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CORRELATION OF RETENTION BEHAVIOUR OF STEROIDAL PHAR-
MACEUTICALS IN POLAR AND BONDED REVERSED-PHASE LIQUID
COLUMN CHROMATOGRAPHY
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Tokyo College of Pharmacy, 1432-1 Horinouchi, Hachioji, Tokyo 192-03 (Japan)

SUMMARY

For systematization of the correlation between the chemical structures of
solutes and retention behaviour in liquid column chromatography, the retention
volumes of 43 modified steroids on silica and chemically bonded reversed-phase col-
umns were examined using various binary solvent systems. Retention parameters for
the functional groups of the steroids were calculated according to Martin’s additive
rule. By comparing these values obtained on normal and reversed-phase columns,
characteristic features of both packings with regard to solute structures and the solvent
systems were elaborated.

INTRODUCTION

The adaptation of stationary and mobile phase systems for a given set of solutes
is particularly important in liquid column chromatographic separations. However, up
to now it has been necessary to rely upon empirical and trial-and-error methods.
There are various approaches for optimizing packings and solvent systems, and a
procedure in which the retention behaviours of a series of compounds are systematical-
ly examined and in which the observed correlation between stationary and mobile
phases and solute structures may be generalized would be useful.

Synthetic steroids, utilized as pharmaceuticals, contain a wide variety of func-
tional groups and many positional and configurational isomers, and therefore they
are very suitable for a systematic investigation of solute—solvent—sorbent relationships.
Although abundant liquid column chromatographic data on steroids are already
available'~, they have been restricted to a limited number of typical steroids that are
well known as biologically important constituents. A detailed study in which elution
behaviour as a function of chemical structure is particularly stressed has not yet been
presented. It would be worthwhile examining systematically the mobilities of modified
steroids in various chromatographic systems and formulating the relative retention
benaviours of these compounds.

This paper describes studies on the retention data of 43 steroids, obtained by
applying two typical stationary phases, viz., polar silica and a non-polar chemically
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bondedphase, in high-performance liquid chromatography (HPLC). The quantitative
correlation between the retention of the solutes and their chemical structures with
regard to the various systems is demonstrated.

EXPERIMENTAL

Apparatus

Chromatographic experiments were performed using a Waters ALC 202 liquid
chromatograph with Waters UV and RI detectors. The UV detector operated at 254
nm. Columns were constructed of 2.3 mm L.D. seamless stainless-steel tubing and
were 2 ft. long. The columns were filled by the dry tap—fill procedure. On-column
septum injections were made with a 10-ul syringe (Kusano Scientific, Tokyo, Japan).

Column media and chemicals

A silica packing (Corasil I, Waters Assoc., Milford, Mass., U.S.A.) and a
bonded-phase packing (Bondapak C,g/Corasil, Waters Assoc.) were used as polar
adsorbent and reversed-phase column media, respectively. Technical-grade solvents
(Wako Pure Chemicals, Osaka, Japan) were purified by distillation. Ethyl acetate was
distilled after standing over potassium carbonate to remove acetic acid. The steroid
samples used were pure crystalline materials obtained from pharmaceutical companies
as described in earlier reportsS—3.

Procedures

Flow-rates were 1.0 ml/min for the Corasil II column and 1.5 ml/min for the
Bondapak C,g/Corasil column with observed pressure drops of 800-1200 psi. An
amount of 1-5 mg of sample was dissolved in 1 ml of a mobile phase solvent. For
samples that were not soluble in one of these solvents, chloroform or dioxan was used
for injection into the polar or reversed-phase column. A volume of 1-5 1 of sample
solution was injected into the column. All resuits were obtained at ambient tempera-
ture (15 4+ 5°).

Hold-up volume, V,

Non-retained solvents such as cyclohexane and benzene were injected into the
silica column and were detected by the RI and UV detectors, respectively. The reten-
tion volumes of these solvents were considered to be the hold-up volume of the col-
umn. Methanol or acetonitrile was used for measuring the hold-up volume of the
reversed-phase column, the peaks being detected with an RI detector.

