78 

Log PC‘ = -0.219(10g P)’ + 2.231 log P - 3.396 

Log ( l /C)  = -1.040(log P)’ + 8.331 log P f 0.774~ - 12.629 

Log ( l /C)  = 0 . 3 6 7 ~  + 3.582 
Log ( l /C)  0 . 4 0 1 ~  - 0.269 

Log ( l /C)  = 0.694 log P - 0.158pKa + 4.462 

Log (1/C) = 0.662 log P - 0.136pK, + 4.432 

Log ( l /C)  = 0.648 log P - 0.119pK, + 4.504 

Log ( l /C)  = 0.684 log P - 0.921u + 0.268 

Log ( l /C)  = 0.539 log P + 0 . 3 3 1 ~  + 4.001 

Log ( l /C)  = 0.009 log P + 3.093 
Log (1/c) = 0.034(log P)’ - 0.286 log P f 0 . 1 1 3 ~  + 3.606 

Log ( l /C)  = -0.226(10g P)’ + 2.088 log P - 1.126 

11 

11 

11 

10 

12 

26 

8 
10 
1 .i 
1 3 
8 

r 

0 !I72 

0 97.5 

0 982 

0 9 i 1  

0 936 

0 9.54 
0 880 
0 940 
0 996 
0 826 

S Lon 1’0 or T O  

0 .  169 3,9:1 

0 ,208  4 . 5 2  

0 . 180 4 , 3 3  

0.168 3 . i 9  

0,190 4.48 

0 .  2.59 . . .  
0,159 . . .  
0.137 . . .  
0.  090 . . .  
0.14% . . .  

(3.34-4.  S i ) ( $  

(3.84-6.63) 

(3.72-6.06) 

(3 ,62-4 .03)  

(4.33-4.70) 

8 0.989 0.152 8.73 

8 0.996 0.156 9.20 
(7.63-13.23) 

(8.26-11.12) 

19 0.937 0.241 5.14 
(4.86-5.64) 

0.967 0.138 4.10 

12 0 800 0.284 . . .  
9 0.823 0.212 . . .  

(4.01-4.22) 

13 0.962 0.114 . . .  

15 0.948 0.130 

1.5 0.961 0.110 * . .  

21 0 .547  0 . 2 2 2  

14 0.939 0.212 . . .  

6 0.068 0.124 
6 0.190 0.173 

19 0.479 0.438 4 . 6 2  
(3.93-5.28) 

E<{ 
no. 

3 

4 

3 

6 

7 

8 
9 

10 
11 
12 

13 

14 

15 

16 

17 
18 

19 

20 

21 

22 

23 

24 
25 

26 

90% confidence interval. b Identity of the organism was doubtful; see text. In  this example three different microorganisms were 
used simultaneously. 

TAHLE I11 
S I J M M . ~ Y  O F  PARENT STRUWLIIIES .\ND LOG Po 

VALUES FOR GR IM-NEGATIVE B.UXERIA 
OH 
I PH OH PH I 

OR OH 
I I 

OR R SR 
S. typlzosa S. typhosa S. typhosa S. typhosa 

3.9 4.5 4.4 3.8 

.Ac, R&cl 6 RbJ=& R, 

X 
S. typhosa E. dysenteriae E .  coli S. typhosa 

4.5 5.1 4.1 4.6 

Equations 17 and 18 have slopes of 0.37 arid 0.40, rc- 
spectively. The different slope for the RSCS deriva- 
tives of eq 17 points to a different mode of action for 
these compounds. The lorn slope with the arylnitro- 
propenes (eq 18) may reflect the fact that this set of 
congeners has log P values rather near log Po. We did 
not place this set on a log P basis since we did not have 
log P for the parent compound. Log P for the parent 
compound would be near 3. Different susceptibilities 
among different species to a group of congeners are 
clearly illustrated by the study of phenyl methacrylates. 
I n  this case no correlation with log P and u could be 
made for the gram-negative bacteria Klebsiella pneu- 
nzoniae (eq 24, 2 5 ) .  Inspection of the data in Table I 
shows almost no difference in susceptibility of this 
organism to compounds having greatly diff erent log P 
and u values. The unusual resistance of this organism 
to structural variations to which other bacteria respond 



