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From the polar extracts of the leaves of Quercus ilex L., two new proanthocyanidin glycosides, namely afz-
elechin-(4a?8)-catechin-3-O-b-glucopyranoside (1) and afzelechin-(4a?8)-catechin-3-O-a-rhamno-
pyranoside (2), were isolated in addition to catechin (3), proanthocyanidin B3 (4), prodelphinidin C (5),
dehydrodicatechin A (6), quercetin (7) and six known flavonol glucosides with their acylated derivatives
(8–13) and ellagic acid (14). The structures of all isolated compounds were established by spectroscopic
means, mainly 1D and 2D NMR, as well as LC/MS and HR-MS spectrometric analyses. The absolute con-
figuration of compound 1 was determined by CD measurements. The proanthocyanidin glycosides are
especially interesting, as they possess the sugar in the upper unit of the dimer, which is rare for this type
of compounds.

� 2009 Elsevier Ltd. All rights reserved.
Quercus ilex, also called holly oak or evergreen oak, is a common
Mediterranean, medium-size, evergreen tree which is widely dis-
tributed along the Balkan Peninsula and the Mediterranean region
to N. Spain and W. France.1 Species of the genus Quercus have been
for long used in traditional medicine as haemostatic, in the treat-
ment of gastrointestinal disorders,2 inflammations of the oral, gen-
ital and anal mucosa and externally against inflammation of the
skin.3 Polar extracts of the leaves, bark, wood and galls have shown
antibacterial4,5 and antiinflammatory activities2,6 that explain their
ethnopharmacological uses7 and are attributed to their high phe-
nolic content.

Due to the use of Quercus sp. in the construction of wine barrels
and the interactions between wine and oak wood during the matu-
ration of wine, these plants have been a subject of intensive research
and have shown to possess a rich load of lignins, hydrolysable tan-
nins, ellagitannins, flavano-ellagitannins, catechins, flavan and pro-
anthocyanidin glycosides, flavonoids and simple phenols.8–10

Quercus sp. have been used in the past in diverse ecological stud-
ies.11–13 This work has been conducted in the framework of a project
aiming at investigating possible qualitative and quantitative altera-
tions in the phenolic content of healthy and mite-infected Q. ilex
abaxial hairs. The lack of available standards of proanthocyanidins
and acylated flavonol glucosides in the market made necessary the
creation of such a database by extensive phytochemical investiga-
tions in the initial plant material so that reliable LC–DAD–MS anal-
ll rights reserved.

: +39 055457 3679.
ti).
yses could be carried out. During the isolation process, 14
substances were isolated and characterised, among them two were
naturally occurring proanthocyanidin glycosides. In this Letter, we
report on the isolation and structure elucidation of the proanthocy-
anidin and flavonoid content of Q. ilex leaves.

For the initial extraction, which was all conducted in dark, a clas-
sical extraction scheme was applied that included organic solvents,
such as cyclohexane and dichloromethane, and finally polar sol-
vents like MeOH and MeOH/H2O 70:30. This procedure was chosen
in order to deactivate enzymes responsible for degradation, oxida-
tion and polymerisation of the catechin/proanthocyanidin con-
tent.14,15 Generally, the isolation protocol alternated between
column chromatographies over Sephadex LH-20 and Sephadex
LH-60 using hydroalcoholic mixtures or eluotropic mixtures of
EtOH/MeOH/H2O, which is a most suitable, gentle technique
frequently applied for this type of secondary metabolites.16,17 The
isolation of these compounds is quite problematic and many
authors18,19 proceed to acetylation of the whole extracts and forma-
tion of the peracetates prior to chromatographic separation. In our
case, the complexity of the mixtures due to the presence of rotamers
of proanthocyanidins and cis and trans isomers of acylated flavonoid
glycosides was evident not only in the TLC plates (tailing of spots)
but also in the HPLC–DAD–MS analyses (double, triple, quadruple
peaks; see Supplementary data), but the need to obtain the com-
pounds in their natural form did not permit us for this approach.

