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1. INTRODUCTION

Recent advances in the correlation of chemical structure with biological ac-
tivity have demonstrated the effectiveness of using quantitative models of structure—
activity relationships in describing drug action!. Such models, which attempt to relate
the physicochemical description of a drug —by means of *‘critical molecular proper-
ties™'2 or parameters— to its activity, have two primary objectives. Firstly, to provide
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an insight into how and why a particular drug has its effect, and secondly, to predict
efficiently chemical structures of drug candidates having higher therapeutic effec-
tiveness.

Such progress in the use of quantitative structure-activity relationships (QSAR)
has shown the importance of the hydrophobic or lipophilic nature of drugs. The
hydrophobicity of a drug (that is, the tendency of a species to be readily soluble in
most non-polar solvents, but only sparingly soluble in water?), is usually charac-
terized by the partition coefficient, P, obtained from distribution studies of the drug
between an immiscible polar and *‘non-polar” solvent pair. The work of Martin and
Synge* and of Consden et al.s in establishing relationships between the R, values ob-
tained from partitionchromatography and the partition coefficient, has led to the limit-
ed use of hydrophobic parameters obtained from chromatographic measurements in
QSAR models. In reviews and studies ol QSAR models, many authors (see, e.g.,
refs. 6 and 7) when briefly mentioning chromatographic parameters, normally com-
ment that R,, values will find an increasing importance in future QSAR studies,
either directly in correlation, or as a means of estimating log P or st (ref. 8) values.

The aims of this review are: (i) to discuss the measurement of such parameters
and show how they are theoretically and experimentally related to other free-energy
based parameters, (ii) to bring together successful correlations of R,, with biological/
biochemical systems, and (iii) to suggest that the chromatographically obtained param-
eter should have wider applicability in structure-activity relationships.

2. FREE-ENERGY RELATIONSHIPS AND BIOLOGICAL/BIOCHEMICAL ACTIVITY

The semi-empirical approach of Hammett®, in 1937, in correlating reaction
rates for side-chain reactions in substituted aromatic compounds, by use of a lincar
free-energy approach'?, provided a means of quantifying the chemical structure of a
molecule, and relating it to its chemical reactivity. Such an approach has enabled
the medicinal chemist!'? to correlate the physico-chemical description of a drug with
its biological or biochemical activity.

Hammett first suggested that an equation of the form

log 4— = yo 2.1

might be employed to correlate the influence of meta and para substituents on the
reactivity of substrates containing aromatic groupings. ¢ and ¢ were defined as the
substituent and reaction parameter, respectively., Eqn. 2.1 is. now.secognised as an
example of a linear free-energy relationship (LFER). These may be regarded!® as
linear relationships between the logarithms of the rate or equilibria constants for one
reaction series, A,B, and those for a second reaction series &, subjected to the same
variations in reactant structure or reaction conditions. The relationship is shown by
eqgn, 2.2,

log k% = mlogk + ¢ 2.2)

where 71 is the slope and ¢ the intercept of the straight line obtained. The logarithm
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of an equilibrium constant K is proportional to the standard free-energy change, /1G°,
accompanying the reaction, /.c.

—AG° *
log K = =53 "7~ (2.3)

where R and T have the usual meanings. According to the transition state theory, a
specific rate constant, A, can be expressed in terms of a standard free energy of acti-
vation, AG*, so

lo RT . AGE
&Nn 2303 RT

log & == (2.4)

where N and /1 are the Avogadro number and Planck s constant, respectively. Com-
bination of eqns. 2.2, 2.3 and 2.4 results in

AGH == n AGAN + o (2.5)

where the relationship between n# and m, and between  and ¢, depends on whether
the comparison between reactivity is expressed in terms of equilibrium constants or
rate constants, or both. Thus, the empirical correlation of reactivity change (eqn.
2.2) is equivalent to a linear free-energy relationship, that is, to egn. 2.5.

Of all the possible relationships between observable quantities, the rectilinear
form (eqn. 2.2) is the most easily recognised. This is particularly the case when data
are examined gmphically, although it is now common practice'!"!'? to use statistical
multiple regression methods of analysis in correlation studies. The correlation of
multiple variables, as shown in eqn. 2.6, is more difficult to visualise (three-dimen-
sional plots would be required), but is readily handled by statistical methods.

log /B = n1log k™ -+ m’ log kAN 4 e (2.6)

Here it is important to realise that eqn. 2.6 cannot correlate the data less well than
eqn. 2.2, If the term n?’ log kA s regarded simply as a correcting factor for eqn. 2.2,
then eqn. 2.6 must give a better correlation unless log &4/ has no relationship with
the deviations obtained from eqn. 2.2, Statistical procedures are available to deter-
mine whether eqn. 2.6 is a significant improvement on cqn. 2.2, and whether or not
there is a *‘real” relationship between log k,® and both log &/* and log &£/A . Multi-
parameter correlations require a more critical assessment than two- pdrdmeter corre-
lations. Additional parameters inevitably improve the correlation without necessarily
providing more information. Consequently, additional parameters must be shown to
be orthogonally distinct from others'?. In correlations given in this review, each
parameter has been shown to be statistically significant, except if indicated otherwise.

By far the most widely known and used LFER approach in structure-activity
correlations is that due to Hansch! and Hansch and Fujita'®, The mathematical,
stochastic approach by Hansch and his co-workers has been to factor the effects of
substituents on the rates of equilibria constants into free energy terms, following on
from eqn. 2.3. Their working hypothesis has been that, to a first approximation, the
free energy change in a standard biological response, A1G§,, which can be attributed
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to a single chemical or physical recaction, may be factored as follows

AGR = AGYm + AGoer. -+ AGlerie o€ In kyg 2.7)

where G}, represents that part of the free energy change which can be attributed to
hydrophobic bonding, 1GY,..,. represents an electronic component, and AG%.,,.
represents the spatial demands of reactants and products on the free-energy change.
Using the extrathermodynamic approach of Leffler and Grunwald!s, it is possible to
evaluate the substituent effects of Apr. An extrathermodynamic approach may be
described!® as one using relationships not directly resulting from the principles of
thermodynamics, in the sense that detailed mechanisms need not be explicitly identi-
fied. Eqn. 2.8 exemplifies this approuach.

log BR = log

= kv -+ oo - k'S - k' o d,.log BR (2.8)
~N

where C, is the molar concentration of a derivative x producing an equivalent

biological or biochemical response, under standard conditions. 7z, & and S are extra-

thermodynamic substituent constants for the respective effects described by eqn. 2.7,

From many studies, Hansch! argued that the change in the free energy of a
biological response due to the hydrophobic nature of the drug might be represented
by log P, ¥, Ry <1 Ry, and under certain conditions parachor. The AGY,,.,, term may
be factored using the various forms of the Hammett substituent parameter'?, by dipole
moments, or by quantum mechanically calculated electron densities, etc. Similarly,
the /1G?,.,,. term can be represented by such terms as molar volume, etc. However,
because of the overwhelming contribution of the /G, term over the other terms of
eqn. 2.7 towards the biological response, it is on the hydrophobic parameter that most
attention is focused in correlation studies.

It should be noted that such parameters can be used in QSAR models other
than frec-energy relation techniques analysed by regression analysis'®, and also in
quantitative models unrelated to the LFER method of analysis'”. Their so far limited.
uses, and the non-availability of results obtained by using chromatographically
derived parameters, precludes their further discussion in this review,

3. HYDROPHOBICITY AND THE PARTITION COEFFICIENT, AND Ry, PARAMETERS

By classical definition', a hydrophobic ‘*bond’ is formed when two or more
non-polar groups in an aqueous medium come into contact, thus decreasing the ex-
tent of interaction with the surrounding water molecules, and resulting in the liber-
ation of water originally bound by the molecules. The hydrophobic bond is recognised
to be complex in nature, involving polar and apolar interactions; the hydrophobic
bond concept has been useful in rationalizing biochemical phenomena'-2% and has
been applied?! in explaining association of organic and biologic molecules in aqueous
solution. In QSAR models, the ability of a compound to partition between a relatively
non-polar solvent and water is normally used as a measure of its hydrophobic charac-
ter,

The partition coefficient and R,, value are free-energy based terms in the ther-
modynamic description of the partitioning process. It is pertinent to this review to
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describe the theorctical relationship between the free energy of transfer of a molecule
from an aqueous to an apolar phase and its pariition coeflicient (or Ry,), and although
the treatment that follows is for completely immiscible solvent pairs, Leo er al.??
have shown that where there is some mutual solublllty in the cases of the solvent pair,
the derived relationship still holds.

An ideal solution may be defined?* as one in which cach component follows
the equation

i (T,Pr,X) = p,° (T,Pr) -- RTIn X, (3.1)

where 1,9 is the chemical potential of pure component/in solution at specificd temper-
ature (7)) and pressure (Pr), and X, is its mole fraction. (If the solution was to become
non-ideal before X, = 1, then y,? ceascs to be the actual chemical potential of pure /.
and has the value it would have if the solution remained ideal up to X, == 1).

Cratin® has shown that, as a consequence, the thermodynamic partition co-
efficient P’, based upon ideal solution behaviour, should have the form

X(w)

)I TTD e——int
F X(0)

(3.2)

in,which X(w) and X(0) refer to the mole fraction of drug in the aqueous and non-
aqueous phases, respectively. Cratin has further demonstrated that for dilute solu-
tions eqn. 3.1 may be rewritten for component 7 in the following way:

wi (T, Pr,X) = 1,0 (T, Pr) + RTInV,? - RT In C, 3.3)

Eqn. 3.3 shows that the chemical potential based upon mole fractions, is larger than
that based upon the molar concentrations, by R7 In V.9, where V,lis the molar volume
of solvent in the solution. Such a relationship means that the valuc of the chemical
potential if expressed on the molar concentration scale, even for idcal solutions, de-
pends upon the molar volume of the solvent.

During the partitioning process between an immiscible solvent pair, it can be
assumed that the free energy of transfer of a molecular species can be factored due to
the contributions of its constituent parts. Assuming that the total free encrgy of a
molectule, 1, is comprised of a lipophilic group (L) and “n** hydrophilic groups (H),
then the total transfer free energy may be represented by the equations

(W) == e (W) - 1 pey(w) ' 3.4)
and

ur(0) = gy .(0) -+ n py(o) (3.5)
where (w) and (o) again refer to the aqueous and non-aqueous phases, respectively.
Assuming ideal behaviour (i.e., eqn. 3.1), and converting from mole fraction terms

to concentration terms, then the above equations become

(W) == 0, 0(w) - n 1%w) -+ RT In V°(w) 4 RT In C(w) (3.6)
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and
p(0) = 1 %(0) -+ 1 puy®o) 4+ RTIn V°0) + RT In C(0) 3.7

At equilibrium pu(w) == ur(0) and eqns. 3.6 and 3.7 may be equated as follows

[Z& C(w)
[26.9(W) — 12,%(0)] + RT In _7"—((‘:)% 4 nfpp?(w) — py?(0)] = —RT In -—C%Vj—
(3.8)

By replacing C(w)/C(0) by P and putting

Aul == p00) — pi(w)
the following expression is obtained

_____ I1.{|/,t||é'- " Ape 0 e _m
log P = 5303 k7 2303 RT T '°F V(W) (3-9)

For eqn. 3.9 to be valid a plot of log P vs. n should be a straight line with a slope
equal to <lg,9/2.303RT. Using the relationship between the logarithm of the partition
coefficient rersus the number of ethylene oxide adducts in p-rert.-octylphenols, found
by Crook et al.®, where the regression equation for the relationship is

log P == 0,422 1 — 3.836 (3.10)

a standard free-energy change of transfer per mole of ethylene oxide [(0) — -
(W)] of —2.51 kJ (at 25°) can be found. A similar treatment of solute behaviour
should be applicable to information collected from chromatographic measurements.
The data collected by Green et al.?® (Fig. 1) of R, values for n-alkyl dinitrobenzoates,

+1.00-
R [
]
O /
/.

