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ABSTRACT

A new general solvation equation developed by Abraham and Whiting has been
investigated and its applicability to a number of very important phenomena has been

studied. The general solvation equation is:
logSP=c+rRy+ sty + azo, + bEBH2 +v Vx

where SP is the measured solute dependent property, the solute descriptors are R, an
excess molar refraction, nH2 the dipolarity/polarisability, o', and =p", the effective

hydrogen-bond acidity and basicity, and V the characteristic volume of McGowan and

the equation constants relate to the properties under investigation.

The equation has successfully been applied to chemical phenomena - high performance
liquid chromatographic data (SP = x’) - octanol-water and alkane-water partitioning
(1ogSP = logP), as well as Seiler’s hydrogen bond descriptor (logSP = AlogP). The
solute factors that influence these processes have been ascertained. The equation has
also been applied to biological phenomena; application of the equation to blood-brain
equilibrium distribution measurements (SP = BB) for the first time yields the factors

controlling the distribution:

10gBB, 4, = -0.038 +0.198R -0.687 7", -0.715Za", -0.698 =", + 0.995Vx
n=57 p=0.9522 sd=0.197 F=99.2

Similarly application to skin (stratum corneum) permeation (SP = kp) and partition data
(SP = Km) leads to an understanding of the exact factors that influence these processes.

In the former case the derived equation is:

loghp = -5.201- 0.782x"L, - 0.408%a - 3.3935pH +2.004vx
n=46 p=0.9757 sd=0.266 F=2032

Many solute descriptors used in this work have been obtained by a novel techniques,
these are illustrated. In addition, the application of the logP,,s approach has been
described, whereby the well known octanol-water partition coefficient has been

combined with solute descriptors to yield a high quality yet simplified correlative tool.
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CHAPTER 1
INTRODUCTION

1.1 General Introduction

In everyday life the scientist encounters situations that most people take for granted,
whether that be the seemingly ‘simple’ process of the evaporation of water or the
apparently complex process of aviation. But being a scientist, he is able to break down
the situation, to apply scientific principles to both understand and predict, and thus he
understands that simple evaporation is not so simple and the flight of an aircraft is not
so complex. However even in this day of complex supercomputers allowing super-
simulations, which keep track of thousands of molecules, or can model target biological
receptors in three dimensions, some things remain complex.

One such complexity is the behaviour of a drug in a biological system. Thus in the
process of drug development, potentially thousands of molecules have active
pharmacophores, hundreds have excellent in vitro activity but only a handful have
activity in the biological in vivo system. Even of these, fewer still possess the right
behaviour and tolerance properties to reach the end users - patients. This is because
before any efficacy of the drug is noticed, a candidate drug molecule must undergo the
complex processes of pharmacokinetics and pharmacodynamics. Thus these difficulties
lead to drug design being a complex ‘hit and miss affair’ and why the first approach for
a drug designer is not a computer program or theoretical model based on a hypothesis,
as might be expected at this advanced juncture in time, but rather a resort to emulate
existing drugs or manipulate natural molecules from the cornucopia of natural products.
Given these complications, researchers over the last century have striven to find ways of
predicting whether a molecule will be active based on physicochemical properties and
molecular structure. Utilising the mathematical tools of statistics to find relationships
this has led to the area now termed QSAR, quantitative structure-activity relationships.
Typically researchers have modified a parent molecule structure to identify what effect
change in structure will have, on either activity or on physicochemical constants such as

equilibria or rate. The latter types of studies have developed into the broadly termed
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Figure 1.1

Structure-Property-Relationships (SPRs) - A depiction of the interrelationships of
chemical and biological phenomena with molecular structure’, where solid and dashed
arrows represent influence and information, respectively.

LFER

Chemical
Phenomena

A

Molecular 4°°
Structure
v,

\J
Biological

Phenomena

QSAR

“Adapted from Testa, B., Kier, L., Med.Chem. Rev., 1991, 11, 35

SPRs, structure-property relationships field, (which encompasses QSAR) and where
research focuses on the correlation of various chemical, intrinsic molecular and
biological properties (see Figure 1.1).

In this Thesis the correlation of various chemical and biological phenomena are
discussed. It is shown how application of SPR s have lead to greater understanding and
predictability of structure dependent systems. In particular, the relatively new approach
of solute descriptors forms the basis of the new analyses presented. In this approach
molecular (solute) descriptors describe a molecule in terms of H-bonding, polarisability/
dipolarity and volume. These solute descriptorsl can then be correlated to reveal a

clearer insight as to the factors controlling these chemical or biological systems.
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1.2 Background- a Survey of SPR s and the Parameters Used

1.2.1 Early Studies

The first attempt to relate biological activity to chemical structure dates back to 1865-
1870 when Crum-Brown and Fraser® postulated that biological response, BR, of a

molecule is a function of it chemical constitution, C, as described in eq(1.1).
BR=f(C) (1.1)

In 1893 Richet’ expanded upon this theme, by showing that the toxicities of a series of
alcohols, ethers and ketones were inversely related to their water solubility.

The concept of distribution and partition between two immiscible phases was developed
as long ago as 1872 by Berthelot and Jungﬂeisch4, who conducted systematic
investigation into the distribution of compounds between two immiscible phases,

phases A and B. They accurately measured the equilibrium distribution of Br, and I, in

a solvent system of carbon disulphide and water. Their studies indicated that the
partition coefficient was independent of the relative volumes of solution used, but was a
constant ratio of the concentration of solute in each phase allowing a distribution or

partition coefficient, P, to be defined, eq(1.2).

p= [concentration of solute in phase A] (1.2)

[concentration of solute in phase B]

In 1891, the contribution of Neurst’ increased the interest and awareness of the concepts
of distribution and partition. He clarified the theory of partitioning by stating that the
partition coefficient would only be constant if a single molecular species was being
partitioned between two solvents. This explained some results that were unaccounted for
by Berthelot and Jungfleisch.

The development of the partition coefficient enabled a Swiss biologist, Overton® to
correlate the narcotic action of compounds on tadpoles with their oil/water partition
coefficients. In this pioneering work conducted around 1895, he discovered that the

greater the oil solubility of a compound, the more potent its narcotic action was on the
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tadpole. This led him to conclude that the narcotic substances were causing physical
changes in the lipid content of the cells. Meyer’ independently rationalised that the
degree of narcosis was directly related to olive oil-water distribution of a compound.
These suggestions led to what is now known as Meyer and Overton theorys.

During the early part of the 20th century other physicochemical properties were used to
relate toxicity and narcotic action. Surface tension’ and boiling points10 were typical
examples. Ferguson'' in 1939 formulated eq(1.3) to generalise these type of

relationships. However these approches were only applicable in a small area of SPR s.

log 1/Ci=mlog Ai + K (1.3)

In the above equation Ci represents concentration of the ith member of a series to
produce a defined response, Ai is a physicochemical parameter such as solubility,
surface tension, partition coefficient, vapour pressure etc., and K and m are constants for

a particular series.

1.2.2 Linear Free Energy Relationships

Several types of chemical SPR developed from physical organic chemistry, where
physicochemical parameters were related to reactivity. The contribution made by
Hammett'?, was very important. In the 1940's he defined the first substituent
physicochemical parameter o, the Hammett electronic constant. This was an electronic
parameter defining the electronic effect of a given substituent attached to benzene ring
in a meta or para position. Hammett calculated and published these o-constants by

analysing the substituent effect on the acid dissociation of benzoic acid as defined by

eq(1.4);
log Ky-logK, =0 p (1.4)

Where K, is the ionisation constant for benzoic acid in water at 25°C and K, is the
ionisation constant for meta or para substituted benzoic acid in water at 25°C. The p
value is defined as unity for the standard process. Positive values of ¢ represent electron

withdrawal on the benzene ring increasing the favourability of the reaction with respect
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to unsubstituted benzoic acid, (e.g. a nitro group in the para position has a c—constant of
0.78, meta = 0.71), and negative values of ¢ represent electron release to the aromatic
ring decreasing the favourability of the acid dissociation of benzoic acid, thus the &
value for p-methoxy group is -0.27, because electrons are released mesomerically,
however ¢ value for m-methoxy = +0.12, because of the electron withdrawing effect of
the methoxy group when there is no resonance (data from reference '*). The work of
Hammett is an example of a linear free energy relationship, LFER, a term that expresses
it relation to free energy quantities. This is clarified from the relation of equilibrium
constants (K and Gibbs free energy.), eq (1.5). As described later in this work, rate
constants (k) are also related to free energy by eq(1.6) and thus relations involving rate

are also often LFERs.

log K = -(AG2/2.303 RT) (1.5)

In the above equation AG¥? is the standard Gibbs free energy change (kJ mol'l), R, the
gas constant (kJ mol'lK'l) and T is the temperature (in K). In the following equation
relating the rate constant and free energy, & is the Boltzman constant, AG* is the Gibbs
energy of activation and 4 is Planck's constant.

k,T  AG” (1.6)

logh=log =, =~ 303kT

Taft used this type of LFER, to investigate the steric and electronic effects of
substituents. To allow electronic parameters to be defined for aliphatic systems, he
noted the effect of substituent groups on the hydrolysis reaction of esters of the type
XCH,>COOR and defined o*-constants®. To avoid the steric effect and the electronic

(inductive) effect being combined he examined two types of hydrolysis, under acidic
and basic conditions, on the premise that under acidic conditions, only the steric effect

will be involved. Therefore (steric + inductive((basic)) - (steric effect ((acidic)) =

(electronic inductive effect). Thus equation (1.7) was proposed as a definition of c*.
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" = c[(log (ky/ky)p -log (ky/Kn)Al 1.7

Where o™ is the inductive constant (sigma star), k, is the rate constant for hydrolysis of
parent ester, k, is the rate constant for hydrolysis of the X-substituted ester, subscript B
denotes the reaction conducted under basic conditions, subscript A denotes the reaction
conducted under acidic conditions and c is the equation constant (equal to 1 /2.48).

Although 6™ was an expansion on o, its development also introduced a wholly new
type of parameter, ESM, the Taft steric effect parameter. Eg, eq(1.8), accounted for the
steric effect on a reaction rate due to the substitution of hydrogen by a particular

substituent.
Eg =log (ky/kn)A (1.8)

For example as a hydrogen is replaced by progressively larger alkyl groups, Eg becomes
more negative as it measures the decline in reaction rate caused by increasing steric
hindrance. Thus a hydrogen group has Eg=1.24, methyl Eg=0.00, ethyl Eg=-0.07 and
tertiary butyl has a strongly negative Eg = -1.54 B3, Although Eg is an intramolecular

phenomenon it has been shown to be useful as a correlative parameter in biochemical

systems (see section 1.2.3).

1.2.3 The Hansch Multiparametric Approach

Hansch and co-workers working at Pomona College, California changed the face of
correlative relationships. They defined the term QSAR and introduced the era of modern
SPRs with the introduction of the multiparametric approach (1962)®. With the
background of electronic and steric parameters from the chemical arena, they asserted

the importance of hydrophobicity- in drug action. The Meyer and Overton theory was

.By convention the term lipophilicity is often used meaning ‘oil-loving’, (Hibbert, D.B., James, A.M,,
Macmillan Dictionary of Chemistry 1987) and indicates the preference of a molecule for organic
environments over aqueous ones. According to the conventionality of the SPR field, it is regarded that a
lipophilic molecule has a high logP, . In this thesis however this term will be clarified and the more
correct term of hydrophobicity (‘water-hating’) will be adopted to describe the overall partition from
water to organic phases. This is a more correct definition since such a molecule is not able to set-up
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based on partition coefficients determined from olive oil/water systems, but Hansch's
group concentrated on the use of 1-octanol/water partition coefficients, P, where 1-
octanol is phase A and water (or buffer) is phase B in eq(1.2). This was based on
previous suggestions by Meyer and Hemmi'’, who proposed that an alcohol (oleyl
alcohol) was a suitable model for plasma membrane lipids. The Pomona group reasoned
that lipidic substances contain polar functions such as esters in triglyceridesls. Therefore
an aliphatic alcohol such as octanol, would be more analogous to real biological systems
than other solvent-water systems. Moreover other practical advantages have been
pointed out by Hansch”, for example octanol does not absorb in the UV region
associated with unsaturated compounds, and octanol-water partition coefficients are
usually not very temperature dependent.

Hansch's group thus used the logarithm of the octanol-water partition coefficient,
(logP..), as a scale of hydrophobicity. They combined it as a descriptive molecular
parameter with steric and electronic terms in equations correlating biological response,
BR', of the form of eqs(1.9)-(1.11), producing very widely applicable SPRs. The
revolutionary versatility of these equations was the ability to introduce other molecular

parameters to the equation -the concept of multivariate analysis (see Section 1.2.4).

logBR=alogP +bc+c (1.9)
logBR=alogP + bo + cEgtd (1.10)
log BR=a(logP)2+blogP+co+d (1.11)

Equation (1.9) represents the linear form of the equation relating just hydrophobicity
and polarity (electronic factors). Equation (1.10) is an expanded version including Taft's

steric parameterzo. Equation (1.11) is the parabolic form of eq(1.9), where linear

solvent-solute interactions with water thus an organic medium is energetically favoured. (see Dearden,
J.C., Comprehensive Medicinal Chemistry, pp.375, Vol. 4, Pergammon Press, Oxford, 1990.) However
the lipophilic interaction term is reserved to describe the effect of solute size on hydrophobicity (see
Chapter 3)

Note, typically the measured biological response used by Hansch is 1/C, where C is the molar
concentration causing a standard biological response, €.g. LDs, the lethal dose required to kill 50% of the

population. Potency is described by 1/C, since a more potent agent will require a smaller concentration
for activity.
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relationships do not hold after an optimal value of logP has been reached. The constants
a,b, c, and d are equation coefficients determined by multiple linear regression analysis,
MLRA (discussed later in this Chapter) and uniquely characterise the system.

