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SUMMARY

Heartwood of Quercus robur L. contains about 10% (w/w), of hexahydroxy-
diphenoyl esters (ellagitannins). Five of the most abundant hexahydroxydiphenoyl
esters were purified by a combination of chromatography on Sephadex LH-20 and
high-performance reversed-phase liquid chromatography. Two of them were identi-
fied as castalagin and vescalagin.

INTRODUCTION

Heartwoord of Quercus robur L. (pedonculate oak) is known to contain about
10% (w/w) of hexahydroxydiphenoyl esters (HHDP esters)’. These HHDP esters,
also known as ellagitannins, are responsible for the high durability of this wood?.
They also contribute to the taste and the colour of brandies and wines aged in oak
barrels®—.

The two main HHDP esters of Q. robur heartwood, castalagin and vescalagin
(Fig. 1), were characterized by Mayer et al.® more than 20 years ago. However, the
presence of at least six other HHDP esters in this wood was reported recently!. In
order to determine their structures, their purification was undertaken.

Several methods have previously been used for the purification of hydrolysable
tannins; the most widely used technique has been chromatography on Sephadex
LH-20. High-performance liquid chromatography (HPLC) has also been used for the
separation of hydrolysable tannins'-7-%, although seldom on a preparative scale’*.
We have shown previously that HHDP esters from oak wood extracts were well

“ For Part I, see ref. 1
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Fig. 1. Structures of castalagin (R; = H; R, = OH) and vescalagin (R, = OH; R, = H).

separated by reversed-phased HPLC, although they were poorly resolved by silica
chromatography or paper chromatography!. For this reason, we undertook their
purification by a combination of preparative reversed-phase HPLC and Sephadex
LH-20 chromatography. The influence of some parameters on the quality of the
separation is detailed.

EXPERIMENTAL

Materials

Heartwood was obtained from a branch 25 ¢cm in diameter, cut from a 100-
year-old, freshly felled pedonculate oak (Q. robur). The wood was dried at room
temperature and ground in a Retch SM 1 rotating-knife grinder (particle size less than
60 mesh).

The water used for chromatography was deionized [Milli-Q (Millipore)]. Meth-
anol was of RPE grade (Carlo Erba) and all other solvents of R. P. Normapur grade
(Prolabo); acetone was redistilled before use. For HPLC, all solvents were ultrafil-
tered (modified cellulose, 0.2 um; Sartorius) and degassed daily under vacuum.

Solvents were eliminated under reduced pressure in a rotary evaporator at
40°C. Water in concentrated solutions was eliminated by lyophilization, yielding eas-
ily recovered powders.

Extraction of HHDP esters

Wood powder (1 kg) was extracted with methanol-water (4:1)!1° (21 for 8 h,
then 1 1 for 18 h) with magnetic stirring at room temperature.

The mixture was filtered on a Biichner funnel and methanol was eliminated
under reduced pressure. The residual solution was successively extracted with light
petroleum (b.p. 35-60°C) (7 x 250 ml), diethyl ether (7 x 250 ml) and ethyl acetate (7
x 250 ml). All the extracts were dried. Yields were typically 0.5, 7.4, 11.9 and 98.3 g
for light petroleum, diethyl ether, ethyl acetate and water, respectively. HHDP esters
(positive reaction with nitrous acid!!) were present mainly in the water extract and to
a lesser extent in the ethyl acetate extract.

Two-dimensional paper chromatography
Samples were eluted on Whatman No. 1 paper (12.5 x 12.5 cm?) with 6%
acetic acid for the first dimension and sec.-butanol-acetic acid-water (14:1:5) for the
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second dimension. Polyphenols (o-dihydric phenols) were revealed by spraying with
FeCl;—K ;Fe(CN)g reagent!?.

Thin-layer chromatography on silica gel

Silica layers on aluminium foils (60 F,s4, 7 X 7 cm?; Merck) were eluted with
ethyl acetate—formic acid-water (7:2:1, v/v/v). To reduce streaking, the layer was
preconditioned, before application of samples and development, by spraying the
eluent and rapid drying with a hair dryer.

Analytical HPLC

A Gilson apparatus composed of two pumps (303 and 305), equiped with 5 SC
pumps heads, an 811 dynamic mixer, an 803C manometric module and a Holo-
chrome detector (280 nm; cell volume 11 ul; path length 10 mm) was used with a
Merck LiChrospher RP-18e (5-um) column (25 cm x 4 mm 1.D.). The elution condi-
tions were as follows: linear gradient, 0-10% solvent B from 0 to 40 min, solvent A =
water—phosphoric acid (990:1, v/v), solvent B = methanol-phosphoric acid (990:1,
v/v); flow-rate, 1 ml/min. UV spectra.(240-400 nm) were obtained by on-line detec-
tion with a Hewlett-Packard 1040A diode-array detector.

