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Abstract

As part of a long-term study of the chemical defenses of Norway spruce (Picea abies) against herbivores and pathogens, a phytochem-
ical survey of the phenolics in the bark was carried out. Eight stilbene glucoside dimers, designated as piceasides A—H (1a—4b), were iso-
lated as four 1:1 mixtures of inseparable diastereomers. Their structures were determined by extensive spectroscopic means including 1D
('H and "*C) and 2D NMR ('H-'"H COSY, HSQC, HMBC, ROESY) spectra, and were supported by enzymatic hydrolysis and com-

putational analysis.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Norway spruce (Picea abies (L.) Karst.), a member of
the pine family, is the most abundant conifer species in
the boreal forests of Eurasia and has considerable ecologi-
cal and economic importance. It has been frequently used
as a model system to study the defense mechanisms of coni-
fers against bark beetles and their associated fungi (Chris-
tiansen et al., 1999; Erbilgin et al., 2006; Franceschi et al.,
2000, 2002, 2005; Hudgins et al., 2004; Krokene et al.,
2001, 2003; Schmidt et al., 2005; Zeneli et al., 2006).
Among spruce defenses, the terpenoid-containing oleoresin
has been a frequent research topic (Martin et al., 2002,
2004; Schmidt et al., 2005; Viiri et al., 2001; Zeneli et al.,
2006). However, the phenolics of this species have been
much less studied, even though these substances may be
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almost as abundant as terpenes and also have a role in
defense. One major reason is the structural diversity and
complexity of Norway spruce phenolic substances, espe-
cially polyphenolics. To our knowledge, more than 60 phe-
nolic compounds of various types have been isolated and
identified from Norway spruce, including simple phenolic
compounds, phenylpropanoids, stilbenes, lignans, flavo-
noids, procyanidins, etc. (Brignolas et al., 1995, 1998; Licu-
tier et al., 2003; Viiri et al., 2001; Zeneli et al., 2006). In
order to get insight into the possible defensive function of
phenolics present in Norway spruce bark, phytochemical
investigations were carried on 70% aqueous acetone
extracts from the whole bark. As a result, four pairs of
new diastereomeric stilbene glucoside dimers, namely,
piceasides A—G (1ab—4ab), were isolated and characterized.

2. Results and discussion
Compounds 1a and 1b, 3a and 3b, and 4a and 4b were

isolated from the water-soluble fraction of a 70% aqueous
acetone extract of lyophilized bark from 4-year-old sap-
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lings. Work-up of the same fraction from the extract of the
fresh bark of a 25 m-high tree yielded compounds 2a and
2b and 4a and 4b (for details, see Section 3). These com-
pounds were obtained as pairs of 1:1 mixtures after separa-
tion by repeated open column chromatography and/or
semi-preparative reversed-phase HPLC. Silica gel TLC of
these mixtures developed with different combinations of
solvent mixtures such as CHCl;-MeOH-H,O (3:2:0.5)
showed highly homogenous spots. However, on analytical
HPLC each of these mixtures displayed twin peaks which
were only partially separated. Variation of the elution sys-
tem did not improve the separation. Structure determina-
tions were therefore carried out on the mixtures.
Compounds 1a and 1b were obtained as a dark brown
amorphous solid. Positive ESI-TOF-MS  showed
[M+Na]" ion peaks at m/z 833.5 and negative ESI-TOF-
MS showed [M—H]™ at m/z 809.3, corresponding to a
molecular weight of 810. A molecular formula of
C40H4,0,5 was determined for 1a and 1b through high res-
olution ESI-TOF-MS measurement of the ion at m/z 809
(m/z 809.2259, [M—H]", caled: 809.2293). The '"H NMR
spectrum (Table 1) of 1a and 1b showed two sets of signals,
which, at the same position, were either completely over-
lapped or partially overlapped with only a few signals being
separated, suggesting that the structures of compounds 1a
and 1b were very close to each other. The signals in the
spectrum occurred basically in three regions (I: éy 7.0-
6.0; I1: 0y 5.4-4.4; 111: 655 4.0-3.3). Their coupling relation-
ships were achieved through careful analysis of their cou-
pling constants and the correlations in an '"H-'"H COSY
spectrum. The aromatic region (I) consisted of two par-
tially overlapping ABC spin systems [la: oy 6.827 (H-2"),
6.755 (H-5"), 6.689 (H-6"); 1b: éy 6.824 (H-2"), 6.762 (H-
5"), 6.696 (H-6")] of 1,3,4-trisubstituted phenyl rings (ring
A), two additional partially overlapping ABC spin systems
[la: oy 6.414 (H-10"), 6.482 (H-12"), 6.347 (H-14"); 1b: oy
6.421 (H-10"), 6.482 (H-12"), 6.305 (H-14")] of 1,3,5-trisub-
stitued phenyl rings (ring B), two completely overlapping
ABC spin systems [la and 1b: i 6.752 (H-10), 6.435 (H-
12), 6.590 (H-14)] of 1,3,5-trisubstituted phenyl rings (ring
D), two partially overlapping AM spin systems [la: gy
6.944 (H-2), 6.697 (H-6); 1b: 6y 6.944 (H-2), 6.724 (H-6)]
of 1,3,4,5-tetrasubstituted phenyl rings (ring C), and two
partially overlapping olefinic proton systems [la: Jy
6.954 (H-7), 6.790 (H-8); 1b: 6y 6.961 (H-7), 6.796 (H-8)]
of trans-substituted double bonds. Region II was consti-
tuted by two partially overlapping AX spin systems [la:
ong 5.370 (H-7"), 4.449 (H-8"); 1b: oy 5.359 (H-7"), 4.455
(H-8")] characteristic of dihydrobenzofuran moieties (Waf-
fo-Teguo et al., 2001), and doublets at oy 4.884 (2H, H-1’
of 1a and 1b), 4.785 (H-1" of 1a) and 4.869 (H-1" of 1b)
corresponding to four protons attached to anomeric C-1
of hexopyranoses. The latter, together with the observation
of 24 dramatically overlapped protons in region III, indi-
cated the existence of four PB-glucosyl residues. The '*C
NMR and HSQC spectra demonstrated, in addition to res-
onances of the four glucosyl substituents (Table 1), four

methines at dc 95.13 (d), 95.10 (d) and 59.36 (2C, d) arising
from the dihydrobenzofuran moieties (Waffo-Teguo et al.,
2001) and 52 carbons (26 methines and 26 quaternary car-
bons) in the aromatic region (6c 103-161). The magnetic
nonequivalence of H-10 and H-14, and H-10" and H-14",
revealed that the glucose moicties were ascribable to rings
B and D, which was confirmed by the "H-'*C long-range
correlations between the H-1’ and H-1" of the correspond-
ing glucose and C-11 and C-11" in the HMBC spectrum
(Table 1). From these data, compounds 1la and 1b were
deduced to be stilbene glucoside dimers consisting of two
astringin units, connected through a dihydrofuran ring
moiety, forming a skeleton similar to that of resveratrol
(E)-dehydrodimer (Waffo-Teguo et al., 2001) and its ana-
logs. This finding was not unexpected since astringin is a
major stilbene glucoside present in the bark of Norway
spruce (Mannila and Talvitie, 1992).