-0.50} /.

-1.00} /

Pnd L [ 1. —J
2 ) 6 8

Number of carbon atoms in alkyt group

Fig. 1. Relationship between the R,y values and the number of carbon atoms of a series of n-alkyl
dinitrobenzoates, (After Green ef al.?.)
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measured in a paper reversed-phase system of liquid paraffin-50Y aqueous ethanol,
illustrate how when log P is substituted by R, in eqn. 3.9, the derived theoretical
relationship is still valid. A regression slope of +0.245 is obtained which gives a stan-
dard free energy of transfer per methylene group of 1.39 kJ (at 25°), though for com-
parison purposes with other A(/1G¢y,) values?” it should be remembered that this is
for the transfer of a methylene group from a non-polar to an aqueous cthanol en-
vironment. :

It should be seen that other group free energies can be determined using an
approach similar to that used by eqn. 3.9 (and illustrated by eqn. 3.10 and Fig. 1),

The theoretical basis for the relationship between R, values in partition chro-
matography and chemical structure was first proposed by Consden ¢f al.5, and later
by Martin®, who deduced that for ideal solutions the partition coefficient, P, of a
substance A between two phases is related to the free energy required to transport one
mole of A from one phase to another by the expression.

Inp = a C— (G.11)

Martin showed that the addition of a group X to the substance A should change the
partition coefficient by a factor depending only on the nature of X and the two
phases, although not on A itself. Hence, if A is substituted by *'#’* groups X, *“m"
groups Y, etc., then

RTIn P = Nup -+ nAux -+ mApy -+ ... . etec. (3.12)

(In a similar way to eqns. 3.4 and 3.5, X and Y could represent hydrophilic and lipo-
philic moieties). Since

P::%:L.(—I—;T-—l) (3.13)

. 3 . ! . 1 .
where A4,,/A4, is the eflfective ratio of the cross-sectional areas of the mobile and
stationary phases, then

A 1 ., ) .
RT In . (-—R'— — 1) == s -+ nlug - mApy 4 ... cte. (3.14)

Bate-Smith and Westall?® introduced the term

Ry = 10g (4— — 1) = - (3.15)

and showed experimentally that the relationship predicted by Martin was followed for
a number of flavones, anthocyanins and some related compounds. However, because
of the nature of the substituent groups studied (for example, hydroxyl groups), data
were necessarily restricted to a limited range of compounds.

The partition coefficient can be defined as an equilibrium constant, such that
k. /ky = P, In doing so it is reasonable to express the effect of a given function on the
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partition coeflicient of a parent molecule in terms of

Py
I,H

log = 77 K, (3.16)

where &, will be a constant depending on the nature of the phases employed in the
measurement of log P, log (#x/Pu) is proportional to the difference in free-energy
changes involved in transferring unsubstituted and substituted molecules from one
phase to another, and Px and P, represent the partition coeflicients of the substituted
and unsubstituted molecules, respectively.

Assuming that for any given standard system A, is unity, then

stk = log Px — log Py (3.17)

where, when log Py, 4 m is zero, the free-energy change in moving from one phase to
the other is zero. 7t is conceptually regarded as constant for a given functional group
and represents that part of the transfer free-energy change duc to any particular group
or function, that is

/.l(/.‘Gn) = /‘Gxo - .’1G||0 = — RTIn Px -+ RT In P" (3.18)
Therefore
—AG°
In Py — In Py == l(?'l‘ ) (3.19)
and
Py
log —= == k[—ACIGY] = ko1 (3.20)

Py

By substituting eqn. 3.17 into the relationship exemplified by eqn. 3.13, the following
expression is obtained

Ty = [log—’-’/,—:"- + log ("lT],T - 1)] — [log-%';L -+ log (—7?177 - 1)] (3.21)

which,_ in terms of Ry, (cqn. 3.15), becomes
T == Rpypx — Ragpy == ARpx (3.22)

that is 7x is analogous to /A R,,. It is interesting to note in this respect the work of Clif-
ford er al.*® in correlating fungicidal activity with chemical constitution of some alkyl-
dinitrophenols, in that they ignore the term AR, and express 7 directly as

(]/R,:x) — 1
(V/Rp) — 1

o = log

L

(3.23)

For acids or bascs, Ry, can be related to Ry by the following expression, providing
the degree of association in the organic phase can be ignored
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_ +
Ry == log (_l__ — 1) -- log Ka + [H7]

RLLILE I 3.24

Ry [H7] (3.24)
where K, is the dissociation constant of the solute, and [H*] is the hydrogen ion con-
centration of the mobile phase.

4. MEASUREMENT OF Ry

Bush?!, in his excellent review of the Ry, treatment in chromatographic anal-
ysis, has devoted a major section of the study to the classification and design of' solvent
systems in which one can measure Ry, values. It is to this study, and to the pertinent
chromatographic literature for individual solute R,, determinations, that the
medicinal chemist is directed for his search of appropriate systems.

However, some of the more important experimental design variables and the
relevance of obtained data deserve comment. Successful correlations of the LFER
type have been made with values determined on paper and thin layers only, and ac-
cordingly this present study concerns itself primarily with such methods: other meth-
ods, such as liquid-liquid partition chromatography3?, (where the retention volume
can be related to the partition coefficient), because of their more quantitative approach,
and because they lend themselves to a more precise control of experimental variables,
should be seriously considered in the future for providing accurate, reproducible hy-
drophobic parameters.

Literature R,, values can be seen to have been determined cither in non-
reversed (or straight) or in reversed-phase systems, and also by paper and thin-layer
methods. The theory of Martin and Synge?, and Consden er al.®, and others, was
derived for systems where the partition process only was taking place: however, as
pointed out by Oscik*}, many workers quite automatically apply the relevant re-
lationships derived for the partition chromatography theory to the theory of adsorp-
tion chromatography. Oscik has further stressed the fundamental differences between
ARy values determined by cither method, and has derived a thermodynamically
defined term, (u,®)u. s, which characterizes the adsorption forces acting on the mole-
cules of the solute and the two organic solvents used, and which may be employed
to describe the basic differences between partition and adsorption chromatography.
It is therefore important to make R,, determinations in systems where partition cither
is the sole process taking place or predominates others. The recent study by Pli-
Delfina er al.** has recognized such considerations, In their study, relating Ry, values
to adsorption rate constants of some barbiturate drugs (see also section 6), they
were faced with literature R,, data reported for thin-layer systems, using activated
plates without impregnation where adsorption mechanisms are at least as important
as partition processes, and paper chromatographic data where partition mechanisms
are thought to prevail. By chosing the data from the latter systems, successful corre-
lations were obtained. ‘

In non-reversed conditions, paper methods are comprised of the following
physico-chemical mechanisms, viz. adsorption, desorption and solvation (followed
by elution). Janardhan and Paul®® have demonstrated that the mobile phase in paper
chromatography requires proton availability for adsorption, and desorption processcs
to occur, and that in the absence of [H*] a kind of diffusion occurs as a result of
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partition and a differential distribution of the mobile phase —thus affecting Ry,
values. lon-exchange processes are also known to occur in non-reversed phasc
systems3®,

With thin-layer methods, it is important to achieve complete saturation of the
tank system because of possible temperature dependence of the R, value, due to
changes in activity (which becomes greater at lower temperatures). It is recommended
that the general procedures given by Dallas®” are followed when using the plate meth-
od. Problems can arise with polar ionised drug molecules, or in systems wherc polar
reversed phases arc used. Bark e¢r a/.* have shown that causes of variation in solute
distribution can be duc to interaction between materials of the two phases as the molar-
ity of the acid used as the developing solvent is increased, and that R, values vary
significantly with the flow-rate (but not flow geometry) of the developing solvent.
Green and Marcinkiewicz®®, commenting upon their extensive paper chromatographic
studies relating R, and R, values to chemical constitution, advise upon the use of
horizontal, tankless methods using reversed-phase systems —mainly because equili-
bration difficulties are avoided and there is good replication of result. Green and
McHale®® add that if paper chromatograms are developed in tanks, then the length
of the descending run must be carefully controlled; and, here also, reversed-phase
systems are advantageous since the character and constitution of the stationary phase is
more clearly defined and equilibration is of less importance. (Though see the findings
of Dallas, above). Green and McHale also point to the findings of Bush*!, who stated
that the chromatographic system must give R, values between 0.2 and 0.8 in order
for confidence to be placed upon the determined value.

In the measurement of R,, values by reversed-phase methods, systems de-
veloped often consist of paper or thin-layer absorbent impregnated with a lipophilic
phase (e.g. light paraflin, cthyl olcate, l-octanol) and an aqueous mobile phase of
varying constitution and polarity.

Because of the nature of some of the solutes examined, it is often found neces-

R
0.9+ a
f
o7+ c
d
05
€
0'3.;_ 1t/ g h
; 4
o.1'— g k
Ln-m . SR | 1 T T
(o] 8 16 24 32 a0 a8

Percentage acetone composition in mobite phase

Fig. 2. Experimental curves for the relationship between R values and percentage acetone composi-
tion in the mobile phasc for some penicillins studied using reversed-phase chromatography. (After
Biagi ¢r a/*%) a = Carboxypenicillin: b == methylenampicillin; ¢ = ampicillin; d = methicillin; ¢ =
benzylpenicillin: == phenoxymethylpenicillin: g == phencthicillin: h = oxacillin: i = chloxacillin:
j = nafcillin: k = dichloxacillin,
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L | t 1 4
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Percentage acetone composition in mobite phase Number of carbon atoms inthe n-alkyl chain

Fig. 3. Linear portions of the relationships between Ry, values and percentage acctone composition
derived from the data shown in Fig. 2. (After Biagi ¢r al.%)

Fig. 4. Relationship between the Ry values and the number of methylene carbon atoms in the atkyl
chain of Ne-n-alkyltritylamines in a serics of acetone-water mixtures. The proportion of acetone in
the mobile phases is: @, 0.50: </, 0.56; m, 0.67; <, 0,75: [T}, 0.80: 4, 0.83: and <>, 0.91. (Aftcr Boyce
and Milborrow?.)

sary to increase or decrease the polarity of the mobile phase in order to achieve reason-
able migration of the solute and so obtain measurable R, values. For example, the
addition to the aqueous mobile phase of acetone or acetone-dioxan mixtures is fre-
quently made. Such a technique, which results in a consequent change in the Ry,
value, is now fairly common in the literature, for example, the studies of Biagi er
al*? in correlating the effect of acetone concentration in the mobile phase on Ry and
R,y values (Figs. 2 and 3) for a series of penicillin drugs.