Phytochemical investigations of the methanolic extract of the
leaves of Q. ilex afforded two naturally occurring proanthocyanidin
glycosides, namely afzelechin-(4a?8)-catechin-3-O-glucoside (1)
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Figure 1. Selected HMBC and ROE correlations for compound 1.
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and afzelechin-(4a?8)-catechin-3-O-rhamnoside (2), catechin
(3),20 two known proanthocyanidins, proanthocyanidin B3 (4)19

and prodelphinidin C (5),21 as well as small amounts of the oxida-
tion product of catechin, dehydrodicatechin A (6).22 The polar ex-
tracts were also abundant in flavonoids, in particular quercetin
(7), two known flavonol glucosides, quercetin-3-O-glucopyrano-
side (8)23 and isorhamnetin-3-O-glucopyranoside (9),24 four
flavonol acylated glucosides, namely kaempferol-3-O-(60-galloyl)-
glucopyranoside (10),25 quercetin-3-O-(60-galloyl)-glucopyrano-
side (11),26 tiliroside (12),27 kaempferol-3-O-(200,600-di-E-p-couma-
royl)-glucopyranoside (13)28 and the phenolic ellagic acid (14).
The known compounds 3–14 were identified by spectral analysis
and direct comparison of their physical properties with those re-
ported previously for these compounds.

Compound 1 was obtained as amorphous yellow solid with ½a�23
D

�26.9 (c 0.16, MeOH). The IR spectrum of 1 contained absorption
bands characteristic of hydroxyl (3382 cm�1), aliphatic groups
(2920 cm�1) and olephinic bonds (1630 cm�1). The ESI mass spec-
trum (positive ion mode) of 1 showed molecular/pseudomolecular
ion peaks at m/z 725.5 [M+H]+, 747.5 [M+Na]+, while in the nega-
tive ion mode exhibited a molecular peak at m/z 723.5 [M�H]�

consistent with the molecular formula C36H36O16. Its HR-ESI-MS
spectrum exhibited pseudomolecular peak at m/z 747.1911
[M+Na]+ (calcd for C36H36O16Na 747.1890) and at m/z 725.2092
[M+H]+, (calcd for C36H37O16 725.2070). It gave characteristic red
colour after spraying with vanillin/sulfuric acid and positive blue
with ferric ion reagent. Its UV spectrum (HPLC–DAD) presented a
band with maximum at 278 nm. All the above data suggested that
it belonged to the group of catechins/proanthocyanidins. Accord-
ingly, the 1H NMR spectrum (Table 1) showed signals characteristic
of a flavan-3-ol skeleton (aromatic signals in the area of 6.0–
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7.0 ppm and aliphatic signals with large coupling constants in
the region of 2.50–4.50), with catechin stereochemistry. Careful
analysis of the ESI-MS spectrum provided us with more informa-
tion about its structure. Positive ion mode MS spectra exhibited
fragments at m/z 273.0 and 291.0, characteristic of the presence
of afzelechin and catechin units, respectively, while a peak at
563.3 [M-163] suggested the loss of an hexose unit (possibly glu-
cose) and gave evidence of the linkage between afzelechin and cat-
echin. Furthermore, a peak at m/z = 435.4 indicated the linkage of
the hexose to the afzelechin unit. Further 2D NMR experiments
(COSY, HSQC, HMBC and ROESY) gave substantial evidence for
these speculations. The 1H NMR and COSY spectra of 1 exhibited
signals of a p-disubstituted aromatic ring (AA0BB0 system with
two doublets centred at dH 6.91 and dH 6.66, Jortho = 8.4 Hz) which
were attributed to the B ring of afzelechin. In the same area of
the 1H NMR spectrum, three aromatic protons resonating at dH

6.76 (d, J = 8.4), 6.69 (d, J = 1.8) and 6.45 (dd, J = 8.4, 1.8) forming
thus an ABX system were observed and were assigned as H-500,
H-200, H-600, respectively, of the catechin moiety. The COSY permit-
ted assignments of the aliphatic protons of rings C and F of the two
flavan moieties and displayed the following connectivities: H-200