Initially, it was thought that 1a differed from 1b by inter-
changing the phenyl rings A and B on the dihydrobenzofu-
ran moiety since two possible connections (C-7"-O-C-4/C-
8"-C-5 and C-7"-C-5/C-8"-0-4) could occur. However,
the HMBC spectrum (Table 1) displayed the same correla-
tions for 1a and 1b, indicating that they should have the
same planar structure. The coupling constants between
H-7" and H-8” in 1a and 1b were 8.0 Hz and 8.5 Hz, respec-
tively, suggesting a trans relative stereochemistry at the two
chiral centers (C-7" and C-8") for both compounds, which
was also consistent with the rOe correlations observed in
the ROESY spectrum (Table 5). Another possibility was
that we were dealing with a single compound displaying
atropisomerism from a hindered rotation of ring A and
the bulky glucosylated ring B. However, this could be
excluded by variable-temperature '"H NMR studies. 'H
NMR spectra measured between 7-50 °C in methanol-dy
and 80 °C in DMSO-ds did not show any differences in
the ratio between la and 1b, suggesting that the two iso-
mers were not interchangeable. Therefore, the difference
between 1a and 1b could only arise from their absolute ste-
reochemistry at C-7” and C-8”. The compound with a ste-
reochemistry of 7"R*, 8’R* was designated 1a, and that
with the opposite stereochemistry, 7”S*, 8”S*, was desig-
nated 1b. Upon enzymatic hydrolysis with cellulase, com-
pounds 1a and 1b gave a racemic mixture of aglycones
showing only one set of NMR signals. The lack of any
CD absorption of the aglycones further supported the con-
clusion that compounds 1a and 1b are a pair of diastereo-
meric astringin dimers (Fig. 1), which were named
piceasides A and B, respectively.

The mixture of compounds 2a and 2b was obtained as a
pale brown amorphous solid, with a molecular formula of
C41H440,5 based on the positive ion ESI-TOF-MS peak at
m/z 847.5 [M+Na]" and the negative ion ESI-TOF-MS
peak at m/z 823.4 [M—H]~, as confirmed by the high reso-
lution ESI-TOF-MS (m/z 823.2403, [M—H], calcd:
823.2449). The 'H and '*C NMR spectra closely resembled
those of 1a and 1b (Tables 1 and 2), with the only difference
being the presence of two additional methoxyl groups [dy
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'H and '3C NMR data and "H-'3C long-range correlations of 1a and 1b in CD;0D

Position on (1a)® dc (1a)® S (1b)? dc (1b)° HMBC (1a and 1b)°
1 133.07 (s) 133.07 (s)
2 6.944 (br s) 115.16 (d) 6.944 (br s) 115.09 (d) C-3,4,6,7,8
3 142.49 (s) 142.49 (s)
4 148.72 (s) 148.72 (s)
5 133.10 (s) 133.02 (s)
6 6.697 (overlap) 115.93 (d) 6.724 (br s) 115.98 (d) C-2,4,5,7
7 6.954 (d, 16.5) 130.23 (d) 6.961 (d, 16.5) 130.19 (d) C-2,6,8,9
8 6.790 (d, 16.5) 127.24 (d) 6.796 (d, 16.5) 127.21 (d) C-1,7,9, 10, 14
9 141.30 (s) 141.30 (s)
10 6.752 (overlap) 107.12 (d) 6.752 (overlap) 107.05 (d) C-8, 11, 12, 14
11 160.46 (s) 160.46 (s)
12 6.435 (dd, 2.0, 2.1) 104.23 (d) 6.435 (dd, 2.0, 2.1) 104.23 (d) C-10, 11, 13, 14
13 159.58 (s) 159.58 (s)
14 6.590 (dd, 1.7, 2.0) 108.36 (d) 6.590 (dd, 1.7, 2.0) 108.36 (d) C-8, 10, 12, 13
1 4.884 (d, 1.5) 102.36 (d) 4.884 (d, 7.5) 102.36 (d) C-11, 3, 5
2/ 3.32-3.50 (overlap) 74.97 (d) 3.32-3.50 (overlap) 74.97 (d)
3 3.32-3.50 (overlap) 78.03 (d) 3.32-3.50 (overlap) 78.03 (d)
4’ 3.32-3.50 (overlap) 71.50 (d) 3.32-3.50 (overlap) 71.49 (d)
5 3.32-3.50 (overlap) 78.19 (d) 3.32-3.50 (overlap) 78.20 (d)
6 3.912 (br d, 12.0) 62.61 (1) 3.912 (br d, 12.0) 62.61 (1) c4',5
3.699 (dd, 6.0, 12.0) 3.699 (dd, 6.0, 12.0)
1” 133.59 () 133.53 (s)
2" 6.827 (d, 2.0) 114.22 (d) 6.824 (d, 2.0) 114.34 (d) C-3", 4" 6", 7"
37 146.48 (s) 146.50 (s)
4" 146.64 (s) 146.64 (s)
5" 6.755 (d, 8.0) 116.29 (d) 6.762 (d, 8.0) 116.29 (d) C-1", 3", 4"
6" 6.689 (dd, 2.0, 8.0) 119.04 (d) 6.696 (dd, 2.0, 8.0) 119.16 (d) C-2", 4", 7"
7" 5.370 (d, 8.0) 95.13 (d) 5.359 (d, 8.5) 95.10 (d) C4,5,17,2", 6", 8", 9"
8" 4.449 (d, 8.0) 59.36 (d) 4.455 (d, 8.5) 59.36 (d) C4,5,6,1",7",9", 10", 14"
9” 145.73 () 145.50 (s)
10” 6.414 (dd, 1.7, 1.9) 109.00 (d) 6.421 (dd, 1.7, 1.8) 108.73 (d) C-8”, 117, 12", 14"
1" 160.52 (s) 160.40 (s)
12" 6.482 (dd, 2.1, 2.2) 103.88 (d) 6.482 (dd, 2.1, 2.2) 103.64 (d) C-107, 117, 13", 14"
13” 159.86 (s) 159.89 (s)
14" 6.347 (dd, 1.6, 1.7) 110.21 (d) 6.305 (dd, 1.6, 1.8) 110.32 (d) Cc-8”, 10", 12", 13"
1" 4.785 (d, 7.0) 102.29 (d) 4.869 (d, 7.5) 101.82 (d) c-117, 3", 5"
2" 3.32-3.50 (overlap) 74.81 (d) 3.32-3.50 (overlap) 74.86 (d)
3" 3.32-3.50 (overlap) 77.92 (d) 3.32-3.50 (overlap) 77.95 (d)
4" 3.32-3.50 (overlap) 71.18 (d) 3.32-3.50 (overlap) 71.04 (d)
5" 3.32-3.50 (overlap) 77.96 (d) 3.32-3.50 (overlap) 77.02 (d)
6" 3.803 (dd, 2.0, 12.0) 62.23 (1) 3.828 (dd, 2.0, 12.0) 62.33 (1) c-4" 5"

3.699 (overlap)

3.699 (overlap)

2 'H NMR chemical shifts followed by multiplicities and coupling constants in parentheses. Chemical shifts are given relative to TMS which was used as
a reference. Coupling constants J are in Hz. Spectra were measured at 500 MHz. Signals of 1a and 1b at the same position might be interchangeable.

