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A recently developed method for the correlation of biological activity and chemical structure of dissociable 
compounds under physiological conditions using the Hammett a constant and the hydrophobicity constant -K 
with a correction for the effect of dissociation has been applied to the analysis of the bacteriostatic activity and 
protein binding of the sulfonamide drugs. The hydrophobicity of the drugs is found to play a definite role on 
the activity, and the optimal hydrophobic character for the activity is deduced from the relationships. Other 
factors being equal, logarithmic plots of the apparent activity against the dissociation constant are shown to be 
expressed by two straight lines, the intersection of which corresponds sometimes to the maximal activity for a 
series of sulfanilamides. The most favorable dissociation constant for the maximum activity and the optimal 
hydrophobicity for a series of sulfanilamides have been suggested to help in the designing of new sulfonamide 
drugs. 

Much -work has been done to elucidate the relation 
between physicochemical properties and bacteriostatic 
activity of the sulfonamide drugs. Bell and Roblin2 

found that a logarithmic plot of the bacteriostatic ac­
tivities of a series of sulfonamides against their dis­
sociation constants exhibits a parabolic relationship. 
Considering that the activity increases with the nega­
tive character of the SO2 group, they postulated that 
the electron-attracting power of the N1 substituent 
should be in an optimal range for the maximal activity 
so that the ionization constant of the S02XH group 
is about 10~6-10-7. An alternative explanation for 
the parabolic relationship was proposed by Cowles3 who 
assumed that the negative ion which is responsible for 
the bacteriostatic action penetrates with difficulty to 
the site of action inside the cell so that there should be 
an optimal dissociation constant where the balance 
between the intrinsic activity and the penetration is 
most favorable to the bacteriostatic process. Seydel 
and his co-workers,4 from a correlation between ir spec­
tra and activity of a number of sulfonamides, empha­
sized that the amount of negative charge on the aro­
matic amino group is a significant factor for the activity. 
In spite of these efforts and others,5 generally consider-

(1) Studies on Structure-Activity Relationship. II. 
(2) P. H. Bell and R. O. Roblin, Jr., J. Am. Chem. Soc, 64, 2905 (1942). 
(3) P. B. Cowles, Yale J. Biol. Med.. 14, 599 (1942). 
(4) J. K. Seydel, E. Kruger-Thiemer, and E. Wempe, Z. Naturforsch., 15b, 

628 (1960). 
(5) See, e.g., (a) H. G. Ing, "Organic Chemistry, An Advanced Treatise," 

Vol. I l l , H. Gilman, Ed., John Wiley and Sons, Inc., New York, N. Y., 1953, 
p 436; (b) W. A. Sexton, "Chemical Constitution and Biological Activity," 
3rd ed, D. Van Nostrand Co., Inc., Princeton, N. J., 1963, p 160; (c) G. 
Zbinden, "Molecular Modification in Drug Design," F. W. Schuler, Ed., 
American Chemical Society, Washington, D. C , 1964, p 25. 

ing a single physicochemical parameter, the structure-
activity studies on the sulfonamides still leave much to 
be desired. 

Recently,6 we have developed a method for the cor­
relation of biological activity and chemical structure us­
ing substituent constants such as the Hammett a con­
stant and a hydrophobicity constant x defined as ir = 
log P x — log P H , where P x and P H are the partition 
coefficients, determined in the system 1-octanol-water, 
of the substituted and unsubstituted compounds, 
respectively. The contributions of the electronic and 
hydrophobic characters of a substituent to a specific 
biological activity of a series of substituted compounds 
can be analyzed simultaneously by eq 1. In eq 1, C is 

log ( 1 / C ) = a-rc - 6TT2 + pa + c (1) 

the equieffective molar concentration, i.e., the concen­
tration causing a standard response such as CD-,0, 
ED50, minimum inhibitor}- concentration, etc., and a, 
b (S: 0), p, and c are constants which are determined by 
the method of least squares. The value of 1/C is pro­
portional to the magnitude of biological activity. We 
have applied this method7 to compounds which are 
dissociated under physiological conditions such as a 
series of substituted phenols. For these compounds, 
the biological activity can be expressed by either eq 2 
or 3 regardless of whether the sites of action are located 
inside or outside the cell. In eq 2 and 3, [H + ] is the hy-

(6) (a) C. Hansch and T. Fujita, / . Am. Chem. Soc. 86, 1616 (1964); 
(b) C. Hansch and A. R. Steward, J. .Med. Chem., 7, 691 (1964); (c) C. 
Hansch, E. W. Deutsch, and R. N. Smith, J. Am. Chem. Soc, 87, 2738 (1965); 
(d) C. Hansch, K. Kiehs, and G. L. Lawrence, ibid., 87, 5770 (1965); (e) K. 
Kiehs, C. Hansch, and L. Moore, Biochemistry, 5, 2602 (1966). 

(7) T. Fujita, J. Med. Chem., 9, 797 (1966). 
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log ^ + log rrjY^—J- = «TT - IT* + pa + r (2) 

log + log 
A'A + [II M 

A A 

/<7T- p <r -t- ( 

drogen ion concentration of the extracellular phase and 
K\ is the dissociation constant, p' and c' are constants 
for the ionized form having the same significance as 
p and c for the neutral molecule. Equat ion 2 describes 
the structure-act ivi ty correlation when the action of a 
series of compounds is solely due to the neutral molecule. 
Likewise, eq 3 holds when the ionic form is regarded as 
the active form. However, if the s tructure-act ivi ty 
correlation is considered on the basis of the activity data 
obtained at a single extracellular pH , eq 2 and 3 are 
interrelated by eq 4 and o. Therefore, whether the 

(4 ! 

+ |)A'/ p H 

active form is the neutral or ionized form or both, eq 2 
and 3 should hold simultaneously. In these equations, 
pA is the Hammet t reaction constant for the ionization 
of the dissociable group in the molecule and pK.y" is 
the pKA of a standard compound (in most cases, the un-
substi tuted compound). When ApivA = (log K\* — 
log KA°) is used for the analysis in place of the Ham­
mett <r constant, pA becomes 1. 

The purpose of this paper is to apply this approach to 
the sulfonamide drugs which exist part ly in the dissoci­
ated form under conditions of physiological pH. In 
this way we can get further insight into the significance 
of electronic and hydrophobic modifications of the 
molecule on the biological activity. We have found6*'7 

in some cases t ha t equations where one or two terms on 
the right side of eq 1 3 are deleted are sufficient for 
rationalizing the physiological actions. Thus, for a 
series of sulfanilamides, equations such as fia-c and 
7a -c as well as eq 2 and 3 are derived from the apparent 
biological activity, p H of the test medium, and physico-
chemical parameters for substi tuents by the method of 
least squares. By examining the correlation coefficients 
and s tandard deviations of these equations, an equation 
of the best fit is chosen for discussion of the structure 
activity relationship. 

A'A + [11 

log 

log 

log 

1 
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A'A 

[HI 

p'a + r' 

A'A 
= Oir + p'tr 

Results and Discussion 

Bacteriostatic Activity of the Substituted Sulfanil­
aniUdes.—The bacteriostatic activity of various sub­
st i tuted sulfanilaniUdes was tested by Schmidt and 
Sesler8 against gram-positive pneumococcus and gram-

(8) L. H. 
(11)4(0. 

chmiclt and C. L. Sesler, ./. Pharmacol. Expll. Therap., 87, .'Jl.'f 

negative Friedlander's bacillus and recently by SeydeP 
against gram-negative E. coli. They did not consider 
either the effect of ionization under the experimental 
conditions or the hydrophobic effect of the subst i tuents: 
however, they did notice that the activity was highly 
influenced by the position and the nature of the sub-
sti tuent. In fact, Seydel," who had earlier pointed out 
the significance of the aromatic amino group for the 
activity, showed that there is an approximately linear 
relationship between the logarithm of the minimum 
inhibitor}' concentration for E. coli and the physico-
chemical parameters of the substi tuted aniline moiety 
of the drugs such as the Hammet t a constani and 
ir spectral data. 

Recently, Yoshioka1" and his associates have deter­
mined the acid dissociation constant of this series of 
compounds and found t ha t a modified Hammet t rela­
tionship nicely rationalizes the effect of the substi tuent 
on the acid dissociation as shown in eq S. Using the 

log A A - l.SS:S[ff 4- <)..)4(V - <rl] - S.!>42 (Si 

dissociation constants obtained by these authors and 
those calculated by eq S when the constant is lacking, 
we have analyzed the s t ructure-act ivi ty relationship 
for the sulfanilamides. 

