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Occurrence of C-Glucoside of Resveratrol Oligomers in Hopea parviflora
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Investigation of the highly polar chemical constituents in the stem of Hopea parviflora (Dipterocarpaceae)
resulted in the isolation of four new resveratrol derivatives, hopeasides A and B (1, 2) (resveratrol pentamers), C
(3) (resveratrol trimer), and D (4) (resveratrol dimer) together with nine known resveratrol oligomers (5—13).
The new structures have a common partial structure of the 1-hydroxy-1-(3,5-dihydroxy-2-C-glucopyra-
nosylphenyl)-2-(4-hydroxyphenyl)ethane-2-yl group after oxidative condensation of (E)-resveratrol-10-C-f-glu-
copyranoside (14). The structures were determined by spectroscopic analysis including 2D-NMR and computer-
aided molecular modeling. The biogenetic relationship of the isolates and NMR characteristics caused by steric
hindrance are also discussed in this paper.
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A number of stilbenoids have been isolated from the
Dipterocarpaceae family. Our previous phytochemical study
demonstrated that the structural diversity is due to the
oligomerization degree of the blocking unit of resveratrol,
which generates a skeletal variation and complicated stereo-
structures, and the production of O- and C-glucosides.' ¥
The genus Hopea belongs to Shoreae, one of the two major
tribes of the subfamily Dipterocarpoideae, with about 102
species distributed throughout southeast Asia, especially in
Indonesia and Malaysia, southern China, southern and east-
ern India, and Sri Lanka.'® During this decade, this genus
has been well documented to be a good source of biologi-
cally active stilbenoids. Stilbenoids have anti-human immun-
odeficiency virus (HIV),'® cytotoxic,'” and acetylcholin-
esterase inhibitory activities.'® Although accumulation of
our chemical library originated from the other tribe of Dipte-
rocarpoideae, phytochemical aspects of Shoreae, including
the genus Hopea, have not been comprehensively expanded.
Furthermore, our limited studies on Hopea (H. parviflora in
2000'? and H. utilis in 2001”) that deal with a narrow sphere
of polarity describing the structure of resveratrol oligomers.
In the current study, we focused on the highly polar compo-
nents present in this tribe and reinvestigated the methanol ex-
tract of the stem of H. parviflora. This study reports the iso-
lation of four new stilbene glucosides [hopeasides A (1)—D
(4)] along with nine known compounds (5—13). Their struc-
tures were elucidated by extensive spectroscopic methods, in-
cluding 1D- and 2D-NMR experiments and high-resolution
electron spray ionization mass spectra (HR-ESI-MS) analy-
sis, and clarified by computer-aided molecular modeling. The
new compounds (1—4) share a novel substituent, the 1-hy-
droxy-1-(3,5-dihydroxy-2-C-glucopyranosylphenyl)-2-(4-hy-
droxyphenyl)ethane-2-yl group.

Results and Discussion

Hopeasides A (1) ([a]3’ —8.2°), B (2) ([e]7 +4.8°), C
(3) ([]F +5.8°), and D (4) ([a]F’ +15.5°) were purified
from a methanol-soluble fraction of the stem of H. parviflora
by column chromatography (CC) using stationary phases of @ relative structure
silica gel, DMS and Sephadex LH-20, followed by solid P absolute structure
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phase extraction with Sep-Pak tC,q, and finally preparative
HPLC (pHPLC) using stationary phases of octadecyl silica.
All compounds gave a positive reaction with the Gibbs
reagent.