> 13C NMR chemical shifts followed by multiplicities. Chemical shifts are given relative to TMS which was used as a reference. Spectra were measured at
125 MHz. Signals of 1a and 1b at the same position might be interchangeable.

¢ '"H-13C Long-range correlations (from H to C) observed in the HMBC spectrum.

3.817, 3.824 and ¢ 56.49 (2C)]. Considering that the bark
of Norway spruce contains yet another major stilbene glu-
coside, isorhapontin (Mannila and Talvitie, 1992), which is
actually 3-O-methylated astringin, the methoxyl group in
compounds 2a and 2b is very likely located at either the
C-3 or the C-3” position. Comparison of the NMR data
of 2a and 2b with those of 1a and 1b revealed that the
chemical shifts of C-3 and its surrounding carbons and pro-
tons in 2a and 2b remained almost unchanged, whereas the
signals for C-3"” and the surrounding carbons and protons
shifted significantly, implying the location of the additional
methoxyl groups at C-3”. This was confirmed by the pres-

ence of '"H-'2C long-range correlations between the meth-
oxyl protons and C-3” for both 2a and 2b in HMBC
experiments. It was therefore deduced that compounds 2a
and 2b are a pair of diastereomeric stilbene dimers formed
between astringin and isorhapontin, and were named
piceasides C and D, respectively (Fig. 1).

A mixture of compounds 3a and 3b was obtained as a
brown sticky solid having the same molecular formula
(C41H44015) as 2a and 2b, as deduced from positive
ESI-TOF-MS (m/z 847.5, [M+Na]") and negative ESI-
TOF-MS (m/z 823.2, [M—H]"). This was verified by high
resolution ESI-TOF-MS (m/z: 823.2402, [M—H]", calcd:
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1aR=H (7"R*, 8"R")
1b R =H (7"S* 8"S%)
2a R=CHs (7"R*, 8"R")
2b R = CH5 (7"S*, 8"8%)

OH

i’l 2 .
(0] 3 -
11 oﬁﬁ@“
1 5

OH

3aR=CH; (7"R", 8"R")
3b R =CHj; (7"S*, 8"S")
4aR=H (7"R*, 8"R")
4bR=H (7"S*, 8"S)

Fig. 1. Chemical structures of piceasides A (1a), B (1b), C (2a), D (2b), E (3a), F (3b), G (4a) and H (4b).

823.2449). The 'H NMR (Table 3) and 'H-'H COSY
spectra exhibited two separated and two partially overlap-
ping ABC spin systems due to the presence of 1,3,4-trisub-
stituted phenyl rings (rings A and C), two separated and
two completely overlapping ABC spin systems originating
from 1,3,5-trisubstituted phenyl rings (rings B and D), two
partially overlapping olefinic proton systems with large
coupling constants (J=16.3 and 16.1 Hz) diagnostic of
two trans-substituted double bonds, two pairs of AB dou-
blets between oy 4.74-4.85, four glucose moieties and a
methoxyl group. Most of these signals were also observed
in the '"H NMR spectra of the above two pairs of com-
pounds, suggesting that compounds 3a and 3b were again
a pair of related diastereomeric stilbene glucoside dimers.
The major difference between this pair and the above two
pairs can be attributed to the structures of rings C and E,
in which a 1,3,4,5-tetrasubstituted phenyl ring (AM spin
system) and a dihydrofuran ring (AX spin system) in
1a-2b were replaced, respectively by a 1,3,4-trisubstituted
phenyl ring (ABC spin system) and a dihydro-1,4-dioxin
ring (AB spin system) in 3a and 3b. The characterization
of ring E in 3a and 3b as a dihydro-1,4-dioxin was based
mainly on the dramatic downfield shift of H-8"/C-8"
(from ca. dy/c 4.5/59 in lab-2ab to ca. Jysc 4.8/82 in
3ab) and the upfield shift of H-7"/C-7" (from ca. Syyc
5.4/95 in 1ab-2ab to ca. dyyc 4.8/82 in 3ab). Thus com-

pounds 3a and 3b were identified as another type of stil-
bene glucoside dimers in Norway spruce, having the
same skeleton as cassigarols E and F (Baba et al,
1994), two stilbene dimers which were identified from Cas-
sia garrettiana after acetylation.

Determination of the connections between the two stil-
bene units in this particular type of compound is not trivial.
The use of routine HMBC experiments, as indicated in the
literature (Baba et al., 1994), is problematic due to the
inherent difficulty in obtaining definitive correlations from
H-7" and H-8" through the oxygen bridge to C-3 and C-4.
Biosynthetic considerations are sometimes invoked for elu-
cidating such structures, but this could lead to ambiguous
structures like maackin-cis from Maackia amurensis
(Kulesh et al., 1999) and maackin from Caragana rosea
(Yang et al., 2005). These compounds are probably identi-
cal with cassigarol F and its trans-isomer cassigarol E
(Baba et al., 1994), respectively, since no details were
reported on how their two structural units were connected.
Recently, a Constant Time-HMBC method (Xiang et al.,
2005) was applied for the structure determination of cassi-
garols E and G, and the decisive correlations were success-
fully achieved. To detect the HMBC correlations between
H-7" and C-3 and between H-8" and C-4 of compounds
3a and 3b, it was sufficient in our hands to set the digital
resolution (time domain) in the '*C dimension to 256 or
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Table 2
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'H and '3C NMR data and "H-'3C long-range correlations of 2a and 2b

