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Molar attraction constants [F = (EV)'/2], a physical constant derived from the solubility parameter (8 = F/V),
was taken to be indicative of the relative degree of drug-receptor interaction for related compounds. For several
different groups of structurally related compounds, a high degree of correlation of F with biological activity was
obtained in each case from a least-squares fit of the data to a first-order equation indicating that F may be a
useful parameter for correlating chemical structure with activity. These molar attraction constants are available
for most organic functional groups, are apparently additive on a constitutive basis, and are thus readily obtained
for many compounds by simple calculation. Although F may merely be related to the relative lipophilicity of a
compound in a series, its use in correlating biological activity with chemical structure may be of value since no
experimentation is required. The proposed method of correlation appears to have predictive capability.

A great deal of evaluating and screening of potentially
active drugs within numerous pharmacological classes
has been done, but unfortunately many of these data
have not been published. Moreover, the reported data
have been obtained from semiquantitative and rela-
tively imprecise bioassays. It is apparent that one of
the main impediments to progress with structure—
activity correlations is the lack of quantitative pharma-
cological potency data for structurally related drugs.

In the past, investigators have shown that relation-
ships between observed biological activity and an
experimentally determined parameter do indeed exist
for some structurally related compounds or for some
compounds with common pharmacological actions.
Correlations have been made with partition coeflicients,
degree of binding to various protein fractions, lipid
solubility, kinetic rate of biotransformation, and other
physical parameters. Often structure-activity relation-
ships have been obtained strictly by the methodical
compilation of bioassay data. Conclusions have then
been drawn from these data by noticing the relative
changes in biological potency due to the location and
nature of organic functional groups. It has been com-
mon to utilize a stereochemical ‘“fit” hypothesis based
on the classical notion that a drug must meet certain
stereochemical requirements at a substrate site. Con-
clusions have then been drawn from these data by
observing the effect of change in the structure and loca-
tion of functional groups on biological potency. That
is, the correlation comes after the fact.

Ideally, structure-activity relationships should at-
tempt to explain as well as correlate. They should con-
tribute Insight into a mechanism of action at the
molecular level as well as help define the chemical
and physical nature of the biological structure involved
in drug action. Such a method would hopefully also
have some predictive capability. It is only recently
that this subject has been approached on a theoretical
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basis.! One of the most recent and successful methods
for correlating biological activity with the chemical
structure and physical properties of drugs is that of
p-o~m analysis as introduced by Hansch and co-
workers, 2 where a mathematical and theoretical treat-
ment of three parameters has been shown to give
quite reasonable correlations.

Many biologically active compounds owe their
activity to a capacity for participating in a chemical
reaction or physically interacting with cell constituents.
Variations in the biological activity of closely related
compounds in those cases where absorption is not the
controlling factor most probably are due simply to
differences in the affinity between the drug molecules
and a substrate. In order to evaluate the extent of
interaction between the drug molecule and a substrate,
it was theorized that a consideration of a parameter
which would be a measure of the attractive forces
involved in this interaction might have significance.
The thermodynamic free energy of interaction is such
a parameter but its determination would require experi-
mentation involving equilibrium measurements. It
would be more desirable to use a parameter that could
be readily calculated.

It was assumed that the stronger the interaction
between the drug and the biological substrate, the
greater the intrinsic activity. Approaching the problem
from this viewpoint led to the consideration of a theory
which has been used to explain some solubility phe-
nomena, a situation where electrostatic attractive
forces play an important role. A theoretical considera-
tion of the attractive forces and their relationship to the
enthalpy of mixing for a two-component regular solu-

(1) (a) E. R. Garrett, O. K. Wright, G. H. Miller, and K. L. Smith, J. Med.
Chem., 9, 203 (1966), (b) C. Hansch and T. Fujita, J. Am, Chem. Soc., 86, 1616
(1964); (¢) A. Cammarata, J. Med. Chem., 10, 525 (1967).