Stereoisomeric hopeasides A (1) and B (2) were obtained
as a yellowish solid and are the first examples of naturally
isolated C-glucopyranosyl resveratrol pentamers. The struc-
tural analysis for each was similar; hence, the protocol fol-
lowed for 1 is described in detail. The molecular formula of
1 was confirmed to be C,H,0,, from the pseudomolecular
ion ([M+Na]") observed at m/z 1335.3846 in positive-mode
HR-ESI-MS. 'H- and *C-NMR spectral data (Table 1) ana-
lyzed by double quantum filtered correlation spectroscopy
(DQF-COSY), heteronuclear multiple quantum coherence
(HMQC) spectra, and heteronuclear multiple bond correla-
tion (HMBC) spectra (Fig. 1, Table 1) showed aromatic
signals due to five 4-oxygenated benzene rings (A,—E)),
three 1,2,3,5-tetrasubstituted benzene rings (A,, C,, and E,),
one 3,5-dioxygenated benzene ring (D,), three mutually
coupled aliphatic methine sequences [CH(7a)-CH(8a),
CH(7d)-CH(8d), and CH(7¢)-CH(8e)], and four aliphatic
methine sequences successively coupled in the order
[CH(7b)—-CH(8b)-CH(8c)-CH(7c)]. Among the methine sig-
nals, three protons (H-7a, H-7d, and H-8e) were correlated to
the oxygen-substituted carbons [ 90.0 (C-7a), 94.3 (C-7d),
and 71.3 (C-8e)] in the HMQC spectrum. After complete as-
signment of all the quaternary carbons in rings A,—E,, A,,
and C,—E,, the resorcine-type oxidative pattern of three
rings (A,, C,, and E,) were assigned. The remaining six qua-
ternary aromatic carbons (C-9b, C-10b, C-11b, C-12b, C-
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13b, and C-14b) in the *C-NMR spectrum (5. 140.3, 114.9,
156.8, 112.9, 152.1, and 122.2) were assigned to those of the
3,5-dioxygenated fully substituted benzene ring (B,). The
presence of a C-f-glucopyranosyl moiety was supported by
NMR spectral data which showed six carbon signals (J
78.6, 73.7, 79.3, 69.9, 80.7, 60.9) and an anomeric proton
[6,; 4.86 (d, J=9.6 Hz)].**!""!¥ These results indicated that
the aglycone of 1 has the composition C,,Hs,0,, correspon-
ding to five Res units (Res A—E; resveratrol A unit: i.e., be-
tween rings A, and A, via carbons C-7a and C-8a), which in-
dicated that the aglycone has 44 degrees of unsaturation. The
significant > HMBC correlations [H-7a/C-2a(6a), H-8a/C-
14a, H-7b/C-2b(6b), H-7¢c/C-2¢(6¢), H-8¢/C-14¢c, H-7d/C-
2d(6d), H-8d/C-10d(14d), H-7e/C-2e(6e), and H-8e/C-14¢]
demonstrated the C—-C bonds C-la-C-7a, C-8a—C-9a, C-
1b—C-7b, C-1¢—C-7¢c, C-8¢c—C-9¢c, C-1d-C-7d, C-8d-C-9d,
C-le—C-7e, and C-8¢—C-9e, which showed the presence of
four Res units (Res A, C—E) and a phenyl ethane moiety
(ring B,—C-7b—C-8b). Further HMBC correlations (H-7b/H-
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Table 1. NMR Spectral Data of 1
No. 8y 8¢ HMBC NOESY
la 130.8
2a(6a) 7.19(d, 8.4) 130.1  4a, 6a(2a),7a 7a, 8a, 14a
3a(5a) 6.76 (d, 8.4) 116.0  1a, 4a, 5a (3a)
4a 158.4
Ta 5.77 (d, 12.0) 90.0 la,2a(6a), 9a 2a (6a), 14a
8a 4.30 (d, 12.0) 49.1  1a,7a,9,10a, 11a,” 142 2a (6a), 2b (6b)
9a 141.6
10a 125.0
1la 155.5
12a 6.34 (d, 2.0) 101.6  10a, 11a, 13a, 14a
13a 156.6”
14a 6.07 (brs) 106.0  8a, 10a, 12a, 13a 2a (6a), 7a
1b 133.4
2b (6b) 6.83 (d, 8.8) 130.7  4b, 6b(2b), 7b 7a, b, 8¢
3b (5b) 6.44 (d, 8.8) 115.7  1b, 4b, 5b(3b)
4b 155.4
7b 5.21(d,3.2) 37.3  9a, 10a, 11b, 1b, 2b(6b),  2b(6b)
8b, 9b
8b 3.29 (brd, 11.6) 552 9b, 14b Tc, 14c
9b 140.3
10b 114.9
11b 156.8
12b 112.9
13b 152.1
14b 122.2
Ic 1323
2¢ (6c) 6.68 (d, 8.8) 129.2  4c, 6¢ (2¢), Tc 7c, 8¢
3c(5c) 6.51(d,8.8) 116.5  1c, 4c, 5c (3¢)
4c 156.6
Tc 4.45 (d, 10.8) 542 13b,” 14b, Ic, 2c(6¢), 8b, 2¢ (6¢), 14c
8c, 9¢
8¢ 3.74(dd, 11.6,10.8) 57.6  9c, 10c, 14c 2b (6b), 2¢ (6¢)
9¢c 141.0
10c 123.2
llc 162.0
12¢ 6.20 (d, 2.0) 95.7  10c, 11c, 13c, l4c
13¢ 159.3
l4c 6.77 (brs) 105.8  10c, 12¢ 8b, 7c
1d 134.8
2d (6d) 7.04 (d, 8.8) 127.9  4d, 6d(2d), 7d 7d, 8d
3d(5d) 6.80(d, 8.8) 116.0  1d, 4d, 5d(3d)
4d 57.9
7d 4.88 (brs) 943 10c,” 11c, 1d, 2d (6d), 9d  2d (6d),
10d (14d)
8d 3.42 (brs) 55.2  10c, llc, 9d, 10d (14d) 2d (6d),
10d (14d)
9d 147.9
10d 5.28 (brs) 106.3  8d, 11d(13d), 12d, 7d, 8d
14d (10d)
11d 158.8
12d 6.04 (t,2.4) 102.1  10d(14d), 11d(13d)
13d 158.8
14d 5.28 (brs) 106.3  8d, 11d (13d), 12d, 7d, 8d
14d (10d)
le 133.0
2e(6e) 7.19(d, 8.4) 131.7 e, 6¢ (2e), 7e Te, 8e
3e(Se)  6.61(d, 8.4) 1149  le,4e, Se (3e)
4e 156.1
Te 4.78 (d, 6.8) 472 lle, 12e, 13e, le, 2e (6e), 2e(6e), 14e
8e, 9e
8e 5.80 (d, 6.8) 713 le, 14e” 14e, Gle-1
9e 145.0
10e 113.7
Ile 158.3
12¢ 6.19 (d, 2.4) 103.8  10e, lle, 13e, 14e
13e 158.1
14e 6.45 (brs) 106.5  8e, 10e, 12¢, 13¢ Te
Gle-1  4.86(d, 9.6) 78.6  9e, 10e, 11e 8e
Gle-2  3.55(dd, 9.6, 8.8) 73.7
Gle-3  3.39(dd, 9.2, 8.8) 79.3
Gle-4  3.66(dd, 9.2, 9.6) 69.9
Gle-5  3.55(m) 80.7
Gle-6  3.79 (m) 60.9

Values are in ppm (8, and &.). Measured in acetone-d; at 400 MHz ("H-NMR) and
100 MHz ("*C-NMR). All protons and carbons were assigned by DQF-COSY, HMQC
and HMBC spectra. a) Overlapping, b) weak correlations.
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Fig. 1. Selected Correlations in 2D-NMR for the Partial Structures (1A—
C,2A—C)ofland2