Boyce and Milborrow’ have also shown linear relationships between Ry,
values and the number of methylene carbon atoms in the n#-alkyl chain of N-n-alkyl-
tritylamines, in a series of acetone-water systems (Fig. 4). Allied to this are the early
findings of Isherwood™®, who related the water content of the mobile phase to the Ry,
values of oligosaccharides, when measured by partition methods.

Such evidence of a mobile phase composition effect on R,, data questions the
significance of reported R, and /R, values measured in similar systems when
being compared to one another: Correctly, Biagi and his co-workers in recent reported
work cite R, data for values found by extrapolation of the acetone percentage com-
positio.. vs. Ry curves (in for example Fig. 3) to the y-axis, and these theoretical R,,
values derived for a 1009 water/non-polar system are then used for any intended
QSAR model. Such extrapolation of data has been shown to be theoretically and ex-
perimentally correct by Soczewiriski and Wachtmeister**, who demonstrated that R,,
values for a compound in some ternary two-phase systems can be shown to be linear
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functions ot the volume composition of the binary mobile phasec. R,, and mobile nhase
composition are related by the following expression

Ry = gy Rpgy -+ G 2R “.n

where ¢, and ¢, are the volume fractions of the components in the binary solvent plase
and Ry and Ry, are the R, values for the solute found using pure component |
and pure component 2. (Non-linearity of the expression can sometimes occur with
extremely polar phases due to volume effects upon mixing?'.)

A similar effect has been reported by Soczewinski and Kuczynski*®, who
presented findings on the developing solvent composition compuared to R, and log
C, (log molar solubility of the solute) for various alkaloidal solutes on buffer-im-
pregnated paper. More importantly, they found that the differences in Ry, and log C,
values were individual for a given solute/solvent system, even for those solutes where
ARy and log C, values tend to be constant for various systems. Recent work by
Oscik and Rozylo*® has demonstrated the use of a derived equation relating the values
of' Ry, coeflicients measured by adsorption techniques with the composition of a two-
component mobile phase. This equation enables theoretical Ry, values to be generated
for the situation in which pure solvents are used as the mobile phases.

Similar attention .should be given to the nature of the other member of the
solvent pair. In reversed-phase systems impregnation of the paper or thin-layer ab-
sorbent support is usually done using organic solvents of varying polarity and it is
wrong to discuss them on terms of ‘‘non-polar™ phases..

Partition coeflicients may be regarded as equilibrium constants and as such
there should be extrathermodynamic relationships'S between partition coefficients
measured in different solvent systems. Although R,, values are not obtained from
true equilibrium parameters, they can be regarded as being derived from steady-state
functions, and as such may be expected to show these same extrathermodynamic
relationships. Collander?’, in finding that ether-water and olive oil-water partition
coefficients were equally well correlated with penetration into Nirella cells, pointed
out that the nature of the organic phase should not affect the results qualitatively,
and expressed his findings in the following manner

logP, =aloghP, + b 4.2)

i.e., rectilinear relationships exist between partition coeflicients found in one system
(P,) and those found in a second (P,), providing the polar phase is water, and the non-
aqueous phases contain the same functional group. Collander was further able to
show that eqn. 4.2 was of significant value when comparing the systems isobutanol-
water, isopentanol-water, octanol-water, and oleyl alcohol-water. Leo and Hansch*¥
and Leo er al.?? have comprehensively extended the Collander expression to many
other partitioning solvent systems and have shown that eqn. 4.2 holds well when P,
and P, are found using similar non-aqueous solvents, such asalkanols, esters and ethers,
but that it breaks down when comparisons are attempted between hydrocarbons
(such as cyclohexane) and solvents with hydrogen-bonding ability such as alkanols,
esters, etc. It is necessary in such cases, when attempting to derive theoretical relation-
ships between, for example, heptane and 1-octanol, to generate two regression equa-
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tions, one relating to “‘acidic’® solutes and the other to **basic” solutes, depending on
their hydrogen ion acceptor or donator abilities. Similar arguments should hold for
Ry determinations.

A small number of workers have reported the derived relationships existing
between R,, values measured in various systems. Lien e7 a/.*%, using Bakerflex sheets
pre-coated with silica gel 1B and two solvent systems, viz. dioxan and butanol-
acetic acid-water (4:2:1), were able to give derived regression equations for the
relationships between R,, values of some thiolactams measured in the two systems.
The cquation is shown as egn. 4.3 in Table 1. '

Table 1 gives reported cquations from the scientific literature and elsewhere,
showing the statistical relationships existing between Ry, values of drug molecules
measured in various systems, Eqn. 4.4 is the equation derived by Biagi er al.%® for
some testosterone esters, where the Ry, value has been found using a reversed-phase
thin-layer technique, with the stationary silica gel G layer being impregnated by a 5%
silicone oil solution (in ether). The polar mobile phase was either an acetone-water
or d methanol-water system of varying composition. Although the percentage com-
position of the acetone ranged from 42 to 74 %, and that of methanol from 54 to 86 %,
the shown equation is derived for the R,, values generated at a 54 ¢, organic compo-
nent composition. Similar order of correlation is reported by Draber et /5! in com-
paring R,, values of some substituted triazinone herbicides, measured in a system
comprised of paraffin oil on silica gel (NHR type) thin-layer plates and water-dioxan—
acetone (13:10:7); and in a system of commercial polyamide plates with water—
dioxan—acctone (2:1:1) as the mobile phase. The reasonable correlation obtained by
these workers (eqn. 4.5) surprisingly indicates that ‘Collander’s relationship (eqn.
4.1) can apply to situations where both the mobile and stationary phases are changed
simultaneously (though in the case of the mobile phase only by percentage composi-
tion),

Dearden and Tomlinson®, in a study relating -1 R,, values to the biological
activity of some p-substituted acetanilides (see also Section 6), report the /1R, values
for the para substituents found in, again, a silica gel thin-layer reversed system im-
pregnated using one of either two non-aqueous solvents, liquid paraflin or I-octanol.
The mobile phase used was acetone-water (20% v/v acetone for liquid paraffin, 109
v/v acetone for l-octanol). This relationship is also shown in Fig. 5.

Tomlinson®® has further demonstrated (eqn. 4.7) the usefulness of Collander’s
expression, by including into the regression analysis embodied by eqn. 4.6 two acet-
anilides substituted in the ortho position and in which intramolecular bonding is
expected with one of them. Although the correlation coefficient falls, a variance-
ratio test analysis reveals both equations to be significant at the same high level, indi-
cating that at lcast in this case /IRy, ortho values dre constant from one system to
another.

The paucity of data in the literature of the type shown in Table 1 should be noted
and rectified, and, although other data have been presented in graphical form, it is
hoped that as more experimental data are generated, statistically derived equations of
the type shown in Table 1 will be given in the literature.

In this way standard regression equations can be obtained, so that computa-
tion of preferred R,, data in any chosen standard system can be made in a similar
way as has been carried out for partition coefficients??:48,
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Fig. 5. Relationship between two sets of 1 Ry constants for a series of substituted acctanilides, as
measured in a {-octanol/acctone—water (1:9) system (A), and in a liquid paraflin/acetone-water (2:8)
system (B). W, para substituted compounds: W, ortho substituted compounds; O, N-methyl-substituted
acetanilides (Tomlinson®?).

Apart from already discussed considerations, there follows a brief summary
of the advantages of chromatographic methods over direct partition methods for
obtaining an index of hydrophobicity, as discussed by various authors:

(1) Simple to use, rapid and less tedious. For example?, up to 25 different so-
lutes can be developed simultaneously on a thin-layer plate, so enabling a direct
comparison of Ry, values to be made. ’

(2) Little material needs to be used. This may be extremely important in the
future when considering hydrophobicity of molecules of biological origin.

(3) Chromatographic methods are able to accommodate drug molecules of
very high or low P value. Such solutes require a long equilibration in normal *‘shake-
flask™ methods, and the solvent pair ratios required may preclude their measurement
with such automated techniques as continuous solvent extraction®*,

(4) The material to be examined need not be ultrapure, for impurities are nor-
mally separated during development.

(5) There is no need for a quantitative analysis of the solute.

(6) More reproducible results are usually found over those derived from direct
partition coeflicient techniques (e.g., refs. 7 and 53).

(7) Reversed-phase paper or thin-layer chromatography in a range of solvent
mixtures can give R, values for any of these mixtures provided that the linear re-
lationship between solvent composition is established, so enabling R, values in a
chosen standard system to be derived.

Two relevant disadvantages of the methods are that “‘streaking™ of spots is
sometimes unavoidable, especially in reversed-phase systems, due to overloading of
solute to obtain visualization, and that this effect, coupled with poor visualization,
increases any subjective errors made when measuring the R, values. Also, in reversed-
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phase systems again, an even distribution of the non-aqueous phase upon impreg-
nation of the support is not known for certain. This could affect the R,, value, though
replication should overcome this.

.

5,.1Ryy CONSTANTS AND THE RELATIONSHIPS BETWEEN CHROMATOGRAPHICALLY
DERIVED PARAMETERS AND OTHER FREE-ENERGY BASED PARAMETERS

Additivity of hydrophobic substituent constants will be possible when the
relationship embodied in eqn. 3.9 is obeyed. If log P is substituted by Ry, then a
regular and constant increase in Ry, over a parent structure should occur if the parent
molecule is polysubstituted by a constant group. This is demonstrated by Fig. 1, in
which the methylene group is substituted into a n-alkyl dinitrobenzoale structure. This
effectis basic to the theoretical treatment of R,, data by Martin®®, that is, the R,, param-
eter is constituted of the R,, values of its component parts, and that these values are
additive.

