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A bst r a c t

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:

log SP = c + rR2 + 7̂1̂ 2 + al<a^2  + + v Vx

where SP is the measured solute dependent property, the solute descriptors are R2. an 

excess molar refraction, 71̂ 2 the dipolarity/polarisability, S a ^2 ^nd Sp^2 the effective 

hydrogen-bond acidity and basicity, and 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 = k ’) - octanol-water and alkane-water partitioning 

(logSP = 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:

logBB(^„ = -0.038 +0.198R2 -0.687 71" -0.715Za" -0.698 Xp" + 0.995Vx 
n = 57 p = 0.9522 sd = 0.197 F = 99.2

Similarly application to skin (stratum comeum) 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:

logkp = -5.201- 0.78271^2 '  0.408Xa^2 ‘ 3 393XpH + 2.004Vx 

n = 46 p = 0.9757 sd = 0.266 F = 203.2

Many solute descriptors used in this work have been obtained by a novel techniques, 

these are illustrated. In addition, the application of the logPpius 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.



^  A c k n o w le d g e m e n t s  ^

Firstly, I would like to thank Dr Michael Abraham, whose excellent guidance over the 

past few years defies a single word description. Formally a supervisor, Mike is a group 

leader, colleague, boss, mentor, pedagogue, but much more than a teacher - a friend. I 

have greatly enjoyed serving my apprenticeship with him.

I am also grateful to my second supervisor. Dr Robert Mitchell o f SmithKlineBeecham 

for initiating and collaborating with this work. I would particularly like to thank Bob for 

giving me the chance to work in an industrial atmosphere (at the Welwyn site), and for 

the detailed discussions we had. Other people to whom I am indebted at SB are Dr Colin 

Salter and Leslie Senior who both assisted me with the practical work and finding my 

way around.

Like a novel solute in a mixed solvent, a young researcher must interact with all sorts of 

characters in the years of study. I should mention my appreciation for those who made 

favourable interactions, and thus life enjoyable. Firstly the support staff who helped 

throughout, George (now at Sandoz), Peter, Charles, Les, Frank, Elkie, Ruth, Stella, Ros 

and the anonymous library staff at Welwyn. Then those postgraduate/ postdoctoral 

colleagues, some whom are still there and some who passed through the doors of UCL 

to even greater achievements: Dr. Jenik (the queen bee) Gary (Dr GC), David (who lost 

the bet), Chau (aspiring singer), Julliette (Miss. BIDS) and Marti (Dr.Smartii Rosés). I 

hope the newest arrival Julian Dixon, will heed my lessons well, and blossom into the 

prodigy we need to continue this important work. Along the sidelines, but ever helpful, I 

should also like to thank Prof. Robin Ganellin. His assistance and encouragement with 

some areas o f the blood brain studies was much appreciated.

Finally, I would like to thank the people who made me who I am, and who have 

brought about so many changes in me over the past few years. My father, the 

philosophical poet who all along pushed me in the right direction (‘O’ levels, ‘A ’ levels, 

BSc...) and, as i f  hy accident, into this PhD. My mother (a classic case o f Superwoman) 

for the courage. And last but not least, my wife Binu for lessons of patience, persistence, 

love, and most of all, the experience of becoming a father to our daughter Dêva.

^  This project was funded by grants from SERC and SmithKline Beecham.



C o n t e n t s

Title 1
Abstract 2
Acknowledgements 3

List o f Figures 10
List o f Tables and Schemes 12

C h a p t e r  1 
In t r o d u c t io n

1.1 Generallntroduction 16
1.2 Background - A Survey of SPRs and the Parameters 18

Used
1.2.1 Early Studies 18
1.2.2 Linear Free Energy Relationships 19
1.2.3 The Hansch Multiparametric Approach 21
1.2.4 Molar Refractivity 24
1.2.5 Hydrophobic Fragmental Constant 25
1.2.6 Modified Partition Parameters 25
1.2.7 The Development of the ClogP Program 28
1.2.8 Other Steric Parameters 28
1.2.9 Difficulties with Previous SPRs 29

1.3 Present Methodology 31
1.3.1 Simple Cavity Model of Solvation 31
1.3.2 The Abraham Solvation Equation 33

1.3.3 The Solute Volume Term, Vx 35

1.3.4 The Solute H-bond Acidity a 2̂ and H-bond Basicity p^2 36
1.3.5 Overall H-bond Descriptors 3 8

1.3.6 The Solute Dipolarity/Polarisability, 71̂ 2 40
1.3.7 The Excess Molar Refraction, R2 41

1.3.8 Difficulties with Variable H-bond Basicity 43
1.4 Regression Analysis 45

1.4.1 Simple Linear Regression 45
1.4.2 MLRA 48
1.4.3 Difficulties with MLRA 49
1.4.4 MLRA in this Work 51
1.4.5 The Meaning of the Coefficients 52



1.4.6 Information Provided by the Regression Output 54
1.5 Aims of the Thesis 56
1.6 References for Chapter 1 58

C h a p t e r  2
M e a s u r e m e n t  o f  C h l o r o f o r m -W a t e r  P a r t it io n  C o e f f ic ie n t s  

BY THE S h a k e  F l a s k  M e t h o d

2.1 General Introduction to Partition 61
2.2 Background 61
2.3 Partitioning Experimental 64

2.3.1 Test Compounds 64
2.3.2 Solvent Preparation 65

2.3.3 Experimental Notes 65
2.3.4 Sample Preparation 65
2.3.5 Preparation of Partitioning Systems 66
2.3.6 Equilibration 67

2.4 Measurements of Solute Concentrations by Ultraviolet 68
Spectroscopy

2.4.1 Preparation of Equipment 68
2.4.2 Treatment of Partitioned Phase 68

2.5 Calculation of Partition Coefficient 69
2.6 Ionisation 70
2.7 Experimental Difficulties 70
2.8 Results and Discussion 72

2.8.1 Validation o f Experimental Procedure 72
2.8.2 The Effect of Using a Different Experimental Temperature 73

2.8.3 Determination o f logPchi Values for Other Y-M Compounds 74
2.9 Analysis of Errors 75
2.10 Summary and Conclusions 75
2.11 References for Chapter 2 76



C h a p t e r  3
A n a l y s is  o f  P a r t it io n  C o e f f ic ie n t s  a n d  t h e  

A l o g P D e s c r ip t o r  o f  Se il e r

3.1 Introduction 78
3.2 Background 79

3.2.1 Partition Coefficients 79
3.2.2 AlogP 82

3.3 Construction of Abraham Solvation Equations for 82
Partition Coefficients

3.3.1 Sources of Data 83
3.3.2 Difficulties with Variable H-bond Basicity 83

3.4 Application to Partition Coefficients 84
3.4.1 Correlation of logPoct - Octanol-Water Partition Coefficients 84
3.4.2 Correlation o f logP,6 - Hexadecane-Water Partition 86

Coefficients
3.4.3 Correlation o f logP,ik. Alkane-Water Partition Coefficients 88
3.3.4 Correlation of logP^ye- Cyclohexane-Water Partition 88

Coefficients
3.3.5 Correlation of logPchi-Chloroform-Water Partition 89

Coefficients
3.5 Application to AlogP Values 90
3.6 Summary and Conclusions 93
3.7 References for Chapter 3 108



C h a p t e r  4 
C o r r e l a t io n  a n d  P r e d ic t io n  o f  

BLOOD-BRAIN D is t r ib u t io n

4.1 Introduction 110
4.2 The BIood-Brain Barrier 110

4.2.1 Historical Background 111

4.2.2 The Structure o f the BBB 112
4.2.3 The Fluid Mosaic Model o f the Cell Membrane 113

4.3 The Implications of the BBB to Drug Design 114
4.4 Previous Model Correlations for Blood Brain 115

Distribution
4.4.1 Partition Coefficients Models 115

4.4.2 Octanol-Water Partition Coefficient Correlations 116

4.4.3 The Study of Young-Mitchell et al. 117
4.4.4 The Study of van de Waterbeemd and Kansy 119
4.4.5 Difficulties with Previous Models 120

4.5 Correlation of Blood-Brain Distribution Using the 122
Abraham Equation

4.6 Determination of Solute Descriptors for Drug 122
Compounds

4.6.1 Method (1): Determination of Three Solute Descriptors 125
Simultaneously

4.6.2 Application o f Method (1) 126
4.6.3 Method (2): Determination o f Two Solute Descriptors 130

Simultaneously
4.6.4 Application o f Method (2) 131

4.6.5 Method (3): Determination using Fragment Values 133
4.6.6 Estimation o f Fragment Descriptors 135
4.6.7 Application o f Method (3) 149
4.6.8 Comparison of Methods (1), (2) and (3) 149
4.6.9 Conclusions of Methods (l)-(3) 151

4.7 Extension of the Y-M Dataset 152
4.8 Regression Analysis of the logBB Datasets Using the 155

Abraham Equation
4.9 Assessment of logBB Errors 156
4.10 Clustering of Datasets 157
4.11 Outliers 157

4.11.1 Examination o f Outliers 158



4.12 Correction for Ionisation 162
4.13 The Effect of Molecular Weight 166
4.14 Improvement of the AlogP Model 167

4.15 Other Correlation Strategies 168
4.15.1 Combination o f logPoct and Solute Descriptors - the logPpi ŝ 168 
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C h a p t e r  1 

I n t r o d u c t i o n

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 o f 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 o f 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

16



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

Molecular > '  *
Structure )

Biological
Phenomena

QSAR

^Adapted from Testa, B., Kier, L., MedChem. 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 

o f 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 descriptors^ can then be correlated to reveal a 

clearer insight as to the factors controlling these chemical or biological systems.

17



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 (l.l).

BR=/(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 Jungfleisch"^, 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 Î , 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 o f 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 o f 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

18



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 o f narcosis was directly related to olive oil-water distribution of a compound. 

These suggestions led to what is now known as Meyer and Overton theory*.

During the early part of the 20th century other physicochemical properties were used to 

relate toxicity and narcotic action. Surface tension^ and boiling points 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 o f SPR s.

log 1/Ci = m \o g A i + 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 firom 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 a , the Hammett electronic constant. This was an electronic 

parameter defining the electronic effect o f a given substituent attached to benzene ring 

in a meta or para position. Hammett calculated and published these a-constants by 

analysing the substituent effect on the acid dissociation o f benzoic acid as defined by 

eq(1.4);

log K;rlog K;, = a  p (1.4)

Where is the ionisation constant for benzoic acid in water at 25°C and 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 a  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 a-constant of 

0.78, meta = 0.71), and negative values of ct represent electron release to the aromatic 

ring decreasing the favourability of the acid dissociation of benzoic acid, thus the a  

value for p-methoxy group is -0.27, because electrons are released mesomerically, 

however a  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 o f 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.

logA:=-(AG0/2.3O3i?7) (1.5)

In the above equation AG^ is the standard Gibbs free energy change (kJ m o l '\  R, the 

gas constant (kJ mol'^K'^) and T is the temperature (in K). In the following equation 

relating the rate constant and free energy, kg is the Boltzman constant, AG* is the Gibbs 

energy o f activation and h is Planck's constant.

, k J  AG* (1-6)
h 2303RT

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 o f substituent groups on the hydrolysis reaction of esters o f the type

XCH2COOR and defined a*-constants^^. To avoid the steric effect and the electronic 

(inductive) effect being combined he examined two types o f 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 o f a*.
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a* = c[(log (k;,/k;,)B -log (k;̂ /k̂ )Al

Where a* is the inductive constant (sigma star), k̂ , 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 G* was an expansion on a , its development also introduced a wholly new 

type o f parameter, 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 (k;,/k;,)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 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 modem 

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 dmg 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 o f Chemistry 1987) and indicates the preference o f a molecule for organic 
environments over aqueous ones. According to the conventionality o f the SPR field, it is regarded that a 
lipophilic molecule has a high logPod • 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, '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 triglycerides^^. 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, 

(logPoct), as a scale of hydrophobicity. They combined it as a descriptive molecular 

parameter with steric and electronic terms in equations correlating biological response, 

BR^, o f the form of eqs(1.9)-(l.ll), 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 = a log P + ÔCT + c (1.9)

log BR = a log P + è a  + cEg+Û? (1.10)

log BR = a(log P)2 + 6 log P + ca  + (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 parameter^®. Equation (1.11) is the parabolic form o f 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 o f 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, e.g. LDgg 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 

logPoct data from the literature and used Collander's^^ linear correlation, eq(1.12) to 

calculate logPœt 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 ( s o i v c n t )  = a logP„,t +b  ( 1.12)

Here log P(soivent) 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 n, defined the 

hydrophobic contribution when a hydrogen atom was replaced by a substituent X, 

o f the form of eq (l. 13)

71 (X) = lOgP(R.x) - log P (R.H) (1.13)

In this equation tt̂x) is the hydrophobic substituent constant for a substituent X, P̂ r.x) is 

the octanol-water partition coefficient for a substituted derivative, and P (r.h) is the 

octanol-water partition coefficient for the unsubstituted parent compound.

Clearly the equation is analogous to that of Hammett. A positive value o f Hansch's n 

parameter denotes a substituent that will increase logPo^ relative to hydrogen and hence 

is hydrophobic in nature, whilst a negative value will indicate a hydrophilic moiety. 

Hansch n values are not additive, especially in substituents having conjugatable lone 

pairs (e.g. OH, and NHj). Thus the tt 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 t t  in various solute sets.
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Table 1.1

Typical 7i(x) values for various solute sets'*’*.

Substituent (I) (II) (III) (IV)
X 4-X-C^H4-0CH2- 4-X-C^H4-N02 4-X-CÇH4-OH

COOH

H 0.00 0.00 0.00 0.00
CH3 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 Léo, A., Substituent Constants fo r  Correlation Analysis in 

Chemistry and Biology. John Wiley & Sons New York 1979. * Note all o f the parent 
fragments are aromatic, because application of Hansch's 7i 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 t t  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 = ( n ^ J )  M (1.14)
(n ^+ 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 o f eq(1.14) tends to vary less than the 

molar volume component.
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1.2.5 Hydrophobic Fragmental Constant

Rekker et increased the ease of calculating logPoct values with the introduction of 

the hydrophobic fragmental constant (/), a method of calculating logPoct that could be 

performed easily, and without the drawbacks o f the Hansch tt parameter when 

calculating aliphatic values. The / constant denoted the hydrophobicity attributable to a 

given moiety as described by eq(1.15).

log P(oct) = Z/+kn.C]yi (1.15)

Where E /is  the sum of/ values (hydrophobicities o f constituent parts) and kn .c^  is the 

calculation correction term (kn-multiple C]yi-correction factor). Hansch and Leo describe 

this methodology to obtain/  values as 'reductionist' because/ values are obtained by

reducing as many as 1000 log P values to their fragmental parts, and then /  value 

datasets are solved by regression analysis, Rekker's monograph^^ includes further details 

o f the hydrophobic fragmental system.

1.2.6 Modified Partition Parameters

In 1974 Seiler^^ scrutinised work by Hansch and Leo in which they correlated data, 

using eq(1.12) to obtain log Pod 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).

25



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, ly , as a H-bonding constant, eq(l .16)^.

log P s o l v e n t  + = log P o e t  +b  (1-16)

Where log Psoivent is the partition coefficient for a given solvent, e.g. heptane, and %  

denotes the additive increment to H-bonding for a given molecular moiety, analogous to 

Hansch's 71 value. Typical values of 1^ are listed in Table 1.2. Seiler also defined AlogP,

to be used analogously to logPoct, 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  =  1 0 g P „ , t  -  1 0 g P , y , | o h e x a n e  =

Testa et al^ ,̂ have more recently introduced the A parameter, to represent the polar 

component of logP̂ oivent, eq(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=\.0
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Table 1.2
Some values of 1 /

Molecular fragment Ih

-COOHaromalic 2.88
2.87

“̂ f^aromatic 2.60
-OHaiiphatic 1.82
-NH2aliphatic 1.33

”̂ f^2aromatic 1.18
-CN 0.23
-0 - 0.11

^From Seiler, P., EurJ.Med.Chem-Chim.Ther., 1974, 9, 5, 473

log P(solvent) =  aV +bA(,oi,ent) (1.18)

One o f the main reasons given by Testa et al. for the need and introduction of this A 

parameter, was the difficulty o f 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 o f 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 o f  the CLOGP Program

Hansch and Leo'* used the concept of a hydrophobic fragmental constant, to initiate a 

fragmental method based on concepts of constructualism to calculate logPoct. Starting 

with small fragments such as H2 and CH4 they attributed the logPoct contribution per 

atom, so that atom simple fragment values could be added, thus establishing the 

principle o f (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„ct 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 logPod , which has mutually benefited the usage o f logP^c, 

as a correlative model.

1.2.8 Other St eric 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„et values

i.To obtain the fragment value for a hydrogen atom: 
logPoet (H2) = 0.45 
/(H )= l/2 1 o g P ^  (H2) = 0.225
therefore fragment value for a hydrogen atom/  (H)= 0.23

ii. To obtain the fragment value for a methyl group either: 
/ (C H 3)= logPo,t CH4-/(H)=1.09-0.225=0.865 
or
/(CH3)=1/2 logP^ (C2H6) =1/2(1.81)=0.905 
therefore average value/  (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.

^X” '*vx"''vH (1-19)

Where r yx is the minimum van de Waals radius for symmetrical top substituents and 

rypf is 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 o f 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^ct 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 o f drawbacks. 

Firstly it cannot be easily applied to a wide disparate set of molecules, because in the 

form of eqns(1.9-l.l 1) 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 logPoct term, but 

since the detailed factors that influence logP„ct 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, 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 Ih descriptor, an attempt to remedy Hansch methodology by inclusion o f 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 Kansy^^ 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, ct 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 a  values for 

these compounds.

It is clear that the primary methodologies o f Hansch, Seiler and Testa must all be 

capable o f 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 o f 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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1.3 Present Methodology

During recent years a new type of physicochemical approach has evolved primarily 

from studies of H-bonding descriptors conducted by Abraham et a l.\ In this approach 

the energetics of the interactions occurring between a solvent and solute in the process 

of solvation are accounted for in an encompassing general solvation equation. The 

model of solvation on which this approach is based is the simple cavity model. 

Although the model describes solvation of a gaseous solute in a solvent, it applies 

equally well to condensed phase systems such as logPo t̂ where the differences between 

the interactions in the two phases define the solute property. As an introduction to the 

Abraham approach, the first step is to describe this cavity model of the solvation 

process, and then introduce the basis for the correlative equation.

1.3.1 Simple Cavity Model o f  Solvation

Consider a solute in a gaseous state, confronted with a solvent in which it is to solvate, 

as shown in Fig 1.2. Before the solute can dissolve, a cavity must form in the solvent for 

the molecule to fit - the first stage of cavity formation. To undergo this process, the 

intermolecular forces binding the solvent together must be broken to form a cavity 

of the correct size for the solute. This process is endoergic and the Gibbs free energy 

change for any such process will be positive (AG=+ve). The second stage of the model 

is the reorganisation. The bulk solvent molecules reorganise themselves around the 

newly formed cavity. The Gibbs free energy change is assumed to be negligible or

O
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• • • • •
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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 o f 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 o f 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 \  Z a^2 and 

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 71̂ 2 descriptor \  

describing the overall dipolarity and polarizability. In an attempt to separate some o f the 

polarizabilty a solute descriptor was developed by Abraham et al. for the solute excess 

molar refraction, R2 \  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 71̂ 2 )• 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 o f process, because the solvent properties remain 

constant, it is not necessary to consider solvent descriptors. Since the application o f 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 or a biological 

property such as ED50, LD50 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 o f Mortimer Kamlet there has only been limited 
utilisation and little development of these original type o f LSERs,
** ED 5 0  - the effective dosage for 50% - the dosage required to treat 50% of studied population, LD5 0- 
Lethal dosage value required to exterminate half (50%) of the sample (biological) population.
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log SP = c + rR2 + s 71̂ 2 + <3 Ea^2 + b Zp^ 2  + v Vx (1.20)

The descriptors^^ and constants used in eq(l .20) may be formalised as

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

E a 2̂ - The overall solute H-bond acidity developed by Abraham et al.'̂ ^

Zp^2 The overall solute H-bond basicity developed by Abraham et al."̂ ^

71̂ 2 - The solute dipolarity/polarisability parameter developed by Abraham
et al.."̂ ^

R2 - 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(l ,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 o f 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 
explain 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(l .20).

During the evolution of eq(1.20) several measurements of solute volume have been 

used, including the solute molar volume, a measured value taken at 298K, and 

Leahy’s computer calculated intrinsic volume However Vg 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 = S all atom contributions - (6.56 * B) (1.21)

B = N -\+ R g  (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 

o f R2, 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 
Si = 26.83 
Ge = 31.02 
Sn = 39.35

N =  14.39 
P = 24.78 

As = 29.42 
Sb = 37.74

0 = 1 2 .4 3  
S = 22.91 
Se = 27.81 
Te = 36.14

F = 10.48 
Cl = 20.95 
Br = 26.21 
I = 34.53

H = 8.71 
B = 18.32

Example 1,1

Calculation of Vx for 9,10 Dichloroanthracene 
Empirical formula; =Ci4 H8 Cl2  

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'Vl 00=1.6992

1.3.4 The Solute H-bond Acidity, 2> H-bond Basicity, p^2

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(l .23). These equilibrium experiments 

were conducted at low concentration (to ensure no-self association), in 

tetrachloromethane ( C C I 4)  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 ^  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 o f -1.1. They then used an average set 

o f logK values o f H-bond acidity for solutes in C C I 4 ,  denoted as lo g K \ , obtained over 

all the logK values. These values were then converted into a 2̂ via eq(1.24), and scaled 

to give a ^2 = 0 (where lo g K \ = -1.1) for non-H-bond acidic compounds. The arbitrary 

denominator o f 4.636 was chosen to scale a ^2 values to a similar value range to those of 

the other descriptors in the general equation.

q ”, = (logK\ + l . n  (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 o f logK values for H-bond 

basicity o f solutes in C C I 4 can be obtained, denoted logK^g. In a similar fashion these 

are transformed in p^2 values using eq(1.25) and scaled so that p^2 = 1-0  for the base

hexamethylphosphortriamide (HMPT).

P^2 =  (log K -p + l.n  (1-25)
4.636

From the initial values of a 2̂ (89 compounds) and p^2 (215 compounds) obtained by the 

1:1 complexation methods, many more values of a 2̂ and p^2 were determined from the 

relationship below^^^, eq(1.26)"^^, since now only an equilibrium constant and a single 

solute descriptor is required to obtain the other.

log K = 7.354 a ^2 ■ 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 a 2̂ and p^2 described above has a serious limitation 

since it cannot be applied to poly functional 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 a " ; and P^2 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 phase"^  ̂ (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 p^2 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 Zp^2 solute descriptor, the Greek sigma indicating that the values account 

for all o f the H-bonding in a particular molecule, (see Table 1.4).

Since the a 2̂ 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 a ^2 from gas chromatographic (GC) data and assigned it as 

Z a^2 • Mainly these newly obtained Z a 2̂ 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 o f H-bond basic molecules.

Looking at Table 1.4, as expected Zp 2̂ values are larger for activated aromatic systems 

in excess solvent, indicating multiple H-bonding o f the ring and functional group (for 

example aniline/phenol in Table 1.4). For aromatic compound with deactivating groups 

like chlorobenzene, is slightly less or the same as p^2- However despite these 

logical relationships there are no clear rules to calculate the difference between Sp^j and 

P^2 for given polyfunctional solutes due to the complex nature o f these interactions. 

Observation of Table 1.5 indicates that, in the main a 2̂ and Z a 2̂ are again similar, with 

the notable exception of water. The seemingly striking difference in the Z a 2̂ and a 2̂ 

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 o f p^2 and Zp^2 values

Compound A z p ^

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 0.41
Chlorobenzene 0.07 0.09
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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 a ^2 E a^2 values

Compound a«2

Ethane 0.00 0.00
Ethene 0.00 0.00
Dichloromethane 0.13 0.10
T richloromethane 0.20 0.15
Nitromethane 0.12 0.06
Acetone 0.04 0.04
Triethy lamine 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, 71̂ 2

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 71̂ 2- 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, R2

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. 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).

Rz = MRx - (MRx),ika„, (1.27)

MRx is the observed molar refractivity defined by eq(1.28-1.29) and (MRx)jjkane is 

determined from the relationship presented in eq(1.30).

MRx= 1 0 .V ).V x  (1.28)

f(nV(n^-l)/(n^+2) (1.29)

(MRx).n„. = 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

Solute R2 n^2 Z a" ZP»2 Vx

Butane 0.000 0.00 0.00 0.00 0.00 0.672

Diodomethane 1.453 0.69 0.05 0.28 0.23 0.766

Benzene 0.610 0.52 0.00 0.14 0.14 0.716

p-Nitrophenol 1.070 1.72 0.82 0.26 0.26 0.949

Pyridine 0.631 0.84 0.00 0.52 0.47 0.675

t-Butylbenzene 0.619 0.49 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 (Rj) 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 n ring system), and its ability to stabilise a 
neighbouring charged atom leads to a reasonable 71̂ 2 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 (Zp^2) and those in highly aqueous systems (Zp^])- 
p-NitrophenoI is highly dipolar/polarisable (rt^;), having a mesomerically favoured acidic 
hydrogen makes it a good H-bond acid (Za^;), and it is a reasonable H-bond base (Zp^2)-

It is clear that a direct determination of Rj 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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L3.8 Difficulties with Variable H-bond Basicity -

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=0 and P=0 

containing compounds, but showed that this was not universal for all types o f 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 Zp®2 solute descriptor (the

superscript O indicating that the important octanol-water system requires this solute 

descriptor). Comparison of Zp 2̂ and Zp 2̂ values are presented in Table 1.6. No 

rigorous explanation has been offered for this phenomena.

Table 1.6

Comparison table of Zp 2̂ and Zp®2 values

Compound Zp"^ Zp^^

Ethane 0.00 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 aiid ^P^2 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 

Zp^2, Zp^2 may be used. In addition, in practice, it is unlikely that a whole dataset is 

constructed of solutes o f the type that show this variable H-bond basicity. Therefore, 

although the researcher must be aware o f the problems of variable basicity, this matter 

need not be an undue hindrance to the application o f solute descriptors.
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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, 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 o f simple 

linear regression is provided to give an idea of the background to MLRA, and some 

important caveats and practical considerations o f 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 o f a single variable, by a linear relationship, a plot o f 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 accordi 

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 o f 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 = (SXY - EXEY/nypx^ -(ZX)Vn)] (1.32)

b = (EY - aTiX)ln (1.33)

The second issue may be dealt with by determining statistical indicators. This is 

achieved principally by the standard deviation o f the estimate, sd, the correlation 

coefficient, 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  = [{EY^ - (EY)7n - (EXY-ExEY/n)"/ (E X -(E X )l/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

Note, the correlation coefficient is normally presented as r. In this work the alternative p symbol is 
presented to avoid confiision with r, the coefficient o f the R; solute descriptor.
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readily be compared across regressions. Therefore if  the numerical range o f 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. The correlation coefficient p, eq(1.35), is therefore used as a means of assessing 

the regression:

(1.35)

where a^y = E(Y-T)^/n is the variance o f the sample values. If the sd is zero the 

correlation coefficient p will be 1.000, by definition the perfect reg ress io n .T h e  p^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)^"^’̂ ,̂ eq(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.
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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 o f 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„ X2,..X„) and corresponding constants (e.g. ai, Ü2,..a^ 

explain Y as shown in eq(l .37).

Y = a,X, + fl,X2 + «3X3 ...+b (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 o f the 

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

F =  p~rn-v-n (1.38)
( l - p >

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 o f the first problems, which is fundamental, is that at the inception o f 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 o f 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 o f 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 biological 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 o f  clustering?'^ 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 suggested"^^ 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 o f 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 o f 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: R2 A EP^ Vx
0
©
o
©
0

A

Vx
Yobs

0 . 1 9 0  
0 . 1 7 2  

- 0 . 4 2 3  
0 . 4 3 9  
0 . 5 4 7

0 . 16 3  
0 . 6 0 4  

- 0 . 2 5 6  
- 0 . 3 4 1

- 0 . 0 1 3  
- 0 . 0 5 0  
- 0 . 5 1 6

- 0 . 3 9 8
- 0 . 6 6 8 0 . 6 7 3

0 VAR: R2 %"2 Ea"z ZP"z Vx Yobs
© MEAN 0 . 721 0 . 8 0 2 0 . 0 8 3 0 . 3 3 5 0 . 980 0 . 2 4 4
0 ST.DEV 0 . 2 8 0 0 . 2 4 6 0 . 1 9 0 0 . 2 1 4 0 . 2 1 4 0 . 4 0 2

CD VAR: %2 %"2 Ea"z ZP": Vx CONST
OO COEFFS 0 . 4 1 4 0 . 0 9 3 - 1 . 1 9 2 - 0  . 838 0 . 6 6 7 - 0 . 4 0 4
o© ST.DEV 0 . 065 0 . 0 7 9 0 . 063 0 . 094 0 . 066 0 . 078
o© TTEST 1 . 0 0 0 0 0 0 . 7 5 2 8 4 1 . 0 0 0 0 0 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 9 9 9 9 9

OO OVERALL.COR.COEFF, p 0.9832
O© ST.DEV. (YOBS-YCALC) 0.078
O ©  F-STATISTIC 232.1
O ©  N (NUMBER OF DATAPOINTS) 46

1.4.5 The Meaning o f  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 

eq(l .39) which conforms to the normal way a SPR is presented.
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log k ’ = - 0.404 +O.414R2 + 0.093 n" -1.192 - 0.838 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 r,s,a,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 logx’ (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 

71̂ 2 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 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 o f Zp 2̂ 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 71̂ 2 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 p^). 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 

S a ^2 is reasonable 0.078/0.838=0.06 whereas any attempt to calculate 71̂ 2 would be 

ridiculous given a ratio of 0.078/0.093=0.84! (See Chapter 6). The F-statistic gives a

54



one number view of the correlation, and accounts for the numbers of datapoints (the 

more the better), the number o f explanatory variables (the fewer the better) and the 

degree o f 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 o f 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 SPRs, 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 o f 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 o f the 

meaning o f 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 

infiuencing 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 logPpius 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 o f skin permeation, Chapter 5.

A final consideration o f 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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C h a p t e r  2

M e a s u r e m e n t  o f  C h l o r o f o r m -W a t e r  P a r t it io n  C o e f f ic ie n t s  b y

THE S h a k e  F l a s k  M e t h o d .

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 (logPchi) can simply be defined as 

eq.(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 descriptors^’̂ ; 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 o f partition coefficients are briefly considered.

Concentration o f  solute in solvent (2 1)

solvent Concentration o f  solute in water

2.2 Background

Partition coefficients were measured accurately as far back as 1872, when Berthelot and 

Jungfleisch^ 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.Meyer"* (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 o f 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 o f 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, Poü. 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,

Cnar-Poii = constant (2.2)

where Cnar 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 Pon. 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 loĝ (penn) and logP, 

where logA:(penn) 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^-^] (̂pe™)= 1.32 logPoii + 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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10ĝ (perm)=l -3 lOgPoü +  C (2.4)

with a correlation coefficient o f 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 (logPi) and 

partition coefficients in another system (logPn), and formulated the Collander 

relationship as shown previously,

logPi = logPii + c (2.5)

noting that eq(2.5) would hold for all families o f solute only when the two solvent-water

systems were closely related.

However modem correlative partition coefficient theory can be attributed to the original 

work o f Hansch and Fujita^^ in 1962 and the subsequent work of Hansch s c h o o l ( s e e  

Chapter 1) which used principally the n-octanol-water partition coefficient (logPoct) in 

correlations and defined logPoct as the de facto  scale of hydrophobicity^"^’̂ .̂ This has led 

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

such as biomembrane permeability^^, pharmacological activity metabolism^^ and 

thermodynamic properties'^. A review of the historical, theoretical and practical aspects 

as well as the estimation of logPoct 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 o f 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 logPoctCan even be estimated
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(by the use o f fragmentai constants^^ and computer programs such as CLOGF^^ 

program on the MedChem software). However the shake-flask method is proven over a 

wide range o f 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 coefflcients.

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

(absorbance^) of the prepared solution, iv) to mix known volumes of solution with 

known volume o f 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, logPchi values were required for compounds previously studied by 

Young and Mitchell et aP^ (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. O f 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.
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logPchi values for 4 other compounds. One o f these was available for the present work. 

This was useful as it allowed the results of the current method to be validated with those 

o f 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 ION 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 10’̂  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, Ai 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 o f  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 Ai and Bi 

(see above).
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2.3.6 Equilibration

The FEP bottles were shaken by clipping them to a purpose made "tumbler". The 

tumbler consisted of motor and chain combined with bottle clips, enabling the phases to 

be continuously mixed in the bottles, inside the thermostated water bath. The 

temperature was thermostated to either 37°C or 25°C (see Section 2.8).

After one hour in the tumbler, the tumbler was switched off allowing the bottles to stand 

in an upright position. The phases were then allowed to separate out for one hour, so

Nalgene 
Partitioning  
Bottle (flask)

Water (Buffer) 
Phase

Chloroform
Phase

Figure 2.1

A schematic diagram of a partitioning flask, 
that they could be analysed. A quantity of each aqueous phase was then pipetted off,

giving final solutions A f  and Bf. These solutions were then analysed by UV (see Section

2.4). The pH was also recorded for each aqueous phase sample, using a Radiometer pH

meter in order to correct the “apparent” partition coefficient (see Section 2.6) for any

ionisation of the solute.
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2.4. Measurement of Solute Concentrations by Ultraviolet Spectroscopy

2.4.1 Preparation o f  Equipment

For each sample, two sets of UV spectra had to be recorded, one of the initial aqueous 

solutions (Ai and Bi) before partitioning, and one of the final aqueous solutions (A f  and 

BJ). In addition, spectra were also required for buffer solutions for background 

correction. To obtain these a double beam Perkin Elmer Lambda 5 UVA^is 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 o f  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 Ai 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 SOOnm. 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 Ai. The 

spectrum was then recorded, in the wavelength range of 200-5OOnm, 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 4 / and Bf. For reference, hard-copy was also produced of 

all o f the spectra. The buffer baseline was subtracted from all the spectra. Then from 

spectrum of an analytical wavelength was chosen, where readings from all spectra 

would be made. This was normally the ^rnax o f 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 = - 4 / /  4 /*  = Bz - (2.6)

Where Ai and Bi are the initial absorbances of the respective solutions, at the analytical 

wavelength, A f  and B f  are the final absorbances (after partitioning) of the respective 

solutions, at the analytical wavelength, V(aq) is the volume of aqueous phase used in the 

partitioning experiment and V(org) is the volume of organic phase (chloroform) used in 

the partitioning experiment. By definition V(aq) / V(org) is the volume ratio. By 

application o f eq(2.6), the value of the partition coefficient (and thus log?) could be 

obtained.
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2.6 Ionisation

The degree of ionisation of a compound can effect the measurement o f 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 o f 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 Schaper^^ equation must be applied. For bases (such as the compounds 

studied) eq(2.7) applies.

log? = log D + log (1 ) (2.7)

2.7 Experimental Difficulties

Numerous difficulties can occur with the measurement o f logP by the shake-flask 

method. For example factors such as, pH, temperature, mutual phase saturation, purity 

o f 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
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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 o f 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 logPchi, 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  logPchi 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.

71



2.8 Results and Discussion

2.8.1 Validation o f  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

H H
of Y-M. The partition o f 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.

Compound 3 ^
(SKF 93319)

Published data 37° C"

Run 1 Run 2 logPchi
(mean)

2.43

pH
(mean)

7.4

Present Results 37°C 2.42 2.40 2.41 7.4

^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, TJ. 
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 o f  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 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.

Compound 3 Run 1 Run 2 lOgPchi pH
(SKF 93319) (mean) (mean)

Published data 37 °C “ — — 2.43" 7.4

Present Results 25°C 2.56 2.43 2.49 7.4

 ̂Compound and measured log? 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 o f 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 o/logPchi Values fo r  Other Y-M Compounds

The results of the measured logPchi values for the other Y-M drug compounds are listed

in Table 2.3.

Table 2.3

Measured logPchi values for Y-M compounds at 25°C

ad Number" log D logD logPchi pH

Run 1 Run 2 taken* (mean)

2 -0.408 -0.425 -0.42 10.08
3 2.558 2.433 2.50^ 7.46

6 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 o f  Y-M used o f 2.43. '^After correction o f  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 o f 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-fiask 

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 

o f different drug molecules. It has been demonstrated that a shake-fiask method has 

been applied to obtain logPchi for ten new compounds. Partitioning experiments have 

been conducted at a different temperature to that o f 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, o f not 

having optimal volume ratios, can only be resolved by repeating experiments. This will 

lead to improved results.
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C h a p t e r s

A n a l y s is  o f  P a r t it io n  C o e f f ic ie n t s  a n d  t h e  Al o g P D e s c r ip t o r  o f  S e il e r

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).

Psoivent = Concentration o f solute in solvent (3.1)
Concentration o f 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 o f 11- 

bonding ability. AlogP is derived from the difference between octanol-water and 

cyclohexane-water^ partitions eq(3.2).

AlogP = logPoct-logPcyc (32)

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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log p = c + rR *̂2 + .^71^2+ <3Z a 2̂ + 6Zp 2̂ + vVx (3.3)

Alog P = c + rR 2̂ + "2 + 6Zp 2̂ + vVx (3.4)

3.2 Background

3.2.1 Partition Coefficients

The importance o f partition coefficients in drug research/'^ especially octanol-water 

partition coefficients, logPo^t, has led to numerous attempts to predict logP^ct values. 

The two most comprehensive methods of estimation o f logPo t̂ are those o f Hansch and 

Leo^’̂  with their ClogP program, and of Rekker,* but other less-extensive methods
9

have also been described. Bodor and Huang used a data set o f 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^ct 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 logPqct values depended on the ratio between lipophilic and hydrophilic surfaces. 

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 o f interest in that they also shed light on the 

factors governing logPoct. 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 

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, n  is 

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

logP« = - 0.03(area) - 0.00472Ntr^ -0.000963(area) n  -5.04 (3.5)

n = 70 p = 0.985 sd = 0.277

Although the calculation of logP^ct by this method is complicated, this equation is 

statistically good, and demonstrates that surface area increases logPod, whereas the 

electronic terms (a^, and IT) decrease logPoct-

A quite different approach has been evolved by Kamlet et al.'^ *̂ who developed a 

linear solvation energy relationship (LSER) for the correlation o f various 

physicochemical and biochemical phenomena. Their initial equation for logP^ct 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 o f solvent-water partitions. For logP^ct they 

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

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

logP,,. = - 0.02 - 0.7471* - 0.15a - 3.51p + 5.83V, (3.6)

n = 78 p = 0.960 sd = 0.296 F = 248.8
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lo g P h e p  =  - 0.06 - 1.027Ü* - 3.54a - 5.35g + 6.78Vj (3.7)

n =75 p = 0.977 sd = 0.360 F = 438. 2

logP,h, = - 0.18 - 0.1471* - 2.99a - 3.17g + 6.OOV1 (3.8)

n = 60 p = 0.974 sd = 0.300 F = 221.2

In these equations, following Kamlet et al.,’̂ ’’̂  n* is the Kamlet solute 

dipolarity/polarizability, a  is the Kamlet solute H-bond acidity, g is the Kamlet solute 

H-bond basicity, and Vj is the intrinsic volume developed by Leahy** (see Chapter 1) in 

units o f (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 monofimctional aromatic solutes, but it is by no means 

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

Tayar et al.^' analysed a similar AlogP parameter to that o f Seiler by the Kamlet

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

AlogPaik = logP„,t - logP îk (3.9)

AlogP^k= 0 .43+ 0.12tü* + 3 .40a+1.96P  (3.10)

n = 75 p = 0.962 sd = 0.310 F = 288.4

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

indicator o f 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 

into a single set of alkane-water partition coefficients, as did Leahy et al.^  ̂ Because the 

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 o f logP values were constructed with the 

organic solvents being octanol (logPgJ, cyclohexane (logP^yj, alkane (logP^J, 

hexadecane (logP^J and chloroform (logPchi).
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3.3.1 Sources o f  Data

New logP values for various solvent-water systems become available all o f the time in 

the literature, in a widely ranging set of journals. Most of the available data, especially 

the logPoct data, have been collected by Leo and Hansch and complied into the Pomona 

Medchem database^^, which also includes the logPod 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^ t̂ are listed in the database 

records for a particular compound. In these cases the TogPod*’ 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 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 Epj parameters: Zpj” for 

partitions between water and water-immiscible solvents such as alkanes and 

cyclohexane, and Zp°2 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^ct values.

^Note: recently a new logPoctdatabase 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 oflogP„ct - Octanol-Water Partition Coefficients 

As mentioned, above, solutes such as sulfoxides, alkylanilines, haloanilines, and 

alkylpyridines were excluded from the set, because o f 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 logPoct. This is possibly due to 

formation o f the hydrate, RCH(0 H)2, 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 o f logPod, 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:

logP„,, = 0.088 + 0.562R, - 1.0547i”2 + 0.034Za" - 3.460Sp”2 + 3.814Vx (3.11)

n = 613 p = 0.9974 sd = 0.116 F = 23161.6

The calculated values of logP^ct 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 logPo t̂ values are solute H-bond basicity that favours 

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 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 71̂ 2 still 

favours the very dipolar water instead of the more polarizable octanol. Interestingly, the 

electronic factors governing logPoct values, on eq(3.11), are very similar to those 

suggested by Schuurmann,*^ using a theoretically-based equation.