Chromatography on Sephadex LH-20

Aqueous extracts (10 or 100 g dissolved in a minimum volume of water, i.e.,
20-50 ml) were loaded on an 80 cm % 25 mm [.D. Sephadex LH-20 (100 um; Phar-
macia) column. A peristaltic pump delivered a water—-methanol mixture at a flow-rate
of 5 ml/min. The concentration of methanol was increased stepwise (20% incre-
ments). Ascorbic acid (1 g per litre of water) was added to limit the oxidation of
polyphenols. Fractions of 50-500 ml were collected. Each fraction was analysed by
high-performance thin-layer chromatography on cellulose (Merck). The same eluents
as described for two-dimensional paper chromatography were used. Chromatogra-
phy was run in a linear development chamber (Camag). Similar fractions were collect-
ed, dried under reduced pressure and Iyophilized. Their degree of purification was
controlled by analytical HPLC and two-dimensional paper chromatography.

Preparative HPLC

The same Gilson equipment was used with 25 SC pump heads and a preparative
cell (volume 2 ul; path length 5 mm). The solvents were the same as for analytical
HPLC. A Hibar LiChrospher RP-18, 7-um column (25 cm X 25 mm I.D.) (Merck)
was used with a precolumn 3 cm X 4 mm [.D. filled with LiChrospher RP-18, 10-um
(Merck). Samples were dissolved in water and filtered on a Millex SR 0.5-um filter
(Millipore). According to the mixture to be purified, up to 400 mg can be introduced
into the 2-ml loop. Elution was conducted in the isocratic mode with 4 or 6% B,
depending on the retention time of the compounds on the column. The flow-rate was
20 ml/min. The rising, top and decreasing parts of the peaks were collected separately
and their purity was monitored by analytical HPLC.

The fractions obtained were concentrated under reduced pressure to eliminate
the methanol, and adsorbed on a small Sephadex LH-20 column (5 cm x 1.5 cm
I.D.) to eliminate phosphoric acid which was eluted with water. As soon as the pH
was neutral (monitored with pH paper), the adsorbed HHDP esters were eluted with
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methanol. The presence of the HHDP esters in the eluent was followed by reaction
with FeCl3—K3;Fe(CN)g reagent. Solutions were dried under reduced pressure and
residual water was eliminated through repeated washings with acetone. Samples were
solubilized in [?H¢Jacetone or, if not soluble enough, in [*H JJmethanol, for 'TH NMR
spectroscopic analysis (Cameca 250-MHz or Bruker AM 400-MHz spectrometer).

RESULTS AND DISCUSSION

Analytical HPLC

Compared with other HHDP esters, oak wood tannins are highly polar com-
pounds which cannot be properly separated on silica or cellulose. On the other hand,
reversed-phase HPLC affords an easy separation, although several parameters had to
be determined in order to maximize the retention on the column, thus allowing a
better separation.

Several columns were compared. Retention was higher on RP-18 columns than
on RP-8 columns (Fig. 2a and b). Very different performances were obtained depend-
ing on the commercial origin of the columns. Lichrospher columns provided the best
separations; columns with 5-um particle size material gave a higher number of peaks
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Fig. 2. HPLC of an aqueous extract of Quercus robur L. heartwood on different reversed-phase columns
(25cm x 4 mm LD.). (a) LiChrospher 100-CHS, 10 um; (b) LiChrospher RP-18, 10 um; (c) LiChrospher
RP-18, 5 um. See text for elution conditions. Numbers 1-8 refer to the different HHDP esters identified in
the extract.
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a A

Fig. 3. HPLC of castalagin solubilized in different solvents before injection. (a) Acetone; (b) same sample
as (a) dried and resolubilized in water; (c) methanol; (d) same sample as (c) to which is added water (one
tenth of its volume); (¢) same sample as (c) dried and resolubilized in water. See text for elution conditions.
Peak A = acetone.

than 10-um particle size material, regardless of flow-rate (Fig. 2b and c). The nature
of the acid in the eluent also affected the retention times. Phosphoric acid (1%, v/v)
doubled the retention times compared with acetic acid (1%, v/v).