The Hansch approach quickly became adopted. Apart from the inherent qualities of this
approach, there were two other main reasons. Firstly Hansch and co-workers complied
logP,.. data from the literature and used Collander's” linear correlation, eq(1.12) to
calculate logP,, from a variety of logP types, e.g. pentanol/water, ether/water, 2-
butanone/water etc.”, leading to an extensive body of values which could be easily

used.

log P(solvent) =4a logPoct + b (1 : 12)

Here log P . is the partition coefficient a given solvent/water system and a and b are
the conversion coefficient and intercept respectively as obtained by regression.
The second reason, was the derivation of a new parameter defining hydrophobicity for a

particular substituent group. The hydrophobic substituent constant 7, defined the
223y

>

hydrophobic contribution when a hydrogen atom was replaced by a substituent
of the form of eq(1.13)
T )= 10g8Pgrx) - 108 P ) (1.13)

In this equation m, is the hydrophobic substituent constant for a substituent X, P, is
the octanol-water partition coefficient for a substituted derivative, and P 4, is the
octanol-water partition coefficient for the unsubstituted parent compound.

Clearly the equation is analogous to that of Hammett. A positive value of Hansch's ©t
parameter denotes a substituent that will increase logP,,, relative to hydrogen and hence
is hydrophobic in nature, whilst a negative value will indicate a hydrophilic moiety.
Hansch = values are not additive, especially in substituents having conjugatable lone
pairs (e.g. OH, and NH,). Thus the = values tend to be increased when there are other
electron withdrawing groups in conjugation (decreasing a substituents
polarity/hydrophilicity), and decreased when they are conjugated to electron releasing

groups. Table 1.1 tabulates some typical values of 7 in various solute sets.
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Table 1.1

Typical m, values for various solute sets b,

H ~0.00 0.00 0.00 0.00
CHj 0.56 0.52 0.52 0.49
Cl 0.71 0.78 0.54 0.93
OH -0.67 -0.61 0.11 -0.87
OCH3 -0.02 -0.04 0.18 -0.12

“ Values from Hansch, C. and Leo, A., Substituent Constants for Correlation Analysis in
Chemistry and Biology. John Wiley & Sons New York 1979. ® Note all of the parent
fragments are aromatic, because application of Hansch's © values is more successful
with these compounds.

1.2.4 Molar Refractivity

The flexible multiparametric approach adopted by Hansch allowed the inclusion of other
molecular parameters, such as molecular mass, molar volume and the Hansch © term for
hydrophobicity. Another fundamental parameter, MR, the molar refractivity, was first
suggested by Pauling and Pressman’ who perceived it as a means of evaluating
polarisability of substituents. Hansch and co-workers® applied MR in multiparametric
equations with the understanding that MR described dispersion/polarisability forces.
MR is an additive constitutive property, and is obtained experimentally by the Lorenz-

Lorenz equation, eq(1.14).

MR=@*-1) M (1.14)
m2+2) d
In this equation, n is the refractive index using the sodium D line at 20°C, d is the
density and M is the relative molecular mass. Since the M/d term is an expression of
molar volume, Dearden et al.”® have indicated that MR is mainly related to molar
volume because the refractive index component of eq(1.14) tends to vary less than the

molar volume component.
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1.2.5 Hydrophobic Fragmental Constant

Rekker et al.”’ increased the ease of calculating logP,., values with the introduction of
the hydrophobic fragmental constant (f), a method of calculating logP,, that could be
performed easily, and without the drawbacks of the Hansch m parameter when
calculating aliphatic values. The f constant denoted the hydrophobicity attributable to a

given moiety as described by eq(1.15).

log P(oct) = Zf + kn.cpg (1.15)

Where Xf'is the sum of fvalues (hydrophobicities of constituent parts) and kn.cp is the
calculation correction term (kn-multiple cps-correction factor). Hansch and Leo describe

this methodology to obtain f* values as 'reductionist' 8 because fvalues are obtained by
reducing as many as 1000 log P values to their fragmental parts, and then f value
datasets are solved by regression analysis. Rekker's monograph28 includes further details

of the hydrophobic fragmental system.

1.2.6 Modified Partition Parameters

In 1974 Seiler” scrutinised work by Hansch and Leo 2 in which they correlated data,
using eq(1.12) to obtain log P, values. When applying the equation Hansch and Leo
found it necessary to account for partitioning in hydrocarbon-water solvent systems
(such as heptane-water) separately for H-bond acids and bases. However they did not
need to undertake this separation for octanol-water and other solvents systems in which
the organic phase contained some H-bonding groups (e.g. oleyl alcohol, butanone,
pentanol etc.). For example, the correlation between benzene-water and octanol-water
for a dataset of 52 (including both H-bond acids and bases) compounds was poor (p =
0.81) and the standard deviation (sd) was high (0.55) compared with the good
correlation between 57 compounds in 1-butanol/water and octanol/water (p = 0.99, sd =

0.12).
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Seiler reiterated the suggestion offered by Hansch and Leo to explain this, that if the H-
bonding were accounted for separately, the hydrophobicity from one solvent to the next
would be about the same and thus the constant a in eq(1.12) would be approximately
equal to unity. Seiler suggested that the missing H-bonding could be accounted for, and

put forward a new parameter, Iy, as a H-bonding constant, eq(1 .16)1.

log Pso]vent + 2]:H = IOg Poct + b (1 1 6)

Where log P,,... is the partition coefficient for a given solvent, e.g. heptane, and Iy
denotes the additive increment to H-bonding for a given molecular moiety, analogous to
Hansch's T value. Typical values of Iy are listed in Table 1.2. Seiler also defined AlogP,

to be used analogously to logP,,,, for whole molecules by rearranging eq(1.16) to (1.17).
Seiler consolidated hydrocarbon data by the use of Collander’s equation (1.12) to

standardise on the cyclohexane-water partition coefficient in the definition of AlogP.

Alog P= logPoct - lochyclohexa.ne = ZII—I -b (1 '17)

Testa et al’’, have more recently introduced the A parameter, to represent the polar
component of 10gP, ..., €q(1.18). This parameter derivation is based on the assumption
that there are two main interactions involved when a solute partitions into a given phase.
First the solute must form a cavity in the solvent, which is a bond braking, endoergic
process, and then various polar interactions are set-up between solute and solvent, which
is exoergic. (see Section 1.3) Since the endoergic cavity term will be roughly
proportional to the size of the cavity, the Testa model equates this to solute volume, V.
The exoergic interaction term between a solute and a given solvent is then defined by A,

called the polar interactive parameter.

! The equation assumes a=1.0
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Table 1.2
Some values of I,

-COOH,,, aic 2.88
~COOH,ppatic 2.87
'OHaromatic 2.60
'OHaliphatic 1.82
'NHZaliphatic 1.33
'NHZaromatic 1.18
-CN 0.23

-O- 0.11

“From Seiler, P., Eur.J. Med.Chem-Chim.Ther., 1974, 9, 5, 473

log P(solvent) = aV+bA(solvem) (1 . 1 8)

One of the main reasons given by Testa et al. % for the need and introduction of this A
parameter, was the difficulty of obtaining Kamlet® type solute descriptors (see Section.
1.3.2) for large biological molecules for use in biological linear free energy
correlations” .

Other developments regarding parameterisation of physical properties have centred on
the refinement of parameter types. Thus the ground breaking ClogP program had a

profound effect on the SPR field. Some information is provided in section 1.2.7.

¥ Kamlet, Taft and co-workers developed molecular descriptors, describing physicochemical properties of
a molecule. Section 1.3 introduces the cavity model on which these descriptors are founded (see especially
Section 1.3.2).

" Indeed Testa et al. * demonstrated that this parameter was correlated with Kamlet’s descriptors for
dipolarity, H-bond acidity and basicity.
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1.2.7 The Development of the CLOGP Program

Hansch and Leo™ used the concept of a hydrophobic fragmental constant, to initiate a
fragmental method based on concepts of constructualism '8 to calculate logP,.,. Starting

with small fragments such as H, and CHy they attributed the logP,, contribution per

atom, so that atom simple fragment values could be added, thus establishing the
principle of (fragmental) additivity (see Box 1.1). These fragment values for fragments
in various molecular environments were incorporated into a database. This has
subsequently grown into a powerful analytical tool - the ClogP program. The program
can predict logP,, for any unknown structure, with good accuracy obtained if fragments
are of a well known structure. Many institutions use this program and its availability has
promoted correlations with logP,., , which has mutually benefited the usage of logP,,

as a correlative model.

1.2.8 Other Steric Parameters

Other refined parameters were defined in attempts to improve on Taft's Es steric

parameter. Charton®' based the steric hindrance effect of a substituent on its increased

Box 1.1

Fragmental logP,, values

i.To obtain the fragment value for a hydrogen atom:
logP,. (Hp) = 0.45

fH)=1/2 logP,, (Hy)=0.225

therefore fragment value for a hydrogen atom f (H)= 0.23

ii. To obtain the fragment value for a methyl group either:
f(CH3)=logP,. CHy-f(H)=1.09-0.225=0.865

or

f(CH3)=1/2 logP,, (CoHg) =1/2(1.81)=0.905

therefore average value f (CH3)=0.89
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van de Waals radius over hydrogen as in eq(1.19). In so doing he defined the v

parameter, which avoided any specific reaction and any possible electronic effects found

in Taft's Es.

VX=er'rvH (119)

Where 7 \/x is the minimum van de Waals radius for symmetrical top substituents and

ryy 1s the van de Waals radius for the H-atom.

Charton's v parameter can also be correlated with Es, and this is probably why Es can

rationalise complicated intermolecular biochemical interactions. Verloop et al.>?
introduced five steric parameters based on standard bond angles and bond distances
called the sterimol parameters. Although they are useful in the understanding of the
steric nature of the of a substituent, they have had limited application due to the

increased experimental data required **.

1.2.9 Difficulties with Previous SPR s.

Analysing the catalogue of SPRs conducted over the last three decades, the Hansch
approach has been the focal point of attempts by pharmaceutical and medicinal chemists
to relate biological activity to structure. Perhaps its greatest strengths have been its
conceptual simplicity, the ease of calculating logP,, and the multiparametric approach.
However, although the Hansch equation has been enormously successful in the
correlation and prediction of biological response, it suffers from a number of drawbacks.
Firstly it cannot be easily applied to a wide disparate set of molecules, because in the
form of eqns(1.9-1.11) the Hammett substituent parameter and the Taft steric parameter
are required (which as shown above are dependent, on molecule type.) In these cases
other parameters must be employed. Secondly, the Hansch equation provides limited
information on the factors governing the pharmacodynamics and the mechanism of
biological activity. Quite often, the main factor in the equation is the logP,, term, but
since the detailed factors that influence logP,,, itself are not known, little can be said

about the factors that influence biological activity. Thirdly as discussed above, it has
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long been suggested that biological activity, as well as a multitude of physicochemical
SPRs must depend on a collection of solute factors including polarity, acidity and
basicity. Indeed workers such as Wilbrandt, 33 and Collander and Barlund®* proposed
that plasma membrane lipoidshave cell dependent acidity and basicity, whilst
Collander™ set out in some detail how solvent and solute polarity, acidity, and basicity
affect partition. Yet the Hansch equation contains no explicit terms for solute polarity,
acidity, or basicity, and hence the influence of these important factors cannot be
deduced. If Collander (and many subsequent workers) is correct, then descriptors of H-
bond acidity and basicity could usefully be incorporated into SPRs.

Seiler’s I; descriptor, an attempt to remedy Hansch methodology by inclusion of a H-
bonding term, seems not to prove useful. Thus, since its proposal it has not been used
very much. Similarly the A parameter of Testa, must contain information on dipolarity,
polarisability, H-bond acidity and basicity and has been used by van de Waterbeemd
and Kansy36 in the correlation of blood brain distribution (discussed in Chapter 4), but
its use has not been very widespread. Significantly Testa et al. did not use this parameter
in their important analysis of skin-water penetration/permeation”, so till now the
application demonstrated by van de Waterbeemd and Kansy remains its only use.

Steric and electronic parameters such as Es, ¢ and the sterimol set are, by and large,
useful only in structurally related series. For structurally unrelated series such as those
examined later in this Thesis, they cannot be used. For example, just examining
compounds such as acetone or ethanol reveals that there are no appropriate ¢ values for
these compounds.

It is clear that the primary methodologies of Hansch, Seiler and Testa must all be
capable of improvement in that none contain specific descriptors for H-bond acidity and
basicity. During the 1980’s a new methodology was initiated by Kamlet, based on the
study of solvent solute interactions. From this initial approach, the Abraham linear free
energy relationship (the Abraham solvation equation) has developed and it is this
approach, introduced below, that forms the investigative and predictive technique for

the chemical and biological phenomena studied in this work.
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zero for this process (AG=0), Fig 1.3. In the final interaction stage, the solvent and
solute mutually interact setting up H-bonding (H-bond acids with H-bond bases),
dispersion, dipole-dipole, and dipole-induced dipole interactions. Since these are
mainly bond forming processes between solvent and solute these interactions have a
favourable, negative, Gibbs free energy, and thus are exoergic, liberating energy,
(AG=-ve), Fig 1.4.

In order to quantify the various elements of this model, quantitative descriptors are
required. Given a solvation system where the solvent is constant and the solute changes,
the various interactions will be modelled by solute descriptors, which describe the
physicochemical properties of the solutes. First of all there is a descriptor for the
endoergic cavity effect - the solute volume, since this will approximate to the size of the
cavity. The Vx solute descriptor - the characteristic volume of McGowen' - can be
applied to this (full details of all of the solute descriptors are provided in Section 1.3.2).
Now specific descriptors are required for the interactions that are set-up when the solute
is in the solvent cavity. For the H-bonding interaction, two separate descriptors are
required, one for solute H-bond acidity (to interact with solvent H-bond bases) and
another for solute H-bond basicity (to interact with solvent H-bond acids). These are
done by the Abraham H-bond acidity and H-bond basicity descriptors b ZaHz and EBHZ
respectively. Two descriptors are also required for dipole-dipole and dipole-induced
dipole interactions. However, in practice, it is not possible to separate solute dipolarity
and dipolarisability, and therefore Abraham et al. developed the n, descriptor !
describing the overall dipolarity and polarizability. In an attempt to separate some of the
polarizabilty a solute descriptor was developed by Abraham et al. for the solute excess
molar refraction, R, . The final and important interaction is general dispersion (van de
Waals and London forces). However it is well known that dispersion and volume are
closely linked and it is not simple to separate these interactions (just as dipolarity and
polarizability in the case of n, ). As mentioned earlier (Section 1.2.4), Dearden et al.
have shown that molar refraction (suggested as a measurement of dispersion) was

largely a volume term. Hence no specific dispersion interaction term is required, for
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solute volume will represent an endoergic cavity term and an exoergic general
dispersion term.