Table 3.2

A breakdown of logP^ct term-by-term according to eq(3.11) for some representative 
solutes.

Solute c '*^2 sn̂ 2 a a \ vVx Calc. Obs.

Butanone 0.09 0.09 -0.74 0.00 -1.76 2.62 0.30 0.29

N-Methylformamide 0.09 0.23 -1.37 0.01 -1.90 1.93 -1.01 -0.97

Acetic acid 0.09 0.15 -0.69 0.02 -1.52 1.77 -0.18 -0.17

Trifluoroethanol 0.09 0.01 -0.63 0.02 -0.87 1.91 0.53 0.41

Benzene 0.09 0.34 -0.55 0.00 -0.48 2.73 2.13 2.13

Chrysene 0.09 1.70 -1.82 0.00 -1.14 6.95 5.78 5.73

Phenol 0.09 0.45 -0.94 0.02 -1.04 2.96 1.54 1.46

2-Nitrophenol 0.09 0.57 -1.11 0.00 -1.28 3.62 1.89 1.85

3-Nitrophenol 0.09 0.59 -1.65 0.02 -0.80 3.62 1.87 2.00

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

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

2-nitro- and 3-nitro-phenol, that have almost the same logP^ct 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 (71̂ 2= 1.05 vs. 71̂ 2̂  1.57) is just compensated by the
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higher basicity 0 37 vs Sp^2=0.23); the much higher acidity of the 3-nitrophenol

(Za^2 is 0.74 units higher for 3 nitrophenol) has no significant influence on logPoct.

3.4.2 Correlation oflogP,^- Hexadecane-Water Partition Coefficients 

The logPi6 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 o f 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,^^and hence the 

solubilities refer to the unhydrated solutes. Combination with the hexadecane 

solubilities then yields logPj^ for unhydrated aldehydes.

^  Concentration in solvent (3.12)
Concentration in gas phase

log Pi6 = log L(hexadecane) '  10gL(̂ a,er) (3.13)

In Table 3.1 are given values of logPjg for 370 solutes. Application of eq(3.3) yields:

logPj6 = 0.087 + 0.667R2 - 1.617ti”2 - 3.587Za^ - 4.869 Zp"2 + 4.433Vx (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^^p, 

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 logPj^ 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]6 values.

Table 3.3

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

Solute c rR , s n \ a a \ vVx Calc. Obs.

Butanone 0.09 0.11 -1.13 0.00 -2.48 3.05 -0.37 -0.43

N-Methylformamide 0.09 0.27 -2.10 -1.43 -2.68 2.24 -3.61

Acetic acid 0.09 0.18 -1.05 -2.19 -2.14 2.06 -3.04 -3.16

Trifluoroethanol 0.09 0.01 -0.97 -2.04 - 1.21 2.22 -1.90 -1.93

Benzene 0.09 0.41 -0.84 0.00 -0.68 3.17 2.15 2.15

Fluorene 0.09 1.06 -1.71 0.00 -0.97 6.01 4.47 4.40

Phenol 0.09 0.54 -1.44 -2.15 -1.46 3.44 -0.98 -1.08

2-Nitrophenol 0.09 0.68 -1.70 -0.18 -1.80 4.21 1.29 1.52

3-Nitrophenol 0.09 0.70 -2.54 -2.83 -1.12 4.21 -1.48 -1.37

Thus logPiô for 2-nitrophenol is much more positive than for 3-nitrophenol; the very 

low 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 o f  logPa i r  Alkane-Water Partition Coefficients

Average values of logP îk 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^k = 0.287 + 0.649R2 - 1.6577i'^2 - 3.516Za"2 - 4.818Zp«2 + 4.282Vy (3.15)

n = 200 p = 0.9978 sd = 0.121 F = 8901.8

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

suggestion of Leahy et al.^  ̂ that logP values for the various water-alkane systems are 

very nearly equivalent, and also that the indirect method of determining logP,^ values 

yields results equivalent to the direct method.

3.4.4 Correlation oflogP^yc - Cyclohexane-Water Partition Coefficients

Table 3.1 contains 170 values of logP̂ yc- Application o f the general eq(3.3) yields:

logP,y, = 0.127 + O.8 I6R2 - 1.73l7r"2 - 3.778 Z a"2 - 4.905 Zp”2 + 4.646Vx (3.16)

n =  170 p = 0.9968 sd = 0.131 F = 5122.5

The cyclohexane-water eq(3.16), is not the same as the hexadecane-water equation 

eq(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^^ logP^yc values. It is therefore 

important to distinguish between AlogP using logP^jk and AlogP using logP^yc- 

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-à-vis the properties o f water and 

cyclohexane. Abraham et al.^  ̂ showed that transfer of an alkane CH2 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 m of’); this is in 

agreement with the v-constants in eq. (3.14)-(3.16).
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3.4.5 Correlation o f  logP ^  - Chloroform Water Partition Coefficients

Application of eq(3.3) to the 108 logPchi values listed in Table 3.4 (see the end of

Chapter 3) leads to the equation:

logPchl =  0.060 + O.O45R2 -0.3137t" -3.396Sx^2 -3.4285P^2 + 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 

eq(3.17), but with a much improved correlation. It is interesting to note the difference 

between the logPchi and the alkane equations. Although all o f 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 ^-coefficient at -0.313 and is much smaller than those in the 

logP]6 or the logP ĵk correlation, which are -1.617 and -1.657 respectively. This means 

that chloroform is more dipolar/polarisable in nature. Secondly, the ^-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 o f 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 logPchi 

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 o f 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,6 = 0.001 - O.IO5R2 + 0.56371^ + 3 .621a^ + T409p”2 - 0.619Vx (3.18)

AlogP„k = -0.199 - O.O87R2 + 0.60371^ + 3.550a»2 + 1.358p»2 - 0.468Vx (3.19)

AlogP_ = -0.039 - O.254R2 + 0.67771^2 + 3.822a»2 + 1.445^*2 - 0.832Vx (3.20)

Another method of analysing AlogP is to calculate this parameter for all available pairs 

o f 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,6 = -0.072 - O.O93R2 + 0.52871^2 + 3.655Za"2 + 1.396Zp«2 - 0.521Vx (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 o f 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: AlogPchi 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^u,:

AlogPaik = 0.37 + 3.54a (3.22)

n = 75 p = 0.915 sd = 0.450 F = 325.6

As it stands, eq(3.22) is not very suitable for the estimation of Kamlet a-values 

from AlogPaik, because the expected error in the estimated a-values is too large. An 

expected error is given by sd/coefficient o f a , or 0.450/3.54 = 0.127 units. Looking 

again at the full correlation of AlogPj^ conduced presently eq(3.21), the sd-values o f the 

coefficients themselves are 0.042(R2), 0.048(71^2)» 0.059(Za"2), 0.058(Zp "2)

0.04 l(Vx). Application of the t-test suggests that the R2 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 S a 2̂ are dropped the resulting equation is:

AlogPie = 0.038 + 4.495Za"2 (3.23)

n = 288 p = 0.9072 sd = 0.396 F = 1329.2

Not only is eq(3.23) unsatisfactory for the purpose of calculating E a 2̂ &om AlogPjg 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,^, AlogPai  ̂ and A 

logPgyc, 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^ct and 

logP]6 correlations were repeated on the exact set of 288 solutes used in eq(3.21):

logP„,t = 0.047 + 0.583R2 - 1.1047i"2 + 0.059a»2 - 3.478^^2 + 3.890Vx (3.24)

n = 288 p = 0.9950 sd = 0.135 F = 5571.8
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logPi6 = 0.118 + 0.674R2 - 1.63271»2 - 3 .596a^ - 4.874^^2 + 4.411 Vx (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 Za 2̂ from AlogP^^ (or from AlogPgjj. 

Unfortunately, the only improvement to the F-statistic occurs when the R2 descriptor is 

dropped, which is not very useful (see Chapter 4). When both the R2 and the 71̂ 2 

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

AlogPi6 = 0.004 + 3. 877Sa“2 + 1.591 - 0.407Vx (3.26)

n = 288 p = 0.9722 sd = 0.221 F = 1630.7

Now the expected error in any back-calculated estimate of Z a 2̂ 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 Z a 2̂ 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^ct values are the solute 

dipolarity/polarizability and H-bond basicity that favour water, and the solute size that 

favours octanol. In the case o f logPjg, logP î  ̂ and logP^yc solute H-bond acidity, that 

favours water, is also a major factor. From the correlation of logPchi, 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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Table 3.1

Solute descriptors, and observed and calculated partition coefficients.

log Poet lo g P i 6  logPalk log P cyc  

Solute R; 27t^2 Sp ^ 2  V x obs calc obs calc obs calc obs calc

Helium 0.000 0.00 0.00 0.00 0.068 0.28 0.35 0.28 0.39 0.65 0.58 0.46 0.44
Neon 0.000 0.00 0.00 0.00 0.085 0.28 0.41 0.38 0.46 0.75 0.65 0.58 0.52
Argon 0.000 0.00 0.00 0.00 0.190 0.74 0.81 0.78 0.93 1.09 1.10 0.99 1.01
Krypton 0.000 0.00 0.00 0.00 0.246 0.89 1.03 1.00 1.18 1.28 1.34 1.24 1.27
Xenon 0.000 0.00 0.00 0.00 0.329 1.28 1.34 1.35 1.55 1.58 1.70 1.65 1.66
Radon 0.000 0.00 0.00 0.00 0.384 1.52 1.79 1.78 1.93
Hydrogen 0.000 0.00 0.00 0.00 0.109 0.52 0.57 0.78 0.75 0.69 0.63
Oxygen 0.000 0.00 0.00 0.00 0.183 0.79 0.90 1.06 1.07
Nitrogen 0.000 0.00 0.00 0.00 0.222 0.82 1.07 1.15 1.24 1.04 1.16
Nitrous oxide 0.068 0.35 0.00 0.10 0.281 0.39 0.33 0.72 0.47
Carbon monoxide 0.000 0.00 0.00 0.04 0.222 0.81 0.88 1.09 1.05
Carbon dioxide 0.150 0.42 0.00 0.10 0.281 0.14 0.27 0.36 0.41
Methane 0.000 0.00 0.00 0.00 0.250 1.09 1.04 1.14 1.20 1.37 1.36 1.33 1.29
Ethane 0.000 0.00 0.00 0.00 0.390 1.81 1.58 1.83 1.82 2.05 1.96 2.06 1.94
Propane 0.000 0.00 0.00 0.00 0.531 2.36 2.11 2.49 2.44 2.73 2.56 2.79 2.59
n-Butane 0.000 0.00 0.00 0.00 0.672 2.89 2.65 3.13 3.07 3.38 3.16 3.62 3.25
2-Methylpropane 0.000 0.00 0.00 0.00 0.672 2.76 2.65 3.11 3.07
n-Pentane 0.000 0.00 0.00 0.00 0.813 3.39 3.19 3.87 3.69 4.06 3.77 4.27 3.90
2-Methylbutane 0.000 0.00 0.00 0.00 0.813 3.76 3.69
2.2-Dimethylpropane 0.000 0.00 0.00 0.00 0.813 3.11 3.10 3.66 3.69
n-Hexane 0.000 0.00 0.00 0.00 0.954 3.90 3.73 4.49 4.32 4.58 4.37
2-Methylpentane 0.000 0.00 0.00 0.00 0.954 4.34 4.32
3-Methylpentane 0.000 0.00 0.00 0.00 0.954 3.60 3.73 4.42 4.32
2.2-Dimethylbutane 0.000 0.00 0.00 0.00 0.954 3.82 3.73 4.19 4.32
2.3-Dimethylbutane 0.000 0.00 0.00 0.00 0.954 3.85 3.73 4.22 4.32
n-Heptane 0.000 0.00 0.00 0.00 1.095 4.50 4.26 5.14 4.94
2-Methylhexane 0.000 0.00 0.00 0.00 1.095 5.15 4.94
3-Methylhexane 0.000 0.00 0.00 0.00 1.095 5.03 4.94
2.2-Dimethylpentane 0.000 0.00 0.00 0.00 1.095 4.91 4.94
2.3-Dimethylpentane 0.000 0.00 0.00 0.00 1.095 4.87 4.94
2.4-Dimethylpentane 0.000 0.00 0.00 0.00 1.095 4.89 4.94
3.3-Dimethylpentane 0.000 0.00 0.00 0.00 1.095 4.83 4.94
n-Octane 0.000 0.00 0.00 0.00 1.236 5.15 4.80 5.79 5.57
3-Methylheptane 0.000 0.00 0.00 0.00 1.236 5.69 5.57
2.2.4-Trimethylpentane 0.000 0.00 0.00 0.00 1.236 5.28 5.57
2.3.4-Trimethylpentane 0.000 0.00 0.00 0.00 1.236 5.36 5.57
n-Nonane 0.000 0.00 0.00 0.00 1.377 5.65 5.34 6.49 6.19
3.3-Diethylpentane 0.000 0.00 0.00 0.00 1.377 5.19 5.34
n-Decane 0.000 0.00 0.00 0.00 1.518 7.01 6.82
n-Undecane 0.000 0.00 0.00 0.00 1.659 6.54 6.41
n-Dodecane 0.000 0.00 0.00 0.00 1.799 6.80 6.95
n-Tridecane 0.000 0.00 0.00 0.00 1.940 7.56 7.49
n-Tetradecane 0.000 0.00 0.00 0.00 2.081 8.00 8.02
Cyclopropane 0.180 0.15 0.00 0.00 0.423 1.72 1.64 1.86 1.84
Cyclopentane 0.263 0.10 0.00 0.00 0.705 3.00 2.82 3.40 3.23
Methylcyclopentane 0.225 0.10 0.00 0.00 0.845 3.37 3.33 3.99 3.82
Cyclohexane 0.305 0.10 0.00 0.00 0.845 3.44 3.38 3.91 3.87 3.72 3.94 4.15 4.13
Methylcyclohexane 0.244 0.10 0.00 0.00 0.986 3.61 3.88 4.49 4.46
cis-1.2-Dimethy Icyclohexane 0.281 0.10 0.00 0.00 1.127 4.96 5.11
trans-1,4-Dimethy Icyclohexane 0.191 0.10 0.00 0.00 1.127 5.09 5.05
Cyclooctane 0.413 0.10 0.00 0.00 1.127 4.45 4.51
Adamantane 0.667 0.66 0.00 0.02 1.192 4.24 4.24
Ethene 0.107 0.10 0.00 0.07 0.347 1.13 1.12 1.23 1.19
Propene 0.103 0.08 0.00 0.07 0.488 1.77 1.68 1.92 1.85
But-l-ene 0.100 0.08 0.00 0.07 0.629 2.40 2.22 2.50 2.47
Iso-butene 0.100 0.08 0.00 0.07 0.629 2.34 2.22
Pent-l-ene 0.093 0.08 0.00 0.07 0.770 2.80 2.75 3.28 3.09
cis-Pent-2-ene 0.141 0.08 0.00 0.07 0.770 3.17 3.12
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1.2-Dibromoethane 0.747 0.76 0.10 0.17 0.740
1-Bromopropane 0.366 0.40 0.00 0.12 0.706
2-Bromopropane 0.332 0.35 0.00 0.14 0.706
1-Bromobutane 0.360 0.40 0.00 0.12 0.847
1-Bromo-2-methylpropane 0.337 0.37 0.00 0.12 0.847
2-Bromo-2-methylpropane 0.305 0.25 0.00 0.12 0.847
1-Bromopentane 0.356 0.40 0.00 0.12 0.988
1-Bromohexane 0.349 0.40 0.00 0.12 1.129
1-Bromoheptane 0.343 0.40 0.00 0.12 1.270
1-Bromooctane 0.339 0.40 0.00 0.12 1.411
1-Bromodecane 0.331 0.40 0.00 0.12 1.693
Bromocyclohexane 0.615 0.54 0.00 0.16 1.020
lodomelhane 0.676 0.43 0.00 0.13 0.508
Diiodomethane 1.453 0.69 0.05 0.23 0.766
lodoethane 0.640 0.40 0.00 0.15 0.649
1-lodopropane 0.634 0.40 0.00 0.15 0.790
1-Iodobutane 0.628 0.40 0.00 0.15 0.930
1-Iodopentane 0.621 0.40 0.00 0.15 1.070
1-lodohexane 0.615 0.40 0.00 0.15 1.213
1-Iodoheptanc 0.608 0.40 0.00 0.15 1.354
Bromochloromethane 0.541 0.66 0.13 0.07 0.547
Halothane 0.102 0.38 0.15 0.05 0.741
Tellurane -0.070 0.21 0.20 0.02 0.636
Dimethylether 0.000 0.27 0.00 0.41 0.449
Diethylether 0.041 0.25 0.00 0.45 0.731 0.89 1.08 0.85 0.76 0.66 0.92
Di-n-propylether 0.008 0.25 0.00 0.45 1.013
Di-isopropylether 0.000 0.19 0.00 0.41 1.013
Di-n-biitylether 0.000 0.25 0.00 0.45 1.295
Methyl-n-propylether 0.060 0.25 0.00 0.45 0.731
Ethyl-n-butylether 0.013 0.25 0.00 0.45 1.013
1.2-Propyleneoxide 0.243 0.57 0.00 0.45 0.481
Mcthoxyflurane 0.109 0.67 0.07 0.14 0.870
Isollurane -0.240 0.50 0.10 0.10 0.801
Entlurane -0.230 0.40 0.12 0.13 0.801
Fluroxene 0.183 0.30 0.00 0.27 0.741
Tetrahydrofuran 0.289 0.52 0.00 0.48 0.622
2-Methyltetrahydrofuran 0.241 0.48 0.00 0.53 0.763
2,5-Dimethyltetrahydrofuran 0.204 0.38 0.00 0.58 0.904
Tetrahydropyran 0.275 0.47 0.00 0.55 0.829
1,4-Dioxane 0.329 0.75 0.00 0.64 0.681
Formaldehyde 0.220 0.70 0.00 0,33 0.265
Acetaldehyde 0.208 0.67 0.00 0.45 0.406
Propanal 0.196 0.65 0.00 0.45 0.547
Butanal 0.187 0.65 0.00 0.45 0.688
Isobutanal 0.144 0.62 0.00 0.45 0.688
Pentanal 0.163 0.65 0.00 0.45 0.829
Hexanal 0.146 0.65 0.00 0.45 0.970
Heptanal 0.140 0.65 0.00 0.45 1.111
Octanal 0.160 0.65 0.00 0.45 1.252
Nonana! 0.150 0.65 0.00 0.45 1.392
trans-But-2-ene-l-a! 0.387 0.80 0.00 0.50 0.645
Propanone 0.179 0.70 0.04 0.49 0.547 -0.24 -0.16 -1.09 -1.03 -0.91 -0.92 -0.96 -0.95
Butanone 0.166 0.70 0.00 0.51 0.688 0.29 0.30 -0.43 -0.37 -0.26 -0.28 -0.25 -0.25
Pentan-2-one 0.143 0.68 0.00 0.51 0.829 0.91 0.85 0.18 0.27 0.34 0.35 0.44 0.42
Pentan-3-one 0.154 0.66 0.00 0.51 0.829
3-Methylbutan-2-one 0.134 0.65 0.00 0.51 0.829
Hexan-2-one 0.136 0.68 0.00 0.51 0.970 1.38 1.38 0.85 0.90 1.00 0.94 1.12 1.07
Hexan-3-one 0.136 0.66 0.00 0.51 0.970 1.27 1.10
4-Methylpentan-2-one 0.111 0.65 0.00 0.51 0.970
3.3-Dimethylbutan-2-one 0.106 0.62 0.00 0.51 0.970
Heptan-2-one 0.123 0.68 0.00 0.51 1.111 1.98 1.91 1.53 1.51 1.67 1.54 1.78 1.71
Heptan-4-one 0.113 0.66 0.00 0.51 1.111
5-Methylhexan-2-one 0.114 0.65 0.00 0.51 1.111
Octan-2-one 0.108 0.68 0.00 0.51 1.252
Nonan-2-one 0.119 0.68 0.00 0.51 1.392
Nonan-5-one 0.103 0.66 0.00 0.51 1.392
5-Methyloetan-2-one 0.090 0.63 0.00 0.51 1.392
Di-t-butylketone 0.040 0.56 0,00 0.51 1.392
Decan-2-one 0.108 0.68 0.00 0.51 1.533 3.73 3.51 3.53 3.37
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1.74 1.80 1.67 1.45
2.10 2.15 2.21 2.23
2.10 2.11 2.04 2.19
2.75 2.68 2.82 2.85
2.53 2.70 2.94 2.88
2.53 2.81 3.24 3.06
3.37 3.22 3.54 3.47
3.80 3.75 4.26 4.09
4.36 4.29 4.91 4.71
4.89 4.82 5.47 5.34
6.00 5.89
3.20 3.20
1.51 1.50 1.46 1,46
2.30 2.30
2.00 1.98 2.03 2.01
2.54 2.52 2.74 2.63
3.08 3.05 3.45 3.25
3.62 3.58 4.03 3.87
4.16 4.12 4.68 4.50
4.70 4.65
1.41 1.54
2.30 2.40 2.10 2.05
2.01 2.19 1.74 1.71
0.10 0.10
0.89 1.08 0.85 0.76
2.03 2.14 2.10 1.99

2.09 2.27
3.21 3.21 3.31 3.23
1.21 1.09
2.03 2.14
0.13 -0.10
2.21 2.28 2.04 2.00
2.06 2.14 1.65 1.83
2.10 2.15
1.77 1.77
0.46 0.41 0.09 -0.14

0.40 0.27
1.25 1.24 0.84 0.79
0.95 1.01 0.77 0.51
-0.27 -0.14 -0.81 -1.00

-1.29 -1.33
-1.34 -1.25
-0.71 -0.60
-0.06 0.02
0.02 0.04
0.63 0.63
1.30 1.24
1.91 1.86
2.68 2.50
3.38 3.12
-0.53 -0.52

-0.24 -0.16 -1.09 -1.03
0.29 0.30 -0.43 -0.37
0.91 0.85 0.18 0.27
0.82 0.88 0.31 0.31
0.84 0.88 0.31 0.32
1.38 1.38 0.85 0.90

1.31 1.40 0.85 0.93
1.20 1.43
1.98 1.91 1.53 1.51
2.04 1.93 1.57 1.54
1.88 1.94
2.37 2.44 2.15 2.13
3.14 2.98 2.91 2.75
2.88 2.99 2.76 2.78
2.92 3.02
3.00 3.06



Undecan-2-one 0.101 0.68 0.00 0.51 1.674 4.09 4.05 4.15 3.99
Cyclopentanone 0.373 0.86 0.00 0.52 0.720 0.38 0.34 -0.23 -0.40
Cyclohexanone 0.403 0.86 0.00 0.56 0.861 0.81 0.75 0.19 0.06
Cyclododecanone 0.588 0.86 0.00 0.56 1.707 4.10 4.08
Hex-5-ene-2-one 0.280 0.75 0.00 0.57 0.927 1.02 1.02
g-Butyrolactone 0.366 1.74 0.00 0.45 0.638 -0.64 -0.66
Methyl formate 0.192 0.68 0.00 0.38 0.465 -0.26 -0.06 -0.76 -0.67
Ethyl formate 0.146 0.66 0.00 0.38 0.606 0.27 0.47 -0.04 -0.05
n-Propyl formate 0.132 0.63 0.00 0.38 0.747 0.83 1.03 0.61 0.62
Isopropyl formate 0.091 0.60 0.00 0.40 0.747 0.75 0.54
Isobutyl formate 0.095 0.60 0.00 0.40 0.888 1.16 1.17
Isopentyl formate 0.092 0.60 0.00 0.40 1.028 1.75 1.79
Methyl acetate 0.142 0.64 0.00 0.45 0.606 0.18 0.25 -0.39 -0.36 -0.20 -0.26 -0.19 -0.26
Ethyl acetate 0.106 0.62 0.00 0.45 0.747 0.73 0.79 0.15 0.28 0.29 0.36 0.34 0.40
n-Propyl acetate 0.092 0.60 0.00 0.45 0.888 1.24 1.34 0.77 0.92 0.90 0.99 1.10 1.08
Isopropyl acetate 0.055 0.57 0.00 0.47 0.888 1.02 1.28 0.61 0.85
n-Butyl acetate 0.071 0.60 0.00 0.45 1.028 1.78 1.86 1.41 1.53 1.67 1.57 1.75 1.72
Isobutyl acetate 0.052 0.57 0.00 0.47 1.028 1.78 1.81 1.43 1.47
n-Pentyl acetate 0.067 0.60 0.00 0.45 1.169 2.30 2.39 2.00 2.15 2.19 2.17 2.39 2.37
Isopentyl acetate 0.051 0.57 0.00 0.47 1.169 2.17 2.35 2.12 2.09
n-Hexyl acetate 0.056 0.60 0.00 0.45 1.310 2.83 2.93 2.69 2.77
Vinyl acetate 0.223 0.64 0.00 0.43 0.704 0.73 0.74
Allyl acetate 0.199 0.72 0.00 0.49 0.845 0.97 0.97
Methyl propanoate 0.128 0.60 0.00 0.45 0.747 0.82 0.82 0.28 0.32 0.50 0.41 0.57 0.46
Ethyl propanoate 0.087 0.58 0.00 0.45 0.888 1.21 1.36 0.84 0.95
n-Propyl propanoate 0.070 0.56 0.00 0.45 1.028 1.71 1.90 1.55 1.59
Isopropyl propanoate 0.035 0.53 0.00 0.47 1.028 1.57 1.84
n-Pentyl propanoate 0.050 0.56 0.00 0.45 1.310 2.67 2.96 2.78 2.83
Methyl butanoate 0.106 0.60 0.00 0.45 0.888 1.29 1.34 0.81 0.93
Ethyl butanoate 0.068 0.58 0.00 0.45 1.028 1.71 1.88 1.44 1.56
n-Propyl butanoate 0.050 0.56 0.00 0.45 1.169 2.15 2.43 2.11 2.21
Methyl pentanoate 0.108 0.60 0.00 0.45 1.028 1.96 1.88 1.51 1.56 1.81 1.75
Ethyl pentanoate 0.049 0.58 0.00 0.45 1.169 2.30 2.41 1.94 2.17
n-Butyl pentanoate 0.033 0.56 0.00 0.45 1.451 3.36 3.49
Methyl hexanoatc 0.080 0.60 0.00 0.45 1.169 2.42 2.40 2.04 2.16 2.39 2.38
Ethyl hexanoate 0.043 0.58 0.00 0.45 1.310 2.61 2.79
Methyl nonanoate 0.056 0.60 0.00 0.45 1.592 3.87 4.00
Methyl decanoate 0.053 0.60 0.00 0.45 1.733 4.41 4.54
Ethyl isobutanoate 0.034 0.55 0.00 0.47 1.028 1.55 1.82
Isobutyl isobutanoate 0.000 0.50 0.00 0.47 1.310 2.65 2.80
Methyl acrylate 0.254 0.66 0.00 0.42 0.704 0.80 0.77
Ethyl acrylate 0.212 0.64 0.00 0.42 0.845 1.32 1.30
n-Butyl acrylate 0.177 0.62 0.00 0.42 1.126 2.36 2.37
Isobutyl acrylate 0.156 0.59 0.00 0.42 1.126 2.22 2.39
Methyl methacrylate 0.245 0.62 0.00 0.45 0.845 1.38 1.24
Ethyl methacrylate 0.200 0.60 0.00 0.45 0.986 1.94 1.77
Isopropyl methacrylate 0.141 0.57 0.00 0.45 1.127 2.25 2.31
n-Butyl methacrylate 0.171 0.60 0.00 0.45 1.268 2.88 2.83
Isobutyl methacrylate 0.143 0.57 0.00 0.45 1.268 2.66 2.85
Acetonitrile 0.237 0.90 0.07 0.32 0.404 -0.34 -0.29 -1.11 -1.23 -1.46 -1.19
Proprionitrile 0.162 0.90 0.02 0.36 0.545 0.16 0.06 -0.74 -0.67
1-Cyanopropane 0.188 0.90 0.00 0.36 0.686 0.53 0.62 -0.12 0.05
2-Cyanopropane 0.142 0.87 0.00 0.36 0.686 0.46 0.62
1-Cyanobutane 0.177 0.90 0.00 0.36 0.827 1.12 1.15 0.53 0.66
1-Cyano-2-methylpropane 0.156 0.87 0.00 0.36 0.827 1.10 1.17
2-Cyanobutane 0.159 0.87 0.00 0.36 0.827 1.10 1.17
2-Cyano-2-methylpropane 0.140 0.84 0.00 0.36 0.827 1.08 1.19
1-Cyanopentane 0.166 0.90 0.00 0.36 0.968 1.66 1.68
Methylamine 0.250 0.35 0.16 0.58 0.349 -0.57 -0.81 -2.04 -2.16
Ethylamine 0.236 0.35 0.16 0.61 0.490 -0.13 -0.39 -1.62 -1.69 -1.78 -1.54 -1.80 -1.61
n-Propylamine 0.225 0.35 0.16 0.61 0.631 0.48 0.15 -1.08 -1.07 -0.98 -0.95 -0.98 -0.96
Isopropylamine 0.181 0.32 0.16 0.61 0.631 0.26 0.15
n-Butylamine 0.224 0.35 0.16 0.61 0.772 0.97 0.67 -0.49 -0.47 -0.57 -0.36 -0.29 -0.33
Isobutylamine 0.198 0.32 0.16 0.63 0.772 0.73 0.63 -0.51 -0.41
s-Butylamine 0.170 0.32 0.16 0.63 0.772 0.74 0.62 -0.62 -0.43
t-Butylamine 0.121 0.29 0.16 0.71 0.772 0.40 0.34 -0.82 -0.79
n-Pentylamine 0.211 0.35 0.16 0.61 0.913 1.49 1.21 0.14 0.17
n-Hexylamine 0.197 0.35 0.16 0.61 1.054 2.06 1.74 0.76 0.78
n-Heptylamine 0.197 0.35 0.16 0.61 1.195 2.57 2.28 1.39 1.41
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n-Octylamine 0.187 0.35 0.16 0.61 1.335 3.09 2.81
n-Nonylamine 0.187 0.35 0.16 0.61 1.476 3.60 3.35
Allylamine 0.350 0.49 0.16 0.58 0.588 0.03 0.01
Cyclohexylamine 0.326 0.56 0.16 0.58 0.945 1.49 1.28
Dimethylamine 0.189 0.30 0.08 0.66 0.490 -0.38 -0.54
Diethylamine 0.154 0.30 0.08 0.69 0.772 0.58 0.42 -0.60 -0.52 -0.35 -0.41 -0.34 -0.37
Di-n-propylamine 0.124 0.30 0.08 0.69 1.054 1.53 1.48
Di-isopropylamine 0.053 0.24 0.08 0.73 1.054 1.16 1.36
Di-n-butylamine 0.107 0.30 0.08 0.69 1.335 2.83 2.54
Trimethylamine 0.140 0.20 0.00 0.67 0.631 0.22 0.04 -0.73 -0.61 -0.48 -0.48 -0.44 -0.46
Triethylamine 0.101 0.15 0.00 0.79 1.054 1.45 1.27 0.72 0.74 0.91 0.81 1.10 0.97
N-Methyl-N'- 0.600 0.60 0.43 1.17 1.224 0.42 0.39
propyicyanoguanidine
Nitromethane 0.313 0.95 0.06 0.31 0.424 -0.35 -0.19 -1.06 -1.09 -0.98 -0.97 -0.93 -1.04
Nitroethane 0.270 0.95 0.02 0.33 0.565 0.18 0.25
1-Nitropropane 0.242 0.95 0.00 0.31 0.706 0.87 0.84 0.44 0.33 0.45 0.40 0.53 0.44
2-Nitropropane 0.216 0.92 0.00 0.33 0.706 0.55 0.79
1-Nitrobutane 0.227 0.95 0.00 0.29 0.847 1.47 1.44
2-Methyl-2-nitropropane 0.200 0.92 0.00 0.35 0.847 1.17 1.25
1-Nitropentane 0.212 0.95 0.00 0.29 0.988 2.01 1.97
1-Nitrohexane 0.203 0.95 0.00 0.29 1.129
Formamide 0.468 1.30 0.62 0.60 0.365 -1.51 -1.68
Acetamide 0.460 1.30 0.54 0.68 0.506 -1.26 -1.43 -4.68 -4.70 -4.88 -4.77
Proprionamide 0.440 1.30 0.55 0.68 0.647 -4.07 -4.17
Butanamide 0.420 1.30 0.56 0.68 0.788 -0.21 -0.38
Isobutanamide 0.400 1.27 0.57 0.66 0.788
N-Methylformamide 0.405 1.30 0.40 0.55 0.506 -0.97 -1.01
N-Methylacetamide 0.400 1.30 0.40 0.72 0.647 -1.05 -1.07
N-Butylacetamide 0.360 1.30 0.40 0.74 1.070 -1.90 -2.00
N,N-Dimethylformamide 0.367 1.31 0.00 0.74 0.647 -1.01 -1.18 -2.35 -2.52 -2.71 -2.47
N,N-Dimethylacetamide 0.363 1.33 0.00 0.78 0.788 -0.77 -0.80
N,N-Diethylacetamide 0.296 1.30 0.00 0.78 1.070 0.34 0.27
N,N-Dimethylpropanamide 0.340 1.30 0.00 0.78 0.929 -0.11 -0.25
Formic acid 0.300 0.60 0.75 0.38 0.324 -0.54 -0.43
Acetic acid 0.265 0.65 0.61 0.44 0.465 -0.17 -0.18 -3.16 -3.04 -3.06 -2.89 -3.05 -3.08
Propanoic acid 0.233 0.65 0.60 0.45 0.606 0.33 0.31 -2.45 -2.45 -2.23 -2.32 -2.40 -2.47
Butanoic acid 0.210 0.62 0.60 0.45 0.747 0.79 0.86 -1.83 -1.80 -1.70 -1.68 -1.76 -1.78
Pentanoic acid 0.205 0.60 0.60 0.45 0.888 1.39 1.42 -1.14 -1.14 -0.92 -1.05 -1.10 -1.09
3-Methylbutanoic acid 0.178 0.57 0.60 0.49 0.888 1.16 1.30
Hexanoic acid 0.174 0.60 0.60 0.45 1.028 1.92 1.94
2-Methylpentanoic acid 0.178 0.57 0.60 0.49 1.028 1.80 1.83
Heptanoic acid 0.149 0.60 0.60 0.45 1.169
2-Ethylbutanoic acid 0.180 0.57 0.60 0.50 1.028 1.68 1.80
Heptanoic acid 0.149 0.60 0.60 0.45 1.169 2.41 2.46
Octanoic acid 0.150 0.60 0.60 0.45 1.310 3.05 3.00
Decanoic acid 0.124 0.60 0.60 0.45 1.592 1.87 1.91
2-Ethylhexanoic acid 0.180 0.57 0.60 0.50 1.310 2.64 2.87
2-Propylpentanoic acid 0.180 0.57 0.60 0.50 1.310 2.75 2.87
Decanoic acid 0.124 0.60 0.60 0.45 1.592 4.09 4.06
Tetradecanoic acid 0.060 0.60 0.60 0.45 2.156 6.10 6.17
Hexadecanoic acid 0.035 0.60 0.60 0.45 2.437 7.17 7.23
Octadecanoic acid 0.015 0.60 0.60 0.45 2.719 8.23 8.30
Eicosanoic acid 0.005 0.60 0.60 0.45 3.001 9.29 9.37

1.84 2.02

0.20 0.19 0.06 0.26
-1.55 -1.60
-0.60 -0.52 -0.35 -0.41
0.69 0.71
0.53 0.57 0.78 0.64
1.97 1.95

-0.73 -0.61 -0.48 -0.48
0.72 0.74 0.91 0.81

-1.06 -1.09 -0.98 -0.97
-0.31 -0.44 -0.32 -0.35
0.44 0.33 0.45 0.40
0.25 0.27
1.15 1.05 1.08 1.09

1.87 1.66 1.47 1.68
1.99 2.28

-5.10 -5.22
-4.68 -4.70

-3.44 -3.55
-3.43 -3.45

-2.35 -2.52

-3.16 -3.04 -3.06 -2.89
-2.45 -2.45 -2.23 -2.32
-1.83 -1.80 -1.70 -1.68
-1.14 -1.14 -0.92 -1.05
-1.33 -1.31
-0.64 -0.54 -0.49 -0.47