11a and H-8d/C-11c¢) supported two single bonds (C-7b—C-
10a and C-8d—C-10c). An additional cross-peak observed for
H-7d/C-11c supported the presence of an ether linkage, C-
7d—O—C-11c, which is part of a dihydrobenzofuran moiety.
Long-range correlations between the anomeric proton (Jy
4.86) and three aromatic carbons (C-9e, C-10e, and C-11e)
in the HMBC spectrum confirmed that the C-glucopyranosyl
group is substituted at C-10e. The 1D- and 2D-NMR spectral
evidence showed two connectivities in two partial structures
(1A, 1B). The two units are connected through ring B,, and
the C-C linkages (C-8a—C-10b, C-8b—C-9b, C-7¢—C-14b,
and C-7e—C-12b) were substantiated by the correlations H-
8a/C-11b, H-8b/C-14b, H-7c¢/H-13b, and H-7¢/C-11b (1C).
The connected partial structure (1C) has 17 O-functions (C-
4a, C-7a, C-11a, C-13a, C-4b, C-11b, C-13b, C-4c, C-l1lc,
C-13c, C-4d, C-11d, C-13d, C-4e, C-8e, C-11e, and C-13e)
and accounts for 43 of the 44 required degrees of unsatura-
tion for the aglycone (C,,H;,0,4), which suggested that the
formation of one ring with an ether linkage was necessary.
Although no long-range correlation between H-7a/C-11b was
observed, the presence of another dihydrobenzofuran moiety
(C-7a—C-8a—C-10b—C-11b—0) was deduced after consider-
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ing the carbon chemical shifts and the molecular formula of
the aglycone. The carbons C-7a, C-8a, and C-9—-C-14b in the
BC-NMR spectrum were observed at 8. 90.0, 49.1, 140.3,
114.9, 156.8, 112.9, 152.1, and 122.2. Similar patterns in the
same partial structure were observed in upunoside A (S
89.8, 48.9, 140.4, 116.8, 156.5, 114.0, 151.6, and 121.2)
(Fig. 2)." Therefore, the other 16 O-functions are OH
groups, which consist of 15 phenolics and one aliphatic (C-
8e). The 'H-NMR spectrum showed broad signals for one
OH group (0. 4.50), but the other OH signals of the agly-
cone were ambiguous in the spectrum. From these data, the
planar structure of 1 was confirmed. The aglycone can be re-
garded as a condensation product of a resveratrol tetramer
(1D) and a resveratrol monomer (1E). The planar structure
of 1D is identical to that of the known resveratrol tetramers
hemsleyanols C and D.'" In the nuclear Overhauser effect
spectroscopy (NOESY) spectrum (Fig. 3), clear cross-peaks
between H-2a(6a)/H-8a, H-14a/H-7a, H-2d(6d)/H-8d, and H-
10d(14d)/H-7d suggested a frams orientation of both dihy-

upunoside A

Fig. 2. 'BC-NMR Spectral Data of Dihydrobenzofuran Moiety (1, 2 and
Upunoside A)

LE 2E)
[Res E]

1D (2D)
[Res A-D]

. 3y 6.68 (H-2c(6¢)by ring D,)
.- 8,651

_{H-10d(14d)by ring C;)

™. 8 6.44 (H-3b(5byby ring Ds)
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drobenzofuran rings (H-7a: 3, H-8a: ). Significant nuclear
Overhauser effects (NOEs) were observed between H-8a/H-
2b(6b), H-2b(6b)/H-8¢c, and H-8c¢/H-2¢(6¢), indicating that
H-8a, ring B,, H-8c, and ring C, are situated on the same
side of the reference plane (¢-orientation). Furthermore, cor-
relations between H-8b/H-7¢, H-7c¢/H-14c, and H-8b/H-14c¢
(weak) supported that H-8b, H-7¢, and ring C, have 3 config-
urations. From these results, the relative configuration of
3.4,4a,5,9b,10-hexahydro-benz[5,6]azuleno[ 7,8, 1 -cde]benzo-
furan was confirmed as [7a(R), 8a(R), 7b(R), 8b(R), 7c(S),
8c¢(S)]. The configuration of C-7d and C-8d (R and R or vice
versa) was determined as follows. Strong NOEs were gener-
ally observed between the methine proton and those of the
aromatic ring as found for H-7a/H-2a(6a), H-8a/H-14a, and
so on. But no NOE was observed for H-8c/H-14c¢, which in-
dicated that the C—C bond (C-8¢—C-9c) is not allowed to
freely rotate due to steric hindrance caused by the
3,4,4a,5,9b,10-hexahydro-benz[5,6]azuleno[ 7,8, 1-cde]benzo-
furan system and 3-(3,5-dihydroxyphenyl)-2,3-dihydro-6-hy-
droxy-2-(4-hydroxyphenyl)-4-benzofuranyl group, and H-
l4c is situated on the [B-side of the reference plane. A
NOESY cross-peak was further observed for H-2d(6d)/H-7b,
suggesting that ring D, is located near H-7b. Therefore, C-7d
and C-8d are determined to have R and R conifguration. The
unit 1D is the same as hemsleyanol D (11). The configura-
tion of 1E and the relationship between 1D and 1E could not
be determined by NOESY spectral data because no inter-unit
NOEs were observed.

The structure of 2 was determined in the same manner as
1. Analysis of the 'H- and *C-NMR spectral data by the
same protocol on the basis of DQF-COSY, HMQC, and
HMBC spectral data (Table 2, Figs. 1, 2) confirmed the par-
tial structures (2A, 2B) and the connection (2C), which
showed that 2 has the same planar structure as 1. The ambi-
guity of 'H- and *C-NMR signals under certain conditions
required various additional conditional NMR measurements.
At lower temperature, for example at —20 °C, many aromatic
proton signals broaden or disappear, while at higher tempera-
tures give clear signals (data not shown), and hence, we per-
formed detailed NMR spectral analyses at 35°C and 50 °C.
The relative structure of 2 was determined by the results of a

(H-3c(5¢)by ring Dy)
345.28

2E
[Res E]

NOESY

Fig. 3.

Selected NOESY Correlations for 1 and 2 and Shielding of Protons by Anisotropy in 1

The resveratrol tetrameric units (Res A—D) and the monomeric unit (Res E) are represented as 1D (2D) and 1E (2E), respectively.
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Table 2. NMR Spectral Data of 2