T A B L E  IV 
~ Q U . i l ’ I O S S  UESCRIBIXG THE: sTRUCTURE--ACTIrlTI  RELlTloNSHIP IS ~R.\M-POSIl‘ lVE B.ICTER1.I 

kAj  

Drug us.  S. uur;us Equation 71 I Log P o  or P no. 

Siihstituted ureas Log ( l /C)  = -0.335(log Pj2 + 3.433 log P + 2.993g - 4.200 12 0.899 0.770 s .  13 27 

A1 kylchloropheiiols Log PC‘ = -0.l6i(log P)’ f 2.121 log I’ - 3.498 :3.5 0.961 0.236 6.36 L’S 

p-liydroxypheiiyl a1kj.l Log PC’ = -O.l47(log P)?  + 1.731: log I’ - 2.211 12 0 ,993 0.093 5.90 2) 

IIydroquirioiic Log I’C’ = 0.823 log P - 1.020 13 0.982 0.196 30 

Resorcinol monoethers Log PC’ = 0.871 log P - 1.164 11 0.994 0.113 . . .  :; 1 
hlkylbromophenols Log PC’ = 0.847 log P - 1.258 13 0.991 0.126 . . .  tJ- 

4-Alkylresorcinols Log PC’ = 0.912 log P - 1.108 S 0.952 0.409 . . .  I ) . >  

Esters of p-hydroxy- Log 1’C’ = -0.167(log P ) ?  f 1.i84 log I’ - 2.201 S 0.996 0.066 3 .34  24 

(4.49-11 .93)“ 

(S. 9 8 4 . 9 4 )  

sulfides (3.15-7.4ti) 

monoethers 

‘ , . I  

.>I> 

beiizoic acid (4.54-7.37) 
Alcohols (prim-tert 1 Log ( l i C )  = 0.671 log P + 0.069 9 0.964 0.112 
A41cohols (prim-tert) Log I T ‘  = 0.588 log P - 1.543 10 0.988 0.089 ;Xi  

‘,“ Diamidines Log ( l /C)  = -0.165~2 + 2 . 5 0 0 ~  - 4.680 8 0.997 0.073 7.60 .4 I 

Uiguaiiidines Log (1,C) = -0.112.rr2 + 1.736T - 1.363 S 0.979 0.290 7.75 3 

Aliphatic amines Log ( l /C)  = -0.264(10g P)’ + 3.081 log 1’ - 4.410 j 0.991 0.131 3.84 ;39 

Aliphatic amines IJog PC’ 0.834 log P - l.574pKa + 15.590 G 0.944 0 .229  . . .  40 
Phenyl methacrylates Log ( l /C)  = 0.668 log P + 1.342 10 0.966 0.262 . .  4 I 
Alkyl-8-naphthols Log (1;C) = 0.626 log P + 1.316 22 0.898 0.347 . . .  42 
K1-Alkylnikethamide Log (1 iC)  = - 0 . 0 6 0 ~ ~  + 0 . 9 0 9 ~  + 2.920 20 0.961 0.291 7.63 4:3 

/%Nitrostyrenes Log (lie) = 0.489r + 0.570 12 0.885 0.167 . . .  44 
l-liryl-2-nitropropeiit:s Log (1/C) = 0 . 7 4 6 ~  + 1.384 12 0.976 0.114 , . .  ‘4.i 

ltOSOa-Sa.+ Log ( l /C)  0.69471. - 1.365 10 0 . 9 i 6  0 . 3 2 3  . .  47 

Alkylchlorophenols Log PC’ = -0.171(10g P)’ + 2.146 log P - 3.576 33 0.956 0.251 ti.29 48 