-0.06 0.07

-0.13 0.12

Chloroacetic acid 0.373 1.08 0.74 0.36 0.587 0.22 0.18 -3.14 -3.08
Dichloroacetic acid 0.481 1.20 0.90 0.27 0.710 0.92 0.90 -2.72 -2.82
Trichloroacetic acid 0.589 1.33 0.95 0.28 0.832 1.33 1.25 -2.63 -2.66
Water 0.000 0.45 0.82 0.35 0.167 -4.38 -4.53
Methanol 0.278 0.44 0.43 0.47 0.308 -0.74 -0.66 -2.77 -2.90 -2.80 -2.72 -2.49 -2.91
Ethanol 0.246 0.42 0.37 0.48 0.449 -0.30 -0.15 -2.19 -2.10 -2.08 -1.94 -1.89 -2.06
Propan-l-ol 0.236 0.42 0.37 0.48 0.590 0.25 0.38 -1.53 -1.50 -1.39 -1.34 -1.49 -1.42
Propan-2-ol 0.212 0.36 0.33 0.56 0.590 0.05 0.15 -1.72 -1.64 -1.49 -1.50
Butan-l-ol 0.224 0.42 0.37 0.48 0.731 0.88 0.91 -0.86 -0.86 -0.82 -0.75 -0.87 -0.77
2-Methy Ipropan-1 -ol 0.217 0.39 0.37 0.48 0.731 0.76 0.94 -0.89 -0.82 -0.60 -0.70 -0.85 -0.73
Butan-2-ol 0.217 0.36 0.33 0.56 0.731 0.61 0.69 -1.05 -1.01 -0.80 -0.90 -0.96 -0.92
2-Methylpropan-2-ol 0.180 0.30 0.31 0.60 0.731 0.35 0.60 -1.32 -1.07 -1.18 -0.94 -1.15 -0.96
Pentan-l-ol 0.219 0.42 0.37 0.48 0.872 1.56 1.45 -0.24 -0.24 -0.28 -0.15 -0.26 -0.13
Pentan-2-ol 0.195 0.36 0.33 0.56 0.872 1.19 1.22 -0.38 -0.40 -0.27 -0.31 -0.39 -0.28
Pentan-3-ol 0.218 0.36 0.33 0.56 0.872 1.21 1.23 -0.33 -0.39
2-Methylbutan-l-ol 0.219 0.39 0.37 0.48 0.872 1.16 1.48 -0.23 -0.19
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3-Methylbutan-l-ol 0.192 0.39 0.37 0.48 0.872
2-Methyl butan-2-ol 0.194 0.30 0.31 0.60 0.872
3-Methylbutan-2-ol 0.194 0.33 0.33 0.56 0.872
2.2-Dimethylpropan-l-ol 0.220 0.36 0.37 0.53 0.872
Hexan-l-ol 0.210 0.42 0.37 0.48 1.013
Hexan-2-ol 0.187 0.36 0.33 0.56 1.013
Hexan-3-ol 0.200 0.36 0.33 0.56 1.013
2-Methylpentan-2-ol 0.169 0.30 0.31 0.60 1.013
4-Methylpentan-2-ol 0.167 0.33 0.33 0.56 1.013
2-Melhypentan-3-ol 0.207 0.33 0.33 0.56 1.013
2.3-Dimethylbutan-2-ol 0.208 0.27 0.31 0.60 1.013
Heptan-l-ol 0.211 0.42 0.37 0.48 1.154
Heptan-2-ol 0.188 0.36 0.33 0.56 1.154
Heptan-3-ol 0.178 0.36 0.33 0.56 1.154
Heptan-4-ol 0.180 0.36 0.33 0.56 1.154
Octan-l-ol 0.199 0.42 0.37 0.48 1.295
Octan-2-ol 0.158 0.36 0.33 0.56 1.295
Octan-4-ol 0.160 0.36 0.33 0.56 1.295
Nonan-l-ol 0.193 0.42 0.37 0.48 1.435
Decan-l-ol 0.191 0.42 0.37 0.48 1.576
Undecan-l-ol 0.181 0.42 0.37 0.48 1.717
Dodecan-l-ol 0.175 0.42 0.37 0.48 1.858
Tridecan-l-ol 0.169 0.42 0.37 0.48 1.999
Tetradecan-l-ol 0.163 0.42 0.37 0.48 2.140
Cyclopentanol 0.427 0.54 0.32 0.56 0.763
Cyclohexanol 0.460 0.54 0.32 0.57 0.904
Cycloheptanol 0.513 0.54 0.32 0.58 1.045
Cyclooctanol 0.578 0.54 0.32 0.58 1.186
Adamantan-l-ol 0.850 1.20 0.32 0.56 1.250
Prop-2-en-l-ol 0.342 0.46 0.38 0.48 0.547
2,2,2-Trifluoroethanol 0.015 0.60 0.57 0.25 0.502
Uexafluoropropan-2-ol -0.240 0.55 0.77 0.10 0.69
2-Chlorocthanol 0.419 0.59 0.47 0.57 0.572
2-Methoxyethanol 0.269 0.50 0.30 0.84 0.649
2-Ethoxyethanol 0.237 0.50 0.30 0.83 0.790
Melhylthiol 0.400 0.35 0.00 0.24 0.413
Ethylthiol 0.392 0.35 0.00 0.24 0.554
n-Propylthiol 0.385 0.35 0.00 0.24 0.695
n-Butylthiol 0.382 0.35 0.00 0.24 0.836
Diethyl sulfide 0.373 0.38 0.00 0.32 0.836
Di-n-propyl sulfide 0.358 0.38 0.00 0.32 1.118
Di-isopropyl sulfide 0.328 0.32 0.00 0.37 1.118
Methylethyl sulfide 0.390 0.38 0.00 0.28 0.695
Dimethyl disulfide 0.695 0.44 0.00 0.28 0.717
Diethyl disulfide 0.670 0.48 0.00 0.28 0.999
Dimethylsulfoxide 0.522 1.74 0.00 0.88 0.613
Dimethylsulfone 0.590 1.70 0.00 0.76 0.671
Carbon disulfide 0.877 0.21 0.00 0.07 0.491
Sulfur hexafluoride -0.600 -0.20 0.00 0.00 0.464
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2.11 2.07
Trimethylphosphate 0.113 1.10 0.00 1.00 0.971 -0.78 -0.77 -2.20 -2.12 -2.22 -2.08
Triethylphosphate 0.000 1.00 0.00 1.06 1.393 0.80 0.68 -0.78 -0.51 -0.14 -0.33
T ri-n-propy Iphosphate -0.050 1.00 0.00 1.15 1.816 1.87 1.95 0.91 0.83 1.18 1.15
Tri-n-butylphosphate -0.100 0.90 0.00 1.21 2.239 2.74 2.49 2.90 2.96
Benzene 0.610 0.52 0.00 0.14 0.716 2.13 2.13 2.15 2.15 2.30 2.21 2.35 2.36
Toluene 0.601 0.52 0.00 0.14 0.857 2.73 2.66 2.68 2.76 2.85 2.81 2.99 3.01
Ethylbenzene 0.613 0.51 0.00 0.15 0.998 3.15 3.18 3.20 3.37 3.34 3.39
o-Xylene 0.663 0.56 0.00 0.16 0.998 3.12 3.12 3.28 3.27 3.26 3.29
m-Xylene 0.623 0.52 0.00 0.16 0.998 3.20 3.14 3.23 3.31 3.24 3.33
p-Xylene 0.613 0.52 0.00 0.16 0.998 3.15 3.14 3.25 3.30 3.44 3.33
n-Propylbenzene 0.604 0.50 0.00 0.15 1.139 3.72 3.73 3.84 4.00 4.11 4.00
Isopropylbenzene 0.602 0.49 0.00 0.16 1.139 3.66 3.70 3.86 3.97
1,2,3-T rimethylbenzene 0.728 0.61 0.00 0.19 1.139 3.66 3.54 3.68 3.71
1,2,4-T rimethylbenzene 0.677 0.56 0.00 0.19 1.139 3.56 3.78 3.81 3.76
1,3,5-T rimethylbenzene 0.649 0.52 0.00 0.19 1.139 3.59 3.42 3.68 3.80
2-Ethyltoluene 0.680 0.55 0.00 0.18 1.139 3.53 3.61 3.59 3.82
4-Ethyltoluene 0.630 0.51 0.00 0.18 1.139 3.63 3.63 3.59 3.86
n-Butylbenzene 0.600 0.51 0.00 0.15 1.280 4.38 4.25 4.44 4.61
Isobutylbenzene 0.580 0.47 0.00 0.15 1.280 4.62 4.66
t-Butylbenzene 0.619 0.49 0.00 0.16 1.280 4.11 4.25
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4-Isopropyltoluene 0.607 0.49 0.00 0.19 1.280 4,10 4.14
1.2.3.4-Tetramethyi benzene 0.794 0.66 0.00 0.19 1.280 3.98 4.06
1.2.3.5-Tetramethylbenzene 0.748 0.61 0.00 0.19 1.280 4.04 4.09
1.2.4.5-Tetramethylbenzene 0.739 0.60 0.00 0.19 1.280 4.00 4.10
n-Pentylbenzene 0.594 0.51 0.00 0.15 1.421 4.90 4.78 5.06 5.23
Pentamethyl benzene 0.850 0.66 0.00 0.20 1.421 4.56 4.60
n-Hexylbenzene 0.591 0.50 0.00 0.15 1.562 5.52 5.33 5.69 5.87
n-Octylbenzene 0.579 0.48 0.00 0.15 1.844 6.34 6.42
n-Decylbenzene 0.579 0.47 0.00 0.15 2.125 7.40 7.50
Cyclopropylbenzene 0.806 0.65 0.00 0.15 1.031 3.27 3.27
Phenylethyne 0.679 0.58 0.12 0.24 0.912 2.53 2.51
Styrene 0.849 0.65 0.00 0.16 0.955 2.95 2.97 2.95 3.06
a-Methylstyrene 0.851 0.64 0.00 0.19 1.096 3.35 3.41 3.38 3.55
Allyl benzene 0.717 0.60 0.00 0.22 1.096 3.23 3.28
Diphenylmethane 1.220 1.04 0.00 0.28 1.465 4.14 4.30
1.2-Diphenylethane 1.200 1.03 0.00 0.28 1.606 4.79 4.83
Biphenyl 1.360 0.99 0.00 0.22 1.324 4.06 4.10 4.08 4.19 4.05 4.14
4-Methylbiphenyl 1.380 0.98 0.00 0.23 1.465 4.63 4.62
Naphthalene 1.340 0.92 0.00 0.20 1.085 3.30 3.32 3.41 3.33 3.38 3.31
1-Methylnaphthalene 1.344 0.90 0.00 0.20 1.226 3.87 3.88 4.05 3.99
2-Methylnaphthalene 1.304 0.88 0.00 0.20 1.226 3.86 3.88
1.2-Dimethylnaphthalene 1.431 0.92 0.00 0.20 1.367 4.31 4.44
1.3-Dlmethylnaphthalene 1.387 0.92 0.00 0.20 1.367 4.42 4.42 4.51 4.61
1.4-Dimethylnaphthalene 1.400 0.91 0.00 0.20 1.367 4.42 4.44 4.27 4.64
1.5-Dlmethylnaphthalene 1.369 0.87 0.00 0.20 1.367 4.38 4.46
1.7-Dimethylnaphthalene 1.369 0.89 0.00 0.20 1.367 4.44 4.44
1.8-Dlmethylnaphthalene 1.400 0.91 0.00 0.20 1.367 4.26 4.44
2,3-Dimethylnaphthalene 1.431 0.95 0.00 0.20 1.367 4.40 4.41 4.25 4.59
2.6-Dimethylnaphthalene 1.329 0.91 0.00 0.20 1.367 4.31 4.40 4.30 4.59
1-Ethylnaphthalene 1.371 0.88 0.00 0.20 1.367 4.39 4.45 4.38 4.66
2-Ethylnaphthalene 1.331 0.90 0.00 0.20 1.367 4.38 4.41
2.3.6-Trimethylnaphthalene 1.430 0.86 0.00 0.21 1.508 5.10 5.01
Indene 1.001 0.77 0.00 0.20 0.988 2.92 2.91
Indane 0.829 0.62 0.00 0.17 1.031 3.18 3.24 3.52 3.38
Acenaphthene 1.604 1.05 0.00 0.20 1.259 3.92 3.99 4.16 4.07
Fluorene 1.588 1.06 0.00 0.20 1.357 4.18 4.35 4.40 4.47
1-Methylfluorene 1.588 1.06 0.00 0.20 1.497 4.97 4.88
Azulene 1.340 1.17 0.15 0.16 1.085 3.20 3.20
Anthracene 2.290 1.34 0.00 0.26 1.454 4.45 4.61 4,23 4.53
9-Methylanthracene 2.290 1.30 0.00 0.26 1.595 5.07 5.19
9,10-Dimethylanthracene 2.290 1.30 0.00 0.26 1.736 5.69 5.73
Phenanthrene 2.055 1.29 0.00 0.26 1.454 4.46 4.53 4.74 4.55
1-Mcthylphenanthrene 2.055 1.25 0.00 0.26 1.595 5.08 5.11
2-Methylphenanthrene 2.055 1.25 0.00 0.26 1.595 5.24 5.11
3-Methylphenanthrene 2.055 1.25 0.00 0.26 1.595 5.10 5.11
Fluoranthene 2.377 1.55 0.00 0.20 1.585 5.16 5.14
Benzo[a]fluorene 2.622 1.59 0.00 0.20 1.726 5.68 5.78
Benzo[b] fluorene 2.622 1.57 0.00 0.20 1.726 5.77 5.80
Pyrene 2.808 1.71 0.00 0.29 1.585 4.88 4.91
Benz[a]anthracene 2.992 1.70 0.00 0.33 1.823 5.79 5.79
Naphthacene 2.847 1.70 0.00 0.33 1.823 5.76 5.71
Chrysene 3.027 1.73 0.00 0.33 1.823 5.73 5.78
Perylene 3.256 1.76 0.00 0.40 1.954 5.82 6.13
3-Methylcholanthrene 3.264 1.57 0.00 0.58 2.138 6.42 6.41
Dibenz[ac]anthracene 4,000 1.93 0.00 0.44 2.192 7.19 7.14
Benzo[a]pyrene 3.625 1.98 0.00 0.44 1.954 5.97 5.97
Benzo[ghi]perylene 4.073 1.90 0.00 0.46 2.084 6.63 6.73
p-Terphenyl 2.040 1.48 0.00 0.30 1.932 6.03 6.00
Fluorobenzene 0.477 0.57 0.00 0.10 0.734 2.27 2.21 2.47 2.31
Benzotrifluoride 0.225 0.48 0.00 0.10 0.910 3.01 2.83 2.71 3.01
Chlorobenzene 0.718 0.65 0.00 0.07 0.839 2.89 2.76 2.84 2.89 2.95 2.93 3.13 3.14
1,2-Dichlorobenzene 0.872 0.78 0.00 0.04 0.961 3.43 3.28 3.52 3.47 3.31 3.48
1,3-Dichlorobenzene 0.847 0.73 0.00 0.02 0.961 3.53 3.39 3.69 3.63 3.53 3.65
1,4-Dlchlorobenzene 0.825 0.75 0.00 0.02 0.961 3.44 3.35 3.70 3.59 3.48 3.60
1,2,3-Trichlorobenzene 1.030 0.86 0.00 0.00 1.084 4.05 3.89 4.13 4.19 4.02 4.17
1,2,4-T richlorobenzene 0.980 0.81 0.00 0.00 1.084 4.02 3.92 4.43 4.24 4.14 4.22
1,3,5-Trichlorobenzene 0.980 0.73 0.00 0.00 1.084 4.19 4.00 4.48 4.37 4.38 4.36
1,2,3,4-Tetrachlorobenzene 1.180 0.92 0.00 0.00 4.640 4.64 4.38 4.55 4.69
1,2,3,5-Tetrachlorobenzene 1.160 0.85 0.00 0.00 4.650 4.65 4.44 4.73 4.83
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1,2,4,5-Tetrachlorobenzene 1.160 0.86 0.00 0.00 4.600 4.60 4.43 4.95 4.82 4.66 4.78
Pentachlorobenzene 1.330 0.96 0.00 0.00 1.329 5.18 4.89 5.11 5.25
Hexachlorobenzene 1.490 0.99 0.00 0.00 1.451 5.37 5.42 5.73 5.83
2-Chlorotoluene 0.762 0.65 0.00 0.07 0.980 3.42 3.33 3.33 3.55
3-Chlorotoluene 0.736 0.67 0.00 0.07 0.980 3.28 3.29
4-Chlorotoluene 0.705 0.67 0.00 0.07 0.980 3.33 3.27
Benzyl chloride 0.821 0.82 0.00 0.33 0.980 2.30 2.28
Bromobenzene 0.882 0.73 0.00 0.09 0.891 2.99 2.90 2.97 3.01 3.10 3.03
1.2-Dibromobenzene 1.190 0.96 0.00 0.04 1.066 3.64 3.67
1.3-Dlbromobenzenc 1.170 0.88 0.00 0.04 1.066 3.75 3.74
1.4-Dlbromobenzene 1.150 0.86 0.00 0.04 1.066 3.79 3.75 3.85 3.98
2-Bromotoluene 0.923 0.72 0.00 0.09 1.032 3.50 3.47
3-Bromotoluene 0.896 0.75 0.00 0.09 1.032 3.50 3.43
4-Bromotoluene 0.879 0.74 0.00 0.09 1.032 3.50 3.43 3.57 3.61
Benzyl bromode 1.014 0.98 0.00 0.20 1.032 2.92 2.86
lodobenzene 1.188 0.82 0.00 0.12 0.975 3.25 3.19 3.22 3.29 3.33 3.30
Methylphenylether 0.708 0.75 0.00 0.29 0.916 2.11 2.19 2.09 2.00 2.07 2.03 2.19 2.24
Ethylphenylether 0.681 0.70 0.00 0.32 1.057 2.51 2.66 2.61 2.54 2.77 2.81
n-Propylphenylether 0.676 0.70 0.00 0.32 1.198 3.18 3.19
2-Methylanisole 0.725 0.75 0.00 0.30 1.057 2.74 2.70
3-Methylanisole 0.709 0.78 0.00 0.30 1.057 2.66 2.66
4-Methylanisole 0.699 0.77 0.00 0.30 1.057 2.66 2.66
2.6-Dimethylanisole 0.674 0.78 0.00 0.34 1.198 3.02 3.04
4-Chloroanisole 0.838 0.86 0.00 0.24 1.038 2.78 2.78
Diphenylether 1.216 1.08 0.00 0.20 1.383 4.21 4.22
1.3-Dimethoxybenzene 0.816 1.01 0.00 0.45 1.116 2.21 2.18
1.4-Dimethoxybenzene 0.806 1.00 0.00 0.50 1.116 2.03 2.01
Benzaldéhyde 0.820 1.00 0.00 0.39 0.873 1.48 1.47 1.06 0.99 1.05 1.02 1.13 1.21
2-Methylbenzaldehyde 0.870 0.96 0.00 0.40 1.014 2.09 2.05 1.86 1.92
3-Methylbenzaldehyde 0.840 0.97 0.00 0.42 1.014 1.80 1.78
4-Methylbenzaldehyde 0.862 1.00 0.00 0.42 1.014 1.46 1.51 1.68 1.75
4-Chlorobenzaldchydc 0.930 1.08 0.00 0.36 0.995 2.09 2.02 1.60 1.63 1.82 1.87
Acetophenone 0.818 1.01 0.00 0.48 1.014 1.58 1.69 1.14 1.16 1.11 1.17 1.27 1.40
3-Methylacetophenone 0.806 1.00 0.00 0.49 1.155 1.72 1.74
4-Methylacctophenone 0.842 1.00 0.00 0.51 1.155 2.10 2.15 1.63 1.67
4-Fluoroacetophenone 0.690 1.02 0.00 0.47 1.032 1.72 1.71 1.20 1.18
3-Chloroacetophenone 0.924 1.07 0.00 0.40 1.137 2.51 2.43 2.01 2.07
4-Chloroacetophenone 0.955 1.09 0.00 0.44 1.136 2.32 2.29 1.85 1.86
Ethylphenylketone 0.804 0.95 0.00 0.51 1.155 2.19 2.18 2.02 2.00
Benzophenone 1.447 1.50 0.00 0.50 1.481 3.18 3.24 3.29 3.14
Methyl benzoate 0.733 0.85 0.00 0.46 1.073 2.12 2.10 1.56 1.72 1.82 1.73 2.08 1.98
Ethyl benzoate 0.689 0.85 0.00 0.46 1.214 2.64 2.61 2.41 2.31
n-Propyl benzoate 0.675 0.80 0.00 0.46 1.354 3.17 3.19
Isopropyl benzoate 0.660 0.76 0.00 0.48 1.354 3.18 3.16
n-Butyl benzoate 0.668 0.80 0.00 0.46 1.495 3.70 3.73
Phenyl benzoate 1.330 1.42 0.00 0.47 1.540 3.59 3.58
Methyl 2-methylbenzoate 0.772 0.87 0.00 0.43 1.214 2.75 2.74
Phenyl acetate 0.661 1.13 0.00 0.54 1.073 1.49 1.49
2-Methylphenyl acetate 0.680 1.04 0.00 0.57 1.214 1.86 2.03
3-Methylphenyl acetate 0.660 1.13 0.00 0.57 1.214 1.95 1.92
4-Methylphenyl acetate 0.660 1.01 0.00 0.47 1.214 2.10 2.39
2-Ethylphenyl acetate 0.680 1.04 0.00 0.58 1.354 2.75 2.53
4-Ethylphenyl acetate 0.660 1.00 0.00 0.58 1.354 2.61 2.56
Benzyl acetate 0.798 1.06 0.00 0.65 1.214 1.83 1.80
Methyl phenylacetate 0.703 1.13 0.00 0.58 1.214 1.93 1.91
Ethyl phenylacetate 0.660 1.01 0.00 0.57 1.355 2.40 2.42
Dimethyl phthalate 0.780 1.41 0.00 0.88 1.429 1.56 1.44
Diethyl phthalate 0.729 1.40 0.00 0.88 1.711 2.47 2.50
Benzonitrile 0.742 1.11 0.00 0.33 0.871 1.56 1.51 0.95 1.07 1.11 1.24
2-Methylbenzonitrile 0.780 1.06 0.00 0.31 1.012 2.21 2.19
3-Fluoronitrobenzene 0.642 1.09 0.00 0.35 0.889 1.47 1.47 1.07 1.02
Phenylacetonitrile 0.751 1.15 0.00 0.45 1.012 1.56 1.60 1.31 1.24
Aniline 0.955 0.96 0.26 0.41 0.816 -0.05 -0.08 0.05 0.04
o-ToIuidine 0.966 0.92 0.23 0.45 0.957 0.36 0.40 0.52 0.51 0.61 0.69
m-Toluidine 0.946 0.95 0.23 0.45 0.957 0.45 0.45 0.58 0.62
p-Toluidine 0.923 0.95 0.23 0.45 0.957 0.39 0.43 0.56 0.61
2.6-Dimethylaniline 0.972 0.89 0.20 0.46 1.098 1,21 1.23 1.35 1.47
2-Chloroaniline 1.033 0.92 0.25 0.31 0.939 1.07 1.05 1.09 1.08 1.17 1.27
3-Chloroaniline 1.053 1.10 0.30 0.30 0.939 0.64 0.64 0.71 0.67 0.89 0.84
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4-Chloroaniline 1.060 1.13 0.30 0.31 0.939 0.56 0.55 0.58 0.57 0.69 0.74
2-Methoxyaniline 0.988 1.00 0.23 0.50 1.016 0.33 0.38 0.39 0.40 0.52 0.60
3-Methoxyaniline 1.027 1.22 0.25 0.55 1.016 -0.33 -0.27 -0.28 -0.25 -0.13 -0.07
4-Methoxyaniline 1.050 1.10 0.23 0.65 1.016 -0.54 -0.47 -0.54 -0.45 -0.38 -0.26
2-Nitroaniline 1.180 1.37 0.30 0.36 0.991 1.85 1.85 0.22 0.23 0.20 0.24 0.36 0.42
3-Nitroaniline 1.200 1.71 0.40 0.35 0.991 1.37 1.54 -0.61 -0.62 -0.42 -0.48
4-Nitroaniline 1.220 1.91 0.42 0.38 0.991 1.39 1.24 -1.20 -1.15 -1.00 -1.03
4-Aminoacetophenone 1.190 1.45 0.32 0.65 1.114 -0.63 -0.86
Methyl 4-aminobenzoate 1.078 1.52 0.32 0.59 1.172 -0.44 -0.48
Ethyl 4-atniriobenzoate 1.040 1.52 0.32 0.59 1.313 -0.01 0.10
n-Propyl 4-aminobenzoate 1.030 1.50 0.32 0.59 1.454 0.72 0.73
n-Butyl 4-aminobenzoate 1.020 1.47 0.32 0.59 1.595 1.43 1.37
N-Methylaniline 0.948 0.90 0.17 0.43 0.957 1.04 0.84 1.18 1.04
N,N-Dimethylaniline 0.957 0.84 0.00 0.41 1.098 2.17 2.24 2.31 2.24 2.47 2.54
1-Naphthylamine 1.670 1.26 0.20 0.57 1.185 2.25 2.25 1.15 0.91 1.26 1.26
2-Naphthylamine 1.670 1.28 0.22 0.55 1.185 2.28 2.30 1.06 0.90 1.21 1.25
3-Aminobiphenyl 1.560 1.51 0.26 0.48 1.424 1.67 1.67
4-Aminobiphenyl 1.565 1.48 0.26 0.48 1.424 1.74 1.72
Benzylamine 0.829 0.88 0.10 0.72 0.957 1.09 0.79 -0.21 -0.36 -0.12 -0.18
N,N-Dimethylbenzylamine 0.668 0.80 0.00 0.69 1.239 1.98 1.96 1.38 1.38
Azobenzene 1.680 1.20 0.00 0.44 1.481 3.82 3.89
Nitrobenzene 0.871 1.11 0.00 0.28 0.891 1.85 1.84 1.54 1.46 1.45 1.48 1.69 1.68
2-Nitrotoluene 0.866 1.11 0.00 0.27 1.032 2.30 2.41 2.25 2.13
3-Nitrotoluene 0.874 1.10 0.00 0.25 1.032 2.42 2.49
4-NitrotoIuene 0.870 1.11 0.00 0.28 1.032 2.37 2.37
1-Chioro-4-nitrobenzene 0.980 1.17 0.00 0.25 1.013 2.40 2.40
Benzamide 0.990 1.50 0.49 0.67 0.973 0.64 0.47 -2.30 -2.34 -1.92 -2.28
3-Methyibenzamide 0.990 1.50 0.49 0.63 1.114 1.18 1.15
N-Methylbenzamide 0.950 1.44 0.35 0.73 1.114 0.86 0.84 -1.76 -1.46
N,N-Dimethylbenzamide 0.950 1.40 0.00 0.98 1.255 0.62 0.54
N,N-Diethylbenzamide 0.950 1.40 0.00 1.10 1.536 1.25 1.20
Formanilide 0.970 1.40 0.50 0.50 0.973 1.15 1.16
4-Melhyiformaniiide 0.970 1.40 0.50 0.52 1.113 1.61 1.62
Acetanilide 0.870 1.40 0.50 0.67 1.113 1.16 1.04 -1.85 -1.69 -1.31 -1.59
2-Methylacetanilide 0.870 1.40 0.50 0.70 1.254 1.51 1.48
3-Methylacetanilide 0.870 1.40 0.50 0.66 1.254 1.68 1.62
4-Methylacetanilide 0.870 1.40 0.50 0.67 1.254 1.70 1.58
Benzoic acid 0.730 0.90 0.59 0.40 0.932 1.87 1.74 -0.71 -0.74 -0.85 -0.70
2-Methylbenzoic acid 0.730 0.90 0.60 0.34 1.073 2.46 2.49
3-Methylbenzoic acid 0.730 0.90 0.59 0.38 1.073 2.37 2.35
4-Methylbenzoic acid 0.730 0.90 0.60 0.38 1.073 2.27 2.35 0.04 -0.08
4-Ethylbenzoic acid 0.730 0.90 0.59 0.37 1.214 0.63 0.61
3-Chlorobenzoic acid 0.840 0.95 0.65 0.30 1.054 2.68 2.56
4-Chlorobenzoic acid 0.840 0.97 0.63 0.27 1.054 2.65 2.64
3-Nitrobenzoic acid 0.990 1.41 0.70 0.56 1.172 1.83 1.71 -1.22 -1.55
4-Nitrobenzoic acid 0.990 1.43 0.68 0.51 1.172 1.89 1.87
Phenol 0.805 0.89 0.60 0.30 0.775 1.46 1.54 -1.08 -0.98 -0.92 -0.90 -0.80 -0.89
o-Cresol 0.840 0.86 0.52 0.30 0.916 1.98 2.13 -0.09 0.00 0.08 0.06 -0.04 0.14
m-Creso! 0.822 0.88 0.57 0.34 0.916 1.98 1.96 -0.22 -0.36 -0.34 -0.30
p-Cresol 0.820 0.87 0.57 0.31 0.916 1.97 2.07 -0.19 -0.26 -0.30 -0.20 -0.35 -0.13
2.3-Dimethylphenol 0.850 0.81 0.53 0.36 1.057 0.43 0.42 0.51 0.56
2.4-Dimethylphenol 0.843 0.80 0.53 0.39 1.057 2.30 2.42 0.36 0,29 0.59 0.43
2.5-Dimethylphenol 0.840 0.79 0.54 0.37 1.057 2.33 2.50 0.43 0.37 0.57 0.50
2.6-Dimethylphenol 0.860 0.79 0.39 0.39 1.057 2.36 2.43 0.82 0.81 1.00 0.99
3.4-Dimethylphenol 0.830 0.86 0.56 0.39 1.057 2.23 2.35 0.21 0.08 0.25 0.20
3.5-Dimethylphenol 0.820 0.84 0.57 0.36 1.057 2.35 2.47 0.26 0.21 0.38 0.33
2-Ethylphenol 0.831 0.84 0.52 0.37 1.057 2.47 2.44 0.36 0.48
3-Ethylphenol 0.810 0.91 0.55 0.37 1.057 2.40 2.35 0.15 0.11
4-EthylphenoI 0.800 0.90 0.55 0.36 1.057 2.58 2.39 0.24 0.17 0.37 0.29
2.3.5-Trimethylphenol 0.860 0.84 0.52 0.42 1.198 0.97 0.92
2.4.5-Trimethylphenol 0.850 0.79 0.52 0.44 1.198 0.94 0.89
2.4.6-Trimethylphenol 0.860 0.79 0.37 0.44 1.198 2.97 2.80
2.3.6-Trimethylphenol 0.870 0.81 0.37 0.47 1.198 2.67 2.68
3,4,5-Trimethylphenol 0.830 0.88 0.55 0.44 1.198 0.63 0.61
2-Propylphenol 0.822 0.86 0.52 0.37 1.198 2.93 2.95 1.18 1.10
3-Propylphenol 0.789 0.90 0.55 0.37 1.198 0.83 0.89
4-Propylphenol 0.793 0.88 0.55 0.37 1.198 0.86 0.76 1.03 0.92
2-lsopropylphenol 0.842 0.88 0.52 0.38 1.198 2.88 2.91
4-lsopropylphenol 0.791 0.89 0.55 0.38 1.198 2.90 2.87 0.77 0.86
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4-Butylphenol 0.796 0.88 0.55 0.37 1.339
2-s-Butyiphenol 0.819 0.91 0.52 0.41 1.339
2-t-Butylphenoi 0.823 0.92 0.52 0.40 1.339
4-t-Butylphenol 0.810 0.89 0.56 0.41 1.339
2-lsopropyl-5-methylphenol 0.822 0.79 0.52 0.44 1.339
4-t-PentylphenoI 0.810 0.89 0.56 0.41 1.480
2-Phenylphenol 1.550 1.40 0.56 0.49 1.383
3-Phenylphenol 1.560 1.41 0.59 0.45 1.383
4-PhenylphenoI 1.560 1.41 0.59 0.45 1.383
2-Fluorophenol 0.660 0.69 0.61 0.26 0.793
3-Fluorophenol 0.667 0.98 0.68 0.17 0.793
4-Fluorophenol 0.670 0.97 0.63 0.23 0.793
2-Chlorophenol 0.853 0.88 0.32 0.31 0.898
3-ChIorophenol 0.909 1.06 0.69 0.15 0.898
4-Chlorophenol 0.915 1.08 0.67 0.20 0.898
3.4-Dichlorophenoi 1.020 1.20 0.74 0.00 1.020
3.5-Dichlorophenol 1.020 1.17 0.77 0.00 1.020
4-Chioro-2-methylphenol 0.890 0.91 0.63 0.22 1.038
4-Chloro-3-methylphenol 0.920 1.02 0.65 0.22 1.038
2-Bromophenol 1.037 0.90 0.35 0.31 0.950
3-Bromophenol 1.060 1.15 0.70 0.16 0.950
4-Bromophenol 1.080 1.17 0.67 0.20 0.950
2-lodophenol 1.360 1.00 0.40 0.35 1.033
3-Iodophenol 1.370 1.20 0.70 0.18 1.033
4-lodophenol 1.380 1.22 0.68 0.20 1.033
2-Methoxyphenol 0.837 0.91 0.22 0.52 0.975
3-Methoxyphenol 0.879 1.17 0.59 0.39 0.975
4-Methoxyphenol 0.900 1.17 0.57 0.48 0.975
2-Cyanophenol 0.920 1.33 0.74 0.33 0.930
3-Cyanophenol 0.930 1.55 0.77 0.28 0.930
4-Cyanophenol 0.940 1.63 0.79 0.29 0.930
2-Nitropheno! 1.015 1.05 0.05 0.37 0.949
3-Nitrophenoi 1.050 1.57 0.79 0.23 0.949
4-Nitrophenol 1.070 1.72 0.82 0.26 0.949
Catechol 0.970 1.07 0.85 0.52 0.834
Resorcino! 0.980 1.00 1.10 0.58 0.834
Hydroquinone 1.000 1.00 1.16 0.60 0.834
Methyl paraben 0.900 1.37 0.69 0.45 1.132
n-Butyl paraben 0.860 1.35 0.69 0.45 1.555
1-Naphthoi 1.520 1.05 0.61 0.37 1.144
2-Naphthol 1.520 1.08 0.61 0.40 1.144
Benzyl alcohol 0.803 0.87 0.33 0.56 0.916
3-Methylbenzyl alcohol 0.815 0.90 0.33 0.59 1.057
4-Methylbenzyl alcohol 0.810 0.88 0.33 0.60 1.057
1-Phenylethanol 0.784 0.83 0.30 0.66 1.057
2-Phenylethanol 0.811 0.91 0.30 0.64 1.057
3-Phenylpropanol 0.821 0.90 0.30 0.67 1.198
Thiophenol 1.000 0.80 0.09 0.16 0.880
Diphenylsulfide 1.628 1.20 0.00 0.30 1.488
Phenylmethylsulfide 1.068 0.92 0.00 0.26 1.028
Methylphenylsulfoxide 1.104 1.80 0.00 0.91 1.080
Methylphenylsulfone 1.080 1.85 0.00 0.76 1.138
Diphenylsulfone 1.570 2.15 0.00 0.70 1.605
Benzenesulfonamide 1.130 1.55 0.55 0.80 1.097
N-Methylbenzenesulfonamide 1.100 1.50 0.30 0.82 1.238
N,N- 1.100 1.50 0.00 0.86 1.379
Dimethylbenzenesulfonamide
3-Methylbenzenesulfonamide 1.100 1.55 0.55 0.85 1.238
4-Methylbenzenesulfonamide 1.100 1.55 0.55 0.87 1.238
3-lsopropylbenzenesulfonamide 1.090 1.55 0.55 0.92 1.520
4-lscpropylbenzenesulfonamide 1.090 1.55 0.55 0.91 1.520
Furan 0.369 0.53 0.00 0.13 0.536
2-Methylfuran 0.372 0.50 0.00 0.14 0.677
Benzofuran 0.888 0.83 0.00 0.15 0.905
Dibenzofuran 1.407 1.02 0.00 0.17 1.274
Paraldehyde 0.136 0.68 0.00 0.68 1.022
Pyridine 0.631 0.84 0.00 0.52 0.675
2-Methylpyridine 0.598 0.75 0.00 0.58 0.816
3-Methylpyridine 0.631 0.81 0.00 0.54 0.816 0.13 0.19 0.27 0.39
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3.56 3.45 1.48 1.57
3.27 3.29
3.31 3.32
3.31 3.31
3.30 3.32
3.83 3.85
3.09 3.08
3.23 3.22
3.20 3.22 0.98 0.95
1.71 1.88 -0.43 -0.43 -0.30 -0.42
1.93 1.89 -0.70 -0.74
1.77 1.69 -0.70 -0.81 -1.00 -0.83
2,15 2.00 0.84 0.61 0.87 0.74
2.50 2.41 -0.08 -0.18 -0.12 -0.14
2.40 2.22 -0.75 -0.43 -0.39 -0.38 -0.35 -0.34
3.33 3.31
3.62 3.34
2.78 2.85

0.31 0.26
2.35 2.28 1.05 0.81 1.16 0.98
2.63 2.57 -0.06 -0.01
2.59 2.42 -0.10 -0.24 -0.08 -0.20 -0.09 -0.12
2.65 2.54 1.01 0.84 1.26 1.08
2.93 2.93
2.91 2.85 0.35 0.23 0.57 0.39
1.32 1.53 0.36 0.22 0.47 0.38
1.58 1.74 -1.08 -0.90
1.34 1.44

-1.70 -1.52
1.70 1.58 -1.90 -1.79
1.60 1.47 -2.04 -2.03 -2.14 -2.01
1.85 1.89 1.52 1.29 1.40 1.31 1.45 1.54
2.00 1.87 -1.37 -1.48 -1.45 -1.46 -1.51 -1.44
1.91 1.62 -1.93 -1.97 -2.09 -1.94 -2.05 -1.95
0.88 0.92 -2.85 -2.78 -2.66 -2.82
0.80 0.80 -4.09 -3.83 -3.79 -3.93
0.59 0.74 -4.25 -4.12 -4.04 -4.24
1.96 1.93 -0.93 -1.15
3.57 3.55 0.40 0.67
2.84 2.94 0.50 0.51 0.58 0.75
2.70 2.80 0.25 0.31 0.29 0.55
1.10 1.19 -0.43 -0.63 -0.64 -0.57 -0.62 -0.46
1.60 1.60
1.58 1.58
1.42 1.41
1.36 1.41 -0.36 -0.34 -0.35 -0.31 0.01 -0.15
1.88 1.86 0.18 0.16 0.10 0.18
2.52 2.61 2.25 2.26
4.45 4.38
2.47 2.74 2.66 2.60

-1.49 -1.73 -1.49 -1.74 -1.29 -1.53
0.50 0.46 -0.92 -0.84 -0.92 -0.87 -0.59 -0.63
2.40 2.40
0.35 0.52 -2.54 -2.64 -2.28 -2.54
0.92 1.02
1.35 1.41

0.90 0.87
0.80 0.80
1.70 1.70
1.75 1.73
1.34 1.33
1.85 1.87
2.67 2.64
4.12 4.07

0.24 0.30
-0.42 -0.39 -0.31 -0.31 -0.31 -0.23
0.03 0.07 0.23 0.26



4-Methylpyridine 0.630 0.82 0.00 0.54 0.816 0.13 0.17 0.16 0.23 0.21 0.36
2.3-Dimethylpyrldine 0.657 0.77 0.00 0.62 0.957 0.51 0.50
2.4-Dimethylpyridine 0.634 0.76 0.00 0.63 0.957 0.44 0.46 0.67 0.69
2.5-Dimethylpyridine 0.633 0.74 0.00 0.62 0.957 0.53 0.54
2.6-Dimethylpyridine 0.607 0.70 0.00 0.63 0.957 0.39 0.54 0.64 0.77
3.4-Dimethylpyridine 0.676 0.85 0.00 0.62 0.957 0.49 0.39
3.5-Dimethylpyridine 0.659 0.79 0.00 0.60 0.957 0.67 0.57 0.76 0.80
2-Ethylpyridine 0.613 0.71 0.00 0.59 0.957 0.67 0.72
3-Ethylpyridine 0.640 0.79 0.00 0.57 0.957 0.72 0.70
4-Ethylpyridine 0.634 0.80 0.00 0.57 0.957 0.74 0.68 0.73 0.72
4-n-Propylpyridine 0.627 0.77 0.00 0.55 1.098 1.30 1.45 1.30 1.47
2-Fluoropyridine 0.489 0.89 0.00 0.36 0.693 0.84 0.82
3-Fluoropyridine 0.504 0.74 0.00 0.43 0.693 0.77 0.75
2.6-Dinuoropyridine 0.375 0.94 0.00 0.24 0.711 1.17 1.19 0.89 0.86
2-Chloropyridine 0.738 1.03 0.00 0.37 0.798 1.22 1.18 0.65 0.65 0.91 0.84
3-Chloropyridine 0.732 0.83 0.00 0.40 0.798 1.33 1.28 0.84 0.82
4-Chloropyridine 0.740 0.85 0.00 0.40 0.798 1.28 1.27
3-Bromopyridine 0.905 0.90 0.00 0.38 0.850 1.60 1.57
4-Bromopyridine 0.900 0.93 0.00 0.38 0.850 1.54 1.54
2-Methoxypyridine 0.641 0.76 0.00 0.47 0.875 1.36 1.36
4-Methoxypyridine 0.680 0.93 0.00 0.53 0.875 1.00 0.99
2-Cyanopyridine 0.734 1.44 0.00 0.51 0.829 0.40 0.38
3-Cyanopyridine 0.750 1.26 0.00 0.62 0.829 0.23 0.20 -0.79 -0.75
4-Cyanopyridine 0.750 1.21 0.00 0.59 0.829 0.46 0.35 -0.59 -0.53
3-Formylpyridine 0.817 1.16 0.00 0.76 0.832 -1.18 -1.20
4-Formylpyridine 0.796 1.12 0.00 0.70 0.832 -0.88 -0.86
3-Acetylpyridine 0.795 1.17 0.00 0.90 0.973 -1.18 -1.31
4-Acetylpyridine 0.771 1.13 0.00 0.84 0.973 -0.93 -0.97
Quinoline 1.268 0.97 0.00 0.54 1.044 1.26 1.37
Piperidine 0.422 0.46 0.10 0.69 0.804 -0.31 -0.44
N-Methylpiperidine 0.318 0.39 0.00 0.69 0.945 1.30 1.07 0.48 0.50
N-Ethylpiperidine 0.300 0.32 0.00 0.63 1.086 1.88 1.88
Pyrrole 0.613 0.73 0.41 0.29 0.577 0.75 0.87
N-Methylpyrrole 0.559 0.79 0.00 0.31 0.718 1.21 1.24
N-Acetylpyrrolidine 0.550 1.63 0.00 0.92 0.961 -2.24 -2.29
Acridine 2.356 1.33 0.00 0.58 1.413 3.40 3.39
Indole 1.200 1.12 0.44 0.22 0.946 0.79 0.82
Pyrazole 0.620 1.00 0.54 0.45 0.536 -2.91 -2.85
Imidazole 0.710 0.85 0.42 0.78 0.536 -3.70 -3.69
N-Methylimidazole 0.589 0.95 0.00 0.83 0.677 -2.16 -1.96
Pyrazine 0.629 0.95 0.00 0.62 0.634 -0.23 -0.29
2-Methyipyrazine 0.629 0.90 0.00 0.64 0.775 0.23 0.23 -0.79 -0.63
2,5-Dimethylpyrazine 0.626 0.90 0.00 0.69 0.916 0.63 0.30
Quinoxaline 1.300 1.20 0.00 0.59 1.003 1.32 1.34
Pyrimidine 0.606 1.00 0.00 0.65 0.634 -0.40 -0.46
Quinazoline 0.930 1.15 0.00 0.65 1.003 1.01 0.97
Pyridazine 0.670 0.85 0.00 0.81 0.634 -0.72 -0.82
Cinnoline 1.280 1.00 0.00 0.78 1.003 0.93 0.88
Thiophene 0.687 0.56 0.00 0.15 0.641 1.81 1.81 1.78 1.75
2-Methylthiophen 0.688 0.56 0.00 0.16 0.782 2.33 2.31 2.30 2.33
Benzo[b]thiophene 1.323 0.88 0.00 0.20 1.010 3.12 3.06
Dibenzothiophene 1.959 1.31 0.00 0.18 1.379 4.38 4.44
Thiazole 0.800 0.80 0.00 0.45 0.600 0.44 0.43
Benzothiazole 1.330 1.10 0.00 0.40 0.969 2.02 1.99
Oxazole 0.418 0.70 0.00 0.42 0.495 0.12 0.02
Benzoxazole 0.900 1.00 0.00 0.38 0.864 1.59 1.52
Isoxazole 0.395 0.70 0.00 0.38 0.495 0.08 0.15
1,2-Benzisoxazole 0.877 1.00 0.00 0.33 0.864 1.63 1.68
2,1-Benzisoxazole 0.971 1.10 0.00 0.36 0.864 1.52 1.52
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Table 3.4

Chloroform-water logPchi data, observed (obs) and calculated from eq(3.17)

Solute lo g P c h i

(Observed)

lo g P c h l

(Calculated)

Krypton 1.22 1.19
Xenon 1.50 1.57
Radon 1.77 1.82
Hydrogen 0.54 0.56
Nitrogen 0.93 1.08
Diethylether 1.88 1.79
Propanone 0.48 0.47
Methylacetate 1.16 1.10
Ethylacetate 1.82 1.75
n-Propylacetate 2.56 2.40
n-Butylacetate 3.05 3.04
n-Pentylacetate 3.60 3.69
Methylpropanoate 1.87 1.76
Methylpentanoate 3.01 3.04
Methyihexanoate 3.48 3.69
Methylamine -0.88 -0.97
Ethylamine -0.35 -0.43
n-Propylamine 0.26 0.22
n-Butylamine 0.99 0.85
Dimethylamine -0.44 -0.31
Diethylamine 0.85 0.91
Trimethylamine 0.50 0.60
Nitromethane 0.43 0.42
1-Nitropropane 1.91 1.95
Formic acid -2.50 -2.48
Acetic acid -1.52 -1.62
Propanoic acid -0.96 -0.94
Butanoic acid -0.27 -0.28
Pentanoic acid 0.34 0.37
Hexanoic acid 1.15 1.01
Chloroacetic acid -1.35 -1.35
Dichloroacetic acid -0.89 -0.99
Trichloroacetic acid -0.69 -0.70
Ethanol -0.85 -0.91
Propan-l-ol -0.40 -0.26
Propan-2-oI -0.35 -0.38
Butan-l-ol 0.34 0.39
2-Methylpropan-1 -ol 0.34 0.40
Butan-2-ol 0.30 0.27
2-Methylpropan-2-ol -0.04 0.21
Pentan-l-ol 1.05 1.03
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Hexan-l-ol 1.69 1.68
Heptan-l-ol 2.41 2.32
Trimethylphosphate 0.76 0.74
Triethylphosphate 2.28 2.32
Benzene 2.80 2.73
Toluene 3.41 3.37
Fluorobenzene 2.85 2.92
Chlorobenzene 3.46 3.49
Bromobenzene 3.61 3.65
lodobenzene 3.70 3.91
Methylphenylether 3.12 3.06
Ethylphenylether 3.62 3.62
Acetophenone 2.79 2.75
Methylbenzoate 3.01 3.10
Benzonitrile 2.71 2.61
Aniline 1.26 1.22
o-Toluidine 1.96 1.88
p-Toluidine 1.92 1.87
2-Nitroaniline 2.13 1.97
3-Nitroaniline 1.61 1.53
4-Nitroaniline 1.23 1.33
N-Methylaniline 2.08 2.09
N,N-Dimethylaniline 3.54 3.43
Benzylamine 1.18 1.43
Nitrobenzene 2.93 2.87
Benzamide 0.11 0.13
N-Methylbenzamide 1.00 1.23
N,N-Dimethylbenzamide 2.01 2.06
Acetanilide 0.78 0.77
Benzoic acid 0.56 0.78
Phenol 0.36 0.27
o-Cresol 1.23 1.20
m-Cresol 0.89 0.92
p-Cresol 1.06 0.99
2,4-Dimethylphenol 1.50 1.52
2,5-Dimethylphenol 1.59 1.56
3,5-Dimethylphenol 1.60 1.51
3-Ethylphenol 1.41 1.55
4-Ethylphenol 1.47 1.56
2-Fluorophenol 0.57 0.54
4-Fluorophenol 0.41 0.46
3-Chlorophenol 1.02 1.05
4-Chlorophenol 1.01 0.88
2-Bromophenol 1.64 1.87
4-Bromophenol 1.07 1.13
2-Iodophenol 1.97 1.98
4-Iodophenol 1.56 1.55
2-Methoxyphenol 1.70 1.75
3 -Methoxyphenol 0.94 0.89
4-Methoxyphenol 0.23 0.62
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2-Nitrophenol 2.35 2.69
3-Nitrophenol 0.60 0.49
4-Nitrophenol 0.20 0.24
1-Naphthol 1.82 1.67
2-Naphthol 1.74 1.56
2-Phenylethanol 1.31 1.41
Methylphenylsulphoxide 1.41 1.41
Pyridine 1.32 1.14
2-Methylpyridine 1.79 1.64
3-Methylpyridine 1.89 1.72
4-Methylpyridine 1.82 1.69
2,6-Dimethylpyridine 2.30 2.13
4-n-Butylpyridine 3.74 3.75
4-n-Pentylpyridine 4.38 4.31
4-n-Hexylpyridine 5.01 4.95
4-n-Heptylpyridine 5.65 5.63
4-n-Octylpyridine 6.33 6.27
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C h a p t e r  4

C o r r e l a t io n  a n d  P r e d ic t io n  o f  B l o o d -B r a in  D is t r ib u t io n

4.1 Introduction

It has been estimated that the diseases caused by brain dysfunction affect more people 

than heart disease or even cancer V However, therapeutic treatment of brain dysfunction, 

has been prevented due to the difficulties in procuring neuropharmaceuticals. This is 

partly because of the existence of the blood-brain barrier; a separating tissue between 

blood and brain that restricts the free distribution of blood borne drugs into the brain. 