Retention volume, Vg, and capacity factor, k'

The observed retention volume, Vy’, is obtained directly in the chromato-
graphic separation, and the net retention volume, Vg, is given by Vg = Vi’ — V.
With the bonded-phase column, the observed values were calculated from the rela-
tionship Vi’ = (distance between injection point and peak maximum/chart speed) %
flow-rate. On the other hand, as reproducible results were not afforded by the polar-
phase column, an internal standard was provided for correction of the observed
values. A non-retained sample, e.g., benzene, and one of the steroid samples were
selected as the internal standards. Firstly, solutions of sample and benzene, then
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sample, internal standard and benzene, were injected. When the difference between
the retention data of these samples was less than 0.2 ml, the average value was calcu-
lated and corrected by using the internal standard data. When the difference was
more than 0.2 ml, the sample solution was injected repeatedly in order to obtain a
more reliable value. The samples were simply mixed in a microsyringe.

Correction of the data based on the internal standard method
The corrected retention volume is given by

Ve (IS)

Ve = [V&' — Vg (benzene)']- Ve (IS) — Vg (benzene)’

where Vg(IS) is the retention volume of the internat standard which had been mea-
sured previously in repeated experiments, the procedure for which is described above,
and Vi(IS)' and Vg(benzene) are the observed retention volumes for the internal
standard and unretained benzene, respectively. The capacity factor is calculated from
k' = Ve/V,.

Sequence of elution of steroids

The elution sequence was determined for a given solvent system, then it was
confirmed by simultaneous injection of two samples in instances where their retention
volumes were closely similar. The sample number was given by the elution sequence
using the silica—n-hexane—cthyl acetate system.

Relative retention value, log Vo(A)r

In order to compare the retention behaviours for whole steroid samples
simultaneously, relative retention volumes were calculated using testosterone as a
standard. The relative retention value is defined as log Vg(A)y = log {Vr(A)/ Fr(T)],
where Vg(A) and Vg(T) are the net retention volumes of sample A and testosterone,
respectively. When a sample and testosterone could not be separated simultaneously
by using the same solvent, the relative retention value of the sample was obtained by
extrapolation of the value of another sample whose retention value had been obtained
in the same two-component solvent system but with different proportions of the com-
ponents.

For example, the relative retention value, log Vi(A)4, of a sample A can be
obtained directly by comparison with the value for testosterone which was injected
simultaneously as the standard substance when the Corasil II-ethyl acetate-n-hexane
(1:4) system is applied. On the other hand, with the same solvent system with different
proportions of the components, e.g., ethyl acetate-n-hexane (1:9), the relative reten-
tion value of sample B may be calculated from the value of progesterone (sample 30),
where

Ve (B)/ V& (30) [ethyl acetate—n-hexane (1:9)]
Ve (30)/V (T) [ethyl acetate-n-hexane (1:4)]

log [Vr (B)/¥= (T)] = log

When the ethyl acetate-n-hexane ratio is changed to 1:19, repeated extrapolation of
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the value of sample 4 is required in order to obtain the relative retention value of
sample C, where
o Ve (C)/ Vg (4) [ethyl] acetate-n-hexane (1:19)]
= Ve (8)/ Vg (30) [ethyl acetate—-hexane (1:9)]
1
Ve (30)/ Vg (T) [ethyl acetate-n-hexane (1:4)]

log [V (C)/Vr ()] = lo

Retention parameter of a functional group of the steroid, Alog Vy

For evaluation of the relationship between retention behaviour and the molec-
ular structure of steroids, the contribution of a functional group to the retention value
or capacity factor was calculated. Consider a pair of compounds, P and Q, with
similar structures but which differ in the presence of one functional group. Their
retention volumes and capacity factors are Vi(P), Ve(Q) and &£'(P), £'(Q), where

dlog Vy = log ¥p(Q) — log Vr(P) = log £'(Q) — log £'(P)