Ryp = Rya -+ Rayx + Ryy -+ Rpgy i (5.1)

It may be seen from eqn. 3.14 that such a relationship can also be expressed in free-
energy terms. Bush?! has shown thatifall the component parts wereequivalent and thus
had equal R, values, then the R,, of the molecule B may be written as
~x=Z A
Ryn = 2 Alog P, — log —* (5.2)
x=4d A.\'
where x is the equivalent component. The log 4,,/4, term is used when experimental
or theoretical determination of R,, values is needed for a series of compounds, for
which no reference R, values for the scries arec known, However, it is usual practice
in R, value prediction for one reference Ry, value to be known and eqn. 3.22 to be used
for calculating the required value, knowing the AR,, values of the substituent com-
pounds. :

There is abundant evidence in the literature that the additivity rule does not
always hold, and consequently estimated R,, values do not equal experimental
values, that is, R,y # X AR,,. Similar non-additivity can be demonstrated for log P
using certain s values®. This is not surprising when one considers that A R,, values
or 7 values, used to predict the respective R, or log P parameter, are thosc usually
obtained from non-interacting systems where there is more likelihood of the con-
stancy of the substituent constant. Table 2 gives 4 R, values obtained from the litera-
ture for various important groups. Where possible values are given for the group when
itisin an interacting and also when it is in a non-interacting environment. Fujita et al.8
found that the sz value for an alkyl group was virtually independent of the system in
which it was measured but, for more polar and especially for groups able to hydrogen
bond, the & value varied according to the environment in which it was detetmined,
that is, when its character was able to be influenced by the presence of closely situated
groups. Similar effects have been demonstrated for 4R,, values by Marcinkiewicz
and Green® and others?5-3%4% There are now seen to be a number of causes which can
lead to non-additivity of A R,, (or ) values and these will now be discussed.
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Martin’s treatment assumes that for any stated solvent system the A R,, change
caused by the introduction for group X into a parent structure is of constant value,
providing that its substitution into the parent structure does not result in any intra-
molecular interactions with other functions in the structure. Conversely, it can be ap-
preciated that if the introduction of a group into a structure causes a breakdown in
the additivity principle, then intra- or intermolecular effects are probably now taking
place within the substituted structure.

A. Steric effects

Steric effects often account for breakdown in Ry, additivity, especially so in
large drug molecules containing non-planar ring systems (e.g. steroids*'). However,
it may be possible to overcome this, and other effects, by selecting from the literature
/IR, values appropriate to the system under consideration. For example, Green and
McHale*® have illustrated the use of a AR, increment for a single trans-isoprenoid
unit (0.142), to predict accurately Ry, values of, for example, an all-rrans-C,gp-iso-
prenoid alcohol. This approach should be used with caution if small drug molecules
are considered due to the fact that the steric effect will overlap with other intramolec-
ular interactions, Table 2 also lists some other *'steric’’ 2L R,, increments which may be
considered when Ry, values need to be predicted. However, in small conjugated cyclic
aromatic systems, because of the co-planarity of aromatic rings and the fact that
substituents are always equatorial to the ring, such alicyclic steric cffects are not
evident and can be ignored. Steric effects of a type do, however, exist in non-alicyclic
systems, the most common of thesc being the ort/io effect.

(a) The ortho effect

When polar groups are introduced into a molecular structure adjacent or
ortho to an established grouping, it is possible that intramolecular bonding betwcen
the two groups will occur. Such an effect has been termed the ort/io effect. The effect
can be shown*®5? to be mainly a polar one resulting from inductive and/or mesomeric
effects. In attempting to elucidate the electrical composition of & constants, Cam-
marata®® has suggested that there can exist two conditions under which non-additivity
of 7 (or AAR,,) constants will be evident, These are: (a) when mutual electrical inter-
action occurs between functional groups, and (b) when a given group can no longer be
desolvated to its maximum potential because of the physical effect of an adjacent or
ortho group. Empirically, the type (a) effect can be overcome by using <1 Ry, values
which would be expected to have similar electrical effects. This is achieved by chosing
from the literature values obtained from related solute systems and values when the
studied substituent is in a similar environment. Type (b) effects will occur because of
competition between two adjacent groups for the same solvated water, which is
thought to exist around the molecule when in solution. Upon transfer of the substi-
tuted molecule from an aqueous to a non-aqueous phase, the desolvation process is
changed, hence the entropy contribution to the transfer is altered and will result in
a change in the value of the free energy term. This has the net effect, for example in a
pair of isomers, in one of which the ortho effect is present, of reducing the R,, value

in the molecule having ort/10 interactions compared to its isomer.
" An example of type (a) ortho effect in chromatography can be demonstrated
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with the data of Marcinkiewicz ¢r al.*® obtained from a study of 4 R,, effects in phenols
and alkoxyphenols. From this, a calculation of the Ry, value for 2,2,5,7,8-pentamethyl-
6-chromanol from the R, value for phenol and 4 R,, values for the appropriate atomic
functions (sec Table 2) gives a figure of +40.372, whereas experimentally a value of
--0.676 is obtained. However, these workers were able to calculate from their experi-
mental data that when ort/io effects are thought to be present, an additional /A R,,
increment of --0.126 needs to be introduced for each affected substituent. Intro-
duction of this value into the calculation of R,, for the substituted chromanol, in
which two ortho effects should be occurring, produces a theoretical value of +-0.624,
which can be seen 10 be in good agreement with the experimental value. Even the A R,,-
(ortho) value is not constant and can vary from system to system. For example, in
a hydroquinone monoether series®® a comparison of 4-methoxy-2-methylpheno!l and
4-methoxy-5-methylphenol gives an ort/io methyl value of --0.062 (which may in this
particular case be due to an electronic interaction between the 4-methoxy group and the
phenolic hydroxyl group. resulting in a change in the steric effect of the methyl group).
Further discrepancics can be found in the A Ruysrmey vValue by examining the data in
Table 2. For example, the trifluoromethyl! data of Biichel and Draber® yield a value of
+0.072. These variations, probably due to the fact that such a treatment assumes
¢lectrical interactions, are the same for para and ortho-substituents, which is not the
case®™,

Type (b) ortho effects are commonly seen when bulky alkyl or alkoxy groups
are introduced into a ring system. An example of this can be seen with the /I R,, values
for ring-attached methylene groups with simple phenol systems®®, when the 21 Ry cuy)
value in a reversed-phase system goes from 0.305 to 0.220, when going from a non-
interacting solute to a phenol showing methylene group *“‘ortho effects’. Such data
give a A Rpgcariney increment of +-0.185. The **ortho effect’ can also be reinforced
by intramolecular hydrogen bonding.

B. I'ntramolecular hydrogen bonding

When such an effect occurs, the size of the deviation between R, and Ry,
values is influenced by the strength of the intramolecular hydrogen bond and its free
cnergy of formation. For example, fluorine, chlorine, or cyano groups will have no
ortho effect due to hydrogen bonding, whereas hydroxyl and amino groups will. In
aliphatic molecules or side chains, where there is « and £ alkyl group substitution,
intramolecularly bonded five- or six-membered rings can exist®, so giving rise to 1 Ry,
changes. Effects such as this are difficult to quantify and require further study. If Ry,
values are strongly dependent upon the nature of the chromatographic system in
which they are measured, this normally indicates that strong intramolecular bonding
is taking place®,

C. Electronic effects

Substitution into any particular system can be expected to alter the general
electronic distribution of the molecule. If such disruption is great, then non-additivity
may result, This effect is well documented in Ry, literature?*%-5° and may be because
of the actual electronic distribution of the substituent or the effect this has on the char-
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acter of the original electronic displacements in the parent molecule?®. In aromatic
systems where permanent charge separations are possible, such effects may often dom-
inate any steric effects and will result in even larger deviations from the AR, =
Ryy relationship.

D. Intramolecular hydrophobic bonding

Examination of the partition coefficient data of aromatic molecules with
aliphatic side chains by various workers®*%* has revealed that for polar aliphatic
substituents the 7z values for the polar grouping depend upon the distance of the group
from the aromatic ring. Also, = values for the polar substituents, determined from
completely aliphatic structures, have higher positive values than 7= values determined
for the aromatic structures with aliphatic side-chains, where the polar group is sepa-
rated from the ring by three methylenc groupings. Such an effect indicates that a
polar grouping such as hydroxy-, fluoro-, chloro-, methoxy-, cyano-, etc., has a higher
hydrophobic nature when in a completely aliphatic system than when it is placed ter-
minal to an aliphatic side-chain in an aromatic system.

Hansch and Anderson® have proposed that this effect is due to a folding of the
side-chain over the phenyl ring. (the effect being assisted by the tendency of the strong
dipole of the polar group to interact with the = electrons of the ring). insuch a way
that the polar substituent group projects away from the interaction: this would result
in a more compact structure of greater water solubility, and hence a lower log P value
than expected. Recent studies®s have questioned the validity of this postulate in point-
ing out that on a geometric basis any interaction below an aliphatic chain of four-
carbon length would result in an unfavourable strain on the structure. Whatever the
answer is, the experimental facts still remain, indicating that in such situations non-
additivity of /1 R,, values will occur and that direct measurement of R,, is preferable.

E. Chain-branching

Green et al.?* found that compounds with branched side-chains developed
faster when reversed-phase systems were used. This effect caused non-additivity of
/IRy with substituted phenols and led to the introduction by these workers of an em-
pirical relationship which would assist them in predicting R,, values. That is, for n
branchings in a substituent chain attached to an aromatic ring system, allowance
should be made for (n—1) effects. There is no theoretical justification for this rule,
although it can be used with some confidence. For example, the prediction of R,
values for vitamin K, ubiquinones and ubichromenols has been successfully made?®8
using the (n—1) rule, The 41R,, branching effect is not affected by the length of the
alkyl chain nor by the position of the branches in the chain. Bush?®! has attributed the
effect to a decrease in partial molar volume over the unbranched side-chain, and also
to a restriction of free rotation caused by the branching, so leading to an increased
entropic effect upon partitioning. (Note, in this context, that a quaternary carbon
atom is considered for purposes of the (n—1) rule to consist of one branch only).

Table 2 is a compilation of 4 R,, values for various functional groups, atoms or
structural effects which can be applied to the prediction of Ry, values for use in QSAR
_ models. Values have been taken from many reference sources and are quoted with a
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prefix sign for a reversed-phase situation, that is, a high positive /1Ry, value indicates
a large hydrophobic character of the function. The table also indicates those values
whose derivation is from systems where the previously discussed non-additivity eflects
may be occurring, Values, where nccessary, have been arranged into groups according
to the type of solvent pair in which they were determined. Also indicated are the num-
ber of compounds from which each individual value has been derived.

The methylene group is perhaps the most largely examined function, mainly
because of the ready availability of homologous series of compounds. A mean value
for the A Ry ey group of --0.161 can be obtained from the table for cases in which
the additivity rule should be obeyed. This represents a value derived from 119 separate
structure determinations of Ry,. Early studies by Howe™, and a citation of non-
consistency of ARy, values with fatty acid dinitrophenylhydrazines on paper
chromatograms by Bush*' were thought to disprove Martin's postulates regarding
additivity. Green and McHale'?, however, explain that these effects are due partly
to experimental deviations (especially due to R > 0.8 values), but also to the fact
that there is variable but strong adsorption of this functional group onto paper’'.
When an aromatic system is substituted by an aliphatic side-chain and the methylene
group incremental values to the Ry change analysed, there can often be exhibited
a first-member anomalous value. This anomaly may be due to the chromatographic
system in which the solutes are examined, and does not necessarily arise in all systems,
For example, the first-member anomaly occurs with alkylbenzoates measured in
direct phasec systems”?, but it does not occur when measured by reversed-phase meth-
ods®. Marcinkiewicz et al., in a study of the methylene group value, found that when
the group was situated close to the attachment of aliphatic chains to an aromalic
nucleus, /1 Ry, values went significantly lower when measured in a direct phase system
than when measured in a reversed-phase system of low polarity. For example, ethyl
oleate-25Y%, aqueous ethanol; for such a system, calculated values of group /1Ry,
constants for methylene groups substituted further and further away from the point
of attachment are as follows: «u(CH,) = +-0.291: ff(CH,;) = --0.0359; y(CH;) =
0,427 ; 5(CH,) and &-m(CH,) = --0.452. The effect is, however, not showninsolvent
systems of lower water content (e.g., olive 0il-70%, aqucous ethanol).

