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PREFACE

The quantitative relationships between the structure of solutes and their
chromatographic retention data have been extensively studied recently for
three main reasons: explanation of the mechanism of chromatographic
separations; prediction of retention coefficients; and characterization of the
solute physicochemical properties of importance for reactivity and especially
for bioactivity. Thus, this research area is truly an interdisciplinary one, and
publications may be found in chromatographic, analytical, physicochemical,
biochemical, pharmacological, and pharmaceutical journals.

At constant temperature, three main variables determine the distribution of
a solute between mobile and stationary chromatographic phases: the chemical
structure of the solute, the physicochemical properties of the mobile phase,
and the physicochemical properties of the stationary phase. The solute
distribution in various chromatographic techniques and modes is easily
quantified by means of several free-energy-related retention parameters.

For any given solute the relationships between retention data and the
composition of mobile and/or stationary phase have early been observed and
met a more or less rigorous theoretical treatment based on chemical
thermodynamics. Except for simple homologous series chromatographed
under identical conditions, however, attempts to relate quantitatively the
structure of an individual solute to its retention parameter were unsuccessful.

There has been an unquestionable trend in chemistry for the past few
decades toward quantitation of chemical, physicochemical, and biological
activities of various compounds. When computers became commonly avail-
able in the 1960s, the studies flourished because of pioneering works by Hansch
and others on quantitative structure-biological activity relationships
(QSARs). The QSAR methodology, that is, the means of characterizing solute
molecular structure numerically, and the statistical procedures applied or
developed for QSAR purposes have been successfully employed for quantita-
tive structure-retention relationship (QSRR) studies. Since the late 1970s
hundreds of papers have been published that may be categorized under the
term QSRR. Certainly now, after about 10 years of intensive development,
QSRR studies deserve a thorough review and critical discussion. Such an
attempt is undertaken here.

Among the numerous QSRR equations published, there are many with
little or no information value. Some may even be misleading if statistical
requirements were not fulfilled when the appropriate equations were derived.
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Nonetheless, the vast majority of the QSRR studies yielded results of
importance for physical, analytical, and medicinal chemistry. From these
points of view the collected data are discussed here.

Chromatography is a unique system for studying structure-activity re-
lationships involving intermolecular interactions. In a chromatographic
process all the conditions may be kept constant or controlled, and thus the
solute structure is the single independent variable in the system. Contrary to
biological determinations, chromatography is able to yield readily a great
amount of unequivocal, precise, and reproducible data. It may be anticipated
that through QSRR studies the still more precise methods of solute structure
parameterization will be worked out, which will next be applied to derive
reliable QSAR equations allowing rational design of new drugs.

A knowledge of the physicochemical principles of solute—stationary/mobile
phase interactions is required for proper understanding of the basis of
chromatographic separations. Therefore, a description of the intermolecular
interactions known in chemistry is presented first. After this, a chapter is
devoted to the most commonly known general theories of the chromato-
graphic distribution process. Then follows a brief characterization of the
factors influencing the retention data for an individual solute. Next, the
mathematical models employed in QSRR studies are reviewed and their
formal requirements are discussed. In the following chapters the reported
QSRR are reviewed successively in terms of individual molecular structure
descriptors of the solutes. In another chapter the relationships between liquid
chromatographic retention and partition coefficients are critically discussed.
Finally, application of QSRRs in medicinal chemistry is reviewed in detail.

To help the reader use the literature cited, complete titles of the articles
quoted are given. The literature up until March 1986 has been considered.

I am very grateful to Professor Richard A. Hartwick, Rutgers University,
Piscataway, New Jersey, who encouraged the writing of this monograph.
Thanks are also due to the authors and publishers of copyrighted materials.
Without the patience of my wife, Anna, this book would not have been written.