35°C 50°C
No.
Sy S Sy S HMBC NOESY
la 131.6* 131.8
2a (6a) 7.26 (brd) 130.1 7.26 (brd) 130.1 4a, 6a (2a), 7a 8a
3a (5a) 6.82 (d, 8.0) 116.2 6.82 (d, 8.0) 116.2 la, 5a (3a)
4a 158.3 158.3
7a 5.87 (brs) 89.7 5.87 (brd, 12.0) 89.8 2a (6a)
8a 438 (brs) n.o. 438 (d, 12.0) 493 la, 7a, 9a, 10a, 14a, 9b, 10b, 11b 2a (6a), 2b (6b)
9a 142.0 142.1
10a 125.1 125.2
1la 155.79 155.6”
12a 6.35 (brs) 101.7 6.35 (brs) 101.7 10a, 11a, 13a, 14a
13a 156.79 156.79
14a 6.18% (brs) 105.9 6.18" (brs) 106.0 8a, 10a, 12a, 13a
1b 133.6" 133.7
2b(6b) 6.93 (d, 8.0) 130.9 6.94 (d, 8.0) 131.0 4b, 6b (2b), 7b 8a, 7b, 8c, 2d (6d)
3b(5b) 6.49” (d, 8.0) 115.4 6.51 (d, 8.0) 115.5 1b, 5b (3b)
4b 155.79 155.7)
7b 5.25 (brs) 37.4 5.25 (brs) 37.6 9a, 10a, 11a, 1b, 2b (6b), 8b, 9b 2b (6b), 8d
8b 3.36 (brd, 11.0) 55.4 3.37 (brd, 11.0) 55.50 1b, 7b,” 9b, 8c” 7c, 14c
9% 140.3% 140.5
10b 115.9% 116.2
11b 157.2% 157.5
12b 113.9%9) 112.0
13b 152.8% 152.8
14b 122.0% 122.0
lc 133.6" 132.8
2¢ (6¢) 6.75 (d, 8.0) 129.5 6.76 (d, 8.0) 129.6 4c, 6¢ (2¢), Tc 7c, 8¢
3¢ (5¢) 6.47 (d, 8.0) 116.4 6.47 (d, 8.0) 116.5 lc, 5¢ (3¢)
4c 156.79 156.70
Tc 4.56 (d, 10.8) 54.4 4.56 (d, 10.8) 54.5 13b, 14b, Ic, 2¢ (6¢), 8c, 9¢ 8b, 7c, 14c
8¢ 3.85 (brdd) 57.5 3.85 (brdd) 57.7 7b,” 8b, 7c, 9¢, 10c, l4c 2b (6b), 2¢ (6¢)
9¢ 141.2 141.3
10c 123.3 123.3
1lc 162.1 162.3
12¢ 6.21 (brs) 95.8 6.22 (brs) 95.9 10c¢, 11c, 13c¢, 14c
13¢ 159.3 159.3
l4c 6.80 (brs) 105.8 6.80 (brs) 105.9 10c, 12¢, 13¢ 8b, 7c
1d 134.9 135.0
2d (6d) 7.06 (d, 8.0) 128.0 7.06 (d, 8.0) 128.0 4d, 6d (2d), 7d 2b (6b), 7d
3d (5d) 6.81 (d, 8.0) 116.2 6.81 (d, 8.0) 116.2 1d, 5d (3d)
4d 158.0 158.0m
7d 4.91 (brs) 94.4 4.92 (brs) 94.5 10c, 11c, 1d, 2d (6d), 9d 2d (6d), 10d (14d)
8d 3.49 (brs) 55.3 3.52 (brs) 55.50 10c, 1d, 94, 10d (14d) 7b, 10d (14d)
9d 148.1 148.1
10d 5.32 (brs) 106.5 5.32 (brs) 106.6 8d, 12d, 14d (10d) 7d, 8d
11d 158.9 158.9
12d 6.03 (brs) 102.2 6.03 (brs) 102.2 10d (14d), 11d (13d)
13d 158.9 158.9
14d 5.32 (brs) 106.5" 5.32 (brs) 106.6 8d, 12d, 10d(14d) 7d, 8d
le 134.0 134.1
2e (6¢) 7.06 (d, 8.0) 130.8 7.08 (d, 8.0) 130.9 4e, 6e (2¢), Te Te
3e (5e) 6.49” (d, 8.0) 115.6 6.51 (d, 8.0) 115.7 le, 5e (3e)
4e 156.1 156.1
Te 4.619 (brs) 49.2 4.63 (brd, 9.0) 49.2 11e, 12e, 13e, le, 2¢ (6e), 8e, 9¢ 2e (6e), 14d
8e n.o. 71.5 6.15 (brs) 71.3 Te, 9e, 10e, 14e Gle-1
9e 145.9 145.9
10e 113.99 114.0
1le 158.0" 158.0™
12e 6.18% (brs) 103.8 6.18" (brs) 103.8 10e, 11e, 13e, l4e
13e 158.5 158.5
l4e 6.63 (brs) 106.5 6.63 (brs) 106.6 8e, 10e, 12¢, 13e
Gle-1 4.619 (brs) 79.4 4.61 (brd, 10.0) 79.4 9e, 10e, 11e, Glc-2, Gle-3, Gle-5 8e, Glc-5
Gle-2 3.56 (m) 73.7 3.56 (m) 73.7 10e, Glc-3
Gle-3 3.42(dd, 9.2, 8.8) 79.4 3.42(d, 9.2,8.8) 79.4 Gle-2, Gle-4, Gle-5
Gle-4 3.59 (m) 70.4 3.58 (m) 70.6 Glc-5, Gle-6
Gle-5 3.08 (brs) 81.5 3.08 (brs) 81.5 Gle-1
Gle-6 3.67 (m) 61.2 3.55,3.58 (m) 61.4

Values are in ppm (8, and 8.). Measured in acetone-d, at 600 MHz ("H-NMR) and 125 MHz ('*C-NMR). All protons and carbons were assigned by DQF-COSY, HMQC, and
HMBC spectra. a—m) Overlapping, n) weak correlation, * not observed. Signals were assigned by HMBC correlations.
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NOESY experiment (Fig. 3). By the same spectral argu-
ments, 2D was confirmed to be the same as 1D (hemsleyanol
D). The NMR spectral data for 1D and 2D were similar to
that of hemsleyanol D except for the disappearance of a sig-
nal due to H-12b and the appearance of a signal due to the 1-
hydroxy-1-(3,5-dihydroxy-2-C-glucopyranosylphenyl)-2-(4-
hydroxyphenyl)ethane-2-yl group (1E, 2E). The configura-
tion of 2E and the relationship between 2D and 2E are am-
biguous.

The following aspects were obtained from the spectral
similarities and differences between 1 and 2: (1) the coupling
constant of H-7¢/H-8¢ for 1 is 6.8 Hz, while that of 2 had a
small value; (2) the common NOESY cross-peaks are H-Glc-
1/H-8e, H-14e/H-7e, and H-2e(6¢)/H-7e, while 1 displayed
additional correlation (H-2e(6e)/H-8¢); (3) the presence of
common NOESY (H-Glc-1/H-8e, H-14¢/H-7¢) and the ab-
sence of NOESY cross-peaks of H-Glc-1/H-7e and H-14¢/H-
8e for 1 and 2 indicated that the rotations of the C—C bonds
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(C-7e—C-8e—C-9e) are restricted; and (4) 2 displayed a more
shielded proton (H-Glc-5: &y 3.08) than that of 1 (H-Glc-5:
Sy 3.55). Four relative configurations (7eR, 8eR; 7eR, 8eS;
7eS, 8eS; 7eS, 8eS) are possible for 1E and 2E, and we have
attempted to differentiate these based on theoretical energy-
minimized structures that can explain the aspects (1)—(4),
but we have not yet reached a conclusion.

