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SUMMARY

The separation of mixtures of cardiac glycosides by reversed-phase high-per-
formance liquid chromatography on silica gel with chemically grafted diphenylsilyl
groups using water—ethanol as the eluent was carried out. It is shown that the configu-
ration and conformation of the glycoside molecules, and the hydrophilic properties of
their aglycones and glycones, influence the separation. The hydrophilic properties of
the aglycones are more important than those of the glycones. The glycosides with
more hydrophilic aglycones have higher biological activity. This is probably related
to the easier transport of these glycosides to the receptor.

INTRODUCTION

The investigation of the correlation between molecular structure and chroma-
tographic retention is of great interest, as it permits the mechanisms of intermolecular
interactions in adsorption from solution to be established and the reverse chromato-
graphic problem, i.e., to obtain information about molecular structure from chroma-
tographic data, to be solved. Such problems have been solved in simpler cases in gas
chromatography'™. For the development of such an approach using liquid chroma-
tography, it is first necessary to obtain reproducibie experimental results, for which
we need to take into account more complicated intermolecular interactions in the
system adsorbent—compound under investigation—eluent {often multi-component).

In previous papers®® we attempted to find a correlation between the structure
of cardiac glycoside molecules and their retention on hydrophobic silica gel when
eluting with water—ethanol solutions. It was found that the retention volume does not
depend directly on the molecular weight of the glycosides, but on the hydrophiiic
properties of their molecules. It was also found that the retention volume of glyco-
sides depends on the configuration of their molecules.

Cardiac glycosides, mainly digitalis glycosides, have been studied by high-
performance liquid chromatography (HPLC) by many workers'®—2°. We have con-
sidered the HPLC not only of digitalis glycosides but also of other types of cardiac
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glycosides without derivatization on the silica gel surface with attached rigid diphenyl-
silyl groups, while silica gels with octadecylsilyl (ODS) groups having conformational
mobility were usually used.

The correlation between the chemical structure and cbromatographlc be-
haviour of cardiac glycosides was investigated earlier by paper (PC) and thin-layer
chromatography (TLC) (see, for example, refs. 27-33). This correlation depends on
the type of adsorbent and on the composition of the eluent. In PC and TLC, hydro-
philic adsorbents and multi-component solvents were usually used.

The correlation between biological activity and chromatographic behaviour
(QSAR studies) on the basis of hydrophobic, electronic and structural properties of
biologically active molecules is important®>*-*>. However, these properties are dif-
ficult to determine for such complicated molecules as glycosides. The retention
volume depends on many types of intermolecular interactions and on the properties
of adsorbent, eluent and solute. Therefore, the correlation between the retention
volume itself and the biological activity of cardiac glycosides is useful.

In order to find a more general relationship between the retention and molecu-
lar structure of glycosides, in this work the retention volumes of different glycosides
on sifica gel with chemically grafted diphenylsilyl groups have been determined and
the separation of glycoside molecules, which differ only in the molecular configura-
tion, has been investigated. We have also attempted to find a correlation between the
chromatographic properties of glycosides and their biological activity.

EXPERIMENTAL

The cardiac glycosides investigated are listed in Table I. The biological ac-
tivities were taken from ref. 36.

A Spectra-Physics 3500B liquid chromatograph was used with a UV-VIS 700
detector at 220 nm. Stainless-steel columns (125 mm x 4.8 mm I.D.) were packed
with silica gel modified with diphenyldichlorosilane®°, LiChrosorb Si 60 or Li-
Chrosorb Si 100 of particle size 5 and 7 um, respectively. In contrast to n-alkylsilyl
groups, the attached diphenylsilyl groups do not exhibit conformational transforma-
tions in polar eluents (phenyl groups are rigid and can undergo only restricted rota-
tion around the silicon—carbon bonds, producing an adsorbent with a considerably

more uniform surface).
RESULTS AND DISCUSSION

The isomeric cardiac glycosides convallatoxin and desglucocheirotoxin have the
same aglycone, strophanthidin, and the monosaccharide glycones have L-rhamnose
and D-gulomethylose, respectively. They possess an identical number of hydroxyl
groups. The structural difference between these isomers is only the different sac-
charide conformation and their bonds with the aglycone, which produces a relatively
small difference in the molecular configuration. However, this difference is enough for
the separation of these isomers on the silica surface modified with diphenylsilyl
groups. Fig. 1 shows the separation of convallatoxin and desglucocheirotoxin on Li-
Chrosorb Si 100 (specific surface area; s = 285 m?/g) with chemically grafted diphenyl-
silyl groups using water—ethanol as the eluent. The increase in the ethanol content of
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Fig. 1. Separation of a mixture of convallatoxin (a) and desglucocheirotoxin (b) on LiChrosorb Si 100 (7
um) with diphenylsilyl groups grafted to the surface. Water-ethanol eluent composition as indicated.
Column. 125 cm x 1.8 mm L.D.; flow-rate, 0.7 cm3/min; temperature, 30°C.