Using this latter system, by varying the water content of the mobile aqucous
phasec, changes can be seen in the /| Ry cu,y Value, viz., --0.245 (509 water) content;
-+0.129 (30%): -+-0.103 (5%). Similarly, a mean value of +0.455 for the methylene
group has been calculated®® as the homologous incremental value in a series of p-
alkyl-substituted phenols. In this study a paper reversed-phase technique using ethyl
oleate and 259 aqueous ethanol was used. The value obtained is constant only when
the methylene group is sufficiently far removed from any functional group which
could interact with it.

In recent studies Wawrzynowicz and Santos™, examining the chromatography
of some substituted alkaloids by descending papér partition chromatography found
that in moving from an alkaloid -OH to an alkaloid ~-OCH, there was no constancy
of ARy (Although in further moving to an alkaloid -OC,H,; molecule a con-
sistent value of between --0.40 to --0.42 was obtained.)

Such findings reinforce the cuse put forward in Section 4 for citation of Ry,
values at 1009, pure solvent compositions.

Clifford et al™, in a study on some 2-(l-substituted)-4,6-dinitrophenols,
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have given values for the Ry, of phenols with up to ann-octyl side-chain, Analysis of

“their data (Fig. 6) shows a deviation from linearity of the n vs. Ry, relationship from
about n = 7 onwards. Molecular models show that for these compounds a shielding
of the phenolic polar grouping can occur by long chains of seven or more alky!
chains, /.e. when substitution of the 2-mecthyl group is by n-hexyl or above. Similar
shielding effects for the methylene group have been shown by Bark and Graham?®
with 3- and 4-alkyl-substituted phenols.

Ru [
osl ' s

e
osl ///
/A
~
0.4} &

T s

1 2 7 4 5 6 7 8
/ Number of carbon atoms inthe
-02k alkyl chain

- 0.4} /

Fig. 6. Relationship between the number of carbon atoms in the alkyl chain of a serics of 2-(1-
substituted)-4,6-dinitrophenols and their Ry, values as measurcd in a reversed-phase system. (After
Clifford er al.™,) Departure from linearity is thought to be due to a shiclding effect by the alkyl chain
of the phenolic hydroxy! group.

Davis™, in a study of the thermodynamics of the methyl group in drug mole-
cule solutions, has clearly identified that the free energy of transfer values of the meth-
yl group differ from those of the methylene group, and that the methyl group has
a different character, depending upon its position in the molecule. Table 2 shows
that ring-attached methyl groups have a mean value of --0.208 when there are no
vicinal effects. This is similar but not equal to the ARy cn, value when measured
attached or close to an aromatic ring system. The aliphatic methyl group /1Ry, value
derived by Layole ¢t al.*® (--0.270) is similar to an aliphatic methylene group <l Ry,
valuc derived in the same system.

Bush?' has suggested that a modification procedure should be followed when
using /1 Ry cup values for the prediction of unknown molecular R, values. To this
already involved list must be added a modification for the methyl group values when
the group is, for example, terminal to an aliphatic side-chain. Although it is possible
to follow this modification procedure to calculate Ry, values for structures with ring
systems, it is recommended that experimentally determined <1 Ry 10y Values are used.
Accordingly, Table 2 gives values for phenyl, benzyl and cycloalky! ring systems.
Analysis of the cycloalkyl data shows that the methylene incremental values (of
+-0.086 and -+0.018) in these ring systems are variable and lower than for non-ring
methylene values, as has been discussed earlier. The .marked differences in aromatic
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nucleus attached, and aliphatic side-chain attached values for the phenyl group should
be noted: the effect is probably due to hyperconjugation.

Non-additivity of polar groups has been discussed previously and Table 2
shows the effect of ring position and side chain position of the /I Ry, values of a number
of polar groupings, for example, hydroxyl, amino. The hydroxy! /AR, value found in
steroids is very different from the values shown for the hydroxyl group, probably
due to the steric effects of the alicyclic rings. Hilttenrauch and Schefller®?, using re-
versed and straight chromatographic systems, have given values for the [18-hydroxy
group in testosterone esters of —0.97 and —1.04, respectively. And Bush*! has stated
that in straight-phase chromatography the 118-hydroxy group in some substituted
progesterones has a value of —0.75, becoming — 1.15 when measured by a reversed-
phase method.

Similarly, Bush also showed that the /I R,, value for the 14p-hydroxy group
in steroids has a value of —1.17, which is similar to the mean value for hindered axial
secondary groups such as the 11g-hydroxy group. For a complete listing of charac-
teristic hydroxyl /1R, values, for different positions and orientations in steroids, at-
tention is drawn to ref. 41 (p. 87) and ref. 31 (p. 419).

Methoxyl group effects are composed of two opposing forces, the effect of the
lone-pair electrons on the oxygen and the inductive effect of the alkyl group. As dis-
cussed elsewhere, they are thus greatly dependent upon the chromatographic solvent
system in which they are measured. This is true for all similar groups, and examples
can be found in Table 2. For example, the value of — 1.8 for unionised amino groups
should be compared to the values of —3.3 and —-2.95 given for this group when it is
in the ionized state.

Similarly for carboxyl groups, Bush has given literature values of —0.63 to
0.68 (reversed-phase notation) for the unionized specics, which is approximately 1.26-
1.48 = /AR, (secondary hydroxy! group)®.

Literature halogen group 4 R,, values are few. Table 2 lists values found. It
can be scen that there is a general trend towards an increasc in hydrophobic character
of the group as its molar volume increases (that is, as one descends the periodic table).
Great difficulty can arise with prediction of R,, values for heterocyclic compounds,
because they can exist in aqueous solution in different conformations. Prediction
will be uncertain when dealing with possible vicinal effects because interactions may
be promoted or hindered by the particular conformational arrangement in which the
groups find themselves. An interesting point here, and this can apply to some other
structures, is that eventual accurate prediction or even measurement can be made of
the R, value of any conformer, but it is unknown whether in the biologic situation
any particular conformational state exists. Conversely, a fall down in any QSAR
model upon introduction of a molecule with a determined conformation may well
indicate a change in conformation when in the biologic system it is being studied in.

Although the values given in the table are not exhaustive, consideration of the
foregoing discussion in this section, and in section three, should enable the medicinal
chemist to formulate R,y values for most drug molecules. However, the experiences
of many workers have shown that it is far more satisfactory to measurc Ry, or log P
values experimentally, and then to use these values in QSAR models, than it is to use
predicted values. As discussed previously, chromatographic methods facilitate this
approach.
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The increasing attention being paid to physicochemical parameters as indexes
of hydrophobicity has led to various studies correlating different hydrophobic param-
eters with another. Such studies mainly relate the partition cocflicient, or the 7 sub-
stituent constant, to other terms such as polarizability, parachor and molar attraction
forces, etc. Leo et al ¥ have found that the partition coeflicient gave better correlations
for several scries of compounds than obtained using these afore-mentioned terms.
Although this does not necessarily mean that the log P term is a better measure of
hydrophobicity per se, it does indicate that successful correlations of biological
activity with such indices can be interpreted® as indications of the importance of the
solubility propertics of the compounds.

Relatively little work has been published on the relationships that exist be;
tween Ry, or ARy, values measured in thin-layer or paper systems, and other param-
cters used in QSAR models. The most obvious relationship is that between the par-
tition coeflicient and R,, (and/or their respective substituent constants, = and < Ry,).
In Table 3, correlations between these two indices, as reported in the literature, are
shown. An average correlation cocflicient of 0.944 can be computed for all the values
in the table, and although, obviously, these are for mostly successful correlations, the
results are added evidence for the validity of the extension of Collander's postulates
that partitioning indices from solvent system to solvent system can be correlated.

The most interesting study relating the two indices has been the recent exami-
nation by Biagi and his co-workers™ of the relationships between ;¥ and R,, values
for some heterocyclic substituted sulphonamides. The study reveals (eqns. 5.12 to
5.21) equivalent good corrclation between sv values obtained from an isobutanol/
water system and R,, values obtained from determinations in three separate reversed-
phase chromatographic systems, and measured in cach at three diflferent non-aqueous
phase concentrations. Similar equivalent good correlations between the two indices,
when measured for the same solute in different systems, are shown elsewhere in the
table.

Of particular note is the study relating /ARy, and s values of triazinones®* to
onc another. Here, for 26 triazinones, a reasonable correlation of 0.936 is found be-
tween ZR,, values obtained from Ry, determinations using commercial polyamide
thin-layer plates, and = values from a l-octanol/water system. Dearden e/ al®® have
taken these values and included them as a sub-set in an analysis of the relationship
between /1R, (polyamide) and & (l-octanol) values. Including into the analysis two
sub-sets of alkyl-substituted and para-substituted acetanilides, they were able to ob-
tain an improved correlation coefiicient of 0.991 (ecqn. 5.25). It is argued that this is
a proof of the general validity of' the. 1 R,, vs. s relationship studied for widely differing
classes of compounds. However, although the “unexplained™ variance between the
data foreqn. 5.28 improves from 12 10 2% in eqn. 5.25, because of the increased nums-
ber of values used in deriving the regression equation, unless the added values arc
totally dissimilar an improved correlation is to be expected (see Section 2).

For those relationships showing good correlation, it is a reflection that the
two indices are of similar rank order as measures of hydrophobicity. This does not
preclude one giving betier correlations in QSAR models, as will beshown in thefollow-
ing section,

Eqns. 5.9-5.11, which are taken from the study by Biagi ¢t a/., are included in
the table as they indicate situations where the modified Collander relationship is not
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valid. Using Ry, values from one reversed-phase system (silicone oil 59%/aqueous
buffer), correlations were of low statistical significance when related to o values ob-
tained from partition coefficient measurements from three systems where the non-
aqueous phases were chloroform (egn. 5.9), toluene (cqn. 5.10), and ethylene dichlo-
ride (eqn. 5.11). These show that between 37 to 569, of the variances between v and

value of 89 when 7 values from an isobutanol system are used (eqn. 5.3).

The regression cocefficients for the slopes of the cquations in Table 3 indicate
whether the frec energy of transfer of a solute, or onc of its substituents, from an
aqueous phase to a non-aqucous phase is similar for transfer in a chromatographic
system to the transfer measured by a partition coeflicient technigue. An exact compari-
son is not often possible because of the nature, and often change of polarity, of the
aqucous phase used in the chromatographic determinations. However, in those sys-
tems where the non-aqueous phase is the same in both techniques (for example, I-
octanol in eqn. 5.27), the slope coefficients approach unity, indicating that the free
energy of transfer of the solute is similar (but not necessarily equal) in both.