Hopeaside C (3), a yellowish solid, has the molecular for-
mula C,gH,,0,5 as deduced from the HR-ESI-MS ([M+Na]*
m/z 883.2574), corresponding to a monoglucoside of a
resveratrol trimer. The 'H- and 'C-NMR spectral data
showed the presence of three 4-hydroxyphenyl groups (rings
A,—C,), one 3,5-dioxygenated benzene ring (A,), one 3,5-
dioxygenated-1,2,6-trisubstituted benzene ring (B,), one 3,5-
dioxygenated-1,2 -disubstituted benzene ring (C,), one mutu-
ally coupled aliphatic methine [CH(7a)-CH(8a)] on a dihy-
drobenzofuran ring, one trams-coupled olefinic methine
[CH(7b)-CH(8b)], and one C-glucopyranosyl group (Table

Table 3. NMR Spectral Data of (—)-&-Viniferin and 3
(—)-&-Viniferin 3
No.
Oy OS¢ Oy Oc HMBC NOESY

la 133.6 1333

2a(6a) 7.21(d, 8.3) 127.7 7.16 (d, 8.8) 127.9 4a, 6a(2a), 7a 7a, 8a, 10a(14a)

3a(5a) 6.84 (d, 8.3) 1159 6.79 (d, 8.8) 115.8 la, 4a, 5a(3a)

4a 8.42 (brs) 159.3 157.8

Ta 5.43(d,5.4) 93.7 5.15(d, 6.3) 93.7 la, 2a(6a), 8a, 9a, 10b, 11b 2a(6a), 10a(14a)

8a 448 (d,5.4) 56.9 443 (d, 6.3) 57.9 la, 7a, 9a, 10a(14a), 9b, 10b, 11b 2a(6a), 10a(14a)

9a 147.2 145.0

10a 6.25 (d, 2.0) 106.8 5.89 (d, 2.0) 106.6 8a, 11a(13a), 12a, 14a(10a) 2a(6a), 7a, 8a, 2b(6b), 7b
1la 8.21 (brs) 159.6 158.9

12a 6.25 (t,2.0) 101.9 6.05 (t, 2.0) 101.5 10a(14a), 11a(13a)

13a 8.21 (brs) 159.6 158.9

14a 6.25 (d,2.0) 106.8 5.89 (d, 2.0) 106.6 8a, 13a(11a), 12a, 10a(14a) 2a(6a), 7a, 8a, 2b(6b), 7b
1b 129.7 129.5

2b(6b) 7.18 (d, 8.5) 128.5 6.87 (d, 8.4) 128.2 3b(5b), 4b, 6b(2b), 7b 7b, 8b

3b(5b) 6.74 (d, 8.5) 116.1 6.62 (d, 8.4) 115.6 1b, 4b, 5b(3b)

4b 8.45 (brs) 157.9 157.4

7b 6.92 (d, 16.1) 129.8 6.12 (d, 16.4) 134.0 1b, 2b(6b), 9b 10a(14a), 2b(6b)

8b 6.72 (d, 16.1) 123.2 5.78 (d, 16.4) 124.1 1b, 7b, 9b, 10b, 14b 2b(6b), 7c

9b 136.2 139.6

10b 119.6 118.7

11b 162.2 160.6

12b 6.34 (d,2.0) 96.6 6.27 (s) 98.6 10b, 11b, 13b, 14b

13b 8.38 (brs) 157.9 158.3

14b 6.74 (d, 2.0) 104.0 119.3

lc 133.8

2¢(6¢) 7.18 (d, 9.0) 129.4 3¢(5c¢), 4c, 6¢(2¢), Tc 7c, 8¢

3c(5¢) 6.66 (d, 9.0) 1153 Ic, 5¢(3c), 4c

4c 155.9

Tc 4.51 (brs) 50.3 9b, 13b, 14b, Ic, 2¢(6c), 8c 2¢(6¢), 14c, Gle-1

8¢ 6.33 (brs) 72.2 14b 2¢(6¢), Gle-1

9¢ 146.3

10c 1134

11c 157.9

12¢ 6.20 (d, 2.4) 104.2 10c, llc, 13c, l4c

13¢ 156.3

l4c 6.44 (d, 2.4) 107.1 8c, 10c, 12¢, 13¢ Tc

Gle-1 4.75 (d, 10.0) 78.89 9c, 10c, 11c Tc, 8¢

Gle-2 3.61 (m) 73.8

Gle-3 3.47 (dd, 9.2, 8.8) 78.89 Gle-2

Glc-4 3.66 (m) 69.6

Gle-5 3.16 (m) 80.9

Glc-6 3.62 (m) 60.3

Values are in ppm (8, and 8) and J in Hz. Measured in acetone-d, at 400 MHz (‘"H-NMR) and 100 MHz (3C-NMR). All protons and carbons were assigned by DQF-COSY,