The solvent used to solubilize the sample also had a strong influence on the
chromatographic profile. When 10 ul of a solution of a pure HHDP ester in acetone
(Fig. 3a) or methanol (Fig. 3c) was injected, several peaks were observed. The relative
area of the extra peaks was reduced on addition of water to the sample solution (Fig.
3d). If the organic solvents were completely removed by evaporation, and the same
sample was then resolubilized in water, a single peak was observed (Fig. 3b and e).
Therefore, it was necessary to dissolved these HHDP esters in water and not in
organic solvents, in order to obtain an optimum analysis with the present system.
These observations could be due to reversible autoassociation of these very polar
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tannins, whose solubility in organic solvents is limited. Solvation by water would
induce the dissociation of these soluble complexes®?.

Chromatography on Sephadex LH-20

Sephadex LH-20 has been widely used to purify tannins. Ethanol and metha-
nol, usually in mixtures, are the most widely used eluents. However, oak heartwood
tannins are not sufficiently soluble in alcohols, and water followed by methanol-
water mixtures were preferred. Similar gradients of methanol in water have been used
previously for ellagitannins'# or proanthocyanidins'. We encountered difficulties
with this purification step, owing to extensive oxidation of the HHDP esters, as the
chromatography lasts several weeks and the volume of eluents occasionally exceeded
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Fig. 4. Chromatography on Sephadex LH-20 of an aqueous extract of Quercus robur L. heartwood: (a) 10
g and (b) 100 g of extract loaded on the column. tr (traces), +, + + and + + + refer to the relative
abundances of the eight main compounds (1-8, Fig. 2c) as observed by HPLC. (*) Mass of the ascorbic
acid in the eluent has been deduced. MeOH = Methanol.
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25 1. The addition of ascorbic acid as an antioxidant in the eluent'® improved the
purification yields substantially. Ascorbic acid has the advantage of being easily elim-
inated by preparative HPLC in the next step of purification, as it is not retained on
the reversed-phase column. Further, its presence in the fraction is easily monitored by
UV detection (see following section).

Part of the extract (7-9%) was not retained on the column, and was eluted with
water before the main HHDP esters (Fig. 4). These fractions were also poorly re-
tained on the reversed-phase HPLC column. They consist of a complex mixture of
products and were not further purified.

Most of the extract (60%) was eluted after these compounds and corresponded
to the various peaks (1-8, Fig. 2) observed in HPLC (some of the fractions were
selected for further purification by preparative HPLC). The quality of the separation
of these products was strongly affected by the amount of extract injected (Fig. 4).
When 100 g of extract, instead of only 10 g, were loaded on the column, although the
order of elution was not modified, the products were more easily eluted with lower
concentrations of methanol in the eluent. However, in most instances, the resolution
was so low that it became very difficult to obtain pure products from these fractions
by preparative HPLC.

Other HHDP esters (3—4% of the extract) were eluted from the gel with concen-
trations of methanol in the eluent of 60% or higher. These HHDP esters were not
resolved by HPLC and appeared as a streak on two-dimensional paper chroma-
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Fig. 5. Preparative HPLC of a fraction obtained after chromatography on Sephadex LH-20. (a) Isocratic
elution, 2% B from 0 to 20.4 min, 5% B from 20.4 min; (b) gradient elution, 0 to 5% B from 0 to 40 min.
Amount of sample injected, 200 mg. See text for other elution conditions. Numbers refer to the compo-
nents of the aqueous extract of Quercus robur L. heartwood (Fig. 2¢). AA = Ascorbic acid.
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tograms. These fractions, which were more intensely coloured than the previous ones,
probably correspond to partially oxidized (and polymerized) HHDP esters.

The total amount of products recovered in the fractions never exceeded 70% of
the extract (Fig. 4). Most of what remained bound to the gel was removed by elution
with 0.1 M sodium hydroxide solution.

Preparative HPLC

As analytical HPLC with reversed-phase columns afforded good separations of
HHDP esters, it was tempting to use this technique on a preparative scale. The same
solvents were used and different elution conditions were compared. In difficult sep-
arations, no better resolution was obtained with gradient elution than with isocratic
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Fig. 6. Dependence of the preparative HPLC retention times on the analytical HPLC retention times for
various compositions of the eluent used in preparative HPLC: (O) 2% B; (A) 3% B; (33) 4% B; (%) 6% B.
Amounts of sample injected into the preparative column, 1-2 mg. Numbers refer to the main components
of aqueous extract of Quercus robur L. heartwood (Fig. 2c). See text for elution conditions.
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elution (Fig. 5). Here, gradient elution cannot improve the resolution as it does for
analytical HPLC, probably because of the high loading of the column.