RomaN KALiszaN

Gdansk, Poland
1987
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CHAPTER
1
INTRODUCTION

The beginning studies of quantitative relationships between the structure of
solutes and their chromatographic retention may be dated back as early as
1949. At that time, Martin [1], in his fundamental paper, suggested that a
substituent changes the partition coefficient of a solute by a factor that
depends on the nature of the substituent and both the mobile and stationary
phases employed but not on the remaining part of the molecule. Since
practically the birth of chromatography, regularities have been observed of
retention behavior among the more or less closely related solutes. Evident
have been simple relationships between chromatographic parameters and, for
example, carbon number for a series of homologues.

Following Green et al. [2], who found that substituent increments to the
thin-layer chromatographic parameter R, = log(1/R;— 1) are additive for a
number of benzenoid compounds, Iwasa et al. [3] suggested in 1965 that
chromatographic data for studies of quantitative structure—biological activity
relationships (QSAR) may be useful. Since that time chromatography has been
extensively employed for quantitation of hydrophobicity of bioactive agents
[4-7].

In 1977 publications [8—10] appeared in which the QSAR methodology was
directly applied for analysis of chromatographic retention data of a series of
solutes. Soon the number of structure-retention correlations in the literature
started to increase exponentially with time. This has been the result of
common accessibility of personal computers as well as of the appropriate
programs of statistical calculations. By analogy to QSAR, the term quantitat-
ive structure-retention relationships (QSRR) has been proposed [11] to
comprise the new expanding area of chromatographic science.

The chromatographic conditions can be modified in several ways. One can
change the stationary and/or mobile phase, and the changes in the relative
retentions of investigated compounds caused by these modifications can be
treated as a source of information about the ability of the compounds to
undergo different kinds of intermolecular interactions on a thermodynamic
basis [12]. Another approach consists in selecting a suitable group of test
compounds for which chromatographic data would be determined at constant
conditions or the numerical retention parameters obtained would be normal-
ized to some standard conditions. In that second approach the differences in
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2 INTRODUCTION

chromatographic data reflect the differences in the solute structure. Rela-
tionships between chromatographic retention data and the quantities related
to the solute structure cannot be solved in strict thermodynamic terms. Such
relationships are of the so-called extrathermodynamic type.

As Prausnitz has remarked [13], “Classical thermodynamics is revered,
honoured and admired, but in practice is inadequate.” Prausnitz has suggested
the use of molecular thermodynamics for solving real problems—with
molecular thermodynamics being seen as a synthesis of classical approaches,
statistical thermodynamics, molecular physics, and physical thermodynamics.
One way in which such results can be achieved is to employ extrathermo-
dynamics.

The term extrathermodynamics means that the science lies outside the
formal structure of thermodynamics, although the approach resembles that of
thermodynamics in that detailed microscopic mechanisms do not need to be
explicitly identified during use [14]. Extrathermodynamic approaches are
combinations of detailed models with the concepts of thermodynamics. Since
it involves model building, this kind of approach lacks the rigor of
thermodynamics, but it can provide information not otherwise accessible. The
manifestations of extrathermodynamic relationships are the linear free-energy
relationships (LFER). Although LFERs are not a necessary consequence of
thermodynamics, their occurrence suggests the presence of a real connection
between the correlated quantities, and the nature of this connection can be
explored [15].

Generally, LFERs may be regarded as linear relationships between the
logarithms of the rate or equilibria constants for one reaction series and those
for a second reaction series subjected to the same variation in reactant
structure or reaction conditions [16, 17]. Thus, plotting the logarithms of rate
or equilibrium constant for one reaction series against. the corresponding
constants for a second related series frequently gives a straight line, which can
be expressed by

logkB=m logk?+c (1.1)

where k* and kP are rate or equilibrium constants of two reaction series A and
B that are subject to the same changes in the structure of reactants or the
surrounding medium. It is often convenient to express LFER in terms of ratios
of constants by referring all members of a reaction series to a reference member
of the series; thus, the correlation in Eq. (1.1) can also be expressed by

log (k7 /kg)=m log(k /k3) (1.2)

where k$ and k§ are the constants for the reference substituent or the reference
solvent.
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The chromatographic retention parameters used in correlation studies are
normally assumed to be proportional to the free-energy change associated
with the chromatographic distribution process. Not all chromatographic
data, however, are suitable for QSRR studies. As is well known, free-energy
changes, AG, are related to enthalpy, AH, and entropy, AS, changes by the
Gibbs equation