Therefore the equilibrium distribution o f compounds between blood and brain tissues is 

o f profound importance in medicinal chemistry and drug design. The considerable 

experimental difficulty in obtaining measurements of blood-brain distribution has 

further intensified the need to understand the factors that effect drug distribution, in 

order to be able predict distribution without complex experimental work.

4.2 The Blood-Brain Barrier

The blood-brain barrier (BBB) provides a physical separation between the blood tissue 

and the brain tissue (central nervous system). It is found throughout the vertebrate 

species of the animal kingdom^. It functions to separate the environment of the central 

nervous system (CNS) from the cocktail o f substances that circulate through the body 

via the bloodstream. As such it enables the delicate balance that exists in the CNS and 

its interstitial fluid to be homeostatically maintained. Not only are toxic substances 

prevented from unhindered entry to the brain, but also a large variety o f substances 

including nutrients essential for brain function, as well as hormones, amino acids, 

potassium ions, drug compounds and cells.^ These substances, whether useful or not, 

could disturb brain function if they enter the brain in uncontrolled quantities. Even small 

fluctuations that occur in blood levels of these substances such as after eating or
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exercise could be enough to disrupt the balance. Instead of free entry into the brain, the 

BBB allows for controlled, carrier mediated or active transport processes that ensure 

that vital substances reach the brain, to maintain the crucial brain function. Severe CNS 

depression or uncontrolled nervous activity are examples o f the effect of an imbalance 

in the brains chemical environment. The important rôle of the BBB is highlighted by 

conditions causing BBB dysfunction. Grave conditions such as brain tumours, 

haemorrhage, stroke, hypertension and trauma are all associated with damage to the 

BBB".

4.2.1 Historical Background

Until relatively recently the structure and form of the BBB was not understood. The first 

indication of the existence of the BBB was as early as the 19th century when Ehrlich^ in 

1885 noted that certain dyes injected into the blood, used to stain animals for light 

microscopy, stained all organs except the brain. He proposed that this was because the 

dyes did not have an affinity for brain tissue. Later, in 1913, Goldmann^ conducted 

experiments in which he used dyes injected into both the blood and cerebrospinal fluid* 

(CSF). He showed that the brain tissue did in-fact stain readily when the dye was 

injected into the CSF, but this dye did not diffuse into the blood, leaving the other 

organs unstained. The same dye, trypan blue, however when injected into the blood 

stained all the organs except the brain. Therefore he concluded that the brain and blood 

where separated by an undefined barrier, which trapped the dye in either the CNS or the 

blood.

Other research conducted around that time was also explained by this concept. Biedl and 

Kraus^ discovered that bile acids that are not neurotoxic when injected into the blood, 

caused seizures and coma when injected into the brain. A similar effect was observed by 

Lewandow^ in 1900 with sodium ferrocyanate as the sample. Goldmann and these 

workers were foresighted and proposed that the barrier was due to some special

* The CSF is a component of the CNS. Further information is given by Rail, D.P., inThe Handbook o f  
Experimental Pharmacology, Brodie, B.B. and Gilette, J R., (eds), Springer-Verlag, New York 1971 and 
Smith, Q.R., in Implications o f  the Blood-Brain Barrier and its Manipulation, V ol.l., Neuwelt, E.A., (ed.). 
Plenum Publishing Corporation, 1989
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properties of the blood capillaries supplying the brain. The German pathologist Spatz 

(1933y, recognised that actual capillaries remained unstained in the brain, after 

intravenous injection of various dyes. He was the first to propose that the BBB was a 

facet of the capillary endothelium.^ Although there was some scepticism as to the 

existence of the BBB through the intervening time, Spatz’s proposal was confirmed 

conclusively with the development of electron microscopy by Reese and Kamovsky^ in 

1967.

4.2.2 The Structure o f  the BBB

Most organs in the body receive blood borne substances by diffusion between the blood 

and organ membranes, allowing solutes of up to 30,000^ daltons to pass freely. The 

blood capillary walls, composed of endothelial cells, at the interface between blood and 

organ are fenestrated, having small gaps to allow a free interchange. The ultrastrucure

Fig 4.1
Cross section of the brain. The brain cells are surrounded by 
interstitial fluid which is maintained in a homeostatic milieu by 
the (mainly) impervious BBB.
(Taken from Tuomanen, E., Sci. Amer. 1993, 2, 56)

of some capillaries however is different to those of other organs, especially the vascular 

system of the brain and placenta. The endothelial cells that form these capillaries are 

joined by what are known as continuous tight junctions, so that the gaps of a fenestrated 

structure sltq filled by cell overlap. Thus free movement of substances is prevented and 

instead substances must have the right physicochemical properties to diffuse through the 

luminal capillary wall or there has to be an active transport mechanism which will allow
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the process to be controlled. Since the drug must diffuse through the cell wall it is worth 

examining the lipid bi-layer structure that constitutes the cell wall.

NUCLEUS

c a s e m e n t
V«WBRANE

Fig. 4.2
Brain Capillary displaying tight junctions and astrocytes. The figure 
illustrates the cross section of a brain capillary. The perivascular
astrocyctes are believed to modulate the structure and function of the
,  • 1 0  11 barrier. ’
(Taken from G oldstein, G .W ., Betz, A.L. Sci.Amer. 1986,255,10)

4.2.3 The Fluid Mosaic Model o f the Cell Membrane

The so called flu id  mosaic model of the cell membrane describes a bi-layer of 

phospholipids. The hydrocarbon tails of the phospholipid chain form the central core, 

with hydrophilic phosphate ends on either side, forming the outer layer. Interspersed in 

the structure are proteins which are often either active or passive transport mechanisms 

to transport specific solutes across the membrane. These form the mosaic of the 

structure. The conflicting physicochemical properties (hydrophilic head, hydrophobic 

tail) make passive diffusion across the membrane difficult.
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Figure 4.3
Fluid mosaic model of the cell membrane.
A schematic diagram depicting phospholipid bi-layer, with protein attached in 
either side of the membrane, across the membrane or on the membrane 
surface.

m

4.3 The Implications of the BBB to Drug Design.

Distribution of drugs through the BBB into the brain is a very important consideration in 

the design of any drug. When a drug is designed brain penetration could be undesirable. 

For example if  a drug is destined for action on receptors in an organ such as lung or 

bone, drug penetration into the brain could have serious undesirable side effects. In this 

situation a medicinal chemist would wish to ensure that the physicochemical properties 

of the proposed drug prevent it from penetrating the BBB, thus remaining in the blood. 

In the case of other drugs however, it may be crucial to develop drugs that can penetrate 

the BBB, and reach the brain in sufficient quantities for action in the brain. This would 

be the case in diseases of the nervous system with brain dysfimction such as such as 

addiction disorders, Parkinson's disease, epilepsy, chemotherapy for brain tumours etc. 

However to determine how much drug is available in the brain is complicated. Probably 

the most important parameter to determine as regards drug design is to measure 

equilibrium blood brain concentration ratios. This involves a very complicated process 

(discussed later) and the difficulties are such that globally pharmaceutical companies are 

unable to conduct routine measurements. Instead researchers have striven to develop and
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use predictive models which are correlated to blood-brain distribution. Some o f these 

are discussed below.

4.4 Previous Model Correlations for Blood-Brain Distribution.

The importance o f blood-brain distribution is such that many correlations have been 

conducted over the years with a variety of proposed model systems, drug compounds 

and measurements. Following on from the Meyer^^ and Overton^^ theory (see Chapters 

1-3), the use of partition coefficients predominated correlative models from the 

beginning.

4.4.1 Partition Coefficient Models

The analogy behind the partition coefficient model is that the brain tissue is 

hydrophobic or somewhat like an organic phase, and that the blood is mainly aqueous 

and somewhat like the water phase in a partition coefficient.

Concentration of solute in solvent (4.1)
P =

solvent Concentration of solute in water

Thus this concept became popular for correlating with brain/CNS distribution as it was 

simple to understand that an increase in log? would be result in an increase in the 

distribution into the brain.

Brodie et al.̂ "̂  were among the first workers to find a suitable partitioning system to 

model CNS penetration. They studied CSF penetration. In 1959 they correlated the entry 

of seven drugs into the CSF with the partition coefficient of the respective drugs in a 

heptane-water system. Other workers then followed suit to use log? type partition 

coefficients in similar correlations.
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4.4.2 Octanol/Water Partition Coefficient Correlations

As discussed in earlier Chapters the Hansch group at Pomona College, California, has 

been a pre-eminent group in SPR research. Naturally they have used their analytical tool 

(the octanol-Avater partition coefficient, logP^ct, see Chapters 1-3) to examine the 

important blood-brain system. They suggested^ ̂  that brain penetration was governed by 

the hydrophobic nature of a drug molecule and indicated that for maximum potency a 

narcotic compound, (i.e. a compound that could penetrate the CNS) should have a 

logPoct value of around 2.0 fitting into the form of the general eq (4.2). To calculate the 

optimal value Hansch calculated the partial derivative for a set of congeners (ôlog 

( l/C )/ô lo g  P).

log MC = a log Poe, - 6(log Poet)̂  + d  (4-2)

where C is the molar concentration of a drug producing a standard hypnotic response 

(1/C being a measure of potency), a,b, are the equation coefficients and d  is the equation 

constant depending on the series being correlated.

Several other studies were conducted adding weight to their suggestion. For example the 

anaesthetic action of 26 volatile aliphatic ethers was recorded by Clave and Hansch. 

Even though these were administered by inhalation (not interperitoneal injection as used 

in the previous method), the logPo^ correlation with eq (4.2) showed a optimum log Poe 

of 2.35. Druckery at al.*  ̂studied a set of phenylacetamide hypnotics and was again able 

to show an optimal log Poe value of 2.0. The conclusion was then generalised by 

Hansch^^ et al., that a potent CNS penetrating drug needs a log Poe in the region of 

2.0±0.5. Drugs with a log Poe value greater than 3.0 had reduced potency because, they 

suggested, that the hydrophobicity was so great that the compounds affinity to the 

lipidic cell membrane began to prevent it from passing to the brain tissue.

Other work was also conducted relating log Poe to brain penetration These

studies suggested a linear relationship with log Poe some using a molecular weight 

parameter to formulate an equation. A study by Levin^^, also investigated brain capillary 

permeation (log P^). He derived an equation between log P̂  and log Poe and a molecular 

weight term. However he concluded that there was a molecular weight cut-off for
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significant brain penetration for compounds with a molecular weight between 400 and 

657 daltons. Despite the general use of logP^ct, it was found to be o f little value for 

prediction o f blood-brain distribution of histamine Hj-antagonists, as discussed below.

4.4.3 The Study o f  Young, Mitchell et al.^^

Young, Mitchell et al.23 (Y-M) working at Smith Kline & French, undertook a careûil 

study o f the physicochemical properties and blood brain distributions o f drug 

compounds, mainly consisting of novel histamine Hz receptor antagonists^"^. Their aim 

was to discover antagonists drugs that would penetrate the BBB and that could then 

be used as probes in further investigations to examine the role of histamine in the brain. 

The experimental method of Brown et al.^  ̂ was used to obtain values for blood-brain 

distribution. Significantly, this method yields a direct blood-brain concentration ratio 

measurement (logBB) eq(4.3) rather than a measurement of potency.

\-̂ bhod ]

In the above equation Q^„j„and Chioofî  the concentration of drug in the brain and blood 

respectively. Y-M showed that for 20 compounds out of a total o f 30, there was little 

connection between logBB and logPoct as illustrated by the poor statistical indicators 

(e.g. p = 0.436) in eq (4.4).

logBB = 0.266 logPoct-1.22 (4.4)
n = 20 p = 0.436 sd = 0.711 F = 4.2

An improved correlation was obtained with the cyclohexane-water partition coefficient, 

logPcyc, eq(4.5). However the best correlation was obtained using Seilers AlogP 

parameter (see Chapter 3), eq(4.6), where AlogP is defined^^ through eq(4.7). The 

structures of the Y-M compounds are in the Scheme 4.1 (located at the end of Chapter 

4).
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logBB = 0.250 logPcyc -0.471 (4.5)
n = 20 p = 0.732 sd = 0.538 F = 20.7

(4.6)
logBB = -0.485 AlogP + 0.889 

n = 20 p = 0.831 sd = 0.439 F = 40.2

(4.7)

AlogP = lOgPoct -lOgPcyc

In the above equations, it should be noted that all o f the partition coefficients between 

solvents refer to the nonionised form of the solute (see Chapter 2-3) and, where 

necessary, the experimental distribution coefficients have all been corrected for any 

ionised species present. This is not so for the blood-brain concentration ratio, (see later. 

Section 4.11).

Seiler's rationale for AlogP was that it represented a measure of the H-bonding ability of 

a compound (see Chapter 3). Hence one interpretation of eq(4.6) is that as the AlogP of 

a molecule increases, its H-bonding ability increases and it will distribute in favour of 

the blood rather than the brain, since blood is known to be more water-like and less 

hydrophobic than brain^^.

Tayar et al. put this on a more quantitative basis and showed that AlogP was mainly 

a measure of the solute H-bond acidity, with solute H-bond basicity playing a minor 

role. In the analysis o f Tayar et al., the heptane-water partition coefficient, as logP^ep, 

was used instead of logP^yc. Although Taylor et al.^  ̂ have shown that there are 

differences between logPgyc and logP^ep (or more generally between cyclohexane-water 

and alkane-water partition coefficients) these differences do not affect any general 

conclusions over the nature of AlogP.

However it has been in this work shown that AlogP is not just a measure o f solute H- 

bond acidity (Chapter 3), but that solute dipolarity/polarisability and solute H-bond 

basicity also make contributions, and lead to AlogP becoming more positive (Chapter 3). 

Solute volume also plays a part in influencing AlogP, the larger the solute the more 

negative becomes AlogP.
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4.4.4 The Study o f  van de Waterbeemd and Kansy^^

More recently van de Waterbeemd and Kansy^^ (W-K) have re-examined the use of 

partition coefficients to predict values of logBB, using the logBB data of Y-M. Their 

correlation is based on the use of Testa's model of logP. This model simplifies the log? 

value as being a composite parameter consisting o f a cavity term (volume) and a polar 

term.

l O g P ( s o l v e n t )  =  a  A ( s o l v e n t )  ( 4 - 8 )

Here is the calculated solute molar volume in cm^ and Âĝ ivent) is the polar parameter 

(described as the polar interactive term^^ in Chapter 1) for a given partitioning system. 

In the work of W-K the polar interactive parameter is defined for cyclohexane, Agygt.

Acyc = -logPcyc + 0.039Vm + 1.098 (4.9)

The best correlation of logBB for the 20 compounds studied by Y-M was given by,

logBB = -0.338 Acyc + 0.007 Vm + 1.730 (4.10)

n = 20 p = 0.934 sd = 0.29 F = 58

so that if  eq(4.9) and eq(4.10) are combined, the resulting equation contains only the 

logPcyc value and a calculated molar volume^^,

logBB = 0.338 logPcyc-0.00618Vm + 1.359 (4.11)

Thus eq(4.11) requires only an experimental determination of logPcyc lo obtain 

agreement with observed logBB values to 0.29 log units for the 20 compounds, whereas 

the Young-Mitchell eq(4.6) requires both logPcyc logPoct lo obtain agreement to 0.44 

log units. However, since values of logP^ct can be calculated and are somewhat easier to

t Note that in the W-K paper the subscript "alk" is used for cyclohexane. The subscript "eye" is retained 
here to distinguish cyclohexane and alkane.
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obtain than are values o f logPgyc reduction in the number of experimental 

determinations needed to predict logBB is more an apparent advantage than a real one.

4.4.5 Difficulties with Previous Models

Although logPoct has been widely used, it is evident that it not a suitable model for 

prediction o f blood-brain distribution. The main reason that this model has been widely 

used, is that the measurements used by Hansch and co-workers have yielded good and 

understandable results. However the Hansch model has been developed using potency 

(1/C) which assumes that high potency indicates high brain penetration (and hence a 

high logBB). This is quite different to logBB measurements, which are concerned with 

the targeting of drugs to the brain. Although a component of potency will be due to the 

ability of a compound to passively diffuse through the BBB, 1/C will also depend on the 

affinity of a compound for an appropriate receptor. For example receptor antagonist 

activity (-logKg) varies from <3.8 to almost 8 log units in the Y-M study. Therefore 

even if a compound has a low logBB value, its affinity may be so high that the 1/C 

measurement indicates that it has a high logBB, based on the Hansch assumption. (Note 

it has been confirmed that there is no correlation between -logKg and logBB.^^) This 

problem does not affect the Y-M work, because actual logBB values are measured. 

Indeed the flip side of this point is well-illustrated, especially when drugs are designed 

by computer modelling - when a drug that is highly active in vitro is ineffective in vivo 

because its physicochemical properties prevent it reaching the target site '̂ .̂

Therefore, for actual blood-brain distribution measurements only the Y-M and W-K 

models can be considered. Even though these models are good, there are some 

difficulties with using either the Y-M AlogP model eq(4.6) or the W-K model.

Firstly these models require at least one log? measurement and it can be extremely 

difficult and time-consuming to obtain a reliable log? measurement if the value is either 

very high or very low, thus lying outside the limits o f measurability. (Note, logP^ct can 

be calculated by the CLOGP^^ program, based on work by Leo et al.^^). An associated 

difficulty, is that prediction of logBB cannot be made without the synthesis of the 

potential drug compound. This decreases the potential application of these models. For
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example, a quantitative prediction of the effect of changing a substituent group on a lead 

compound cannot be made before synthesis.

Secondly, both models are constructed with only the 20 compounds of the Y-M dataset. 

There is no guarantee the these equations will be in any way valid for compounds with 

properties well outside those of the 20 test compounds. Thus as a simple example, as 

the volume o f an alkane becomes smaller, logP^yc becomes smaller and so will logBB. 

But according to eq(4.11), no matter how small logPcyc and become, logBB cannot 

be less than 1.359 log units for any alkane. Thus for methane, with logPcyc ^  133 (see 

Chapter 3) and of = 30.3 cm^, logBB calculated via eq(4.11) is no less than 1.62 log 

units whereas the actual value (see later) is 0.04 log units, a poor prediction by any 

standards. In addition, none of the equations so far discussed yields any real quantitative 

understanding o f the factors that influence blood-brain distribution. It is the purpose of 

this Chapter to set out equations that will lead to such understanding, and to illustrate a 

methodology that can be used to predict logBB values for a very wide range of 

compounds.

121



4.5 Correlation O f Blood-Brain Distribution using the Abraham Equation

As illustrated previously the Abraham equation (see Chapters 1-3) can be used to 

correlate solute property dependent systems.^^ Since blood-brain distribution as 

measured by logBB can be considered to be a solute dependent property, logBB can be 

correlated in the form of eq(4.12), where the solute descriptors are defined in Chapter 1.

log BB = c + rRz + 571̂ 2 + + 61^"% + vVx (4.12)

In order to construct an Abraham equation to correlate the distribution of solutes 

between blood and brain, the data of Y-M was chosen as a training set, using the logBB 

values. To conduct an Abraham correlation the five solute descriptors of eq(4.12) have 

to be determined for the Y-M drug molecules. However unlike all previous applications 

o f the equation, due to the complexity and properties of a taining set consisting of drug 

molecules, solute descriptors had to be determined using new techniques as discussed 

below.

4.6 Determination of Solute Descriptors for Drug Compounds

As described in previous Chapters, the characteristic volume, Vx, can be calculated by a 

simple algorithm for any solute including the Y-M dataset (see example 4.1). The excess 

molar refraction, R;, requires a refractive index measurement. But for solid compounds 

(such as the Y-M compounds) this is not measurable. However like the molar refraction 

itself, Rz, is an additive molecular property (see example 4.2). It can be calculated to the 

necessary accuracy by simple addition of substructure fragments. For an unknown 

fragment the refractive index was obtained from published references (e.g. Aldrich 

Catalogue, the CRC Handbook of Chemistry and Physics) or from refractive index 

calculations^ conducted by Karrikoff.^*

t Note many molar refractivity (MR) calculation programs, such as the MR component o f the Pomona 
Medicinal Chemistry program, cannot be used to calculate R̂  because these MR values are not calculated 
using Vx and seem not to be reliable for R, calculations.
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Example 4.1

Determination of Vx for Y-M Compound 1

Abraham and McGowan illustrated the simplicity of the Vx calculation, and defined it 

by eq(4.13),

Vx = Z all atom contributions - (6.56 * B) (4.13)
where

B number of bonds, ( all bonds ranked equally I.e. double and triple bonds all
count as one)
Atom contributions as listed in Chapter 1

For the large solutes of Y-M, the simplicity is further increased if the algorithm of Abraham^^is
used to calculate the number of bonds in any molecule, B,

B = N - 1 + R  (4.14)
where

N is the total number of atoms in the molecule
R is the number of rings (i.e. R = 1 for cyclohexane and benzene, R = 2 for diphenyl,

naphthalene and pinene).

For Compound 1 (see Scheme 4.1).

Empirical formula
B = (number of atoms-1 + number of ring structures)

(33-1+1)=33

Vx = 8  (10*16.35)+(16*8.71 )+(6*14.39)+(1 *22.91 )+(6.56*B)
195.63 cm^ mol"^

N.B. To obtain the solute descriptor values for use in equation (4.11) the Vx values are 

arbitrarily divided by 100 i.e. Vx (Y-M Compound 1) =.1.956
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Example 4.2 Calculation of Rz

This calculation requires the refractive index (at 20°C for the sodium D line, ti) and Vx (see  

example 4.1) for the solute. Then eq (4.15) is used:

Rz = MRX - (MRx)aikane (4.15)
where
M R x  = 10.f(Ti2).Vx
(M Rx)aikane =2.83195.Vx-0.52553
f(ri2) =(ri2.i)/(r |2+2)

l)For Pyridine.
t i = 1.510
Vx=0.675
f(rj2)=(Ti2-l)/(h2+2)=0.299 
MRx=10.f(Ti2).Vx=2.020 
(MRx)alkane =2.83195 * 0.675 - 0.526=1.387 
Rz = MRx - (MRx)alkane = 0.633

ii) For Y-M Compound 2 (see Schem e 4.1)

R2
Fragment 1 2,5-Dimethylthiazole 0.705
Fragment 2 Guanidine Group 0.600
TOTAL 1.305

As described in the text, the fragment Rj values are obtained using refractive index values or by subfragment 
summation (see later).

However, the methods described in Chapter 1 for determination of the remaining solute 

descriptors, 7i“z , and , are not possible for Y-M compounds for a number of 

reasons. Firstly the Y-M compounds are multifunctional (Scheme 4.1), having multiple 

H-bond acidic and H-bond basic sites. For example Y-M Compound 25 (Figure. 4.4) 

has H-bond basic nitrogen, oxygen and sulphur atoms; as well as two acidic protons. 

Therefore Ea"z and Ep"z, cannot be derived from the 1:1 complexation scales of 

Abraham et al. (see Chapter 1). Secondly, gas liquid chromatography (GLC) cannot be 

performed on these involatile compounds thus preventing direct GLC determination of 

the 71̂ 2 solute descriptor.

124



OoN.

Figure. 4.4
Y-M Compound 25

Therefore novel methods, outlined below, were used to determine solute descriptors for 

these complicated drug molecules.

4.6.1 Method (1): Determination o f  Three Solute Descriptors Simultaneously 

If  three different Abraham regression equations are known (i.e. three different solute 

dependent properties are correlated) for example three partition coefficient systems, then 

given three log? measurements for a particular compound, all the terms of the equation 

are known except, Ea"z and the three unknown descriptors. These can be 

determined by solving the equations simultaneously.

The three partition coefficients chosen were octanol-water, cyclohexane-water and 

chloroform water (logPod, logPcyc and logP^hi respectively). These were chosen because 

logPoct and logPcyc values were available and chloroform-water system, on investigation, 

appeared to be the most suitable third partition system (see below). To implement this 

method new logP^hi values were obtained, (as described in Chapter 2), for the Y-M 

compounds. Three new regression equations using the latest literature logP values were 

established (see Chapter 3) for the chosen solvent systems eq(4.16-4.18). This method is 

illustrated by Example 4.3

logP„,, = 0.088 + 0.562R, -1.05471^ + 0.034Za^-3.460i:p^ + 3.814Vx 
n = 613 p = 0.997 sd = 0.12 F =23161.6

(4.16)

logP^ = 0.127 + 0.816R, -1.7317T”, -3 .7 7 8 Ia^  -4.905Zp^ +4.646Vx 
n = 1 7 0  p = 0.997 sd = 0.13 F =5122.5

(4.17)
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logP,hi = 0.060 + 0.045R, -0.313^^ -3.396Ea^ -3 .428 ip^ + 4.581Vx (4.18)
n = 1 0 8  p = 0.997 sd = 0.11 F =3627.6

It is no coincidence that the three systems, above, are three of the "critical quartet" 

suggested by Taylor et al.^o (the fourth being propylene glycol dipelargonate). Taylor 

proposed these four solvent systems because they were highly contrasted, and hence 

suitable to obtain comparative parameters about a compound's physicochemical nature. 

In terms o f the Abraham equation these systems have differing large coefficients. For 

example, the logP„ct equation has almost no the logP^y  ̂equation has large negative 

coefficients for n^2, and and the logP^hi equation has a small coefficient for 

71̂2- Moreover these systems were chosen because there was an ample dataset available 

in the literature with which eqs(4.16-4.18) could be established (see Chapter 3). The 

fourth solvent of Taylor et al. propylene glycol dipelargonate, has not been 

considered in this work, because no logP values are available for the solutes being 

considered.

4.6.2 Application o f  Method (1)

The results o f this method applied to validation compounds are listed in Table 4.1. The 

results indicate reasonable agreement between the calculated descriptors and published 

values. Indeed the descriptors calculated in this way for the validation compounds are 

certainly good enough to use to predict logBB values. Unfortunately, when this method 

was applied to some of the 20 Y-M compounds for which all three logP values were 

available, generally disappointing results were obtained. Table 4.3 (using the logP 

values listed in Table 4.2). In particular, the calculated 71̂ 2» values in many cases are 

totally unreasonable. For example, tĉ 2 for compound 36 is negative.
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Example 4.3

Simultaneous equation analysis of partition coefficient data.

Given the three Abraharh correlations for the partitioning systems:

logPoct = Co+ r̂ Rz + SoTî z + + b̂  zp" + VqVx (4.19)

l o g P c y c  = Ch+ ThRz + ShTî z + BhZa^ + b̂  Zp" + v^Vx (4.20)

logPchi = Cf+ rfRj + Sf7i”2 + BfZa” + bfZp” + v̂ Vx (4.21)

where subscripts refer to partitioning solvent phases; o is octanol, h is cyclohexane, and f is 

chloroform.

Now if for a given drug molecule, the three logP values are known, and if the parameters Vx and 

Rz (examples 4.1,4.2) have been calculated as above, then in each regression equation the 

terms logP, rRj, and vVx will be known. Hence three new equations can be constructed.

log P'oct = (logPoct -Co- FoRz - VqVx)= (SoTt”  + 3o Z a “z + bo Zp”z ) (4.22)

log P'cyc= (logPcyc-Ch- Th R 2 - Vh Vx)= ( s^Tc" + ah Z a”z + b^ z p "  ) (4.23)

log P 'ch r (logPchi - Of - rf Rz - VfVx)= (Sf t t”  + Sf Za"z + b, Z p ^  ) (4.24)

Since there are now three unknowns (71̂ 2. Za^z, and Zp"z), and three equations, these equations 

can be solved simultaneously.

Application to Y-M Compound 15 (see Schem e 4.1)

log P'oct = (1.75-0.088-(0.562*2.469)-(3.814*2.1793)) (4.25)
= (-1.0547t"z - 0.034Za" - 3.460Zp" )

log P’cyc = (-1.34-0.127-(0.816*2.469)-( 4.646*2.1793)) (4.26)
= ( -l.731.7t" -3.778.Za" - 4.905.Zp")

log P'ch, =(2.43-0.060-(0.045*2.469)-(4.581*2.1793)) (4.27)
= (-0.313.7t"z -3.396Za" - 3.428Zp" )

Solution of these three simultaneous equations yields the following solute descriptor values:

7t"z =2.33

Za"z =0.40

=1.64
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Table 4.1
Calculations o f solute descriptors using method (1)^

Compound

Diethylether 0.53 -0.02 0.42
0.25 0.00 0.45

Propanone 0.49 0.06 0.58
0.70 0.04 0.49

Ethanol 0.27 0.28 0.57
0.42 0.37 0.48

Benzene 0.50 -0.03 0.15
0.52 0.00 0.14

Chlorobenzene 0.66 0.05 0.03
0.65 0.00 0.07

Anisole 0.84 -0.02 0,28
0.75 0.00 0.29

Methyl benzoate 0.62 0.02 0.50
0.85 0.00 0.46

Nitrobenzene 1.17 0.00 0.26
1.11 0.00 0.28

Phenol 0.85 0.56 0.32
0.89 0.60 0.30

3-Chlorophenol 1.06 0.72 0.12
1.06 0.69 0.15

2-Nitrophenol 0.75 0.05 0.49
1.05 0.05 0.37

Benzoic acid 0.93 0.68 0.34
0.90 0.59 0.40

Benzylamine 0.68 0.21 0.70
0.88 0.10 0.72

Acetanilide 1.18 0.48 0.70
1.40 0.50 0.67

Methylphenyl sulphoxide 1.83 0.22 0.68
1.58 0.00 0.92(0.79)6

Pyridine 1.21 0.12 0.32
0.84 0.00 0.52(0.47)6

4-Methylpyridine 1.19 0.16 0.31
0.82 0.00 0.56(0.43)6

^Calculations by method (1) first row, observed values from Abraham, M.H., Chem. Soc.
Revs.,\99?>, 22, 73 second row. ^Parenthesised values are for partitions between water and 
‘wet’ organic solvents, such as octanol.
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Table 4.2

Summary of observed partition coefficient values for Y-M Compounds'^.

Compd. SB No lOgPoct lOgPtyc lOgPch, logBB
No

1 -1.42
2 94206 1.24 -2.79 -0.42& -0.04

3 93319 2.58 -2.60 2.43 -2.00
4 93619 4.57 0.47 -1.30
5 93479 2.33 -1.48 2.64 -1.06
6 34427 1.59 -0.85 1.53^ 0.11

7 3.30 2.59 4.44 0.49
8 4.42 3.57 6.29 0.83
9 0.27 <-3.00 -1.23
10 93563 0.60 -0.82
12 94193 -1.17
13 92467 1.98 -2.12
14 1.04 —

15 94445 1.75 -1.34 2.436 -0.67

16 94801 -0.66
17 94902 -0.12
18 2.79 -0.67 —

19 94221 2.64 -1.28 1.306 -0.18

20 94117 1.41 -3.19 -0.086 -1.15

22 94837 -1.56
23 93792 1.60 -2.66 -0.496 -1.54

24 93469 1.64 -1.48 -1.12
25 94190 3.65 1.11 -0.73
26 94173 3.10 0.22 -0.27
29 94830 -0.28
30 94613 2.15 0.22 -0.46
31 94826 3.97 2.18 4.836 -0.24

34 95083 2.78 1.31 3.156 -0.02

36 94674 4.29 3.23 3.106 0.69

37 95350 0.44
41 95282 5.41 3.72 5.646 0.14

42 95346 0.22

45c 93944 3 .57c -1.88C
'^All data taken from Young, R.C., Ganellin, C.R., Griffiths, R., Mitchell, R.C., Parsons, M.E., 
Saunders, D., Sore, N.E., Eur.JMed.Chem. 1993,28,201; except,  ̂(see Chapter 2) and ‘̂ Brown, 
E.A.; Griffiths, R.; Harvey, C.A.; Owen, D.A.A, Br. J. Pharmacol. 1986, 87, 56
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Table 4.3

Calculation o f descriptors for the Y-M compounds using Method (1)

nd Number 71̂ 2 Ea^2 zp " .

2 1.56 0.87 0.67
3 2.69 0.89 2.18
5 1.72 0.51 2.78
6 1.52 0.41 1.10
7 0.57 0.04 1.84
8 1.94 0.10 1.14
15 2.33 0.40 1.64
19 1.96 0.87 0.75
20 1.80 0.92 1.27
23 0.52 0.81 2.41
31 0.79 0.29 2.15
34 0.36 0.26 1.62
36 -1.63 0.32 2.58
41 0.80 0.40 1.94

4.6.3 Method (2) : Determination o f  Two Descriptors Simultaneously 

In the Y-M training dataset there are a few compounds which do not have acidic 

hydrogens. For the Y-M compounds 7 and 8, is zero and so only 71̂ 2 and need 

to be determined. In these cases either three sets of two simultaneous equations can be 

solved using logPoct, logPcyc and logPchi to give three sets of^n, and Epn, values, or just 

two equations can be solved to yield one set of values. Details are given in Table 4.4 

There are other compounds, in addition to those for which E a 2̂ = 0, that can be treated 

in this way. For example compounds 30, 31 and 34, (scheme 4.1) have unambiguous H- 

bond acidic groups which can be assigned E a 2̂ values for the MeCONH(CH2)3-, 

PhCONH(CH2)3- and HO(CH2)3- groups, so that three unknowns are again reduced to 

two. Table 4.5 gives E a 2̂ values for various functional groups or compounds that can 

be used in this way. Details of these calculations for the compounds in Table 4.3, and 

some of the validation compounds are listed in Table 4.6. (N.B. A value for logPghi is 

lacking for compound 30).
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4.6.4 Application o f Method (2)

O f the three sets of logP values that can be used, the oct/eye combination leads to 

unreasonable values of and This is best illustrated by calculations for the

pyridines and for methylphenylsulphoxide, (Table 4.4). One possible reason for this has 

already been suggested by Taylor et al.,30 namely that for certain compounds the H-bond 

basicity does not remain constant over all partitioning systems. Abraham (see Chapters 

1 & 3) has subsequently shown that the H-bond basicity parameter Zp^2 is always 

appropriate for partitions between water and water-immiscible solvents such as 

cyclohexane and chloroform. However, for partitions between water and solvents that 

are partially miscible with water, such as octanol, a special H-bond basicity parameter, 

Zpo is required for compounds such as sulfoxides, alkylanilines and alkylpyridines

because they show variable H-bond basicity. (Note that in eqs(4.16-4.18) only the 

general zp^j values have been used, see Chapter 3. Compounds that require the use of 

the special po scale in water-octanol partitions have been left out of eq(4.16)).

However, there is also an arithmetical reason why the oct/cyc pair of equations leads to 

unsound values o f and Zp^2- Iri any pair of simultaneous equations containing the

unknowns and Z p \  the ratio of the coefficients s/b should be as different as possible

in the two equations For the three possible pairs of equations the s/b ratios are: oct/cyc 

0.305 and 0.353, cyc/chl 0.353 and 0.091, and oct/chl 0.305 and 0.091. The s/b ratios 

for the oct/cyc pair are so close that a considerable error can be introduced 

arithmetically. This can be seen if eq(4.16) and eq(4.17) are solved to yield an equation 

for 7 r \

71» = (1.418 log?,,. - logP,y, +0.002 + 0.019R: -3.826Za” -0.761Vx)/0.237 (4.28)
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Table 4.4

Calculations of descriptors, when = 0

Compound 7

Compound 8

Pyridine

4-Methylpyridme

Methylphenylsulphoxide

Anisole

Chlorobenzene

Methylbenzoate

Nitrobenzene

A
oct/cyc 1.31
cyc/chl 0.46 1.89
oct/chl 0.27 1.91

oct/cyc 3.84 0.54
cyc/chl 1.84 1.25
oct/chl 1.39 1.29

oct/cyc 3.05 -0.26
cyc/chl 1.11 0.44
oct/chl 0.66 0.48
obs.'^ 0.84 0.52(0.47)

oct/cyc 3.86 -0.50
cyc/chl 1.05 0.49
oct/chl 0.42 0.55
obs.'^ 0.82 0.56(0.43)

oct/cyc 5.37 -0.40
cyc/chl 1.65 0.91
oct/chl 0.81 0.99

obs.^ 1.58 0.92(0.79)

oct/cyc 0.51 0.39
cyc/chl 0.86 0.26
oct/chl 0.94 0.26
obs.'^ 0.73 0.33

oct/cyc 1.46 -0.21
cyc/chl 0.62 0.08
oct/chl 0.44 0.10

obs.'^ 0.67 0.09

oct/cyc 1.01 0.38
cyc/chl 0.60 0.53
oct/chl 0.51 0.54
obs.<̂ 0.85 0.50

oct/cyc 1.16 0.26
cyc/chl 1.17 0.26
oct/chl 1.17 0.26
obs,^ 1.10 0.27

^Observed values from Abraham, M.H., Chem. Soc. Rev. 1993, 22, 73. Values in parenthesis for 
(octanol-water partitions)
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Hence an error, of, say, 0.10 log unit in logP^ct will result in an error of 0.60 units in ti” ,

and a similar error in logPgyg leads to an error of 0.42 units in 71̂ 2- This is an 

arithmetical consequence o f the close stb ratios in eq(4.16) and eq(4.17). For the oct/chl 

equations, a similar analysis shows that an error of 0.1 log unit in either logPo^t or logP^hi 

now leads to an error of 0.14 units in 71“ - much less than the error with the oct/cyc pair.

For the cyc/chl pair the error is even less : a 0.1 log unit error in logPghi leads to an error 

o f 0.11 units in 7 i \  and an error of 0.1 log unit in logP^yc leads to an error of 0.08 units

in 7i“ . Thus from an arithmetical point o f view, the cyc/chl pair is rather better than the

oct/chl pair. Since logPo^t is the most common partition coefficient to measured, the 

oct/chl pair seems the best compromise, and will lead to 7t“ and zp" values of

adequate accuracy.

