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SUMMARY

The ability of a reversed-phase high-performance liquid chromatographic
system to separate flavonoids [LiChrosorb RP-18 and a combination of an isocratic
and a gradient (5 %, aqueous formic acid and methanol) technique] has been studied.
Retention times of some 141 flavonoids ranging from triglycosides to aglycones are
reported. The correlations between structure and ¢ values are discussed.

INTRODUCTION

For the separation and quantification of non-volatile compounds in complex
mixtures, high-performance liquid chromatography (HPLC) is at present perhaps the
method of choice. Indeed, in comparison with gas-liquid chromatography (GLC)
there is no need for derivatization, and also detection of compounds can be much
better adapted to each specific problem, e.g., by variation of wavelength with photo-
metric detection. In addition, quantification is as straightforward as with GLC.

For polar substances, e.g., flavonoids, the reversed-phase (RP) technique is far
superior to the normal technique, since there is no danger that some highly polar
substance(s) may be retained irreversibly, with the result that the separation charac-
teristics of the column could be gradually changed. The RP column employed through-
out this work has been in constant use for about 2 years without any significant
change in its separation characteristics.

Most papers published on the HPLC separations of flavonoids have dealt with
only a limited number of compounds!™8. However, we have successfully separated a
whole array of substituted cinnamoyl- and benzoylamino acids and peptides by a
reversed-phase HPLC system, consisting of a LiChrosorb RP-18 column and a com-
bination of isocratic and linear gradient elution!®. We therefore decided to investigate
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HPLC OF FLAVONOIDS 83

the capacity of the foregoing system to separate a relatively large set of flavonoids
ranging from triglycosides to permethylated aglycones.

EXPERIMENTAL

Apparatus

A Hewlett-Packard 1084B liquid chromatograph equipped with a variable-
wavelength Pye-Unicam LC3 UV detector and a Knauer prepacked analytical
column (250 x 4.6 mm) of LiChrosorb RP-18 (10 um) was used throughout this
work.

Elution

Two solvents were used: A, formic acid-water (5:95 v/v); B, methanol. The
elution profile was: 0-2 min, 7% B in A (isocratic); 2-8 min, 7-15%, B in A (linear
gradient); 8-25 min, 15-75%, B in A (linear gradient); 25-27 min, 75-80%, B in A
(linear gradient); 27-29 min 809 B in A (isocratic). The temperature of the oven
thermostat was set at 35°C. The flow-rate was 2.5 ml/min and the column pressure
80-100 bar.

Detection
The UV detector was set at 280 nm (optical bandwidth 8 nm).

Samples

Samples of 0.0025-0.025 % solutions in aqueous methanol were applied to the
column by means of a 20-ul loop valve. The sources of all the flavonoids examined are
given in Tables I-V. Most compounds came from our own laboratories, in which case
reference is made either to a paper by one of us, or if the substance has been isolated
from a known source, to the name of that plant, and the paper, which describes the
first isolation, although the actual isolation might have been performed by present-
day methods. Substances marked as synthetic have been synthesized in our labora-
tories by standard methods, and their identity has been confirmed by mass spectrom-
etry (MS) and nuclear magnetic resonance (NMR) spectroscopy. (Details of these
analyses will be published elsgwhere.) For substances donated by colleagues, refer-
ence is made to the names of those who kindly provided them.

RESULTS AND DISCUSSION

Tables I-V show the retention times of some 141 flavonoids and isoflavonoids
and Fig. 1 shows the separation in a single run of a set of 32 different flavonoids. In
Table V the t values of protogenkwanin (141) and its 4’-glucoside (140) are reported.
These two compounds have been included because they must be considered as being
very acid labile®*. However, as they are eluted unchanged it may be concluded that
the formic acid-containing solvent system can be safely used with most flavonoids.
Further, the #; values of all compounds are located between 10.05 and 27.39 min; there-
fore only mixtures of about 40 substances can be separated, because good separations
requirg that the 7z values of the compounds should differ by at least 0.4-0.5. How-
ever, 40 flavonoids do not usually occur in a single organism, although in certain
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cases it may be necessary to separate critical pairs of compoux\ds by use of another
solvent system or by another suitable method.

The elution sequence of the individual compounds can best be interpreted by
assuming that the compounds are first adsorbed on the hydrophobic stationary phase
by “hydrophobic interaction”, and that they are subsequently eluted with the mobile
phase according to the extent of hydrogen bond formation. Therefore the hydrogen
bond donating and/or accepting ability of a given substituent as well as its contri-
bution to the hydrophobic interaction have to be considered. In a methoxyl group,
for example, the oxygen is a hydrogen bond acceptor, whereas the methyl group
contributes to the hydrophobic interaction. In our system, and with the compounds
studied, these two effects balance with the net result that the retention times of tricetin
pentamethyl ether (33) and the completely unsubstituted flavone (36) are nearly the
same.

The strongest hydrogen bond acceptor in a flavone or isoflavone is the car-
bonyl group at C-4 which, due to resonance, bears a partial negative charge. If an OH
group is present at position 5 a strong internal hydrogen bond is formed between this
group and the carbonyl groups, and therefore the latter can no longer interact strongly
with the solvent. As a result, the #; values of the 5-hydroxy-flavones, -isoflavones and
-flavonols in Tables I and IV are 1.76-2.29 higher than those of their counterparts not
possessing a free 5-OH group. This range applies only to aglycones because for
glycosides, which have the ability to form various hydrogen bonds, such generaliza-
tions are more difficult (see below).