While Schmidt and Sesler studied 35 substi tuted sul-
fanilanilides, 20 compounds are included in Table 1 
omitting those where steric effects of the substituent (s) 
make the estimation of the dissociation constant diffi­
cult. For regression analysis of the activity against 
pneumococcus, IS compounds (3,4-disubstituted deriva­
tives omitted) are used. Equations 9a-c and 10a c are 
those for the mela derivatives and eq 11a -c and 12a c 
are for the para derivatives (the unsubsti tuted sul-
fanilanilide is included in each case). In these equa­
tions, A is the in vitro activity relative to tha t of sul­
fanilamide calculated from the original value corrected 
to a molar basis and [H + ] is 10""7-8.11 n is the number 
of points used in the regression, s is the s tandard devia­
tion, and r is the correlation coefficient. For the values 
of 7T, those derived from substi tuted anilines are used.1'-
Factoring the groups into ineta and para derivatives is 
found to give a much bet ter correlation. When both 
groups of derivatives are mixed together for the correla­
tion, the activity of the 4-CF3 derivative is only poorly 
predicted. The addition of a IT2 term does not improve 
the correlation. 

J 2 0 . 5 4 2 0 . 6 1 2 (!)a) 

(tic) 

(,7a) 

(7b) 

(7c) 

•we/a derivatives 

log A + log -•- l H i , • - -

().446TT + 1.274 

. AA + III-] 
log A + log - -H-+- - • = 

1.372,7 4- 0.866 

, , , , A'A + 1H+] 
log A + log frfXT—- = 

J .204a 4- 0.239*- + 0.767 

12 0 . 2 4 8 0 ():« 0)1)) 

12 0 . 1 3 6 0 . 9 8 2 (0e) 

(9) (a) .1. K. Seydel, .Vol. Pharmacol., 2, 259 (1986); (b) AruitimitM 
Forsch., 16, 1447 (1966). 

(10) M. Yoshioka, K. Hamamoto, and T. Kubota, Bull. Chern. Hoc 
Japan, 35, 1723 (1962). 

(11) L. H. Schmidt, C. L. Sesler, and H. B. Hughes, J. Pharmacol. Expll. 
Therap., 81, 43 (1944). 

(12) T. l-'ujita. J. In-aao, and C. Hansch, ./. Am. C.hem. Sor., 86, 517"• 
i 1 9 ( i - t ) . 
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TABLE I 

BACTERIOSTATIC ACTIVITY OF SUBSTITUTED SULFANILANILIDES 

.—Against pneumococcus- -Against Friedlander's bacillus— -Against E. coli— 

Substituent 

H 
3-CH3 
3-N(CHa)! 
3-OCHB 

3-OC2Hs 
3-1 
3-C1 
3-Br 
3-CFs 
3-CN 
3-NOs 
3,5-Br2 

3,5-(CFi)s 
3,5-(CN). 
3,5-(N02)2 
H 
4-N(CHi)2 

4 - O C H J 

4-OCsHs 
4-(-Bu 
4-!-Am 
4-CH3 
4-Cl 
4-Br 

4-1 
4-CF3 
4-COCH> 
4-NO! 
3-Br-4-(-Bu 
3.4-C12 

ca 

0 
- 0 . 0 7 
- 0 . 0 5 * 

0.12 
0.12 
0.35 
0.37 
0.39 
0.43 
0.56 
0.71 
0.78 
0.86 
1.12 
1.42 
0 

- 0 . 2 7 * 
- 0 . 2 7 
- 0 . 2 4 
- 0 . 2 0 
- 0 . 2 0 
- 0 . 1 7 

0.23 
0.23 
0.28 
0.54 
0.87 
1.27 
0.19 
0:60 

J> 
0 
0.50 
0.08 
0.03 
0.53 
1.32 
0.98 
1.13 
1.28 

- 0 . 0 2 
0.47 
2.26 
2.56 

- 0 . 0 4 
0.94 
0 

- 0 . 1 5 
- 0 . 2 1 

0.29 
1.68 
2.18 
0.49 
0.80 
1.12 
1.39 
1.28 

- 0 . 1 1 
0.49 
2.81 
1.78 

Log A + log 
•KA + 

[H 
Obsd 

0 . 8 

0 . 9 
1.0 

1.3 
1.4 
1.4 
1.4 
1.6 
2 . 4 
2 . 5 
2 . 2 
2 . 7 
0 . 8 
0 . 6 
0 . 6 

0 . 6 
0 . 6 

1.3 

0 . 6 

1.7 
2 . 1 

[H+] 
+ ] 
Calod" 

0.77 

0.73 
0.92 

1.45 
1.51 
1.59 
1.44 
1.74 
2.25 
2.42 
2.11 
2.70 
0.74': 

0.65 
0.65 

0.67 
0.67 

0.81 

0.91 

1.43' 
1.50' 

Log A + log 

• K A 

Obsd 

2 . 0 

2. 1 
1.9 

1.8 
1.8 
1.7 
1.4 
1.5 
2 . 1 
2 . 0 
1.2 
1.2 
2 , 0 
2 . 3 
2 . 1 

2 . 1 
2 . 1 

2 . 1 

0 . 7 

2 . 5 
2 . 1 

+ 
K 

[H+] 

4 

Calcdd 

1.91 

1.98 
1.83 

1.90 
1.92 
1.93 
1.52 
1.54 
1.93 
1.95 
1.14 
1.18 
1.881' 
2.28 
2.28 

2.18 
2.18 

1.54 

1.08 

2.20* 
1.54* 

Log .4 
A'A + 

[H 
Obsd 

0 , 5 

- 0 . 3 
0 . 1 

0 , 7 
0 . 5 

- 0 . 1 
0 . 5 
1.1 
0 . 6 
0 . 4 
0 . 7 
1.5 

- 0 , 3 
- 0 . 3 

- 0 . 6 
- 0 . 9 

- 0 . 7 

0 . 0 

0 . 2 
0 . 0 

+ log 
[H-] 

+ i 
Calcde 

- 0 . 0 3 

- 0 . 0 4 
0.14 

0.25 
0.25 
0.26 
0.60 
0.67 
0.47 
0.50 
1.16 
1.32 

- 0 . 2 2 
- 0 . 2 1 

- 0 . 4 3 
- 0 . 5 1 

0.14 

0.38 

- 0 . 2 1 
0.36 

Log A 

KA + 
K 

Obsd 

1.7 

0 . 9 
1.0 

1.2 
0 .9 
0 . 2 
0 . 5 
0 . 9 
0 . 3 

- 0 . 1 
- 0 . 3 

0 . 0 

1.4 
1.2 

0 . 9 
0 . 6 

1.5 

0 . 1 

1.0 
0 . 0 

+ log 
[H+] 

A 

Calcd' 

1.16 

1.19 
1.05 

0.69 
0.66 
0.60 
0.68 
0.48 
0. 15 
0.04 
0.20 

- 0 . 2 0 

1.41 
1.42 

1.08 
1.01 

0.84 

0.50 

0.58 
0.38 

Log (1/C) + log 
KA + 

[H 
Obsd 

- 1 . 1 9 
- 1 . 3 4 

- 1 . 0 4 
- 1 . 1 1 
- 0 . 8 7 
- 0 . 8 7 
- 1 . 0 1 

- 0 . 1 8 

- 1 . 6 5 
- 1 . 5 4 
- 1 . 5 1 

- 1 . 4 3 
- 1 . 1 8 
- 1 . 0 3 
- 0 . 9 8 

0.00 
0.27 

[H+] 
+ ] 

Calod" 

- 1 . 2 0 
- 1 . 3 7 

- 1 . 0 5 
- 1 . 1 2 
- 0 . 9 4 
- 0 . 8 6 
- 0 . 8 6 

- 0 . 3 5 

- 1 . 5 3 
- 1 . 5 3 
- 1 . 5 6 

- 1 . 4 9 
- 1 . 0 2 
- 1 . 0 6 
- 1 . 0 4 

- 0 . 0 6 
0.38 

Log (1/C) + log 
Kx 

Obsd 

0 . 6 
0 . 5 

0 . 5 
0 . 4 
0 . 2 
0 .2 
0 . 0 

0 . 3 

0 . 6 
0 . 6 
0 . 7 

0 . 6 
0 . 2 
0 . 3 
0 . 2 

0 . 4 
0 . 1 

+ 
K 

[H+] 

k 

Calcd* 

0.57 
0.47 

0.53 
0.41 
0.16 
0.23 
0. 19 

0.26 

0.68 
0.69 
0.57 

0.50 
0.31 
0.24 
0.16 

0.35 
0.10 

0 Taken from D. H. McDaniel and H. C. Brown, / . Org. Chem., 23, 420 (1958), except for those marked with an asterisk which are 
taken from ref 10. The values for the polysubstituted compounds are obtained by summing values for the individual substituents. 
b Taken from ref 12 or estimated by eq 16, 17, and/or 19 of ref 12 and simply summed to get a figure for the polysubstituted com­
pounds. c Calculated by eq 9c for the meta derivatives and eq l i b for the para derivatives. d Calculated by eq 10c for the meta deri­
vatives and eq 12b for the para derivatives. ' Calculated by eq 13c. f Calculated by eq 14c. * Calculated by eq 15c. h Calculated 
by eq 16c. • Calculated by eq l i b and 12b. ' Calculated"using log A + log [(A'A + [H+])/[H+]] = (1.204<r + 0.2397r)me«, + 
(0.323o-)para + 0.751 which is derived by combining eq 9c and l i b . * Calculated using log A + log \(KA + [ H + ] ) / A : A ] = (-0.676<7 
+ 0.2457r)me(I, + ( —1.486ff)para + 1.892 which is derived by combining eq 10c and 12b. 