4.6.5 Method (3) : Determination using Fragment Values.

Using methods (1) and (2), above, values o f 71̂ 2, and can be obtained either 

for drug molecules themselves, or for various substructures. These values can then be 

used to set up a fragment scheme for 71̂ 2» and Zp^^, with the proviso that the 

fragment values must be chemically reasonable. Thus for compounds 30, 31 and 34, 

(see Scheme 4.1) the final S a 2̂ values must correspond to the functional group values 

shown in Table 4.5. Similarly the differences between the 71̂ 2 and Zp 2̂ values for 

compounds 30, 31 and 34 must agree with the corresponding differences between the 

values for the three functional groups, alkyl-NHCOMe, alkyl-NHCOPh and alkyl-OH. 

In Table 4.9 fragment values are given for a reasonably wide range of groups that can be 

used in this way. Great care must be taken to inspect molecules for any possible 

intramolecular interactions that have to be taken into account.
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Table 4.5

V alues o f  S a ^2 for functional groups or com pounds^

Group or Compound

R-CH2OH 0.37

R2CHOH 0.33

R3COH 0.30

RCO2H 0.60

RCH2NH2 0.16

R2CHNH2 0.08

RNHCOMe 0.40

RNHCOPh 0.35

RCONH2 0.56

PI1CONH2 0.49

PhNHCOMe 0.50

PhCH^OH 0.33

Ph(CH2)20H 0.30

PhOH 0.60

2-Cl-PhOH 0.32

3-Cl-PhOH 0.69

4-Cl-PhOH 0.67

PhCO^H 0.59

^ Values from references Abraham, M.H.; Whiting, G.S.; Doherty, R.M.; Shuely, WJ. J. Chromatogr., 
1991, 587, 213,. Abraham, M.H.; Whiting, G.S.y. Chromatogr., 1992, 594, 229,. Abraham, M.H.Chem. 
Soc. Rev., 1993, 22, 73, Abraham, M.H.; Whiting, G.S.; Doherty, R.M.; Shuely, W.J.J. Chem. Soc. 
Perkin Trans. 2, 1990, 1451, Abraham, M.H.; Grellier, P.L.; Prior, D.V.; Duce, P.P.; Morris, J.J.; Taylor, 
P.J. J. Chem. Soc. Perkin Trans. 2, 1989, 699, Abraham, M.H.; Grellier, P.L.; Prior, D.V.; Morris, J.J.; 
Taylor, P.J. J. Chem. Soc. Perkin Trans. 2, 1990, 521.
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4.6.6 Estimation o f  Fragment Descriptors

In some instances, example molecules from which general fragment solute descriptors 

had to be obtained, did not have uniform descriptor values for their particular functional 

group. This is exemplified in particular by the amines; such as those illustrated in Table 

4.7, for which values vary o f vary from 0.58 to 0.71. These values were obtained 

by back calculation of partition coefficient data.4f In this case, descriptors had to be 

estimated to yield a general value for the Zp^^ descriptor. Study of the values in Table

4.7 reveals that in fact most ordinary amines have a Zp^z value of 0.61. This varies 

slightly from the small methylamine, with Zp^^ of 0.58, to the secondary- and iso- 

butylamine Zp^z value of 063. However the tertiary butyl differs significantly at zp^^ 

of 0.71. To obtain an average fragment value, for the fragment scheme a normal value 

o f 0.61 was deemed to be correct rather than a mean average, because this would be 

most representative of a typical amine group. Moreover with the exclusion of the t- 

butylamine all o f the values lie with in an error of 0.03^i which is the best that can be 

expected from these experiments (Chapters 1 and 3).
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T a b le  4 .6
Calculations of descriptors, using known

Compound

Phenol

3-Chlorophenol

oct/cyc

cyc/chl
oct/chl

obs.^

oct/cyc
cyc/chl
oct/chl

obs.^

A

0.25

0.88
1.02
0.89

1.52
1.04
0.93
1.10

S a ”,

0.60

0.60
0.60
0.60

0.69
0.69
0.69
0.69

Sp”.

0.51

0.28
0.27
0.30

- 0.02
0.15
0.16
0.14

Benzoic acid oct/cyc
cyc/chl
oct/chl

obs.a

2.33
0.86
0.52
0.90

0.59
0.59
0.59
0.59

-0.07
0.45
0.48
0.40

Acetanilide oct/cyc
cyc/chl
oct/chl

obs.*̂

0.90
1.20
1.27
1.40

0.50
0.50
0.50
0.50

0.79
0.68
0.68
0.67

Compound 2 oct/cyc
cyc/chl
oct/chl

3.55
1.45
0.97

0.75
0.75
0.75

0.06
0.80
0.85

Compound 19 oct/cyc
cyc/chl
oct/chl

4.10
1.85
1.34

0.75
0.75
0.75

0.10
0.90
0.94

Compound 20 oct/cyc
cyc/chl
oct/chl

0.77
1.86
2.11

0.98
0.98
0.98

1.59
1.20
1.18

Compound 23 oct/cyc
cyc/chl
oct/chl

■6.20
0.87
2.47

1.23
1.23
1.23

4.47
1.97
1.82
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Compound 31 oct/cyc
cyc/chl
oct/chl

-0.24
0.84
1.08

0.35
0.35
0.35

2.47
2.08
2.06

Compound 34 oct/cyc
cyc/chl
oct/chl

-1.48
0.46
0.90

0.37
0.37
0.37

2.19
1.50
1.46

Compound 36 oct/cyc
cyc/chl
oct/chl

1.31
1.64
■1.72

0.30
0.30
0.30

2.49
2.60
2.61

Compound 41 oct/cyc
cyc/chl
oct/chl

0.81
0.80
0.80

0.40
0.40
0.40

1.94
1.94
1.94

^Reference Abraham, M.H. Chem. Soc. Rev., 1993, 22, 73.
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Table 4.7

EpH; Values for various aliphatic amines 

Compound Name

Methylamine 0.58

Ethylamine 0.61

n-Propylamine 0.61

Isopropylamine 0.61

n-Butylamine 0.61

Isobutylamine 0.63

s-Butylamine 0.63

t-Butylamine 0.71

n-Pentylamine 0.61

n-Hexylamine 0.61

n-Heptylamine 0.61

n-Octylamine 0.61

Cyclohexylamine 0.58

^ Values from Abraham, M.H., J.Phys. Org. Chem., 1993,6,60

In some cases, breakdown of a molecule into convenient (primary) fragments led to a 

situation where descriptors for these fragments or substructures were not available. 

However, the primary fragments were then broken down into further smaller fragments, 

the fragments-of-fragments approach and addition of descriptors for these secondary 

fragments then gave descriptors for the primary fragments. This procedure is illustrated 

for the solid substructure shown in Table 4.8, which is a primary fragment of compound 

8. This method could only be used in cases where the chemical interactions between 

segments of the molecule could be quantified. Table 4.8 illustrates this approach, for 

fragment 50.
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Table 4.8

Illustration of subfragment summation

Description o f Subfragment R2 A SX̂ 2 ZP^z

R-N (in R-NAr2 ) 0.140 0.46 0.00 0.24 0.24

Cyclobutane fragment 0.000 0.10 0.00 0.00 0.00

^  R 0.600 0.52 0.00 0.14 0.14

R 0.600 0.52 0.00 0.14 0.14

Fragment
50

TOTAL

1.340 1.60 0.00 0.52 0.52

The areas of interest in Table 4.8 are the cycloalkane sub-fragment and the nitrogen 

atom sub-fragment R-N in (RNAr^), since the two phenyl elements of the fragment are 

well characterised. The cycloalkane was estimated from cyclobutane values yielding a 

small value of (due to increased sp2 behaviour brought on by the constraint of the 

ring) as determine by experiments^. The R-N (in RNAr;) sub-fragment was estimated by 

using the descriptors values of an general alkyl amine, R3N (i.e. Fragment 8, Table 4.9), 

and substituting two alkyl groups with phenyls. Firstly one alkyl R was substituted, to 

obtain a value for the nitrogen atom in a N,N-dialkyaniline type structure, (c.f. Fragment 

27, Table 4.9, with the phenyl group subtracted). This will have a significantly smaller 

Zp^2 (0.3 units) due to the delocalisation of the lone electron pair by the benzene ring, 

and an increased # 2, (0.3 units) as the structure is more polarisable. A second similar 

substitution is then performed for another alkyl group with phenyl, again reducing Zp 2̂
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and increasing # 2  by similar amounts. However the estimation of this sub-fragment is 

still not complete, because an account has to be made of the effect of the bridging 

cycloalkyl group (preventing free rotation of the aryl rings) which will mean that 

delocalisation will be hindered. Thus an increase in (0.08 units per aryl ring) and 

decrease in # 2  (0.15 units per ring), is required yielding the subffagment values o f R-N 

in (RNAr2) shown in Table 4.8.

As described above, it is easy to see that the fragments of fragments approach is 

involved. Care has to be taken to assess all aspects of the molecule. However although 

there are these difficulties, it is reasonably easy to assess the estimations o f fragments. 

For example given that the estimation is done by analogy, a worst case scenario would 

estimate errors o f 0.2 units for either Zp 2̂ or 71̂ 2 for the whole molecule given that the 

RN subfragment is the only wholly estimated part. Referring back to the general 

Abraham octanol equation, eq(4.16), an error of 0.2 in ZPH2 would yield an error of 0.69 

(3.46*0.2) in logP^ct or a similar error in tc 2̂ would produce an 

error of 0.21 (1.05*0.2) in log Since measured log? values
NMc'

NH

NH

were made by predicting partition coefficient values and 

comparing these with the measured values. The predictions were 

Figure 4.5 made using the summed solute descriptors in the respective

Y-M Compound 12 regression equations, eq(4.16-4.18). The predictions were 

logPoct=4.12, logPcyc=3.63 and logPchi=6.50, with respective measured values of 4.42, 

3.57 and 6.29. This check is useful as it shows that the predicted solute descriptors are 

not greatly in error, confirming the quality of the sub-fragment estimation. Moreover 

any such error in prediction of logBB will be much less (see 4.8 onwards).

It is stressed that this type o f approach could only be used where an account could be 

made for the various sub-fragments. For some compounds, for example Y-M Compound 

12 (Figure 4.5), there was no data from which analogous estimations could be made for 

descriptor determination on the aminotriazole moiety.
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Table 4.9
Compound and fragment descriptors^- (used for solute descriptor summation) 

No Fragment

1

2

3

4

5

6

7

8

9*

10

11

12'

13

R-CHrR

R-O-R

R-S-R

R-CH,-OH

R-CO-Et

RNH,

RzNH

RgN

R -N H C H 2CF3

H

C H g ^ N  

O

R

O

Ar

R

N

H

N

H

R

N O 2

N

H

CH.

N '
,CN

K

H

CH,

Rz ZaH m

0.000 0.00 0.00 0.00 0.00

0.041 0.25 0.00 0.45 0.45

0.400 0.38 0.00 0.32 0.32

0.246 0.42 0.37 0.48 0.48

0.106 0.68 0.00 0.50 0.50

0.230 0.35 0.16 0.61 0.61

0.150 0.30 0.08 0.67 0.67

0.140 0.15 0.00 0.67 0.67

0.000 0.30 0.40 0.30 0.30

0.400 1.30 0.40 0.72 0.72

0.260 0.88 0.50 0.53 0.53

0.700 0.60 0.25 1.18 1.18

0.600 0.60 0.43 1.11 1.11
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14 ^C N
N

H  H

0.600 0.60 0.48 0.90 0.90

15 R 0.601 0.52 0.00 0.14 0.14

16 R 1.340 0.92 0.00 0.23 0.23

17 Cl

R

Cl

0.847 0.73 0.00 0.03 0.03

18
OMe

0.708 0.74 0.00 0.30 0.30

19

R

OMe
0.709 0.78 0.00 0.30 0.30

20

21

22

0.699 0.77 0.00 0.30 0.30

0.800 0.89 0.60 0.30 0.30

0.915 1.08 0.67 0.20 0.20

23

O

0.369 0.53 0.00 0.13 0.13
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24

25

26

R O R

R

27

28

Cl

29

30

33

NH.

NH.

NR.

NH.

O

H

,N.

O

R

'N  R 

H

SO2NH2

SO2 NHR

R

0.360 0.50 0.00 0.16 0.16

0.955 0.96 0.26 0.41 0.50

0.940 0.95 0.23 0.45 0.55

0.957 0.84 0.00 0.48 0.47

1.053 1.10 0.30 0.30 0.36

1.000 1.44 0.35 0.73 0.73

0.870 1.40 0.50 0.67 0.67

1.00 1.55 0.55 0.80 0.80

1.100 1.50 0.30 0.82 0.82

1.100 1.50 0.00 0.86 0.86

SO2NR2
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34

35

36

38

39

40

N

N R 

R

N R

37 R.

'N  R

N N ' 

H
NH2

R

'N '

N NR2

41 NR.

N

42 ^  .B r

0.631 0.84 0.00 0.52 0.47

0.610 0.70 0.00 0.58 0.49

0.630 0.76 0.00 0.63 0.49

0.630 0.74 0.00 0.62 0.49

0.980 1.20 0.26 0.45 0.45

0.980 1.00 0.41 0.77 0.64

0.980 1.00 0.00 0.62'’ 0.62

0.980 1.00 0.00 0.67" 0.67

0.900 0.90 0.00 0.38 0.38

'N '
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43

44

45

46

47

48

OCH

R

0.680 0.94 0.00 0.53 0.53

N '

H

1.268 0.97 0.00 0.51 0.51

1.211 1.00 0.00 0.47 0.47

0.613 0.73 0.41 0.29 0.29

0.559 0.79 0.00 0.31 0.31

0.406 0.56 0.06 0.52 0.52

49

'N '

R

0.300 0.32 0.00 0.63 0.63

1.34 1.60 0.00 0.52 0.52

0.620 1.00 0.54 0.43 0.34

145



52

N
'N '

H

53 H

54'

-N

H

-N
R

55* H

.N . .NHR

-N

56 N

'N '

H

57

'N

H

O

58 N

O

59 N

O

1.180 1.35 0.54 0.34 0.30

0.710 0.85 0.42 0.78 0.50

0.700 0.75 0.42 0.78 0.50

1.000 1.10 0.35 1.05 1.05

1.270 1.10 0.42 0.76 0.52

1.200 1.20 0.55" 0.60 0.60

0.418 0.70 0.00 0.42 0.42

0.900 1.00 0.00 0.38 0.38

146



60

O
N

0.877 1.00 0.00 0.33 0.33

61

ex
'N

,0

R.

N

N O

H

0.971 1.10 0.00 0.36 0.36

1.685 1.59 0.40 0.47 0.47

63 N 0.800 0.80 0.00 0.45 0.45

64 N

65

R

N-

R.
N S'

H

0.740 0.70 0.00 0.40 0.40

1.150 1.24 0.40^ 0.60^ 0.50

66 N 1.330 1.10 0.00 0.40 0.40

67

R.

N

'N  S' 

H

68 NH2 S

NH9 N N R

69
N

H

N "O

1.680 1.54 0.40'' 0.45 0.45

1.305 1.00 0.75 0.80 0.80

0.800 1.60 0.30* 0.92* 0.92
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70 O

71'

N
H

'N '

O

H H

0.800 1.60 0.30^ 0.85* 0.85

1.430 1.60 0.60 1.00 1.00

I T  NO

R.
'N N

H H

1.060 1.08 0.40 0.79 0.79

l ' y  NO 2 \ .

Ar
'N  N 

H H

1.220 1.08 0.46 0.70 0.70

^Throughout the table Ar refers to aryl and R refers to alkyl. In the fragments that contain Ar 
groups, the fragment descriptor values do not include the Ar group fragments; the latter must be
separately entered. ^By analogy with related compounds or fragments.
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4.6.7 Application o f  Method (3)

The results of the fragment summation method are given in the summary table. Table 

4.11 (with solute descriptor values various compounds used later) and the detailed 

summations are presented in Table 4.12 (located at the end of Chapter 4). These results 

are reasonable, especially since they are not subject to the problems highlighted above 

with complex experimental measurements (logP’s). Moreover are chemically 

reasonable, as shown above (Section 4.6.6 discussion of Compound 8) since they predict 

log? values that agree with experimentally observed values. Further evidence for the 

quality o f the fragmental approach of method (3) is provided below by comparison to 

methods (1) and (2) and later in Section 4.16 (Application o f  Predictive Models to Test 

Compounds).

4.6.8 Comparison o f  Methods (1), (2) and (3)

To examine the application of method (3), structurally related compounds can be 

compared. Consider Set 1, consisting of the four structurally related compounds 2, 19, 

20 and 23 (Scheme 4.1). Solution of the three simultaneous equations of method (1) for 

each o f the four compounds leads to reasonable values for n \  and Ep^z (see Table 

4.3). However, these must be assessed in the light of the results of method (3) using 

general fragment scheme shown in Table 4.9. For example, compounds 2 and 19 differ 

only in exchange of a phenyl for a methyl group. Thus Ea^z for compounds 2 and 19 

must be the same, tt^z should differ by 0.52 units and Ep^^ by 0.14 units (compare 

difference in Fragments 1 and 15 Table 4.9). In Table 4.10 are listed the fragment- 

calculated differences for compounds 19, 20 and 23 with respect to compound 2 (N.B. 

fragment based descriptors on these lines is also in Table 4.11, and the details o f the 

fragment summation are listed in Table 4.12 at the end of the Chapter).

A check on these fragment-based values can be made using results in Tables 4.3 and 

4.6. Alternatively this check can be regarded as an assessment o f results in Tables 4.3 

and 4.6. The results of method (1), Table 4.3, do not yield the expected variation in tĉ ẑ 

with structure, but do give remarkably similar EP"z values to those in Table 4.11, and 

Ea^z values that seem to be a rough average of all those in Table 4.11. However, if 

Ea^z values are assigned according to Table 4.5, then method (2) yields tt̂ z and Ep^z
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values that confirm the fragment based method (3) for Set 1; compare results in Tables

4.6 and 4,11, especially the cyc/chl and oct/chl results in Table 4.6.

T a b le  4 .10

Calculated differences in descriptors for Compound Sets 1 and 2 using fragment values 
in Table 4.9, and a complete fragment-value-based parameter set

S e t l AnH, A % AIpH

Compound 2 0.00 0.00 0.00
Compound 19"̂ 0.52 0.00 0.14
Compound 20^ 0.95 0.23 0.45
Compound 23̂ ^ 1.55 0.71 1.35

tcH SaH ZpH,

Compound 2^ 1.00 0.75 0.80
Compound 19^ 1.52 0.75 0.94
Compound 20 ^ 1.95 0.98 1.25
Compound 23 * 2.55 1.46 2.15

Set 2 An^ AlaH AZpH

Compound 34 0.00 0.00 0.00
Compound 30*̂ 0.88 0.03 0.24
Compound 31 ^ 1.02 -0.02 0.25
Compound 34 ̂ 0.00 0.00 0.00
Compound 36*̂ 0.78 -0.11 -0.03
Compound 41 1.12 0.03 -0.03

71", laH ZP":

Compound 30^ 2.40 0.40 1.65
Compound 31 ^ 2.54 0.35 1.66
Compound 34 * 1.52 0.37 1.41
Compound 36* 2.30 0.26 1.38
Compound 41 * 2.64 0.40 1.38

“Calculated differences in descriptors for Set 1 (compared with compound 2)  ̂Total solute descriptor 
values based on method (3) (complete fragment value based parameter set) “Calculated differences in 
descriptors for Set 2 (compared with compound 34)
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Now consider Set 2 of structurally related compounds are 31, 34, 36 and 41, (Scheme 

4.1) all o f which contain the 3-(piperidine-l-ylmethyl)phenoxy group. Application of 

method (1) gives the results shown in Table 4.3. The negative value for compound 

36 is obviously wrong; indeed all the tî z values calculated seem rather small. Thus 

method (1) yields jr^z for compound 34 (0.36) even less than for benzene itself (0.52). 

However the and values in Table 4.3 seem quite reasonable. All the 

compounds in Set 2 have but one functional acidic group, and an Ea^z value can be 

assigned using the listed values in Table 4.5. Hence method (2) can now be applied, as 

shown in Table 4.6. Results for compound 36 are completely unreasonable^. The other 

compounds give reasonable results although again, tt̂ z values seem rather low. An 

assessment o f results for compounds 31, 34, 36 and 41 can be carried out using the 

fragment method as detailed in Table 4.10. Since compound 34 is structurally the 

simplest molecule, it is reasonably easy to deduce AEa^^ and AEp^ values using 

the fragments given in Table 4.9. Values for the parent structure, can be obtained also 

from Table 4.9, thus leading to the values for tt̂ z, and Ep^z (also also in Table

4.10). In the case of the compounds of Set 2 that have been examined, neither method 

(1) nor method (2) yields n ^2 or Ep^^ values anywhere near those calculated by the 

fragment method.

4.6.9 Conclusion o f  Methods (l)-(3)

It can be concluded that methods (1) and (2) can usefully be applied to smaller 

molecules containing the required substructures, see for example the validation 

compounds in Tables 4.1 and 4.3. The obtained tt̂ z, Za^z, and Ep^z values for 

substructures can then be used to extend the fragmentation scheme in Table 4.9, and 

hence to calculate these descriptors for the required drug molecules themselves via 

method (3). Moreover, the substructures used in method (3), need not be restricted just 

to substructures obtained from methods (1) and (2), but can be amalgamated with the 

large amount o f data available in the literature. This method also has the considerable 

advantage that no measurements at all are carried out on the drug molecules - the

§ Note that this compound contains the pyridine functional group, one o f the groups that show variable H- 
bond basicity between different solvent-water partitioning systems (see Chapter 3).
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fragment method is an entirely predictive method, from substructures. From the above 

analysis it is apparent that it is not feasible to use method (1) to determine descriptors 

for complicated solute molecules. Method (2) sometimes yields reasonable results, but 

often does not, and thus again is not a reliable method for complicated structures.

4.7 Extension of the Y-M Dataset

The data of Y-M, used to form the dataset, covered 30 compounds, many of which were 

structurally related. Because of this, as mentioned in Section 4.4.5 and discussed below, 

any equation formed solely on these results could not be wholly general. Therefore it 

would be more generally useful if  a much wider dataset could be assembled. This can 

be done through results on air-blood (logLeiood) on air-brain (logLgrain) partitions 

assembled by Abraham and Weathersby,^^’̂  ̂through eq(4.29),

lo g B B  =  logLerain '  log^Biood (4 -2 9 )

It might be argued that such indirect determinations using in vitro data would not 

necessarily yield the same results as in vivo measurements such as those obtained by the 

data of Y-M. However, Bohlen et al.'̂  ̂obtain logBB in rats of 0.42 for hexane by an in 

vivo method, as compared to the indirect value of 0.80 log units. Considering the 

experimental difficulties, this agreement is reasonable. Haggard"^* also reaches a similar, 

but qualitative, conclusion. Therefore, to produce a more generally applicable 

correlation, the logBB values of Abraham and Weathersby (A-W) were combined with 

those o f Y-M. This yields the combined set of logBB values given in Table 4.11. Solute 

descriptors are also listed in Table 4.11, both for the A-W compounds and for the Y-M 

compounds. The latter include compounds 16, 17, 22, 29, 37 and 42 for which no log? 

values are available, as well as others for which only one or two of the partition 

coefficient (logPcyc, logPchi and logPoct) values are recorded. All the descriptors for the 30 

Y-M compounds were calculated using fragment summation shown in Table 4.12 

(located at the end of the Chapter). In addition to the Y-M and A-W compounds a 

further compound (Compound 45, Scheme 4.1) is included in Table 4.11 for which a 

logBB value was reported (see Table) and for which descriptors were calculated through 

fragment summation. Table 4.12.
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Table 4.11
Summary table, compound datasets - log BB values (calculated and observed) and 
corresponding solute descriptors

Compound Nam e

Neon  

Argon 

Xenon 

Nitrogen 

Nitrous oxide 

Methane 

n-Pentane 

n-Hexane

2-Methylpentane

3-Methylpentane 

2,2-Diinethylbutane 

n-Heptane 

3-M ethylhexane 

Methylcyclopentane 

Trichioromethane

1 ,1,1 -T richloroethane 

Trichloroethene 

1,1,1-T rifluoro-2chlaodlTane 

Halothane 

CF3CHFBr 

Diethylether 

Methoxyflurane 

Isoflurane 

Enflurane 

Fluroxene 

Propanone 

Butanone 

Ethanol 

Propan-l-ol 

Propan-2-ol 

2-M ethylpropan-1 -o!

Sulfur hexafluoride 

Carbon disulphide
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Ra Z a "
2

Z P "
2

V x logBB^’^ logBB'
(Obs)

0.000 0.00 0.00 0.00 0.00 0.085 0.05 0.20
0.000 0.00 0.00 0.00 0.00 0.190 0.15 0.03

0.000 0.00 0.00 0.00 0.00 0.329 0.29 0.03

0.000 0.00 0.00 0.00 0.00 0.222 0.18 0.03

0.068 0.35 0.00 0.10 0.10 0.281 -0.06 0.03

0.000 0.00 0.00 0.00 0.00 0.250 0.21 0.04

0.000 0.00 0.00 0.00 0.00 0.813 0.77 0.76

0.000 0.00 0.00 0.00 0.00 0.954 0.91 0.80

0.000 0.00 0.00 0.00 0.00 0.954 0.91 0.97

0.000 0.00 0.00 0.00 0.00 0.954 0.91 1.01

0.000 0.00 0.00 0.00 0.00 0.954 1.05 1.04

0.000 0.00 0.00 0.00 0.00 1.095 1.05 0.81

0.000 0.00 0.00 0.00 0.00 1.095 1.05 0.90

0.225 0.10 0.00 0.00 0.00 0.845 0.78 0.93

0.425 0.49 0.15 0.02 0.02 0.617 0.20 0.29

0.369 0.41 0.00 0.09 0.09 0.757 0.44 0.40

0.524 0.37 0.08 0.03 0.03 0.715 0.45 0.34

0.010 0.40 0.15 0.00 0.00 0.566 0.15 0.08

0.102 0.38 0.15 0.05 0.05 0.741 0.32 0.35

-0.070 0.21 0.20 0.02 0.02 0.636 0.28 0.27

0.041 0.25 0.00 0.45 0.45 0.731 0.21 0.00

0.109 0.67 0.07 0.14 0.14 0.870 0.24 0.25

-0.240 0.50 0.10 0.10 0.10 0.801 0.23 0.42

-0.230 0.40 0.12 0.13 0.13 0.801 0.26 0.24

0.183 0.30 0.00 0.27 0.27 0.741 0.34 0.13

0.179 0.70 0.04 0.49 0.49 0.547 -0.31 -0.15

0.166 0.70 0.00 0.51 0.51 0.688 -0.16 -0.08

0.246 0.42 0.37 0.48 0.48 0.449 -0.43 -0.16

0.236 0.42 0.37 0.48 0.48 0.590 -0.29 -0.16

0.212 0.36 0.33 0.56 0.56 0.590 -0.28 -0.15

0.217 0.39 0.37 0.48 0.48 0.731 -0.14 -0.17

-0.600 -0.20 0.00 0.00 0.00 0.464 0.44 0.36

0.877 0.21 0.00 0.07 0.07 0.491 0.43 0.60



Benzene 0.610 0.52 0.00 0.14 0.14 0.716 0.34 0.37

Toluene 0.601 0.52 0.00 0.14 0.14 0.857 0.48 0.37

Compound 1 1.700 1.73 0.67 2.21 1.93 1.956 -0.97 -1.42

Compound 2 1.305 1.00 0.75 0.80 0.80 1.138 -0.43 -0.04

Compound 3 2.740 3.30 0.60 2.16 2.02 2.971 -0.74 -2.00

Compound 4 3.670 3.55 0.60 2.38 2.38 3.447 -0.41 -1.30

Compound 5 2.960 3.39 0.60 2.78 2.64 3.178 -0.99 -1.06

Compound 6 1.847 1.83 0.35 1.08 1.08 1.532 -0.41 0.11

Compound 7 1.819 1.92 0.00 1.59 1.59 2.387 0.27 0.49

Compound 8 1.480 1.75 0.00 1.19 1.19 2.402 0.61 0.83

Compound 9 1.600 1.63 0.25 2.33 2.33 2.399 -0.26 -1.23

Compound 10 2.305 1.98 1.18 2.23 2.23 2.276 -1.08 -0.82

Compound 13 1.900 1.88 0.43 1.81 1.81 2.270 -0.27 -2.15

Compound 15 2.360 2.36 0.40 1.49 1.49 2.179 -0.35 -0.67

Compound 16 2.070 2.16 0.40 1.69 1.60 2.004 -0.58 -0.66

Compound 17 2.671 2.68 0.40 1.83 1.74 2.753 -0.17 -0.12

Compound 19 1.906 1.52 0.75 0.94 0.94 1.605 -0.30 -0.18

Compound 20 2.245 1.95 0.99 1.25 1.35 1.705 -0.81 -1.15

Compound 22 2.776 2.92 1.25 1.61 1.61 2.002 -1.52 -1.57

Compound 23 2.845 2.55 1.46 2.15 2.25 2.298 -1.48 -1.54

Compound 24 1.960 2.11 0.40 1.94 1.94 2.387 -0.36 -1.12

Compound 25 2.561 2.63 0.40 2.08 2.08 3.137 0.05 -0.73

Compound 26 2.321 2.25 0.46 1.67 1.67 2.409 -0.22 -0.27

Compound 29 2.591 2.51 0.46 2.14 2.00 2.548 -0.54 -0.28

Compound 30 1.409 2.40 0.40 1.65 1.65 2.432 -0.43 -0.46

Compound 31 2.009 2.54 0.35 1.66 1.66 2.899 0.09 -0.24

Compound 32 2.109 2.60 0.30 1.75 1.75 3.023 0.17 N /A

Compound 34 1.255 1.52 0.37 1.41 1.41 2.093 0.00 -0.02

Compound 36 1.989 2.30 0.26 1.38 1.38 2.701 0.31 0.69

Compound 37 2.159 2.34 0.40 1.53 1.43 2.626 0.04 0.44

Compound 41 2.689 2.64 0.40 1.38 1.38 2.995 0.41 0.14

Compound 42 2.694 2.69 0.40 1.40 1.40 2.890 0.26 0.22

Compound 45 2.960 3.24 0.60 2.00 1.87 3.066 -0.45 -1.88

^Calculated values from eq(4.32) - ACM-II correlation ^Note: the calculated logBB values in 
this Table include outlier compounds see Section 4.11 '^LogBB values from Abraham, M.H., 
Weathersby, P.K., unpublished results; and Young R.C., M itchell, R.C., Brown, T.H., Ganellin, 
C.R., Griffiths, R., Jones, M., Ran a, K.K., Saunders D., Smith, I.R., Sore, N.E., Wilks, T.J. 
J.M ed.Chem  1988, 31,656, except Compound 45 (Tem elastine) from Brown, E.A.; Griffiths, R.; 
Harvey, C.A.; Owen, D.A.A. Br. J. Pharmacol. 1986, 87, 56
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4.8 Regression Analysis of the logBB Datasets Using the Abraham Equation

Assembled in Table 4.11 are no less than 65 observed values of logBB - by far the 

largest such dataset ever constructed. It is instructive to regress not only the full dataset, 

but also the A-W, and the Y-M sets separately,

logBB^.w = -0.079 4-O.236R2 -0.548ti" -0.362Za" -0.736Zp“ 4-0.961Vx (4.30)
n = 35 p = 0.9447 sd = 0.134 F = 48.1

logBBy.M = 0.088 + 0.264 -0.966 Jt" -0.705 Z a"  -0.756Zp“j 4-1.189Vx (4.31)
n = 22 p = 0.9416 sd = 0.270 F = 25.0

logBB^u, = -0.03 8 4-0.198 Rj -0.687 7t" -0.715 Z a"  -0.698Zp" -1-0.995Vx (4.32)
n = 57 p = 0.9522 sd = 0.197 F = 99.2

Eq(4.30) is constructed using the A-W dataset alone, eq(4.31) is constructed of the Y-M 

dataset alone, (denoted the ACM-I correlation) and eq(4.32) is constructed from the 

combined logBB datasets (denoted the ACM-II correlation - see calculated values Table

4.11). Not all the Y-M data has been used in the above equations (see section 4.11).

It is important to recognise that although eq(4.31) is reasonably good, it cannot be a 

general equation for logBB because the dataset used is too specific. However, the 

coefficients in eq(4.30) and eq(4.31) are not too dissimilar. The signs of the coefficients 

are in agreement. As one might expect however there is a noticeable difference in 

coefficients (especially s and a coefficients), because of the differences in the spread of 

solute descriptors in each set (see Chapter 1, Section 1.4). However overall the 

regressions suggest that they are compatible and can be combined to give the general 

regression equation for logBB as eq(4.32).

Equation (4.32) reproduces logBB values to within 0.20 log units, close to the 

experimental error (see Section 4.9), and has a near-zero intercept. It shows exactly the 

factors that influence blood-brain distribution. Solute excess molar refraction (weakly) 

and solute size (strongly) increase logBB, whereas solute dipolarity/polarisability, H-
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bond acidity, and H-bond basicity all reduce values of logBB. Brain is therefore more 

lipophilic than blood, but the latter is more dipolar, more basic and more acidic than is 

brain. An important point illustrated by eq(4.32) is that all o f the coefficients are small, 

for example compare with logPo^ and logP^yc regressions eq (4.16, 4.17). Thus a 

relatively large change in a particular chemical property makes a relatively small 

difference in logBB. This in-fact is the essence o f the difference when predicting logBB. 

A researcher measuring multiple logP’s, quickly attains a “feeling” about any given 

compound allowing an estimate to made, and can often accurately predict the effect of a 

change in chemical structure to a compound. Whereas for the finely balanced blood- 

brain system, any attempts are much less likely to be right.

In eq(4.30) and eq(4.31), Zp 2̂ has been used rather than the alternative parameter. 

For the 57-compound dataset used in eq(4.32), these two descriptors differ for only 5 

compounds, and so results using Ep^; are almost identical to those using Zp^z- 

Furthermore, as discussed in Chapter 1, the Zp®2 parameter is useful for partitions 

between water and rather aqueous organic solvents (butanol, octanol, and ether) whereas 

Zp 2̂ is the more useful for partitions between water and non-aqueous organic solvents 

(chloroform, cyclohexane, hexane). It is not immediately obvious which is the better 

parameter to use with logBB.

4.9 Assessment of logBB Errors

It is useful to attempt to assess the possible experimental error in the radiochemical 

method for determination of logBB used in the Y-M study. The three most intensively 

studied compounds are compounds 1, 5 and 9 where the values are -1.42 ±0.16 (n=l 1), - 

1.05±0.16 (n=9), and -1.23±0.20 (n=9) respectively. Occasionally errors can be much 

larger; for example logBB for compound 8, 0.54 or 1.01, on two determinations. 

Generally, however, the random experimental error in logBB determinations is likely to 

be around ±0.20 log units. It should be noted that whenever error limits are quoted, on 

either BB or after conversion to logBB; these errors only refer to random errors; they do 

not include any systematic errors. Indeed the extent of systematic errors is largely, or 

entirely, unknown. It can be concluded that an attempt to correlate logBB for the Y-M
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compounds cannot yield a standard deviation in observed/calculated quantities lower 

than around 0.15 or 0.20 log units, since this is probably the average experimental error. 

In addition there is always a possibility that the systematic experimental errors may bias 

the results in particular cases. In the light of this therefore the overall standard deviation 

o f eq(4.32) is reasonable.

4.10 Clustering of Datasets

A point often neglected in correlations of biological systems and SPRs in general, is that 

o f "bunching" or "clustering" of datasets. This point has been amply discussed by 

Rekker"^  ̂ in a recent paper, but is illustrated by eqs(4.30-4.32). If a given dataset is 

found to cluster into two distinct groups, it is possible that neither group will lead to a 

satisfactory general regression equation, whereas the two groups taken together will 

yield a satisfactory equation. For example, the A-W set of solutes covers a Vx range of 

0.085-1.095, whereas the Y-M set covers a Vx range of 1.138-3.178, in units of

(cm^ mol" 1)/100. Only by combining both sets, or clusters, can a general equation be 

constructed. Instructive figures can be constructed for other descriptors. Thus the A-W 

set covers a range of Za"; of only 0.00-0.37, whereas the Y-M set covers a range of 

0.00-1.28 units. It can be concluded that neither the A-W set nor the Y-M set can be 

used to construct a general equation for logBB, (see Section 4.4.5) and that only by 

combining the two sets of data can any reasonably general equation for logBB be 

obtained.

4.11 Outliers

There are a number of wild outliers in the Y-M dataset, that need to be considered. First 

o f all it is stressed that eq(4.32), and any similar predictive equation, will not be 

expected to hold for any compound that undergoes some conformational change or 

change in intramolecular H-bonding between the two phases concerned. Difficulty of 

measurement o f logBB values introduces another possible reason for discrepancy
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between calculated and observed values, and, finally, i f  a com pound is m etabolised in 

either phase then the measured logB B  value might not refer to the correct equilibrium  

concentrations. It is therefore not surprising that out o f  the 30 Y-M  com pounds, som e 8 

com pounds are very strong outliers to eq(4.32).

4 .11 .1  E xam in ation  o f  O u tliers

The calculated logB B  values using the Y-M  AlogP correlation, eq.(4.6), and the 

Abraham correlation, (ACM -II, eq .(4.32)), are presented in Table 4.13  

The follow ing points are demonstrated by Table 4 .13, a) A ll measured logB B  values o f  

these outliers are more negative than those predicted by either the ACM -II m odel or the 

AlogP m odel, except compound 6 which is the least deviant compound, b) The Alog P 

m odel predicts more negative values (and thus values closer to measured logB B ), again  

excluding com pound 6. H owever, even though Alog P predictions are apparently better, 

they are still relatively poor; for exam ple the AlogP prediction is almost 1.5 log units 

greater than the measured logB B  for compound 13.

Table 4.13

Predictions o f  logB B  values for outlier compounds using the Y-M  A logP and the ACM- 
II correlations

Compound N o Predicted logB B  Observed logB B

AlogP Y-M A C M -lf

3 -1.62 -0.74 -2.00
4 -1.10 -0.41 -1.30
6 -0.29 -0.41 0.11
9 N A -0.26 -1.23
13 -0.69 -0.27 -2.15
24 -0.62 -0.36 -1.12
25 -0.34 0.05 -0.73
45 N A -0.45 -1.8845 N A  -0.45

""Calculated using eq(4.6) ^Calculated using eq(4.32)
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A nalysis o f  the Abraham equation sheds further light on these values. For com pound 13 

the predicted value is almost 2 log units too high. Since the volum e and excess molar 

refraction terms, V x and Rj , have fixed determinations, only n ^2 , and can 

be in error. H owever, to explain this huge difference between the observed and 

predicted values w ould require m assive and unreasonable changes in the solute 

descriptor values.

It is useful to contrast the above outliers with com pounds 2 and 9, Table 4 .14

Table 4.14
Calculated and observed logB B  values for com pounds 2 and 19 using the Y -M  A logP  
and ACM -II correlations

Compound N o Calc. logB B  Calc. logB B  Observed  
AlogP Y-M “ ACM-II logB B

2 -1.07 -0.43 -0.04

19 -1.01 -0.30 -0.18

‘̂ Calculated from eq(4.6) ^Calculated from eq(4.32)

For these two com pounds, the Y-M  A logP predictions are respectively 1.03 and 0.83 log  

units too negative. H owever in both o f  these cases the ACM -II predictions are more 

positive and much closer to the measured values.

Another way that the outliers may be analysed is to compare the observed and calculated  

values o f  logP^ct and logP^yc using eq(4.16) and eq(4.17) and the solute descriptors 

listed in Table 4.11. The results o f  this comparison are in Table 4.15. For seven o f  the 

eight outliers, there is reasonable agreement between observed and calculated values**.

** Note, there is a discrepancy for Compound 4, which appears to be predicted by the Abraham 
methodology as a more hydrophilic compound, thus having lower predicted logP^c and logP̂ yc than the 
values given by Y-M. However the logP^ t̂ value listed for this compound had been estimated by Y-M 
and the logP^yc has been determined by ionisation correction; so they are not wholly certain values. 
Examination of the discrepancy in terms of incorrect Abraham solute descriptor determination did not 
yield any coherent reason. Furthermore, an important aspect to note regarding the current discussion of 
outliers, is that the predicted logBB for this compound is too high (Table 4.13). According to the relevant
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This suggests that the descriptors for these com pounds cannot be greatly in error and 

that large differences between observed and calculated logB B  values must be due other 

factors. N ote that an error o f  0.10 units in the descriptor Zp"; or ZpO  ̂w ould lead to an 

error in logPoct o f  0.35 units (eq 4.17), but only to an error o f  0.07 units in logB B  (eq 

4.32). Thus Table 4.15 provides som e justification for the removal o f  the outliers from  

the regression and point to eq(4.32) as the m ost useful equation for the estim ation o f  

logB B  values.

Table 4.15
Comparison o f  observed and predicted log and log P̂ yc values for outlier 
com pounds.