Isocratic elution was therefore used and the concentration of methanol in the
eluent was chosen so as to obtain a satisfactory separation without increasing the
volume of the fractions collected too much. A relationship could be established be-
tween the retention times observed by analytical HPLC and preparative HPLC (Fig.
6). The concentration of methanol in the eluent was varied between 4 and 6% in order
to obtain retention times that did not exceed 25 min.

As with Sephadex LH-20, the retention times were affected by the amounts of
sample loaded on the column. The retention times were reduced by about 20% when
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Fig. 7. Dependence of the preparative HPLC retention times on the amount of sample injected. The

sample consists of a Sephadex fraction containing compounds 1, 2, 3, 4, 6 and 7 of the aqueous extract of
Quercus robur L. heartwood (Fig. 2¢). Eluent: 2% B.
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the sample size was increased from 2 to 200 mg (Fig. 7). In some instances the
resolution was severely affected by too high a loading of the column (in the example
shown in Fig. 7, peak 7 is no longer resolved from the major peak 6 when the amount
of sample injected exceeds 20 mg). Depending on the complexity of the mixture and
the ease of separation, between 100 and 400 mg could usually be chromatographed in
one run.

As with analytical HPLC, the solvent used to dissolve the sample before in-
jection had a strong influence on the chromatographic profile. The sample had to be
introduced in water in order to avoid the formation of multiple peaks.

Addition of an acid to the eluent is recommended in order to avoid ionization
of the phenols, unless the peaks are considerably flattened and no reproducible reten-
tion times are obtained. The acid in the fractions collected must then be removed
before concentration of the sample. Otherwise, the HHDP esters are rapidly hydro-
lysed and a precipitate of ellagic acid is observed. In order to remove phosphoric acid,
HHDP esters were adsorbed on a column. Two different gels were examined: Sepha-
dex LH-20 and Sep-Pak C,g (Millipore). The column was washed with water until
neutrality was obtained and tannins were desorbed with methanol. HHDP esters were
not retained strongly enough on Sep-Pak C;g and were partially eluted with water
before reaching neutrality (Fig. 8). On the other hand, chromatography on Sephadex
LH-20 allowed the total recovery of HHDP esters in methanol.

Purity of the fractions obtained

The purity of the different fractions obtained after preparative HPLC was de-
termined by different chromatographic methods: two-dimensional paper chromato-
graphy, thin-layer chromatography on silica and HPLC. After separation, only one
spot or one peak was observed for each of the eight main peaks on the HPLC trace of
the raw extract (Fig. 9, Table I). The products corresponding to the eight peaks had

Sep-Pak C 18

Tannins OO.....O

PH 1 141 7|7 7 77

Sephadex LH-20

Tannins o)eleyel I X 1O

pH 1 1|1 7(7 7 7 7

Eluent Sample H20 MeOH

1 2 3 4 5 6 7 8
fraction
Fig. 8. Adsorption of HHDP esters on Sep-Pak C,; and Sephadex LH-20 for elimination of phosphoric
acid. The presence (@) or absence (O) of HHDP esters is determined by their reaction with FeCl,~K  Fe
(CN), reagent. Volume of fractions, 20 ml. MeOH = Methanol.
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Fig. 9. HPLC of the fractions obtained from aqueous extracts of Quercus robur L. heartwood after
chromatography on Sephadex LH-20 and preparative HPLC. The corresponding chromatogram of the

raw aqueous extract is shown for reference.

TABLE 1

YIELDS AND R, VALUES OF THE COMPOUNDS PURIFIED FROM Q. ROBUR HEARTWOOD

Parameter Peak No*
1 2 3 4 5 6 7 8
Yield (g/kg) 04 0.3 0.4 3.0 1.3 31 1.7 1.1
Paper chromatography, R:
Acetic acid (6%) 038 045 055 056 037 057 0.60 043
sec.-Butanol-acetic acid—water (14:1:5) 000 000 000 003 000 006 003 0.06
Silica thin-layer chromatography, R, 031 0.18 0.18 045 037 065 046 0.65

¢ See Fig. 2c.
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identical UV spectra, showing no maxima between 240 and 400 nm, but a shoulder at
280 nm. They all gave the characteristic colour of HHDP esters when sprayed with
nitrous acid.