A suitable solvent ratio is chosen by controlling the solvent composition so that the
peaks of compounds P and Q can be detected simultaneously. By using a given solvent
system, retention volumes V,(P) and Vg(Q) were measured with simultaneous injec-
tion of both samples. If the retention characteristics of two samples differ too much,
an appropriate eluent cannot always be found for simultaneous separation. In this
instance, dlog Vi was calculated from the relative retention values, log V/V(T),
which were determined previously by using testosterone as the standard.

RESULTS AND DISCUSSION

In order to obtair a systematic evaluation of the correlation between retention
behaviour and chemical structure with regard to the stationary and mobile phases, it
is essential to establish reproducible experimental conditions that give reliable values
for the elution characteristics. The following parameters seem to be the most impor-
tant factors in establishing the reproducibility of the chromatographic data, and they
were therefore examined in detail.

Optimal range of the capacity factor i

Prior fundamental considerations of the capacity factor in liquid chromato-
graphy with respect to the resolution problem?® indicated that the allowable range is
usually 1 < &’ <€ 10. Examination of the reproducibility of actual steroid samples
exhibiting a wide range of capacity factors indicated that the retention data are un-~
reliable when the capacity factor exceeds 8. On the basis of these results, it was decided
that the present experiments would be carried out so as to maintain the capacity factor
in the range of 1-8. Retention of the sample was controlled and optimized by variation
of the solvent component ratio. -

Use of internal standards
With a chemically bonded packing, repeated injection of the same sample al-
ways gave nearly identical retention volumes. On the other hand, the siiica column did
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not afford reproducible results but produced scattered retention values. However,
when the internal standard was used, the corrected values became almost constant,
even in the latter instance. Therefore, a few steroid samples with medium-range
capacity factors were selected as internal standards for various solvent systems in
order to obtain accurate retention values. -

Solvent for sample injection, flow-rate and temperature effects

The solvent used for the mobile phase is commonly preferred for injection of
the sample. However, as the steroid sample is sometimes hdrdly soluble in such sol-
vents, other solvents are needed for the introduction of the sample into the column.
In this experiment, dioxan and chloroform were used for the reversed- and polar-
phase columns, respectively. Examination of the effects of these solvents on the
capacity factors of several steroids did not reveal any significant deviations. The
effects of flow-rate and temperature on the retention data were examined and it
was found that minor changes in ambient temperature and in the flow-rate (within
few ml/min) had negligible effects. These observations suggested that the measure-
ment of reproducible retention data is possible if the experlmental conditions described
above are adopted.

The various steroidal pharmaceuticals shown in Table I were examined. In
this table they are classified in three groups: C,s, C,5 and C,, steroids. As all of the
steroids studied contain an «,f-unsaturated carbonyl group or an aromatic ring in
their nuclei, their peaks are detectable with a UV detector operating at 254 nm.

The initial packing selected was a commercial reversed-phase packing in
which the silica surface had an octadecylsilyloxy group bonded to it. This phase is
well known as a typical stationary phase applicable to the separation of a wide range
of compounds. The mobile phases chosen were methanol-water and acetonitrile-
water, which have been widely used with reversed-phase bonded columns.

The other packing was also a commercial silica which is the most common
adsorbent for liquid chromatography. Binary solvent mixtures containing non-polar
and polar solvents are usually adopted for the polar silica column. The non-polar
solvent used here was n-hexane and the polar solvents were ethyl acetate, diethyl ether
and 2-propanol.

As the elution behaviour of the steroids in a liquid-solid chromatographic
system corresponds to their polarities, and as a systematic correlation in a silica thin-
layer chromatographic system had already been accomplished®~®, it seemed conve-
nient to select one of the adsorption systems as the basic standard for examination of
the elution behaviour in various chromatographic systems. Therefore, the steroid
samples in each column in Table I were arranged and numbered according to the clu-
tion sequence using silica—n-hexane-ethyl acetate, one of the liquid-solid systems.