Since the energy change involved in the solvent reorganisation process is zero, the only
two steps that need to be accounted for in the model are the total endoergic cavity term

and the total exoergic interaction term..

1.3.2 The Abraham Solvation Equation

Equations were initially developed that aimed to ascribe molecular values to solvent and
solutes based on related macroscopic solvent and solute properties. The foundation of
this work was conducted by Kamlet and Taft’®, who concentrated on evaluating
different solvents as well as researching the process of solvation for solutes'". Later
Abraham refined and developed a specifically solute based solvation equation to relate
the behaviour of a series of non-electrolyte solutes to a particular constant chemical or
biological solvent system. In this type of process, because the solvent properties remain
constant, it is not necessary to consider solvent descriptors. Since the application of this
methodology is the focus of this Thesis, the equation is presented below, with a more
detailed description later, eq(1.20). Here SP is a measurable macroscopic solute
dependent property, for example a chemical property such as P,, or a biological

property such as EDs,, LD, etc.*.

”Note, there are many types of correlations based on the linear solvation equation of Kamlet, Taft, and
co-workers. Neither the correlations nor the equation parameters are described in detail in this body of
work, since they would be confusing. However the reader is directed to Kamlet, M.J., Doherty, R.M.,
Abboud, J-L.M., Abraham, M.H ,Taft R.-W., Chemtech, 1986, 566 and will note these parameters were
mainly devised spectrophotometrically. Since the death of Mortimer Kamlet there has only been limited
utilisation and little development of these original type of LSERs.

u ED;, - the effective dosage for 50% - the dosage required to treat 50% of studied population, LDy
Lethal dosage value required to exterminate half (50%) of the sample (biological) population.
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log SP=C+7‘R2+STEH2 +aZaH2+bZBH2+vi (1.20)

The descriptors§§ and constants used in eq(1.20) may be formalised as -

Vx - McGowen’s characteristic volume® in units of (ml mol-1)/100.

ZaH2 - The overall solute H-bond acidity developed by Abraham et al.*

ZBH2 The overall solute H-bond basicity developed by Abraham et al."!

- The solute dipolarity/polarisability parameter developed by Abraham
etal..?

R, - The excess molar refraction term developed by Abraham® that

reflects solute polarisability.

r,s,a,b,v - These are descriptor coefficients. They reflect the complimentary
solvent property to the given solute property. They are obtained by the
multiple linear regression process (see Section 1.4).

c- The equation constant.

Eq(1.20) is an example of an LFER, a linear free energy relationship because it linearly
relates free energy (as a log SP value) to physicochemical descriptors. Alternatively it
has also been described as an LSER, linear solvation energy relationship, since it
focuses on the process of solvation. In the following Section an account of the solute
descriptors is provided. Later (Section 1.5) the meaning of the coefficients is described
in more detail. Hitherto, descriptors have been obtained by gas chromatographic
measurements, 1:1 H-bond acid base complexation constants, and determination through
partition coefficients. Later in this Thesis new methods for obtaining and applying

solute descriptors will be developed.

% In terms of the regression equation, these descriptors may be described as explanatory variables as they
i:‘)iplain SP, the solute dependent property.

Note, the subscript 2 indicates that the parameters are solutes (rather than solvents which have a value
of 1). The superscript H indicates that these are Abraham equation solute descriptors and should not be
confused with any previous equation parameters.
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1.3.3 The Solute Volume Term, Vx

The Vx term describes the volume of a solute. As indicated by the work Abraham et al.!
and recently by Testa®, the endoergic cavity making term will be proportional to the
volume of the solute. Thus it plays a very important part in eq(1.20).

During the evolution of eq(1.20) several measurements of solute volume have been
used, including the solute molar volume, V,*, a measured value taken at 298K, and
Leahy’s computer calculated intrinsic volume V,*. However V, is not a true solute
descriptor as it is measured for bulk liquids where any internal solute-solute association
will affect the measured value and will not reflect an intrinsic solute molecular volume.
Moreover it has practical difficulties when calculated for solid compounds. The V,
calculation of Leahy is determined from X-ray structures. It is a much more reliable
descriptor than the calculated V,. However, involving computer and X-ray input, it is
complex to determine especially with respect to the currently adopted Vx term. The
characteristic volume Vx proposed by McGowen”, is highly correlated with V,,
however the calculation of VX is trivial. Atomic constants, listed in Table 1.3, are
simply summed and 6.56cm’mol”’ is subtracted for each bond (whether single or

multiple), as shown below in eq(1.21). The simplicity is further enhanced by the
algorithm of Abraham for calculating the number of bonds, eq(1.22).

Vx = Z all atom contributions - (6.56 * B) (1.21)

B=N-1+Rg (1.22)

In the above equations B is number of bonds, with all bonds ranked the same i.e.
double and triple bonds all count as one, N is the total number of atoms and Rg is the
total number of ring structures., e.g. benzene is counted as one ring and anthracene is
three. Note that to obtain the Vx values for use in eq(1.20), and used in the calculation
of R,, the Vx values calculated in eq(1.21) are arbitrarily divided by 100, to scale them

to values similar to the other solute descriptors in the general equation.
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Table 1.3
Atom contributions for calculation of Vx

C=16.35 N=14.39 0=1243 F=10.48 H=28.71
Si=26.83 P=24.78 S=22091 Cl1=20.95 B=18.32
Ge =31.02 As=29.42 Se =27.81 Br=26.21
Sn=39.35 Sb=37.74 Te=36.14 I =34.53

Example 1.1

Calculation of Vx for 9,70 Dichloroanthracene
Empirical formula: =C,H.Cl,
Number of Ring structures :3

Number of Bonds, B = (number of atoms-1+ number of ring structures)
B = (24-1+3)=26

Vx =S (14*16.35)+(8*8.71)+(2*20.95) - (6.56*26)

Abraham Vx =169.92 cm® mol"'/100=1.6992

1.3.4 The Solute H-bond Acidity, &}, and H-bond Basicity, B,

Abraham et al.* initially developed a scale for H-bond acidity of a solute based on
equilibrium constants (K) for 1:1 complexation of monomeric acids with a series of
reference bases (B), in the form of the reaction, eq(1.23). These equilibrium experiments
were conducted at low concentration (to ensure no-self association), in
tetrachloromethane (CCl,) at 298K. The concentration of associated and non associated
species were obtained by infra-red measurements. K values were obtained for a series of

H-bond acids against 45 reference bases.

A-H+B S A-H-B (1.23)

When Abraham and co-workers analysed these log K values by plotting results from a

given reference base with those from another reference base they found that a series of
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lines formed which intersected near a magic point of -1.1. They then used an average set
of logK values of H-bond acidity for solutes in CCl,, denoted as logK", , obtained over
all the logK values. These values were then converted into a', via eq(1.24), and scaled
to give ocH2 = 0 (where logK", = -1.1) for non-H-bond acidic compounds. The arbitrary
denominator of 4.636 was chosen to scale o, values to a similar value range to those of

the other descriptors in the general equation.

o, = (log K?, +1.1) (1.24)
4.636

Abraham et al.*! similarly analysed H-bond basicity and showed that when logK values
for a series of bases are plotted against a given reference base a straight line forms, and
again when other lines are plotted for different bases a collection of lines develops that
intersects at log K= -1.1. Similarly, as above, an average set of logK values for H-bond
basicity of solutes in CCl, can be obtained, denoted logKHB. In a similar fashion these
are transformed in BH2 values using eq(1.25) and scaled so that BH;,_ = 1.0 for the base

hexamethylphosphortriamide (HMPT).

B, = (log K¥, +1.1) (1.25)
4.636

From the initial values of a", (89 compounds) and ", (215 compounds) obtained by the
1:1 complexation methods, many more values of o, and BH2 were determined from the
relationship below''T, eq(1.26)47, since now only an equilibrium constant and a single

solute descriptor is required to obtain the other.

log K=7.354a", . p", - 1.094 (1.26)
n = 1312 p=0.9956 sd = 0.09

! The statistical indicators n, p and sd are discussed in Section 1.4 - Regression Analysis
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An important caveat noticed by Abraham, was that these equations are not completely
general. Cases of some weak H-bond acids, such as N-H acids like pyrrole, interacting
with bases such as pyridine, amines and ethers must be excluded. However these acids
may be combined with other H-bond bases. Although this may seem an additional
complication, as will be seen later in this Thesis, these small differences (upto 0.05

units) for these few compounds have little impact on multi variable equations.

1.3.5 Overall H-bond Descriptors

The initial method for obtaining o', and BH2 described above has a serious limitation
since it cannot be applied to polyfunctional solutes. There are two main reasons for
this*®. Firstly, complexation equilibrium constants cannot practically be obtained.
Secondly, multiple H-bonding with several solvent molecules is possible for
multifunctional compounds yielding different o', and BH2 values than could be obtained
from a complexation constant. Indeed it was suggested that compounds having activated
aromatic fragments (such as aromatic ethers, phenols, and aromatic amines) may also
undergo such multiple H-bonding when in the bulk phase49 (rather than the low
concentration equilibrium conditions described in Section 1.3.4). Thus new overall H-
bonding descriptors were initially developed by Whiting using the technique of back-
calculation. He calculated new B", values, termed the overall H-bond basicity, from
high performance liquid chromatographic data. More recently Abraham carried out a
more detailed set of calculations using an extensive array of partition coefficient data.”®
Abraham calculated new values using several different partition coefficient systems for
each value and averaged final overall values. These overall or effective values are
denoted the ZBH2 solute descriptor, the Greek sigma indicating that the values account
for all of the H-bonding in a particular molecule. (see Table 1.4).

Since the o, descriptor has a similar problem (multiple H-bond interactions in bulk
solvent) an overall descriptor was also required. Abraham and Whiting * back-
calculated new values of o), from gas chromatographic (GC) data and assigned it as

o, Mainly these newly obtained so'l, values were found to be the same as those
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derived from 1:1 complexation results, no doubt because only one bond can form to an
acidic hydrogen even in the presence of an excess of H-bond basic molecules.

Looking at Table 1.4, as expected ZBH2 values are larger for activated aromatic systems
in excess solvent, indicating multiple H-bonding of the ring and functional group (for
example aniline/phenol in Table 1.4). For aromatic compound with deactivating groups
like chlorobenzene, EﬁHz is slightly less or the same as BHZ. However despite these
logical relationships there are no clear rules to calculate the difference between ZBHZ and
B", for given polyfunctional solutes due to the complex nature of these interactions.
Observation of Table 1.5 indicates that, in the main o', and Zo/"); are again similar, with
the notable exception of water. The seemingly striking difference in the Za", and o,
values of water is quite explainable however, if one considers water as a difunctional

and very strong H-bond acid.

Table 1.4

Comparison table of BH2 and 2[3“2 values

Ethane 0.00 0.00
Ethene 0.07 0.07
Ether 0.45 0.45
Benzene 0.14 0.14
Acetonitrile 0.44 0.32
Water 0.38 0.35
Ethanol 0.41 0.48
Phenol 0.22 0.30
Aniline 0.38 041
Chlorobenzene 0.07 0.09

39



In general, however, there is little difference between the overall solute descriptors and
the ones originally determined by 1:1 complexation. This is especially true when the
potential errors caused by differences are considered over a large correlation (this will
be shown when differences in solute descriptors are discussed in Chapter 5). However
throughout this work overall descriptors are used, and indeed should be used, since

complex polyfunctional molecules are common in the systems studied.

Table 1.5

Comparison table of ocH2 and EocH2 values

Ethane 0.00 0.00

Ethene 0.00 0.00
Dichloromethane 0.13 0.10
Trichloromethane 0.20 0.15
Nitromethane 0.12 0.06
Acetone 0.04 0.04
Triethylamine 0.00 0.00
Benzene 0.00 0.00
Acetonitrile 0.09 0.07
Water 0.35 0.82
Ethanol 0.41 0.48
Aniline 0.26 0.26
Phenol 0.60 0.60

1.3.6 The Solute Dipolarity/Polarisability, o,

It was recognised early on by Kamlet and co-workers’' that the dipolarity and
polarisability effects were an important part of solvent-solute interactions. Unfortunately
their initial attempts to determine descriptors for these effects were complicated,
difficult to determine for many compounds, and not related to free energy. As described
earlier it is extremely difficult to separate dipolarity (due to a dipole moment in a given
molecule) and the polarisability (the tendency for a dipole to be induced by another

permanent dipole). Thus Abraham et al.*? settled upon a single parameter determined on
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back-calculated free energy gas chromatographic measurements, denoted 7', Hitherto
this descriptor has been determined by this method. However, this is restrictive because
large, non-volatile, complex multifunctional solutes (such as therapeutic drugs) cannot
be measured by gas chromatography. Therefore new techniques have been applied and

will be discussed in later Chapters of this Thesis (Chapters 4 and 5).

1.3.7 The Excess Molar Refraction, R,

As discussed in Section 1.2.4 molar refractivity, MR, has for some time been considered
a measure of dispersion. However, it has been shown by Dearden et al. %6 that in most
SPRs it merely models bulk volume. Abraham and co-workers # observed that MR and
Vx were co-linear for alkanes, but most other compounds had higher MR values than
calculated from the MR vs. Vx correlation. Thus they suggested the R, solute descriptor
to model excess molar refraction of compounds with the belief that this would be a
useful descriptor of polarisability and dispersion effects. The descriptor is obtained by a
modified Lorentz-Lorentz equation, which requires a refractive index (at 20°C for the

sodium D line, n) and Vx (divided by 100 as above) for the solute eq(1.27).
R, =MRx - (MRX),enc (1.27)

MRx is the observed molar refractivity defined by eq(1.28-1.29) and (MRX),ye 1S

determined from the relationship presented in eq(1.30).