Each fraction was analysed by *H NMR spectroscopy. Spectra were run in
deuterated acetone, or in deuterated methanol if the sample was not soluble enough
in acetone (peaks 2 and 3, Fig. 9). Compounds were considered pure when all the
integrals of the different protons were similar. This was the case for five of the eight
peaks (1, 3, 5, 6 and 8, Fig. 9). Among the pure compounds obtained, two (peaks 6
and 8) had spectra identical with those reported by Mayer ef al.® and could be
identified as vescalagin and castalagin, respectively. The other compounds, whose
structures have not yet been reported, are in the process of being characterized. The
other three peaks (2, 4 and 7) may require further purification as the integrals were
not all similar. Chromatography on Fractogel (Merck) or speed flow counter-current
chromatography, techniques already used by other workers'”-!8, may complete the
purification.

The yields calculated for 1 kg of wood extracted are given in Table I. The lower
yields (peaks 1, 2 and 3) correspond to the minor products in HPLC trace of the raw
extract. Vescalagin (peak 6), which was one of the two most important peaks in the
HPLC trace of the raw extract, gave the best yield. However, the yields depended not
only on the initial concentration of the compounds in the raw material, but also on
the dispersion of each compound in one or several fractions after ecach purification
step. This explains why the yields of some compounds are relatively small compared
with what was expected.

CONCLUSIONS

Chromatography on Sephadex LH-20 and preparative HPLC have been shown
to be complementary methods for the purification of HHDP esters, even for com-
pounds with similar polarities. Purification of the HHDP esters is no longer limited to
the one or two main compounds present in plant materials.

It is now widely accepted that the properties of HHDP ester, notably their
astringency, are strongly dependent on their structure*®. Hence the modern puri-
fication methods now available to the biologist should lead to a better understanding
of the biological and physico-chemical properties of plant materials rich in HHDP
esters which are not necessarily determined by the most abundant compounds.

ACKNOWLEDGEMENT

We thank Mr. F. Habert of the Office National des Foréts at Rambouillet, who
provided the wood samples.

REFERENCES

A. Scalbert, B. Monties and J.-M. Favre, Phytochemisiry, 27 (1988) 3483.

J. H. Hart and W. E. Hillis, Phytopathology, 62 (1972) 620.

V. L. Singieton, Adv. Chem. Ser., No. 137 (1974) 254.

P. Ribereau-Gayon, Vitis, 12 (1973) 119.

M. Moutounet, P. Rabier, J.-L. Puech, E. Verette and J.-M. Barillére, Sci. Aliment., 9 (1989) 35.



POLYPHENOLS OF QUERCUS ROBUR L. 11. 119

6 W. Mayer, W. Gabler, A. Riester and H. Korger, Justus Liebigs Ann. Chem., 707 (1967) 177.

7 M. Nishizawa, T. Yamagishi, G. Nonaka and 1. Nishioka, J. Chem. Soc., Perkin Trans. 1, (1982) 2963,
8 T. Hatano, T. Yoshida and T. Okuda, J. Chromatogr., 435 (1988) 285.

9 T. Hatano, R. Kira, T. Yashuara and T. Okuda, Chem. Pharm. Bull., 36 (1988) 3920.

10 A. Scalbert, B. Monties and G. Janin, J. Agric. Food Chem., 37 (1989) 1324.

11 R.K.Gupta, S. M. K. Al-Shafi, K. Layden and E. Haslam, J. Chem. Soc., Perkin Trans. 1, (1982) 2525.
12 K. S. Kirby, E. Knowles and T. White, J. Soc. Leather Trades Chem., 37 (1953) 283.

13 C. M. Spencer, Y. Cai, R. Martin, S. H. Gaffney, P. N. Goulding, D. Magnolato, T. H. Lilley and E.

Haslam, Phytochemistry, 27 (1988) 2397.
14 T. Tanaka, G. Nonaka and 1. Nishioka, Chem. Pharm. Bull., 34 (1986) 656.
15 S. Morimoto, G. Nonaka and I. Nishioka, Chem. Pharm. Bull., 33 (1985) 4338.
16 W. T. Jones, R. B. Broadhurst and J. W. Lyttleton, Phytochemistry, 15 (1986) 1407.
17 L. J. Putman and L. G. Butler, J. Chromatogr., 318 (1985) 85.
18 T. Okuda, T. Yoshida, T. Hatano, K. Yazaki, R. Kira and Y. Ikeda, J. Chromatogr., 362 (1986) 375.