Compound N o logP^ct logP eye

observed predicted" observed predicted

3 2.58 2.49 -2.60 -2.41
4 4.57* 3.32 0.47 -0.95
6 1.59 1.30 -0.85 -1.04
9 0.27 0.36
13 1.98* 1.57 -1.28 -1.53
24 1.64* 1.36 -1.48 -1.86
25 3.65* 3.52 1.11 0.53
45 3.57 3.56

^ used for these calculations  ̂Estimated by Y-M

From the above discussion the follow ing arguments can be summarised, the strong 

outliers are more negative than predicted and that these com pounds are generally  

predicted w ell using the determined Abraham descriptors for comparable partition 

coefficient measurements. Thus it is proposed that these outliers are due to the in vivo  

m etabolism.

Abraham regression equations both of these are conflicting requirements (the logP requiring smaller 
descriptors for the negative coefficients and logBB requiring larger solute descriptors for the negative 
coefficients). It is therefore submitted that, at the present time, Compound 4 is an outlier, but that this 
issue requires further work including an actual determination of logPo t̂ to find the cause of the 
discrepancy.
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Metabolites are generally more polar and hydrophilic that the parent drug molecule and 

therefore they are less likely to cross the Hence if metabolism is not corrected for 

in measurements of logBB values, as was the case in the Y-M studytt, then the 

measured values will be underestimated. Therefore it is likely that this is the reason why 

the measured values for the outliers are more negative than predicted.

For completeness corresponding equations for all o f the 30 Y-M compounds (including 

the outliers) are given, both separately, eq(4.33), and together with the A-W set, 

eq(4.34),

logBBry-# = 0.867 + 0.192R^ -0.68571» -0.636Ia»2 -1.177IP» + 0.848Vx (4.33)
n = 30 p = 0.7758 sd = 0.567 F = 7.3

logBB(Comb.) = 0.044 +0.223Rz -0.61371» -0.486Sa» -0.986ZP», + 0.909Vx (4.34)
n = 65 p = 0.8685 sd = 0.397 F = 36.2

It is important to remember that outliers are removed to obtain a useful and relevant 

correlation and not just to improve the statistics. Fig 4.6, a plot of observed logBB 

values versus predicted values using the ACM-II equation, eq(4.32) illustrates this point. 

The points fall around a straight line, except where they tail off at the negative end 

where observed values are more negative than predicted. Graphically this suggests that 

these points are outliers.

tt  Note the values o f logBB were measured using radiolabelling. Using this technique it is not possible to 
differentiate between whole and metabolised fragment species.
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Figure 4.6
A plot o f  calculated versus observed logBB values
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4.12 Correction for Ionisation

Sinee the late 1950’s it has been w idely recognised that passive transport across 

b io logical membranes w ill be highly dependent on the degree o f  ionisation o f  a solute 

m olecule. This can be understood from the work presented in this Thesis, where it is 

show n that ionisation can have a sizeable effect on partition coefficients, sueh as logP^hi, 

(described Chapter 2). This is because the ionised species w ill strongly favour 

partitioning into water, due to its ability to stabilise ions. Thus all apparent partition 

(distribution) coefficients used in this work are corrected for ionisation.

B rodie and Hogben et al. formalised a theory about the effect o f  ionisation on 

b io logical membranes. They suggested the pH-partition hypothesis which asserts that
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only unionised molecular species will pass through a biological membrane. To examine 

the importance of ionisation in the present study of blood-brain distribution# an attempt 

was made to account for ionisation.

A correction factor was calculated to test the significance of ionisation on blood-brain 

distribution. The fraction of the compound present as the nonionised form in blood, was 

calculated, eq(4.35), using the aqueous pK^ values listed by Y-M.§§ A pH value o f 7.4, 

the physiological pH, was used throughout for correction. These were then introduced in 

logarithmic form as an additional solute descriptor, as listed in Table 4.16.*** The 

correlation obtained using this is shown by eq(4.36), (logEB^) and a comparative 

equation without correction is presented in eq(4.37).

log N={logl+(Kb.(H+)/l. 1014} (4.35)

where N is the correction factor, representing the fraction of non ionised species, (H"'') 

is the hydrogen ion concentration taken as -log(7.4) and Ky is the proton basicity

logBB„= 0.080+O.127R2-0.476 7t"2-0.808Za“2 (4.36)
-1.039 Zp" + 0.857VX + 0.158 logN

n = 51 p = 0.8898 sd = 0.307 F = 27.8

logBB= 0.036 +0.117 R;-0.379 n"  -0.878 Z a" -1.035 Zp" + 0.896Vx (4.37)

n = 51 p = 0.8866 sd = 0.308 F = 33.1

#  Note: all logBB values presented thus far values are uncorrected (hence they are not described as 
partition coefficients).
§§ This assumes that pKa in blood is the same as in water. In practice, the fraction present as the non 
ionised form in blood would be expected to be larger than in water (because blood is less polar). Abraham, 
M.H., Private Communication.
*** Note that the simple A-W compounds will be unionised. Only those Y-M compounds for which pKa 
values were known were included in the correlation.
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Equations (4.36) and (4.37) represent the same dataset regressed with and without the 

correction factor N. The equations indicate that the correction factor, N, does not 

improve the correlation (compare F-statistics). Also the N descriptor is of negligible 

statistical significance, demonstrated by a low T-test value of 0.71 (see Chapter 1) in the 

regression o f eq(4.36).

The calculation was also done with a dataset containing only Y-M compounds, using N, 

and additionally with direct pKa values (which could only be done for the Y-M 

compounds). As above, it was found that neither the inclusion of N nor pKa improved 

the correlation. Hence it can be concluded that for the general predictive equation of 

logBB, eq(4.32), the uncorrected logBB values are the appropriate ones to use.
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Table 4.16
Calculated correction factors used to test the affect of ionisation

Compound Name pKa^ Correction factor

neon
logN
0.00

argon 0.00
xenon 0.00
nitrogen 0.00
nitrous oxide 0.00
methane 0.00
pentane 0.00
hexane 0.00
2-methylpentane 0.00
3-methylpentane 0.00
2,2-dimethylbutane 0.00
heptane 0.00
3-methylhexane 0.00
methy ley cl opentan e 0.00
trichioromethane 0.00
1,1,1-triehloroethane 0.00
trichloroethene 0.00
CF3CH2C1 0.00
CF3CHClBr 0.00
CF3CHFBr 0.00
CF2:CHC1 0.00
diethyl ether 0.00
divinyl ether 0.00
MeOCF2CHC12 0.00
CHF20CHC1CF3 0.00
CHF20CF2CHFC1 0.00
(CF3)2CH-0-CH2F 0.00
CF3CH20CH:CH2 0.00
propanone 0.00
butanone 0.00
ethanol 0.00
1-propanol 0.00
2-propanol 0.00
isobutanol 0.00
SF6 0.00
carbon disulphide 0.00
benzene 0.00
toluene 0.00
compound 3 9.78 2.38
compound 4 10.20 2.80
compound 5 10.20 2.80
compound 6 8.05 0.73
compound 7 8.92 1.53
compound 8 9.50 2.10
compound 9 8.18 0.84
compound 24 8.18 0.84
compound 25 8.18 0.84
compound 26 8.18 0.84
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compound 30 9.00 1.61
compound 31 9.00 1.61
compound 34 9.00 1.61
compound 36 9.00 1.61
compound 37 9.00 1.61
compound 41 9.00 1.61

^pKa values 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

4.13 The Effect of Molecular Weight

As mentioned in this Chapter, work had been reported indicating that as molecular 

weight is increased, a cut-off can be reached, beyond which brain penetration is 

prevented22. To see if the data in this work indicated any similar results a plot o f the 

deviation, D, as defined by eq(4.38) versus molecular weight was made (Fig 4.7).

D = Yea,c-Y„Jsd (4.38)

In the above equation Ŷ îc is the predicted value of logBB, using eq(4.32) Y„bs is the 

observed value of logBB (Table 4.11) and sd is the overall standard deviation (0.197 in 

eq(4.32)). If there was a molecular weight cut-off, the observed values, beyond a cut-off 

point, would be expected to be highly negative (as a solute remains in the blood), thus 

yielding a large positive deviation. From the available dataset however, no firm cut-off 

point could be detected. With the exception of three large outliers, (Compounds 3, 13, 

45 of varied MW’s 379, 342 and 441 respectively) the graph shows random scatter. 

Given the random scatter and that the range in solute molecular weight was not as great 

as the previous study^^, no firm conclusions about a molecular weight cut-off could be 

drawn.
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Figure 4.7
Plot of deviation (y-axis) versus molecular weight - in daltons (x-axis)
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4.14 Improvement of Other Models

In order to improve the Y-M logPo^ and AlogP correlations, regressions of logBB 

against logP^ct and against AlogP were conducted for as many compounds as possible, 

with additional values used in this work. In both regressions there were a number of 

wild outliers, for the reasons demonstrated above. This yielded the new ACM log Pod 

and AlogP correlations, described in eq(4.39) and eq(4.40).

logBB = 0.216 log Poet -0.376 (4.39)
n = 49 p = 0.5192 sd = 0.498 F = 17.4

logBB = -0.318 AlogP + 0.225 (4.40)
n = 32 p = 0.8852 sd = 0.272 F = 108.6
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From the still very poor correlation, it is obvious that logPo^t, eq(4.39), cannot be used to 

predict values of logBB. On the other hand, the improved AlogP correlation is quite 

good and can certainly be used to estimate logBB. However, it does require a knowledge 

of two partition coefficients for the molecule in question, whereas the descriptors used 

in eq(4.32) can be obtained without any experimentation on the proposed molecule. It is 

important to note that care must be taken over the interpretation of eq(4.40). Since 

AlogP is equivalent to eq(4.16)-eq(4.17), it might be deduced that solute H-bond acidity 

E a^2 (a = 3.81) is much more important than solute H-bond basicity Sp 2̂ (6 = 1.45), as 

calculated by subtracting the coefficients in eq(4.17) from those in eq(4.16) or by a 

direct analysis (see Chapter 3). However, the much more satisfactory analysis through 

eq(4.32), shows that solute H-bond basicity is nearly as important as solute H-bond 

acidity in controlling the value of logBB. Comparison of the various equations in logP, 

eq(4.16-4.18), or in AlogP (see Chapter 3) with eq(4.32) shows why the construction of 

an equation in logBB via the general solvation eq(4.15) is much more instructive and 

useful. Only through some chance occurrence will the coefficients in any logP equation 

or any AlogP equation resemble those needed to reproduce logBB values, whereas the 

coefficients in the actual logBB equation, eq(4.32), are not restricted in any way, and, by 

definition, are those that will best reproduce the logBB values.

4.15 Other Correlation Strategies

It has been demonstrated that the Abraham solute descriptors are suitable to correlate 

logBB. However they do not have to be used exclusively, in the form of an Abraham 

equation. In the following section it is demonstrated how they can be combined with 

other physicochemical parameters.

4.15.1 Combination oflogPoc and Solute Descriptors - the logPpi„, Approach 

The importance of logPo^ as a predictive model and as a comparative physicochemical 

handle has been discussed throughout this work. However its significance to direct 

correlation with logBB has been demonstrated to be poor, eq(4.4). Since it is a
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ubiquitous measurement and because it can be predicted using the CLOGP program, a 

correlation using logPoct and Abraham solute descriptors was proposed^"^ as a novel 

methodology. Using an initial 56 point dataset o f logBB values with corresponding 

Abraham solute descriptors and logPod values seven outliers were removed (for the same 

reasons as discussed earlier) to yield a 49 point dataset, as used in eq(4.39). Three solute 

descriptors were now not significant, and a much simpler three parameter correlation 

eq(4.41), denoted the logPp.̂  ̂ correlation, was obtained

logBB = + 0.055 + 0.203 logP,,. -0.507SaH -0.500EpH (4.41)

n = 49 p = 0.9491 sd = 0.201 F =136.1

At first sight, it would seem that if  the logPp,„, correlation, eq(4.41) is expanded it should 

yield the same coefficients as the ACM-II correlation, eq(4.32). But in practice this will 

not be the case, because a) the datasets of the equations are different (compare n=49, 

eq(4.41), to n=57, eq(4.32)) and b) the coefficients contained within the logPpp, term 

(Rz, 71̂ 25 Zp 2̂ and Vx), when expanded are all constrained by the logP^ct equation 

and hence the overall coefficients in eq(4.41) have not been allowed to float freely, in 

contrast to those of eq(4.32). This phenomenon also effects the F-statistic, which is 

conditioned to be higher because formally there are only 3 parameters of eq(4.41), 

(logPoct, Za^2, ^P^z) rather than 5 in eq(4.32). However, in actuality all terms are 

contained in logP^ct and thus given the same dataset for both correlations it would 

expected that a better SD and p would be yielded for the free floating equation, eq(4.32) 

and better results would be generated. In practice this is the case, the ACM-II model 

does appear to perform better when applied to a test set of compounds (see 4.16).

4.15.2 The Benefits o f  the logPpi ŝ Approach

Clearly the Abraham approach is very powerful in detailing the physicochemical factors 

determining chemical and biological solvation phenomena. However in a number of 

respects it is difficult. Firstly many people who could use it, such as practising 

medicinal chemists, being unfamiliar with the five terms of the equation may be put-off
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from using it. Secondly obtaining the full compliment of solute descriptors can be 

difficult to the novice due to the numerous publications containing data. Therefore, 

despite a slightly poorer and less informative correlation, as a purely simple predictive 

technique for the researcher familiar with logP, it is a useful method. Unfortunately, in 

practice, it is not always possible to use the logPp,„s method for any solute dependent 

prperty. Thus occurs because the five Abraham solute descriptors prevent the logP term 

from being significant in a regression. However for logBB the method is feasible and 

the results pleasing.

4.16 Application of Predictive Models to Test Compounds

Several models to predict logBB have been discussed in this Chapter. In an attempt to 

see how these models compare, a test set of data was obtained from recently published 

data by Young and Ganellin et al."̂  ̂ and additional data (SKF89124 and SKF 01468) 

from SmithKline Beecham (denoted the Y-G set), see Scheme 4.2. The fragments of 

these compounds were added, as described in Table 4.17 (see end of Chapter), yielding 

the solute descriptors given in Table 4.18. AlogP values were calculated from the 

partition coefficients described in Table 4.19. The solute descriptors of Table 4.18 and 

the logPoct and AlogP values of Table 4.19 were then used to predict values for the Y-G 

set, in Table 4.20

On inspection of Table 4.20, the most striking feature is that all o f the models predict 

logBB poorly for Y-G Compounds 19 and 20. The logBB for these compounds are 

highly negative, with logBB -1.30 and -1,40 respectively, possibly due to metabolism 

(see earlier). Thus these compounds may be regarded as outliers. They portray the 

extreme difficulty when working with biological in vivo systems, and because they 

could yield misleading information it is important that they are recognised as outliers. 

Thus they warrant no further discussion, and are excluded from the following analyses.
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Table 4.18

Summary of the solute descriptor values for the Y-G set

Compound Summed Fragments

R: z p " V x

Y-G 14 0.760 1.00 0.08 1.25 1.16 1.1978

Y-G 15 0.750 0.85 0.00 1.25 1.16 1.3387

Y-G 16 0.970 1.05 0.16 1.01 1.01 0.9816

Y-G 19 1.571 1.57 0.16 1.15 1.15 1.5894

Y-G 20 1.390 1.65 0.16 1.21 1.11 1.2869

SKF 89124 1.530 1.72 0.87 1.69 1.69 2.291

SKF 101468 1.340 1.35 0.55 1.27 1.27 2.332

Table 4.19

Summary of partition coefficient data for the Y-G set^

log Poet lOgPcyc AlogP

Y-G 14 0.68 -1.08 1.76

Y-G 15 1.12 -0.17 1.29

Y-G 16 0.16 -1.64 1.80

Y-G 19 2.22 -0.75 1.47

Y-G 20 0.59 -2.71 3.30

SKF 89124 1.56 -2.38 3.94

SKF 101468 3.58 1.19 2.39

 ̂Data from Young, R.C., Ganellin, C.R., Griffiths, R., Mitchell, R.C., Parsons, M.E., Saunders, D., Sore, 
N.E., Eur. J. Med.Chem, 1993, 28, 201
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Table 4.20
Comparative application of various predictive models to the Y-G test set^

Compound Calculated log BB Observed

ÏOgPoct AlogP ACM-I ACM-II logPpiu, logBB

Y-G 14 -1.04 0.04 -0.25 -0.31 -0.47 -0.30

Y-G 15 -0.92 0.26 0.11 -0.01 -0.34 -0.06

Y-G 16 -1.18 0.02 -0.38 -0.41 -0.50 -0.42

Y-G 19 -0.63 -0.55 -0.11 -0.14 -0.15 -1.30

Y-G 20 -1.06 -0.71 -0.64 -0.57 -0.15 -1.40

SKF 89124 -0.81 -1.02 -0.34 -0.44 -0.91 -0.43

SKF 101468 -0.27 -0.27 0.44 0.24 -0.13 0.25

‘'logPoct is the predicted set o f log BB values using the Y-M octanol equation eq(4.4); AlogP is the 
predicted set o f log BB values using the Y-M AlogP equation, eq(4.6); ACM-I is the predicted set o f log 
BB values using the Abraham equation obtained using Y-M compounds only, eq(4.31); ACM-II is the 
predicted set o f log BB values using the Abraham equation obtained using the combined dataset o f Y-M 
and A-W eq(4.32); logP„u.is the predicted set o f log BB values using the combined logPoct,Ea” 2  and 
equation eq(4.41) and logBB is the measured log blood-brain concentration ratios by Y-G.

Further scrutiny o f Table 4.20 reveals that all o f the Abraham models are reasonable. 

The Table can be more easily assessed by calculating the average deviation ({SY„bs- 

EYcaic}/n) where n is 5 - the number o f compounds considered) for each model across 

the 5 non outlier compounds. The results are presented in Table 4.21.

It is clear that predictions using the octanol model are very poor. At about half the 

average deviation, the Y-M AlogP model is much better, and confirms the quality of this 

model over the octanol model.

172



Table 4.21
Average deviation of Non-Outlier Compounds from Observed -Predicted

logPoa AlogP ACM-I ACM-II logP,jriiis

Average Deviation 
(2Y„bs-2Y, J / n  0.84 0.44 0.11 0.02 0.28

Both of the ACM models perform excellently, and it appears that the more diverse 

dataset of ACM-II improves the performance of this approach. However, this must be 

carefully qualified, because as discussed previously the error in measurement of logBB 

is between 0.15 and 0.20 log units. Therefore in this context both ACM models perform 

equally well. Although the amalgamated logP^ctand Abraham correlation, logPp,„s, is not 

the best model as measured by average deviation, it performs very well. It is much better 

than the logPoa relationship, and significantly better than the AlogP model. Moreover, it 

is easier to apply than the ACM correlations because it requires only two solute 

descriptors (which do not have to be highly accurate because the coefficients of the 

descriptors are small) and a logPoa value that can be easily calculated.
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4.17 Predictive Modelling Using the Abraham Correlation

As detailed above, an important property of the Abraham analysis, and the ACM-II 

equation, is the manner in which it can be used to modify a molecule to acquire the 

desired logBB. Thus the effect on logBB of changing a substituent group can be 

predicted. For example Table 4.22 gives the predicted effect on logBB of an X 

substituent on the phenoxy group of the brain penetrating Hj-reeeptor antagonist 

zolantidine (I), Figure 4.8. Addition of an alkyl group or a chlorine group at the 

position shown, will lead to an increase in logBB. A methoxy group gives rise to a 

small decrease, because the increased dipolarity and H-bond basicity only just offsets 

the effect of increased volume, but the more strongly H-bond substituents sueh as OH 

and NHj, both considerably decrease logBB.

Table 4.22

The predicted effect on logBB of a substituent on the phenoxy group of zolantidine (1).

X R2 ZP": Vx logBB(,,„)

H
Me
Ft
Cl

OMe
OH

NH2

2.69
2.69
2.69  
2.81 
2.80  
2.82  
3.01

2.64
2.67
2.67 
2.75 
2.90  
3.06 
3.11

0.40
0.40
0.40
0.40
0.40
0.99
0.65

1.38
1.39
1.39 
1.31 
1.54 
1.48 
1.64

2.9946
3.1355
3.2764
3.1170
3.1942
3.0533
3.0944

0.42
0.53
0.67
0.54
0.35

-0.28
-0.11

Figure 4.8

X

I

Structure I
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4.18 Conclusions and Summary

The general solvation equation, eq(4.12), can be used to correlate a diverse dataset of 

logBB values through the regression equation, ACM-II, eq(4.32), that shows exactly the 

various factors that influence equilibrium distributions of compounds between blood 

and brain. Solute size leads to an increase in logBB, whereas solute 

dipolarity/polarisability, H-bond acidity, and H-bond basicity all lead to a decrease in 

logBB. Unlike all previous correlations o f logBB values, which have been restricted to 

a limited dataset, the constant term in eq(4.32) is very nearly zero, as required by 

experiment"^^. The various descriptors used in eq(4.32) can be calculated using the 

fragmentation scheme shown in Table 4.9. In this way, logBB values can be predicted 

for compounds, e.g. Compound 32, for which no partition data at all are available. The 

fragmentation scheme is mainly constructed using partition coefficients for suitable 

substructures and can be extended to cover any required structure. In addition fragment 

data can also be obtained from the literature (obtained using other methods) and by 

estimation techniques. This allows the application of a number of methods that can be 

extended to cover any required structure. Summation of fragments is simple, and is 

shown in Table 4.12. When choosing fragments, it is important to ensure that there are 

no specific intramolecular interactions between the fragments. In this work such 

interactions have been avoided by the expedient of selecting rather large fragments. 

Thus there could well be intramolecular interactions within the 2-alkylamino-3- 

nitropyrrole fragment, but provided these are contained within the fragment, all these 

interactions are included in the descriptors for this fragment.

An added advantage of the analysis conducted in this work for the construction of 

eq(4.32) is that a whole host of other data, for physicochemical and biochemical 

processes, can now be calculated for these molecules. Developing from the Abraham 

analysis of logBB, a different hybrid strategy for prediction of logBB has evolved, the 

so called logPp,„, method, which has combined logP«^ data with Abraham solute 

descriptors, in the form of eq(4.41). This model combines the ease of obtaining logPô t 

values (which are measured in almost all cases anyway) with the greater accuracy for 

prediction inferred by the solute descriptors; thus producing a highly accessible and

175



reasonably accurate model for field workers to adopt, without detailed knowledge o f the 

Abraham LSER.

Various predictive models have been compared in this work, through comparison of 

regression equations. In addition a most important type of analysis has been conducted 

by comparing predictions on a wholly different test set of compounds. This analysis 

reveals that the ACM models not only yield important physicochemical information, but 

are in fact the most accurate at predicting logBB, with ACM-II (the correlation 

constructed using a more diverse dataset) being the best. The logPpiu, and AlogP models 

also work well on the test set, the former having considerable advantages in quality and 

ease of prediction, but as expected, the Y-M logP^ct model works very poorly.

To sum up, it is asserted that ACM-II, should be the model of choice when making 

predictions, because of the accuracy and the quantitative nature of the equation, any 

because of the advantages of fragmental schemes. In circumstances where a quick and 

reasonably accurate model is required without the quantitative benefits o f ACM-II, the 

logPpius method offers a reasonable alternative.
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Scheme-4.1

Description Structural Formula
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Scheme-4.2

Description
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Structural Formula
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Table 4.12

Summation table of fragment to yield solute descriptors

Compound Substituent R; 
Fragment 
Numbers

It Sa" Vx

Compound 1

Compound 2

Compound 3

54 0.700 0.75 0.42 0.78 0.50
3 0.400 0.38 0.00 0.32 0.32
13 0.600 0.60 0.25 1.11 1.11

1.700 1.73 0.67 2.21 1.93 1.9563

68 1.305 1.00 0.75 0.80 0.80
1.305 1.00 0.75 0.80 0.80 1.1382

43 0.680 0.94 0.00 0.53 0.53
71 1.430 1.60 0.60 1.00 1.00
36 0.630 0.76 0.00 0.63 0.49

2.740 3.30 0.60 2.16 2.02 2.9711

Compound 4

Compound 5

Compound 6

8 0.140 0.15 0.00 0.67 0.67
24 0.360 0.50 0.00 0.16 0.16
3 0.400 0.38 0.00 0.32 0.32
71 1.430 1.60 0.60 1.00 1.00
16 1.340 0.92 0.00 0.23 0.23

3.670 3.55 0.60 2.38 2.38

8 0.140 0.15 0.00 0.67 0.67
24 0.360 0.50 0.00 0.16 0.16
3 0.400 0.38 0.00 0.32 0.32

71 1.430 1.60 0.60 1.00 1.00
36 0.630 0.76 0.00 0.63 0.49

2.960 3.39 0.60 2.78 2.64

17 0.847 0.73 0.00 0.03 0.03
55 1.000 1.10 0.35 1.05 1.05

1.847 1.83 0.35 1.08 1.08

3.4468

3.1776

1.5317
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Compound 7

Compound 8

40 0.980 1.00 0.00 0.62 0.62
8 0.140 0.15 0.00 0.67 0.67

20 0.699 0.77 0.00 0.30 0.30
1.819 1.92 0.00 1.59 1.59

50 1.340 1.60 0.00 0.52 0.52
8 0.140 0.15 0.00 0.67 0.67

1.480 1.75 0.00 1.19 1.19

2.3870

2.4020

Compound 9

Compound 10

Compound 13

Compound 15

Compound 16

8 0.140 0.15 0.00 0.67 0.67
24 0.360 0.50 0.00 0.16 0.16
3 0.400 0.38 0.00 0.32 0.32
12 0.700 0.60 0.25 1.18 1.18

1.600 1.63 0.25 2.33 2.33 2.3985

68 1.305 1.00 0.75 0.80 0.80
3 0.400 0.38 0.00 0.32 0.32
13 0.600 0.60 0.43 1.11 1.11

2.305 1.98 1.18 2.23 2.23 2.2760

42 0.900 0.90 0.00 0.38 0.38
3 0.400 0.38 0.00 0.32 0.32
13 0.600 0.60 0.43 1.11 1.11

1.900 1.88 0.43 1.81 1.81 2.2703

42 0.900 0.90 0.00 0.38 0.38
3 0.400 0.38 0.00 0.32 0.32

72 1.060 1.08 0.40 0.79 0.79
2.360 2.36 0.40 1.49 1.49 2.1793

35 0.610 0.70 0.00 0.58 0.49
3 0.400 0.38 0.00 0.32 0.32

72 1.060 1.08 0.40 0.79 0.79
2.070 2.16 0.40 1.69 1.60 2.0043
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Compound 17

Compound 19

Compound 20

35 0.610 0.70 0.00 0.58 0.49
3 0.400 0.38 0.00 0.32 0.32

72 1.060 1.08 0.40 0.79 0.79
15 0.601 0.52 0.00 0.14 0.14

2.671 2.68 0.40 1.83 1.74

68 1.305 1.00 0.75 0.80 0.80
15 0.601 0.52 0.00 0.14 0.14

1.906 1.52 0.75 0.94 0.94

68 1.305 1.00 0.75 0.80 0.80
26 0.940 0.95 0.23 0.45 0.55

2.245 1.95 0.98 1.25 1.35

2.7530

1.6051

1.7050

Compound 22
68 1.305 1.00 0.75 0.80 0.80
15 0.601 0.52 0.00 0.14 0.14
30 0.870 1.40 0.50 0.67 0.67

2.776 2.92 1.25 1.61 1.61 2.0024

Compound 23

Compound 24

Compound 25

68 1.305 1.00 0.75 0.80 0.80
26 0.940 0.95 0.23 0.45 0.55
14 0.600 0.60 0.48 0.90 0.90

2.845 2.55 1.46 2.15 2.25

8 0.140 0.15 0.00 0.67 0.67
24 0.360 0.50 0.00 0.16 0.16
3 0.400 0.38 0.00 0.32 0.32

72 1.060 1.08 0.40 0.79 0.79
1.960 2.11 0.40 1.94 1.94

8 0.140 0.15 0.00 0.67 0.67
24 0.360 0.50 0.00 0.16 0.16
3 0.400 0.38 0.00 0.32 0.32

72 1.060 1.08 0.40 0.79 0.79
15 0.601 0.52 0.00 0.14 0.14

2.561 2.63 0.40 2.08 2.08

2.2980

2.3870

3.1365
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Compound 26

Compound 29

Compound 30

8 0.140 0.15 0.00 0.67 0.67
24 0.360 0.50 0.00 0.16 0.16
15 0.601 0.52 0.00 0.14 0.14
73 1.220 1.08 0.46 0.70 0.70

2.321 2.25 0.46 1.67 1.67 2.4094

8 0.140 0.15 0.00 0.67 0.67
36 0.630 0.76 0.00 0.63 0.49
15 0.601 0.52 0.00 0.14 0.14
73 1.220 1.08 0.46 0.70 0.70

2.591 2.51 0.46 2.14 2.00 2.5484

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
10 0.400 1.30 0.40 0.72 0.72

1.409 2.40 0.40 1.65 1.65 2.4317

Compound 31

Compound 32

Compound 34

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
29 1.000 1.44 0.35 0.73 0.73

2.009 2.54 0.35 1.66 1.66 2.8986

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
32 1.100 1.50 0.30 0.82 0.82

2.109 2.60 0.30 1.75 1.75 3.023

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
4 0.246 0.42 0.37 0.48 0.48

1.255 1.52 0.37 1.41 1.41 2.0931
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Compound 36

Compound 37

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
38 0.980 1.20 0.26 0.45 0.45

1.989 2.30 0.26 1.38 1.38

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
65 1.150 1.24 0.40 0.60 0.50

2.159 2.34 0.40 1.53 1.43

2.7009

2.6256

Compound 41

Compound 42

Compound 45

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
67 1.680 1.54 0.40 0.45 0.45

2.689 2.64 0.40 1.38 1.38

49 0.300 0.32 0.00 0.63 0.63
19 0.709 0.78 0.00 0.30 0.30
62 1.685 1.59 0.40 0.47 0.47

2.694 2.69 0.40 1.40 1.40

42 0.900 0.90 0.00 0.38 0.38
71 1.430 1.60 0.60 1.00 1.00
37 0.630 0.74 0.00 0.62 0.49

2.960 3.24 0.60

2.9946

2.8898

2.00 1.87 3.066
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Table 4.17
Summation table o f fragments for Y-G set

Compound Number Summed Fragments
and Fragment
Substructures^

R, SaH ZpH V x

0.610 0.70 0.00 0.58 0.49
0.150 0.30 0.08 0.67 0.67
0.760 1.00 0.08 1.25 1.16

Y-G 14
SKF632 

2-Pyridine 
Secondary Amine

total 0.760 1.00 0.08 1.25 1.16 1.1978

Y-G 15
SKF 40845 

2-Pyridine 
Tertiary Amine

total 0.750 0.85 0.00 1.25 1.16 1.3387

0.610 0.70 0.00 0.58 0.49
0.140 0.15 0.00 0.67 0.67
0.750 0.85 0.00 1.25 1.16

Y-G 16
SKF 71481 

2-Alkylthiazole 
Primary Amine

total 0.970 1.05 0.16 1.01 1.01 0.9816

0.740 0.70 0.00 0.40 0.40
0.230 0.35 0.16 0.61 0.61
0.970 1.05 0.16 1.01 1.01

Y-G 19
SKF 94270 

Benzene 
2-Alkylthiazole 
Primary Amine

total 1.571 1.57 0.16 1.15 1.15 1.5894

0.601 0.52 0.00 0.14 0.14
0.740 0.70 0.00 0.40 0.40
0.230 0.35 0.16 0.61 0.61
1.571 1.57 0.16 1.15 1.15
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Y-G 20
SKF 71473

Iminazopyridine 1.160 1.30 0.00 0.60 0.50
Primary Amine 0.230 0.35 0.16 0.61 0.61

total 1.390 1.65 0.16 1.21 1.11 1.2869

SKF 89124

Tertiary Amine 0.140 0.15 0.00 0.67 0.67
Oxindole 1.200 1.20 0.55 0.60 0.60
OH (internally H bonded) 0.190 0.37 0.32 0.40 0.40

total 1.530 1.72 0.87 1.67 1.67 2.2908

SKF 101468

Tertiary Amine 0.140 0.15 0.00 0.67 0.67
Oxindole 1.200 1.20 0.55 0.60 0.60

total 1.340 1.35 0.55 1.27 1.27 2.2321
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C h a p t e r  5 

A n a l y s is  o f  P e r c u t a n e o u s  P e n e t r a t io n

5.1 Introduction

An area of increasing interest to many important industries is the penetration of 

chemicals through the skin. For example, in the pharmaceutical industry, not only is the 

interest in skin for the traditional topical applications, such as anti-inflammatory agents, 

but also as an alternative drug delivery mechanism, which has some biopharmaceutical 

benefits such as bypassing hepatic first pass elimination and improving compliance.* To 

the cosmetic industry skin penetration can be important where penetrative agents are 

employed to alter skin quality.^ Skin penetration by environmental pollutants is another 

concern especially to occupational toxicology, because transdermal absorption of 

noxious solutes is acknowledged to be to be an important uptake route.^ However 

measurement is laborious, and involves ethical difficulties with either human or animal 

experiments. Hence the need for a suitable model to predict and explain the 

physicochemical factors that affect percutaneous penetration .

5.2 Structure of Skin

An understanding of the skin structure is very important in order to elucidate 

physicochemical properties and interpret results. The skin is composed of three principal 

layers, the epidermis, the dermis and subcutaneous fa t  (see Figure 5.1). The 

subcutaneous fat is located below the dermis and functions as a fat storage layer, with 

insulating and protecting (shock-absorbing) properties. It does not have a role in 

percutaneous permeation because it is below the vascular system, which is located in the 

dermis."* The dermis (2mm) is an acellular connective tissue which supports blood 

vessels and nerves. Hair follicles, sebaceous glands and sweat glands stem from here to 

reach the skin surface. Transport of solutes in this area is rapid, moving via 

microvascular blood vessels into systemic circulation. Above the dermis is the
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Figure 5.1

Illustrating a cross section o f  skin'"

Stratum C orneum  
(15gm )

Viable Epidermis 
(150|am)

Dermis
(2mm)

"Adapted from a figure by Houk, J.,Guy,R.H., Chem Rev, 1988, 88, 455

epidermis, which is essentially divided into two parts. The inner part is viable epidermis 

(150pm) in which the cells proliferate and then displace outward to the skin surface 

metamorphosizing to form the dead cells of the stratum corneum. The stratum corneum 

(10-15 pm) forms the outermost part. The stratum corneum is of great importance to the 

study of skin penetration because it is the principal barrier, the main rate determining 

step in solute penetration. The cells of the stratum corneum are cornified, containing 

dense crystallised keratin, which are often described as being hydrophilic as they 

contain very little lipid. The cells are flat, elongated and closely packed. They are 

surrounded by an intercellular lipid matrix, the exact nature of which has, until more 

recently, been rather unclear. Currently it is understood the matrix is composed of lipid 

and aqueous regions, arranged in layers. This intercellular matrix makes up between 10- 

30% of the total volume^.

A particularly important property of the stratum corneum, is its ability to become 

heavily hydrated. In hydrating conditions Rakar et al.^ report water uptake of as much as 

4.76 mg of water per mg of dry abdominal skin. Values around 2.5 mg/mg are more 

common suggesting that a hydrated skin maybe about 70 wt.% water.
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5.3 Current Understanding of Skin Penetration

Three possible mechanisms have been suggested for penetration by a solute. One 

mechanism may be described as the shunt route, which provides a parallel pathway by 

which a solute can be absorbed by sweat ducts, and hair follicles without hindrance by 

the stratum corneum. This mechanism is minimised by having only a very small 

fractional area 0.1%^’̂  and thus assumed to be negligible.

The other important pathways that have been proposed are the intercellular and 

transcellular pathways (Figure 5.2) For solutes using the transcellular route, it has 

been proposed that penetration occurs by passing directly through the corneal cells and 

intermediary intercellular lipid matrix. In the intercellular route, a penetrant diffuses 

around the corneal cells in a tortuous manner, remaining constantly in the intercellular 

matrix. The cell membranes are considered to be unimportant.^

Figure 5.2

Depicting the intercellular and transcellular pathway models"

Transcellu lar routeIntercellular rou le

m em brane

^ 3

cytoplasm Fatty acid Aqueous ^eram ide

Intercellulc' 
sp ace

TM

Lipid A c je o u s Cholesterol Triglyceride MimmaltioO Keratin

"Reproduced with kind permission from International Journal of Cosmetic Science 
(Barry, Int.J.Cosm.Sci. 1988,10,281)
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Two aspects of skin penetration have been studied and are o f particular interest. Firstly 

skin-water partition coefficients (Km) have been determined for a variety o f solutes; 

including monofunctional aliphatic compounds and steroids (which are used in skin 

ointments as anti-flammatory agents), in which excised human skin has been treated as a 

partitioning p h a s e S e c o n d l y  studies have been conducted on skin permeation rate 

This experiment uses the stratum corneum as a membrane between an 

aqueous donor half cell and an aqueous acceptor half cell, to obtain kp values indicating 

the rate of diffusion. Although both o f these experiments are done in vitro, they do not 

suffer from the great differences between in vivo and in vitro experiments o f other 

biological systems, because the main barrier, the stratum corneum is fundamentally a 

"dead" layer^^.

The data produced by these studies have been analysed by various workers; in order to 

elucidate the physicochemical requirements for a solute to penetrate, to find a model 

capable of explaining the complex biological process at work and to predict penetration 

without recourse to morally objectionable experiments. An issue often neglected by 

workers concerning these studies, is that they are conducted in solution (water). Under 

these conditions the skin becomes rapidly hydrated. Therefore any results that can be 

concluded from these studies do not directly pertain to the skin in a dry state that is 

more normal in vivo. However the results are still very useful, because under normal 

conditions the skin becomes hydrated easily, and more so under therapeutic conditions 

because drugs are normally administered either in solution (aqueous water gel solvent 

vehicle) and/or with the skin occluded (using a bandage or patch) which has a profound 

hydration effect. The data have been analysed in terms of the Abraham solvation 

equation methodology in order to quantify the exact nature of physicochemical 

processes occurring.
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5.4 Methodology

The methodology is based on the general Abraham solvation equation^"^, eq (5.1) which 

can be used to correlate solute property dependent biological systems (as demonstrated 

in Chapter 4) and where SP in this case is a type o f skin penetration measurement.

logSP = c + rR2  + stZ^2 + + 6Zp"z + vVx (5.1)

5.4.1 Relevant Application o f  the Abraham LSER

Two particular applications of eq(5.1) are of importance in percutaneous penetration 

studies. Octanol-water partition coefficients, as logPod, (as detailed in Chapter 3), 

eq(5.2), and AlogP 15 of Seiler*^ as defined by eq(5.3) and correlated by eq(5.4)*, (see 

Chapter 3).

logPoct = 0.088 + 0.562R2 -1.0547i"z + 0.034Za"z -3.460Zp”z + 3.814Vx (5.2)

n = 613 p = 0.9974 sd = 0.116 F =23161.6

AlogPi6 = logPoct - logPi6 (5-3)

AlogPi6 = -0.072 - 0.093Rz+ 0.528 + 3.655 + 1.396 Z p^ - 0.521 Vx (5.4)

n = 288 p = 0.9833 sd = 0.173 F = 1646.3

Here P,6 identifies the hexadecane-water partition coefficients as shown in Chapter 3.
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5.5 Obtaining Solute Descriptors for Skin Penetration Compounds

In order to construct a similar equation to equations (5,2) and (5.4) for skin penetration 

data, it is necessary to obtain the five solute descriptors in the general eq(5.1). For the 

alcohols^ and phenols^ ̂  solute descriptors were readily available from previously 

published studies^" .̂ However to examine steroid data^^ new solute descriptors had to be 

determined, which, due to the size and involatility of the compounds (see Section 4.6), 

could not be determined by "traditional'' mdhoàs as outlined in Chapter 1.

5.5.1 Determination o f  Solute Descriptors fo r  Steroid compounds 

The characteristic volume, Vx, can be obtained by simple arithmetic, by addition as 

shown in Example 4.1 (Chapter 4). The excess molar refraction, R2, like the molar 

refraction itself, is also an additive molecular property, and can be obtained to the 

necessary accuracy by simple addition of fragments (see example 5.1)t

t Note that the coefficient of R2  is mostly of negligible statistical significance in the systems presently 
under consideration.
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Example 5.1

Summation of Rg for Progesterone^ * '̂

Fragment Structural Formula R,

0.439

CH,

CH

O

CH,

0.134

111 0.855

TOTAL 1.428

GThe aliphatic angular methyl groups (CIO and 013) will have R2=0, and hence need no 

representation in the table ^All values shown are calculated from the R̂  algorithm using 
refractive index measurements from Aldrich Catalogue, Dorset, England or Rubber Handbook of 
Chemistry and Physics, CRC Press, USA ‘T he structure of progesterone is labelled with the 
carbon atom numbers to simplify discussion of the skeleton. *̂ The 3-Methylbutan-2-one fragment 
added in Example 5.1 (located at C17 on the parent structure) is not shown individually in Table
5.1 but is included as a single fragment (7) in Table 5.1 (i. Hydrindane + ii. 3-Methylbutan-2-one).

Three other descriptors, n \  and then remain to be determined or estimated. 

The first step in the calculation of descriptors for the steroids was to construct a 

fragmentation scheme using substructures whose descriptors could readily be obtained 

from known partition coefficients. As discussed in Chapter 4, it was paramount to 

ensure the fragments were non-interacting. Thus it was relatively easy to obtain values
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for R2, Ea^, and for steroids with distant functional groups, simply by addition, as 

listed in Table 5.1. For example these three descriptors for progesterone or testosterone 

are obtained simply by addition of fragments.