(dH 4.49)/H-300 (dH 3.76)/H-4a00 (dH 2.86), H-4b00 (dH 2.51) and H-2
(dH 4.38)/H-3 (dH 4.54)/H-4 (dH 4.48). The latter signals belonged
to the upper unit of the dimer, as shown by the simplification in
the correlation pattern due to the presence of one proton at C-4 in-
stead of two. In the HSQC spectrum, the downfield shift of C-3 at d
81.5 indicated that this carbon was the glycosylation site. This
finding was further supported in both HMBC (crosspeak H-2/C-1
of glucose) and ROESY (H-3/H-1 of glucose) experiments. The
HMBC spectrum was crucial for the identification of the afzelechin
and catechin units. Common crosspeaks between the meta protons
H-6 and H-8 (ring A) and the aliphatic protons H-4 & H-2 (ring C)
with carbons C-10 and C-9, respectively, proved that these signals
belonged to the same flavan nucleus, while crosspeaks between H-
2, H-3 (ring C) and H-20, 60 (ring B) with C-10 helped in the complete
assignment of afzelechin (Fig. 1). Therefore, afzelechin was the
upper part of the proanthocyanidin skeleton, bearing a sugar in
position 3 and being linked to catechin at C-4. The interflavanoid
bond was further proved in the HMBC spectrum by a crosspeak be-
tween H-4 of afzelechin and a quaternary aromatic carbon at dC

109.3 (C-80 0 or C-60 0) belonged to catechin. The interpretation of
the HMBC spectrum was very problematic, since the key correla-
tions19 H-4/C-90 0 and H-20 0/C-90 0 were observed but overlapping of
protons H-4 and H-20 0 rendered any assignment ambiguous. This
problem was solved by re-measuring the spectra in acetone-d6.
Indeed, protons H-4 and H-20 0 were completely separated (at dH

4.39 and 4.53, respectively) and common crosspeaks between
H-4, H-20 0, H-40 0 with C-90 0 proved the 4?8 interflavanoid linkage.
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At this point it is noteworthy to comment on the importance
and necessity of ROESY experiments for this type of compounds.
A literature survey showed confusion in the assignments of pro-
tons H-6 and H-8. This issue was thoroughly discussed by De Bru-
yne et al.,19 who proved by detailed HMBC experiments the correct
assignments for proanthocyanidin B3, and showed that compared
to usual flavonoids signals H-6 and H-8 are reversed, the latter
being the one shielded. This was also observed in our case, but
due to signal overlapping HMBC crosspeaks were unclear. A ROESY
experiment, however, proved further this finding by clear interac-
tions between H-8 and the aromatic protons H-20, H-60 of ring B.
Motivated by this observation, we proceeded to the measurement
of a series of ROESY experiments in the molecules of catechin, pro-
anthocyanidin B3 and prodelphinidin C, which were also isolated
from the plant. In all cases, H-8/H-20 and H-8/H-2 crosspeaks were
observed. ROESY experiments present an alternative method to
distinguish between H-6 and H-8 signals of ring A of proanthocy-
anidins in cases of signal confusion with the advantage of being
easier and faster NMR experiments than the heteronuclear HMBC.

Coupling constants of the sugar protons (1H NMR data in both
methanol-d4 and acetone-d6–D2O), as well as crosspeaks in the
ROESY experiment between Glc-1/Glc-3/Glc-5 and Glc-2/Glc-4/
Glc-6 confirmed the presence of b-glucose in the structure. In the
same spectrum, lack of signals between protons H-2, H-3 and H-
4 of the ring C suggested their trans disposition, while coupling
constants (J2,3 = 9.8 Hz; J3,4 = 7.0 Hz) indicated a C-2 sofa conforma-
tion16,29 (Fig. 2). Such conformation is expected when glycosylation
follows the formation of the proanthocyanidin dimer. As a result of
this conformation is the particular shielding of the glucose protons.
A comparison of the chemical shifts of the glucose protons in 1
with those of other proanthocyanidin glucosides in the literature30

makes evident a displacement of protons Glc-1 (3.36 vs 4.32),



Table 1
1H and 13C NMR spectroscopic data of compounds 1 and 2 (in CD3OD; d in ppm, J in Hz)

Position 1 2

dH dC dH dC

Afzelehin unit
2 4.38 (1H, d, 9.8) 82.2 4.26 (1H, d, 9.6) 83.3
3 4.54 (1H, dd, 9.8, 7.0) 81.5 4.54 (1H, dd, 9.5, 7.1) 80.3
4 4.48 (1H, d, 7.0) 37.4 4.41 (1H, d, 7.3) 37.2
5 — 157.1 — 158.6
6 5.89 (1H, d, 2.4) 96.9 5.87 (1H, br s) 96.9
7 — 157.3 — 158.3
8 5.82 (1H, d, 2.4) 96.8 5.86 (1H, br s) 97.5
9 — 158.5 — 157.2
10 — 107.2 — 107.0
10 — 130.4 — 130.2
20 , 60 6.91 (2H, d, 8.4) 130.5 6.82 (2H, d, 8.1) 130.3
30 , 50 6.66 (2H, d, 8.4) 116.1 6.66 (2H, d, 8.1) 116.2