MRx= 10.f(n%).Vx (1.28)
f(n®)=(n>-1)/(n*+2) (1.29)
(MRX) e = 2.83195.Vx-0.52553 (1.30)

In eq(1.30), a theoretical value of molar refractivity is calculated for an alkane having
the same volume, based on coefficients obtained by regression of Vx and MR for

alkanes.
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Box 1.2

An Annotated Summary of Solute Descriptors for Example Solute Compounds

Butane 0.000 0.00 0.00 0.00 0.00 0.672
Diodomethane 1453 0.69 0.05 0.28 0.23 0.766
Benzene 0.610 052 0.00 0.14 0.14 0.716
p-Nitrophenol 1.070 172 0.82 0.26 0.26 0.949
Pyridine 0.631 084 0.00 0.52 0.47 0.675
t-Butylbenzene 0.619 049 0.00 0.16 0.16 1.280

Solute descriptors describe the physicochemical attributes of solutes. Butane is scaled to
have no physicochemical characteristics other than volume (Vx). Diodomethane is a
highly polarisable (R,) molecule and as such it will interact strongly with a more
polarisable solvent system. The delocalised benzene ring infers benzene with some H-
bond basicity (electron donation from the m ring system), and its ability to stabilise a
neighbouring charged atom leads to a reasonable 1", value as well as R,. t.Butylbenzene
has similar characteristics, but has much larger Vx.Pyridine is a good H-bond base and
can donate electrons from the N-atom. It has two different H-bond basicity values
reflecting basicity in normal systems (EBHZ) and those in highly aqueous systems (EBOZ).
p-Nitrophenol is highly dipolar/polarisable (=), having a mesomerically favoured acidic
hydrogen makes it a good H-bond acid (ZaHZ), and it is a reasonable H-bond base (EBHz).

It is clear that a direct determination of R, is not possible for solid compounds. However
since the MR is an additive property a reasonable assumption is that excess molar
refraction is also additive and thus can be calculated by summation of fragments (see
Chapter 4). Note that by definition R, = 0 for alkanes. Calculated R, values for branched

alkanes and noble gases are also zero.
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1.3.8 Difficulties with Variable H-bond Basicity — EB02

One difficulty over the construction of descriptor sets is that for a few types of solute the
H-bond basicity appears to vary with solvent system. This phenomena was first noted by
Taylor et al.'” who particularly identified the variable basicity of S=O and P=0
containing compounds, but showed that this was not universal for all types of these
compounds. More recently, Abraham® has confirmed this difficulty and extended the
solutes examined. He has shown that alkylpyridines and alkylanilines can also exhibit
variable H-bond basicity in different solvent systems. Therefore, alkylanilines have a
higher H-bond basicity value in highly aqueous solvents, such as octanol, than in less
water miscible organic solvents such as hexane. With the alklypyrdines the situation is
reversed. Hence Abraham had to establish a special 21302 solute descriptor (the
superscript O indicating that the important octanol-water system requires this solute
descriptor). Comparison of Z[3H2 and ZB02 values are presented in Table 1.6. No

rigorous explanation has been offered for this phenomena.

Table 1.6

Comparison table of EBHZ and 2B°, values

Ethane 0.00

Ethene 0.07 0.07
Ether 0.45 0.45
Benzene 0.14 0.14
Dimethylsuphoxide 0.88 0.75
Aniline 0.41 0.50
4-Chloroaniline 0.31 0.35
Pyridine 0.52 0.47
4-n-Propylpyridine 0.57 0.48
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It has been demonstrated by Abraham®® that the differences between ZBH2 and 2[302 are
useful in improving correlation equations, but do not impinge upon the general results
produced by correlations. Thus in cases where there is no information known about
8%, =p", may be used. In addition, in practice, it is unlikely that a whole dataset is
constructed of solutes of the type that show this variable H-bond basicity. Therefore,
although the researcher must be aware of the problems of variable basicity, this matter

need not be an undue hindrance to the application of solute descriptors.

44



1.4 Regression Analysis

The work discussed in this Thesis concerns predictive and correlative relationships,
where a single dependent property (such as SP, a solute dependent property) is
explained by several independent physicochemical explanatory factors. The statistical
tool used to produce and understand these relationships is known as multiple linear
regression analysis, MLRA. The MLRA technique is a widely used statistical approach
and is applied in many areas, including chemistry, %2 to find the relationship between a
given dependent term on a series of explanatory variables. It is an extension of least
squares technique, used in simple linear regression, eq(1.31), to multivariate analysis. It
is not necessary to discuss the technique in detail here. However an outline of simple
linear regression is provided to give an idea of the background to MLRA, and some
important caveats and practical considerations of these statistical tools are discussed

below. In addition, the meaning of the output from MLRA is provided in Section 1.4.5.

1.4.1 Simple Linear Regression

If it is believed that a series of values of a dependent variable can be explained by
another set of values of a single variable, by a linear relationship, a plot of the dependent

variable (Y) can be made against the explanatory variable (X).
Y=aX+b (1.31)

If the plotted points form some sort of line, a best straight line can be drawn through
them and the constants a (the gradient) and b (the intercept) can be determined,
producing an equation such as (1.31), and leading to a predictive and correlative
relationship. However, as it stands the there are two difficulties with the method just
described. Firstly, the relationship will be subjective according to hip will be subjective
best straight line by the researcher drawing the line. Secondly, there is no description of
the quality of the relationship and to what extent the points scatter about the best straight

line.
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The first issue is dealt with by using a technique called least squares regression. This
technique is founded on the principle that the best straight line is the line that is able to
predict the best values of Y in such a way that that the sum of the squares of the
deviations between observed and predicted values is a minimum.”® This produces a
fixed result. If there are n pairs of values for Y and X, the constants a and b are then

given by the following equations,

a = (ZXY - ZXZY/)/[EX? -(EX) /)] (1.32)
b=(ZY - aZX)/n (1.33)

The second issue may be dealt with by determining statistical indicators. This is
achieved principally by the standard deviation of the estimate, sd, the correlation
coefficient, pm, and the significance indicator, the T-test. The standard deviation is
determined by eq(1.34). It indicates what the errors are likely to be of a given predicted
value, in such a way that two-thirds of the predicted values of Y lie within one sd unit of
the corresponding observed value, while 95% of predicted values lie within two sd units

thereof, >
sd = [{ZY? - (Y)*/n - (EXY-ZXZY/Mm)* / (EX*—(ZX)*)/n} / (n-2)X)]"> (1.34)

The sd indicates the quality of the correlation; as the sd decreases the correlation
improves by producing tighter fits of the data. In addition, the sd provides a way of
assessing any outliers in the regression, since obviously a datapoint having a relatively
large difference between observed and predicted Y values (for example three times the
overall standard deviation) possibly indicates that the Y value used is erroneous (see
Section 1.4.4).

One difficulty with the standard deviation as a method of assessing the quality of a

regression is that it is relative; it depends on the dataset regressed and thus cannot

1 Note, the correlation coefficient is normally presented as r. In this work the alternative p symbol is
presented to avoid confusion with r, the coefficient of the R, solute descriptor.
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readily be compared across regressions. Therefore if the numerical range of Y is 100
units, an sd of 0.1 is very good but given a range in Y of 0.2 units the same sd is very
poor. 53 The correlation coefficient p, €q(1.35), is therefore used as a means of assessing

the regression:

p =[1-sd*(n-2)/c*yn]"? (1.35)

where o%, = Z(Y-I_/)Z/n is the variance of the sample values. If the sd is zero the
correlation coefficient p will be 1.000, by definition the perfect regrcession.53 The p2 term
which indicates the amount of the variance accounted for by the regression is also 1 (or
100%). Conversely, as the sd increases, p decreases to zero. It is normal to look for
correlation coefficients above 0.90 as being reasonable (accounting for above 81% of
dataset), and those above 0.95 as very satisfactory (accounting for above 90% of the
dataset). However, these are subjective statements and it is best to view correlation
coefficients as a comparison, since a poor dataset (such as a biological assay) will have
a limited correlation quality due to the intrinsic problems with the technique. Also as the
number of datasets is decreased by removing poorer datapoints, the correlation
coefficient is increased. Thus it is important to compare the number of datapoints when
considering the relative merits of correlation coefficients. (Note, the number of
datapoints is denoted n, and usually provided with a regression.). To aid in this task, the

T-test (described as Students T-test)’**’

, €q(1.36), allows significance to be calculated,
i.e. the probability that the correlation could arise by chance. If the probability is low for
example 0.1% (one in one thousand chance) then the correlation is good, but if it is high
say 1% (or higher), then the correlation is poor. The significance is normally presented

as a percentage. Hence 0.1% corresponds to 99.9% significance.

t=p [(0-2)/(1-p*)]"? (1.36)
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It may be noted that the sd and t do not necessarily agree, i.e. the correlation may be
significant but the prediction of data is poor. Therefore it is better to consider indicators
as a relative method of indicating the strength of a correlation.

At this stage, it is profoundly clear that although the equations for least squares
regression analysis are not essentially difficult, they would rapidly become difficult to
calculate with anything more than a few numbers even for the simplified linear case of
only one explanatory variable. Thus in practice these statistical analyses are conducted
on computers using dedicated regression programs or spreadsheets. With MLRA the
situation is considerably more difficult to handle without computers, indeed historically
stifling complex MLRA until the availability of computers. Thus in the following
Section, calculation of MLRA equations will not be presented, but rather some
understanding into the mechanics of obtaining and understanding a regression will be

focused upon.

1.4.2 MLRA

Equation(1.31) is an example of a simple linear regression, where Y is the dependent
variable and is related to one explanatory variable X, by the constants a and b. The
constants a and b are determined by least squares regression. In MLRA a series of
explanatory variables (e.g. X,, X,,..X,) and corresponding constants (e.g. a,, a,,..a,)

explain Y as shown in eq(1.37).

As discussed in Section 1.4.1 the algorithms used to calculate the coefficients of the
explanatory variables are considerably more complex for multiple regression, however
the interpretation is similar to that described above. The respective coefficients indicate
what the effect of the explanatory variable is and the overall sd and p indicate the
quality of the regression. In MLRA the T-test is performed for each variable, and is used

to indicate their respective significance. This is very important since not every
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explanatory variable may effect Y, and such analysis allows a regression to be
conducted removing insignificant variables.

A useful statistical tool, not often used with simple regression, but helpful in MLRA is
the F-statistic, (sometimes called the Fischer statistic), eq(1.38). The F-statistic accounts
for the number of explanatory variables, v, and the number of datapoints, n, and the
correlation coefficient to produce a single number view of the regression. The F-statistic
is a single number, which has no scale. The greater the strength or quality of the

regression, the higher the numerical value of the F-statistic yielded.

F= p¥@n-v-1) (1.38)
(1-p")v

The F-statistic represents the quality of the regression, based on the principles that a)
the greater the correlation coefficient the better the regression, b) the more datapoints
correlated the better the regression (since it is a better model with less likelihood of
chance correlation) and c) the fewer the number of explanatory variables the better the
regression (since the more variables the greater likelihood of chance. Although it must
be used with care (as demonstrated later in this Thesis) it is a very quick and easy
comparison of correlation equations. Further details of MLRA are described in Section

1.44.

1.4.3 Difficulties with MLRA

One of the first problems, which is fundamental, is that at the inception of a correlation
initial assumptions are made about the relationship under investigation, i.e. that it is
suggested that there is some relationship to be investigated. However if there is no
underlying relationship this can cause a great deal of wasted time. This is especially true
if initially it seems that coincidentally the data fits and then the researcher is tempted by
wishful thinking to pursue the relationship. Hence it is important that the initial model is

reasonable and that the validity of the model is generally agreed upon.
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Multicolinearity is another problem. This occurs when two or more explanatory
variables are highly linear with each other or cross-correlated (see the discussion of MR
and volume above). This issue leads to results that are both hard to interpret, since it is
difficult to decide which variable should be removed from the regression, and of poor
generality, when applying to test situations.

A third type of complication that can occur is due to outliers. These are results that are
either highly erroneous, for example due to a poor measurement, or that are indicative of
a secondary or alternative process at work. This is particularly relevant to biblogical in
vivo studies in which particular compounds may have specialised metabolic and/or
transport pathways. Although outliers can be thought of as an obstacle to producing
results, they can also be considered as tools, since they can give clues as to whether the
fundamental basis of a correlation is correct, and they can force the researcher to
consider whether there are indeed any alternative processes that should be investigated.
A final area of concern is the quality and quantity of the data used in any regression.
The meaning of quality is not just the accuracy of the results but rather is the data
diversity. To produce a truly general and applicable regression a large spread in the
explanatory variables is required, and there should be avoidance of clustering.20 Thus to
obtain a sound multi (explanatory) variable equation there should be a good range in
each variable. Thus if one variable has only a few compounds in which it is present and
has a poor spread (for example a smaller range than comparable variables) it cannot be
expected to have a meaningful coefficient or be statistically significant. Therefore, when
testing such an explanatory variable with new compounds it cannot be expected to
produce reasonable results. Also there should not be too much overlap in the variables,
as this again leads to the problem of multicolinearity. When dealing with quantity, it is
important to have enough datapoints to conduct a regression. To conduct a regression
with 5 explanatory variables, it has been suggested49 that 25 compounds are required,
but to conduct a regression of 2 parameters only 10 datapoints would be needed.
Approximately, therefore, 5 datapoints are required per explanatory variable )
Consideration of quantity and quality can be limiting particularly in biological studies.

This is because often data is extremely difficult to obtain (due to ethical, experimental
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and confidentiality problems) and, therefore, in these circumstances the best has to be

done with all possible sources of data being considered.

1.4.4 MLRA in this Work

The requirements for a multiple linear regression for the Abraham equation, eq(1.20),
are on the one hand a set of measured solute dependent properties (logSP) for each
solute and on the other, a set of explanatory variables (solute descriptors) for each
solute. These are then regressed, using a computer program, yielding the characteristic
coefficients of the equation. The coefficients (r, s, a, b, v) then connote what are the
controlling interactions for a given system, and give an indication of the system
properties. They also indicate in what direction a particular solute descriptor will drive
the solute dependent property. The best way to explain the meaning of the coefficients
and find out about other information produced by a multiple linear regression of
eq(1.20) is to examine typical output of a regression. To this end refer to Example 1.2,
the output of results on a high performance liquid chromatographic system, (discussed

in detail in Chapter 6).
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Example 1.2

The Results Output of a Typical Multiple Linear Regression for HPLC log k’ values.

