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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 
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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!. 
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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. 
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molecules. I t was recognized that not all biological 
activities could be described by this additive model, 
and failure of the method was suggested to be diagnostic 
of such instances. The method of Kopecky and co
workers tested four equations for the quantitative 
expression of the difference in log LD50 of para-3 and 
TOeto-disubstituted4 benzenes from log LD50 of benzene. 
The biological activity (BA) associated with the sub
stituents in positions X and Y was expressed by the 
following equations where the x and y subscripts refer 

BA = a* + ay (1) 

BA = <hrfy (2) 

BA = bx + by + e*ey (3) 
BA = 6* + by - exey (4) 

to the contribution of a particular substituent in, 
respectively, the X or Y position. Xeither the addi
tive model, eq 1, similar to the Free and Wilson ap
proach, the product model, eq 2, nor the combined 
model described by eq 4 was found appropriate for 
description of the activity. The combined model 
described by eq 3, however, gave a statistically signif
icant correlation of the data for both para3 and meta4 

compounds. It was thought3'4 that there could pos
sibly be a relationship between the successful math
ematical model (eq 3) and the linear free-energy rela
tionships of the type described in (B). An attractive 
feature of models in category A is that no physicochem-
ical parameters need be determined for the substit
uents; a successful correlation of biological activity 
with the numerical parameters associated with various 
substituents can rank the structural changes per 
position, by estimating the amount of biological activity 
attributed to each change and offer a guide for the 
future synthesis and testing of other compounds in the 
series. 

An outstanding example of the second approach may 
be found in the extensive work of Hansen and co
workers.6 The p-a-T analysis for correlation of bio
logical activity and chemical structure has been suc
cessfully applied to problems as varied as enzymatic 
reaction mechanisms,6 correlation of localization rates 
of benzeneboronic acids in brain and tumor tissue,7 

and structure-activity relationships of penicillin deriva
tives.8 Equation 5s is the basic expression used in such 
correlations. Cx is the molar concentration of a deriva-

log 1/CX = -ar1 + bv + pa + c (5) 

tive in a family of related compounds causing an equiva
lent biological response; ir is the free-energy-related 
substituent constant denned as the logarithm of the 
partition coefficient of the derivative minus the loga
rithm of the partition coefficient of the parent compound 
and is related to hydrophobic bonding of the substit
uent; a is the well-known Hammett constant, a free-
energy-related electronic-substituent constant. The 
constants a, b, p, and c are generated by regression 
analysis of the equations for the biologically tested 
derivatives in a series. For molecules with more 
than one position of substitution, T and a values are 

(5) C. Hansch and T. Fujita, J. Am. Chem. Soc, 86, 1616 (1964). 
(6) C. Hansch, E. W. Deutsch, and R. N. Smith, ibid., 87, 2738 (1965). 
(7) C. Hansch, A. R. Steward, and J. Iwasa, Mol. Pharmacol., 1, 87 

(1965). 
(8) C. Hansch and A. R. Steward, / . Med. Chem., 7, 691 (1964). 

usually added for the substituents. The basic equa
tion may simplify in some instances5 to eq 6, 7, 8, or 9. 

log 1/Cx = OTT + b (6) 

log 1/C* = -aw2 + bir + c (7) 

log 1/Cx = pa + c (8) 

log 1/Cx = aw + per + c (9) 

Of these four equations, eq 7, which describes a para
bolic dependence of biological activity on T, frequently 
gives the statistically evaluated best fit,9 especially in 
complex systems such as whole animals or cells.10 

Hansen's p-tr-r analysis may serve both to guide the 
medicinal chemist in future synthesis and testing of 
other compounds in the series and to untangle the 
roles of hydrophobic, electronic, and steric factors in 
drug-receptor interactions. The method does require 
experimental T and a values, and, while the approxi
mately additive nature of these values allows predic
tion of T and a values for a great many substituents 
without resort to direct experimental determination, 
there are limits to this prediction. A series of molecules 
of biological interest might have complex substituents 
for which T and a values are not available. It is con
ceivable that if the -n- and cr values required experimental 
determination to allow application of the p-a-ir analy
sis, the mathematical models described in (A) would be 
more attractive for use as a guide to further work. 