40 — 158.3 — 158.3

Glucose unit Rhamnose unit
1 3.36a 103.4 3.48 (1H, br s) 101.3
2 2.86a 75.5 3.33a 71.9
3 2.92 (1H, t, 9.1) 77.4 3.49a 72.3
4 3.11 (1H, dd, 9.8, 9.1) 71.2 3.08 (1H, dd, 9.6, 9.1) 74.1
5 2.67 (1H, m) 77.3 3.13 (1H, m) 70.1
6a 3.57 (1H, dd, 11.2, 2.1) 62.8 0.71 (1H, d, 5.8) 18.1
6b 3.45 (1H, dd, 11.2, 4.2) —

Catechin unit
20 0 4.49 (1H, d, 7.7) 83.2 4.49 (1H, d, 7.8) 83.5
30 0 3.76 (1H, ddd, 14.7, 7.7, 5.6) 69.4 3.75 (1H, m) 69.7
40 0a 2.86a 29.9 2.95 (1H, dd, 16.2, 6.3) 31.0
40 0b 2.51 (1H, dd, 16.8, 9.1) 2.48 (1H, dd, 16.4, 9.6)
50 0 — 155.7 — 155.7
60 0 5.89 (1H, br s) 97.5 6.08 (1H, s) 96.9
70 0 — 154.3 — 154.6
80 0 — 109.3 — 109.0
90 0 — 155.1 — 155.3
100 0 — 102.8 — 103.9
10 0 0 — 131.8 — 131.7
20 0 0 6.69 (1H, d, 1.8) 116.2 6.69 (1H, d, 2.0) 116.4
30 0 0 — 146.0 — 145.9
40 0 0 — 146.2 — 146.3
50 0 0 6.76 (1H, d, 8.4) 116.3 6.78 d (1H, d, 8.3) 116.3
60 0 0 6.45 (1H, dd, 8.4, 1.8) 120.4 6.57 (1H, dd, 8.3, 2.0) 120.7

a Signal pattern unclear due to overlapping.
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Figure 2. ChemDraw 3D model and key ROESY correlations of the rotameric form
of compound 1.
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Figure 3. Circular dichroism (CD) spectrum (MeOH, 25 �C) of compound 1
(0.05 mg/ml).
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Glc-2 (2.86 vs 4.92) and Glc-5 (2.67 vs d 3.00–4.00), which is attrib-
uted to the magnetic anisotropy effect of ring B on the glucose
group (Fig. 2). Interestingly, the anomeric proton gave strong inter-
actions in the ROESY spectrum with both H-20, 60 and H-30, 50, while
Glc-5 and Glc-2 of glucose gave weaker crosspeaks with H-30, 50

and H-20, 60, respectively.
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Circular dichroism spectrum of compound 1( Fig. 3) showed a
very strong negative Cotton effect at a diagnostic16,31,32 wave-
length of 229 nm indicating the a orientation of the flavanyl substi-
tutes, that is, a 4S configuration, at the C-4 (C ring) position. When
taken into consideration the 1H NMR coupling constants of the C
ring protons, this Cotton effect establishes the 2R,3S,4S absolute
stereochemistry in the upper subunit. However, for the lower sub-
unit the sum of the CD data (positive Cotton effect +0.62 at
278 nm) could suggest the presence of ent-catechin.33

The presence of a sugar linked to the upper unit of the proanth-
ocyanidin could also explain the fact that compound 1 shows only
one rotational isomer. Opposite to other dimers (like proanthocy-
anidin B3, prodelphinidin C) this compound did not exhibit any
duplicate signals in its 1H NMR spectrum. It seems that the concur-
rent presence of two bulky substituents at C-3 (glucose) and C-4
(catechin) forces them to assume spatial positions as far as
possible, preventing rotation around the interflavanyl bond and
enhancing thus one rotameric form in both methanol-d4 and ace-
tone-d6–D2O). Indeed, ROESY experiments revealed interactions
between H-8 of the afzelechin with H-20 0, H-50 0 and H-60 0 of the cat-
echin. Therefore, compound 1 was identified as afzelechin-
(4a?8)-catechin-3-O-b-glucopyranoside.