(Results output before final regression for a PRP-1 Column in a 100% Methanol Phase)
CORRELATION COEFFICIENTS BETWEEN VARIABLES

o VAR: R, ", zaf, B4, Vx

o ", 0.190

;] Zat, 0.172 0.163

(1] =Y, -0.423 0.604 -0.013

(5} Vx 0.439 -0.256 -0.050 -0.398

(6} Yobs 0.547 -0.341 -0.516 -0.668 0.673

7] VAR: R, ", Taf, Y, Vx Yobs

o MEAN 0.721 0.802 0.083 0.335 0.980 0.244

(o} ST.DEV 0.280 0.246 0.190 0.214 0.214 0.402

H H H

(10} VAR: R, T, Za, =7, Vx CONST

00 COEFFS 0.414 0.093 -1.192 -0.838 0.667 -0.404

00 ST.DEV 0.065 0.079 0.063 0.094 0.066 0.078

00 TTEST 1.00000 0.75284  1.00000 1.00000 1.00000 0.99999

00 OVERALL . COR.COEFF, p 0.9832

00 ST.DEV. (YOBS-YCALC) 0.078

00 F-STATISTIC 232.1

00 N (NUMBER OF DATAPOINTS) 46

1.4.5 The Meaning of the Coefficients

Example 1.2 gives the output of a 46 compound regression for a high performance
liquid chromatographic system, in which the solute dependent property is the capacity
factor, logk’ (defined in detail in Chapter 6). The capacity factor is a relative
measurement of the time taken for a solute to elute from a two phase system, in which
the mobile phase is polar/hydrophilic (and thus hydrophilic compounds elute more
quickly) and a non polar stationary phase. The result of the regression is represented by

€q(1.39) which conforms to the normal way a SPR is presented.

52



log x° = - 0.404 +0.414R, + 0.093 n", -1.192 =o'l - 0.838 =pH+ 0.667 vx  (1.39)
n=46 p=0.9832 sd=0.078 F=232.1

From Example 1.2 and eq(1.39) the coefficients 7,5,4,b and v are (to 2 decimal place)
respectively 0.41, 0.09, -1.19, -0.84 and 0.67. Taking v and r first these positive
coefficients show that as the volume and the excess molar refraction are increased so
there will be a corresponding increase in logk’ (and therefore the elution time). This
would be expected since this indicates that the more lipophilic/polarizable phase
stationary phase (see Chapter 6) is being favoured. As can be seen from Example 1.2
both solute descriptors have high T-tests (line 13) which signifies they are both
statistically significant factors. The a and b coefficients are both negative. (Note the T-
test value is shown as a percentage, see Section 1.4.2). They demonstrate that H-bond
acidic and H-bond basic solute qualities reduce the capacity factor. Consequently
solutes that are H-bond acids and H-bond bases prefer the mobile polar phase.

A very important aspect when interpreting the meaning of a and b though, is that a must
represent the solvent systems H-bond basicity and b must represent the solvent systems
H-bond acidity, since the H-bond acidity of a solute will interact with the solvents H-
bond basicity and vice versa. The s coefficient in this case is interesting since it is very
small and has a low T-test (line 13, Example 1.2). This indicates that the system does
not discriminate on the dipolarity/polarisability and that both stationary phase and
mobile phase must have similar dipolar/polarisable properties. (A fuller explanation of
these coefficients is given in Chapter 6). On this basis it would be wise to remove the
n°, solute descriptor from the regression altogether and re-regress the dataset. (This was

actually done to yield a regression with only 4 solute descriptors.)
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1.4.6 Information Provided by the Regression Output

The information given by the regression output in Example 1.2, includes the correlation
coefficients between variables (lines 1-5). This is a table of cross-correlation and
indicates the nature of co-linearity. If any two variables were highly colinear in this
regression, a value approaching 1 would be expected. The correlation coefficients |,
under the Y-obs listing (line 6) are those for simple correlation of Y-obs against the
given descriptor. Line 8 lists the mean values of the solute descriptor. From this row it is
evident that relatively few compounds have an zo'l, value. This would be expected as
all organic H-bond acids will be bases but not vice versa. Thus the number of H-bond
basic compounds would be expected to be more. The sd of the mean (line 9) describes
what the variation is in the descriptor. A large sd here is favourable because it means
that a wide range of values is used.

Line 11 describes the actual coefficients of the equation (as discussed above), but
information is also given as to the sd of each coefficient (line 12). This useful by
indicating the error and allowing regressions to be compared (for example comparing
the coefficient of EBHZ of two regressions). As mentioned above the T-test indicates the
statistical significance of any explanatory variable. Values in the range of 0.95-1.00 are
considered significant. A value of 0.75 as obtained for the ", solute descriptor suggests
that this is not statistically significant and should be removed from the regression
equation.

The final lines of the regression output give the overall picture of the regression. The
overall correlation coefficient p (scaled from 0.00-1.00) indicates that quality of the
correlation. In Example 1.2 this is a good correlation, with p = 0.98 indicating that 96%
of the variance is explained by the regression (determined from pz). The overall standard
deviation (Yobs-Ycalc) is also reasonable, being low at 0.078. This indicates the
expected error in any new predicted value. It is also useful to assess the expected error if
any particular solute descriptor has to be back-calculated from this equation (calculated
from the overall sd/coefficient ratio). Thus the expected error in a back-calculation of
EocHz is reasonable 0.078/0.838=0.06 whereas any attempt to calculate nH2 would be
ridiculous given a ratio of 0.078/0.093=0.84! (See Chapter 6). The F-statistic gives a
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one number view of the correlation, and accounts for the numbers of datapoints (the
more the better), the number of explanatory variables (the fewer the better) and the
degree of correlation. In this case it is reasonably high. However this statistic must be
viewed with caution, as it can be manipulated (for example by amalgamating some
variables) to produce a better value. The number of datapoints is also included. As
discussed above, a minimum number would be about 25 points given the five correlated
variables. It is good however that there are 46 compounds in great excess of this
minimum requirement.

Example 1.2 is an example of an Abraham correlation with a physical-chemistry system.
It is a good correlation and shows how satisfactory the Abraham correlation can be.
However, when comparing different regressions it is important to remember that such
good correlations can rarely be expected with biological phenomena. This is because
biological experiments are subject to various complications such as variation across
subjects, difficulties with radio-labelling and measurement, and the effects of
metabolism. Thus one cannot expect very high correlation coefficients for biological
systems. Therefore across a spectrum of SPRe, it is accepted that biological correlations
will be much poorer. Hence it is possible to find biological SPRs with low correlation
coefficients and only a small number of compounds, but it is much less common in
purely chemical systems.

Another factor that must be consider when comparing various Abraham equations is that
of temperature. In some systems this will be determined by biological considerations
(e.g. experiments are often conducted at 37°C, body temperature) or may be conducted
at some predefined standard conditions. But the temperature will effect results, since as
temperatures get higher, the degree of H-bonding will reduce due to kinetic motion.
Thus the given coefficient will alter with temperature. This may not be noticeable for
small changes, i.e. for 25°C to 37°C, but will be substantial for large temperature

changes.
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1.5 Aims of the Thesis

In the discussion in this Chapter it has been demonstrated that physicochemical models
for biological and chemical phenomena are very important, as they allow insight into
mechanisms and enable cost saving predictions to be made. The most widely used
model system is that of partition coefficients. In Chapter 2, the determination of these
parameters is demonstrated for the chloroform-water system.

There are several available partitioning systems, for example workers have used various
alkane-water and octanol-water partitions, and correlations with the Seiler AlogP
parameter have been made, but there has been little quantitative consideration of the
meaning of these parameters and differences between systems have not been
quantitatively or comprehensively understood. An aim of this work considered in
Chapter 3, is the determination of firm Abraham equations to indicate the factors
influencing these systems. By collecting and correlating as much of the currently
measured data as possible, it is hoped that the scope of equations can be broadened to
encompass predictions for further compounds.

The Abraham model allows quantitative relationships to be developed and explored. It
is clear that this model has several advantages over previous models and could be of
great potential in biological systems. However one great restriction with the Abraham
model up until now has been that solute descriptors have not been determined for
complex multifunctional solutes. Almost all biological models developed and tested by
pharmaceutical institutions concern complex solute such as drug molecules. It would be
of great value if a method could be developed to obtain solute descriptors for these
complex molecules and it is an aim of the current work to achieve this, as discussed in
Chapter 4.

Using the Abraham model and solute descriptors for complex drug compounds it is
possible to correlate data in some complex biological systems. One such system tackled
in Chapter 4, is the blood-brain distribution system. It is the intention of this work to
obtain insight into the factors controlling the system and to produce a correlative model
that can be used to make predictions. Since this is such a vital concern to drug

development, fulfilling these aims would be of enormous benefit. A further goal was to
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find an amalgamated technique of Abraham solute descriptors and a logP descriptor in
order to develop a simple methodology of use to workers not familiar with intricacies of
the Abraham equation. Attempts at this are described as the logP,,,, method

For the past three decades there has been much interest in developing a model for skin
permeation. Using the techniques developed in this work, data on skin penetration has
been analysed with the aim of finding a model of skin permeation, Chapter 5.

A final consideration of this Thesis is a discussion of the high performance liquid
chromatographic technique. Using the Abraham equation it was hoped the differences

between various solvent systems could be rationalised and explained, Chapter 6.
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CHAPTER 2
MEASUREMENT OF CHLOROFORM-WATER PARTITION COEFFICIENTS BY

THE SHAKE FLASK METHOD.

2.1 General Introduction to Partition

The partition of a neutral solute between two immiscible phases, P (commonly logged
and denoted logP), such as chloroform and water (logP.,) can simply be defined as
€q.(2.1), in which chloroform is the solvent phase. Thus a partition coefficient greater
than 1.0 will indicate a compounds preference to remain in the solvent phase, and a
partition coefficient less than 1.0 will indicate the compounds preference for the
aqueous phase environment. Interest in partition coefficients has arisen for almost the
past hundred years or so, because of the connection between these physicochemical
parameters and chemical and biological activity. In the present work, partition
coefficients are used to gain chemical information on the physicochemical behaviour of
solutes in order to obtain Abraham solute descriptorsl’z; to ultimately yield relationships
with biological systems (for example see Chapter 4). In this Chapter the determination
of chloroform-water partition coefficients by the shake flask method is discussed and

some more general aspects of partition coefficients are briefly considered.

Concentration of solute in solvent 2.1

P =
solvent Concentration of solute in water

2.2 Background

Partition coefficients were measured accurately as far back as 1872, when Berthelot and
Jungﬂeisch3 reported the partitioning behaviour of bromine and iodine in an immiscible
carbondisulphide-water mixture. However the first historically important application of
partition coefficients to biological systems is attributed to the work of H.Meyer4 (note
initial given to avoid confusion with K.H.Meyer) and Overton® around the turn of the

century, when independently they discovered that narcotic action of solutes increased
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with increasing oil/water partition coefficients for different chemical classes of
compound. Since that time many attempts have been made to relate chemical and
biological phenomena to a variety of partition coefficients in differing solvent systems,
as the importance of these parameters has been increasingly recognised. Neither Overton
nor H.Meyer established a quantitative relationship between narcotic concentration and
the water olive-oil partition coefficient, P.;. This was left to K.H.Meyer and Gottlieb-
Billroth®, some twenty years later who used the results of Overton and Meyer to

formulate the equation,
Char-Poit = constant 2.2)

where C,, is the aqueous concentration of the solute required to anaesthetise tadpoles. It
seems probable that eq(2.2) is the first quantitative structure-activity relationship
(QSAR) ever reported. K.H.Meyer and Hemmi’ carried out their own experiments on
Tadpole narcosis and showed that a similar equation to eq(2.2) could be formulated
using oleyl alcohol-water partition coefficients instead of Py;. As well as K.H.Meyer,
Collander was active in the area of partition coefficients. In an early paper, Collander
and Barlund® showed graphically that there was a connection between logk .., and logP,
where logk .., is the permeation constant of aqueous non-electrolytes towards cells of
Chara ceratophylla and P is the ether-water or olive oil-water partition coefficient. Over
twenty years later, Collander’ examined the permeability of cells of Nitella mucronata

and formulated the relationship, where M is the molecular weight,
log[M"] Koermy = 1.32 logP,; + log 6.5 (2.3)

with a correlation coefficient p=0.85 for about 50 compounds. A similar equation was

derived ° using ether-water partition coefficients. Quite recently, Binslev and Wright',
determined permeability coefficients of aqueous non electrolytes across the toad urinary

bladder and found that,
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logkgem=1.3 logPy; + ¢ 2.4)

with a correlation coefficient of 0.96 for 16 of the 22 compounds studied (small
molecules were excluded as outliers).

As well as correlations of biochemical phenomena with logP values, Collander'" also
explored relationships between partition coefficients in one solvent system (logP;) and
partition coefficients in another system (logPy), and formulated the Collander

relationship as shown previously,
logP; = logP; + ¢ (2.5)

noting that eq(2.5) would hold for all families of solute only when the two solvent-water
systems were closely related.

However modern correlative partition coefficient theory can be attributed to the original
work of Hansch and Fujita12 in 1962 and the subsequent work of Hansch school"? (see
Chapter 1) which used principally the n-octanol-water partition coefficient (logP,) in
correlations and defined logP, as the de facto scale of hydrophobicity”’ls. This has led

to the diverse use of partition coefficient parameters in predictive correlations in areas

17,18 . 19
metabolism ~ and

such as biomembrane penneabilityl6, pharmacological activity
thermodynamic propertieszo. A review of the historical, theoretical and practical aspects
as well as the estimation of logP, is provided by Hansch and Leo*'and by Leo™.