The method of regression analysis of data is also useful in elucidating whether
additional parameters need to be used for describing one index in terms of the other.
In a study of the cifect of ionization on the chromuatographic behaviour of some fi-
aryl-n-butyric acids, Kucha¥ e¢r «/.” have derived equations relating Ry, values to
7 values with R,, values derived from a chromatographic system (A) where the acids
would be ionised and a system (B) where they are not. Usingliterature s values measur-
ed in a l-octanol system, their derived equations (with reversed-phase notation), are

7 = 1.587 Ry™ — 0.321; no== 131 r = 0.920; 5 = 0,208 (5.32)
= 1.674 Ry™ - 0.603 ¢ — 0.264: 1 = 13: r == 0.963: 5 == 0.150 (5.33)
ot == 1,783 Ry® -1+ 0.090: 0= |30 e 0,959 8 == 0,150 (5.34)

In system A, the introduction of the Hammett electronic term g improves the
correlation over the straight 7 versus Ry, whercas the o term is not needed for system
B. These findings could indicate that if R,, determinations are made in systems where
the solute is ionised, then for QSAR purposes a (R, -+ o) term is to be used as an in-
dex of hydrophobicity. '

The hydrophobic fragmentational constants, /, introduced rccently by Nys
and Rekker® to overcome non-additivity of & in such situations as are found when
predicting log P of a structure with an aliphatic alkyl chain having a terminal polar
group, are found to correlate well with Ry, values. For example, in eqn. 5.29 (Table
3), the relationship derived between partition values gives a correlation of 0.964 (and
a variance ratio F value of 157%%), if however, the f'valucs of Nys and Rekker are used
instead of = values, the following relationship is found:

—
-

TRy == 0379/ — 0.073: == 14; ¢ == 0.980; 5 == 0,086 (5.35)

to the better correlation of the Ry, and fvalues of the testosterone phenylproprionate
ester.
Another mutual correlation which has been found between Ry, and another
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parameter is the correlation between Zahradnik £ constants and R,, constants as
noted by Kopecky and Bo&ek*”. These 8 constants are regarded as analogous to‘the
5T parameter.

6. Ry CORRELATION WITH BIOCHEMICAL AND BIOLOGICAL SYSTEMS

As discussed previously (Introduction), the overwhelming evidence that the
lipophilic character of a drug molecule can be of vital importance in the processes
affecting the action of a drug, is now well documented'. I'n the studies of Meyer®® and
of Overton®® it was found that the narcotic potency of the members of a set of
congeners tends to increase as their oil-water partition coefficient increases, which
aroused interest in the characterization of lipophilicity and its relationship to drug
effect. This section is concerned with the use of R,, and /R, chromatographic
parameters as extrathermodynamic parameters when used in QSAR models of the
LFER type. These parameters have found application both with in vive and in vitro
systems.

For the purposes of this particular study two distinct QSAR models are identi-
fied. One, which will be discussed first, involving a rectilinear relationship between the
hydrophobic index and activity, and the other, involving a non-linear and sometimes
parabolic effect. For comparison purposes in the following discussion, the statistical
correlation between activity and log P or s as the index of hydrophobicity is shown.
For the biochemical or pharmacological significance of the derived relationships
shown, the reader is advised to consult the appropriate literature reference.

A. Linear relationships between Rpg, ARy and activity
M 1 e

It is possible? for the partition coefficient of a drug in a biochemical system
to be defined as

Potoy = ol (6.1)
(water)

where Cipioy and Ciwaiery are the molar concentrations of drug in the biophase and in
the aqueous phase, when the biophase can be protein, lipid etc. A similar relationship
can be assumed for a biological system where Cyioy and Cewarery NOW refer to the non-
polar and polar “biophases™ of the system. Following on from the considerations
given to Collander’s work in preceding sections and assuming the R,, parameter to
be the index of partition or hydrophobicity, it is possible to write

log Pioioy == & Rpgeexpy + b (6.2)

where Ryycxp is the experimentally determined Ry, value and log P,y has the same
definition as before, and refers to the partitioning of a drug between the aqueous
phase adjacent to the critical biophase in which it has its effect. It is on the extra-
thermodynamic relationship provided by eqn. 6.2 that the rectilinear dependence of
drug action on hydrophobic character is based. Hansch and Dunn® have shown how
eqn. 6.2 can be related to a linear free-energy model describing drug concentration,
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at or near equilibrium, at a receptor site. Their treatment of the physico-chemical
description of drug effect in biophase systems is outside the scope of this study; it is
possible. however, to replace log P in their derivation by the R,, term and produce a

modified relationship for their model of linear dependence of drug action on hydro-
phobic character, that is

log _.é.. == ARpmexp) + CcOnNstant (6.3)

where C is the cquivalent molar concentration of a series of drugs producing an equiv-
alent biological or biochemical effect.

(a) Binding of drugs to proteins

Rya and ARy, values have been used with success in characterising the binding
of relatively non-polar series of drug molecules to serum albumin. The regression
equations derived as shown in Table 4 enable onc to see that it is the hydrophobic
character of these drugs which determines the extent to which they are bound.

TABLE 4

RELATIONSHIPS BETWEEN DRUG PROTEIN-BINDING PARAMETERS AND CHRO-
MATOGRAPHIC HYDROPHOBIC PARAMETERS

k is the intrinsic association constant for the binding, and BF is a measure of the extent of binding
in percentage terms. Eqns. 6.4-6.6 are for .1 Ry, valucs derived in a l-octanol/acetone-water (1:9) sys-
tem, eqns. 6.7-6.9 arc for a liquid paraffin/acctone—water (2:8) system, and eqn. 6.10 uses Ry valucs
determined in a polyamide/acetone—-water—dioxan (1:2:1) system.

Madel studied a h n r K Eqn. Ref.

Log & == aa. 1Ry + b

Acctanilides to bovine secrum albumin 0.63 4.38 13 0.981 0.59 6.4 53
[nll-uclunull: 13 0.989 0~37]
0.62 4.38 16 0.981 0.65 6.5 53
[T evetunaty + 16 0.985 0.54]
0.70 4,33 18 0919 0.41 6.6 53
[ﬂ“-uu(unun: 18 0.887 0.57]
0.86 4,22 13 0,943 0.18 6.7 53
0.87 4.41 16 0947 0.18 6.8 53
0.89 4.34 18 0.798 0.97 6.9 53
0.94 4.36 12 0.981 0.08 6.10 85
[T (actanon 12 0.925 0.15]

Log BF =« Ry -+ b
Corticosteroids to serum albumin 0.67 --2.29 9 0.964 0.09 6.11 91

e

In addition to the shown relationships, Biagi®, in a study of the lipid solubility
and human serum binding of various penicillins, has experimentally shown that for
some of the penicillins the correlation between the partition index R,, and human
serum binding was greater than that using 2 values, Improved correlation was found
to be particularly so in the case of benzylpenicillin for which the experimentally deter-
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mined R,, value (mecasured in a reversed-phase silicone oil system) indicated a lipid
solubility less than that implicated by the Xx calculation.

For purposes of elucidating structural effects on the binding, four regression
equations for the binding of acetanilides have been derived®3: when n = 13 the data
set is comprised of a series of p-substituted compounds, when # = 12 the -COOH
substituted molecule is excluded from the set, when 7 == 16 N-methylated acetanilides
are added to the n = 13 set, and finally, when n = 18 two compounds, viz. ortho-OH
and ortho-OEt, are included. Eqns. 6.4 to 6.9 in Table § show that correlations of
reduced significance are found between log k and <1 R, values measured in a reversed-
phase liquid paraffin/acetone-~water (2:8) system when compared to those between log
k and ARyi(1-vctunoly AN T actanon. Correlations between 1 R,, values from a poly-
amide/acetone—water—dioxan (1:2:1) system and log & (eqn. 6.10) are significantly bet-
ter than the correlation using 7z . aceano, Vitlues. The improved correlations found using
the l-octanol and polyamide systems compared to the liquid paraffin system values
indicate that the free encrgy change in binding to bovine serum albumin is similar to
the free energy change in transfer from the aqueous phase to the l-octanol or poly-
amide phases. As polyamide can be considered as “protein-like™ in composition,
this may explain the improved correlation found. Clearly, the use of thin-layer poly-
amide plates for measuring R,, values is an advantagcous one for certain situations
and must be given consideration by future workers. The slightly polar nature of the
alkanol l-octanol is thought to be reflected in the breakdown in correlation for n =
18 (eqn. 6.9) in the log A/AR( quia pararriny Telationship, i.e. when ortho groups are
included in the data set. For n# == 18 in the log A/ARp-vetunony Telation the model
still gives reasonable correlation, due perhaps to some competition with the aqueous
phase for the acetamido group of the acetanilide by the alkanol hydroxyl. This may
produce an increased “hydrophobicity™ index, and may be analogous to the situation
when drug moves from the aqueous phase to a somewhat polar protein *“phase™.

(b) Anabolic activity

Chaudry and James®, using thc Ry, values of some nandrolone esters obtained
from the chromatographic measurements of Hiittenrauch and Schefller®?, have related
the hydrophobicity of these compounds to their anabolic activities measured in the
whole animal. Their reported relationship is shown by eqn. 6.12 with reversed-phase
notation.

log BR = —0.84 Ry, — 2.35: 5 == 75 r = 0.841: 5 == 0.284 (6.12)
[log P (cthyl oleate): n == 8. = (0,889: 5 == 0.244]

where BR is a function of the biological response produced. The derived expression
uses R, from a straight system using chloroform-water-methanol as the mobile
phase. The model was not improved by the introduction of an R,, squared term (sec
later), and although it has a lower coeflicient of correlation than a relationship derived
with log P as the index, a direct comparison of the correlation coefficients of the two
is not possible because one less compound was used in deriving the equation using
R,,. An improved correlation using R,, values can be argued on the basis of variance
ratio (F) tests. That is, for the R,, relationship, F; s = 80.07 [« (0.00]1) = 47.18], and
for the log P expression, F) , = 18.98 [« (0.01) = 13.74].
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A further example of the relationship between R,, values and steroid cster
activity is that derived for the effect of some testosterone esters in the capon’s comb
test’, /.e.

log BR ==: 0.416 Ry, - 0.295:n =+ 75 ¢ == 0.934; s = 0.09 (6.13)

Here, Ry, values were measured in a thin-layer reversed-phase system using silicone
oil/water-acetone (46:54) as the solvent pair.