Table II gives examples of systematic elution data showing the retention
volumes of steroid samples in one adsorption and two typical reversed-phase systems.
Because the ratio of the components in the binary solvent system was varied stepwise
to cover the elution characteristics of all steroid samples, the retention data were
divided into several columns corresponding to the particular solvent compositions.
Internal standards selected for a specific solvent system were also assigned in this table.

For the comparison of the elution characteristics of all samples on the same
scale, the data obtained by using different solvent ratios were combined. As testosterone
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lies in the middle of the elution sequence, it is a desirable standard compound and
relative retention data were calculated using testosterone as the standard. Because the
logarithm of the capacity factor or retention volume is considered to be a thermo-
dynamic parameter of a migrant for a given column and as these values are available
from Martin’s additive rule, it was convenient to calculate these values for a precise
examination of the relationship between chromatographic data and steroid structure
in order to evaluate the coniribution of the functional groups to the retention behav-
tour. Therefore logarithms of the retention volumes corrected with testosterone as the
standard, were calculated and were defined as relative retention values, log Vr(A)r.

Initial values for a sample which was eluted together with testosterone in a
given solvent system were calculated by direct comparison with the reiention volumec
of testosterone. Other values were derived successively from the initial value by using
another internal standard selected for each solvent system. Adjustment of retention
data using data obtained for an internal standard in two solvent systems adjacent in
the table provided relative retention values for all samples.

To examine the correlation between elution behaviour and the chemical struc-
ture of the steroids, pairs of compounds having the same basic structure but differing
in one functional group were selected. Relative retention values for these pairs of
steroids are illustrated in Fig. 1, where sample numbers that were given by the elution
sequence in the silica-n-hexane—ethyl acetate system (Table I) are listed on the abscissa
and relative retention values obtained by using two reversed phases and three polar
phases are plotted on the ordinate. )
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Fig. 1. Relative retention values of steroidal pharmaceuticals. (a) Packing: Corasil 1. Solvents: @,
n-hexane-ethyl acetate; x, n-hexane-diethyl ether; O, n-hexane-2-propanol. (b) Packing: Bondapak
Cis/Corasil. Solvents: ¥, methanol-water; A, acetonitrile—water.
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: From Fig. 1, the following conclusions can be drawn.

P (1) Elution sequences are mainly dependent upon the stationary phase rather
than the mobile phase. In general, the sequences in the reversed-phase separations are
opposite to those in the polar-phase separations, in accordance with widely accepted
concepts.

(2) However, there are several inversions of the sequences in the reversed-
phase system compared with those in the polar-phase system. The relative retentions
of steroids 2, 5, 6, 10, 11, 15 and 22 are much smaller than expected if the order would
be reversed from the polar-phase system. Examination of the structures of these
samples revealed that the steroids which showed unusual behaviour were phenols or
phenol ether and ethynyl derivatives. These results suggest that st-bonding electrons
in estratrienes or ethynyl compounds decrease the retention values in reversed-phase
systems.

(3) With the reversed-phase packing, the difference in the retention sequences
with different mobile phases is very small; methanol-water and acetonitrile—water
systems gave parallel retention values.