Hydrogen bonding between the carbonyl group and an OH group in position 3
is much weaker; therefore the ¢; value of flavonol (108) is only 0.59 higher than that
of flavone (36). If an OH group is present at position 5, introduction of another such
group at position 3 usually lowers the f;z values by only 0-1.31. This means that
flavones and flavonols, with otherwise identical substitution patterns, are often ““criti-
cal pairs”, which are only poorly separated if at all. On the contrary, introduction

TABLE IV
ISOFLAVONES

Substance Structure tg (min) Source
ref.
OH  OCH, Glucosyloxy

133 Iridin 53 64,5 7 16.51 Rhizoma of Iris germanica*®
134 Daidzein 7.4 - - 18.15 J. Sachse

135 Genistein 57,4 - — 19.60 J. Sachse

136 Pratensein 513 &4 — 20.31 J. Sachse

137 Irigenin 57,3 64,5 - 20.43 Rhizoma of Iris germanica*®
138 Formononetin =~ 7 4 - 21.85 J. Sachse

139 Biochanin A 5,7 4 - 23.55 J. Sachse
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TABLE V
tg VALUES OF PROTOGENKWANIN AND ITS 4-GLUCOSIDE
H,CO [o) HO, C OR
OH (o]
Substance Structure tg (min) Ref.
140 Protogenkwanin-4'- R = p-p-Glucopyranosyl 15.11 ' 24
glucoside
141 Protogenkwanin R=H 17.38 24

into a flavanone of an OH group at position 3 (formation of a dihydroflavonol, e.g.,
119 and 110) lowers the 7z value considerably (4.09 in the given example).

Hydroxyl groups at positions other than 3 and 5 reduce the #; values by 1.43—
4.59, provided that no OH group is already present at the ortho position to the
position considered. If an 0-OH group is already present the decrease in ¢, is only 0.86
to 3.27. This means that all flavonoids, which differ in the number of OH groups, at
positions other than 3, can easily be separated.

Methylation of OH groups, as already mentioned above, more or less prevents
the effect of these groups. This means that, on the one hand, with the exception of
flavonol-3-methyl ethers, flavonoids and their partial methyl ethers are easily sep-
arated, whereas on the other hand, introduction of additional methoxyl groups has
little or no effect on the 7, values. Flavonoids differing only in a methoxyl group are
therefore often ““critical pairs™.

Glycosylation of an OH group means not only introduction of a hydrophilic
moiety, but also shielding (be it by hydrogen bonding or just by steric hindrance) of
some hydrophilic substituents already present. The latter effect accounts for the strik-
ing fact that rutinosides and neohesperidosides show the same ¢z values as the corre-
sponding glucosides, although rhamnosylation of a phenolic OH, with no ortho-OH,
always decrease the ¢, value. The same shielding effect also plays a role if an OH
group located ortho to another OH group is glycosylated. For example, if one con-
siders the f-D-glucopyranosides 4, 5, 19, 49, 52, 54, 65, 75 and 84, it can be seen that
by comparison with the aglycone, glucosylation of a 7- or 4-OH, without an adjacent
ortho-OH, decreases the 15 values by 4.26-3.83, whereas in the presence of an ortho-
OH the decrease is only 2.28-1.55. Finally, the fact that the ¢, value of luteolin-
5-B-p-glucopyranoside (4) is only 0.37 smaller than that of the corresponding 7-8-
D-glucopyranoside* can also be explained in terms of the shielding effect of the sugar
on the carbonyl group. The contributions of various types of sugars to the hydrophilic
interaction decrease, as expected, from hexoses through pentoses to methylpentoses.
Interestingly enough, arabopyranosides and arabofuranosides are clearly separated.
However, glucopyranosides and galactopyranosides, as well as arabofuranosides and
rhamnopyranosides, are usually *“critical pairs’, which are not separated.

* This is rather surprising if one considers the large difference in ¢ values of the corresponding methyl
ethers.
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Saturation of the C-ring, i.e., transformation of a flavone to the corresponding
flavanone or of a flavonol to a dihydroflavonol, affects the ¢, values in a very complex
way. The saturation of the C-ring itself produces only a small effect [e.g., transforma-
tion of flavone (36) to flavanone (126) increases the t; value by only 0.24] but when
OH groups are present the ¢ values are always decreased. This is because the inter-
ruption of the conjugation in the system more or less affects the acidity, and therefore
thethydrogen bond accepting and -donating abilities of all OH groups. This effect is
most pronounced with the 3-OH, which is phenolic in the former (36) and alcoholic
in the latter (126) (in our examples dihydroflavonols move 4.41-6.11 and flavanones
only 1.06-2.78 min faster than their fully unsaturated counterparts).

In the above discussion attention has been paid not only to the separations
which can be achieved by our system, but also to the “critical pairs” of related
compounds, which are usually not separated. It is hoped that such a discussion
provides a guideline in the search for a suitable complementary system. There re-
mains another type of “critical pairs”, i.e., pairs of totally unrelated compounds, and
in this case the above discussion cannot be used as a guideline in the search for
chromatographic conditions which in a most general way would complement the
system described in this paper.
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