Partition coefficients can be measured in various ways. The most established method is
the so-called shake-flask method in which a solute is dissolved in one solvent, typically
the aqueous phase, and then this initial solution is mixed with the other solvent until
equilibrium is established. The change, if any, in the concentration of the initial solution
is then measured, normally spectrophotometrically. There are a number of drawbacks
with this technique, e.g. the length of time and the amount of labour required for a
single experiment, the sensitivity of the technique to impurities and the relatively large
quantities of the test compound required to perform a single experiment. Other

techniques are available such as counter-current measurements and HPLC that are

quicker and less labour intensive; and some logP’s such as logP, can even be estimated

63



(by the use of fragmental constants” and computer programs such as crogr*
program on the MedChem software). However the shake-flask method is proven over a
wide range of systems, and is both direct and reliable. Moreover it can easily be applied
to novel compounds, in cases where predictive computer programs can produce
erroneous results. Thus it is still the preferred method in many laboratories and is
applied in this work to obtain partition coefficients.

The following sections describe the particular shake flask method used in this work to

obtain chloroform-water partition coefficients.
2.3 Partitioning Experimental

The main procedures of the shake flask experiment are i) to prepare mutually
presaturated buffer (water) and organic solvent (chloroform), ii) to prepare a solution of

the required compound, at a given pH iii) to measure the initial concentration

(absorbancei) of the prepared solution, iv) to mix known volumes of solution with
known volume of the immiscible solvent phase at constant temperature v) to allow time
for mixture equilibration under continuous mixing (shaking) conditions and vi) to
measure the final concentration of the partitioned solution (and pH) and hence, by

comparison with the initial concentration, calculate the partition coefficient .

2.3.1 Test Compounds

For the present work, logP, values were required for compounds previously studied by
Young and Mitchell et al” (Y-M) in their study of blood-brain distribution (see Chapter
4). These were compound which already had blood-brain measurements and had readily
available logP’s for the octanol-water and cyclohexane-water systems. Of the
compounds originally studied which were identified as potentially useful, several were
no longer available. After deselection of molecules for these various reasons a core

group of about 10 compounds were left. Additionally the Y-M reference contains

¥ Note that concentrations were measured by UV absorbance in this work.

64



logP, values for 4 other compounds. One of these was available for the present work.
This was useful as it allowed the results of the current method to be validated with those

of Y-M.

2.3.2 Solvent Preparation

Because some miscibility can occur, solvents were thoroughly mixed beforehand to
obtain mutually saturated solvents. For the chloroform-water system, typically the two
solvents were mixed in a separating funnel and then allowed to separate overnight.
Buffers were used for the aqueous phase throughout experimentation. Universal buffer
was the preferred buffer because it could be prepared in a standard manner and then
adjusted to the appropriate pH, using 10N sodium hydroxide or hydrochloric acid as
appropriate. However some other buffers were used when conditions dictated. For these
buffers separate presaturated solutions were prepared. Although thermostatic
presaturation is beneficial in many systems (especially in more miscible systems such as
octanol-water), for the current work presaturation at room temperature was considered

adequate (see discussion below).

2.3.3 Experimental Notes

All experiments were conducted in duplicate using i) different volume ratios, i.e.
volume of aqueous phase/volume of organic phase and ii) different concentrations of
initial sample solutions. All glassware and ancillary equipment used in this work was
washed by a standard procedure, to minimise contamination. Firstly the equipment was
washed in hot water. Secondly the equipment was thoroughly rinsed with deionised
water. A third rinse was then conducted using reagent grade acetone. The equipment

was finally allowed to dry on a nitrogen gas line.

2.3.4 Sample Preparation
A milligram quantity of each sample was weighed out on a Sartorius microbalance

(accurate to 107 kg) and placed in a suitably sized volumetric flask (Grade A), to make
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a solution of the order of 1 x 10 M approximately. The concentration was selected to
give a measurable absorbance of 1.0 at the chosen analytical wavelength. Since the
experiments were conducted in duplicate two initial solutions were prepared, 4i and Bi,
by adding the aqueous buffer (presaturated with organic phase) to the volumetric flasks
so that the sample dissolved. Frequently the sample was only partially soluble at room
temperature. To deal with such cases, the solution was heated on a steam bath and
agitated on a Gallenkamp shaker as necessary. Sometimes samples had to be heated and
agitated for over one hour. The solution was then cooled in a water bath, before being

made up to the volume with the buffer..

2.3.5 Preparation of Partitioning Systems

FEP Nalgene (non-stick fluorinated polymer) bottles were used for the experiments.
These were carefully washed as described above. A volume of the aqueous solution was
then pipetted into the bottle, using a clean certified standard pipette (E-mille green line,
grade A). Similarly, a volume of the presaturated chloroform was pipetted into the
bottle, under a fume hood for safety. Caution had to be taken when pipetting chloroform
because it was able to leak out from the pipette due to high vapour pressure creating a
back pressure in the pipette. The volume used for each phase depended on the volume
ratio required for the experiment. Each volume ratio was noted. Then the bottle with the
two phases was sealed. This procedure was carried out for both initial solution A7 and Bi

(see above).
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2.4. Measurement of Solute Concentrations by Ultraviolet Spectroscopy

2.4.1 Preparation of Equipment

For each sample, two sets of UV spectra had to be recorded, one of the initial aqueous
solutions (4i and Bi) before partitioning, and one of the final aqueous solutions (4f and
Bf). In addition, spectra were also required for buffer solutions for background
correction. To obtain these a double beam Perkin Elmer Lambda 5 UV/Vis spectrometer
was used, connected to a thermostated water bath (Grant) which allowed sample cells in
the cell block to be thermostated. Data processing was computerised using a Perkin-
Elmer 7300 Computer connected to the spectrometer. Before any measurement could be
made however, the machine had to warm-up and be configured. This entailed switching
the spectrometer and ancillary equipment on 30 minutes before any measurement, and
entering operating parameters, e.g. date/time, number of scans, scan wavelengths,

plotting preferences etc.

2.4.2 Treatment of Partitioned Phase

Two UV cells were also prepared. High quality 1.0cm pathlength Suprasil cells (Hellma
200nm range) were washed using the same washing procedure as above, except that to
allow a high throughput the cells were warmed with a hot air blower after washing with
acetone. The cells were then finally dried on a nitrogen line. Using the clean UV cells
the appropriate buffer solution (used to make up 4i and Bi) was placed into the cells and
the cells were stoppered. The optical surfaces of the cells were cleaned using a lens
tissue (Whatman) saturated with spectroscopic grade methanol.

One cell was placed in the reference cell path, and this cell remained in place for the
duration of all the experiments. The other cell was placed in the sample beam path.
After allowing for temperature equilibration (5 minutes), a spectrum of the buffer was
then recorded between 200 and 500nm. Characteristically this would give a flat
baseline. This spectrum was saved, on a floppy disk, to be used later. Using a similar
procedure, the sample cell was washed and dried and filled with solution 4i. The
spectrum was then recorded, in the wavelength range of 200-500nm, against the same

buffer reference cell, and saved. The procedure was repeated for the other initial
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solution Bi and final solutions 4f and Bf. For reference, hard-copy was also produced of
all of the spectra. The buffer baseline was subtracted from all the spectra. Then from
spectrum of Ai an analytical wavelength was chosen, where readings from all spectra

would be made. This was normally the A5 of the solute. The absorbance readings at

this analytical wavelength were then noted for all spectra, and the apparent partition

coefficient was calculated from eq(2.6).

2.5 Calculation of Partition Coefficient

The uncorrected distribution coefficient, or the “apparent” partition coefficient, D, can

be calculated from eq(2.6)

D =di - Af/ Af * V! Vi = Bi - B/ Bf % Viuy ! Viog (2.6)

Where Ai and Bi are the initial absorbances of the respective solutions, at the analytical
wavelength, Af and Bf are the final absorbances (after partitioning) of the respective
solutions, at the analytical wavelength, V) is the volume of aqueous phase used in the
partitioning experiment and Vg is the volume of organic phase (chloroform) used in
the partitioning experiment. By definition V() / V(o is the volume ratio. By
application of eq(2.6), the value of the partition coefficient (and thus logP) could be

obtained.
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2.6 Ionisation

The degree of ionisation of a compound can effect the measurement of a partition
coefficient greatly, because the ionised form will be more hydrophilic than a neutral
molecule. Thus when a molecule becomes ionised it will be surrounded a shell of water
molecules due to ion-dipole interactions, strongly favouring distribution into the
aqueous phase and thus reducing the measured value calculated by eq(2.6). Indeed this
effect is so great that it can usually be assumed that only neutral molecules can partition
into the organic phase. Thus any such measurement is an apparent partition coefficient,
D, or a distribution coefficient. Therefore values calculated by eq(2.6) have to be
corrected for ionisation. Furthermore the ability to reduce the apparent partition
coefficient can be exploited. In cases where the actual partition coefficient would be too
high to measure directly by normal experimental resolution, the solution can be
deliberately ionised using a solution at a pH at which the solute is ionised. Thus the
apparent partition coefficient is reduced, so that the actual high partition coefficient can
be determined. To calculate the neutral, real partition coefficient for the neutral solute
species the Schaper26 equation must be applied. For bases (such as the compounds

studied) eq(2.7) applies.

logP =log D + log (1 +10®Ka-pH) ) 2.7

2.7 Experimental Difficulties

Numerous difficulties can occur with the measurement of logP by the shake-flask
method. For example factors such as, pH, temperature, mutual phase saturation, purity
of solvents and solutions all affect the results. During experimentation these factors
were considered so that errors could be minimised.

One particularly important problem can arise from volume ratio measurement, due to
difficulty in the measurement of the volumes of the partitioning solvents. Chloroform

was especially difficult to measure because it was inclined to leak out from the

70



volumetric pipette before it had been correctly emptied into the partitioning bottle, so
great care had to be taken with this procedure. A simple calculation can illustrate this
problem. In a given experiment where only 1 ml of chloroform is to be partitioned a
single lost droplet can constitute upto a 5% error (assuming the drops volume to be
0.05ml). Secondly without any knowledge of the likely partition coefficient, it is
sometimes difficult to plan what volume ratios should be used in the experiment. For
example if a given compound has a high logP,, it requires only a small amount of
chloroform e.g. 40:1 volume ratio, water to chloroform. However without any
knowledge of this at the outset, a partitioning system having a higher volume ratio (e.g.
40:10) could be prepared in which all of the compound will be taken up by chloroform.
Thus rendering the experiment useless. Vice-versa, if logP, is low, enough chloroform
is required in order to elicit a detectable change in concentration. If the volume ratio is
too high, the experiment will again produce no results. Even in less extreme cases,
where the difference in initial and final concentrations is still measurable, this problem

can cause poor results.
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2.8 Results and Discussion

2.8.1 Validation of Experimental Procedure

Since the data in this work was being used in conjunction with other logP measurements
(see Chapter 4) measured by Y-M, it was very important to validate the present
experimental technique with that of Y-M.

Therefore the first experiment conducted was validation of the present method, with that

Figure 2.2

Compound 3 Icotidine

of Y-M. The partition of Compound 3 (figure 2.2), as previously determined by Y-M
was measured. Both the temperature and the pH were controlled to be the same as those

of Y-M. The results are tabulated in Table 2.1.

Table 2.1

Validation of experimental method by repeating a compound previously measured
by Y-M at 37°C.

Published data 37°C*¢ - 2.43 7.4

Present Results 37°C 2.42 2.40 2.41 7.4

aCompound and measured logP value from Young R.C., Mitchell, R.C., Brown, T.H., Ganellin,
C.R., Griffiths, R., Jones, M., Rana, K.K., Saunders D., Smith, I.R., Sore, N.E., Wilks, T.J.
J. Med.Chem 1988, 31,656
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It is clear from these results that the method used in the present work was able to
produce compatible results to those of Y-M. Repeating experimental conditions
including temperature, the results were in agreement to 0.02 units well within the
generally accepted experimental range of 0.30 log units®’ (see Section 2.9 for further

discussion). This validated the current experimental procedure.

2.8.2 The Effect of Using a Different Experimental Temperature

The partition coefficient data of Y-M was obtained at 37°C. However in the present
work it was considered that it would be better to conduct partitioning at 25°C. This is
because it is experimentally more difficult to conduct work at 37°C due to the increased
difficulty of temperature control, the increased volatility of chloroform, and the greater
propensity for bacterial growth in the water bath and solutions etc. Furthermore mutual
saturation of the solvents can vary with temperature. Partitioning at 25°C was closer to
the room temperature at which mutual solvent saturation was conducted. Although the
effect of temperature is often considered as negligible, some detailed work has stressed
the importance of temperature variation 2. Hence an experiment was conducted to
demonstrate if changing the temperature from 37°C to 25°C was acceptable or not. The

results are tabulated in Table 2.2.

Table 2.2
Demonstrating the effect of a temperature change from 37°C to 25°C on SKF93319.

Published data 37°C “ - - 2.43° 7.4

Present Results 25°C 2.56 2.43 2.49 7.4

a Compound and measured logP value from Young R.C., Mitchell, R.C., Brown, T.H., Ganellin,
C.R., Griffiths, R., Jones, M., Rana, K.K., Saunders D., Smith, I.R., Sore, N.E., Wilks, T.J.
J.Med.Chem 1988, 31,656
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The results listed in Table 2.2 indicate that the measured partition coefficient at 25°C is
marginally higher than either those obtained by Y-M or those conducted in this work at
37°C. However in the context of acceptability, again this range of results lies within the
generally accepted limits cited above (see Section 2.9). Although there might be
variation of temperature dependence over the structures to be studied, this experiment
indicated that this small temperature would not radically affect results, and thus

validated further experiments to be conducted at this temperature.

2.8.3 Determination of 1ogP., Values for Other Y-M Compounds
The results of the measured logP,y, values for the other Y-M drug compounds are listed

in Table 2.3.