Diguanidines Log (1/C) - 0 . 0 6 8 ~ ~  + 1.3877 - 0.848 8 0.984 0.914 10.21 40 

(7.30-8.05) 

(i.00-9.71) 

(r).  63-6.10) 

chlorides (7 .06-8 .33)  

l tNC8 Log (1,’C) = 0.516T + 3.330 13 0.947 0.238 . . .  4tj 

Drug us .  S t r e p .  hemolytzcus 

(3.78-7.22) 
Drug us.  Sirep .  uiridans 

(8.08-31.76) 

(5 .34-3 .  87)  
Aliphatic ainines Log (1/C) = -0.247(10g P ) z  + 2.815 log I’ - 2.301 3 0.994 0.0‘34 5.69 j0 

s Log ( l /C)  = -0.125(10g P ) 2  + 1.S59 log 1’ + 0.413 10 0.861 0.334 3 . 4 %  3 I 
(4.64-109.90) 

Drug US. D. pneunioniae 

IICI-iOIICOO-K + Log (1,’C) - 0 . 1 9 4 ~ ~  + 2 . 9 0 3 ~  - 0.990 .i 0.990 0.201 7.47 ,-I 2 

ItCIIBrCOO-K + Log ( l / C j  = -0.199~2 + 2.67% - 4.264 s 0.s93 0.596 ti .  73 . I . ,  

Ilydrocupreiiies” Log ( l / C )  = -0.123(10g 1’)’ + 1.431 log I’ + 1.ltil IT 0.930 0.300 .i. 81 .->4 

ItCHBrCOO-K + Log (l /C) = 0.55071. + 0.283 ti 0.961 0.330 . . .  .).) 

Phenyl methacrylates Log ( l /C)  = U.617 log P + 1.530 10 0.97G 0 ,204  . . .  .-I ( i 

I’heriyl niethacrylates Log (l /C) = 0.400 log P + 2.144 10 0.815 0.420 . . .  * ) I  

(6.72-13. GS) 

(6.25-7.34) 

- . >  

Drug ;s. B. dipbther iac  

( 5 . 5 5 - 0 . I 2 )  _ _  
D r u g  CB. B. sublilis 

Drug us.  H .  C L ~ B U L  _- 
Drug us. CZ. oedematieris 

Aliphatic arriiries Log (l/C) = -O.l59(log P)z + 2.0i2 log I’ - 1.329 3 0.981 0.1S5 6 ,  30 .i < 
(3.94-S.67) 

Drug os. C1. sporoyaries 

Aliphatic amines Log ( l iC)  = -0.189(lOg P)’ + 2.373 log P - 2.631 3 0.983 0.164 ti.27 .i!f 
(5.87-7.22) 

Drug us.  Sarcina lu tea  

Phenyl methacrylates Log ( l /C)  = 0.161 log P + 2.721 10 0.849 0.148 . . .  60 
Drug us. S. aureus  S aibu 

and Strep .  /aecaZis 

I3rllxyI dcohols T L ) ~  (1;C) = 0.599 log P + 0 . 4 2 1 ~ ~  + 4.069 IS 0 906 0.307 . . .  (i I 
a WJ‘ (, cuiifideiic:t: iik(ei,v:il. * The log I’ vulueb of 1 he free :ilk:iloidx were i i d .  I i i  lliis c:Le tliree tliffererit. rnicloo~~g:iri i~ri~~ rvei’e i i - c ~ l  

~iiriiill:iiieoii.l!-. 
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in a predictable manner is most interesting and its pro- 
tecting structural features merit careful study. The 
alkyl-b-naphthols also gave a very poor correlation 
with the gram-negative bacteria Salmonella typhosa 
(eq 26), although a typically good correlation for this 
set of drugs in gram-positive bacteria (Staphylococcus 
aureus) was found (eq 42). The poor correlation with 
gram-negative cells reflects their more complex struc- 
t ~ r e . ~ ~  

I n  Table IV we find that where it can be defined, 
log Po for gram-positive bacteria is much higher than 
for gram-negative organisms. For eleven examples, 
summarized in Table V, we find a range of 3.2-6.5 
with a mean of 5.9 for a heterogeneous group of ureas, 
phenols, esters, amines, and quinine derivatives. Thus 
the ideal partition coefficient for antibacterial agents for 
gram-positive organisms is much higher than for gram- 
negative organisms. 