Fig. 2. Separation of a mixture of convallatoxin (2) and desglucocheirotoxin (b) on LiChrosorb Si 60 (3
um) with attached diphenylsilyl groups from water-ethanol eluent of different compositions as indicated.
Column as in Fig. 1. Flow-rate, 0.65 cm3/min; temperature, 40°C.

the eluent improves the separation, but does not lead to complete separation. The use
of LiChrosorb Si 60, which has a larger specific surface area (s = 500 m?/g), with
attached diphenylsilyl groups made possible their complete separation (Fig. 2). It can
be clearly seen that owing to the bond in strophanthidin—38-O-«-L-rhamnose and the
C1 conformation of L-rhamnose, the convallatoxin molecule as a whole is more
curved than the desglucocheirotoxin molecule, for which the bond in strophanthidin—
33-0-B-p-gulomethylose and the 1C conformation of the p-gulomethylose form a
flatter molecule.

Fig. 3 shows the dependence of the retention volumes of these two isomers on
the water—ethanol eluent composition. With a decrease in the ethanol content the
retention volume for both glycosides sharply increases, but the difference in the spe-
cific retention volumes, ¥, ,, i.e., in the adsorption equilibrium constant (Henry’s
constant)’, increases. It was interesting to determine the dependence of other thermo-
dynamic characteristics of adsorption of convallatoxin and desglucocheirotoxin from
water—ethanol on silica gel with attached diphenylsilyl groups on the eluent com-
position. For this purpose the retention volumes of these glycosides at different tem-
peratures were measured. Fig. 4 shows the dependence of In V,, , on reciprocal tem-
perature for different compositions of the eluent. From these plots the changes in the
differential enthalpy and entropy of adsorption from dilute solutions were evaluated.

Fig. 5 shows the dependence of the retention volume (Henry’s constant), the
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Fig. 3. Change in the retention volume of convallatoxin (@) and desglucocheirotoxin (b) on LiChrosorb St
100 with attached diphenylsilyl groups on the ethanol concentration in the eluent. Temperature. 20°C.

differential enthalpy, — 4 H,, and the standard differential entropy, 453, changes for
the adsorption of these isomeric glycosides from water—ethanol on the eluent com-
position. The general character of the dependence of the thermodynamic charac-
teristics of adsorption on the eluent composition is the same for these glycosides when
adsorbed on the hydrophobic surface of modified silica gel from water—ethanol solu-
tion: a sharp decrease in the adsorption equilibrium constant occurs with i increase in
ethanol concentration in the eluent and a slow change in —4H, on increasing the
ethanol concentration up to 20 7, in comparison with the sharp decrease in — AH, at
higher ethanol concentrations. A large increase in the adsorption equilibrium con-
stant at lower ethanol concentrations is connected with the hxgher influence of the
entropic factor; —AS‘°/R

For the elucidation of the- relauonslnp between ‘the st_ructure of the cardlac
glycosides molecules and their retention, the seprations of mixtures of cardiac glyco-
sides containing mono-, di-, tri- and tetrasaccharide glycones was carried out. Fig. 6
shows the separation of a mixture of glycosides containing the monosaccharide glyco-
nes G-strophanthin, convallatoxin, “desglucocheirotoxin, erysimin,--cymarin:.and
oleandrin. The elution sequence of these glycosides from a column filled with silica gel
with attached diphenylsilyl groups is determined by the number of hydiophilic groups
in the glycoside molecule, as can be seen from the structural formulae>:The largest .
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Fig. 4. Dependence of the logarithm of the retention volume on reciprocal temperature for convallatoxin

and desglucocheirotoxin at different water—ethanol eluent compositions. Column filled with silica gel with
diphenylsilyl groups grafted to the surface.