Position on (2a) dc (2a)° S (2b)? dc (2b)° HMBC (2a and 2b)°
1 133.11 (s) 133.15 ()
2 6.947 (br s) 115.25 (d) 6.950 (br s) 115.18 (d) C4,6,7,8
3 142.54 (s) 142.54 (s)
4 148.69 (s) 148.69 (s)
5 133.22 (s) 133.19 (s)
6 6.695 (br s) 115.96 (d) 6.718 (br s) 11591 (d) C-2,4,5,7
7 6.952 (d, 16.0) 130.23 (d) 6.956 (d, 16.0) 130.20 (d) C-2,6,8,9
8 6.780 (d, 16.0) 127.34 (d) 6.795 (d, 16.0) 127.30 (d) C-1,7,9, 10, 14
9 141.30 (s) 141.31 (s)
10 6.745 (dd, 1.6, 1.9) 107.10 (d) 6.748 (dd, 1.6, 2.0) 107.16 (d) C-8, 11,12, 14
11 160.48 (s) 160.48 (s)
12 6.431 (dd, 2.0, 2.1) 104.29 (d) 6.431 (dd, 2.0, 2.1) 104.29 (d) C-10, 11, 13, 14
13 159.61 (s) 159.61 (s)
14 6.587 (dd, 1.6, 1.7) 108.41 (d) 6.587 (dd, 1.6, 1.7) 108.41 (d) C-8, 10, 12, 13
il 4.489 (d, 7.4) 102.39 (d) 4.489 (d, 7.4) 102.39 (d) C-11,3, 5
2/ 3.31-3.49 (overlap) 75.00 (d) 3.31-3.49 (overlap) 75.00 (d)
3 3.31-3.49 (overlap) 78.07 (d) 3.31-3.49 (overlap) 78.07 (d)
4/ 3.31-3.49 (overlap) 71.55 (d) 3.31-3.49 (overlap) 71.53 (d)
5! 3.31-3.49 (overlap) 78.23 (d) 3.31-3.49 (overlap) 78.23 (d)
6 3.908 (br d, 12.0) 62.64 (1) 3.908 (br d, 12.0) 62.64 (1) c4',5
3.693 (dd, 5.8, 12.0) 3.693 (dd, 5.8, 12.0)
1” 133.29 (s) 133.31 (s)
o 6.943 (d, 1.8) 110.81 (d) 6.954 (d, 1.9) 110.91 (d) C-3", 4", 6", 7"
3 149.16 (s) 149.16 (s)
4 147.85 (s) 147.87 (s)
5" 6.781 (d, 7.9) 116.21 (d) 6.786 (d, 8.0) 116.21 (d) C-1", 3", 4"
6" 6.800 (overlap) 120.25 (d) 6.805 (overlap) 120.38 (d) C-2", 4", 7"
7" 5.434 (d, 8.5) 95.21 (d) 5.428 (d, 8.5) 95.16 (d) C4,5,1",2",6",8",9"
8" 4.480 (d, 8.5) 59.39 (d) 4.487 (d, 8.5) 59.37 (d) C4,5,6,1",7",9", 10", 14"
9” 145.47 (s) 145.28 (s)
10" 6.419 (dd, 1.6, 2.1) 109.09 (d) 6.431 (overlap) 108.90 (d) c-8", 117, 12, 14"
11 160.55 (s) 160.46 (s)
12" 6.490 (dd, 2.1, 2.2) 103.95 (d) 6.492 (dd, 2.1, 2.2) 103.72 (d) C-107, 117, 13", 14"
13" 159.91 (s) 159.92 (s)
14" 6.351 (dd, 1.6, 1.9) 110.40 (d) 6.313 (dd, 1.6, 1.9) 110.51 (d) c-8", 107, 12, 13"
1 4.796 (d, 7.4) 102.29 (d) 4.869 (d, 7.3) 101.92 (d) C-117, 37, 5"
2" 3.31-3.49 (overlap) 74.88 (d) 3.31-3.49 (overlap) 74.84 (d)
3" 3.31-3.49 (overlap) 77.98 (d) 3.31-3.49 (overlap) 77.95 (d)
4" 3.31-3.49 (overlap) 71.06 (d) 3.31-3.49 (overlap) 71.24 (d)
5" 3.31-3.49 (overlap) 78.09 (d) 3.31-3.49 (overlap) 78.01 (d)
6" 3.787 (dd, 2.3, 12.1) 62.25 (1) 3.822 (dd, 2.3, 12.0) 62.38 (1) c-4m, 5"
3.688 (overlap) 3.688 (overlap)
OCH; 3.817 (3H, ¢q) 56.49 (q) 3.824 (3H, ¢) 56.49 (q) Cc-3”

2 'H NMR chemical shifts followed by multiplicities and coupling constants in parentheses. Chemical shifts are given relative to TMS which was used as
a reference. Coupling constants J are in Hz. Spectra were measured at 500 MHz. Signals of 2a and 2b at the same position might be interchangeable.

® 13C NMR chemical shifts followed by multiplicities. Chemical shifts are given relative to TMS which was used as a reference. Spectra were measured at
125 MHz. Signals of 2a and 2b at the same position might be interchangeable.

¢ 'H-13C Long-range correlations (from H to C) observed in the HMBC spectrum.

512 K data points and enhance sensitivity by using a cryo-
genically cooled probe and a long measuring time. The
observed cross peaks (Fig. 2) unequivocally indicated the
presence of C-7"-O-C-3 and C-8'-O-C—4 linkages. The
assignment of the glucose units to rings B and D, and the
methoxyl groups to C-3” were based on HMBC correla-
tions between the protons at the anomeric centres and C-
11 and C-11”, and between the methyl protons and C-3”,
respectively. Furthermore, these assignments were consis-
tent with the chemical shifts of related signals in the 'H
and '3C NMR spectra (Table 3). The trans configuration