log A + log ^ 

log .1 + log 

0.129TT + 1.621 12 0.322 0.353 

A'A + [H+] 
A'A 

I A _ L I A'A + [H+] log A + log g = 

-0.676(7 + 0.2457T + 1.906 12 0.134 0.930 

para derivatives 

,KA + [H+] 
log A + log ' 

A + log 

log A + log 
[H-* 

0.353«r - O.OoOx + 0.777 7 0.292 0.418 

, j _L , A'A + [H+] 
log A + log ^ = 

A A 

log A + log 

(10a) 

-0.505(7 + 2.007 12 0.251 0.685 (10b) 

(10c) 

[H+] 
- 0.029x + 0.752 7 0.286 0.105 (11a) 

A'A+ [H+l = 
[H+] 
0.323(7 + 0.736 7 0.267 0.378 ( l i b ) 

A A + [H+] 

( l i e ) 

(12a) -0.144ir + 2.029 7 0.576 0.253 

A A + [H+l 
AA 

- 1 . 4 8 6 ( 7 + 1 . 8 7 8 7 0.322 0.841 (12b) 

i J _L i A'A + [H+] log A + log w = 
A A 

-1.454<7 - 0.0.34JT + 1.922 7 0.354 0.846 (12c) 

For the activity of the meta derivatives in terms of the 
concentration of the neutral form, it seems that the 
role of the electronic effect of the substituent is most 
significant, whereas that of the hydrophobic character 
appears to be supplementary to the activity. An F test 
indicates, however, that the x term in eq 9c is justified 
at better than 0.995 level of significance when compared 
with eq 9b ( F M = 24.03; FlXQMh = 13.61). The 
somewhat lower correlation coefficient of eq 10c for the 
activity in terms of concentration of the ionized form 
is attributed to the smaller variance in the values of log 
A + log \{Kk + [R + ])/KA]. As expected from eq 4 
and 5, eq 9c and 10c are related by the difference be­
tween p values: p — p' = 1.88 which is essentially 
equal to pA in eq 8 and that between constant terms 
which is approximately equal to pATA° — pH = 9.0 — 
7.8 =1 .2 . 

For the para derivatives, the situation is quite dif­
ferent. Here, the much poorer correlations obtained 
for eq l l a -c are partly attributable to the much smaller 
variance in the values of log A + log [(K^ + [H + ])/ 
[H + ]] than those for the meta derivatives. However, 
eq 12b, a counterpart of l ib , shows a moderately good 
fit for the values of log A + log [(KA + [B. + ])/KA]. 
The most important inference from the result obtained 
by factoring is that the hydrophobic bonding of the 
para substituents as measured by r plays practically 
no role in the relative activity. The introduction of a -K 
term into eq l i b and 12b does not yield a better correla-
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tion. The para isomers are quite active regardless of 
the type of substituent, at least within the limits 
studied. This result could be taken to mean that in­
hibition of a metabolic change at this point (e.g., hy-
droxylation) by the bacteria is responsible for the 
higher activity. 

For the activity against the gram-negative bacteria, 
we have derived eq 13a c and 14a c for Friedlander's 
bacillus and eq 15a c and Km- c for E. roll. In eq 
13a c and 14a-c, .4 and [ H + ] have the same meaning 
as in eq 9a c and 10a c. In eq 15a c and 10a c. (' is 
the minimum inhibitory concentration in ^mole/1, and 
[H + ] is 10"7-2 (Sauton medium1 3). It is noteworthy 
that the equations for the two gram-negative bacteria 
are very similar to each other, although the correla­
tions obtained for Friedliinder's bacillus are not very 
good. 

against Friedlander's bacillus 
n s r 

A'A + [ H I log .1 -f lug 

:>S-l + log 

im 
- 0 . 0 7 1 * + OJJIO 

A.'A_+ III/;. = 

I n +]"""" 
O.O.Vxr - 0.10.") 

20 120 

log.t + I„K _ f l T T - = 

I.OOOtr - 0.153TT + 0.027 

A" A + [11-! 
log .1 + log - ^ = 

CI A 

- 0 . 2 1 7 T T + 0.010 

A A + III_+1 = 

KA 

-0 .908 ,7 4- 1.028 

A'A + [ I I + j = 

-O.S.YTo- - 0.1477T 4- 1.1-V) 

against E. coli 

A A + III 

log .1 4" log 

log .1 + log 

20 0.:!69 0.781 

20 0,:!47 0.822 

20 !)..v>6 o.:so;-; 

20 0 .404 0.7:50 

20 D.:588 0.77.") 

"« c 

,4 
1 1 
log -(1 

, 1 
log -(; 

1 . , ; , 

, , ; , 

+ ••% - - „-,-:.,- - -
0.109s- - I.():3S 

, , AA + [H-] 
+ 1 , , g " [ i n - " 

1.251W - 1.270 

, , AA + [H+1 

1.2980- - 0 .141TT - 1.204 

, , A"A 4- HI -J 
+ l o K " A A • -

-o .2 !> :S i r 4 - ().•">;):! 

+ log ----- x. - - . = 

- l ) . :351<7 + 0.4.">7 

A A 

17 0. 0.10(1 

-0.280,7 - 0.2:30* + 0..")68 

17 0 .117 0 .078 

17 0 .094 0 .987 

17 0.14.") 0. 7:3(1 

O.lol 0.711 

17 0.088 0.919 

(Ilia) 

( i : sb ) 

(i:3c) 

(14a) 

(14b) 

(14c; 

(1 .">a) 

1 ob 

(15c 

(10a) 

(HSb) 

(10c) 

/'' tests indicate tha t the •w term in eq 13c is justified 
at bet ter than 0.90 level of significance when compared 
with eq 13b ( F U 7 = 3.41, F"U7,0.io = 3.03) and tha t in 
eq 15c at bet ter than 0.975 level of significance com­
pared with eq 15b (F,.,, = 9.35, / ; „ , „ , „ - 6.30). For 
the gram-negative bacteria, factoring the groups into 

(l:-l) T , i se ibu t sw«aku- I ian , lobukki i t H a n d b o o k of MicrubiuloK.v)." (ii-
tioilu Publ i sh ing Co., T o k y o , 10B2. p 1:S71. 

the meta and para derivatives does not improve the cor­
relation. Kquafions 13c and 14c are approximately 
related by eq 4 and 5. Fquations 15c and Kic tire not 
related by eq 4 and 5 since <J ' values are used for the 
p-nitro and p-acetyl derivatives in eq 15a c and Kia c 
where log/ \ A is not a linear function of a ~ but expressed 
by e<| 8. In this case, the difference between p and p 
is approximately equal to p' \ expressed by eq 17 where 
a" and (j are those for the p-nitro group, i.e., p' \ = 
1.SS3|0.78 + 0.54(1.27 - 0.7S)] 1.27 = 1.5(1. 

P' \ 17 -- • p A 1 (T -t- 0 . . )4 \ a — a ) I t 1 , ; 

As to the active form of sulfonamide drugs, some 
workers14 have concluded that the activity is due to the 
ionized form from the nature of the function relating 
the activity of several sulfonamides to the hydrogen 
ion concentration. Other workers'5 have considered 
that the negative ion is not itself a prerequisite for ac­
tivity since the same activity is observed in such non-
acidic compounds as 4,4'-di:tminodiphenyl sulfone and 
sulfanilguanidine. By our procedure, however, even 
if the true active agent is unknown and whatever the 
active form may be, the activity data obtained tit a 
specific pH can be accommodated by either eq 2 or 3 
because of the relationship expressed by eq 4 and 5. In 
this situation, therefore, one seems justified in discuss­
ing the structure-activity relation using the equation 
with the higher correlation coefficient unless the stand­
ard deviations of the correlations are quite dif­
ferent. 