Table 5.1

Fragment values of Rj, Ea^, and Ep^,

No. Substructure R. Ea»2 EpH

0.305 0.00 0.00

0.395 0.00 0.00

OH 0.460 0.32 0.57

4a 0.439 0.00 0.00

5«

j a COMe

0.550 0.00

0.855 0.00

0.573 0.00

0.52

0.63

0.51
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8 ^ OH 0.603 0.32 0.56

13

\^a.b

OH

10
OH. .COCH2OH  

11 -COCH2OH

HO

OH

0.234

0.500

0.332

0.449

0.830

0.767

0.06

0.15

0.05

0.30

0.56

0.55

^Hydrindane fragments refer to the trans isomer found in steroids 
^Estimated value, checked using partition coefficient back calculation

0.27

0.31

0.20

0.80

0.39

0.91

For other steroids such as cortisone or hydrocortisone (see Scheme 5.1) , fragments had 

to be constructed that contained interacting groups, for example the OH and COCH2OH 

groups in hydrocortisone must be taken as a complete group, and cannot be regarded as 

two alcohol groups plus a ketone group.

It is not easy to obtain n ^2 values by addition of fragments, unless these fragments are 

large and non-interacting (such as the Y-M compounds of Chapter 4)^ .̂ Since the 

cumulative value o f 71̂ 2 was unknown for the steroids (having the fused 

cyclopentenophenanthrene backbone), n \  values had to be determined for total

203



molecules using experimental dataî. Since only this one descriptor had to be 

determined (after R2, and Vx had been acquired) all available partition

coefficients of the steroids were used to back-calculate values using established 

partition coefficient regression equations^ >̂20̂ see Example 5.2.

Example 5.2

Backcalculation of 7 1 ^ 2  using the octanol-water partition coefficient (logPoct)

The solute descriptors obtained by fragment summation (see Table 5.1) for 
progesterone are:

R2  = 1.428 (see Example 5.1 )

Za"z= 0.00 (since there are no H-bond acidic groups)

zp^2 = 1.14 (for the ketone oxygen's located on atoms 3 & 17)

Vx = 2.622 (as obtained by the algorithms exemplified in Example 4.1)

logPoct =3.70 

Thus using eq(5.2)

logPoct= 0.088 + 0.562 R2  -1.0547i^ + 0.034Ea»2 -3.460Zp^ + 3.814Vx

71̂ 2 is:

= 3.70-Q.Q88-(0.562*1.428H(0.034*0.00H(3.460*1.14W3.814*2.6221 / 1.504

71̂ 2= 3.10

In several cases, more than one partition coefficient had been reported and then all 

available partition coefficients were used to obtain an average 7t”2 value, excluding 

obviously erroneous values as indicated in Table 5.2. The second step was therefore to 

calculate 71̂ 2 values using measured partition coefficients, for the steroids compounds 

themselves, using Abraham equations for partition coefficients that had already been 

constructed. Those for the octanol-water, eq(5.2) and hexadecane-water systems were 

used from previous work, (see Chapter 3). A summary of the coefficients of the other 

LSER equations which were used are listed in Table 5.3.

X I.e. the various parts o f the cyclopentenophenthrene are not distinguishable into distinct fragments as far 
as the 71̂ 2 solute descriptor is concerned. Hence an overall7 1 ^ 2  value has to be determined for the structure 
using back-calculation.
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Table 5.2

Values of partition coefficients for steroids

Steroid

Progesterone

Testosterone

Cortexone ^

Hydroxyprogesterone

Cortexolone

Corticosterone

Cortisone

Hydrocortisone

Aldosterone

Pregnenolone

Hydroxypregneno lone

Estrone

Estradiol

Estratriol

l o g P o c t ^  l o g P j 6 ^  l o g P e t "  l o g P h g p /  l o g P _ /  logP b en z-^  l o g P , , ^

3.70

3.31

2.88

2.74

2.52  

1.94 

1.42

1.53 

1.08 

3.137 

3.007  

2.76  

2.69  

2.47^

1.23

0.42

0.48

0.40

- 1.00

-1.62

-0.55

-2.04

-2.70

0.62

0.20

0.48

- 0.20

-0.64'

2.78

1.94

1.72'

0.66

0.15

0.15

0.32

0.56

0.18

1.65

1.00

1.88

0.84 -0.55

1.75

1.20

1.48

1.66

1.05

0.83

0.18

0.11

1.72

1.69

1.90

1.82

0.21

'̂ LogPoct Values fix)m the Pomona database (Pqy’light 
Chemical Irformation Systems, Inc., 18500 Von 
Karman Ave., Suite 450, Irvine, CA 92715, USA), and 
as used by Tayar, N. E., Tsai, R. S., Testa, B, Carrupt, 
PA., Hansch, C., Leo, A., J Pharm. 1991,80,744 
(T-T)
4x)gP (hexadecane-water) partition coeflScients 
(obtained as ̂  also used by T-T)
HuogP (ether-water) partition coefficients (obtained as

4^ogP (heptane-water) partition coefficients (obtained 
as^
^LogP (cyclohexane-water) partition coefficient 
(obtained as
TLogP (benzene-water) partition coefficients (obtained 

as^
SLogP (amylc^roate ((pentyl hexanoaote ))-water) 
partition coefficients as measured by Scheupiein, R. J. 
Blank, I. H., Brauner, M. D., MacFarlane, D. J., J. 
Invest. Dermatol., 1969,52,63 

 ̂D^cribed as deoxycorticosterone by T-T 
N alue not used for solute descriptor determination
TEstimated values by T-T- not used in this study for 
solute descriptor determination
^As used by T-T but shown to be an outlier in 
this work



Table 5.3

Coefficients of eq(5.1) for various solvent-water partitions

Solvent c r S a b V

IsobutanoM 0.249 0.480 -0.639 -0.050 -2.284 2.758

Octanol^ 0.088 0.562 -1.054 -0.034 -3.460 3.814

Diethyl ether^ 0.462 0.571 -1.035 -0.024 -5.508 4.346

Benzene^ 0.017 0.490 -0.604 -30.13 -4.628 4.587

Cyclohexane^ 0.124 0.844 -1.800 -3.727 -4.923 4.692

Alkane^ 0.287 0.649 -1.657 -3.516 -4.818 4.282

Hexadecane^ 0.087 0.667 -1.617 -3.587 -4.869 4.433

“̂ Regression equations from Abraham, M.H., J. Phys. Org. Chem, 1993, 6, 660 ^Regressions obtained 
from this work. Chapter 3

It will be noted from the partition coefficients values given in Table 5.2, that the 

partition coefficients of many of the steroids have been determined in the 

amylcaproate§-water system/^'^^ There were not enough data to obtain a regression 

equation for this system such as those in Table 5.1, but the logP values were used as a 

check on the comparison between the steroids. Thus using the above fragmental 

approach, it is possible to calculate all o f the necessary descriptors for the steroids 

examined.

§ The name amyl caproate is used for consistency with original papers. The current name is now pentyl 
hexanoate.
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5.6 Application to Skin-Water Partition Coefficients

Scheupiein and co-workers^ 12 determined skin-water (human abdominal stratum 

comeum) partition coefficients, denoted as Km, eq(5.5), (or Pm in ref. 18) for eight 

alcohols and fourteen steroids. Table 5.4.

Km =[moles of solute absorbed per unit mass drv tissue] (5.5)

[moles of solute in solution per unit mass of water]

It was noted by Scheupiein et al. that measured amylcaproate-water partition 

coefficients gave a guide to skin permeability, and were more suitable than 

hexadecane-water partition coefficients as a mode l .Because  o f this they suggested 

skin (the stratum comeum) was a more polar phase than had been previously 

understood. No correlation was offered. More recently Tayar, Tsai and co-workers 

(T-T) have re-examined the data of Scheupiein and showed that there was a 

reasonable correlation between logKm and logP^ct:

logKm = 0.51 logPoct + 0.10 (5.6)

n=22 p=0.971 sd=0.156

However, three values of logP^ct in eq(5.6) were estimated**; if  these are excluded, 

eq(5.7) results:

logKm = 0.514 logPoct + 0.104 (5.7)

n=19 p=0.9694 sd=0.163 F = 265.5

** The reader should note that strangely T-T back-calculated three logPoct values from logKm values (the 
property they aimed to predict) thus producing eq(5.6)!

207



Although eq(5.7) is quite good, it yields no information as to the factors that influence 

the partitioning process. Application of eq(5.1) for the same dataset used by T-T (see 

Table 5.4 for compounds and descriptors), leads to the equation:

logKm = - 0.166 - 0.422 tt̂  + 0.553Sa^ - 1.688 E p V  1.977 Vx (5.8)

n = 22 p = 0.9756 sd = 0.153 F = 83.9

Although eq(5.8) is not as good, statistically, as equation (5.7), judging by the F- 

statistic, it is much more informative. First o f all, the main factors that influence 

skin-water partition are solute H-bond basicity that favours water, and solute size 

that favours skin. Minor factors are solute dipolarity that favours water, and solute 

H-bond acidity that favours skin. Hence skin behaves as though it were slightly less 

dipolar than water, slightly more H-bond basic than water, less H-bond acidic and 

much more lipophilic than water. However, comparison with eq(5.2) shows also that 

skin is much less lipophilic than wet octanol, compare v = 1.965 in eq(5.8) with v = 

3.814 in eq(5.2). Indeed, skin is even less lipophilic than wet isobutanol, v = 2.758 

(see Table 5.3), even though the solubility of water in the alcohol is no less than 

16.9% w/w at 25°C*^ corresponding to 0.49 mol fraction. The only explanation is 

that skin in equilibrium with water is highly aqueous. This agrees with recent 

suggestions by Rakar et al.^, Elias et al.^ and Barry^. This is also the reason why solute 

H-bond basicity affects skin-water partition much less than it does octanol-water 

partition; the presence of a considerable quantity o f water in the skin confers some 

substantial H-bond acidic property that partly counterbalances the very H-bond acidic 

aqueous phase. O f course, it is recognised that skin is not a homogenous phase, but 

eq(5.8) does suggest that not only the keratin-filled cells, but also the intercellular lipid 

phase contains water. This will greatly affect the properties o f the lipid phase. In 

particular, the H-bond basic groups in the lipid phase will be hydrated by an excess 

o f water molecules, and will then not function so effectively as H-bond bases towards 

(hydrated) solute molecules. Hence (wet) skin is only slightly more H-bond basic than 

water or wet octanol.
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Table 5.4

Values o f skin-water partition coefficients (logKm), permeability coefficients (lo g ^ ) 
and solute descriptors

Solute logKm \ogkp Rî ^«2 Vx

Methanol" -0.22 -6.56 0.278 0.44 0.43 0.47 0.308

Ethanol" -0.22 -6.56 0.246 0.42 0.37 0.48 0.449

Propan-l-ol" 0.30 -6.41 0.236 0.42 0.37 0.48 0.590

Butan-l-ol" 0.40 -6.16 0.224 0.42 0.37 0.48 0.731

Pentan-l-ol" 0.70 -5.78 0.219 0.42 0.37 0.48 0.872

Hexan-l-ol" 1.00 -5.44 0.210 0.42 0.37 0.48 1.013

Heptan-l-ol" 1.48 -5.05 0.211 0.42 0.37 0.48 1.154

Octan-l-ol" 1.70 -4.84 0.199 0.42 0.37 0.48 1.295

Progesterone* 2.02 -6.38 1.494 3.09 0.00 1.14 2.622

Pregnenolone* 1.70 -6.38 1.490 3.40 0.32 1.18 2.665

Hydroxypregnenolone-17a* 1.63 -6.78 1.856 4.88 0.38 0.94 2.723

Hydroxyprogesterone-17 a* 1.60 -6.78 1.594 4.94 0.06 0.90 2.680

Deoxycorticosterone* 1.57 -6.90 1.692 5.16 0.05 0.83 2.680

Testosterone* 1.36 -6.95 1.529 2.62 0.32 1.19 2.383

Cortexolone* 1.36 -7.68 1.860 5.71 0.15 0.94 2.739

Corticosterone* 1.23 -7.78 1.861 4.55 0.37 1.39 2.739

Cortisone* 0.93 -8.56 1.972 4.63 0.15 1.50 2.755

Hydrocortisone* 0.85 -9.08 2.029 4.60 0.47 1.50 2.798

Aldosterone* 0.83 -9.08 2.141 5.30 0.35 1.40 2.689

Estrone* 1.66 -6.00 1.752 2.94 0.56 0.91 2.156

Estradiol* 1.66 -7.08 1.809 3.29 0.88 0.95 2.199

Estratriol* 1.36 -7.95 2.009 4.07 1.16 1.21 2.258

Diethylethei^'^ - -5.35 0.041 0.25 0.00 0.45 0.731

Butanone^ '̂^ - -5.90 0.166 0.70 0.00 0.51 0.688

2-EthoxyethanoF‘̂ - -7.16 0.237 0.50 0.30 0.83 0.790

^Scheupiein,R.J., J. Invest. Dermatol 1964, 45, 334 ^Scheupiein, R.J. Blank, I.H., Brauner, 
M.D., MacFarlane, D.J., J. Invest. Dermatol, 1969, 52, 63 ‘̂ Scheupiein, R.J. Blank I.H., 
Physiological Reviews, 1971, 51, 702 'Values not used by T-T and hence not included in 
eq(5.8)
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The skin-water partition has been considered in some detail, because knowledge of 

the properties of skin is crucial to the understanding of the factors that the rates of 

skin permeation considered in the next Section.

5.7 Application to Skin-Water Permeation

Permeability coefficients were also obtained by Scheupiein and c o - w o r k e r s g i v e n  

in Table 5.4 as lo g ^  with kp in units of cm.s'T For the 22 solutes, T-T and co

workers, using the three estimated logP^ct values, found:

\ogkp== 0.161ogP„,t - 7.15 (5.9)

n = 22 p = 0.164 sd = 1.170

Using the 19 measured values only, a similarly very poor correlation eq(5.10), is 

yielded:

lo g ^ =  0.174 logPoct - 7.121 (5.10)

n = 1 9  p = 0.176 sd = 1.232 F=0.5

The extraordinarily poor correlation is the result o f the values for the alcohols and 

steroids lying on two quite distinct lines (Figure 5.3). A much better correlation was 

obtained by T-T with the AlogP parameter!!:

lo g ^  =-1.36 AlogP - 3.38 (5.11)

n = 21 p = 0.901 sd = 0.498

!! T-T left the cortisone value of the regression hence n = 21
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Figure 5.3
Log plot of permeability coefficient {kp cm s’ )̂ versus P„ct for 19 alkanol and steroid 
compounds- (excluding pregnenolone, hydroxypregnenolone-17a and estratriol for 
which measured values were not available)
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T-T explained these results on the basis that the AlogP parameter mainly reflects solute 

H-bond acidity. The retarding effect on permeability o f solute H-bond acidity was 

suggested to arise from interaction of the H-bond acidic solutes with basic groups in the 

lipid phase during an intercellular route. If this explanation was correct, then solute 

lipophilicity would play no part, since T-T suggest that the only descriptor (AlogP) in 

eq(5.11) is supposed to represent solute H-bond acidity. It is clear however, from 

eq(5.4) that the AlogP parameter does not just indicate solute H-bond acidity (see 

Chapter 3), but is a composite parameter. It may be useful as a descriptor for the
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prediction of further permeability values, but it is o f little value in the interpretation of 

partition phenomena.

Eq(5.1) has been applied to the 22 solutes o f T-T to arrive at a comparable equation to 

eq(5.9), eq(5.12). Using three extra values given by Scheuplein^^ (listed in Table 5.4), 

those for diethyl ether, 2-ethoxyethanol and butanone, gives a very similar regression 

equation, eq(5.13).

\ogkp = - 5.512 - 0.780 - 3.530 I p ^  + 2.125Vx (5.12)

n = 22 p = 0.9772 sd = 0.265 F = 126.9

logy^ = - 5.378 - 0.766 - 3.542 S p ^  + 2.055Vx (5.13)

n = 25 p = 0.9737 sd = 0.277 F =128.1

There is an extraordinary difference between an analysis using eq(5.12), and that of T- 

T based on eq(5.11). The two main factors that now influence permeability are solute 

H-bond basicity that reduces permeability, and solute size (lipophilicity) that increases 

permeability. A minor factor is solute dipolarity that reduces permeability. Solute H- 

bond acidity plays no part. All this is understandable if  the properties o f skin are 

considered, as deduced from the partition studies. Skin, or the stratum comeum, 

contains lipids and hence hydrophobic compounds will have enhanced permeability. 

The stratum comeum in equilibrium with water, is highly aqueous and although it is not 

as H-bond acidic as water, it is still H-bond acidic enough to retard the passage o f H- 

bond basic compounds. The presence of a large excess of water also results in the 

hydration of H-bond basic groups in the stratum comeum, thus rendering them less 

effective as regards complexation with H-bond acidic solutes. Water is present as a 

base, but monomeric water is no more H-bond basic than simple alcohols, and bulk 

water is even less H-bond basic than are bulk alcohols^^.

O f course, it must be recognised that eq(5.12) has been constmcted from results on a 

particular set of solutes that is by no means an optimum set, as regards MLRA. Of

212



the available literature data, another set that is suitable for analysis through eq(5.1) is 

that of Roberts and c o - wo r k e r s o n  phenols (see Table 5.5). T-T found only a poor 

correlation with the AlogP parameter:

\ogkp=  -0.37 AlogP - 4.43 (5.14)

n = 1 8  p = 0.675 sd = 0.441

They suggested that possibly the phenols permeate by two different routes - the less 

hydrophobic ones by the intercellular path, and the more hydrophobic ones by the 

transcellular route. However, no such distinction is indicated by the equivalent 

Abraham equation eq(5.15):

lo g ^  = - 4.994 - 0.341 - 1.691 - 2.689 + 1.965Vx (5.15)

n = 19 p = 0.9696 sd = 0.160 F =54.9

Note, in the above eq(5.15) one extra datapoint is indicated, compared to T-T eq(5.14),. 

This was for the phenol which was ambiguously described as chloroxylenol by Roberts 

et a l . Using partition coefficient comparison this was identified as the 4-chloro-3,5- 

dimethylphenol isomer and so was included in eq(5.15).
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Table 5.5

Values of permeability coefficients (lo g ^ ) and solute descriptors; for phenols^ and 
benzyl alcohols^

Solute log%? R i ^"2 Za^2 Vx

Resorcinol -7.18 0.980 1.00 1.10 0.58 0.834

4-Nitrophenol -5.81 1.070 1.72 0.82 0.26 0.949

3-Nitrophenol -5.81 1.050 1.57 0.79 0.23 0.949

Phenol -5.64 0.805 0.89 0.60 0.30 0.775

4-Hydroxymethylbenzoate^ -5.60 0.900 1.37 0.69 0.45 1.132

m-Cresol -5.37 0.822 0.88 0.57 0.34 0.916

o-Cresol -5.36 0.840 0.86 0.52 0.30 0.916

p-Cresol -5.31 0.820 0.87 0.57 0.31 0.916

2-Naphthol -5.11 1.520 1.08 0.61 0.40 1.144

2-Chlorophenol -5.04 0.853 0.88 0.32 0.31 0.898

4-Ethylphenol -5.01 0.800 0.90 0.55 0.36 1.057

3,4-Dimethy Iphenol -5.00 0.830 0.86 0.56 0.39 1.057

4-Bromophenol -5.00 1.080 1.17 0.67 0.20 0.950

4-Chlorophenol -5.00 0.915 1.08 0.67 0.20 0.898

2-Isopropy 1- 5 -ethy Iphenol -4.83 0.822 0.79 0.52 0.44 1.339

4-Chloro-3-methylphenol -4.82 0.920 1.02 0.65 0.22 1.038

4-Chloro-3,5-dimethylphenol -4.79 0.925 0.96 0.64 0.21 1.179

2,4,6-Trichlorophenol -4.78 1.010 1.01 0.82 0.08 1.142

2,4-Dichlorophenol -4.78 0.960 0.99 0.58 0.14 1.020

Benzyl alcohol -5.78 0.803 0.87 0.33 0.50 0.916

2-Phenylethanol -5.68 0.811 0.91 0.30 0.64 1.057

‘̂ luOgkp values from Roberts, M.S., Anderson, R.A., Swarbrick, J., J. Pharm. Pharmac., 1977, 29, 677 and 

^Roberts, M.S., PhD Thesis, University of Sydney, 1975 ^Described as Methyl paraben by Roberts et al.
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Comparison of eq(5.15) with eq(5.12) shows that for the phenols there is a significant 

term in solute H-bond acidity, whereas for the alcohols and steroids there is no such 

term. It is likely that this reflects the particular solute sets, and is not necessarily due to a 

fundamental difference in permeation mechanism (see Section 1.4). This can be 

explained by realising that the process of permeation is kinetically complex, with at 

least three kinetic steps: diffusion through the stagnant water layer, transport across the 

skin barrier and introduction of the solute into the skin complex (water). Different types 

o f compound are likely to have different rate constants, when getting into the skin. This 

is an extra complication that would tend to give slightly different equations for different 

data sets. However, it should be noted, that this conclusion is significantly different to 

the two (intercellular/transcellular) route hypothesis submitted by T-T.

One method of further analysis is to combine the two datasets. This may be conducted 

because both research groups used the same methodology and the same skin type 

(human abdominal). Indeed the strategy is confirmed by Roberts et al. in their paper in 

which their data is combined with the data of Scheupiein. Furthermore, the dataset can 

also be extended by an additional two datapoints which have not been readily available 

in the literature before^ % those for benzyl alcohol and 2-phenylethanol, obtained by 

Roberts, denoted the Extra-R set. This leads to a combined equation covering 46 

compounds, eq(5.16):

lo g ^  = - 5.201 - 0.782 - 0.408 - 3.393 + 2.004Vx (5.16)

n = 46 p = 0.9757 sd = 0.266 F = 203.2

The equation has not collapsed on combination of the two datasets (indeed p and F 

are higher than eqs(5.12, 5.15)), and it is suggested that eq(5.16) is the most reasonable 

correlation for the alcohols, steroids, and phenols, and is the most general equation 

available for application to other new compounds.

On this basis, there is no dual mechanism, within this group of compounds. Indeed, 

any division into intercellular and transcellular routes is arbitrary, bearing in mind that 

the intercellular phase, and the cells themselves both contain lipids, and both will be
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to some extent aqueous. It may be interpreted that eq(5.16) follows closely that of 

eq(5.12), except that solute H-bond acidity retards permeation to a small extent.

5.8 Comparison of Equilibrium (logKm) and Kinetic Measurements (\ogkp)

In the Scheupiein dataset (Table 5.4) two types of measurements have been studied 

which are different in nature, the equilibrium skin-water partition (logKm) and the 

permeation rate (lo g ^ ), which is the permeation o f a solute into the skin. This allows 

some analysis to be performed to see how these measurements relate to each other, and 

to correlate the backward skin permeation rate for a solute permeating out of skin and 

into water, log^^acA •

First the relationship should be defined between logKm, lo g ^  and log^^^^^, eq(5.17).

logKm = log (kplkpijack) (5.17)

The equilibrium partition is the quotient o f kpff and kpij^ch

logKm= logIq?-\ogkpi,ack (5.18)

^ogIqJback= log^-logK m  (5.19)

The resulting Abraham equation for logkpback Is eq(5.20), (for data see Table 5.6) which 

is very different to the lo g ^  equation.

ÎÎ Note, in the following equations logkp remains the description of the inward permeability coefficient.
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Table 5.6

A summary of logKm, lo g ^ , and Xogkpjĵ ,̂]̂  for some compounds

Compound Name logKm*^

(lo g k i'^ (logk2°'3
Methanol -0.22 -6.56 -6.34

Ethanol -0.22 -6.56 -6.34

1-Propanol 0.30 -6.41 -6.71

1-Butanol 0.40 -6.16 -6.56

1-Pentanol 0.70 -5.78 -6.48

1-Hexanol 1.00 -5.44 -6.44

1-Heptanol 1.48 -5.05 -6.53

1-Octanol 1.70 -4.84 -6.54

Progesterone 2.01 -6.38 -8.39

Testosterone 1.36 -6.95 -8.31

Deoxycorticosterone 1.57 -6.90 -8.47

Hydroxyprogesterone 1.60 -6.78 -8.38

Cortexolone 1.36 -7.68 -9.04

Corticosterone 1.23 -7.78 -9.01

Cortisone 0.93 -8.56 -9.49

Hydrocortisone 0.85 -9.08 -9.93

Alderesterone 0.83 -9.08 -9.91

Pregnenolone 1.70 -6.38 -8.08

Hydroxypregnenolone 1.63 -6.78 -8.41

Estrone 1.66 -6.00 -7.66

Estradiol 1.66 -7.08 -8.74

Estratriol 1.36 -7.95 -9.31

^From Scheupiein,R.J., J. Invest. Dermatol 1964, 45, 334 and Scheupiein, R.J. Blank, I.H., 
Brauner, M.D., MacFarlane, D.J., J. Invest. Dermatol.., 1969, 52, 63 ^This is inward 
permeation rate and could be described as log^j„, but is denoted lo g ^  for consistency

E quivalent to kj rate constant (see later)‘̂ Calculated from eq(5.19) E quivalent to k2 rate 
constant (see later).
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^o%kpback = - 5.365 - 0.358 n \  - 0.501 - 1.863 + 0.157Vx (5.20)

n = 22 p = 0.9841 sd = 0.248 F =130.4

\o%kp= - 5.531 - 0.780 - 0.052 - 3.551 Zp"z + 2.133Vx (5.21)

n = 22 p = 0.9769 sd = 0.275 F =88.9

None of the coefficients are very dominating and mostly they are smaller. Compare 

eq(5.20) with eq(5.21), which is an equivalent 22 compound regression containing the 

statistically insignificant Za"z descriptor for comparison purposes§§. From these 

equations it is clear that log^^^acA is not so dependent on chemical structure (since the 

coefficients o f the solute descriptors are small).

The best explanation for this phenomenon can be found in the work of van de 

Waterbeemd et al.^^, who analysed the rate coefficients for solutes going into, log 

and out of, log k2”’’*, octanol at the interface o f an octanol-water system (also see 

discussion reference 23 ) .  These workers compared this with the partition coefficient of 

the system, logPoct- They suggested that when the observed log k]'’*’® was proportional to 

the equilibrium constant (logPqcJ, then the rate controlling step was kj (see Fig 5.4) at 

which point the overall backward observed rate coefficient, log , was found to be 

diffusion controlled at the stagnant organic layer, (k2" in Fig 5.4). For the skin, log^^^acA: 

and logKm are very different. Following van de Waterbeemd et ap3., it appears as 

though \ogkpi,^ck is partially diffusion controlled so that structural effects are smaller 

than on lo g ^  and logKm; and that if the coefficients in eq(5.20) are compared with 

those of eq(5.21) or eq(5.8) they are significantly smaller. Since even the octanol-water 

system is kinetically complex and the skin-water system even more complex, any rate- 

equilibrium relationships would not be expected to hold rigorously. Furthermore 

according to the work of van de Waterbeemd et aP^, if there is any kind of rate- 

equilibrium relationship between lo g ^  and logKm, a rate-equilibrium relationship

§§ Note that the coefficients of eq(5.20) are exactly those obtained by subtraction of logKm eq(5.8) from 
logkp, eq(5.21).
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between logkpij^^ch logKm would not be expected, since in this case log^^^acA could 

be entirely or partially diffusion controlled. In the present case, what is found is that 

lo g ^  and logKm are somewhat alike but not exactly similar, and as indicated by van de 

Waterbeemd et al.^^, log^^^acA Is very different.

Figure 5.4

The interfacial transfer of a solute, S, described by a three step mechanism for the 
octanol water system^'^

Bulk aqueous

stagnant
aqueous
diffusion

layer

stagnant
organic
diffusion

layer
Bulk organic

obs

"Adapted from van de Waterbeemd, J., Boekel, C.C.A.A., De Sevaux, R.L.F.M. Jansen, A.C.A., 
Gerritsma, K.W., Pharm. Weekblad, Sci. Ed., 1981,3,116, is the overall observed inward rate

constant and k2 °'̂ ® is the overall observed backward rate constant

5.9 Further Analysis of the logPoct Model

It has been shown that the logP„ct model cannot be correlated with lo g ^  for the alkanol 

and steroid data of Scheupiein et ab^.n a whole, thus leading to the hypothesis of the 

dual inter and intracellular pathways. Graphs such as Figure 5.3 have shown that when 

the lo g ^  data is directly correlated with logPoct the data splits into two distinct groups, 

one for the alcohols and the other for the steroid group. From the analysis conducted in 

this work however, it has been shown that this is mainly due to the volume difference 

between the lo g ^  and logPod regressions (for example compare eq(5.2) and eq (5.12)).
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When logPoct values are adjusted to take account o f the volume difference, by utilising a 

volume correction term, derived from the volume coefficient difference in equations 

(5.2) and (5.12), (defined by eq(5.22)) a much more reasonable linear correlation is 

achieved. Figure 5.5 and eq(5.23). Although this equation could be better it compares 

excellently to the equivalent eq(5.10), using only logP^ct.

logP-logPoct-(3-814-2.125)Vx (5.22)

Figure 5.5

Log plot of permeability coefficient {kp cm s"^) versus P' (volume corrected Poet) for the 
alcohols and steroids.
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lo g ^  = 0.911 logP' - 5.689 

n = 1 9  p = 0.9665 sd = 0.321 F = 241.3

(5.23)
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Note: there are only 19 compounds in eq(5.23) because the estimated values o f T-T are 

excluded. In order to extend this analysis, the phenol data o f Roberts et al.^  ̂ were 

correlated with logP„ct using the 19 compounds listed in Table 5.5, eq(5.24). It should be 

noted however that the correlation is much better than eq(5.10) because the dataset is of 

a congeneric series. This is borne out by eq(5.26) in which a volume modified logPoct 

(logP") is used, (defined by eq(5.25), derived from the v-coefficient difference between 

the logPoct eq(5.2) and the lo g ^  equation for the phenols eq(5.15).)

lo g ^  =0.68 logPoc, - 6.90 (5.24)

n = 19 p = 0.8505 sd = 0.312 F = 44.4

When volume adjustment is made there is no significant change in the statistical quality 

o f the equation. This is because the phenol volumes are not bunched into two series, as 

are the volumes of the alcohol/steroid set. Rekker^^ has recently pointed out difficulties 

in correlations when the dataset is "bunched" or "clustered".

logP"=logP„,r(3.814-1.965)Vx (5.25)

lo g ^  =0.891 logP" - 5.746 (5.26)

n = 19 p = 0.8587 sd = 0.304 F = 47.7

If logPoct is restricted to congeneric series, (such as alcohols, steroids, or phenols taken 

separately) reasonable correlations are then obtained, between logPo^ and lo g ^ . The 

reason for this is not that there are different mechanisms (because then there would be 

three different mechanisms for alcohols, steroids and phenols), but is simply due to the 

lack of variation of the solute descriptors in each of the congeneric series (see Table 5.4 

and Table 5.5). The alcohol series best illustrates this, where the and
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values remain the same and only the Vx descriptor varies along the series. However 

when all the data are taken logPod provides only a very poor correlation as illustrated by 

eq(5.27) and Figure 5.6, where three extra compounds from Scheuplein^o (diethyl ether, 

butanone and 2-ethoxyethanol) are used, denoted as "Extra-S'' and a further two 

compounds from Roberts^^ (benzylalcohol and 2-phenylethanol) are used, denoted 

Extra-R"***.

lo g ^  =0.387 logPoct - 6.790 

n = 43 p = 0.3632 sd = 1.093 F = 6.2

(5.27)

Figure 5.6

Log plot of permeability coefficient (kp cm s"^) vs. P̂ ct for all 43 available compounds 
(see Tables 5.4 and 5.5).
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Using a volume adjustment term, defined by eq(5.28), derived as above (eq(5.2)- 

eq(5.16)), a highly satisfactory relationship is obtained eq(5.29). Figure 5.6.

*** Note for three compounds (pregnenolone, hydroxypregnenolone, and estriol) there were no measured 
logPoct values available (see Table 5.2), hence only 43 datapoints were used in the regression equation 
eq(5.27)
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logP"'=log P o,r(3 .814-2 .004)V x (5.28)

\ogkp =0.811 logP'" - 5.640 

n = 43 p = 0.9577 sd = 0.337 F = 454.7

(5.29)

As before, the volume correction to logPod transforms the poor scatter diagram of Figure

5.6 to the reasonably good relationship of eq(5.29) and Figure 5.7.

F ig u re  5 .7

Log plot of permeability coefficient {kp cm s'^) vs. P"'(volume adjusted Pô t) for all 43 
available values.
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5.7 Conclusions

Analysis of skin-water partition coefficients, logKm, by the solvation eq(5.1) shows 

that the main factors involved are solute H-bond basicity that favours water, and solute 

size or lipophilicity that favours skin. These results can be rationalised if skin is highly 

aqueousttt. Hence skin is somewhat H-bond acidic and is slightly more H-bond basic 

than water. The permeation results for alcohols, steroids, and phenols show that 

permeation, lo g ^ , is greatly retarded by solute H-bond basicity, slightly retarded by 

solute dipolarity and H-bond acidity, and greatly increased by solute s ize# f These 

effects on permeation can be explained by the same rationalisation as used for skin- 

water partitions.

Unlike other correlative models, it has been demonstrated that skin permeability 

coefficients can be accounted for by a single high quality equation over a wide and 

disparate set of chemical functionality. This indicates, that it is likely there is only a 

single penetration mechanism for a given solute, rather than various distinct routes. The 

conclusion that skin permeability coefficients can be accounted by a single equation is 

not trivial in the context of the absorption of toxic chemicals. Predictions o f dermal 

absorption and dermal toxicity depends crucially on whether a two route mechanism 

operates^^ or whether a one route mechanism applies^^’̂ .̂ The most recent attempt at 

predictions^^ uses a model based on a one route mechanism; the findings of this work 

lend support to this theory.

It has been illustrated that the permeability of a solute from the skin, back to the water 

phase, Xogkpij^ç] ,̂ is comparatively less dependent upon solute descriptors, as indicated 

by small equation coefficients. This suggests that the factors controlling this

t tt  As would be expected under hydrating conditions , see Section 5.2.
Note that permeation is commonly considered as being inversely related to solute volume i.e. 

increasing volume reduces \o%kp (Private communication,Dr. R.O.Potts Cygnus Therapeutic Systems, 
400 Penobscot Drive, Redwood City CA 94063 USA) However the reader is reminded that this is in a 
direct correlation with solute volume alone and no account is made o f the other solute properties included 
in the general equation, eq(5.1). Thus increasing volume in a variety o f solutes may also increase the 
acidity, basicity etc.(properties that reduce \ogkp) which will be cross-correlated. Furthermore although 
eq(5.16) accounts for a wide range o f compounds, the correlation cannot be extrapolated much further 
than the largest volumed datapoints (Vx «3) - so the effect o f molecular volume o f very large solutes is 
unknown (see Section 4.13).

224



phenomenon are very different to those controlling logKm and lo g ^ , and can be 

rationalised on the basis that this process is controlled more by a diffusion process 

acting at a stagnant layer of the skin at the phase interface.

Although there is a reasonable correlation o f skin-water partition coefficients, using 

logPoct, the latter cannot be used to correlate skin-water permeation coefficients for 

different families of solute. However if  logP^ct is corrected by a solute volume term, a 

good correlation is found between lo g ^  and the corrected logPo^ values. Such corrected 

logPoct values could be used to estimate further lo g ^  values.
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Scheme 5.1
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C h a pte r  6

C h a r a c t e r i s a t i o n  o f  a  N o v e l  H i g h  P e r f o r m a n c e  

L i q u i d  C h r o m a t o g r a p h y  S y s t e m

6.1 Introduction

6.1.1 General Introduction

High performance liquid chromatography (HPLC) is one of the most important 

analytical tools in a modem laboratory. The technique has evolved from simple 

chromatography to enable highly complex compounds or mixtures of compounds to be 

separated, identified and classified in various ways. The method works by having 

essentially two phases, a mobile liquid phase (normally an organic solvent mixed with 

water)* forced along a column at high pressure and a stationary phase packed into the 

column (which can be either liquid bonded to a solid packing or uniform solid phase). A 

solute’s capacity factor (which is measured as the actual elution time) is then dependent 

on its physicochemical preference for either the mobile or the stationary phase and the 

competition for stationary phase sites by the mobile phase. It will thus be an equilibrium 

measurement. For a given compound this capacity factor, k , (measured by maxima on a 

chromatogram) will remain constant under the same operating conditions. Changing any 

of the phases will have an effect on k . By application of the Abraham equation as shown 

in eq(6.1), using k ’ (see section 6.3.7) as a solute property, various possible phase 

systems can be characterised.

lo g  k ’ = c  + rR2 + sn ^ 2  + dLa}^2  + + vVx (6.1)

6.1.2 The Current Work

The aim of this work was twofold. Firstly, a novel inert HPLC column - PRP-1 (stable 

to high pH phases) was to be investigated using the Abraham analysis, to identify what

In this case the process is called reverse phase HPLC, or RP-HPLC see Section 6.2.2
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the physicochemical factors governing the capacity factor are and hence the properties 

o f the column. Secondly, it was hoped that a system could be characterised capable of 

determining solute descriptors in a similar way as partition coefficients can be used (see 

Chapters 4 and 5). This would have the considerable advantage of quick analysis time 

over solvent partitions.

Since the column was novel, data was acquired as part o f this work, as described in the 

first part of this Chapter. In the latter part o f this Chapter, the Abraham approach is 

applied to characterise the column/mobile phase system. The resulting regression 

equations are interpreted and compared to conventional octadecylsiloxane (ODS - see 

Section 6.7.6) HPLC columns. The viability of solute descriptor determination on all of 

the HPLC systems is also considered.

6.2 Background

6.2.1 Introduction to Chromatography

Chromatography used as a separation technique has its history rooted in the early 

twentieth century. Mikhail Tswett' is first reported using the technique in 1903. He used 

chromatography to separate coloured compounds, from which he derived the name for 

the process from Greek, "khromos" and "graphein" meaning colours and written 

respectively. The features that are common to all chromatographic techniques are that 

there are two phases between which solutes distribute themselves. One phase is called 

the stationary phase, which can be either a liquid or a solid, and the other is mobile, 

which can be either gas or liquid. Tswett originally conducted his separations of plant 

pigments by percolating them through a chalk column, (the stationary phase) using a 

petroleum mobile phase. This is now referred to as LSC- liquid-solid chromatography 

because the chalk is a solid and the petroleum is a liquid.

There are other types of chromatography that are similarly classified according to their 

phase composition. Liquid-liquid partition chromatography was first demonstrated by
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the Nobel Prize winners, Synge and Martin in 1941^. Paper chromatography, a 

technique developed by Consden, Gordon and Martin^, in which paper fixes water as the 

stationary phase and various organic solvents are used as the mobile phase, was one of 

the most successful types of liquid-liquid chromatography, especially during 

development stages. Gas-solid chromatography (GSC) was developed by Hesse et al"̂ , 

Tiselius^ and Claesson^ from 1941, in which the mobile phase is a carrier gas and the 

stationary phase is a solid e.g. carbonaceous adsorbent.

Gas-liquid chromatography (GLC) in which the mobile phase is a gas floAving dovm a 

narrow column of the liquid stationary phase on an inert support was advanced by James 

and Martin^ in 1952. This became one o f the most important modem techniques and was 

rapidly adopted for routine analyses because it was both sensitive and fast to run. The 

substance is simply introduced at one end of the apparatus and the various separated 

components are detected at the other end and recorded as peaks in a chromatogram. For 

example it can be used to separate mixtures, or using head space analysis, GLC can be 

used to produces a fingerprint o f a complex food stuff such as curry powder, which can 

be used objectively as a quality control method. However there are a number of 

important limitations with GLC. The analyte has to be made volatile in order to enter the 

carrier gaseous phases and the analyte must not interact too strongly with the stationary 

liquid phase. In practice this means that large molecules caimot be studied because they 

decompose at GLC temperatures and/or they are retained so strongly by the stationary 

phase that they do not elute properly. During the 1950’s liquid chromatography 

remained relatively unimportant. In the 1960’s however the theoretical basis for HPLC 

was constmcted by Giddings*. Between 1967 and 1969 the first HPLC were described 

by Huber and Hulsman K i r k l a n d a n d  Hovarth et al^\ These machines overcame 

some drawbacks of GLC, as well as problems with other earlier liquid/liquid 

chromatographic systems (such as long analysis times, poor separation, large columns 

etc.), by using controlled high pressure conditions to yield a high throughput at 

reasonable temperatures.
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6.2.2 Background to HPLC

HPLC is currently used in many different ways. For the purposes of this discussion the 

description will be limited to standard "reverse-phase" type-chromatography. Reverse 

phase is used to describe a system where the mobile phase is more polar then the 

stationary and thus hydrophobic solutes stay on the column and hydrophilic compounds 

elute more quickly, in contrast to earlier HPLC systems such in which the stationary 

phase was more polar and hydrophilic. Such type of a system consists of a non-polar 

stationary phase such as hydrocarbon, bonded onto silica and a polar mobile phase such 

as methanol or methanol-water mixtures. Figure 6.1 depicts the overall form of the 

apparatus and a corresponding description is given below for a general set-up

Figure 6.1
Annotated diagram of the HPLC apparatus

High Pressure Pump-B Detector-E

HPLC Column-D

Injection Valve-C

O utput-F
Solvent Input-A

The apparatus normally consists of the following components for a general set-up:

A. Solvent system and degasser

This is where the mobile phase enters the HPLC apparatus. The solvents are degassed to 

remove air bubbles from the system and prevent potentially dangerous air gaps, which
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can spoil the column stationary phase packing. Typically the solvents are passed 

through a sintered metal frit or filter to prevent passing o f particles. The solvents used 

in HPLC are water miscible solvents, e.g. tetrahydrofuran, acetonitrile or methanol.