(¢) Microbiological activity

Linear and non-linear dependence of anti-microbial activity on hydrophobic
character of drugs is well known. There is, however, only a single instance of Ry,
values being well correlated linearly with such activity. This is from the study by Biagi
et al.’® of the influence of hydrophobic character on the anti-bacterial activities of
some penicillins and cephalosporins. The attempted correlations of the activities of
the two drug scries, against a number of organisms, and Ry, values, generally gave
poor correlations when a rectilincar model was used. However, for penicillins against
Escherichia coli the model was found to be reasonable, /.e.

log —é— == — 1,304 Ry - 2,551 1 == 115 r == 0.899; 5 == 0,463 (6.14)
The unexpected negative sign for the slope coefficient indicates that the activity in-
creases with a decrease in hydrophobic character of the penicillins. This indicates that
either the E. coli cell wall is non-lipid in nature, which is not borne out by other
measurements, or the penicillins increasingly tend to remain firmly attached to the
first lipid barriers encountered and do not move to their effective site of action,

(d) Absorption and excretion of drugs

The classical experiments of Meyer and Overton have laid the foundations for
the pH partition hypothesis of drug absorption from the gastro-intestinal tract.
Because of the high protein and lipid content of mucosal membranes, many attempts
have been made to correlate drug absorption data with some hydrophobic index.
This has usually been the partition cocflicient. Pld-Delfina ¢r al.** have recently found
that for a group of barbituric acids studied, if the amount of drug absorbed is corre-
lated with the hydrophobic index, then the rate of absorption is also well correlated.
Using well documented gastric absorption data for several barbituric acid derivatives,
they have correlated literature Ry, values obtained from seven paper chromatographic
systems, with their /n vivo gastric dbsorpuon rate constants (A). A summary of their
findings is given in Table §.

Apparently because of the similarity of the pK, values of the barbituric acid
derivatives, no electronic parameter has been included in the independent variable
data set, even though between 7 and 259 of the variance between the data is unex-
plained by the given relationships. As has been previously discussed (see Section 5,
eqn. 5.32 and 5.33), the acidic composition of the chromatographic system will affect
the correlation of R,, with other hydrophobic indexes if ionisation of the solute is
possible. From Table 5, system 5 is seen to give the best correlation of the data. This
system may be regarded as an acidic environment. As is also suggested in Section 3,

-
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4 Ry +- o term could perhaps have had a use in this particular study. In systems 1
and 7, adsorption effects should be fairly important in the migration of the solute,
however reasonable correlations are still obtained between R,, values from these sys-
tems and the biological data. Eqn. 6.18 employs Ry, values obtained from an anhy-
drous chromatographic system, illustrating that non-aqueous polar phases can be
used instead of walter to obtain the partition index, though it is a nice point to state
that this is still a “*hydrophobic™ index.

TABLE 5

REGRESSION EQUATIONS FOR THE RELATIONSHIP log A = a Ry + 6, WHERE Kk IS
THE in vive GASTRIC ABSORPTION RATE FOR A SERIES OF BARBITURIC ACID
DERIVATIVES

Ry values with reversed-phase notation, Equations derived using Ry, values from systems 1, 4 and
5 are significant at the ¢« (0.01) level, the others at the ¢ (0.1) level only. (After Pla-Delfina ¢f al.?.)

Paper chiromatographic system a b n r Eyn,
1. Dichloromethane on paper impregnated

with 1% Na,PO, in watcr 0.240 0.681 11 0.865 6.15
2. CHCl-benzene-5S N NH OH (13:3:6) on

formamide-impregnated paper 0,282 0.748 8 0.872 6.16

3. CHCl;-benzene~-formamide-5 N NaOH

(12:2:1:5) on formamide-impregnated paper 0,374 0.645 8 0.875 6.17
4. Formamide-saturated CHCly on formamidc-

impregnated paper 0,404 0.767 9 0.912 6.18
5. Toluene-acetic acid-water (10:5:4) 0.525 0.993 7 0.967 6.19
6. CHCI1;-10Y%, NaOH (10:5) 0.261 0.724 7 0.918 6.20
7. CHCly-isopropanol-259%; NH,OH (45:45:10) 0,810 0,963 8 0.900 6.21

An examination of the possible use of drug buccal absorption data in man,
as an in vivo index of hydrophobicity®® has led Dearden and Tomlinson to examine
the correlations between human buccal absorption data of some acetanilide drugs,
and their AR, and sz substituent values. The found relationships are as follows

PA == 28.42 ./l R{G '+" 26,47: n o= l 8: P == 0_986 (6.22)
PA == 40.86 /lRl:; —*"' 27,36: N == l 8; o= 0‘965 (6.23)
[Tereoctanons 1 == 18; r = 0.976]

where < Ry, and A R}, refer to substituent constants derived from Ry, measurements in
a thin-layer system using (A) l-octanol and (B) liquid paraffin as the non-aqueous
phases, and PA refers to the percentage drug absorbed in a given test period. Both
relationships are significant at the «(0.001) level. The l-octanol/water solvent pair,
compared to the liquid paraffin system, acts as a better model reference system. For
I-octanol, improved correlation of the data is obtained using the chromatographically
generated data over that-using -z values. Similar improvement in correlation has been
shown for protein-binding studies (see before),

Improvement in correlation by the use of chromatographic parameters is not
always the case. Biliary excretion of penicillins in the rat is better correlated with log
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P values (measured in a l-octanol/water system) than with R,, data measured in a
reversed-phase silicone oil/water chromatographic system?’, that is

log PE = —20.84 Ry -+ 39.71; n == 8; r = 0.84 (6.24)
[lOg P(l-ocl:mnl): n == 8;p == 087]

where PE is the percentage of administered drug excreted into the bile. The negative
sign of the slope regression coefficient indicates that less drug is excreted as its lipid
solubility increases. Both correlation coeflicients are low, however, reflecting that
perhaps processes other than simple elimination into the bile occur and that an incor-
rect QSAR model hfis been employed. Such a consideration may invalidate comparison
of Ry and log P usage in this example.

(e¢) Toxicity
The acute Icthal toxicities in mice of five thiolactam compounds have been
better correlated with their Ry, values as measured in two chromatographic systems

than with their log P¢y.octunon Values*® (cqns. 6.25 and 6.26, showing reversed-phase
notation)

1

log - = 7571 Rygiaroxany — 2.850; 0 == 5. r == 0,955; & =:: 0.193 (6.25)
]Og Cl., == 4.460R/"("A\V) — 0.185: n == 5: yom= 0.944: § == 0.243 (6.26)

[Iog P(l-uc(:mul); n o= Sy o= 0,929 8 == 0.272]

where Ryscaioxam @nd Ranaw; are the Ry, values for the thiolactams measured using
silica gel on Baker flex sheets as the stationary phase and dioxan and butanol-acetic
acid-water (4:2:1) as the two mobile phases, respectively. C is the molar drug concen-
tration producing an equivalent lethal effect in the mice. '

B. Non-linear relationships between Ry, ARy and activity

In some early studies® on the relationships between structure and activity, it
was common to find an initial rectilinear relationship between activity and lipophili-
city, followed by a non-linear effect which was termed the “cut-off™ point. Over the
last decade, Hansch and his co-workers have collected a large number of examples
of such relationships showing this departure from rectilinearity, and have accumulated
a large amount of evidence which clearly demonstrate that the change to non-linearity
is not a sharp one. This lcads them to conclude that the term “cut-off™" is not well
suited to describe the phenomenon. In fact, they have shown that a parabolic, or
quadratic expression, is one which appears to fit the data best. Using the Ry, term as
the index of hydrophobicity, this expression can be written as

1

IOg C = —“a(R,")Z "}" /J(R)") -!" (& (6.27)
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where C is the molar concentration of drug producing a standard response in a con-
stant time. Hansch and Fujita' have demonstrated that eqn. 6.27 is theoretically re-
lated to the probablistic movement of a drug from an extracellular phase to its site of
action (assuming normal Gaussian-type distribution of the drug). The use of Ry,
and <1R,, values in such a QSAR model is now discussed.

(a) Toxicity

The earliest reported study relating the R,, parameter to a biological activity
was that by Boyce and Milborrow?, who correlated the molluscicidal activities of some
N-n-alkyltritylamines with their R,, values obtained from thin-layer reversed-phase
measurements, using 5%, liquid paraflfin as the impregnated stationary phase, and
acetone—water (7:3) as the mobile phasc. A parabolic relation was obtained, and al-
though results were expressed in the graphical form only, the optimum activity of the
N-n-alkyltritylamines was found for those compounds having an R,, value ~ --0.1.
In an attempt to mimic the biological environment more closely, these same workers
incorporated casein into the stationary phase, but no change in R, value was demon-
strated.

Using the preferred method of extrapolating R,, values to a theoretical 1009
water mobile phase, Biagi®® has found a quadratic relationship between the logarithm
of the reciprocal of the minimum lethal dose in cats, for some cardiac glycosides, and
the extrapolated values. Chromatographic measurements were carried out in a thin-
layer reversed-phase system using silicone oil and acetone~water mixtures as the two
phases. Prior experimentation on the acetone composition vs. R,, relationship, using
8 to 48 9; acetone composition ranges, enabled extrapolation of the R,, values to 1009
water composition to be achieved. An R, value of about + 1.8 seems necessary for
the cardiac glycosides to exhibit an optimal activity in the test.

(b) Steraidal activity

The relation between lipophilic character and in ritro haemolytic activity of
a series of testosteronc esters using R,, constants provides a means of comparison
between such a correlation and that found with X7 constants®®,

log BR === ].502 - 1.561 R‘\“;wc‘unc) - 1'723(R“\I)2(ncclunc): 7 == 14: R = 0~954:
s = 0.173 (6.28)

log BR == 0.087 -- 2,71 6 Ry (metnanon — 1.020( Ryt imethanoni 1 == 145 R = 0.949;
s = 0.[89 (6.29)

[ tmoctanont 1= 140 R = 0.944; s == 0.189]

The relevant equations are given above, where R now is the multiple corre-
lation coefficient. R,, values were measured in a thin-layer reversed-phase system,
using 59 silicone oil as the impregnated stationary phase, and acetone-water or
methanol-water mixtures as the mobile phases. From Ry vs. 2 acetone, and R,
rs. 9%, methanol composition relationships found experimentally those R, values
corresponding to 549 concentrations of acetone or methanol in the mobile phases
were used in the regression analyses. Apparently this has been a subjective choice of
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composition, though extrapolation to a 1009 water composition R, values would
have been more desirable. Results indicate slight improvement in correlation when
Ry, parameters are used compared to employment of X parameters, and again the
measured index is better than the predicted one.

(¢) Inhibition of mitochondrial electron transport

Parabolic relationships have been found between the R, values of four
homologous series of N,N’-bis(dichloroacetyl)diamines, and one homologous series
of substituted naphthoquinones, and their activity in inhibiting in vitro mitochondrial
electron transport®, R,, values were obtained from a thin-layer reversed-phase system
using 59 silicone oil as the impregnated stationary phase, and acetone-water mixtures
as the mobile phases. Linear relationships were found between percentage acetone
composition and R,, and then used to derive Ry, values for a 509 aqueous acetone
mobile phase, which were then employed in the regression analysis. Precise statistical
analysis of the in vitro data and the Ry, values enabled separation of the different bio-
chemical effects of the five groups of compounds to be made. Eqn. 6.30 is the derived
expression between the R,, values and the in virro activities for all {ive series of com-
pounds.

log —é,— z= 4,910 -+ 1.559R,, — 2.082(Ry)%: 1 = 26: é == 0.405 (6.30)
where @ is the square root of the error mean square, and where the(R,,)? term is signif-
icant at the «(0.01) level. Improved correlation is obtained when each compound
series is analysed separately.