at C-7" and C-8” in 3a and 3b was established from the cou-
pling constant between H-7" and H-8" (J = 8.1 Hz) and the
ROESY correlations observed (Table 5). Variable-temper-
ature 'H NMR studies (7-50 °C in methanol-d, and 80 °C
in DMSO-dg) suggested that these two isomers, like 1ab
and 2ab, are not interchangeable, i.e. are not rotational iso-
mers. Similarly, enzymatic hydrolysis of 3a and 3b led to a
racemic mixture of new aglycones with only one set of
NMR signals and no CD absorption, similar to the prop-
erties of the aglycones formed from 1a and 1b. Compounds
3a and 3b were accordingly characterized as another pair of
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Table 3
'H and '3C NMR data and "H-'3C long-range correlations of 3a and 3b
Position ou (3a)? dc (3a)® Su (3b)? 5¢c (3b)® HMBC (3a and 3b)°
1 132.66 (s) 132.63 ()
7.176 (d, 2.0) 115.95 (d) 7.168 (d, 2.0) 115.95 (d) C-1,3,4,6,7
3 145.47 (s) 145.47 (s)
4 145.04 (s) 145.11 (s)
5 6.966 (d, 8.4) 118.26 (d) 6.948 (d, 8.4) 118.23 (d) C-1,3,4,6
6 7.092 (dd, 2.0, 8.4) 121.31 (d) 7.081 (dd, 2.0, 8.4) 121.31 (d) C-2,4,7
7 7.027 (d, 16.3) 129.64 (d) 7.024 (d, 16.0) 129.64 (d) C-1,2,6,8,9
8 6.904 (d, 16.3) 128.18 (d) 6.908 (d, 16.0) 128.18 (d) C-1,7,9, 10, 14
9 141.15 (s) 141.15 (5)
10 6.811 (overlap) 107.23 (d) 6.808 (overlap) 107.23 (d) C-8, 11, 12, 14
11 160.51 (s) 160.51 (s)
12 6.469 (dd, 1.8, 2.2) 104.43 (d) 6.468 (dd, 1.7, 2.3) 104.43 (d) C-10, 11, 13, 14
13 159.65 (s) 159.65 (s)
14 6.638 (overlap) 108.57 (d) 6.637 (overlap) 108.57 (d) C-8, 10, 12, 13
Iy 4.900 (d, 7.4) 102.43 (d) 4.900 (d, 7.4) 102.13 (d) C-11, 3, 5
2/ 3.26-3.50 (overlap) 74.99 (d) 3.26-3.50 (overlap) 74.99 (d)
3 3.26-3.50 (overlap) 78.07 (d) 3.26-3.50 (overlap) 78.07 (d)
4 3.26-3.50 (overlap) 71.52 (d) 3.26-3.50 (overlap) 71.52 (d)
5 3.26-3.50 (overlap) 78.26 (d) 3.26-3.50 (overlap) 78.26 (d)
6 3.931 (d, 12.0) 62.62 (1) 3.926 (d, 12.0) 62.62 (1) c4',5
3.711 (dd, 5.9, 12.0) 3.711 (dd, 5.9, 12.0) Cc4',5'
1” 129.33 (s) 129.19 (s)
2" 6.688 (d, 2.0) 112.47 (d) 6.660 (d, 1.8) 112.47 (d) C-17, 3", 4", 6", 7"
3" 148.72 (s) 148.72 (s)
4 147.86 (s) 147.86 (s)
5" 6.704 (d, 8.2) 115.86 (d) 6.688 (d, 8.4) 115.85 (d) C-17,3", 4", 6"
6" 6.596 (dd, 2.0, 8.2) 121.88 (d) 6.641 (dd, 1.8, 8.4) 121.77 (d) cor 4,7
7" 4.756 (d, 8.1) 82.02 (d) 4.839 (d, 8.1) 81.74 (d) C-3,17,2",6",8", 9"
8" 4.797 (d, 8.1) 82.22 (d) 4.797 (d, 8.1) 82.21 (d) C4,17,7,9, 10", 14"
9" 140.14 (s) 140.26 (s)
10” 6.182 (dd, 1.6, 1.8) 108.44 (d) 6.462 (dd, 1.6, 1.9) 109.06 (d) C-8", 117, 12", 14"
1 159.94 (s) 160.08 (s)
12" 6.437 (dd, 2.2, 2.3) 105.27 (d) 6.477 (dd, 2.2, 2.3) 105.56 (d) C-107, 117, 13", 14"
13" 159.33 (s) 159.36 (s)
14" 6.407 (dd, 1.6, 2.1) 109.70 (d) 6.241 (dd, 1.6, 1.8) 110.53 (d) C-8”, 10", 12", 13"
1" 4.439 (d, 1.7) 102.64 (d) 4.751 (d, 1.7) 102.68 (d) Cc-117, 5"
2" 3.26-3.50 (overlap) 74.87 (d) 3.26-3.50 (overlap) 74.82 (d)
3" 3.26-3.50 (overlap) 77.93 (d) 3.26-3.50 (overlap) 77.83 (d)
4" 3.26-3.50 (overlap) 71.41 (d) 3.26-3.50 (overlap) 71.23 (d)
5" 3.26-3.50 (overlap) 78.02 (d) 3.26-3.50 (overlap) 77.97 (d)
6" 3.853 (br d, 12.2) 62.53 (1) 3.849 (br d, 12.0) 62.42 (1) c-4", 5"
3.670 (dd, 5.5, 12.2) 3.709 (overlap) C-4" 5"
OCH; 3.724 (3H, s) 56.54 (q) 3.741 (3H, s) 56.51 (q) Cc-3”

2 'H NMR chemical shifts followed by multiplicities and coupling constants in parentheses. Chemical shifts are given relative to TMS which was used as
a reference. Coupling constants J are in Hz. Spectra were measured at 500 MHz. Signals of 3a and 3b at the same position might be interchangeable.

® 13C NMR chemical shifts followed by multiplicities. Chemical shifts are given relative to TMS which was used as a reference. Spectra were measured at
125 MHz. Signals of 3a and 3b at the same position might be interchangeable.

¢ 'H-13C Long-range correlations (from H to C) observed in the HMBC spectrum.

diastereomeric stilbene dimers constituted from astringin
and isorhapontin units, and named piceasides E and F,
respectively (Fig. 1).

The mixture of compounds 4a and 4b was isolated as a
pale brown amorphous solid, and their molecular formula
of C4oH4015 (identical to that of 1a and 1b) was estab-
lished by positive ESI-TOF-MS (m/z 833.5, [M + NaJ")
and negative ESI-TOF-MS (m/z 809.3, [M—H]"), and con-
firmed by high resolution ESI-TOF-MS (m/z: 809.2256,
[M—H]", 809.2293). Inspection of their 1D ("H and '*C)
and 2D ("H-'H COSY, HSQC and HMBC) NMR data

(Table 4) suggests that the basic skeleton of 4a and 4b is
the same as that of 3a and 3b. The only difference between
the two pairs of compounds was the missing 3”-O-methyl
group. Hence compounds 4a and 4b were concluded to
again be a pair of diastereomeric astringin dimers, and
named piceasides G and H, respectively (Fig. 1).

In previous work, monomeric stilbene glucosides, espe-
cially astringin and isorhapontin, were found to be pre-
dominant phenolics in the bark of Norway spruce
(Mannila and Talvitie, 1992). While the bark was also pro-
posed to contain stilbene polymers (Tisler and Muck,
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ppm
—138

N (B a)\| 140
142
H-8"a/C-4a 144

H-8"b/C-4b —146

H-7"'b/C-3b H-7"’a/C-3a

T | T
4.85 4.80 4.75 ppm

Fig. 2. Partial HMBC spectrum of compounds 3a and 3b showing the
correlations between the two structural units (Sample concentration:
6 mg/ml; TD: F2 =4k, F1 = 256; NS = 104).

1999), none of these compounds were isolated and charac-
terized until this report.