Schmidt and Sesler" also studied the antagonistic 
effect of p-aminobenzoic acid on the antibacterial ac­
tivity of these compounds. The determinations could 
not be made for all the compounds included in Table 
I, but they found that p-aminobenzoic acid blocked tIn­
activity against Friedlander's bacillus in every instance 
where the determinations could be made, whereas 
against pneumococcus, p-aminobenzoic acid exerted the 
antagonistic effect on only some of the meta and para 
derivatives. This fact might indicate that some of the 
sulfanilanilides exert antipneumococcal activity through 
a different mechanism from others of the same series of 
compounds. For the meta and para derivatives, it is 
possible to consider different mechanisms as indicated 
by the different equations (eq 9c and l i b ) . However, 
the good correlation coefficients obtained for eq 9b and 
eq 9c would indicate that the antibacterial action 
against pneumococcus is brought about by the same 
mechanism, at least throughout the meta derivatives. 
Tire close similarity in p values observed in eq 9c. 13c. 
and 15c suggests that the electronic demands for the 
antibacterial activity are the same in these three in­
stances. In this respect, it should be noted that the 
activity of sulfonamide drugs has been postulated in 
some1 cases to occur through effects on metabolites 
other than p-aminobenzoic acid."1. 

The plus sign of the coefficient of the T term in eq 9c 
infers that the higher the w value, the higher the anti­
pneumococcal activity, while the minus sign in eq 13c 
and 15c indicates that the reverse is true for the gram-
negative bacteria. If we consider that the linear de-

• l l i .111 C . I.. I n s , . 1 , , . a m i I I . M . H o s e , I'l,,,-. ,•<„,-. Expll. Hi.il. M.-.I..S0. 
I ij ; lillL'..; (In V. C. Scbmelkes . O. W.\ss, II. ( ' . M a r k s , li. ,1. I.u.hviji, iui.1 
V. )',. S i ramUkox . ,'„,i.. 50. It") i l!M2i; ',•' I. M. K l o u , ./. .\m. Cheat. Si,,-.. 
66, toil (Kl-tti 

:1.->I W, 1). KuiuliT iiml T. I ' . Daniels, il.nl.. 65, 21!)0 illMMi 

Hi.il
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p e n d e n c e of t h e a n t i b a c t e r i a l a c t i v i t y on t h e TT v a l u e 
o b t a i n e d in t h e s e e q u a t i o n s c o m e s f rom t h e " l i n e a r p o r ­
t i o n " of t h e p a r a b o l i c r e l a t i o n s h i p expressed b y eq l , 6 a 

t h e a b o v e r e su l t s w o u l d i n d i c a t e t h a t , for t h e g r a m -
p o s i t i v e p n e u m o c o c c u s , i nc r ea s ing t h e ir v a l u e b e y o n d 
t h e l imit of t h e su l fan i lan i l ides t e s t e d in t h i s r e sea r ch 
w o u l d y ie ld a n o p t i m a l ir for t h e h i g h e s t a c t i v i t y . O n 
t h e o t h e r h a n d , for t h e g r a m - n e g a t i v e b a c t e r i a , dec rea s ­
ing t h e 7r v a l u e be low t h e l imi t of t h e series of c o m ­
p o u n d s , a n o p t i m a l x w o u l d b e found . T h a t t h e o p t i ­
m a l 7r v a l u e in t h i s series is l a rge r w i t h t h e g r a m - p o s i t i v e 
b a c t e r i a t h a n w i t h t h e g r a m - n e g a t i v e b a c t e r i a is q u i t e 
c o n s i s t e n t w i t h d a t a o b t a i n e d ear l ier for t h e a n t i b a c ­
te r i a l a c t i v i t i e s of t h e c h l o r a m p h e n i c o l ana logs 1 6 a n d 
t h e s u b s t i t u t e d p h e n o l s .6a 

F o r t h e su l fan i lan i l ides for w h i c h KA « [H + ], eq 
9c , 13c, a n d 15c r e d u c e t o eq 18, 19, a n d 20, r e s p e c t i v e l y . 
Fo r t h o s e for w h i c h KA » [H + ], eq 10c, 14c, a n d 16c 
r e d u c e t o eq 2 1 , 22, a n d 23 , r e s p e c t i v e l y . 

log .4 = 1.204o- + 0.239*- + 0.767 (18) 

log A = l.()09<r - 0.153*- + 0.027 (19) 

log (1/C) = 1.298<r - 0.141 TT - 1.204 (20) 

log A = -0.676(7 + 0.245*- + 1.906 (21) 

log A = -0.857O- - 0.147*- + 1.155 (22) 

log ( I / O = -0.280(7 - 0.239*- + 0.568 (23) 

F r o m t h i s d i scuss ion , it is a p p a r e n t t h a t for t h e a n t i ­
b a c t e r i a l a c t i v i t y of t h i s ser ies of c o m p o u n d s , t h e pos i ­
t i on a n d t h e h y d r o p h o b i c i t y of t h e s u b s t i t u e n t s on t h e 
an i l ine m o i e t y a r e s ignif icant as well as t h e d i s soc ia t ion 
of t h e S O o X H g r o u p a n d / o r t h e e l e c t r o n e g a t i v i t y of t h e 
s u b s t i t u e n t . H o w e v e r , k e e p i n g t h e h y d r o p h o b i c p a ­
r a m e t e r c o n s t a n t in eq 1 8 - 2 3 , t h e a p p a r e n t a c t i v i t y 
[log A or log ( 1 / C ) ] is exp res sed b y b i p h a s i c p lo t s w i t h 
r e s p e c t t o <r of w h i c h t h e s lopes a r e 1.204 a n d —0.676 
for t h e meta d e r i v a t i v e s a g a i n s t p n e u m o c o c c u s , 1.009 
a n d —0.857 for F r i e d l a n d e r ' s bac i l lus , a n d 1.298 a n d 
— 0.280 for E. coli a c c o r d i n g to t h e c o n d i t i o n s of [H + ] 
> > K\ a n d [H + ] < < K\, r e s p e c t i v e l y . T h u s , Bel l a n d 
R o b l i n ' s p a r a b o l i c r e l a t i o n s h i p b e t w e e n log ( 1 / C ) a n d 
pKA c a n b e n ice ly i n t e r p r e t e d b y t h e s e b i p h a s i c p lo t s , 
t h e i n t e r s e c t i o n of w h i c h c o r r e s p o n d s a p p r o x i m a t e l y t o 
t h e m a x i m a l a c t i v i t y . T h e m a x i m u m c o n t r i b u t i o n 
f rom t h e cr t e r m to t h e a p p a r e n t p o t e n c y of t h e d r u g s 
w o u l d b e m a d e b y s e t t i n g d log A/da = 0 in eq 2, 6b , 
or 6c . 

E q u a t i o n s 2, 6b , a n d 6c c a n b e r e a r r a n g e d t o t h e 
fo rm of eq 24 w h e r e f(n-) is e i t he r zero , air, or av — 
&7T2. B y t a k i n g t h e p a r t i a l d i f ferent ia l of e q 24, w e o b ­
t a i n eq 25 . 

log .1 = f(*-) + p<7 + log [H~] - log ([11+] + A'A) + c (24) 

t> log .1 _ 1 dA ; 

A" A + [H+] d<7 
1 d log A A / d log A A 

" A A + [11+] do-
A A d log A A 

d<7 

dA A 

A'A 
(25) " AA + [H+] da " A'A + [H-

S i m i l a r l y . f rom eq 3, 7 b , a n d 7c w e c a n d e r i v e eq 26 

o log .1 _ I M _ + _ L _ 
AA + [H^ 

(26) 

w h i c h r e l a t e s t o eq 25 b y eq 4. S u b s t i t u t i n g eq 4 i n t o 

eq 25 or 26 a n d s e t t i n g t h e r e s u l t a n t e q u a t i o n t o zero 

y ie lds eq 27 or 28 for t h e idea l d i s soc ia t ion c o n s t a n t , 

A A = - ( P / P ' ) [ H + ] 

pA'A = - l o g (-p/p') + pH 

(27) 

(28) 

regard less of t h e v a l u e of pA- T h u s , t h e m o s t f a v o r a b l e 
d i s soc ia t ion c o n s t a n t s u n d e r t h e e x p e r i m e n t a l c o n d i ­
t i ons a r e found to b e K± ~ 10~ 7 , 5 for t h e meta d e r i v a ­
t i ves aga ins t p n e u m o c o c c u s , K\ ~ 10~~7-7 a g a i n s t 
F r i e d l a n d e r ' s bac i l lus , a n d K\ ~ 10~6-5 aga ins t E. coli. 