number of hydroxyl groups are present in the G-strophanthin molecule; there are five
hydroxyl groups in the aglycone (oubagenin) and three in the glycone (L-rhamnose)
of this molecule. As it is the most hydrophilic molecule in this mixture, G-strophan-
thin produces the strongest hydrogen bond type interaction with the water—ethanol
eluent and the weakest interaction with the hydrophobic adsorbent surface. There-
fore, G-strophanthin is eluted first. The convallatoxin molecuie has the same glycone
as G-strophantin (L-rhamnose) and a different aglvcone, strophanthidin, which
possesses only two hydroxyl groups. Thus convallatoxin is eluted second from this
column. Third to be eluted is desglucocheirotoxin. which does not differ from its
isomer convallatoxin in the number of hydroxyl groups, but has a flatter molecule
(Fig. 1). The fourth glycoside, erysimin, differs from desglucocheirotoxin in the
number of hydroxyl groups: its glycone (digitoxose) has only two hydroxyl groups.
Then follows cymarine, whose glycone (cymarose) contains only one hydroxyl group.
Last to be eluted is oleandrin, which also contains one hydroxyl group in its glycone
(oleandrose), but in the aglycone (oleandrigenin) it has only one hydroxyl group.
Hence the larger the number of hydroxyl groups in the molecules of the glyco-
sides in this mixture, the weaker is their retention on the silica gel with chemically
grafted diphenylsilyl groups on the surface from water—ethanol solution.
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Fig. 3. Depende.nce of the specific retention volume. ¥ ,_ and the differential changes of enthalpy., —Zﬁ,.
and entropy, —AS’ fR. for the adsorption of convallatoxin {A) and desglucocheirotoxin (B) on Li-
Chrosorb Si 100 with attached diphenylsilyl groups on ‘compesition of the water-ethanol cluent.

An analogous dependence of the retention of glycosides on the number of
hydroxyl groups in the molecule is observed for glycosides with disaccharide. glyco-
nes, such as for the mixture of corelborin-z,.olitoriside and K-strophanthin-g.-The
aglycones of these three glycosides: have an.identical number. of hydroxyl. groups
(two), and therefore a different number of hydroxyl -groups ip’ighe glycone mainly
determines the retention difference (Fig.-7). First to be eluted is corelborin-z-(six
hydroxyl groups in the glycone), second is. ohtonsxde (ﬁve hydroxyl groups) and tlurd .
is K-strophanthin-§ (four hydroxyl groups) e Xeh

- -- By.separating a mixture of glycosides contammo a msaochande glycone the,
same reoulanty s observed (Fig_ 8): first to be eluted is the more hydrophlhc slycoside
K—strophanthosxde (seven hydroxyl groups. . the glycone and two in: the aglycone) .
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Fig. 6. Chromatogram of a mixture of cardiac glycosides on LiChrosorb Si 60 (53 um) with attached
diphenylsilvl groups from water—ethanol (63:33) eluent. Column. 12.5cm x 4.8 mm L.D.; flow-rate, 0.9
cm?/min; temperature. 50°C. Peaks: 1 = G-strophanthin; 2 = convallatoxin; 3 = desglucocheirotoxin;
4 = erysimin; 5 = cymarine; 6 = oleandrin.

[
CHon CH3 1P LA
PPN GO
Ho )—‘2— H

1 o O~ NN
LT
RO OH HO OR
o n CHs
‘&C/ U —1
s O,
2 HOQOO—O oH
on
HO OH HO
2 Q H CH3
3 CHOH  CHg < o
3 HO o] o] T OH
OH

Fig. 7. Chromatogram of a mixture of cardiac glycosides on LiChrosorb Si 60 (5 um) with attached
diphenylsilvl groups from water-ethanol (70:30) eluent. Column as in Fig. 6. Flow-rate. 0.65 cm®/min;
temperature, 40°C. Peaks: 1 = Corelborin-z; 2 = olitoriside; 3 = K-strophanthin-f.
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Fig. 8. Chromatogram of a2 mixtu-e of cardiac glycosides on LiChrosorb Si 60 (5 gm) with attached
diphenylsilyl groups from water-etranol (60:40) eluent. Column as in Fig. 6. Flow-rate, 0.9 cm®/min;
temperature, 60°C. Peaks: 1 = K-strophanthoside; 2 = digoxin; 3 = digitoxin: 4 = acetyldigitoxin.
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Fig. 9. Chromatogram of a mixture of cardiac glycosides on LiChrosorb Si 60 (5 um) with attached
diphenylsilvl groups from water—ethanol (60:40) eluent. Column as in Fig. 6. Flow-rate, 0.7 cm®/min;
temperature, 50°C. Peaks: 1 = Desacetyl-lanatoside C; 2' = lanatoside C;-3 = lanatoside B; 4 = lana-
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second is digoxin (four and two hydroxy! groups, respectively), third is digitoxin (four
and one hydroxyl groups, respectively) and last is acetyldigitoxin (three and one
hydroxyl groups, respectively).