(d) Microbiological activity

R, data have been useful on a number of occasions in reclating the anti-
bacterial activities of drugs with their hydrophobic nature. Derived regression
equations for the activities of various classes of compounds against some species of
bacteria are given in Table 6.

TABLE 6

REGRESSION EQUATIONS FOR DRUG ACTIVITIES AGAINST VARIOUS BACTERIA

Equations arc of the general type log (1/C) = a (Ry)* + b Ry +- c. Barbaro er al.'"* have found that
for rifamycins no qualitative difference in the quadratic expression between Ry, values and antibiotic
activity against S, aurens exists when studied in liquid and in solid media, indicating that diffusion
rates into solid media do not affect the QSAR model. For equations 6.32 and 6.35, R,, values were
obtained from a 5Y silicone 0il/50%; aqucous acctone system. Ry, values for the remaining cquations
were from a §% silicone 0il/100 %, water system (and were calculated from derived percentage acetone
composition . Ry relationships). R ~ The multiple correlation coefficient,

Bactervium Drug a b ¢ n R $ Eqn. Ref.
E, coli cephalosporins - 1113 0.483 2,189 14 0.853 0416 6.31 95
rifamycins —1,608 -~0,680 2,020 f 0947 0.389 6.32 100
S, aurcus cephalosporins 1,017 2,044 3,566 14 0919 0419 6,33 95
penicillins - 1,537 1.644 4454 8 0,881 0.3944 06.34 95
rifamycins -0,508 0,053 6.382 8 0,886 0245 6.35 100
T. pallidum  cephalosporins -~ 1,084 1.637 3.964 14 0925 0.298 6.36 95

penicillins - 1.072 0.732 5.567 8 0.847 0270 6.37 95
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Although the R, and anti-bacterial data was available for eleven. penicillins,
eqns. 6.34 and 6.36 have been derived for cight compounds only. compounds ex-
cluded being methicillin, cloxacillin, and dicloxacillin. Inclusion of these three com-
pounds into the data sets causes deviations in the regression which are thought to be
due to the presence of ort/io substituents on the aromatic rings of the penicillin side-
chains, Inclusion of an electronic term into the analyses should produce improved
correlation here.

A further study by Biagi e7 al.!°? on the influence of lipophilic character on the
biological activity of some oligosaccharide antibiotics, for example neomycin B, has
demonstrated the effectiveness of using R,, in this type of correlation.

(e) Fungicidal and herbicidal activity

Those members of the scientific community concerned with plant and crop
protection have not been slow in using LFER models for analysis of found structure
activity relationships. Clifford er al.*°, in analysing the structural requirements for
compounds active against the mildew fungus Podosphaera leucorricha, have examined
by regression analysis the relationship between the fungicidal activities shown by a
series of alkyldinitrophenols, and their substituent A R,, values. R,, values were mea-
sured on cellulose layers impregnated with 109 ethyl oleate and developed with
60 27 aqueous ethanol as the mobile phase. A quadratic relationship was fouind for a
4-(1-cyclopentyl-n-alky!)-2,6-dinitrophenol series.

log BR == 7.583 — 11.815 /AR, - 6.434 (1R,,)? (6.38)

Scven compounds were used to derive the shown expression, which was stated to be
“significant™ by the authors.

In a study on the herbicidal activities of some triazinones, Draber er al.5!
have shown that their substituent 41 Ry, constants, obtained from R,, values measured
in a reversed-phase TLC system with paraffin oil and water-dioxan mixtures as the
chromatographic solvent pair, together with their o values, are well correlated with
their action in inhibiting electron transport in isolated chloroplasts.

'

(1) Analgesic activiry

An improvement in correlation using chromatographic parameters can also
be demonstrated for an in vivo activity. Dearden and Tomlinson%? have measured
the analgesic potencies of a series of p-substituted acetanilides in mice, and have
correlated the found results with two groups of /1R,, values. The derived regression
equations are given below

log — = —0.911(ARyM? -+ 0.507( AR ™) -+ 0.452; 11 = 13; R == 0.956:

¢ = 0.127  (6.39)

= — 1.5T4(A Rpy")? - 0.388(<AR,,") - 0.488: i - 13; R == 0.914;
s = 0.241  (6.40)

.. [F1-octunon : 2 == 13; R == 0,.862; s == 0.375]

log
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where A and B refer to the chromatographic system when Il-octanol (A) and liquid
paraffin (B) arc the impregnated non-aqueous phases. Significant improvement in
the correlations using /I Ry, constants is further shown by variance ratio tests, which
place the significance of eqn. 6.39 at the «(0.001) level, eqn. 6.40 at the «(0.01) level,
and the correlation using s, at only the «(0.1) level.

The relation between the chromatogra phic substituent constants and analgesic
potencies is represented graphically by Fig. 7, though a larger series of compounds
is shown,

log -—2.—- 10.8

4-0.6

Fig. 7. Relationship between analgesic potency and the substituent constants /1Ry for a series of
para (@) and ortho (C]) substituted acetanilides. The drawn curve has been generated from the re-
gression equation found for the relationship (sce text),

7. THE Ragcopy AND A Rppop; PARAMETERS IN DRUG DESIGN

Now that analysis of structure activity rclationships by regression techniques
is a common one, there exists an ever accumulating amount of data, How may these
data be used in the design of new drug candidates? The equation for the LFER re-
lationship, be it rectilinear or quadratic, should be able to provide information on
(a) the biological or biochemical processes causing the measured effect and (b) the
activity of a chemical structure for which only its physico-chemical description is
known. For quadratic relationships, some use has been made of the value of the hy-
drophobic index at which optimal biological or biochemical resuits may be achieved
within a series of compounds. The value is readily obtained from the regression by
obtaining the partial differential of the equation and putting it equal to zero with
tespect to the hydrophobic parameter, that is

dlog

¢
? Ry,
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Table 7 shows Ryyopn and A1 Rpcapr, values calculated from the regression equa-
tions given in Section 6.

These values, at this moment, arc of little practical value for they have been
obtained from numerous chromatographic systems and no extrapolation of these
values to theoretical values in any standardised system is yet possible. Hopefully this
will be achieved in the near luture,

TABLE 7

Rascopty AND 1Ry 0py PARAMETERS FOR DIFFERENT DRUG TYPES
Drug type Chromatographic system Rigenp Ref.
N-n-Tritylamines liquid paraflin/acetone-water (7:3) 0.1 7
(molluscicidal activity) liquid paraflin/100Y%; water phase 4.8
approx.
Cardiac glycosides silicone oil/water 1.8
(toxicity in dat) **
Testosterone esters silicone 0il/54 % aqueous acetone 0.45 50
(haemolytic activity) silicone o0il/54 Y, aqueous methanol 1.55
N,N’-Bis-(dichloroacetyl- silicone 0il/50%; aqueous acetone 0.23 68
amines)
Naphthoquinones silicone 0il/50Y%, aqueous acetone 0.54
(inhibition of mitochondrial
clectron transport)
Cephalosporins silicone 0il/1009, water phase
vs, (i)  E. coli 0.22 95
(i) S. aureus 1.01
i) T. pallidum 0.76
Rifamycins silicone 0il/50 %, aqueous acetone - 0,211 (i) 100
: --0,052 (ii)
Penicillins ciiicone !/ 100Y% water phase ' 0.34
Dinitrophenols 1094 ethyl oleate/60Y,, rqucous ethanol -0.92° 30
(against mildew fungus)
Acetanilides l-octanol/acetone-water (1:9) 0.28° s3
(analgesic activity) liquid paraffin/80Y;, aqucous acctone 0.12°

* Values for the <1 Rygapry parameter.

The variation of the Ry, parameter with even a change in the polarity of
the mobile phase is well illustrated by the values for the N-n-tritylamines and their
molluscicidal activity. Here, an Ryyon, Value of 0.1 is found for acetone-water (7:3).
Extrapolation of their data to a 1009 water composition now gives a Ry op, value
of about 4.8,

8. CONCLUDING REMARKS

Ry and /R,y values have an obvious use in quantitative structure-activity
relationships. The weaknessecs in their use, as pointed out in the preceding sections,
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should not be overlooked, and considerable effort in rectifying the situation would
be beneficial to medicinal chemists and physical/organic chemists alike.

The data as discussed in this study ably demonstrate that it is preferable that
the hydrophobic index be a measured one, and that the use of X1 Ry, is feasible only
when either vicinal effects are not present in the studied structure or i’ /1Ry, values
can be obtained from situations which are thought to mimic these vicinal eftfects. .

Following on ffom Collander’s study, and the later studies by Hansch and his
co-workers, it should be seen that it is possible to measure Ry, values in one chromato-
graphic system and relate them to values obtained in another. If any one chromato-
graphic system can be decided upon as the standard one for this type of study, then
this relationship will be of use in obtaining standard R,, and ~1R,, valucs for use in
QSAR models. These relationships between R, values measured in various systems
will be linear if the primary solvation forces in the two solvent systems are alike, so
that a range of solutes can be proportionally correlated.

Leo and Hansch have argued that l-octanol provides an unusually favourable
environment by offering both donor and acceptor capability to the hydro- and lipo-
philic moieties of a compound. However, Rytting ¢r al.'*3 have suggested that inert
hydrocarbons, such as hexane and isooctane, would be more suitable because of the
known self-association of alkanols such as l-octanol, and also because of the fairly
high water solubility of water in alkanols. Davis e¢r a/.*” have further demonstrated
that the free energy of transter of the methylene group from water to an organic
solvent can be considered independent of the solvent, providing this is non-polar in
nature. Certainly, if there are no practical difficulties involved, it would appear pre-
ferable to use these inert organic solvents in the chromatographic method rather than
other *‘active™ solvents.

Itis clear that thin-layer and paper chromatographic methods provide a mpld
and reproducible technique for obtaining an index of the hydrophobic character of
many drugs, an index which further appears to correlate better with biological and
biochemical data than the log P parameter. There is no exact theoretical reason why
this should be so, though is it possible that the chromatographic process, being a
dynamic one producing a parameter derived from a non-steady state function, is
more analogous to the biological state than those parameters derived from steady
state measurercents ?

9. SUMMARY

The use of Ry, and /1 Ry, parameters as indices of hydrophobicity for inclusion
in quantitative structure activity relationships has becn studied. The relationship
between these parameters and other free-cnergy related parameters is illustrated theo-
retically and experimentally. It i§ suggested: that-the chromatographically obtained
parameters could find a wider applicability in structure-activity relationships, and
that their use would result in improved correlation of data.
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