Bacter iostat ic Activity of the Subs t i tu ted N ' - B e n -
zoy l su l fan i lamides .—Seyde l a n d W e m p e 1 7 e x a m i n e d 
t h e r e l a t i o n s h i p b e t w e e n a n t i b a c t e r i a l a c t i v i t y a n d 
p h y s i c o c h e m i c a l p r o p e r t i e s of t h e N ' - b e n z o y l s u l f a n i l -
a m i d e s a n d a r g u e d t h a t t h e a c t i v i t y is c o r r e l a t e d t o t h e 
difference b e t w e e n pKx v a l u e s of a c e r t a i n s u b s t i t u t e d 
X—benzoy l su l fan i l amide a n d t h e c o r r e s p o n d i n g X 4 -
a c e t y l d e r i v a t i v e . W e h a v e a n a l y z e d t h e i r a c t i v i t y 
d a t a o b t a i n e d a t p H 7.2 ( S a u t o n m e d i u m 1 3 ) a g a i n s t 
g r a m - n e g a t i v e E. coli a n d g r a m - p o s i t i v e Mycobacterium 

smegmatis w i t h t h e co r r ec t i on for i on i za t i on . F r o m 
t h e d a t a in T a b l e I I , eq 2 9 a - d a n d 3 0 a - d a r e o b t a i n e d 
for t h e a c t i v i t y aga ins t E. coli a n d eq 3 1 a - d a n d 3 2 a - d 
for t h a t a g a i n s t M. smegmatis. 

against E. coli 

, 1 , , K A + [ H 1 
log £ + log [ H + ] 

log £ + log . 

-0 .913x + 8.240 

A'A + [ H I _ 

3.499ApAA + 8.346 

AA 4- [H+] _ 

15 0.502 0.787 (29a) 

15 0,383 0.882 (29b) 

log e + log [ H + ] -

2.644ApAA - 0.334*-+ 8.442 15 0.365 0.902 (29c) 

log 
1 , . A A + [H+] 
C + l 0 g ~ [H+[ = 
- 0.291 TT2 + 0.465*- + 

2.636ApAA + 8.030 

1 , , A A + [H+] 
C + 1<)g AA^ = 

-0.685*- + 5.668 

15 0.312 0.930 (29d) 

15 0.421 0.751 (30a) 

. 1 , . AA + [H^l 
l 0 g C + l o g A A ' 

log p + log 

2.48lApAA + 5.702 15 0.386 0.796 (30b) 

AA + [H+] 
AA 

1.657ApKA - 0.321*- + 5.795 

[H+l i ! i i K 

log p + log -g = 

-0.289*-2 + 0.474*- + 

1.650ApAA + 5.390 
against M. smegmatis 
, 1 , , AA + [H+] 
log Z, + log [ H + ] = 

-0.940*- + 8.571 

l o g J , + l o g ^ + t H + l -[H+] 
3.654ApA'A S.742 

15 0.371 0.830 (30c) 

15 0.320 0.887 (30(1) 

14 0.605 0.750 (31a) 

14 0.512 0.828 (311)) 

(16) C. Hansch, R. U. Muir, T. Fujita. P. P. Maloney, F. Geiger, and M. 
Streich, J. Am. Chem. Soc, SB, 2817 (1963). (17) J. K. Seydel and E. Wempe, Arzueimittel-Forxh., 14, 705 (1964). 
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T A B L E II 

B A C T E R I O S T A T I C A C T I V I T Y OK . S H H S T I T I ' T E I ) X ' - B E X Z O Y I . S I I . F A M I . A M I D E 

II 

2-C 

:j-C 

4-C 

4-C 

4-C 

4-/-

2,4-

2,5-

3,4-

2,4, 

2,4, 

2,3, 

3-C 
3-C 

st it 

:H:1 

'••lh 

C;,Ib 
-(CH:l), 
-(CII3)-i 
-(CII;l)2 

6-(CU3)3 

5-(ClI3):i 

4,5,6-(CH3), 
!H:,-4-OCH3 

H3-4-SCH3 

Calculated 
iited compo 

ApA'A" 

0 

- 0 . 3 5 

- 0 . 2 0 

- O . U 

- 0 . 1 . ' ) 
- 0 . 2 1 

- ( ) . ! . -> 
- 0.47, 

- 0 . 5 0 

- 0 . 3 1 

- 0 . 5 5 

- 0 . 5 7 ) 

- 0 . 7 0 

- 0 . 3 5 

- 0 . 1 5 

-'' 
0 

o.tss 
0 . 5 2 

0 . 4 2 

0 . 9 2 

1.42 

1.40 

1 .10 

1 .20 

0 . 9 4 

1 .78 

1 .62 

2 . S2 

0 . 6 0 

1 .12 

l.OK (1 

*A 

Obsd 

7 . 9 

6 . 9 

7 .S 

7 . 9 
S. 1 

7 . 6 

7 . 9 

0 . 8 

6 . 7 

7 7 
6 , 3 

6 . 9 

5 . 2 

7 . 6 

7 .2 

c 
-t-

[ l l -

Ajiains 
! + lent 
[ H ' l 

' ] 
Calc-.r 

7,91 

7 . 4 0 

7 .77 

7.S4 

i . tl 

7 . 6 3 

7 . 7 0 

6 . 9 7 

6 . 7 3 
7 .4S 

6 . 4 0 

6 . 4 2 

5 . 3 2 

7 .41 

7 .74 

1 A'. ,;,li 
LUST (1. Vi 

Obsd 

.5.25 

4 , 5 7 

5 , 4 0 

5 . 4 0 

5 . 0 2 

5. 17 
5 . 4 0 

4 . 6 5 

4 . 5 7 

5 .44 

4 19 

4 , 8 0 

3.2(1 

5 25 

4 . 7 0 

-t lui; 

1 ' 

Cal, . , i ' ' 

5.3(1 

5 .00 

5 . 2 3 

5 ,29 

5 33 

5 . 13 

5 .24 

4 .82 

4 .72 

5 07 

4 41 

4 . 4 9 

3 '}~ 

4 , 9 9 

5,31 

l.OK ( 

K\ 

Obsil 

7 9 

7 3 

8 .2 

8 .2 

8 , 2 

8 2 

8 ,2 

- •_) 
7, 1 
7 . 9 

6 , 3 

7 . 6 

5 .2 

8 . 0 

- - -Asamsl M. 
1 .-T) -r li,L' 

[H "1 
Calitd" 

8 , 1 2 

7 . 6 3 
7 , 9 8 

8 ,07 
8, 28 

8 .06 

s 25 

7 . 4 2 

7 27 
7 . 8 2 

6 . 8 8 

6 . 9 9 

5 14 

7 . 5 9 

.<i)WQm<iti 

l.OK ( 

K A 

Obsd 

5 . 3 3 

5 .02 

• i . ( i 

5 . 7 0 

5 . 7 0 

5 .77 

5 . 7 0 

5 , 10 

5 ,02 

5 55 

4 . 1 9 

5 .47 

3 . 2 9 

5 , 7 0 

1, C) 

+ 11 

A: A 

-f llil! 

. ' ." .I 

Culcil-' 

5 52 

5 36 

5 . 5 6 

5 . 6 0 

5 . 7 9 
5 , 6 2 

5 .74 

5 .24 

5 14 

5 . 5 0 

4 . 8 0 

4 . 9 0 

3 .22 

5 33 

from the values of pA".\ in Table II of ref 17. '' Taken from ref 12 and simply summed to get figures for the polysub-
unds. c Calculated by eq 29d. d Calculated by eq 30d. ' Calculated by e<i 31d. ' Calculated by eq 32d. 

2.724ApA, 

KA + 

log 
1 + log 

[II-] 

- 0 .342TT 

AA + JJi 1 
~ i H + r 
0.519* 

+ 8.811 14 0.509 0.846 (31ci 

log •-, + log 

log i - log 

log l og -(' 
1.669ApA'A 

+ l.I2Sir + 

2.909ApA'A + 8-119 

A: A + [H-| = 

~ ~ ~ A ' A ~ " 

-0.72.STT + 6.039 

A> + [H-) = 

"A" A 

2.653ApA"A + 6.112 

AA ±_[U-] 
" A ' A ~ " 

- 0.362T 

14 0.350 0.93 (3 Id) 

4- 6.186 

14 0.516 0.717 (32ai 

14 (1.496 0.742 (32b) 

14 0.488 0.776 (32ci 

<>g 
1 

log 
A" A + 

( " A'A 

-0..-)0()7T- + 1.0557T + 

1.847ApAA + ")19 14 0. 0.912 (32d) 

In these equations, C is the minimum inhibitory con­
centration in jumole/1. and ApAA is obtained using the 
pA A value of the unsubsti tuted X'-benzoylsulfanilamide 
as a s tandard. For the IT values, those obtained for the 
substituted benzoic acids are used.12 Comparison of 
these equations would indicate that the activity of this 
series of compounds is not linearly related to v. Both 
IT and T'1 terms in eq 29d and 31d are justified at better 
than 0.95 (P\n = 4.64. Fo.n.o.,,5 = 3.98) and 0.99 
(/'72,io = 7.87, F->,W,«M = 7..56) level of significance com­
pared with eq 29b and 31b, respectively. For this 
series of compounds, hydrophobic characteristics of 
the substi tuents are sufficiently varied to cover the op­
timal value for the maximum activity. The optimal 
TV values are calculated by sotting d log ( l /C) /d i r = 
0, i.e., 71-u = 0.80 for K. roll and 7r„ = 1.08 for M. tsmeg-
matix. The larger 7r„ value for the gram-positive bac­
terium than fur the gram-negative one is in accord with 
the finding obtained in the case of the sulfanilanilides 
as described above. Equations 29d and 30d and eq 31d 
and 32d are related by eq 4. and ."> as theoretically ex­
pected. Thus, the structure activity correlation of this 

series of compounds is neatly retionalized in terms (.if 
electronic and hydrophobic characters of the substitu­
ents instead of the complex parameter (a p A A difference) 
described by the original authors.17 