HMQC and HMBC spectra. a) Overlapping.
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3). In the HMBC spectrum, significant correlations between
H-2a(6a)/C-7a, H-10a(14a)/H-8a, H-2b(6b)/C-7b, H-8b/C-
10b, H-2¢(6¢)/C-7¢c, and H-14¢/C-8c were found, indicating
that the six rings and six methine carbons are connected by
six C—C bonds (C-la—C-7a, C-8a—C-9a, C-1b—C-7b, C-
8b—C-9b, C-1c—C-7c, and C-8¢—C-9c) and form three Res
units. The units are connected through a dihydrobenzofuran
ring (C-7a—C-8a—C-10b—C-11b-0O) and a C-C bond (C-
14b—C-7c¢), which was also deduced by HMBC correlations
(H-7a/C-11b, H-8a/C-11b, H-7¢/C-9b, H-7¢/C-13b) (Fig. 4).
The location of the glycosyl moiety was C-10c as determined
by the HMBC cross-peaks between the anomeric proton (H-
Glc-1) and aromatic carbons on ring C, (C-9¢ and C-11c).
Subsequently, the planar structure was confirmed. In the
NOESY spectrum, NOEs were observed between H-
2a(6a)/H-8a, H-2a(6a)/H-14a, and H-7a/H-14a, confirming
the trans orientation of the two methine protons (H-7a and
H-8a). The aglycone can be regarded as the condensation
product of a resveratrol dimer [3A; e-viniferin'”] and a
resveratrol monomer (3B). The configuration of 3B and the
stereochemical relationship between 3A and 3B was deter-
mined by NOESY spectral analysis together with considera-
tion of anisotropy. NOE interactions, H-Glc-1/H-7¢c, H-Glc-
1/H-8¢, H-7¢/H-14¢, H-8b/H-7¢, and H-8b/H-14c¢, as well as
the absence of NOEs for H-Glc-1/H-2¢(6¢), H-Glc-1/H-8b,
H-7¢/H-Glc-1, H-8b/H-2¢(6¢), and H-8b/H-8c, indicated the
following points: (1) the anomeric proton (H-Glc-1) and two
methine protons (H-7c and H-8c) face the same side, and the
two C—C bonds (C-7¢—C-8¢—C-9c) are not permitted to
freely rotate and (2) configurations of 7¢(S) and 8c(S) rela-
tive to C-Glc-1 (R) meet all the NOE requirements (Fig. 5).
Existence of NOEs for H-7b/H-10a(14a) and H-8b/H-7¢ and
the absence for H-8b/H-10a(14a) and H-7b/H-7¢ also indi-
cate the fixation of the bond (C-8b—C-9b). These restrictions
of bonds explain the following anisotropic effects. The key
point for configurational determination of 3A and 3B is
anisotropy observed in 3A; the two olefinic protons appear at
lower frequency [Jy 6.12 (H-7b) and 5.78 (H-8b)] than those
of e-viniferin [d 6.92 (H-7b) and 6.72 (H-8b)] (Table 3).
The configurations of 7¢(S) and 8c(S) relative to C-Glc-1 (R)
can explain the shielding effect on H-8b, which is caused by
the ring C,. The anisotropic situation for H-8b is due to the
o-fixed orientation of H-8b caused by the fixation of the
bond (C-8b—C-9b). The m-system contributing to the shield-

DQF-COSY HMBC

Fig. 4. Selected Correlations in 2D-NMR of 3
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ing of H-7b is ring A,, which is inevitably situated on the S-
side of the reference plane because H-7b is fixed to the B-ori-
entation. The other configurations for C-7c and C-8c as well
as C-7a and C-8a are impossible to fit to the results of the
NOESY experiment and the shielding location of H-7b and
H-8b. When proton chemical shifts of the rings A, and B, on
e-viniferin unit were compared, 3 displayed highfield shifted
protons [0y 5.89 {H-10a(14a)} and 6.87 {H-2b(6b)}] com-
pared to those of e-viniferin [y 6.25 {H-10a(14a)} and 7.18
{H-2b(6b)}]. These shielding effects are explained by
anisotropy due to a face-to-face alignment of the rings A,
and B,. The other shielded proton in 3 is H-Glc-5 (Jy 3.16),
which can be explained by the anisotropy of ring B,. Thus,
hopeaside C (3) was elucidated as 1-{(/S,2S5)-1-hydroxy-2-
(4-hydroxyphenyl)-2-{(2R,3R)-3-(3,5-dihydroxyphenyl)-2,3-
dihydro-6-hydroxy-4-[({ E)-2-(4-hydroxyphenyl)ethenyl]-2-
(4-hydroxyphenyl)benzofuran-5-yl } ethyl }-2-( B-p-glucopyra-
nosyl)benzene-3,5-diol.

Hopeaside D (4) was obtained as a yellow amorphous
solid. The molecular formula was deduced as C,,H,,0,,
from the [M+Na]* ion at m/z 819.2476 from HR-ESI-MS,
which corresponded to a diglucoside of a resveratrol dimer.
The 'H- and *C-NMR spectral data (Table 4) displayed sig-
nals due to two resveratrol units [CH(7a), CH(8a), CH(7b),
CH(8b), rings A,, A,, B,, B,], one O-glucopyranosyl group
[Gle-1: &y 5.06; 6. 102.7, 74.9, 78.6, 71.2, 78.4, 62.6], and
one C-glucopyranosyl group [Gle-2: &y 4.07; o 79.9, 73.8,
79.6, 69.9, 81.5, 60.8]. Long-range correlations observed in
the HMBC spectrum [H-7a/C-2a(6a), H-8a/C-14a, H-7b/C-
2b(6b), H-8b/C-14b, H-7b/C-9a, H-7b/C-11a, H-Glcl1-1/C-
13a, H-Glc2-1/C-11b] (Fig. 6) showed the C—C bonds in the
aglycone (C-la—C-7a, C-8a—C-9a, C-1b—C-7b, C-8b—C-9b,
C-7b—C-10a) and positions of the glucopyranosyl(oxy)
groups (C-11a and C-10b). The structure can be regarded as
a condensation product of two resveratrol monoglucosides,
4A (piceid) and 4B. The configuration was determined by
NOESY spectral analysis together with consideration of
anisotropy (Fig. 7). NOE interactions were observed between
H-Glc2-1/H-8b and H-7b/H-14b, while NOEs for H-Glc2-
1/H-7b and H-8b/H-14b were absent, indicating the necessity
of an anti-orientation of two methine protons (H-7b and H-

8 3.16 (H-Glc-5/by ring B4)

546.12
(H-7b/by ring Ay)

e 8:15.78
(H-8b/by ring C,)

"\, 8, 6.87 (H-20(6b)by ring Ay)
" 845.89 (H-10a(14a)/by ring By)

NOESY

Fig. 5. Stereostructure, Selected NOESY Correlations, and Shielding of
Protons by Anisotropy in 3
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Table 4. NMR Spectral Data of 4

No. 5y 5 HMBC NOESY

la 130.6

2a(6a) 7.23(d, 8.8) 128.9 3a(5a), 4a, 6a(2a), 7a  7a
3a(5a) 6.75(d, 8.8) 116.6 la, 2a(6a), 4a, 5a(2a)

4a 158.59

7a 6.70 (d, 16.0) 132.5 1a, 2a(6a), 8a, 9a 2a(6a)