(2) (a) C. Hansch and R. A. Steward, tbid., 7, 691 (1964); (b) C. Hansch
and S. M. Anderson, 1bid., 10, 745 (1967); (¢) C. Hansch, R. M. Muir, T.
Fujita, P. P. Maloney, F. Geiger, and M. Streich, J. Am. Chem. Soc., 85,
2817 (1963).
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tion has been given by Hildebrand and Scott.? For
mauy organic substances the main contribution to the
total attractive forces existing between two molecules
is made by dispersion forces, the main exception being
those systems where hydrogen bonding forces or dipole
teractions predominate. Even for the relatively polar
orgauic liquid acetone, 969 of the total attractive force
between two acetone molecules i1s due to dispersion
forces.* Tle energy required for the formation of
physical bonds due to dispersion forees is derived from
the pairing of dipoles momentarily widuced by perturhu-
tious in the electron clouds of molecules in close prox-
imity. These forces are nondirectional in nature and
are additive over all pairs of miolecules 1 a systenn.
The over- al distribution and nature of these attrac-
tive forces will be reflected i1 the thermodyuamic free
energy of witeraction, AG,, the ideal quantity to examine
and oue which is a direct ndication of the degree of
interaction wlhere a large and negative free-cnergy
cliange corresponds to a strong interaction or high
affinity.  Thus, based on the aforementioned assianp-
tious, the most hiologieally active compound of a geries
will correspond to the situation where this therino-
dynamie change 1s at a maximum.  For such an inter-
action process, the thermodynamic euthiadpy (AH;) and
entropy (AS;) of the Gibbs equation (1) may be cither
AG = AH — TAS {13
positive or negative and the sign may depend on the
role of the interaction medium. For hiological systens,
this medium is most often water. I those cases where
the enthalpy is positive, one approach may be to define
this thermodynamic quantity in termns of other physical
parameters by an equation derived by Hildebrand and

Scott? and  Seatchard® for two-component regular
solutions

~ (11X, + ViXDéige(d — 62)° i2)
wlhere ¥V = molar volume, X = mole fraction, ¢ =

volume fraction, ¢ (EiV)' = solubility parameter,
and the subscripts 1 aud 2 refer to the two interacting
speeles. In the derivation of eq 2, it was assumed that
the geometric mean rule holds for the relationship
between the potential energies (£) or the cohesive
energy densities (£/17) of the individual components
and the interaction mixture, that the interaction forces
are central and additive, that there is no volume change
(AV =~ 0), and that mixiug is random. The solubility
parameter has found some practical use in predicting
the mutual compatibility of organic solvents and in
selecting solvents for various synthetic polymers.’
Mulling® has suggested its usefulness in estimating
activity coefficients in an attempt to correlate thermo-
dynamic with biological activity, while others® have

(3) J. H. Hildebrand and R. L. Scott, ""The Solubility of Non-Electrolytes,"
3rd ed, Dover Publications, Inc., New York, N. Y., 1964, Chapter 111,

(4) P. A. Small. J. Appl. Chem., 3, 71 (1933).

(5) J. H. Hildebrand and R. I,. Scott, ref 3, p 129.

(6) G. Scatchard, Chem. Rev., 8, 321 (1931).

(7) (a) J. Brandrup and E. H. linmergut, "Polymer Handbook,”’ Inter:
science Publishers, Inc., New York, N, Y., 1966, p IV, 341; (b) H. Burrell,
Offic. Dig. Federation Soc. Paint Technol., 29, 1069 (1957},

(8) L. J. Mullins, Chem, Rev., 54, 289 (1954),

(9 S. A. Khalil and A. N. Martin, J. Pharm. Sci., 56, 1225 (1967),

indicated that a relationship exists between solubility
parameters and membrane-transport. properties. It
may algo be defined as

§ = KV V= FV (3
where F (£1)* and is called the molar attraction
constant. Substitution for ¢ in eq 2 and substitution

for AH; 1u the Gilibs equation gives

2
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Equation 4 thus relates the molar attraction coustant to
the thermodynamic free energy of interaction for those
systems where the enthalpy term is positive and where
the aforementioned assumptions are approximately
true. If one now assumes that the molar volume of
that part of the drug molecule whiech is involved in the
interaction is approximately equal to the niolar volume
of the effective participating biological site, theu the
free cnergy at equilibrium will be most tdvomblo and
will approach a minimum when AH; approaches zero or
when F'y approaches £y, Consequently, if the magnitude
of the biological response is directly related to the degree
of mteraction, the most biologically poteut compound
of w series will correspond to the one where the chiange
i the free cnergy of interaction is maximized or when
the molar attraction constant of the drug and substrate
are equal.