B. High pressure pump system and mixing chamber.

A high pressure pump capable of pressures in the order o f 6000 psi is used to pump the 

mobile phase into the column. Gradient elution work or normal binary mixing work can 

be achieved in systems having two pumps and a mixing chamber in which the solvents 

are mixed.

C. Injection valve.

A loop injection valve is used to introduce solute samples in known quantities. 

Typically these are called Rheodynes named after their manufacturer.

D. Column.

The column is where the separations occur as solutes distribute selectivity between the 

stationary and mobile phases.

E. Detector.

The eluent enters the detector (normally into a cell area) and solutes are detected. 

Typically detectors are UV, electrochemical or refractive index, where changes in these 

properties cause an output to be recorded.

F. Output.

The output can be processed in several forms ranging from a simple voltage dependent 

chart recorder, electronic integrator or a computer based datastation.
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6.3 Determination of Solute Capacity Factors

6.3.1 General Details

A modular Shimadzu HPLC machine was used, incorporating a Shimadzu SCL-6A 

system controller, controlled Shimadzu LC-6A pumps, and Shimadzu SPD-6A 

(deuterium lamp) ultra violet spectrophotometric detector. Various operational 

parameters were adjusted using the controller, including pump flow rates and mixing, 

and analytical UV wavelength. The two pump system controller allowed mixing of 

solvents from individual sources and gradient elution. Output was recorded using a 

Smith-Servoscribe RE-511.20 potentiometric recorder. A Lab Data Control 304 

computing integrator was also utilised which allowed more accurate measurements to 

be made. Work was carried out at ambient room temperature.

Solute injections were made manually by a Rheodyne 7125 valve in which the sample 

is injected into an isolated loop which is then switched so that the flow of the 

solvent passes through it thus effecting an injection (see figure 6.2). The Rheodyne can 

increase reproducibility because a known quantity is injected into the loop. Any excess 

is spilt out o f a loop drain. A lOpl loop used was used with a Hamilton 700-SNR 

50pm syringe.

6.3.2 Stationary Phase

A polymer based column, PRP-1, {Hamilton - 5 pm packing material^) composed of 

poly-(styrenedivinylbenzene) was used. This column was chosen in favour o f the most 

widely used ODS stationary phase column (organic medium bonded to silica), for a 

number of reasons. Firstly the PRP-1 was considered to be less polar/hydrophilic than 

ODS columns^ leading to the belief that H-bonding solutes would be highly 

differentiated. The second reason was due to the requirement o f a column capable of 

withstanding a wide range of pH values. For example, to obtain a system capable of 

analysing drug compounds (with the aim to obtain solute descriptors) such as the Y-M

 ̂ 5 |im is the stationary phase particle size. It was used for enhanced peak resolution over the other 
available 10 pm version.
* As indicated by Hamilton sales literature.
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Hj-antagonist compounds shown in Chapter 4, a column capable of sustaining a basic^ 

environment is paramount. Unfortunately the common ODS columns being constructed 

on an acidic^ silica phase are prone to base degradation and cannot be used**. Hence the 

PRP-1 was well suited to undertake the present investigation. Some information about 

the column is listed in Table 6.1.

Table 6.1

Summary of PRP-1 column properties"

Physical Properties PRP-1

Particle size 5|im

Pore Size [A] 75

Particle shape spherical

Theoretical Plates (cm'^) 233

Column Material 316 Stainless steel

Column Length 15cm

Operating Limits

Mobile phase [pH] 1-13

Organic Modifier[%] 0-100

Temperature Range [°C] 5-60

Flow Rate [ml/min] 0-8

APmax[bar] 340

"Adapted from Hamilton Living Catalogue 1991

 ̂Conventional Lewis acidity and basicity 
Note there are now specially treated pH stable ODS phases available but the polymer PRP-1 column 

was preferred by SmithKline Beecham.
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6.3.3 Sample Preparation

All sample solutes (listed in Tables 6.2-6.5) were dissolved in a solvent, (normally the 

mobile phase) in order to reduce concentration to a theoretical infinite dilution, and to 

dissolve solids to liquid solutions. Overall concentrations had to be kept to a minimum, 

in order to produce discernible finite peaks and prevent peak overlap. Moreover it is 

well known that retention time is concentration dependent'^, as once the surface of the 

column becomes saturated with the sample, excess solute molecules then interact with 

bound solute molecules and not the stationary phase. Generally this causes solute 

molecules to elute quicker (a reduction in capacity factor). Samples were prepared in 

2ml Chromacol Vials {2SV Phase Separations Ltd.). Apertured caps with PTFE/silicon 

septa were used to seal the vials rather than crimps to allow samples to be changed etc. 

PTFE septa were utilised to prevent solution absorption or reaction with the septa. 

Preparation was carried out by filling the vials with the solvent and adding sample, 

using a pre-rinsed syringe. Given the high throughput and small sample quantities 

involved in the experiment, solution concentrations were determined by trial and error. 

Approximately 20pl of pure solute was used per vial, for solutes such as benzene, but 

when extinction coefficients were known to be l a r g e e . g .  indene, indole etc., smaller 

concentrations were used. Similar methods were adopted for solid samples. All sample 

solutions were labelled and numbered. These were then stored in outer protective plastic 

bottles, preventing evaporation, again identified by number and name.

Figure 6.2
A schematic diagram of a Rheodyne injection valve

Loop
O

Column
Load Position

Inject Position
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6.3.4 Mobile Phase

The mobile phase used in any HPLC experiment can be either wholly organic or an 

aqueous solvent mixture. The type of organic phase and the relative proportion of 

organic phase (to water) makes a profound difference to the system. Necessary 

properties of the mobile phase are that it should solvate the solute, not react with the 

solute, and have a low UV absorbance at the of the solute, thus typical HPLC 

solvents of either methanol or acetonitrile {BDH, Hipersolve grade) were used as the 

organic phase. Distilled and filtered water was used for the aqueous phase. The organic 

and aqueous phases were stored separately in 1 dm^ reagent bottles (to be mixed by the 

HPLC pump - see B in Figure 6.2). However before the solvents could be used, they 

were “degassed”. This procedure involved bubbling helium gas through the solvents 

using a microfine sintered bulb (2pm pores), to remove potentially damaging air 

bubbles (which affect the mixing pumps or column). Once the solvents were degassed, 

they were connected to the pump by PTFE tubing, via a further microfine filter. Any 

possible air gaps in the pump system were removed by flushing and draining it with the 

mobile phase, and then allowing the system to equilibrate to normal operating 

conditions. Various mobile phase combinations were used in this work, i.e. 100% 

methanol, 80:20 methanol-water mixture, 100% acetonitrile, and 60:40 acetonitrile- 

water mixture, for the various measurements taken. When highly basic^ compounds 

were being studied, a base buffer was used, (sodium orthophosphate). Standard 

precautions were adopted when using buffers, a) the capacity factors of standard (non

ionised) compounds were compared in both buffered and non-buffered phases (to 

confirm that the buffer was not affecting results) and b) the column was washed through 

with non-buffered mobile phase after use. Flow rates of 1ml per minute were used for 

100% methanol, 80:20 methanol-water, 100% acetonitrile phases, and a flow rate of 2ml 

per minute was used for the. 60:40 acetonitrile-water phase^^.

tt Note, the percentage constitution of the solvents are all volume percentage before mixing.
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6.3.5 Sample Injections

Sample injections of 10 pi were made using the Rheodyne valve (see Figures 6.1, 6.2). 

A careful procedure of washing the syringe was completed before each sample, in order 

to avoid possible contamination, particularly of highly UV absorbing compounds. For 

each injection, excess sample solution was taken into the syringe (around 50pl) and 

injected into the Rheodyne set in the "Load" position. Excess solution was drained from 

the Rheodyne. This procedure ensured there was a pure and uniform sample to inject. 

To inject the sample into the system, the Rheodyne valve was switched to "Inject", and 

simultaneously the start time was noted on the output (see F, Figure 6.1), at which point 

the solvent path flowed via the Rheodyne loop.

6.3.6 Detector Settings

The analytical wavelength normal set to the mercury line at 254nm, where various 

benzenoid compound have In samples that produced small chromatographic peaks, 

absorbencies were adjusted (according to available data) to achieve The detector’s 

response rate was set on “Fast” and attenuation was fixed between 0.08-0.16.

6.3.7 Capacity Factor Calculation

As the described above the capacity factor indicates the time it takes for a sample to 

elute, which is indicated by a maxima on a chromatogram or a peak on an integrator (see 

Figure 6.3). Since the capacity factor indicates the interaction of a sample solute and the 

column, ordinarily it is corrected, yielding K’, as shown in eq(6.2). This accounts for the 

time taken for the non-interacting solvent to pass through the system- ascribed Tq, the 

dead time or solvent front and is indicated on the chromatogram by a potassium nitrate 

marker to produce the unretained peak. The equation is divided by Tq and hence is both 

relative and without units of time. Thus eq(6.1) is used to acquire the corrected retention 

time, k ’ .

K’=  (K -To)/ To (6 .2 )
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F igu re 6.3

Injection Start. 
Marked by apparatus 

operator.

Sample Solute PeakElution of Peaks

Unretained Peak

Time

6.3.8 Difficulties o f  Capacity Factor Determination

Although using corrected capacity factors, k ’, reduces many potential problems there 

are some residual errors. The measurement of time can be inconsistent. During every 

run the time taken to event mark the start of an injection will vary, because this is an 

operator dependent function. This error is generally small in comparison to an average 

elution time. It can, however, cause cumulative errors when the elution time is small. 

When a simple chart recorder is used accuracy is also limited to the divisions on the 

paper. At 600mm per hour this means accuracy is limited to 6 secs at best. Another 

problem arises due to injection concentration differences (see Section 6.3.3) which 

causes variation in k ’. Although specific examples have not been quantified, this 

problem is a significant source of poor reproducibly and hence outliers. Thus throughout 

this work sample solute concentration were prepared cautiously aiming to achieve, as far 

as possible, the theoretical infinite dilution.
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6.4 Results & Discussion

The corrected capacity factors for each solute in each respective mobile phase system 
are listed in Tables 6.2 to 6.6, with corresponding Abraham regression equations given 

eqs(6.3-6.6). The results are discussed in section 6.7.5 .

6.4.1 100% Methanol Mobile Phase 

Table 6.2
Corrected capacity factors for solutes analysed on a PRP-1 Column with 100% methanol 

mobile phase, (1ml per min)

Set c m . Compound Name logic'

1 5501 Propanone -0.412

2 5502 Butanone -0.192

3 5535 Octan-2-one 0.144

4 7251 N,N-Dimethylformamide -0.368

5 7261 N,N-Dimethylacetamide -0.317

6 8701 Dimethylsulfoxide -0.222

7 10001 Benzene 0.271

8 10002 Toluene 0.379

9 10003 Ethylbenzene 0.444

10 10004 o-Xylene 0.544

11 10006 p-Xylene 0.594

12 10007 n-Propylbenzene 0.477

13 10009 1,2,3-Trimethylbenzene 0.641

14 10015 n-Butylbenzene 0.586

15 10024 1,2,3,4-T etramethy Ibenzene 0.561

16 10080 n-Hexylbenzene 0.799

17 10310 Phenylethyne 0.269

18 10390 Biphenyl 0.956

19 10400 Naphthalene 0.768

20 10445 Indene 0.658

21 10460 Fluorene 1.142

22 11602 1,2-Dichlorobenzene 0.523

23 11613 2-Chlorotoluene 0.555

24 11613 2-Chlorotoluene 0.501

25 11614 3-Chlorotoluene 0.506

26 11615 4-Chlorotoluene 0.457
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27 14001 Methylphenylether 0.428

28 14020 2-Methylanisole 0.496

29 14151 1,3 -Dimethoxybenzene 0.540

30 15804 4-Nitrotoluene 0.444

31 16501 Phenol -0.350

32 16503 m-Cresol -0.315

33 16523 3-Ethylphenol -0.222

34 16528 2-Isopropylphenol -0.176

35 16529 3-Isopropylphenol -0.180

36 17162 Phenylmethylsulfide 0.647

37 19001 Pyridine -0.140

38 19003 3-Methylpyridine -0.062

39 19004 4-Methylpyridine -0.064

40 19009 3,4-Dimethy Ipyridine 0.028

41 19010 3,5 -Dimethy Ipyridine 0.125

42 19015 2,4,6-Trimethylpyridine 0.054

43 19017 3-Ethy Ipyridine 0.054

44 19018 4-Ethylpyridine 0.029

45 19501 Pyrrole -0.398

46 19601 Indole 0.000

The Abraham equation for the 100% methanol phase on a PRP-1 column is given in 
eq(6.3).

log k ’(m , o h -i o o ) = - 0.372 +0.463R2 - l.lSSEa^^ - 0.755 i p V  0.645 Vx (6.3) 

n = 46 p = 0.9826 sd = 0.078 F = 287.1
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6.4.2 80:20 Methanol-Water Mobile Phase

Table 6.3
Corrected capacity factors for solutes analysed on a PRP-1 column with 80:20 

methanol-water mobile phase, (1ml per min)

Set C.No. Compound Name logK’

1 1152 2-Methylbuta-1,3-diene 0.406

2 5501 Propanone -0.271

3 5503 Pentan-2-one 0.231

4 7251 N,N-Dimethylformamide -0.340

5 10001 Benzene 0.739

6 14001 Methylphenylether 0.979

7 14151 1,3-Dimethoxybenzene 1.163

8 14152 1,4-Dimethoxybenzene 0.898

9 15801 Nitrobenzene 0.924

10 15804 4-Nitrotoluene 1.150

11 15991 N,N-Dimethylbenzamide 0.219

12 16501 Phenol 0.089

13 16503 m-Cresol 0.249

14 16523 3-Ethylphenol 0.409

15 16528 2-Isopropylphenol 0.544

16 16529 3-Isopropylphenol 0.519

17 16810 Catechol -0.342

18 17162 Phenylmethylsulfide 1.388

19 19001 Pyridine 0.038

20 19003 3 -MethyIpyridine 0.240

21 19004 4-Methylpyridine 0.202

22 19009 3,4-Dimethylpyridine 0.356

23 19010 3,5-DimethyIpyridine 0.356

24 19015 2,4,6-Trimethylpyridine 0.490

25 19017 3-EthyIpyridine 0.301

26 19018 4-Ethylpyridine 0.394

27 19501 Pyrrole 0.019

28 19502 N-Methylpyrrole 0.350

29 19601 Indole 0.623

log K ’ (M eoH-»:20) = '0.351 +0.509Rj - 1.0502a" - 1 .56 isp" + 1.405 Vx (6.4)(MeOH-80:20)

n = 29 p = 0.9687 sd = 0.116 F = 91.3
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6.4.3 100% Acetonitrile Mobile Phase

Table 6.4
Corrected capacity factors for solutes analysed on a PRP-1 column with 100% 

acetonitrile mobile phase (1ml per min)

Set C.No, Compound Name

1 1152 2-Methylbuta-1,3-diene -0.141

2 5501 Propanone -0.602

3 8001 Methanol -0.845

4 10001 Benzene -0.158

5 10002 Toluene -0.054

6 10003 Ethylbenzene -0.077

7 10004 o-Xylene -0.025

8 10005 m-Xylene 0.012

9 10007 n-Propylbenzene -0.030

10 10009 1,2,3-Trimethylbenzene 0.006

11 10015 n-Butylbenzene 0.046

12 10024 1,2,3,4-Tetramethylbenzene 0.095

13 10080 n-Hexylbenzene 0.227

14 10310 Phenylethyne -0.191

15 10390 Biphenyl 0.180

16 10400 Naphthalene 0.194

17 10460 Fluorene 0.371

18 10445 Indene 0.056

19 10500 Anthracene 0.617

20 11613 2-Chlorotoluene 0.109

21 11614 3-Chlorotoluene 0.084

22 11615 4-Chlorotoluene 0.084

23 11602 1,2-Dichlorobenzene 0.168

24 12613 2-Bromotoluene 0.172

25 12614 3-Bromotoluene 0.180

26 12604 1,4-Dibromobenzene 0.342

27 13601 lodobenzene 0.227

28 15301 Aniline -0.430

29 15601 N-Methylaniline -0.146

30 15651 N,N-Dimethylaniline 0.000

31 15652 N,N-Diethylaniline 0.089

32 15801 Nitrobenzene -0.301

33 15803 3-NitrotoIuene -0.179

34 15804 4-Nitrotoluene -0.195
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35 16503 m-Cresol -0.477

36 16523 3-Ethylphenol -0.410

37 16528 2-Isopropylphenol -0.339

38 16653 4-Fluorophenol -0.560

39 16655 3-Chlorophenol -0.340

40 16778 4-Nitrophenol -0.544

41 15951 Benzamide -0.621

42 19601 Indole -0.289

43 16201 Benzoic acid -0.483

44 17001 Benzyl alcohol -0.324

The Abraham equation for the 100% acetonitrile phase on the PRP-1 column is given by 

eq(6.5).

log k ’(m , c n -ïo o) = - 0.438 +O.446R2 - 0.271TI”; -0.459Ea"2 - 0.614Sp V  0.385 Vx (6.5)

n = 44 p = 0.9796 sd = 0.066 F =180.5
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6.4.4 60:40 Acetonitrile-Water Mobile Phase

Table 6.5
Corrected capacity factors for solutes analysed on a PRP-1 column with 60:40 
acetonitrile-water mobile phase, (2ml per min)

Set C.No. Compound Name logK ’

1 7251 N,N-Dimethylformamide -0.415

2 7261 N,N-Dimethylacetamide -0.301

3 10001 Benzene 0.770

4 10002 Toluene 0.932

5 10003 Ethylbenzene 1.114

6 10004 o-Xylene 1.120

7 10006 p-Xylene 1.195

8 10009 1,2,3 -T rimethy Ibenzene 1.162

9 10400 Naphthalene 1.129

10 10500 Anthracene 1.941

11 11602 1,2-Dichlorobenzene 1.313

12 11613 2-Chlorotoluene 1.227

13 12604 1,4-Dibromobenzene 1.483

14 12613 2-Bromotoluene 1.316

15 13601 lodobenzene 1.270

16 14151 1,3-Dimethoxybenzene 0.624

17 14152 1,4-Dimethoxybenzene 0.690

18 14501 Acetophenone 0.466

19 14650 Benzophenone 1.104

20 15201 Benzonitrile 0.580

21 15301 Aniline 0.232

22 15601 N-Methylaniline 0.626

23 15651 N,N-Dimethylaniline 0.944

24 15801 Nitrobenzene 0.699

25 15951 Benzamide -0.222

26 15991 N,N-Dimethylbenzamide -0.017

27 16501 Phenol 0.055

28 16503 m-Cresol 0.139

29 16505 2,3-Dimethylphenol 0.363

30 16516 2,4,6-Trimethylphenol 0.622

31 16523 3-Ethylphenol 0.325

32 16528 2-Isopropylphenol 0.516

33 16529 3-Isopropylphenol 0.340

34 16653 4-Fluorophenol 0.031
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35 16655 3-Chlorophenol 0.285

36 17001 Benzyl alcohol -0.032

37 19001 Pyridine -0.111

38 19003 3 -Methy Ipyridine 0.049

39 19004 4-Methylpyridine 0.000

40 19010 3,5-Dimethy Ipyridine 0.190

41 19018 4-Ethylpyridine 0.193

42 19501 Pyrrole 0.076

43 19601 Indole 0.615

The Abraham equation for the 60:40 acetonitrile-water mobile phase on a PRP-1 column 

is given by eq(6.6).

log k ’,m . c n ^ : „ ,=  -0.016 + 0.245R; -0.91 OZa": - 1 .826S pV  1.217 Vx (6.6)

n = 43 p = 0.9888 sd = 0.087 F = 415.3
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6.4.5 Discussion

Abraham regression equations for the four mobile phase systems used with the PRP-1 

column are summarised in Table 6.6. The broad results given by the Table can be 

condensed: the r-constant is always positive, a- and 6-constants are always negative, the

5-coefficient is either small and negative or negligible, and the v-constant is always 

positive. Hence the column is hydrophobic {a and 6), polarisable/lipophilic (r and v) and 

is quite dipolar/polarisable^^ (5) with respect to the mobile phases used.

Table 6.6
Abraham equation summaries for the PRP-1 HPLC column under various mobile phase 
conditions.

Mobile Phase^ r s a b v c p overall

100% 0.463 _  -1.185 -0.755 0.645 0.372 0.983 0.078
Methanol*

80% Methanol 0.509 _ -1.050 -1.561 1.405 -0.351 0.969 0.116
20% Water*

100% 0.446 -0.271 -0.459 -0 .614 0.385 -0.438 0.980 0.066
Acetonitrile*

60% Acetonitrile 0.245 _ -0.910 -1.826 1.217 -0.016 0.989 0.087
40% Water ̂

‘̂ Percentage constitution refer to volume percentage before mixing. *Flow rate 1ml per 
min. T low  rate 2ml per min

Detailed interpretation of these coefficients must be conducted with some care, because 

the stationary phase will be saturated with the particular mobile phase used. However 

the positive r and v- coefficients are exactly as expected for an equilibrium between

Note that the coefficient of a solute descriptor indicates the properties o f the solvent system. As the 
corresponding properties o f the ̂ -coefficient are similar to those o f the 2 solute descriptor, they are best 
described as dipolar/polarisable. This of course should not be confused with the /--coefficient which 
indicates solvent polarisability based on the excess molar refraction concept -see Chapter 1, especially 
Sections 1.3.2 and 1.4.5.

249



methanol/ acetonitrile/ aqueous mixtures and a poly(styrenedivinylbenzene) stationary 

phase - increasing R2 and Vx will increase the capacity factor due to the energetic 

preference o f the solute for the stationary phase.

The negative ^-coefficient indicates that the mobile phases will be more H-bond basic 

than the polymer stationary phase. The magnitude of the a-coefficients shows basicity 

(see Section 1.4.5) to be in the order 100% acetonitrile < 60% acetonitrile < 80% 

methanol = 100% methanol which is reasonable. The negative 6-coefficients for the 

aqueous solvents and for 100% methanol are reasonable, because these solvents are H- 

bond acids - decreasing the capacity factor for H-bond bases.

Thus Table 6.6, indicates that using any of the phases, the mobile phase is always more 

H-bonding than the stationary, as required in RP-HPLC. For an acidic or basic solute the 

capacity factor is decreased, as it prefers the mobile phase. As expected Vx, and to a 

lesser extent R2, has the converse effect by increasing the capacity factor, as the solute 

requires more energy to make a cavity (see Chapter 1, Section 1.3.1) in the mobile 

phase. The negligible ^-coefficient suggests that the column stationary phase is quite 

dipolar/polarisable. This seems to be a quite unexpected result, given that the mobile 

phase should be more polar and the PRP-1 column should be 'Hnerf\ However if  it is 

assumed that the pure polymers characteristics will be somewhat like benzene (since the 

alkyl backbone will have little chemical character), this outcome makes good chemical 

sense, because the delocalised electronic system allows for significant tt interactions. 

Comparing 100% acetonitrile with 100% methanol, the outcome is expected. The a and 

6-coefficients of the latter are more negative because methanol has greater H-bonding 

ability, and similarly v is more positive.

The changes due to the increase in aqueous concentration is evident in Table 6.6. As 

water is introduced to the methanol system, the mobile phase’s H-bond donating ability 

increases (because water is a strong H-bond acid - see Section 1.3.5) and the 6- 

coefficient becomes more negative. This increased H-bonding also increases the v- 

coefficient as the cavity term becomes more energetically favoured for the stationary 

phase. Since the H-bond basic character of methanol and water are similar, there is little 

difference in their respective a-coefficients of eq(6.3) and eq(6.4), which again is 

chemically sensible.
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The 100% acetonitrile system shows interesting behaviour. Since the mobile acetonitrile 

phase is a reasonable H-bond base, it would be expected that the regression would yield 

a negative a-coefficient, which it does {a = -0.459). However, a more negative 

corresponding ^-coefficient {b = -0.614) might not be expected because acetonitrile is 

only a weak H-bond acid. A possible explanation for this, is that the column has some 

H-bond basicity, thus marginally slowing the H-bond acidic solutes down, and 

producing a comparatively smaller «-coefficient than would be expected. Invoking 

the properties of the polymeric phase, some H-bond basic character would be expected 

due to the saturation of the stationary phase by acetonitrile* * and due to the 

poly(styrenedivinylbenzene) electronic systems ability to donate electrons 

Comparing the 100% acetonitrile system with aqueous acetonitrile, the changes are 

easily explained, and are similar to those of methanol, i.e. the H-bond acidity increases 

greatly causing a threefold increase in the ^-coefficient and H-bond basicity is enhanced 

somewhat, doubling the «-coefficient.

6.4.6 Using the PRP-1 Column to Calculate Solute Descriptors

As set out in the introduction, it would be extremely useful to have a HPLC system 

capable of determining solute descriptors for drug compounds - being pH stable PRP-1 

seemed a viable potential system. It would be particularly useful to determine 71̂ 2 or 

2p^2 values for drug compounds (see Chapters 4 and 5). Table 6.6 indicates that since 

the 5-coefficient 71̂ 2 is very small or negligible 71̂ 2 cannot be determined. However the

6-term is left for Sp^2 determination, with the added advantage of no requirement for a 

71̂ 2 value, except for eq(6.5). Therefore 3 potentially useful equations are left (6.3, 6.4 

and 6.6).

However the main problem with the equations is that the coefficients are much smaller 

than partition coefficients (compare b -  -3.460 in logP„ct (Chapter 3) to 6 = -0.755

Note that this effect cannot be seen in the other mobile phases because they are all much better H-bond 
acids.

Remember that although different mobile phase systems have been compared, a very important point 
that must not be neglected, is that the stationary phase is not constant across systems. At 100% methanol 
the column will be saturated with methanol, but at 80% methanol the colunm is then saturated with 80% 
methanol and 20% water and so on.
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eq(6.3) ox b = -1.826 eq(6.6) ). Thus any error will be on the large side. The error is 

calculated by the sd/6-coefficient ratio (see Chapter 1). Thus to back-calculate s p 2̂ 

from eqs(6.3),(6.4) and (6.6) the respective errors are 0.10, 0.07 and 0.05 in The 

errors for the first two systems are rather too large. However for complex H-bond basic 

molecules, it might just be possible to use eq(6.6), the 60:40 acetonitrile-water mixture 

to obtain a reasonable estimate of Zp^j-

6.4.7 Comparison o f  PRP-1 with ODS Stationary Phase Systems.

Recently HPLC data on ODS columns has been analysed using the Abraham solvation 

equation Results from three systems are shown in Table 6.7. They are for 70:30 

methanol-water mixture with an ODS Capcell stationary phase, and for a 70:30 

methanol-water mixture and 100% methanol with an ODS Bakerbond stationary phase.

Table 6.7

Abraham equation regression results on ODS HPLC columns

% Methanol r s a b V c P sd F

70“ (Capcell) 0.32 -0.73 -0.60 -1.74 1.88 -0.67 0.9975 0.04 482

70 * (Bakerbond) 0.16 -0.44 -0.32 -1.59 2.12 -0.71 0.9900 0.08 124

100 * (Bakerbond) 0.01 -0.19 -0.03 -0.62 1.22 -0.98 0.9320 0.08 17

“Miller, K.G., Poole, C.F., J. High Res. Chromatogr., 1994,17,125 * Abraham, M.H., Leo, A.J., 
Hydrogen bonding Part 35 J.Chromatogr., submitted

Although the 100% methanol Bakerbond phase regression is quite poor (p=0.93) - some 

general comparisons may still be drawn with PRP-1 with the same mobile phase, 

eq(6.3). The smaller less negative a-coefficient of the 100% Bakerbond suggests that
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this ODS column is much more H-bond basic, and the stationary phase must have 

around the same basicity as the mobile methanol phase itself (compare a  = -0.03 with a 

=-1.185, eq(6.3)). The significantly negative 6-coefficient is in the same region for both 

PRP-1 and ODS systems, indicating that even for the relatively weaker H-bond acidic 

100% methanol, the mobile phase is more H-bond acidic. The v-coefficient is much 

bigger for the oily hydrocarbon ODS phase, (c.f. v=1.22 to v=0.645, eq(6.3)), no doubt 

because the intermolecular forces in the hydrocarbon are smaller than the polymeric 

PRP-1. Although the ODS phase is may have some dipolarity/polarisability (having a 

relatively small 5-term), it is clear that the PRP-1 phase is significantly more 

dipolar/polarisable for reasons explained in Section 6.4.5.

The two 70:30 methanol-water regressions presented in Table 6.7 are in reasonable 

agreement with each other, and illustrate differences due to dataset utilised and 

differences in column manufacture (viz. Bakerbond vs. Capcell). The pattern concluded 

in this work indicating increased negative coefficients for a- and 6-terms with increasing 

water content is reproduced, if the results are compared with the 100% methanol 

regression on Bakerbond. Concentrating on the Capcell 70:30 phase (whose regression 

is statistically better), it is in broad agreement with the PRP-1 column results conduced 

at 80:20 methanol-water mixture, with volume and excess molar refraction increasing k ’ 

and H-bond acidity and basicity decreasing k ’. However the 5-coefficient is both 

significant and more negative (suggesting the ODS is less dipolar/polarisable than PRP- 

1) and the a-coefficient of the Capcell phase is again lower than PRP-1, suggesting the 

ODS is significantly more H-bond basic for these aqueous phases.

To determine solute descriptors for drug compounds on the ODS columns above is not 

easy, due to the practical problems of pH stability highlighted earlier. However for 

certain (non-basic) compounds it is worth considering the feasibility o f these ODS 

columns. Unfortunately, for the three regression equations presented in Table 6.7, all of 

the Abraham solute descriptors terms are required. Therefore to determine even a single 

descriptor requires the whole compliment of the other solute descriptor values. Given 

this drawback - the coefficients of 71̂ 2 (-y) are all small and would suggest determination 

o f 71̂ 2 would not be very accurate (with sd/s error ratios ranging 0.06 to 0.42!). 

Determination of Sp 2̂ would be somewhat better because o f the larger coefficients. In
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the best case of 70:30 methanol-water for the Capcell the error would be only 0.023 in 

Sp^2- This would be acceptable and indicate the size of error that is possible with 

HPLC.

In conclusion therefore, the physical and regressional qualities of the ODS phases 

considered above do not wholly lend themselves to solute descriptors determination, but 

perhaps could be used simultaneously for smaller solutes (see Chapter 4). Although the 

PRP-1 column could be implemented, at least for Sp 2̂ determination, it might be 

preferable to use partition coefficient data for the most accurate results.
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6.5 Summary

It is possible to undertake HPLC capacity factors measurements on a wide variety of 

compounds using the novel PRP-1 column with standard mobile phases. Analysis of 

corrected capacity factors, log k ’, by the solvation equation (6.1) shows that the PRP-1 

column is hydrophobic and allows H-bonding solutes to remain in the mobile phase. 

Larger and more polarisable solutes interact with the column and have increased 

capacity factors. The stationary phase has a reasonably high dipolarity/polarisability, 

such that changing solute dipolarity has little effect on a solute’s capacity factor. Apart 

from the physical advantages of the PRP-1 over ODS columns, the main differences 

between these columns is that the ODS phase is less dipolar, more H-bond basic and 

more lipophilic.

A HPLC system capable of determining solute descriptors could prove to be of great 

value for drug solute descriptor determination in the future. A helpful advantage of the 

PRP-1 is that its high dipolarity means that the ^-coefficient is mainly negligible in the 

mobile phase systems studied. Thus determination of a complex solute descriptor like 

only requires Z a 2̂ to be estimated (which is reasonable - see Chapter 4) since the 

remaining solute descriptors Vx and R2 are known. Of the mobile phases used with the 

novel PRP-1 column, the most suitable system for Sp 2̂ determination is the 60:40 

acetonitrile-water mixture, where the error in Ep 2̂ calculation is the least. Comparison 

of the PRP-1 results with those of the ODS, for solute descriptor determination indicates 

that although the error on descriptor back-calculation may be lower in the ODS 

columns, both the practical difficulties of the column (base degradation) and the extra 

term in the regression equation would tend to deter use in most cases.
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C h a p t e r  7

C o n c l u s io n s  a n d  S u g g e s t io n s  f o r  F u r t h e r  W o r k

7.1 Conclusions

The exciting SPR field has allowed tremendous achievements to be made in the last 

quarter of a century; by the planning of research based on predictive models; preventing 

wasted unnecessary labour, saving the lives of laboratory animals, and by empowering 

the researcher with information as to the controlling parameters of various processes. 

The solvation equation o f Abraham and co-workers is an important extension of the 

SPR arena and brings a new level of sophistication into SPRs by quantitatively detailing 

the physicochemical factors governing a process, in terms of H-bonding, 

dipolarity/polarisability, volume and excess molar refraction. Thus in Chapter 3 of this 

Thesis, the differences in partitions identified many years ago by Collander and 

subsequent attempts to quantify the effects of H-bonding by Seiler have been 

rationalised highlighting quantitative differences and intricacies (such as the 

differentiation of AlogP for alkanes and cyclohexane -see Chapter 3). Furthermore very 

large regression equations (upto 613 different compounds) have been performed in this 

work, confirming the validity and applicability of the Abraham model over a wide range 

o f compounds.

Hitherto, the main restriction on the Abraham equation has been the inability to obtain 

descriptors for complex multifunctional solutes such as drug compounds*. This has 

meant that data o f profound biological importance, have not been investigated and the 

ensuing advantages offered by this type of analysis have not reached fruition. However, 

in this Thesis attempts have been made to obtain solute descriptors for biologically 

important molecules. Solute descriptors have been obtained by a variety of means; 

purely experimental techniques, combination of log? values and experimental 

determination and in favourable cases (where everything is well known) summation of

This has been exemplified by the attempts o f Testa and co-workers. They developed the polar interactive 
parameter, A, (see Chapter 1), based on the cavity model o f solvation (used in the Abraham methodology) 
primarily as a simplification o f the LSER methodology - capable of handling large biological molecules.
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solute descriptors determined from structure alone. Thus for the first time the Abraham 

equation has been applied to correlating biologically active drug compounds. Such an 

application is demonstrated for the very important blood-brain system (Chapter 4). With 

this methodology as shown, there is also an added advantage, of being able to make 

predictions before synthesis, a powerful boon for any pharmaceutical model.

In addition a very interesting new route has been offered as a correlation method - the 

logPpius approach, combining the Abraham solute descriptors with the logP„ ,̂ descriptor 

(Chapter 4). With certain caveats, this is a useful approach, and for the case of blood 

brain distribution system studied in this work, it is reasonably successful. It is to be 

hoped that this simplified introduction to the Abraham methodology will allow many 

workers to make predictions straight away - leading to further use and development of 

the full Abraham equation.

The beauty of science is that it is possible to shed new light on a subject or phenomenon 

through the application of new methods of scientific analysis to well established (old) 

data. The analysis of skin penetration contained in Chapter 5 is Just such an example. In 

this field the interpretation of Scheuplein, based on a logPo^ model has led to a 

hypothesis of the intercellular and transcellular routes being petrified^ and accepted as 

fact^’̂  However, using the same data as before, the Abraham analysis reveals with some 

certainty that this cannot be the case for hydrated skin. Indeed the Abraham correlation 

has demonstrated why this dual hypothesis has arisen (due to clustering of datasets) and 

has identified how just a simple correction of volume to logPo^, can make a poor 

correlation into a linear one. The skin work, conducted in this Thesis, is therefore 

submitted as a very significant contribution to this field. It offers much insight over 

similar studies - which in retrospect seem like shots in the dark.

The characterisation of the novel PRP-1 HPLC system contained in Chapter 6 

demonstrates that the investigative aspects of the Abraham equation can be applied in 

diverse areas. The equations pinpoint that the PRP-1 column used in the study, far from

 ̂ Petrified as in “carved in stone”
 ̂One is reminded of the proverb “If the only tool you have is a hammer [logPocJ, you see every problem 

as a nail [functions of logPod Abraham Maslow.
 ̂ Private Communication, Dr. R.O. Potts, Cygnus Therapeutic Systems, AQQ Penobscot Drive, Redwood 

City, CA, USA.
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being an 'inert lipophilic phase ' has reasonably strong dipolar/ polarisable properties as 

well as some H-bonding characteristics. The comparison o f PRP-1 with the ODS 

stationary phases demonstrates a way in which the properties o f different systems can be 

revealed. Indeed, it offers HPLC column manufacturers a powerful tool with which they 

can quantify the physicochemical properties of what they are actually making; it is a 

method of quality control and a method in which they can hone new and novel columns.

7.2 Suggestions for Further Work

Having overcome the major obstacle of establishing a technique for obtaining solute 

descriptors for large solutes, a position has now been achieved where many types o f data 

can be analysed by the Abraham equation, discussed below. However there are some 

difficulties and it important to reflect on these.

7.2.1 The Problems with Undertaking Analyses

The main problems applying the Abraham equation to various interesting biological 

systems is obtaining enough suitable data, (the SP of the equation - Chapter 1), and 

being able to understand the available data. Thus there are interesting areas such as 

pharmaceutical work, biological phenomena and environmental studies, but often the 

published data available is scarce (for example located in somewhat esoteric journals or 

confidentially classified), and of the available data these are conducted by different 

groups under differing conditions. Furthermore there is a conflict between construction 

o f biologically and mathematically good data. For example most o f the compounds 

selected for studies in the literature are done for biological or therapeutic expedients - 

which tends to use closely chemically related compounds. However, to construct a 

mathematically sound and generally applicable Abraham equation, a structurally diverse 

dataset is required. Thus in order to develop new correlations, collaborations are 

required with experts of the relevant fields (such as Dr. Robert Mitchell in the blood- 

brain work of this Thesis). Furthermore it would be of great benefit if collaborations are
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formed at the very outset, to resolve this problem before the measurement of any new 

biological data.

An associated problem, concerned with this interfacial area of science, is that these days, 

it is near impossible for anyone to keep fully abreast of all o f the relevant literature even 

in a relatively small subject area. Hence one can only be an expert of a given aspect of a 

subject, for example a physiologist’s understanding of the blood-brain barrier will be 

quite different to those of a medicinal chemist or physical chemist’s - even though the 

subject matter purports to be the same. Therefore without collaboration, it is extremely 

difficult to undertake even seemingly simple correlative Abraham equation studies.

7.2.2 The Short Term Possibilities

Firstly as shown in Chapter 5, there are two aspects to biological measurements that are 

important, the rate and the equilibrium, (c.f. kp and Km). Similarly the same is true for 

blood-brain. There is some permeation rate data available on brain, and it would be 

useful to see the results from an Abraham regression on this. Secondly new in vitro 

models of the blood-brain barrier are being made, using cell cultures o f the brain 

endothelium. Having information on the in vivo system, it would perhaps be possible to 

use the Abraham method to compare the quality of the in vitro model and help procure a 

closer experimental model.

Probably the next most significant pharmaceutically important system is oral absorption 

- whether a drug presented to the body by mouth will be absorbed in the alimentary 

canal. For reasons detailed in Section 7.2.1, this is likely to require a co-ordinated and 

collaborated attempt to analyse, since again the availability o f useful data is a limiting 

factor. However there is no reason why oral absorption could not be tackled. In a similar 

way, as distribution and permeation data becomes available over the next few years, it 

might be possible to characterise other blood-organ data, for example the crucial blood- 

placenta system, the blood-retina system (which both are believed to be similar to the 

brain in that a barrier may be present), and more freely distributing systems like blood- 

liver.

Turning to the environmental field, there is a huge amount of data available on many 

systems, such as the Microtox test and soil-water partition. It would be useful to
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organise this data and make predictive and rational models using the techniques of 

solute descriptor determination shown in this work. However to construct such 

regressions requires not insignificant organisation of the data, which once more is very 

dispersed.

7.2.3 The Medium Term Possibilities

If data is forthcoming to set up regression equations for all of the major organs in the 

body, it should be possible to develop a unified model, capable of predicting the 

physicochemical preferences of a molecule for an organ. For example upon inception of 

a drug molecule predictions could be made and thus structures can be manipulated to 

provide the best properties for therapeutic requirements. In favourable circumstances a 

whole host of other physicochemical data could also be predicted.

7.2.4 The Long Term Possibilities

For the long term it is important to increase the ease of application the Abraham 

methodology. This can be achieved by computerisation, just as the CLOGP program 

transformed the use of logPo ,̂. A system can be envisage where structures can be drawn 

on a screen and without very much knowledge of the descriptors predictions can be 

made.

Allied to this a very important long 

term aim must be the integration of 

molecular modelling and the 

Abraham methodology. Since the 

LSER takes no account of 

conformation of a molecule this 

could be of vital importance, for 

example in studies of outlier 

compounds or studies where shape 

is known to be very important 

(such as enzymes and receptor 

structures). Molecular modelling

Figure 7.1

Molecular modelling and the Abraham approach, a 

long term design strategy.
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can aid in the design of pharmacophores, and the predictions from the Abraham LSER 

can be used to physicochemically optimise structures, thus achieving the ultimate goals 

o f designing therapeutically active compounds as well as drugs that are potent in vivo, 

from an electronic workbench.
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