8a 7.06 (d, 16.0) 125.8 1a, 9a, 10a, 14a 7b

9a 142.4

10a 121.0

1la 158.59

12a  6.76(d, 2.4) 103.5 10a, 11a, 13a, 14a Glcl-1, Gle2-5

13a 157.6%

14a  6.639(d,2.4) 109.0 8a, 10a, 12a, 13a Glcl-1

1b 1325

2b(6b) 6.89 (d, 8.8) 131.6 3b(5b), 4b, 6b(2b), 7b  7b, 8b

3b(5b) 6.52(d, 8.8) 115.9 1b, 2b(6b), 4b, 5b(3b)

4b 156.7

7b 4.39 (d, 10.0) 57.2 b, 2b(6b), 8b, 9b, 9b, 2b(6b), 14b,

9a, 10a, 11a 8a, Glc2-1

8b 6.13 (d, 10.0) 71.8  1b, 7b, 9b, 10b, 14b  2b(6b), 14b,
Glc2-1

9% 147.5

10b 115.0

11b 157.6%

12b 6.16(d, 2.4) 104.3 10b, 11b, 13b, 14b

13b 159.2

14b  6.639(d,2.4) 106.3 8b, 10b, 12b, 13b 7b, 8b

Glcl-1 5.06 (d, 7.6) 102.7 13b, Glc1-3,9 Glc1-59 12a, 14a,
Gle2-5

Glcl-2 3.72(dd, 8.4,8.0) 749 Glcl-1, Glcl-3

Glcl-3 3.54" (m) 78.6  Glcl-2, Glcl-4

Glcl-4 3.54” (m) 712

Glcl-5 3.54 (m) 78.4

Glel-6 4.04(dd, 12.0,2.0), 62.6  Glcl-5

3.83(dd, 12.0, 5.2)

Glc2-1 4.07 (d, 10.4) 79.9  9b, 10b, 11b, Glc2-2  7a, 8a, Glc2-3,

Gle2-5

Glc2-2 3.49 (dd, 10.4,8.8) 73.8
Glc2-3 3.33 (dd, 10.4,8.8) 79.6
Glc2-4 3.54 (m) 69.9
Glc2-5 2.87 (brdd, 10.0) 81.5
Gle2-6 3.77(dd, 12.0, 2.0), 60.8
3.65(dd, 12.0, 2.0)

10b, Glc2-3

Gle2-1, Gle2-2, Gle2-4 Gle2-1
Gle2-5, Gle2-6

12b, Gle2-1, Glel-1

Glc2-4, Glc2-5

Values are in ppm (8, and &) and J in Hz. Measured in methanol-d, at 400 MHz
("H-NMR) and 100 MHz ("*C-NMR). All protons and carbons were assigned by DQF-
COSY, HMQC and HMBC spectra. a—d) Overlapping, e) interchangeable.

DQF-COSY HMBC

Fig. 6. Selected Correlations Observed in the HMBC Spectrum of 4

8b). If these are oriented in syn, NOE interactions and the
following anisotropic evidence would not occur. When the
proton chemical shifts due to the C-glucopyranosyl units
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8, 4.07 (H-Glc-1/by ring Aq) --...__#

8 2.87 (H-Glc-5by ring Aq) -------

Fig. 7. Stereostructure, Selected NOESY Correlations, and Shielding of
Protons by Anisotropy in 4

were compared, 4 displayed two highfield shifted protons [y
4.07 (H-Glc2-1) and 2.87 (H-Glc2-5)] compared to those of
1—3 [3: 6, 4.75 (H-Glc2-1) and 3.16 (H-Glc2-5)]. The cofa-
cial protons (H-Glc-1 and H-Glc-5) are located in the
anisotropic region of the ring A,, which is enabled by the
configurations of 7¢(S) and 8c(S) relative to C-Glc-1 (R). The
other configurations cannot fulfill both NOEs and anisotropy.
Thus, hopeaside D (4) was elucidated as 1-{(1S,25)-1-hy-
droxy-2-(4-hydroxyphenyl)-2-{ 1-(3-p-glucopyranosyloxy)-
3-hydroxy-5-[(1E)-2-(4-hydroxyphenyl)ethenyl]benzene-4-
yl}ethyl}-2-(3-p-glucopyranosyl)benzene-3,5-diol.

The new compounds (1—4) have the common units (1E,
2E, 3B, 4B) that may be derived from a blocking unit [10-C-
glucopyranosyl resveratrol (14)]. The occurrence of 14 as a
blocking unit in oligostilbenoids is the first instance. Pheno-
lic oxidative coupling of the units (1D and 1E, 2D and 2E,
3A and 3B, 4A and 4B) illustrates plausible biogenetic path-
ways of 1—4 (Chart 1). The explanation for the relationship
between the isolates requires the definition of radical precur-
sors. A common radical intermediate is essential when the
relationship between the structurally related isolates is con-
sidered. The common units for 1—4 (1E, 2E, 3B, 4B) corre-
spond to the radical (B) which would be derived from 14 via
epoxide (A) [Chart 1, (a)]. Generation of 1—4 by phenolic
oxidative coupling is as follows: (1) hopeasides A (1) and B
(2): Hemsleyanol D'" can be regarded as another precursor
of 1 and 2 by consideration of the configurational identity.
Radical (C) generated from hemsleyanol D would react with
B and the rearomatization of the resorcinol ring leads to for-
mation of 1 and 2 as the ultimate product [Chart 1, (b)]; (2)
hopeaside C (3): (—)-&-viniferin (19) would generate equilib-
rium radicals (D—F), where D, E, and F bear each radical
on positions C-12b, C-10b, and C-14b, respectively. Radical
(F) reacts with B to afford 3. When the reactivities are com-
pared among D—F, radical E is less reactive than F due to
steric hindrance of the 3,5-dihydroxyphenyl group, F is more
reactive than D because the radical on C-14b can be stabi-
lized by the 4-hydroxyphenylethenyl group, and F is more
stable than D (Chart 1, (c)); (3) hopeaside D (4): piceid
would generate equilibrium radicals (G—1I) in the same way
as (—)-&-viniferin. Radical (I), which is more reactive, cou-
ples with B to form 4. The lower reactivities of G and H can
be explained by radical instability and neighboring bulky
substituents  (O-glucopyranosyloxy group), respectively

(Chart 1, (d)).
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(a)

~ NADPH

(b)

hemsleyanol D

(©

OH
(-)-¢-viniferin D E

(d)

Gle—O0. l O—H Gle—0. l‘ 0
- © -
OH OH
piceid (7) G H
Chart 1.