Since all the dissociation constant values for the com­
pounds studied in this work are at least 100 times larger 
than the value of the hydrogen ion concentration of the 
test medium (10~7-2), the correction term, log [(AA + 
|H + ]) K\\, becomes practically zero. For such com­
pounds where AA > > [ H + ] , the apparent, potency of 
the drugs is predicted by eq 33 and 34. Likewise, for 
those where A.'A < < [ H + ] , the apparent, potency is 
described bv eq 35 and 30 which are obtained from eq 
29d and 31(1 with the log [(AA + [ H + ] ) / [ H + ]] term de­
leted. Thus, if the hydrophobicity of the substituent 

log (,1/Cs = -0.289*-- -t- 0.4747T + 1.650ApA"A + 5.390 
(against E. coli) (33) 

log U/C) = -0.500J-- -r 1.055TT T 1.847ApA'A + 5.519 
(against, .1/. smegma!i*) (34 i 

lug (1/Ci = -0.2(11 TT- + (I.4657T + 2.63(iApA"A + 8.030 
(against E. coli) (35) 

log ( I / O = -0..-)l!)7T- + \-V2Sir + 2.909ApA"A + 8.119 
(against .1/ . xinegmaii*) (36: 

is kept constant, the biphasic plots for the apparent drug 
activity [log (1 /0 ) ] with respect, to ApAA can be ex­
pressed by two straight lines of which the slopes are 
1.650 and"'2.630 for E. coli and 1.S47 and 2.909 for M. 
xmegmatis according to Kx > > [H + ] and K\ << [H + j , 
respectively. In this series of compounds, t he apparent 
potency, log (1,•'€), seems to keep increasing with in­
creasing ApXA or the electron-attracting ability of the 
substituent, regardless whether Kx << [H + ] or A'A > > 
[H + ] even though the slopes are different. However, 
the compounds used in deriving the equations are 
mostly alkyl-substituted derivatives for which ApAA 

values do not van- significantly so that the p values ob­
tained by means of the least-squares method are not 
highly reliable. Therefore, a, definite conclusion on the 
pAA dependence of the in vitro activity could not been 
drawn before the derivatives possessing electron-with­
drawing substi tuents are tested in this series of com-

-0.72.Stt
file:///-V2Sir
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pounds. At any rate, it appears that the Bell and Rob-
lin's parabolic relationship does not necessarily hold in 
some types of sulfonamide drug where both p and p' 
are positive or negative in eq 27 or 28. 

Plasma Protein Binding and Bacteriostatic Activity 
of the N1-Heterocyclic Sulfanilamides.—While protein 
binding inactivates the sulfonamide drugs,18 it was 
found that the protein bound drugs are only slowly 
metabolized at the liver, and the binding is re­
versible so that the active free form can be liberated 
gradually as the levels in the blood are lowered.19 

Thus, protein binding could be a significant factor for 
the duration of action of drugs. There has been con­
siderable controversy as to correlations of physico-
chemical properties of sulfonamides with their protein 
binding.60'20 Rieder has recently studied a number of 
sulfonamide drugs and determined their binding to 
human plasma protein.21 His analysis of this phenome­
non in terms of physicochemical properties such as acid 
dissociation constants and oil-water partition coeffi­
cients, however, did not consider the effect of ionization 
of the drugs under physiological conditions. 

If we assume that the process of binding of dissociable 
compounds is as shown below, i.e., in the free state, they 
exist as two different species, the neutral and ionized 
form of which concentrations are CF(1 — a) and CF« , 
respectively, but in the bound state they exist as only 
one form, CB, then the equilibrium constants for the 
binding of the two species are expressed by eq 37 and 
38. 

free state bound state 

C ' F ( I - O ) (neutral form) A', 

y < 
Cp" (ionized form) K* 

A'A 

[ H + ] 

Ki = C B / C F ( 1 - a) 

Ki = Cs/C\a 

(37) 

(38) 

The effective binding constant, CB/CF , is thus described 
in eq 39. 

CB KIKZ 

CF K, + K2
 K6J) 

If we take the ratio of the effective binding constants 
of a series of substituted derivatives to that of the un-
substituted standard compound, eq 40 is obtained. 

CB 

C J \ C F / O KI1 

KIKI KJ + KJ 

°K2° K, + K, 
(40) 

Taking the logarithms of both sides yields eq 41. 

. CB , Ki , , Ki , , Kl + KP / C B \ 
l o g c, = l o g K? + l o g K7» + l o g KTTKT + , o g (cj„ 

(41) 

The ratios, Ki/Ki° and K2/K2°, can be considered to be 
functions of the hydrophobic and electronic character 
of the substituent so that they can be expressed as in 
eq 42 and 43 where <2i, bi, ci, a2, b-i, and c2 are constants. 

(18) A. H. Anton, J. Pharmacol. Exptl. Therap., 129, 282 (I960). 
(19) B. B. Newbould and R. Kilpatrick, Lancet, i, 887 (1960). 
(20) (a) I. M. Klotz and F. M. Walker, J. Am. Chem. Soc, 70, 943 (1948); 

(b) W. Solioltan, Arzneimittd-Forsch., 14, S48 (1964); (c) M. Nakagaki, N. 
Koga, and H. Terada, Yakugaku Zasshi. 83, 586 (1963); 84, 516 (1964); 
(d) O. Jardetzky and N. G. W. Jardetzky, Mol. Pharmacol., 1, 214 (1965); 
(e) L. B. Holder and S. L. Hayes, ibid., 1, 266 (1965). 

(21) J. Rieder, Arzneimittd-Forsch., 13, 81 (1963). 

log g-0 = OITT + ha + ^ 

log jA = o27T + ha + c2 

(42) 

(43) 

The logarithm of the binding constant of a series of 
phenols to serum albumin and to mitochondrial protein 
determined under conditions where the dissociation can 
be ignored has been recently shown to be correlated, 
by a linear combination of free-energy-related param­
eters such as x and pKA.6d Substituting eq 37, 38, 42, 
and 43 into eq 41 and collecting the terms yields eq 44. 

log 7T = (oi + a-i)ir + (h + h)a + 
C F 

(On) (_L_ + I\ 
i \ C F / O \ 1 — ctt, a0J . / C B \ . . . . . . 

g (c*)( i i A + g Vc- Jo + Cl + C2 (44) 

Since a = KA/(KA + [H + ]) and 1 - a = [H+]/ 
(KA + [H + ]), eq 44 can be converted to eq 45 and 
further to eq 46. 

2 log ^ = (<n + a2)x + (h + h)a + log h 
C F cto 

lot 
1 - a 

+ 2 ' - (§ - : ) . + ci + c2 (45) 

2 log ~ = (a, + a2)7r + (h + h)a + log ~ + 

2 1 o g lrTiirT + 2k,g(S)o + ^ + ̂  («) 
By substituting log (KA/KA°) = pAa into eq 46 and 
collecting terms, eq 47 is obtained, where k = (a,i + 
a2)/2, P = (6X + h + PA)/2, and c = log [(CB/CF)0] + 
(ci + cs)/2. 

log ~ + log 
KA + [H 

rrr = kr + pa + c (47) 
CF ' 6 KA° + [B\ 

Equation 47 can be modified into eq 48a and 48b where 

(48a) 
i CB , , A'A + [H+] , 
log £- + log pppj = kr + pa + c' 

log g + log A " A + ^ H + 1 = kir + p'a + c" (48b) 

c' = c - log [[H+]/(KA° + [H + ])], p' = P - pA, 
and c" = c - log [KA°/(XA0 + [H + ])]. 

Equation 48a is the expression for the binding con­
stant Ki, when only the neutral form of the free mole­
cule is responsible for the binding, and eq 48b is that for 
K-i where only the ionized form is considered in the 
binding process. Klotz and Walker20a examined the 
binding of some sulfonamides by bovine serum al­
bumin and postulated that the binding is attributable 
mainly to the ionized form of the drugs. Since the 
expressions are interrelated o 'priori, the correlation 
of the protein binding of a series of dissociable com­
pounds to their hydrophobic and electronic properties 
can be analyzed by the same procedure, whichever form 
of the free molecule, the neutral or ionic or both, might 
be associated with the binding process. 