By this analysig, the molar attraction constant is
taken to be a physical parameter which is & measure of
the intermolecular attractive forces of a chemical
species relative to a second entity. In this regard,
F assulies a plivsical significance analogous to the vau
der Waals coustant (a)® where a represents thie inter-
action between two wolecular species.  The molar
attraction constants for various organic conpounds may
be obtained from a knowledge of their solubility param-
eters and molar volumes (eq 3). Methods for deterinin-
g or caleulating solubility parameters have been
discussed elsewhere.™  Sinee the potential energy and
molar valuie are extensive thermodynamic gquantities,
they are additive on a molar bhasis and thus so are the
molar attraction constants, That 1s, since

Py o= by 4+ nolly — AH, )

where [y = total attractive energy of the system, » =
moles of component 1 or 2, and AH, = total enthudpy
of the system and siiee

= (uVy + nVi)erg(6r — 62)° ()
then substitutiug for AH in eq 5 gives
= V1 e Va)nge(dy — 82)7 (7)

Substituting for volume fraction, ¢; = v (11 + ¢a), and
similarly for ¢, where ¢ is the volume of 1 or 2, yields

Et = 71/11’;1 -+ /12]';2

Ouly + nVy)uir

Tt )2 (6, — 82)° (8)

E, = mky + ik, —

(10) J.J. Van Laar, Z, Physik. Chem., 72, 723 (1910).
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Letting v = nV, substituting (E/V)"* for 4, and re-
arranging gives

EVy = (ml1 + mely)(mVy + ml,) —

nl"-an‘VZ[% - 2<E1‘¥"11%€/'22‘(/2) " + %J =
n2E V1 + 20ng(EiVi + EoVy)'* + n?E,Ve =
[((B1V1)'* 4 ny( oY) ' P(Bwy)* = m(ByV)7* +
na(EsV ) ? or Fy = mFy + noFy  (9)

Small* has demonstrated that besides being additive
on a molar basis, the molar attraction constant appears
to be additive on a constitutive and atomic basis, and
a table giving molar attraction constants for common
functional groups has been reported.+’ Thus, F can
be calculated for many organic compounds merely by
adding the respective values for the functional groups
comprising their chemical structure.

Results and Discussion

The use of molar attraction constants to correlate
structure with activity was tested using published
biological data for six different classes of compounds.
An actual tabulation of biological activities and calcu-
lated molar attraction constants is given for only one
set of data in order to not unduly lengthen this report
by completely identifying each structure and its cor-
responding data values. This tabulation is given for
data set IIT in Table II. For the remainder of the data
sets, only the resultant statistical parameters for each
correlation are given (Table II). Complete structures
for all the compounds employed in the correlations may
be found, however, in the corresponding references
cited along with each set of data in Table II.

The biological activities for the various systems all
represent a constant equivalent response such as EDs,
LDy, or isonarcotic concentration. Set I corresponds
to (i) the inhibition of rat brain cortex respiration by
some barbiturates and (i) the fraction of barbiturates
bound to 193 bovine serum albumin, set II to the bar-
biturate inhibition of Arbacia egg cell division, set I1I
to the toxic action of substituted phenols on Micrococcus
pyogenes var. aureus, set IV to the toxic action of sub-
stituted phenols on Salmonella typhosa, set V to the
activity of penicillins on Staphylococcus aureus, and
set VI to the isonarcotic concentrations (tadpoles) of
some esters, ketones, alcohols, and ethers,

The molar attraction constants (F) were calculated
either for the entire molecule (sets III, IV, VI) or only
for that part of the molecule where the chemical struc-
ture varied (sets I, II, V), The use of partial instead of
total molar attraction constants merely displaces a plot
of biological activity vs. F along the abscissa and does
not affect its shape. Partial values were used in those
cases where F was not known for some functional group
comprising the invariant part of the chemical structure,

Although eq 4 predicts that a plot of activity vs. F
for compounds in a series will exhibit a maximum (f
biological activity is directly related to AG;) it does not
necessarily tell one what its shape will be away from
the maximum. Such plots, however, suggested that the
biological data was linearly related to F-for each set and
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TasLE I