TABLE V 
SUMMARY O F  PARENT STRUCTURES A N D  LOG Po VALUES 

FOR GRAM-POSITIVE BACTERIA 

OH 
I 

SR 
S. aureus  S.aureus S.aureus 

5.2 6.4 5.9 

OH OH 

COOR 

5.3 5.8 6.3 5.7 
S. aureus S a u r e u s  Strep. hemolyticus Strep.uiridans 

C1. sporogenes B. diptheriae 
6.3 5.8 

RNH, - o x  
CHP=C (CH3)COO 

Cl. oedematiens Strep. faecalis 
6.5 5.4 

The difference in log Po for gram-positive and gram- 
negative bacteria ( G  2's. 4) indicates that micelle 
formation37 cannot account for the loss of biological 
activity in the upper part of a homologous series since, 
if it were t h e  reason, the log Po would depend upon the 
type of compound regardless of the organism and this 
is not the case. 

(36)  J. Bracket a n d  A .  E. hIirsky, "The Cell," Val. 11, Academic Press 

(37) '1. .ilbert, "Selective Toxicity," 3rd ed, J u l i n  \Yiley and  Sons, Inc.. 
Inc., New York, 5 .  T., 1960, p 121. 

Kew Tork, N. Y . ,  1966. p 170. 

For the 17 equations with linear dependence on log 
P or T ,  with r > 0.90, we find slopes of 0.52-0.91 with 
a mean of 0.73. This is not far from the mean of 0.65 
found for the gram-negative bacteria. I n  fact, for 
comparative purposes, both values should probably be 
rounded off to 0.7. 

These findings indicate that the toxic action, when 
electronic effects can be separated or held constant, 
is due to the relative lipophilic character of the drugs. 
Since data are limited and since part of the work was 
reported in terms of PC' and part in terms of 1/C, 
we cannot make any useful comparisons of intrinsic 
activity of the different sets of congeners by comparing 
intercepts. We are only able to compare A log BR 
with A log P or AT.  

The fact that most of the equations in Table IV are 
linear with respect to log P is explained by the high 
log Po found for gram-positive bacteria. I n  none of 
the systems described by eq 30-33, 35, 36, 40, and 61 
where log P was used were data points for log P as 
high as 6 available. We have not attempted to esti- 
mate log P for the ions used in eq 13, 14, 37, 38, 43, 
47, 49, 52. 53, and 55; therefore we used T values. 

For eq 54, the log P values are for the free base rather 
than the salt. The base strength of all of the amines 
in this series mill be constant and so the percentage of 
free base present in each case will be the same. It 
seems most likely that i t  is the free base that is the 
active species in this example; however, insufficient 
data are at  hand to be certain of this point.34 

Discussion 
Considering first the linear equations in Tables I1 

and IV, it is instructive to compare the mean slope of 
0.65 for gram-negative bacteria and the slope of 0.73 
for gram-positive bacteria with the slope in eq 62. 
Equation 62 correlates the binding of phenols to bovine 
serum a l b ~ m i n . ~  I n  eq 62, C stands for the molar 

log (1/C) = 0.681 log P + 2.489 
n 1' S 

19 0.962 0.133 (62) 

concentration of phenol producing a 1 : 1 phenol-pro- 
tein complex via equilibrium dialysis. The dependence 
of antibacterial action on lipophilic character very 
closely parallels the dependence of protein binding on 
lipophilic character. This of course explains why 
phenols and long-chain amines are inactive or much 
less active in the presence of serurn.20,28 