Table 2.3

Measured logP ., values for Y-M compounds at 25°C

0408  -0.425 -0.42 10.08

3 2.558 2.433 2.50°¢ 7.46

1.549 1.511 1.53 8.47
15 2.505 2.341 2.43 9.11
19 1.280 1.326 1.30 9.67
20 -0.063 -0.090 -0.08 9.62
23 -0.478 -0.499 -0.49 8.95
31 2.922 3.032 4.83¢ 7.35
34 3.061 3.229 3.15 11.65
36 3.143 3.054 3.10 7.34
41 1.650 1.596 5.64% 4.99

’See Chapter 4 for compound structures - Scheme 4.1 ’Results used in further calculations,

except “‘Original result of Y-M used of 2.43. “After correction of apparent partition coefficient
using eq(2.7)
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2.9 Analysis of Errors

Having two sets of data available for each measurement (Runs 1 and 2) is useful, since it
allows some error range to be assessed. The average range of differing runs of Table 2.3
is around 0.08, ranging from less than 0.02 log units to about 0.16 log. Although this is
easily within the 0.30%’ range mentioned above, it would be expected to be much better
since these are merely repeat experiments, albeit conducted at differing volume ratios. A
better agreement would be to within 0.10 log units®®, Therefore it is clear that the range
difference is on the high side for certain compounds (especially compounds 15 and 34).
It is likely that some of the most important causes for these discrepancies is the
difficulty with obtaining accurate volumes when measuring chloroform, and having

suitable volume ratios to produce good results (see Section 2.7).
2.10 Summary and Conclusion

Without question, partition coefficients have become one of the most important
physicochemical parameters in biological correlations. In this work the shake-flask
method has been described. Although it is laborious by comparison with other methods,
it can be used successfully to obtain chloroform-water partition coefficients for a variety
of different drug molecules. It has been demonstrated that a shake-flask method has
been applied to obtain logP., for ten new compounds. Partitioning experiments have
been conducted at a different temperature to that of Y-M, but not only has the present
experimental technique be validated, but it has been demonstrated that a 12°C drop in
temperature has a negligible for SKF93319 and it is likely that this temperature
difference has only a minor effect on the chloroform-water partitioning system. The
overall mean error is less than 0.10 log units. To reduce errors great care must be
exercised when measuring chloroform volumes. The other source of poor results, of not
having optimal volume ratios, can only be resolved by repeating experiments. This will

lead to improved results.
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CHAPTER 3

ANALYSIS OF PARTITION COEFFICIENTS AND THE ALOGP DESCRIPTOR OF SEILER

3.1 Introduction

It is abundantly clear that the solvent-water partition coefficient, P eq(3.1), has become
a focal molecular descriptor in correlative drug discovery and is used extensively
throughout the physicochemical structure property relationships field' > (Chapters 1 and
2).

P,,.. = Concentration of solute in solvent G.1)

Concentration of solute in water

In addition to logP, there has been renewed interest in the AlogP descriptor in recent
years (see Chapters 4 and 5), a descriptor first described by Seiler’ as an indicator of H-
bonding ability. AlogP is derived from the difference between octanol-water and

cyclohexane-waterJr partitions eq(3.2).

AlogP =1ogPgct -logPeyc 3.2)

However there has been little quantitative or detailed understanding of the meaning of
both of these descriptors, and the previous attempts to quantitatively rationalise the
partitioning phenomenon have been limited. In the current work, the aim was to build a
comprehensive dataset of logP values and analyse the phenomenon of partitioning;
enabling differences between various partitioning systems to be indicated using the
Abraham equation methodology, eq(3.3). Secondly an examination of Seiler’s AlogP

parameter was planed using the Abraham equation of the form of eq(3.4).

*Note: Seiler estimated a number of cyclohexane-water partitions from alkane-water partitions.
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logP=c+ rRH2 + 5T H2+ azo H2 + bZBH2 +vVx (3.3)
AlogP=c+ rRH2 + 5T H2+ azo Hz + bZBH2 +vVx (3.4)
3.2 Background

3.2.1 Partition Coefficients
The importance of partition coefficients in drug research, ™’ especially octanol-water

partition coefficients, logP_,, has led to numerous attempts to predict logP,, values.

oct?

The two most comprehensive methods of estimation of logP,, are those of Hansch and

oct
Leo® with their ClogP program, and of Rekker,® but other less-extensive methods
have also been described. Bodor and Huang9 used a data set of 302 solutes covering a
wide range of functional groups, and developed two linear regression equations in
which various theoretically calculated properties were used as descriptors. In the first
equation, 15 descriptors were used to fit the 302 data points, yielding an equation
with a correlation coefficient p = 0.9753, a standard deviation sd = 0.324 log units, and
with F =399.0; in the second equation, 18 descriptors gave a regression equation
with p =0.9780, sd =0.306 log units and F =367.9. Neither of these equations can be
regarded as particularly impressive from the predictive point of view, and neither leads
to any significant understanding of the factors that determine logP,, values. A
statistically better equation was developed by Chastrette et al.'> who used a modified
autocorrelation method to describe molecular surfaces. For 102 solutes including
alkanes, alcohols, ethers, ketones and halogenated compounds a regression equation
using five surface areas as descriptors gave p = 0.992, sd = 0.112 and F = 1192.1,
markedly better than the equations of Bodor and Huang. Chastrette et al.!? suggested

that logP,, values depended on the ratio between lipophilic and hydrophilic surfaces.

oct
This conclusion is not dissimilar to that reached by Dunn and Wold'' several years
before, namely that partitioning in general depends on two main factors, one being a
molar volume effect and the other possibly due to solute/ solvent dipolar interactions.

The theoretically-based analyses of Lewis'“and of Schuurmann®?, although statistically
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rather poor (F = 52 and 67 respectively), are of interest in that they also shed light on the
factors governing logP_,. Lewis postulated the importance of polarisation and

electrostatic factors and his computer calculations indicated this. Schuurmann®
suggested that the electronic factors involved include general polarity and polarizability
interactions, H-bonds, and specific donor-acceptor interactions between solute and
solvent. More recently Polizer et al." developed an equation using calculated molecular
surface quantities to correlate 70 compounds of the form of eq(3.5). In this equation o’
is the variability of the electrostatic surface, which is related to the H-bonding of the
molecule, N represents a correction for the number of oxygen and nitrogen atoms, IT is

a measure of local parity, and (area) is a molecular surface area term.

logP,, = - 0.03(area) - 0.00472No” -0.000963(area) IT -5.04 (3.5)
n =70 p=0.985 sd=0.277

Although the calculation of logP,, by this method is complicated, this equation is
statistically good, and demonstrates that surface area increases logP,, whereas the
electronic terms (02, and IT) decrease logP,..,.

A quite different approach has been evolved by Kamlet et al.">'® who developed a
linear solvation energy relationship (LSER) for the correlation of various
physicochemical and biochemical phenomena. Their initial equation * for logP,,, used
four descriptors and for 102 solutes had p = 0.989, sd = 0.175 and F = 1084, as
compared to their later equation'® in which five descriptors with 245 solutes had
p=0.9959, sd=0.131 and F = 5793. More recently, Tayar et al.'” have used the same

LSER approach to analyse a variety of solvent-water partitions. For logP,, they

oct

established eq(3.6), for heptane-water partition coefficients, logP,.,, they found eq(3.7),

and for chloroform-water partition coefficients, logP,, they obtained eq(3.8) :

logP,, = -0.02-0.74n" - 0.15a - 3.51B + 5.83V, (3.6)
n =78 p=0.960 sd=0.296 F=248.8
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logP,,, = - 0.06 - 1.027" - 3.540. - 5.35B + 6.78V, (.7)
n =75 p=0977 sd=0.360 F=438.2

logP,, = -0.18 - 0.141" - 2.990. - 3.17B + 6.00V, (3.8)
n =60 p=0.974 sd=0300 F=221.2

In these equations, following Kamlet et al,”'® " is the Kamlet solute
dipolarity/polarizability, a is the Kamlet solute H-bond acidity, B is the Kamlet solute
H-bond basicity, and V; is the intrinsic volume developed by Leahy18 (see Chapter 1) in
units of (cm® mol)/100 (note these parameters should not be confused with the
Abraham solute descriptors used throughout this work). Although the LSER equations
of Kamlet''® lead to good statistical fits, and although the method has a decided
advantage that the factors influencing logP values can be identified,”"” the difficulty
with these original Kamlet LSER equations is that a very large number of descriptors
have to be estimated, often with very little experimental results. Thus Tayar et al."” list
n" values for 15 phenols, yet not a single n° value for any phenol has actually been
determined. Leahy et al'® avoided this difficulty by using the dipole moment (as p?) in
LSER equations, mostly for monofunctional aromatic solutes, but it is by no means

obvious what dipole moment should be used for complicated polyfunctional solutes.
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3.2.2 AlogP

Tayar et al.l” analysed a similar AlogP parameter to that of Seiler 3 by the Kamlet

equation approach, eq(3.10), using logP,, for alkane, eq(3.9):

AlogP,, = logP,, - logP,, (3.9

AlogP,, = 0.43 +0.12%" + 3.400. + 1.96p (3.10)
n=75 p=0.962 sd=0.310 F =288.4

From eq(3.10) they suggested that AlogP,,, (and by implication AlogP, ) was mainly an

cyc.

indicator of the H-bond acidity of solutes.
3.3 Construction of Abraham Solvation Equations for Partition Coefficients.

To construct an Abraham solvation equation, as described in Chapter 1, of the form of
eq(3.3), compounds are required for which both solute descriptors and logP data are
available. To this end, during the course of several years, Abraham et al*” have obtained
solute descriptors for over two thousand compounds, compiled in the MHABase*!
database. Given this databank, the first step was to search the literature for compounds
having appropriate logP data.

Leahy et al.” have shown that logP values for partition into various alkanes are
independent of the alkane. Hence it was convenient to average the various logP values

1.2 Because the

into a single set of alkane-water partition coefficients, as did Leahy et a
hexadecane-water logP data were mostly obtained by an indirect method (see 3.3.1), it
was preferable to analyse these as a separate set. This was also done for cyclohexane-
water logP values: Leahy et al.” have already pointed out that there are small but
significant differences between alkane-water and cyclohexane-water partition
coefficients. Therefore in total five sets of logP values were constructed with the

organic solvents being octanol (logP,.,), cyclohexane (logP..), alkane (logP,),

cyc.

hexadecane (logP,¢) and chloroform (logP.,).
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3.3.1 Sources of Data

New logP values for various solvent-water systems become available all of the time in
the literature, in a widely ranging set of journals. Most of the available data, especially
the logP,., data, have been collected by Leo and Hansch and complied into the Pomona
Medchem database”, which also includes the logP,, calculating program ClogP. To
undertake research in this field, the Pomona database is the primary source that should
be examined.? In the current work the majority of logP values were obtained from this.
Frequently several experimentally determined values of logP,,, are listed in the database
records for a particular compound. In these cases the ‘logP,.*’ values were used, i.e. the
values indicated on the database as being the most reliable. Other logP values were
obtained from Tayar et al 7 Leahy et al.” and Abraham et al.** The latter included
hexadecane-water, chloroform-water, cyclohexane-water and alkane-water logP values.
Some of these were obtained indirectly from gaseous solubilities and included

compounds such as rare gases and lower alkanes (see 3.4.2).

3.3.2 Difficulties with Variable H-bond Basicity

One difficulty over the construction of descriptor sets, first uncovered by Leahy et al.",
is that for some solutes the H-bond basicity appears to vary with solvent system. This
was later confirmed by Abraham,” who showed that certain solutes (sulfoxides,
alkylanilines, haloanilines, and alkylpyridines) required two Zf, parameters: Zf," for
partitions between water and water-immiscible solvents such as alkanes and
cyclohexane, and ZB°, for partitions between water and water-partially miscible
solvents such as octanol (see Chapter 1). In order to avoid complications over variable

descriptors, these solutes were omitted from any discussion from logP,, values.

Note: recently a new logP, database has become available for the IBM PC® called LOGKOW?®. Details
from James Sangster, Sangster Research Laboratories, 3475 de la Montagne, Montreal, Quebec, Canada,
H3G 2AG
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3.4 Application of the Abraham Equation to Partition Coefficient Data

3.4.1 Correlation of logP,., - Octanol-Water Partition Coefficients

As mentioned, above, solutes such as sulfoxides, alkylanilines, haloanilines, and
alkylpyridines were excluded from the set, because of the problem of variable basicity.
In addition, it was found that the aliphatic aldehydes, especially the lower members of
the series, deviated wildly from the LSER equation for logP,,. This is possibly due to
formation of the hydrate, RCH(OH),, and so all aliphatic aldehydes were excluded from
the octanol-water set. The allyl halides were all also outliers in the octanol-water set.
This perhaps might be due to a rapid hydrolysis to allyl alcohol and alkyl halide, thus
these compounds were also excluded.

The values of logP,,, together with the solute descriptors, are listed in Table 3.1 (located

at the end of the chapter). For the 613 solutes, the regression equation is:

= 0.088 + 0.562R, - 1.054r", + 0.034Za”, - 3.4605p", + 3.814V, (3.11)
n=613 p=0.9974 sd=0.116 F =23161.6

logP

oct

The calculated values of logP,, based on eq(3.11) are given in Table 3.1.
Statistically, eq(3.11) is markedly better than any previous equation for octanol-water
partition coefficients, compare F =23162 in eq(3.11) with the equation of Kamlet et
al.’® with F = 5793. However, the main conclusions follow the lines of previous work
such as Polizer et al.'* and are the same as those drawn before by Kamlet et al.'>", that

the two main factors governing logP,, values are solute H-bond basicity that favours

oct
water, and solute size that favours octanol, with solute H-bond acidity playing almost no
part. Indeed the t-test for the aZa”, term in eq(3.10) yields a poor confidence limit of
only 89% (see Chapter 1), so that this term is statistically redundant.® The first two
descriptor terms in eq(3.11), although not as large as the last two, are still significant.

They indicate that solute polarizability as measured by the excess molar refraction

¥ Note: this term could be removed without affecting the regression equation very much, which suggeste
that H-bond basicity of both the water and wet octanol are similar. However this term is retained for the
purposes of this work, as demonstated in Chapter 4.
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favours octanol, whereas solute dipolarity/polarizability, as measured by n",, favours
water. This is chemically reasonable: octanol, or wet octanol, is more polarizable than
water and will favour polarizable solutes, whereas water is more dipolar than octanol
and will favour dipolar solutes. The "blend" of dipolarity and polarizability in =", still
favours the very dipolar water instead of the more polarizable octanol. Interestingly, the
electronic factors governing logP,, values, on eq(3.11), are very similar to those

3

suggested by Schuurmann,” using a theoretically-based equation.