Comparing the optical activity of other stilbene dimers,
maackin A, a dihydrofuran-type stilbene dimer whose
structure is identical with the aglycone of 1a or 1b, was
isolated as an optically active compound [CD (¢ 4.0,
MeOH): [0]60 = 1920 (br)] (Kulesh et al., 1999). Its cis-
isomer (maackin A-cis) showed also CD absorption (CD
(¢ 4.0, MeOH): [0]4g = +1300) (Kulesh et al., 1999).
Another similar stilbene dimer, resveratrol (E)-dehydrodi-
mer, which bears two hydroxyl substituents less than
maackin A at rings A and C, was also reported to be opti-
cally active but with rather small optical rotation values,
[0]¥ — 1.7 (¢ 0.23, MeOH) (Cichewicz et al., 2000) and
[o] ?3 —1.15 (¢ 7.3, acetone) (Waffo-Teguo et al., 2001).
Parvifolol D, having an additional O-methyl group
attached to 3-OH of the aglycone of 2a or 2b, showed
[¢]p + 7 (¢ 0.11, MeOH) (Tanaka et al., 2001). Scirpusin
B, a e-type stilbene dimer also containing a dihydrofuran
ring, was optically inactive (Baba et al., 1994) whereas its
cis-isomer, scirpusin B-cis showed a CD effect (CD (¢ 4.0,
MeOH): [0]r60 = —1047) (Kulesh et al., 1999). A dihydro-
1,4-dioxin-type stilbene dimer, cassigarol E, having the
same structure as the aglycone of 4a and 4b, was optically
inactive (Baba et al., 1994). However, the two structures,
maackin and maackin-cis, which might be cassigarol E
and its cis-isomer cassigarol F, were reported to have
[oc]lz)o —57.0 (¢ 0.40, MeOH) (Yang et al., 2005) and CD
(¢ 4.0, MeOH): [0]n=+74, [0]so= —831 (Kulesh
et al., 1999), respectively. Obviously some of these values
are not convincing due to their small optical rotation val-
ues or are contradictory and therefore may need to be
reinvestigated. An interesting biomimic transformation
of resveratrol with peroxidases and thallium (III) nitrate
was shown to result in a high yield (68%) of the dimer,
(&£)-e-viniferin (Takaya et al., 2005). All of the above evi-
dence suggest that some stilbene dimers of both the
dihydrofuran-type and dihydro-1,4-dioxin-types exist as
racemates in plants, which could well explain why the stil-

bene glucoside dimers from Norway spruce were all
obtained as pairs of diastereomers.

In order to shed more light on these interesting struc-
tures, two pairs of compounds (1a and 1b, 4a and 4b) were
selected for density functional calculations at the
TPSS(RI)/def2-SVP level of theory; a relatively high level
of theory which essentially ensures thermodynamical accu-
racy. In order to employ this level of theory, it proved nec-
essary to simplify the structures somewhat. All four
structures share the same flexible “tail” which is quite
remote from the centers of interest (7", 8”). The steric ““stiff-
ness” of the planar E/C ring ensures that this tail cannot
undergo specific interactions with the possible diasteromer-
ic region. This allows for simplification of the structures by
eliminating the “tail” (cutting it off between C-1 and C-7)
without significantly affecting the relative energies of the
substructures of interest. Four new partial structures 1a’,
1b’ and 4a’, 4b were generated in this manner and fully
optimized at the TPSS(RI)/def2-SVP level of theory. All
four are viable conformational minima and can thus be
expected to be experimentally present. The small energy
differences  between  the  pairs of  structures
(AE1y 1y = 1.8 kJ/mol and AEyy 4y = 3.4 kJ/mol) clearly
reinforces the view that these compounds share a diastero-
meric relationship. The energy difference is slightly smaller
for the 1a’, 1b’ pair due to the presence of a stabilizing
intramolecular hydrogen bond between 6”-OH and 3-OH
which is not present in either 4a’ or 4b’. It is quite interest-
ing that the relative energies calculated for compounds 1a/
b and 4alb is with 31.8 kJ/mol (AEy 4v) and 26.6 kJ/mol
(AE,y 4y) an entire magnitude of order larger. This indi-
cates that the dihydrofuran type stilbene dimers are ther-
modynamically considerably more stable than the
dihydro-1,4-dioxin-type dimers. This may be the reason
why most stilbene dimers isolated from the plants contain
a dihydrofuran ring whereas only a few possess a dihy-
dro-1,4-dioxin moiety.

The existence of stilbene glucoside dimers in Norway
spruce raises questions about their biosynthesis. Since,
as in the monomeric stilbene glucosides astringin and iso-
rhapontin, glucosyl moieties are attached regiospecifically
to one of the hydroxyl groups of the acetogenic aryl but
not the phenylpropanoid-derived ring, one could speculate
that glucosidation occurs prior to rather than after dimer-
ization. Dimerization after conjugation is also more rea-
sonable because the monomer glucosides are abundant
in Norway spruce bark while the monomer aglycones
occur only in trace amounts. It has been suggested that
peroxidases and dirigent proteins might be involved in
the dimerization of resveratrol to ¢-viniferin and J-vinifer-
in (Pezet et al., 2004). Interestingly, a family of dirigent
proteins and dirigent protein-like genes associated with
wound- and insect induced defense response was recently
identified in Sitka spruce (Picea sitchensis) (Ralph et al.,
2006). Further work is needed to understand more about
the biosynthesis of stilbene dimers and their functions in
the plant.
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Position oy (4a)® S (4a)° oy (4b)? dc (4b)° HMBC (4a and 4b)°
1 132.55 (s) 132.51 (s)
2 7.164 (d, 2.0) 115.76 (d) 7.153 (d, 2.0) 115.76 (d) C-1,3,4,6,7
3 145.41 (5) 145.41 (5)
4 144.92 (5) 145.01 (s)
5 6.968 (d, 8.4) 118.17 (d) 6.943 (d, 8.4) 118.13 (d) C-1,3,4,6
6 7.092 (dd, 2.0, 8.4) 121.19 (d) 7.082 (dd, 2.0, 8.4) 121.19 (d) C-2,4,7
7 7.033 (d, 16.3) 129.60 (d) 7.028 (d, 16.1) 129.60 (d) C-1,2,6,8,9
8 6.909 (d, 16.3) 128.09 (d) 6.915 (d, 16.1) 128.07 (d) C-1,7,9, 10, 14
9 141.09 (s) 141.09 (5)
10 6.810 (dd, 1.6, 1.7) 107.18 (d) 6.814 (dd, 1.5, 1.7) 107.18 (d) C-8, 11, 12, 14
11 160.42 (s) 160.42 (s)
12 6.463 (overlap) 104.35 (d) 6.463 (overlap) 104.35 (d) C-10, 11, 13, 14
13 159.55 (5) 159.55 (s)
14 6.634 (overlap) 108.49 (d) 6.634 (overlap) 108.49 (d) C-8, 10, 12, 13
1 4.897 (d, 7.1) 102.34 (d) 4.897 (d, 7.1) 102.34 (d) C-11, 3", 5
2/ 3.28-3.49 (overlap) 74.92 (d) 3.28-3.49 (overlap) 74.92 (d)
3 3.28-3.49 (overlap) 77.98 (d) 3.28-3.49 (overlap) 77.98 (d)
4! 3.28-3.49 (overlap) 71.43 (d) 3.28-3.49 (overlap) 71.43 (d)
5 3.28-3.49 (overlap) 78.17 (d) 3.28-3.49 (overlap) 78.17 (d)
6 3.930 (dd, 2.2, 12.1) 62.54 (1) 3.930 (dd, 2.2, 12.1) 62.54 (1) c4',5
3.709 (dd, 6.0, 12.1) 3.709 (dd, 6.0, 12.1) c4, 5
1 129.44 (s) 129.27 (s)
b 6.691 (d, 2.1) 115.87 (d) 6.663 (d, 2.0) 115.87 (d) C-17, 3", 4", 6", 7"
37 146.10 (s) 146.09 (s)
4 146.69 (5) 146.63 (5)
5" 6.654 (d, 8.1) 116.02 (d) 6.641 (d, 8.2) 116.02 (d) C-1",3", 4", 6"
6" 6.417 (dd, 2.1, 8.1) 121.05 (d) 6.483 (dd, 2.0, 8.2) 120.81 (d) C-2", 47, 5", 7"
7" 4.676 (d, 8.0) 81.96 (d) 4.773 (d, 8.0) 81.63 (d) C-3,17,2",6", 8", 9"
8" 4.803 (d, 8.0) 82.00 (d) 4811 (d, 8.0) 81.94 (d) C-1",7",9", 10", 14"
9” 140.07 (s) 140.21 (s)
10" 6.165 (dd, 1.7, 1.8) 108.45 (d) 6.466 (overlap) 108.97 (d) c-8”, 117, 127, 14"
1" 159.77 (s) 159.91 (s)
12 6.414 (dd, 2.1, 2.2) 105.22 (d) 6.457 (dd, 2.1, 2.2) 105.46 (d) C-107, 117, 13", 14"
13" 159.17 (s) 159.15 (s)
14" 6.439 (dd, 1.6, 1.8) 109.40 (d) 6.261 (dd, 1.6, 1.8) 110.36 (d) c-8”, 107, 127, 13"
1" 4.414 (d, 1.7) 102.61 (d) 4.753 (d, 7.6) 102.54 (d) Cc-117, 5"
2" 3.28-3.49 (overlap) 74.80 (d) 3.28-3.49 (overlap) 74.76 (d)
3" 3.28-3.49 (overlap) 77.74 (d) 3.28-3.49 (overlap) 77.75 (d)
4" 3.28-3.49 (overlap) 71.18 (d) 3.28-3.49 (overlap) 71.25 (d)
5" 3.28-3.49 (overlap) 77.86 (d) 3.28-3.49 (overlap) 77.93 (d)
6" 3.861 (dd, 2.0, 12.1) 62.39 (1) 3.869 (dd, 1.8, 11.7) 62.36 (1) 4", 5"
3.691 (dd, 4.9, 12.1) 3.714 (dd, 4.7, 11.7) Cc-4" 5"