The relatively nonspecific nature of the toxic action 
indicated by the equations in Tables I1 and IV is 
apparent from the fact that  a variety of different sets 
of phenols, alkyl-6-naphthols, phenyl methacrylates, 
amines, alkyl sulfates, and alcohols give good linear 
correlations between log BR and log P with slopes near 
0.7. It is interesting to compare this type of toxic 
action with that for a variety of compounds inhibiting 
oxidative met nholic processes. As mentioned above, 
for 1.5 different sets of driigs acting in different biochemi- 
cal systems (whole aninials, isolated tissue, bacteria, etc.) 
we fourid a linear relationship between log BR and log 
P ;  however, in  these examples where inhibition of 
oxidative metabolism appeared to be the critical reac- 
tion, the mean slope was found to be 1. Thus the 



slope associated with log P can be used to characterize 
the biochemical process. 

The lower log Po of about 4 for gram-negative bar- 
twia may be attributed to the higher lipid content of 
the cell wall (up to 25% dry weight) compared to that 
of the gram-positive species (0--2.6%).38,39 There i> 
some evidence in Escherichia coli of :i lipoprotein 
membrane on both sides of the cell ~ ~ - a l l . ~ O  Recently 
it has been shown that when three species of gram- 
positive microorganisms were grom-11 under conditiolis 
in which their cellular lipid content was increased, :L 
corrcsponding increase in their resistance to penicillini 
was produced. Cell-wall lipid depletion increased 
their s e n ~ i t i v i t y . ~ ~  

Bcfore a molecule can re:bcIi the cytoplasmic mem- 
brane or the interior of the cell, i t  must cross the ccll 
w:ill. Here it will be more or less tightly bound de- 
pending on  the nature of the wall and its own chemical 
constitution. If the cell wall is rich in lipid, as in thc 
case of gram-negative cells, the adsorption of highly 
lipophilic molecules would bc very strong. As one iii- 

creases the lipophilic character of a given function in 
the kind of activity considered above, biological re- 
hllonse tends to follow in a linear fashion up to a poitit. 
This is the point where binding of the drugs by thc 
first lipophilic material ith which they come into 
coritact is so strong that  the random walk by which 
these drugs reach their sites of action becomes quite 
strongly time dependent. This departure from line- 
arity is probably exaggerated by the 1)opular method 
of characterizing biological activity iri terms of 1, ( ‘  
or I T ’ .  As one goes to lower arid lower coIiceritratioris 
to obtain the equivalent biological response with thc 
inore active, more lipophilic members, one reaches very 
low concentrations of the highly lipophilic drugs. I,ohs 
of a sniall amount of material to very lipophilic bind- 
ing sites results in an  increasingly large percentage loss 
of drug. 

The gram-negative organisms have 3 protective 
layer of lipid which protects them from lipophilic 
cvmpourids as well as very hydrophilic compounds. 
The  evidence seems strong that  the difference betn-ern 
the susceptibility of gram-negative compared to gram- 
positive bacteria to the more hydrophobic anionic arid 
cationic detergents, higher alkyl sulfates, aminc5. 
plit:nols, chloroforms, ethers, esters, penicillins. etc., ’* 
is due to the lipid content of the cell wall. 