AG=AH—T AS (1.3)

where T is temperature. For LFERs to be found between real and model
systems, changes either in entropy or enthalpy must be constant, or the
enthalpy changes must be linearly related to entropy changes [18]:

AH=B AS+AG, (at T=p) (1.4)

When enthalpy—entropy compensation is observed with a family of com-
pounds in a particular chemical transformation, the values of f and AG are
invariant and f is called the compensation temperature.

Using the Gibbs relationships [Eq. (1.3)], one can rewrite Eq. (1.4) in order
to express the free-energy change AG, measured at a fixed temperature T for
isoequilibrium process as

T\ TAG
AG,=AH(1-= b )
T < ﬂ>+ B (13)

In liquid chromatography the retention parameter, the so-called capacity
factor k', is related to the thermodynamic equilibrium constant K for solute
binding by k' = ¢ K, where ¢ is the phase ratio of the column. The free-energy
change for the chromatographic process is expressed by

AG=—RT InK=—RT In(k'/$) (1.6)

where R is a gas constant. As shown by Melander et al. [ 18], the substitution of
Eq. (1.6) into Eq. (1.3) yields, for the capacity factor:

AH AS
l k,=—-— — .
n RT+ R +In¢ (1.7)

" If the mechanism of the process is invariant over the temperature range
studied and the enthalpy is constant, a van’t Hoff plot of In k’ against 1/T yields
a straight line. From the slope of the line, the enthalpy change AH for a given
solute can be assessed.
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Figure 1.1. Enthalpy-entropy compensation plot for a group of aromatic acids chromato-
graphed in different reversed-phase high-performance liquid chromatographic systems. (After
W. Melander, D. E. Campbell, and Cs. Horvath, J. Chromatogr., 158, 213, 1978. With permission.)

Equations (1.5) and (1.6) can be combined to give

,__AH(1 1) AG,
Ink ——T<T B) RB +Ing (1.8)

where k7 is the capacity factor at temperature 7. According to Eq. (1.8), plots
of In k7 of various solutes measured at a given temperature 7 under different
conditions against the corresponding enthalpy change are linear when the
enthalpy—entropy compensation occurs (Fig. 1.1). In such a situation, the
reversible binding of the solutes by a stationary phase involves essentially
the same mechanism. To avoid statistical artifacts, it is recommended that the
reference temperature 7 in Eq.(1.8) be near the harmonic mean of the
experimental temperatures used for the evaluation of the enthalpies by
Eq. (1.7) [18-20].

From the slope of compensation plot of In k7 versus AH [Eq. (1.8)], the
compensation temperature f may be obtained. If values of B for different
chromatographic systems approach their 95% confidence limits, the retention
mechanism is assumed to be the same [18, 21, 22].

It should be observed here that the prevailing majority of QSRRs reported
concern retention parameters as obtained in routine chromatographic
measurements. Enthalpy—entropy compensation is checked only occasionally.
Reservations are often justified as far as the chromatographic retention
parameters are defined and/or determined for individual solutes at specified
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conditions. Unfortunately, for many authors the only criterion of value of the
QSRR equations derived is the more or less exact conformability of the
observed and calculated data. Even that conformability is sometimes treated
quite mechanically; that is, the statistical significance of the statistically
derived relationships is not analyzed. Nonetheless, certainly enough material
has been collected to make a critical discussion worthwhile. It may be
anticipated that studies on QSRR will further expand, and the aim of the
following chapters is to help the interested reader clarify the present status of
QSRR science and to encourage deeper, critical, and scientificaly productive
analysis of chromatographic data.

10.
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