(4) On the other hand, with the adsorption packing, a difference in retention
sequences with different solvent systems was clearly observed. Although the sequences
in diethyl ether- and ethyl acetate-containing solvent systems were similar, the
sequence in the 2-propanol-containing system is sometimes different from the
others. For example, the retention values of steroids 5, 6, 10, 26 and 28 are increased
in the last solvent system compared with the first two systems. Steroids 5, 6 and 10
are phenolic estratrienes and steroids 26 and 28 contain a 14«-hydroxyl group. Similar
solvent effects were also observed in the thin-layer chromatography of steroidal
pharmaceuticals®. It was suggested that interactions between these hydroxyl groups
and basic solvents that are classified as B-type solvents!?, such as diethyl ether and
ethyl acetate, in mobile phases were so large that the adsorptivities in these solvents
were decreased compared with those in a system containing a protic solvent which is
classified as an AB-type solvent!®. It has been assumed that the steroid molecule is
usually localized with its e-side on the silica surface. Therefore, a 14e-hydroxyl
group would contribute significantly towards the adsorptivity of the steroid. These
considerations allow us to interpret the results as follows: desorption, provided by
the considerable interaction between these steroids and B-type solvents, increases the
relative retention of the solutes in AB-type sclvent systems.

By using the relative retention values shown in Fig. 1, parameters for various
functional groups can be readily derived. However, it should be recalled that these
pairs of relative retention values were usually obtained indirectly from the values
originally measured by using a variety of solvent compositions, as described above.
If the retention data for a pair of steroids were measured directly, using the same
solvent system, more reliable data could be obtained. Therefore, a given pair of
steroids was injected simultaneously into a column using a suitable solvent system
in which both steroid compounds afforded optimal retention values. Retention data
for a pair of compounds were thus afforded with respect to two stationary phases and
several mobile phases that were selected as described above. Parameters for various
functional groups and also changing functional groups were obtained directly fol-
lowing this procedure and are given in Table III. The first two columns include data
for a reversed-phase packing and of the last three columns for a polar-packing,
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respectively. However, the retention differences of some pairs of steroids were
extremely large and therefore a suitable solvent system for simultaneous analysis
could not be prepared. In this instance, the calculated values given by the successive
approximation procedure as described earlier were included in this table. These values
are indicated by the designation “(calcd.)” in the table.

Examination of the parameters in this table revealed the following facts.

(1) The 68-, 14a- and 16a-hydroxyl groups afford large absolute values-of the
parameters for either stationary phase. In reversed-phase systems, negative parameters
with little differences among these hydroxyl groups are obtained. Conversely, in polar-
phase systems, positive parameters are afforded. Parameters of the 14e- and 16a-
hydroxyl groups are larger than parameters of 63-hydroxyl group, which is interpreted
as follows: the 68-hydroxyl group is sterically hindered by the 103- and 138-methyl
groups in a 1,3-diaxial configuration. The polar system will thus be preferred to the
reversed-phase system for the separation of the positional or configurational isomers
such as the hydroxyl derivatives described above.

(2) Acylation of alcohol hydroxyl groups also affords large positive and nega-
tive values for the reversed and polar phases, respectively. With the reversed-phase
systems, the parameter for acylation of the 178-hydroxyl group increases with the
size of the alkyl group in the acyl derivative in the order Me < Ft << Bu. The
values for f-phenylpropionyloxy and B-2-furylpropionyloxy groups are approxi-
mately similar to the values for the valeryloxy group. Acylation of 21- and 178-
hydroxyl groups gives a similar contribution to the mobilities of steroids. With the
polar-phase systems, the differences in the parameters among various acyloxy groups
are interpreted in terms of the differences in the steric hindrances of these groups.
Acylation of the 21-hydroxyl group affords smaller negative parameters than that of
the 17f-hydroxyl group. In general, absolute values in polar- and reversed-phase
systems for given functional groups vary in a parallel manner. However, net values
in reversed-phase systems are always larger than those in polar-phase systems. There-
fore, the former systems are more advantageous than the latter for the separation of
the hydroxy steroids and their acyl derivatives and the corresponding acyloxy steroids.
Exchange of a 17f-hydroxyl group with an acetyl group results in parameters smaller
than those obtained from the exchange of a 178-hydroxyl group with an acyloxy group.

(3) Alkylation and acylation of a phenolic hydroxyl group in reversed-phase
systems afford especially large positive values. The parameters of the benzoyl group
are always larger than those of the methyl group in those conversions. Conversely,
in polar-phase systems, negative parameters whose absolute values are smaller than
those from the former systems are obtained.