It therefore becomes of interest to compare the two 
approaches (A and B) and to investigate the implica
tions of the comparisons for subsequent applications of 
the models. 

The basic assumption of the Free and Wilson2 ap
proach is that the BA contributed by each substituent 
is additive and constant regardless of substituent varia
tion in the rest of the molecule. In view of the fre
quency of occurrence of a parabolic relation of tr to 
biological activity (eq 7) found by Hansch and co
workers,9'10 it becomes of interest to investigate the 
applicability of the Free and Wilson2 assumptions in 
such a situation. The question is, "if the observed 
BA of the molecules in a series is indeed a parabolic 
function of T and if the additivity of ir values is a valid 
approximation, does the Free and W'ilson2 assumption 
of additive and constant contribution for each sub
stituent also apply?" 

Consider a molecule with two positions, X and Y, 
having groups x and y substituted, with T values of 
xx and Ty, respectively. Further, assume that eq 7 
is applicable, i.e., the biological activity is indeed a 
parabolic function of T. Following Hansch's assump
tion of additive x values, the BA of the molecule 
becomes (from eq 7) 

BA = -a(Vx + Ty)
2 + b(7rx + Ty) + c (10) 

or 

BA = (-a*-*2 + birK) + (-awy2 + b-Ky) - 2axx7ry + c (11) 

It is immediately apparent on inspection of eq 11 
that when biological activity depends parabolically 
on x, the activity contribution of one substituent is not 
independent of the -K value of the other substituent. 

(9) C. Hansch, A. R, Steward, J. Iwasa, and E. W. Deutsch, Mol. 
Pharmacol., 1, 205 (1965). 

(10) C. Hansch and E. W. Deutsch, Biochim. Biophyx. Acta, 112, 381 
(1966). 
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The BA is composed of four additive components: 
a constant term, c, associated with the parent portion 
of Ihe molecule; a term dependent on the substituent 
at X only, — a n v + lnrx; a not her term dependent on t he 
substituent at Y only, — «7rv

2 + Inr,: and a cross-product 
term which shows the mutual dependence upon sub
stitutional variation a f X a n d Y, — 2«7rx7ry. The Free 
and Wilson2 assumption of additive and constant 
activity contribution associated with each substituent 
is therefore not appropriate for the biological activity 
of a series of molecules which depends parabolically on 

IT. 

It is interesting to point out the analogy between 
the terms in eq 11 and those in the independently re
ported expression which Kopecky, el al.,'iA found to be 
successful, eq 3; compare" —aw^ + birx with bx. — tnry-
+ l)Ty with by, and — 2«.7rx7rv with exey. This suggests 
that eq 3 has some physical significance' and is related 
to the linear free-energy models. 

Equation .1 may be extended readily to describe a 
series of molecules with three or more substituent 
positions, the biological activity of which depends 
parabolically on T. 

Generally, Hansen's eq 7 may lie written 

HA = - « < 2 i r „ J - -f- bZTTu + c (.12) 

for ii substitutional positions, which can be expanded 

HA — —t/(7rr + it-*1 -r 7r:r ~h • • ~f" '-7T]7r.j -r '2TT->TTI + 

2 J T I « + . . . ) + b(ir\ + ir_> + irn + . . . ) + (• (13 ) 

and rewritten 

HA = ( — rf 7T,2 + l>ir\) + I— (ITT-r + hir-i) + (— ( ITS'- + bn) + 

. . . + 2-KiTT'i + 27To7T:j + 27T| TT;; + . . + C ( 1 4 ) 

One can see from eq 14 that , generally, the biological 
activity of a molecule is a function of n independent 
terms, a constant v, and n mutually dependent cross 
products. In Kopecky's notation, eq 14 could be 
written 