Fig. 9 shows the separation of a mixture of lanatosides having tetrasaccharide
glycones: first to be eluted is desacetyl-lanatoside C (seven hydroxyl groups in the
glycone and two in the aglycone), second is lanatoside C (six and two hydroxyl
groups, respectively) and third is lanatoside B (also six and two hydroxyl groups,
respectively). With lanatoside B, the hydroxyl group of the aglycone (gitoxigenine) in
position C,¢ is screened, which results in a decrease in the hydrophilicity of the
molecule®’, and therefore in the molecule of lanatoside B only seven hydroxyl groups
remain “free”. Last to be eluted is lanatoside A, which contains the aglycone digitoxi-
genin (six hydroxyl groups in the aglycone and one in the glycone).

The retention volumes of the 17 glycosides investigated were measured under
identical conditions and are presented in Table I. Fig. 10 shows plots of In ¥V, ,
against the number of hydroxyl groups, gy, in the whole cardiac glycoside molecules
for each of these four mixtures containing mono-, di-, tri- and tetrasaccharide glyco-
nes. Fig. 10 shows that an increase in the number of hydroxyl groups in the molecules
of cardiac glycosides produces a decrease in the retention volume but in a different
manner for each mixture.

By grouping the glycosides with identical aglycones into families and arranging
the aglycones so that their hydrophilic properties increase, i.e., the number of all
hydroephilic groups, it is possible to arrange the cardiac glycosides within each family
according to the increase in the number of hvdroxyl groups in the glycone. This
permits a comparison of the change in the In ¥, values with changes in the hydro-
philic characteristics of the aglycone and of the whole glycoside molecule, although
there is some uncertainty in the determination of the hydrophilic properties of parts
of the molecule and the hydrophilic properties of the molecule as a whole. Fig. 11
shows this comparison. The glycosides are arranged in sequence according to the
increase in the hydrophilic properties of the aglycone (by considering the increment in

tn(Vp/cm3gn

Fig. 10. Dependence of the logarithm of the retention volume en the number of hydroxyl groups in the
glycoside molecule for the families of cardiac glycosides containing (A) mono-, (B) di-, (C) tri- and (D)
tetrasaccharide glycones. The values of V_, were determined on LiChrosorb Si 60 (3 pm) with attached
diphenylsilyl groups from water-ethanol (65:35) eluent at 50°C. Numbers indicate the corresponding
glvcosides in Table 1.
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Fig 11. Correlation of (A) In V_ ; and (B) biological activity, LD, of cardiac glycosides with the hydro-

philic properties of their glycones and aglycones. Numbers indicate the corresponding glycosides in Table
L .

the number of hydroxyl groups, their position in the steroid part and the presence of
other groups such as aldehyde and acetoxy) and, for a given aglycone, in sequence
according to the increase in the number of hydroxyl groupsin the glycone. The ¥, ,
values for the adsorption of cardiac glycosides on silica gel with attached diphenyl-
silyl groups from water—ethanoi solution depend mainly on the hydrophilicity of the
aglycones and to a smaller extent on the hydrophilicity of the glycones. Fig. 11 also
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Fig. 12. Correlation between the biological-activity, LD, of cardiac glycosides and their retention volumes,
V'w.1» OR tite hydrophobic silica gel surface from water—ethanol eluent. Numbers indicate the corresponding

L8 &

glycosides in Table L.

shows the values of biological activity LD (ref. 36), expressed in milligrams of
glycoside per kilogram of cat body-weight.

Fig. 12 shows the relationship between the biological activity of the cardiac
glycosides and the retention volumes on adsorption on the hydrophobic silica gel
surface containing diphenylsily! groups. At values of V,,, up to ca. 6 cm’/g, the
biological activities of different glycosides are approximately the same and maximal
(0.1 mg/kg). For ¥V, ; > 18 cm?/g the cardiac glycosides manifest nearly identical
biological activities but four times lower in comparison than those of the glycosides in
the first group. Glycosides with V,, , between 6 and 18 cm?/g have moderate bio-
logical activity.

The comparison of the biological activities of cardiac glycosides with their
retention volumes on the hydrophobic surface of silica gel may demonstrate that the
biological activity is connected with the transport of the glvcosides to the correspond-
ing receptor. The difference in the biological activities of different cardiac glycosides is
also connected with the existence of the lactone ring in the steroid part of their
molecules. The destruction of the lactone ring under the action of ultraviolet light, for
example, results in the loss of bioclogical activity>S.
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