As a criterion of the plasma-binding ability, Rieder21 

has determined Langmuir's a constant which is in­
versely proportional to the effective binding constant, 
CB/CF- Langmuir's /3 constant, which reflects the total 
number of binding sites per molecule of protein, is 
nearly constant; i.e., the mechanism of binding is con­
sidered to be the same throughout the series of com-
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TAiint III 

PLASMA PROTEIN BLVDIM; AND BUTKKIOSTATIC AOTIVITI OK N '-IIKTEHOCVCLIC SI.I.FANII.AMIDKS 

Sulfanilamide 
\ '-A eel ylsulfanilainide 
2-Sulfanilamidopyrimidine 
2-Sulfanilamido-4-methylpyrimidine 
2-Sulfanilamido-5-methylpyrimidine 
2-Sulfanilamido-4,6-dimethylpyrimidine 
4-Sulfanilamido-2,6-dimethylpyrimiduie 
5-Sulfaiiilamido-2,4-dimelhylpyrimidine 
4-Nulfaiiilamido-6-methoxypyrimidiiie 
2-Sulfanilamido-5-methoxypyrimidine 
4-Sulfanilamido-2,6-dimethoxypyrimidhie 
2-Sulfanilamido-4,5,6-trimethoxypyrimidine 
M-Sulfanilamido-6-methoxypyridazine 
M-Sulfanilamido-6-chloropyridazine 
M-Sulfanilamido-5-iriethylisoxazole 
5-Sulfanilamido-M,4-dimethylisoxazole 
2-Sulfanilamido-4,5-dimethyloxazole 
M-Sulfanilamido-2-phenylpyrazole 
2-Stilfanilamidothiazole 
2-Sulfanilamido-5-eth/yl-l,M,4-thiadiazole 

" Calculated from the values of pAT.v in ref 21. ' Calculated from the "t 'bergangszahlen" in ref 21 with correction for ionization in 
the aqueous phase; see test. '' The value of pH under which the binding experiments were performed is 7.4. '' Calculated by eq 40a. 
' Calculated by eq 52d. f Calculated by eq 5Md. 
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pounds,-- so that the analysis of the binding constant. 
in terms of Langmuir's a constant with the use of ir and 
a seems justified. 

Fitt ing the data in Table I I I to eq 4Sa, eq 49 a- c are 
obtained. To derive the equations we omitted 3-sul-
fanilamido-4,,")-dimethylpyrazole from the original work 
by Rieder21 since it was found to be very poorly cor­
related. This seems to be due to its somewhat anom­
alous value for Langmuir 's 0 constant when compared 
with those of others. The values of r are calculated 

log + I 
A'A + HI 'I 

20 

20 

20 

0.M65 

0 . 6 7 0 

0.M7O 

0.0MS 

0 . 7 6 0 

0 . 0 4 0 

(40a ! 

(40b) 

(40c) 

I I I ' 1 

- I .<).>17T - 2 . S 0 6 

^ 0 . 7 4 ( ) A ] ) A ' A - M.5MM 

^ 0.002ApA'A + l..>l(br - M.056 

from the partit ion coefficient obtained in the isobutyl 
alcohol- water system with the correction for dissocia­
tion in the aqueous phase (pH 7.4), assuming that any 
dissociation and association in the organic phase can 
be ignored. Instead of 07, Apif A values are used for the 
analysis. The unsubsti tuted sulfanilamide is taken as 
the standard so that the ir value indicates the hydro­
phobicity of the whole X1 substituent. The ApKA 

value is assumed to be proportional to the electron-
withdrawing ability of the X 1 substi tuent. Rieder21 

also measured the partition coefficients of the drugs 
with toluene, CHCl ; j, and ethylene dichloride as the 
organic phase. A good correlation is found only with 
the ir values obtained with the isobutyl alcohol-water 
system. 

Comparison of eq 49a- c would indicate that the 
modified binding constant is determined mainly by the 
hydrophobicity of the X' substituent, and nothing-
is to be gained by the introduction of a Ap/CA term. 

(22) P. Sprint;, Amneimitlel-Forsch., 16, 041) (Hl(iU). 

Conversion of eq 49a into eq .10 shows that for the sul­
fonamides, for which the value of K\ is much larger 
than that of [H T ] , the larger the hydrophobicity of the 
X1 substituent and the smaller the dissociation constant, 
the more firmly the sulfonamides are bound to the pro­
tein. For those for which K\ is much smaller than 
j H _ | . eq .50 indicates that the protein binding is only 

l o g 1.051, log i. A'A 1,2.890 + pll ) i 50 i 

dependent on the hydrophobicity of the X1 substituent. 
Klotz and Walker2"11 recognized that the larger dissocia­
tion constant of sulfonamides tends to reduce their 
ability to combine with the protein. Equations 49a 
and oO clearly indicate that for a series of sulfonamides 
of closely related structure' where the dissociation con­
stant is not appreciably varied, the binding is governed 
mostly by the hydrophobicity of the X1 substi tuent. 
This is supported by the work of Scholtan-"'' who has 
shown that for series of o-alkyl- and o-alkoxy-2-sul-
fanilaminopyrimidines, the free-energy change for the 
binding is linearly related to the carbon number of the 
side chain. This important role for hydrophobic forces 
in holding sulfonamide drugs to serum protein is in line 
with our earlier findings on the binding of organic coin-
pounds to albumin and hemoglobin.6li-e However, the 
slope of eq 49a indicates an even greater dependence 
on this property for sulfonamide drugs than for simple 
aromatic compounds. Another inference of eq o0 is 
that for a particular sulfonamide drug, the plots of log 
( l a ) against variation of the experimental pH consist 
of two phases; i.e.. when pH < < pivA, the binding is 
almost unchanged with variation of the pH, while when 
pH > > J)K\, the drug is less lirnily bound to the protein 
wit 11 increasing Ihe p l l . This is in accord, at least 
qualitatively, with the finding of Xakagaki and his co­
workers20'- who have shown for several sulfonamides thai 
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the plots show a maximum approximately at the point 
of pH = pKx and the slope in the region of pH > > 
pifA is steeper than that where pH < < pKA. Even 
though the sulfanilamide moiety may be of considerable 
importance for the protein binding as argued by 
Jardetzky20d from nmr studies, it is important to note 
that the X1 substituent contributes strongly to the 
binding since log (1/a) is linearly related to the hydro-
phobicity of the substituent. 

The assumptions underlying eq 49a-c can be justi­
fied, since, when the values of log 1/a are analyzed with­
out correction for the ionization with Ap-K" A and x, the 
correlations are much worse than eq 49a-c in terms of 
both the correlation coefficient and the standard devia­
tion as shown in eq 51a~c. Moreover, none of these 
equations is capable of describing the pH dependence of 
the binding constant. 

20 0.491 0.696 (51a) 

20 0.642 0.343 (51b) 

20 0.452 0.761 (51c) 

log i = 0.799x - 2.846 

a 

= 0.215ApAA - 2.680 

= -0.321ApAA + 
1.258*- - 2.285 

Recently, Kriiger-Thiemer and Biinger23 determined 
the minimum inhibitory concentration of this series of 
drugs for E. coli. For 17 out of 29 compounds in their 
paper, the physicochemical parameters, ApKA, and x 
obtained from Rieder's work, can be directly used for 
the analysis of the structure-activity relationship. 
Fitting the data in Table III to eq 2, 3, 6a-c, and 7a-c, 
eq 52a-d and 53a-d are obtained. In these equations, 

. 1 , , Kx + [H+] 
log d + log [ H + ] -

1.207TT 0.760 17 0.536 0.816 (52a) 

17 0.244 0.965 (52b) 

, 1 . , K A + [H+] 

0.761ApA'A - 1.995 

. 1 KA+ [H+] 
log -6 + log — f H + j — = 

0.181*- + 0.684ApA'A - 1.932 17 0.242 0.968 (52c) 

. 1 , , A A + [H+] 
log g + log ~1WTT— = 

-0.296TT2 + 0.985TT + 

0.605ApAA - 2.090 17 0.223 0.975 (52d) 

i * _•_! A 'A + [H+] log j , + log ^ 

-0.300*- + 0.421 17 0.318 0.509 (53a) 

. 1 , . KK + [H+] 
log ^ + log — 

log j , + lo; 

A A 

-0 .240ApAA + 0.896 

A'A + [H+] 

17 0.238 0.764 (53b) 

0.16' 
AA 

log £ + log 

0.312ApA'A + 

0.955 

AA + [H+] 
A A 

0.308x2 + 1.005*- -

17 0.238 0.783 (53c) 

0.393ApAA + 0.790 17 0.216 0.839 (53d) 

C is the minimum inhibitory concentration in jumole/1. 
and [H+] is taken as 10~7-2 (Sauton medium13). Al­
though the electronic effect of the N1 substituent seems 

(23) E. Kriiger-Thiemer and P. Biinger, Ckemotkerapia, 10, 61, 129 
(1965/1966). 

most significant for the activity, an F test indicates that 
both the x and x2 terms of eq 52d are justified at almost 
0.90 level of significance compared with eq 52b (F2 13 = 
2.42, F2 ,13,0.10 — 2.76, F2,i3,o.25 = 1.54), so that the anti­
bacterial activity of this series of compounds is not 
linearly related to x. The optimal x value is calculated 
by setting d log ( l /C)/dx = 0 in eq 52d or 53d, i.e., 
TO = 1.67. The plots of log (1/C) against pifA, with 
a fixed hydrophobicity, would consist of two straight 
lines expressed by eq 54 and 55 according to conditions 
of KA « [H + ] and KA » [H + ], respectively, where 
the x and T2 terms are collected and set constant. 

log ~ = 0.605ApA'A - 2.090 + constant U ) (54) 

log £ = -0.393ApAA + 0.790 + constant (TT) (55) 

The optimal pKA value for the apparent activity, log 
(1/C), is obtained by setting b log (l/(T)/dApKA. = 0 
in eq 52d or 53d; i.e., pKA = 7.0 is calculated as the 
most favorable value for these heterocyclic sulfonamide 
series. These findings on the optimal physicochemical 
properties should be kept in mind in designing new sulfa 
drugs, especially since many of the clinically accepted 
sulfa drugs belong to this class of N'-heterocyclic sul­
fanilamides. 