Compound 2 was obtained as yellowish powder with ½a�23
D

�107.5 (c 0.35, MeOH). It was isolated from its mixture with 1
by repeated CC over Sephadex LH-20. Its spectral (UV and 1H
NMR) and chemical features were similar to those of compound
1. Its ESI-MS spectrum exhibited pseudomolecular peaks at m/z
709.5 [M+H]+ and 731.5 [M+Na]+ in the positive mode which were
compatible with the molecular formula C36H36O15. Indeed, its
HR-ESI-MS spectrum exhibited pseudomolecular peaks at m/z
709.2142 [M+H]+ (calcd for C36H37O15 709.2121) and at m/z
731.1961 [M+Na]+ (calcd for C36H36O15Na 731.1941). Its UV spec-
trum (HPLC-DAD) presented a band with maximum at 278 nm.

The 1H NMR spectrum displayed signals belonging to two fla-
van-3-ol skeletons and a sugar moiety. Accordingly, the ESI-MS
spectrum (positive ion mode) exhibited a fragment at m/z 275.0,
characteristic of the presence of afzelechin, while a peak at 419.0
[M-290] suggested the loss of catechin and gave evidence of the
linkage between afzelechin and a methylpentose. Detailed analysis
of COSY, HSQC and HMBC spectra revealed the presence of an
upper afzelechin unit, linked to a catechin unit at C-4 and glycos-
ylated by a rhamnose at position 3. In particular, the spectra
presented signals of an AA0BB0 aromatic system together with a
pair of meta protons and three aliphatic protons (two of which oxi-
methines) that corresponded to the afzelechin moiety. It also dis-
played signals belonging to an ABX system and signals typical of
catechin relative stereochemistry.

The HSQC gave evidence of the presence of a rhamnose group:
one anomeric carbon resonating at dH 101.3 (corresponding ano-
meric proton at dH 2.48, br s), four oximethines (resonating at dC

70.1, 71.9, 72.3 and 74.1) and one tertiary methyl group resonating
as a doublet (J = 5.8 Hz) at d 0.71 (18.1 for C-6). All rhamnose pro-
ton signals were shifted upfield indicating a similar substitution
and conformation of the afzelechin unit, like in the previous case.
A ROESY experiment played a pivotal role in the structure elucida-
tion: crosspeaks between the anomeric proton (R-1) of rhamnose
and H-2, H-3 and H-4 of afzelechin proved the linkage of the sugar
at position 3, while interactions between H-6/H-8 with H-20 0 0 and
H-60 0 0 suggested a ‘compact’34 rotameric form. Like in compound
1, rhamnose is oriented below (in parallel) the aromatic ring B of
afzelechin, which permits interactions between the protons of both
units observed in the ROESY spectrum. Protons R-1 and R-2 inter-
acted with H-50 and H-60 of afzelechin and R-3 and R-5, with H-2,
H-3, H-4 and R-6 with H-3. The CD spectrum of compound 2 was
similar to that of 1. It presented a very strong negative Cotton
effect at 232 nm which suggested a 4a orientation of the lower
flavanyl moiety. Therefore, compound 2 was identified as afzele-
chin-(4a?8)-catechin-3-O-a-rhamnopyranoside.

An interesting feature of both substances is that they bare the
sugar group in the upper unit of the dimer. A literature survey indi-
cates that in the majority of procyanidin glycosides sugars are
linked to the outer flavan rings.35 Phytochemical investigations
on the polar extracts of the plant, as well as HPLC–DAD–MS anal-
yses revealed that catechin, proanthocyanidin B3, glucosides of
quercetin and isorhamnetin and acylated kaempferol glucosides
are the main secondary metabolites in the leaves of Q. ilex as far
the flavonoid content of the plant is concerned. LC–DAD–MS
analyses also revealed the previously isolated kaempferol-3-O-
(30 0,40 0-diacetyl-20 0,60 0-di-E-p-coumaroyl),36 as well as a variety of
hydrolysable tannins. As the focus of the present study was mainly
on the proanthocyanidins and the flavonoids, fractions that con-
tained hydrolysable tannins were not purified further. However,
phytochemical investigations are still ongoing.
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