HA = t>\ + !>•. + !>-,+ . . . + <<K-3 ~ <'••<•:, + (',(':, + . . . I l.").l 

Corresponding mathematical models may be simi
larly derived for molecules with biological activity 
dependent upon TT and a- according to eq o, (5, 8, and 9 
as described by Hansen, et nl.:' 

In particular, when the most general of these equa
tions (eq ">) applies, it will be seen that the biological 
activity of a molecule with substituent positions X and 
Y may be described in terms of four components: 
c. —2airxTTy, —aw/ + bwx + p<ix, and — a7ry

2 + &7ry + 
pcry. The first two components are identical with their 
counterparts derived from eq 7, while the last two terms, 
pay. being determined independently by substitution at 
X and Y, respectively, are similar to the terms — a-wx-
+ />7rx and — «iry

2 + biry derived from eq 7 in that they 
are dependent only on the substituent at X or Y, 
respectively, although they are different in that they 
each contain a pa term. 

Equation lo, then, should also be an appropriate 
mathematical model for describing the biological 
activity of a series of molecules which satisfies eq o. as 
well as for activities satisfying eq 7. 

(11) T h e constant, t e rm r of en 11 lias no coun te rpa r t in eq ?>, since the 
pa ren t c o m p o u n d ' s biological ac t iv i ty was compensa t ed for in t he expression 
of biological ac t iv i ty chosen for the model . 

One cannot, of course, distinguish merely from the 
success of eq lo in correlating biological activities 
whether eq ."> or 7 best describes the biological activity 
of I he series, or indeed whether eq ,"> or 7 would describe 
the activity at all. in view of the success of eq "> and 7 
in correlating biological activity, however, application 
of eq L") when the TY and a values necessary for a p a n 
analysis are not readily at hand would seem to be 
justified. 

Equations li. s, and !), respectively, yield for a mole
cule substituted at X and Y the following expressions 
of activity: (ITTX + (iwy + b. pax + poy + c. and r/7i\ 
+ air, + pcrv + pas, + r. It is seen that none of the 
individual terms in these expressions depend on more 
than one substituent. The original assumption of 
constant, additive contribution of each substituent 
made in the Free and Wilson2 method and implicitly 
in the additive model (eq 1) of the Kopecky3 '4 approach 
seems appropriate, therefore, for biological activities 
which satisfy eq (i, S. or !). 

A slight nonlinear dependence of BA on the electron 
density (corresponding to the a term) of the nitrogen 
atom of amines in their enzymatic demethylation was 
shown to be significant.12 Although examples of cor
relations between BA and a a- term are rare, one should 
recognize that an expression analogous to eq 11 may be 
developed by simply including appropriate a and a" 
terms. The corresponding Kopecky3 , 4 equation would 
then be 

HA = l>, + by + (\r, + j\fy i Hi i 

where/ x / vrepresents an additional cross product. 
In applying these multiple-regression analyses, one 

should bear in mind that , when the BA is a parabolic 
function of ir, one should not expect the Free and 
Wilson2 method to hold, but Kopecky's3 4 model should 
apply; the rare instance of the dependence of the BA 
on o-2, as well as on TT'1. W. and /o r a, may be accomodated 
by eq IB. On the other hand, when the r term is not 
significant, but one of the other p a n equations ex
presses the biological activity, the Free and Wilson2 

model seems to be a reasonable one. All of these models 
require some degrees of freedom (i.e., more equations 
than unknowns) and they should be statistically 
eva lua ted" to determine the significance of the correla
tion. 

In view of the relationship between the mathe
matical models of biological activity and those based on 
linear free-energy relationships, the biological-response 
parameter chosen for correlation with the mathematical 
models might best be selected by the criteria applied to 
those selected for the linear free-energy relationships. 
These parameters as selected by Hansen and co
workers5 are usually negative logarithms of a molar 
concentration necessary to achieve a constant equiv
alent response. 
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