Gle—0, l 0 O
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1D 2D)

Z

OH
I

Plausible Biogenetic Pathways of 1—4 via Intermediates (A—I)

(a) Formation of the common radical intermediate (B) via epoxide (A). (b—d) Formation of the radical intermediates (C, F, and I) via the respective precursors (hemsleyanol D,
(—)-&-viniferin, and piceid) and a radical coupling process to give the ultimate products [1 and 2 (), 3 (¢), and 4 (d)].

In addition to 1—4, nine known compounds were isolated
and their structures identified as malibatol (5),'® ampelopsin
A (6),'"%2D balanocarpol (7),%" piceid (8), vateriaphenol B
(9),2 (—)-hopeaphenol (10), pauciflorol C (11),>'¥
grandiphenol A (12),'¥ and vatalbinoside A (13)'? by spec-
tral analysis and comparison with authentic samples.

Experimental

The following instruments were used: optical rotation, Jasco P-1020 po-
larimeter; CD spectra, Jasco J-820 spectrometer (in MeOH solution); UV
spectra, Shimadzu UV-3100 spectrometer; 'H- and '3C-NMR spectra, Jeol
JNM-AL-400 spectrometer (chemical shift values are presented as J values
with tetramethylsilane (TMS) as an internal standard); ESI-MS, Jeol-JMS-
T100 LC mass spectrometer.

The following adsorbents were used for purification: general analytical
TLC, Merck silica gel F,,5 (0.25 mm); column chromatography (CC), Merck
silica gel 60 (70—230 mesh), Sephadex LH-20, Fuji Silysia Chemical Chro-
matorex DMS (100—200 mesh), Waters Sep-Pak Vac 35cc tC, Cartridge,
and pHPLC was performed using a Capcell Pak C18 column (UG120, 5 um,
10 mm i.d.X250 mm, SHISEIDO, Japan) with a Shimadzu 6A pump, Shi-
madzu SPD-10A UV-VIS detector, and an SPD-M10Avp UV-VIS diode
array detector.

The dried bark (1 kg) of H. parviflora, collected in India in 1997, was sub-

sequently extracted at room temperature with acetone and methanol (51X3
times). The extracts were then concentrated in vacuo. The methanol extract
was subjected to CC (DMS, MeOH/H,0 of decreasing polarity) to yield
fractions A—I. Fr. D (with 20% MeOH; 18.5g) was fractionated into 12
fractions by CC over silica gel with a mixture of CHCl;-MeOH of increas-
ing polarity. Compounds 5 (21 mg) and 6 (15 mg) were obtained from Fr. D-
S after purification by CC (Sephadex LH-20, MeOH). Purification of Fr. D-8
by repeated CC over Sephadex LH-20 (MeOH) and Sep-Pak tC,q
(H,0-MeCN system) achieved the isolation of 3 (42mg), 7 (24mg), 8
(51mg), and 9 (4mg). Fr. D-8 was further purified by Sephadex LH-20
(MeOH), Sep-Pak tC,; (H,0-MeCN system), and HPLC (H,0-MeCN sys-
tem), and yielded 1 (13 mg), 2 (28 mg), 4 (13 mg), 10 (12mg), 11 (28 mg),
12 (40 mg), and 13 (30 mg).

Hopeaside A (1): A yellow solid; [a]3’ —8.2° (c=0.1, MeOH); CD
(¢=17.62 um, MeOH) nm (Ag): 215 (+53.7), 242 (—38.3), 270 (—1.2), 283
(—3.4), 297 (+2.6); UV (MeOH) A, (loge): 228.2 (5.25), 284.9 (4.58)
nm; positive ion ESI-MS m/z: 1335 [M+Na]*; positive ion HR-ESI-MS
m/z: 13353846 [M+Na]™ (Caled for C,H,,0,,Na: 1335.3846); '"H-NMR
(methanol-d,, 400 MHz) and *C-NMR (methanol-d,, 100 MHz), see Table
1.

Hopeaside B (2): A yellow solid; [o]2’ +4.8° (c=0.1, MeOH); CD
(¢=17.62 um, MeOH) nm (Ag): 220 (+46.6), 239 (—49.8), 272 (—0.8), 283
(=2.6), 297 (+2.8); UV (MeOH) A,,,, (loge): 231.6 (4.77), 283.1 (4.01)
nm; positive ion ESI-MS m/z: 1335 [M+Na]*; positive ion HR-ESI-MS
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m/z: 13353815 [M+Na]" (Calcd for C,4H,,0,,Na: 1335.3832); 'H-NMR
(methanol-d,, 400 MHz) and *C-NMR (methanol-d,, 100 MHz), see Table
2.

Hopeaside C (3): A yellow solid; [&]% +5.8° (c=0.1, MeOH); CD
(¢=29.1 um, MeOH) nm (A¢€): 208 (—29.1), 222 (+20.9), 237 (—14.8), 250
(+0.7), 285 (—4.3), 303 (+3.4); UV (MeOH) A, (loge): 228.2 (5.08),
281.9 (4.40), 317.8 (4.40) nm; positive ion ESI-MS m/z: 883 [M+Na]*;
positive ion HR-ESI-MS m/z: 883.2574 [M+Na]" (Caled for C,gH,,0,sNa:
883.2572); 'H-NMR (acetone-d;, 400MHz) and "“C-NMR (acetone-d,,
100 MHz), see Table 3.

Hopeaside D (4): A yellow solid; [¢]Z +15.5° (¢=0.1, MeOH); CD
(c=31.4 um, MeOH) nm (A¢€): 212 (—39.1), 219 (—17.8), 231 (—31.2), 250
(+2.2); UV (MeOH) Imax (log €): 231.2 (4.87), 286.4 (4.62), 323.7 (4.50)
nm; positive ion ESI-MS m/z: 819 [M+Na]*; positive ion HR-ESI-MS m/z:
819.2476 [M+Na]* (Caled for C,H,O0,Na: 819.2471); 'H-NMR
(methanol-d,, 400 MHz) and '*C-NMR (methanol-d,, 100 MHz), see Table
4.
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