ErrEcTIVE CONCENTRATION FOR THE ACTIVITY OF
PEeNICcILLIN DERIVATIVES oN Staphylococcus aureus 1N MICE

s
CH,CH,,CHzCONH ]
| N COOH

0 0
X

~———ULog (l/¢)—— Alog

Funetion F Obsd Caled (1/¢)
H 1061 5.86 5.75 0.11
4-Cl 1239 579 5.43 0.36
4-0CH; 1253 5.69 5.40 0.29
a-Et (n = 1) 1194 5.54 5.51 0.03
4-N0q 1256 3.53 5.40 0.13
2-Cl 1239 5.40 5.43 0.03
2,5-Cls 1417 5.24 5.11 0.13
a-Pr(n = 2) 1327 5.03 5.27 0.24
3,5-(CHs), 1305 5.03 5.31 0.28
a-Bu (n = 3) 1460 5.01 5.03 0.02
2,4-Cl, 1417 4.97 5.11 0.14
2,4-Bry 1557 4.87 4.86 0.01
2,3,6-013 1595 4.72 4.79 0.07
4-Cyclohexyl 1762 4.70 4.49 0.21
4-t-Bu 1518 4.67 4.93 0.26
3,4,5-(CH3)3 1427 4.65 5.09 0.44
4-t-Amyl, o-Et 1784 4.57 4.45 0.12
Cls 1951 4.25 4.15 0.10

a least-squares fit of each set of data to a first-order
equation was performed. The statistical parameters for
each set appear in Table II where 7 is the correlation
coefficient, s is the standard deviation, n is the number of
data points, and r* is the correlation coefficient when
the same biological data was correlated to 7!! in a
comparable manner.

A relationship between the sum of molar attraction
constants and observed biological activity appears to
exist for each of the data sets examined. In those cases
where a comparison can be made and r* is given, the
results suggest that F correlates with the biological data
at least as well as = and in some cases slightly better
than 7. For the data corresponding to the toxic action
of phenols on bacteria (sets III and IV), a correlation
exists separately for each group of phenols which have
substitution at the same ring position and the statistical
parameter for each group is given separately, This
result may be due to (1) a significant dependence of
niolar volume on the ring position of the substituted
group, (2) the role of the relative partition coefficient,
(3) steric effects, or (4) the fact that the molar attraction
constant does not evaluate the significance of the rela-
tive location of a functional group within an organic
molecule.’? Corrections for the values of F based on the
relative position of the substituted group could be
made on an empirical basis for each biological system
considered. On the other hand, it was found that for
the data of sets III and IV a smooth curve exhibiting
a maximum was obtained when the observed biological

(11) wis the parameter defined by Hansch as the logarithm of the ratio of
two partition coefficients.

(12) Itshould be pointed out here that it appears that some functional groups
take on different values for F when they are attached to an aromatic nucleus,
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Data set Equations ’ ot
I(1 Log (1:c7 = 3538 X 107% F — 0.895 0.955 0.412
(i1} FB*=01X107*}F — 0.620 0.867 0.752
11 Log (1ic) = 279 X 107 F — 0.446 0.912 0.851
111G Log PC7 = 3.4 X 107 F — 436 0.99% 0.996
(1) Log PC” = 3.0 X 107" F — 4.30 0.092 0.985
(i Log PC’ = 5.2 X 1077 F — 4.72 0.999 0,998
(iv) Log PC’ = 4.0 X 107* «F — 0.204 0.97% 0.956
I.()g PC’ = 25 X 1073 («F )P = 0.995 0.950

534 X 107 #F + 0.112

V(i) Log PC” = 3.45 X 107 F - 444 0.8 0.087
(i) Log PC7 = 296 X 1077 # - 4.14 0.995 0.990
(iii) Lag PC” = 3,12 X 107% }F' — 4.60 0.991 0.952
(iv) Log PC7 = 44 X 107 #F = 0.245 0.980 0.960
Log PC’ = 21 X 107 oF — 2.96 0.973 0.946
\ Log (lie) = 1.78 X 107 F — 7.64 0.802 0.795
VI L()g (Lie) = 3.05 X 107 F 1.10 0.968 0.937