One might assume that the optimal hydrophobic 
nature of the sulfonamide drug molecule is not signifi­
cantly different from series to series, regardless of the 
type of the X1 substituent, at least for activity against 
a particular microorganism. Thus, for the activity of 
the sulfanilanilides against E. coli, ir0 for the whole X1 

substituent is estimated with the aid of the additive 
character of ir as less than the T value for the N'-phenyl 
moiety with the least hydrophobic substituent, i.e., 
To < 1-9 ^ [2.13 (x for benzene) - 0.21 (x for 4-
OCH3 group)].12 Activity is decreasing with increas­
ing x of the substituent in this series as shown in eq 15c. 
For the XT1-benzoylsulfanilamides against the same 
bacteria, x0 for the X^benzoyl moiety is calculated 
similarly, i.e., x0 = 1.9 = [0.8 (x0 for the substituent on 
the benzene ring) + 1.58 (log P for acetophenone) — 
0.5 (x for CH3)].12 Since the log P value for the un-
substituted sulfanilamide is —0.78,24 the log P0 value, 
the optimal hydrophobic parameter of the whole drug 
molecule for these two series of compounds, is estimated 
as log Po ±= 1.1 on the octunol-water scale. The value 
for the X'-heterocyclic derivatives cannot be compared 
on the same basis with those for the above two series 
since the x values are determined using partition 
coefficients obtained in an isobutyl alcohol-water sys­
tem. However, the x0 value, 1.68, for the X1 hetero-
cycles and the log P0 value for the X'-heterocyclic sul­
fanilamides, S l . 6 ^ [1.67 (x0) - 0.07 (log P for sul­
fanilamide determined in isobutyl alcohol-Avater sys­
tem21) ], seems not inconsistent with values for the other 
series. Since the solubility of the highly polar sul­
fanilamides is expected to be greater in the more hydro-
philic and polar solvent, isobutyl alcohol, than in the 
less so 1-octanol, the value of the partition coefficient 
of a sulfonamide would be larger in isobutyl alcohol-
water than in the 1-octunol-water system. 

The optimal pivA value for the apparent potency of 
the sulfonamide drugs, except for the X'-benzoyl deriva-

(2-1) C. Hansel] and S. M. Anderson, J. Org. Chem., 32, 2583 (1967). 
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tives, is always located a little below the value of experi­
mental pH (i.e., between pK\ = 0.5 and 7.7) depending 
on the experimental conditions and test organisms. In 
spite of the exception of the N'-benzoyl derivatives, our 
over-all results indicate tha t the pAA value should be 
as close t.o body pH as possible in order to obtain a 
maximal chemotherapeutic activity. 

Although the p value for the N'-heterocyclie deriva­
tives, 0.60"), is very similar to that obtained for the 
sulfanilanilides against K. coli. 0.7 (p value in eq loc 
divided by pA = l.SIS), the p value for the X'-benzoyl-
sulfanilamides against the same K. coli, 2.G, is consider­
ably larger than the other two. As described above, the 
p value for the latter is not highly reliable so that the 
difference in p may not be worth trying to rationalize. 
However, in our procedure, the ApAA or a term cannot 
be assigned only to the contribution of an electronic 
demand of the drug molecule at the site of action. If 
the transfer process from outside the cell to the intra­
cellular site of action through many partitionings and 
adsorption and desorption processes Ha biological 
membranes is governed to some extent by an electronic 
effect of the sttbstituent, this effect is contained in the 
p value together with the effect at the site of action. 
Since we tire unable to separate the roles of the ApAA 

term, the difference in p values for different series would 
not necessarily indicate the difference in the essential 
electronic demand of the drugs at the site of action. 

The above analyses provide another illustration of the 
great practical advantage of the use of the extrathermo-

The recent success of a t t empts to express quant i ta­
tively the relationship of chemical structure to bio­
logical activity is most encouraging to the medicinal 
chemist who wishes to approach drag design rationally. 
The quanti ta t ive models for s t ructure-act ivi ty rela­
tionships of related series of molecules fall into two 
broad categories. (A) There are mathematical mod­
els in which the observed biological activity is expressed 
as a function of parameters assigned to each substituent 
group and /o r the parent portion of the molecule; the 
values of these parameters are obtained, after a par­
ticular model has been selected, by fitting the experi­
mentally observed activities of a series of molecules 
using the method of multiple regressions. (B) The 

i 1 ) Th is research is being s u p p o r t e d by the U. S. A r m y Medica l Research 
and Deve lopmen t C o m m a n d (DA-49-193-MD-2779) a n d the Na t iona l 
Science f o u n d a t i o n (GR-445:3). Th i s pape r is C o n t r i b u t i o n No . 222 from 
the Army Research P r o g r a m on Mala r i a . 

dynamic approach-'1 to structure 'activity problems. 
The role of the hydrophobic property of the molecule in 
tin1 bacteriostatic activity and the protein binding is 
nicely delineated by means of TT. The analysis, where 
the effects of substituent on ionization are separated 
from other electronic effects of substituents, is able to 
describe the pAA dependence of the bacteriostatic 
activity. It also shows, in a procedure independent, 
from those of earlier workers,-•'''• that the maximal anti­
bacterial activity is exerted by drugs having an optimal 
pAA value. This procedure should help in designing 
new sulfonamide drugs with optimal pA'.\ and 7r0. It 
should also aid in understanding the pharmacokinetic 
mechanism underlying sulfonamide chemotherapy when 
a comprehensive set of biological data and physicochem-
ical constants for in rivo properties are available, and an 
appropriate model can be chosen for in rivo phenomena 
such, as curative effect, metabolic process, and renal 
excretion. Thus, if this procedure could be combined 
with the recently developed method by Kriigor-Thiemer 
and Iiunger.-:i a relationship between dosage schedule 
and molecular structure of the sulfonamides could be 
integrated so that an ideal dosage schedule for a new 
drug could be predicted from structural parameters 
such as log I' and ApAA. 
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second category is comprised of linear free-energy 
relationships which ascribe the biological activity of a 
molecule to contributions from various free-energy -
related physicochemical parameters of the substituents, 
the constants associated with each physicochemical 
parameter being generated by regression analysis for 
the biologically tested molecules. 

Examples of the first approach include those of 
Free and Wilson2 and Kopecky and co-workers.3,4 

The method of Free and Wilson2 is based upon an ad­
ditive mathematical model in which a particular sub­
st i tuent in a specific position is assumed to make an 
additive and constant contribution, to the biological 
activity of a molecule in a series of chemically related 

2, S. M . Free, Jr . , and J. W. Wilson, J. Med. Chem.. 7, IS9J (1964). 
VA) K. Bocek. J. Kopeckv , M . Kr ivucova , and D. Vlachoyd, Kx-per'wnti'i. 

20, (it)7 (1964). 
' O J. Kopecky . K. liocek, and I). Vlachova, Sullen, 207, 981 (19uo!. 

Relationships among Current Quant i ta t ive Structure-Activity Models1 
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lleeeiritl .1 une JS, l.')H7 

Structure-activity models falling into two categories are compared. One category includes ihose models in 
which the observed biological activity is expressed as a function of group coiitribulions to the activity and I he 
other includes the Hansch substituent constant model. It is demonstrated that, if the biological activity is a 
parabolic function of Hansen's substituent constant, TT, the model assuming additive and constant contribution 
from each group is not appropriate, but. a model previously successful in a specifii; instance is analogous to 1 he 
Hansch equation. If the -n-2 term is not significant, however, the model assuming additive and constant con­
tribution is appropriate when the biological activity is dependent on T and/or a. 