2 'H NMR chemical shifts followed by multiplicities and coupling constants in parentheses. Chemical shifts are given relative to TMS which was used as
a reference. Coupling constants J are in Hz. Spectra were measured at 500 MHz. Signals of 4a and 4b at the same position might be interchangeable.

> 13C NMR chemical shifts followed by multiplicities. Chemical shifts are given relative to TMS which was used as a reference. Spectra were measured at
125 MHz. Signals of 4a and 4b at the same position might be interchangeable.

¢ "H-13C Long-range correlations (from H to C) observed in the HMBC spectrum.

3. Experimental
3.1. General experimental procedures

'"H and 2D NMR (COSY, HSQC, HMBC, ROESY)
experiments were performed on a Bruker Avance 500
NMR spectrometer equipped with a cryogenic TXI probe-
head. '*C NMR experiments were carried out on a Bruker
DRX 500 NMR spectrometer. ESI-TOF-MS and HR ESI-
TOF-MS were run on a Quattro triple quadrupole mass
spectrometer. IR spectra were recorded on a Bruker
IFS55 spectrometer with KBr pellets. UV spectral data

were taken on a Varian UV-Vis Cary spectrophotometer.
Optical rotations were measured on a Propol Digital Auto-
matic Polarimeter. CD measurements were realized on a
Jasco J-810 spectropolarimeter. Column chromatography
was performed either on Sephadex LH-20 (Amersham Bio-
sciences AB, Uppsala, Sweden) or on MCI gel (70-150 pm,
Mitsubishi Chemical Corporation, Tokyo, Japan). Frac-
tions were monitored by TLC on silica gel and spots were
visualized under UV light (254 nm) first, and then by heat-
ing plates sprayed with 10% H,SO,4 in EtOH. Semiprepar-
ative reversed-phase HPLC isolations were performed on a
Merck-Hitachi HPLC system composed of a L-4250 UV-
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Table 5
Selected ROESY correlations of piceasides A and B (1a and 1b) and
piceasides E and F (3a and 3b)

Proton 1a and 1b 3a and 3b
H-2 H-7 H-7, 8
H-6 H-14"

H-7 H-2, 14 H-2, 14
H-8 H-14 H-2, 14
H-10 H-1’ H-1’

H-14 H-7, 8 H-7, 8
H-1’ H-10 H-10

H-2" H-8" H-8"”, OCH;
H-6" H-8” H-8"

H-7" H-10", 14" H-10", 14”
H-8" H-2". 6" H-2". ¢"
H_lOII H_7//’ 1/// H_7N 1///
H-14" H-6, ,7” H-7”’
H-1" H-10" H-10"

Vis detector and a L-6200A Intelligent Pump. The purifica-
tions were completed on a LiChrospher column
(250 x 10 mm, 10 pm, LichroCART®, Germany) with flow
rate of 3.0 mL/min and detection at 254 nm. All solvents
used were of analytical or HPLC grade (Merck, Darms-
tadt, Germany).

3.2. Plant material

Two samples of Norway spruce (Picea abies (L.) Kars.
Pinaceae) bark were used in this study. One was harvested
from four 4-year-old saplings (clone 3369 Schongau) grow-
ing outdoors at the Max Planck Institute for Chemical
Ecology (Jena, Germany) in October 2004. These were
originally obtained from Samenklenge und Pflanzgarten
(Laufen, Germany) in November 2003. The other sample
was harvested from a randomly selected tree (approxi-
mately 25 m high) growing near Jena in January 2005.