Table 3.2

A breakdown of logP
solutes.

term-by-term according to eq(3.11) for some representative

oct

Butanone 009 009 -074 000 -176 2.62 030 029

N-Methylformamide 0.09 0.23 -1.37 001 -1.90 193 -1.01 -0.97
Acetic acid 0.09 0.15 -0.69 0.02 -152 1.77 -0.18 -0.17
Trifluoroethanol 0.09 0.01 -063 0.02 -087 191 053 041
Benzene 0.09 034 -055 0.00 -048 273 213 213
Chrysene 009 170 -1.82 0.00 -1.14 695 578 5.73
Phenol 009 045 -094 0.02 -1.04 296 154 146
2-Nitrophenol 0.09 057 -1.11 0.00 -128 362 189 1.85
3-Nitrophenol 009 059 -165 0.02 -080 3.62 187 2.00

In Table 3.2 is a dissection of logP,, into components, following eq(3.11), to show

exactly the factors that influence logP,,, for some representative solutes. These include

oct?
2-nitro- and 3-nitro-phenol, that have almost the same logP,, value, even though the
former is internally H-bonded. The breakdown in Table 3.2 shows exactly how the

lower dipolarity of the 2-nitrophenol (n',=1.05 vs. n',=1.57) is just compensated by the
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higher basicity (ZBH2= 0.37 vs ZBH2=O.23); the much higher acidity of the 3-nitrophenol

(™, is 0.74 units higher for 3 nitrophenol) has no significant influence on logP,,.

3.4.2 Correlation of logP ;- Hexadecane-Water Partition Coefficients

The logP,¢ values for aliphatic aldehydes were obtained from solubilities of the gaseous
compounds (L, the Oswald solubility coefficient, eq(3.12)) in water and in
hexadecane®’, eq(3.13). The aqueous solubilities of the aldehydyes were determined by
a gas-chromatographic method in which the residence time of the aldehydes in contact
with water was less than the time for the aldehydes to become hydrated,zsand hence the
solubilities refer to the unhydrated solutes. Combination with the hexadecane

solubilities then yields logP,, for unhydrated aldehydes.

L = Concentration in solvent (3.12)

Concentration in gas phase

log P16 = log L(hexadecane) - 1ogL(water) (3'13)
In Table 3.1 are given values of logP, for 370 solutes. Application of eq(3.3) yields:

logP,, = 0.087 + 0.667R, - 1.617n", - 3.587Zal, - 4.869 SB¥, + 4433V,  (3.14)
n=370 p=0.9982 sd=0.124 F=20235.5

Although eq(3.14) is statistically much better than eq(3.7)of Tayar et al."” for logP,..,,
the same features are found: logP is decreased by solute dipolarity/polarizability, by
solute H-bond acidity, by solute H-bond basicity, and is increased by solute size. This
is as expected for partition into a solvent with zero dipolarity, zero H-bond basicity, and
zero H-bond acidity. On the other hand, hexadecane has a smaller cavity term (see
Chapter 1) than octanol, and so the v-constant in eq(3.14) is more positive than the v-

constant in eq(3.11). A term-by-term breakdown of logP, is listed in Table 3.3.
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Comparison with the results in Table 3.2 shows how large is the effect of solute acidity

on the logP,, values.

Table 3.3

A breakdown of logP,, term-by-term according to eq(3.14) for some representative
solutes.

Butanone

N-Methylformamide 0.09 0.27 -2.10 -143 -2.68 224 -361 _
Acetic acid 0.09 0.18 -1.05 -2.19 -2.14 206 -3.04 -3.16
Trifluoroethanol 0.09 0.01 -097 -2.04 -121 222 -190 -1.93
Benzene 0.09 041 -0.84 0.00 -0.68 3.17 215 215
Fluorene 0.09 1.06 -1.71 0.00 -097 6.01 447 440
Phenol 009 054 -144 -2.15 -146 344 -098 -1.08
2-Nitrophenol 0.09 0.68 -1.70 -0.18 -1.80 4.21 1.29 1.52
3-Nitrophenol 009 070 -2.54 -2.83 -1.12 421 -148 -1.37

Thus logP,, for 2-nitrophenol is much more positive than for 3-nitrophenol; the very
low Za', value for the internally H-bonded 2-nitrophenol is now the main factor in

the difference between the two logP,, values.
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3.4.3 Correlation of logP ;- Alkane-Water Partition Coefficients
Average values of logP,, for alkanes, excluding the solvent hexadecane, are in Table 3.1

for 200 solutes. The general eq(3.3) then yields the regression equation:

logP,, = 0.287 + 0.649R, - 1.657x", - 3.516Za", - 4.818Zp", + 4.282V (3.15)
n=200 p=0.9978 sd=0.121 F=28901.8

There is very little difference between eq(3.14) and eq.(3.15), thus confirming the

.2 that logP values for the various water-alkane systems are

suggestion of Leahy et al
very nearly equivalent, and also that the indirect method of determining logP,, values

yields results equivalent to the direct method.

3.4.4 Correlation of logP.,,. - Cyclohexane-Water Partition Coefficients

Table 3.1 contains 170 values of logP,,.. Application of the general eq(3.3) yields:

cyc

=0.127 + 0.816R, - 1.731n", - 3.778 Za", - 4.905 =B", + 4.646V,  (3.16)
n=170 p=0.9968 sd=0.131 F=5122.5

logP

cyc

The cyclohexane-water eq(3.16), is not the same as the hexadecane-water equation
€q(3.14) nor the general alkane-water equation, eq(3.15). For example, the v-constant
in eq(3.16) is appreciably higher than that in eq(3.14) or eq(3.15), exactly as found by
Leahy et al.” through a direct comparison of 18 logP,, and logP,,, values. It is therefore
important to distinguish between AlogP using logP,, and AlogP using logP,..
Although the constants in eq(3.16) are not the same as those in eq(3.14) and eq(3.15),
they can be interpreted in exactly the same way vis-a-vis the properties of water and
cyclohexane. Abraham et al.” showed that transfer of an alkane CH, group from pure
water to pure hexane, decane or hexadecane was exactly the same (-0.92 kcal mol™) but
that transfer to cyclohexane was slightly more favourable (-0.94 kcal mol”); this is in

agreement with the v-constants in eq. (3.14)-(3.16).
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3.4.5 Correlation of logP,, - Chloroform Water Partition Coefficients
Application of eq(3.3) to the 108 logP,, values listed in Table 3.4 (see the end of
Chapter 3) leads to the equation:

logP o, = 0.060 + 0.045R, -0.313x', -3.39650t, -3.42858%, + 4.581vx (3.17)
n=108 p=0.997 sd=0.11 F=3627.6

The factors indicated by the previous Tayar equation, eq(3.8), are also demonstrated by
€q(3.17), but with a much improved correlation. It is interesting to note the difference
between the logP,, and the alkane equations. Although all of the coefficients are the
same sign as a typical alkane e.g. eq(3.15), the equation identifies explicit differences in
three respects. Firstly, the s-coefficient at -0.313 and is much smaller than those in the
logP,, or the logP,, correlation, which are -1.617 and -1.657 respectively. This means
that chloroform is more dipolar/polarisable in nature. Secondly, the b-coefficient is
significantly smaller. This is because chloroform has some H-bond acidity and therefore
water attracts basic solutes less well when partitioned with chloroform compared to
other alkanes. Thirdly and perhaps the most interesting result of this correlation, though,
is the small r-coefficient. It has already been mentioned that chloroform is a more
dipolar/polarisable solvent molecule than a typical alkane. Therefore the logP.,
equation would be expected to have a larger r-coefficient than the alkane equations,
eqs(3.14-3.16). As seen in eq(3.17) though the r-coefficient is only 0.045. However this
result can be rationalised if the electronic conditions are considered. Given the high
density of lone electron pairs on the chloroform molecule, it is likely that lone pair-lone
pair repulsion can occur. This would cause a repulsive polarisation interaction, and a

much lower r-coefficient would then be expected. This is highlighted by eq(3.17).
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3.5 Application to AlogP Values

Since regression equations have been constructed for various solvent systems, the
factors governing AlogP can be obtained by difference.”” Thus eq(3.11) in combination

with eq(3.14-3.16) yields:

AlogP, = 0.001 - 0.105R, + 0.563™, + 3.621a", + 1.4098%, - 0.619V,  (3.18)

AlogP,, = -0.199 - 0.087R, + 0.6037", + 3.5500%, + 1.358B%, - 0.468V,,  (3.19)

AlogP, . = -0.039 - 0.254R, + 0.6777%, + 3.8220", + 1.445p%, - 0.832V,  (3.20)

cyc

Another method of analysing AlogP is to calculate this parameter for all available pairs
of logP values, and then to construct a new regression equation. There are more
common pairs of logP values if hexadecane is used as the other solvent, the regression

equation being:

AlogP ¢ =-0.072 - 0.093R, + 0.528x=", + 3.655Za”, + 1.3962p", - 0.521V, ~ (3.21)
n=288 p=0.9833 sd=0.173 F =1646.3

Eq. (3.21) is so similar to the equations obtained by difference, eq (3.18) and eq(3.19),
that the two methods of analysis of AlogP for octanol-alkane partitions give essentially
the same result. One advantage of eq(3.21) is that it is easier to assess the statistical

significance of the various terms. Tayar et al."”

using a more limited data set, n =75, and
rather old ‘Kamlet’ physicochemical descriptors, also found that AlogP,, was correlated
with solute H-bond acidity (mainly) and solute H-bond basicity, eq(3.9), and showed

with their data set that the F-statistic was increased if only solutes of H-bond acidity

"Note: AlogP,, equations are not discussed because Seiler’s parameter pertains to an octanol-alkane
system.
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were considered, thus leading to an equation that they suggested might be suitable for

the calculation of H-bond acidity from AlogP,;,:

AlogP,, = 0.37 + 3.54a (3.22)
n=75 p=0915 sd=0.450 F=325.6

As it stands, €q(3.22) is not very suitable for the estimation of Kamlet a-values
from AlogP,,, because the expected error in the estimated a-values is too large. An
expected error is given by sd/coefficient of o, or 0.450/3.54 = 0.127 units. Looking
again at the full correlation of AlogP,, conduced presently eq(3.21), the sd-values of the
coefficients themselves are 0.042(R,), 0.048(n"), 0.059(Za',), 0.058(Zp ",) and
0.041(Vy). Application of the t-test suggests that the R, term is significant at the 97.0%
level, and all the other terms at > 99.9999%. Using the Tayar approach, if all the terms

except that in Za*, are dropped the resulting equation is:

AlogP,, = 0.038 + 4.495Xa", (3.23)
n=288 p=09072 sd=0.396 F=1329.2

Not only is eq(3.23) unsatisfactory for the purpose of calculating o™, from AlogP, due
to a similarly large expected error, but the statistical analysis clearly shows that the other
terms in eq(3.21) are significant, and must be retained. Thus AlogP,, AlogP,, and A
logP,,., are influenced by solute H-bond basicity as well as (mainly) by solute H-bond
acidity. Finally, as a check that the 288 solutes in eq(3.21) were a representative
sample of the 613 solutes in eq(3.11) and the 370 solutes in eq(3.14), the logP,, and

logP,, correlations were repeated on the exact set of 288 solutes used in eq(3.21):

logP, = 0.047 + 0.583R, - 1.104n", + 0.059a.", - 3.478B", + 3.890V (3.24)
n=288 p=0.9950 sd=0.135 F=5571.8
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logP,, = 0.118 + 0.674R, - 1.632n", - 3.5960", - 4.874B™, + 4.411V, (3.25)
n=288 p=0.9981 sd=0.125 F=14951.1

Eq(3.24) and eq(3.25) are essentially the same as eq(3.11) and eq(3.14), confirming the
288 solutes as a representative sample. Naturally, eq(3.24) less eq(3.25) leads exactly to
eq(3.21). Following the approach of Tayar et al.”” it would be useful if eq.(3.21) could
be made more simple, in order to aid estimation of T, from AlogP, (or from AlogP,,).
Unfortunately, the only improvement to the F-statistic occurs when the R, descriptor is
dropped, which is not very useful (see Chapter 4). When both the R, and the =%,

descriptors are left out, the F-statistic remains about the same:

AlogP,, = 0.004 + 3. 877Zat™, + 1.591 TBH, - 0407V, (3.26)
n=288 p=0.9722 sd=0.221 F=1630.7

Now the expected error in any back-calculated estimate of Za”, is 0.221/3.877 = 0.057

(0.047 on eq(3.21)), so that eq(3.26) might occasionally be more useful than eq(3.21)

for the estimation of Za", values.
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3.6 Summary and Conclusions

The Abraham solvation model can successfully be used to describe alkane-water
(general alkanes, hexadecane and cyclohexane), octanol-water, and chloroform-water
partitioning through the Abraham equation, eq(3.3). Application of eq(3.3) to octanol-
water partitioning shows that the main factors influencing logP,, values are the solute
dipolarity/polarizability and H-bond basicity that favour water, and the solute size that
favours octanol. In the case of logP,,, logP,, and logP,,, solute H-bond acidity, that
favours water, is also a major factor. From the correlation of logP,,, it is clear that as a
solvent chloroform is significantly more acidic, (yielding a smaller b-coefficient) and is
more dipolar/polarisable (yielding a smaller s-coefficient) than alkanes solvents. In
addition, chloroform has a less favourable polarisability effect than might be expected,
possibly due to lone pair repulsion effects.

The analysis of the AlogP parameter of Seiler indicates that the differences in
hydrocarbon solvent used to derive this parameter are not trivial, including those
between alkanes and cyclohexane. It is shown that an Abraham equation to determine
AlogP can be obtained by various methods, which all yield an equivalent result; the
AlogP parameter is mainly influenced by solute H-bond acidity. However, it is stressed
that AlogP cannot be approximated to H-bond acidity alone, neither can AlogP values be
simply used to derive H-bond acidity because other factors, especially solute H-bond

basicity are also included in AlogP.
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