Vol. 12
11

S » B Comments Hot
0.181 10 0.956 it
0.074 12 h
0.2506 14 0.960 2h
0.061 0 +-Allkyls 1
0.122 10 3-Alkoxys 1t
0.026 ] 4-Alkoxys 1h
0.'20{? ‘5-_1 0.025 Complete set 1h
0.106 A5 Complete set b
0.057 B 4-Alkyvls; F < 1350 1h
0.057 6 3-Alkoxyvs; F < 2025 Ih
0.081 ti 4-Alkaxys; £ < 2025 1h
0.146 26 0.919 Complete set: F < 4300 th
0.077 T o Complete set; F < 4300 1h
0.204 1~ 0.904 2
0.212 27 0.965 “

¢ |, Fuhrman and J. Field, /. Pharmacol. Expt. Therap., 77, 392 (19431, ¥ L. Goldbaum and P. Smith, /bid., 111, 199 (1954
“J. Twasn, T. Fujita, aud C. Hansel, J, Med. Chene., 8, 150 (19651,

4 Fraction haund.

activity was plotted vs. the product of w and F.** The
values of 7 emploved in sets ITI and IV were taken from
ref 2 and the resultant correlations are meluded m Table
I1.

Tor the systems investigated and in light of the
assumptions that were required, the correlations appear
to be quite reasonable considering the limited accuracy
of thie biological data. In the treatment of some of the
same data by p-o-r analysis, Hansch has coucluded
thiat the relative partition coefficient (7) accounted for
most of the differences in biological potency.1®2¢ Thus,
it could be concluded that the molar attraction constant
is actually only a measure of the relative partition
coefficient. This was found not to be the case in the
correlation of the structures of a series of related steroids
with their relative antiinflammatory poteucies where F
gave good correlations but 7 did uot.** The results in
this paper, however, do suggest that F is related to =
Such a relationship is conceivable since partition
phentomena as well as physical interactions are dependent
on chiemical structure,

The proposed method of correlation unquestionably
lias limitations with regard to its general applicability,
and the theoretical basis of this treatment requires
perhiaps more than the usual number of assumptions.
In addition, steric factors involved in drug interaetions
were neglected while it is likely that ehanges in molecu-
lar size, shape, and rigidity do indeed affect AS;. How-
ever, it should be stated that for compounds of a series,
the magnitude of these effects are probably approxi-
mately equal. The limitation that the enthalpy term
as described by eq 1 is directly applicable ouly to
systems where this quantity is positive is perlaps a

(13) The criticism offered by one of the reviewers regarding the empirical
nature of the produet 7wF is well taken. lts apparent correlation, however,
may be rationalized intnitively by considering that the factor 7 expresses
that fraction of the apparent conceuntration which is made available for inter.

wction and may serve as a corrective factor in assessing the extent of interaction.
714) Unpublished dit;.

serious one when coupled with the fact that the sign of
AH; is usually not known for most drug interactions.
If the drug interaction is of a specific nature, wherehy
AH; takes on negative values, it is still possible that
correlation between biological aectivity and molay
attraction constants exists, The relationship to thernio-
dynamie quantities would then take a different form
than presented here.

I order to broaden the applicability of the proposcd
method one uceds to obtain an expression for the
thermodyunamic enthalpy or free energy whicl is re-
lated to a molar attraction function as well as a second
parameter which allows for those systems where the
dispersion forees (f3) do not follow the geometrie mean
rule and or where other attractive forces are significant.
Such an expression will permit AH; to take on positive
or uegative values. In treating F and its apparent
additivity it ix realized that the validity of eq 2 is
dependeut on the assumption that the distribution af
the dispersion forces follows the geometric mean rule.
It this assumption is not a valid one 1 certain instances,
it may be necessary to define a funetion, ¢(fy), for
which the distribution of attractive forces would more
closely approximate the true situation. An expression
for AH which would account for specific interaction may
take the forn

AH: = g(fa) — g(fy) (10

where f; is an expression coutaining a paramieter wlich
describes the relative magnitude of specific interactions.
For the case where AH; is positive and only dispersion
forces are operative, ¢(f,) would equal 0 and eq 9
would take the form of eq 2.
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