(4) The introduction of an alkyl group into the 17«-position of a steroid with
a fi-hydroxyl group always affords positive paraméYers, which increase from methyl
to ethyl in the reversed-phase systems. The introduction of an acyloxy group into the
17a-position also gives positive values. These results are explained by the increase in
the lipophilicity of the steroid. However, the effect of the ethynyl group, giving
extremely small values of the parameters, is unusual. This characteristic of the ethynyl
group affords large positive parameters for the conversion of a 17e-ethynyl group
into an ethyl group. This behaviour is remarkable in reversed-phase systems com-
pared with polar-phase systems. With the polar phase, the negative parameters in-
crease in order of the groups Me < Et < Etin. These values run parallel with the
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size of the group introduced and can be rationalized in terms of the steric hindrance
of the functional group interacting with the 178-hydroxyl! group and the silanol group
on the adsorbent surface. The introduction of an acyloxy group into the 17-position
gives small negative values.

(5) As the reduction of C-11 and C-17 carbonyl groups to a g-hydroxyl group
affords small parameters in the reversed-phase systems, the separation of a pair of
these compounds is difficult. On the contrary, in the polar-phase systems, large
positive parameters are obtained on forming the 178-hydroxyl group. The conversion
of a C-11-carbonyl! group into a C-11-hydroxyl group gives rather small parameters.
This result is interpreted by the steric hindrance of the 118-hydroxyl group inter-
acting with the 108~ and 138-methyl groups located in a I,3-diaxial relation.

(6) Introduction of chlorine into the 4-position of the 3-oxo-4-ene steroids
affords positive and negative parameters in the reversed-phase and polar-phase
systems, respectively. The absolute values of the latter are larger than the former.

{7) Derivation of the conjugated diene from the 3-oxo-4-ene steroids affords neg-
ative and positive values in the reversed-phase and polar-phase systems, respectively.

(8) The introduction of a methyl group on to the 68~ and 108-carbon atoms
in the steroid nuclei affords positive and negative parameters in the reversed-phase
and polar-phase systems, respectively. The absolute values of the parameters of the
6p-methyl group in the former systems are larger than in the latter. However, the
absolute values of the parameters of a 10 8-methyl group in the former systems are
smaller than in the latter. Therefore, the latter systems are favourable for the separa-
tion of a pair of these compounds. The negative parameters obtained for the 108-
methyl group in the polar-phase systems are rationalized by the steric hindrance that
occurs in the interaction between the silanol group on the adsorbent surface and the
active group of the steroids. However, the difference in the mobilities of 16¢-methyl
and 168-methyl steroids is very small. The separation of a pair of configurational
1sorrers is extremely difficult in any system.

Parameters of various functional groups in the polar-phase systems obtained
here were compared with AR, values of the same groups in steroidal pharmaceuticals
given by thin-layer chromatography, in which similar solvent systems such as n-
hexane-ethyl acetate, benzene—ethyl acetate, diethyl ether and benzene-methanol
were used®. Although the AR, value for a particular group was always slightly larger
than the HPLC parameters, both values changed in parallel. This shows that the
parameters obtained here are universally applicable even if the type of chromato-
graphy and the activity of the packing materials are changed, provided appropriate |
correction to the parameters is made.

Using chemically bonded reversed-phase and normal polar-phase packings
which are widely accepted as typical stationary phases, the elution behaviours of
steroids were correlated by calculating the retention parameters of various functional
groups on the rigid steroid molecules. The characteristics of both phases with respect
to the chemical structures of the steroid compounds in various solvent systems were
determined.

The results obtained here can be used widely for the optimization of the elution
conditions for various compounds that have similar functional groups, e.g., the steroid
pharmaceuticals considered here. They are also useful for the prediction of the
chemical structures of unknown compounds by examining their elution behaviour.
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