The appearance of a u or pKa term in 10 out of the 58 
equations indicates that  the electronic effect of the 
substituent does play :L significant role. The positive 
coefficient with u (except eq 2.’ where the correlation is 
not :is good :is others) indicates that electron nitti- 
tIrawa1 lromotcs x t iv i ty .  1’:irt of thik effect niay 
simply bc to rnalw the niolecuiei more lipophilic.”“ 
k:lectrori withdra~val also iiicreahes the hydrogen bond- 
ilia power of acidic hydrogens iib wdl ILL: their degree of 
ionization. Xot enough information is present to 
enable US to sort out the primary role of the electronic 
effect of substituents. 
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is difficult to estimate since it would only be apparent 
in the correlations or in the determination of log P 
values. The rather good agreement between log Po 
and a. for both aliphatic and the more inflexible aro- 
matic compounds does not reveal any discontinuity. 
From some preliminary work measuring partition co- 
efficients, i t  would appear that  a t  least for some systems 
T for each CH2 unit is constant up to a t  least 10 car- 
bon atoms. Of course this holds only as long as no 
electronic or dipolar interactions promote intramolecu- 
lar hydrophobic bonding.6b The extreme difficulty 
in measuring partition coefficients of apolar groups 
larger than this leaves some uncertainty about the very 
large aliphatic compounds in Table I. This presents 
no problem for the results with gram-negative bacteria 
shown in Table 111. While there are several instances 
where folding could occur with long chains of the 
molecules on which the data of Table V are based, 
comparison of the log Po for the rigid phenols with the 
flexible aliphatic amines does not reveal a significant 
difference in log Po. For the six more rigid structures 
we find a mean log Po of 5.8 and, for the five flexible 
examples (including the quinine derivatives), we find 
a mean log Po of 6.0. 

As mentioned above, i t  must be strictly borne in 
mind that  the log P values we have used are for the 
neutral un-ionized form of the molecules. This poses 

no problem for the compounds of Table 111; Iio~vevcr, 
for the molecules of Table V we are comparing quite 
basic amines, of which only a very small fraction 
would be in the neutral form under test conditions, 
with relatively un-ionized phenols. The fact that we 
find the same log Po for these amines as we do for the 
phenols and ureas would indicate that the un-ionized 
form is more suitable to consider in correlation studies. 
The partition coefficient of the ionized molecule would 
be greatly different from that of the un-ionized form. 
Exactly why one finds very similar log Po values for 
highly ionized and un-ionized molecules as well as 
rather rigid aromatic and flexible aliphatic compounds 
is not apparent and suggests an important area for 
further study. 

I n  summary, one can say that octanol-water 1)arti- 
tion coefficients constitute a very useful reference sys- 
tem for comparative biochemical and pharmacological 
studies where hydrophobic bonding is involved. Log 
Po also appears to be a useful constant for the study of 
the movement of organic compounds through biophases. 
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Extended Huckel molecular 01 bital calculations on the histamine molecule reveal two conformations of nearly 
equal preference, on the basis on calculated minimum energy. Seither conformation involves intramolecular 
hydrogen bonding. The dual 
activity of histamine is proposed to be a consequence of the existence of two preferred conformations in equilib; 
rium. One of these conformations places thgquaternary nitrogen and the (tr2trtrn) nitrogen of histamine 4.55 A 
apart, which is quite comparable to the 4.8 A estimated for the internitrogen distance in the antihistaminic tri- 
prolidine. An assignment of each histamine conformation to one of two histamine effects is provisionally made 
on this basis. This explanation of dual activity is comparable with that offered for a similar situation found in 
previous calculations on acetylcholine, muscarine, and nicotine. 

Population analyses reveal the charge-density pattern of the imidazole ring. 

Histaminc (I) is known to produce a series of well- 
characterized biological responses when it  is released 
from storage cells by the influence of trauma or chemical 
agents. A number of other molecules are known to 
produce these responses, but histamine is the most 

d 
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active compound known arid reiiiaiiis the prototype of 
histaminic activity. It is evident that the histaminc 
molecule must present near-optimal electronic features 
to its receptor. To  date, several studies have been 
directed toward elucidating the features of the mole- 
cule that are necessary to  elicit biological activity. 
Lee and Jones' have suggested that an important 
structural feature is the fragment 11, in m hich the ring is 
a small aromatic nucleus. Neimann and Hays2 have 
suggested that the univalent cation (the predominant 
form a t  body pH) will exist in a hydrogen-bonded form, 
111. These authors felt that  the ability to form this 
hydrogen bond is a necessary condition for histaminic 
activity. Lee and Jones,' however, observed that,  
although all of the active compounds they studied were 

H 
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