3.3. Extraction and isolation

The bark of four saplings was peeled off with a blade,
frozen immediately in liquid nitrogen, and lyophilized to
give 150 g of dry material. A 100 g portion was ground into
small pieces in a mortar with liquid nitrogen, and exhaus-
tively extracted with 70% aqueous acetone (4 x 800 ml) by
maceration at room temperature. The extracts were com-
bined and evaporated in vacuo at 35°C to remove the
organic solvent and further concentrated to ca. 300 ml at
the same temperature. Sequential partitioning with n-hex-
ane, CHCl; and EtOAc (4 x 400 ml each) and evaporation
to dryness afforded four extracts: an n-hexane extract
(1.9 g), a CHCl; extract (0.9 g), an EtOAc extract (3.3 g),
and an aqueous phase (27.0 g). The aqueous phase was
subjected to column chromatography on a Sephadex LH-
20 column eluted with H,O, EtOH and 70% aqueous
Me,CO to give three fractions WI-W3. Fraction W3
(eluted with 70% aqueous Me,CO) was further chromato-
graphed on an MCI gel column with a MeOH/H,O gradi-
ent (0%, 30%, 50%, 70%, 100%) to give five subfractions A—

E. The eluent of subfraction B (30% MeOH) was again
chromatographed on MCI gel eluting with a gradient of
MeOH/H,0 (20%, 30%, 40%, 50%, 100%). A crude sample
mainly containing 1a and 1b was obtained from the 40%
MeOH eluate, which was further purified on a Sephadex
LH-20 column with MeOH as ecluent to yield 1a and 1b
(10 mg). The eluent of subfraction C (50% MeOH) was sep-
arated by repeated semipreparative HPLC (A: H,O, B:
MeCN; 0-10 min: isocratic 20%B, 10-20 min: linear gradi-
ent of 20-30% of B, 20-30 min: linear gradient of 30-40%
of B) to give 4a and 4b (15 mg) with R, of 21.0 min. Simi-
larly, compounds 3a and 3b (12 mg) were furnished from
subfraction D with R; of 13.94 min by using the same
mobile phases but different gradients (0-10 min: isocratic
20%B, 10-17 min: linear gradient of 20-26% of B).

The bark (50 g) of the large tree was harvested with a
blade at ca. 1.5 m above the ground, chopped into small
slices and frozen immediately in liquid nitrogen. The frozen
sample was milled directly without lyophilization, and then
steeped in 70% aqueous acetone (500 ml) and exhaustively
extracted as described above. The extracts were combined
and partially evaporated in vacuo at 35°C to remove
acetone and gave a milky aqueous suspension, which was
partitioned with EtOAc to remove lipophilic substances.
The water-soluble part was directly subjected to column
chromatography on MCI gel (300 g) eluting with a gradient
of MeOH/H,0 (0%-15%-30%-50%-100%) to result in five
fractions I-V. Fraction III (30% MeOH) was again chro-
matographed on MCI gel (100 g) with 25% — 30% —
35% — 40% — 50% MeOH in H,O as eluents to provide
crude compounds 2a and 2b (in 35% MeOH eluate), which
was further purified on a Sephadex LH-20 column (100 g)
with MeOH as eluent to yield 2a and 2b (6 mg). In a similar
way, 10 mg of compounds 4a and 4b was also obtained
from fraction IV (50% MeOH).

3.4. Piceasides A and B (la and 1b)

Dark brown amorphous solid; [«]5y” — 35.6° (¢ = 0.153,
CH;0H); UV (CH;OH) Jma.x (loge): 203 (4.4), 331
(3.8) nm; IR vpa (KBr): 3265, 2924, 2840, 1598, 1505,
1447, 1337, 1287, 1171, 1073, 1013cm™'; 'H NMR
(CD;0D, 500 MHz) and '*C NMR (CD;OD, 125 MHz):
see Table 1; Positive ESI-TOF-MS, m/z (rel. int.): 833.5
[M+Na]" (49); Negative ESI-TOF-MS, m/z (rel. int.):
809.3 [M—H]~ (100); HR ESI-TOF-MS, m/z: 809.2259
(calcd. for C40H41018, 8092293)

3.5. Enzymatic hydrolysis of 1a and 1b

In a 1 ml Eppendorf tube, 0.9 mg of compounds 1a and
1b were dissolved in 0.5 ml of Mcllvain buffer (pH ~ 3)
which was prepared by mixing 75 ml of citric acid solution
(21.008 g CcHgO7 - H,O in 1000 ml H,O) with 25 ml of
Na,HPO, solution (35.62 g in 1000 ml H,O). Cellulase
(2 mg) was suspended in the above solution and incubated
with a Thermomixer at 37 °C and 1400 rpm for 24 h. The
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reaction mixture was extracted with 4 x 0.5 ml of EtOAc
and dried with a stream of nitrogen to give 0.61 mg of agly-
cone. Aglycone of piceasides A and B: brown amorphous
solid; '"H NMR (CD;0D, 500 MHz): dy 6.92 (1H, d,
J=1.5 Hz, H-2), 6.89 (1H, d, J=16.2 Hz, H-7), 6.81
(IH, d, J=2.0 Hz, H-2"), 6.75 (1H, d, J = 8.1 Hz, H-5"),
6.73 (1H, d, J=162Hz, H-8), 6.69 (1H, dd, J=2.0,
8.1 Hz, H-6"), 6.68 (1H, overlap, H-6), 6.41 (2H, d,
J=2.2Hz, H-10 and H-14), 6.17 (1H, ¢, J=2.2 Hz, H-
12"), 6.13 (2H, d, J=2.2Hz, H-10" and H-14"), 6.13
(IH, ¢, J=2.2Hz, H-12), 534 (1H, d, J=8.2 Hz, H-7"),
4.37 (1H, d, J = 8.2 Hz, H-8"); CD: no absorption.

3.6. Piceasides C and D (2a and 2b)

Pale brown amorphous solid; [¢]5° — 55.4° (¢ = 0.108,
CH;0H); UV (CH;0H) ZAn.x (loge): 204 (4.5), 329
(3.9) nm; IR v, (KBr): 3274, 2924, 1594, 1514, 1448,
1335, 1272, 1221, 1161, 1125, 1068, 1017, 962, 813, 746,
657 cm™'; "H NMR (CD;0D, 500 MHz) and '*C NMR
(CD;0D, 125 MHz): see Table 2; Positive ESI-TOF-MS,
m/z (rel. int.): 847.5 [M+Na]" (30); Negative ESI-TOF-
MS, m/z (rel. int.): 823.4 [M—H]™ (100); HR ESI-TOF-
MS, m/z: 823.2403 (caled. for C4H430,5, 823.2449).

3.7. Piceasides E and F (3a and 3b)

Brown sticky solid; [«]y” — 41.9° (¢ = 0.156, CH;0H);
UV (CH30H) Jipax (loge): 202 (4.3), 323 (3.9) nm; IR vax
(KBr): 3294, 2923, 1596, 1505, 1455, 1340, 1269, 1169,
1121, 1074, 1022, 824, 765, 687 cm™'; '"H NMR (CD;0D,
500 MHz) and '*C NMR (CD;0D, 125 MHz): see Table
3; Positive ESI-TOF-MS, m/z (rel. int.): 847.5 [M+Na]"
(100); Negative ESI-TOF-MS, m/z (rel. int.): 823.2
[M—H]™ (100); HR ESI-TOF-MS, m/z: 823.2402 (calcd.
for C41H43018, 8232449)

3.8. Enzymatic hydrolysis of 3a and 3b

In a similar way to 1a and 1b, 0.7 mg of 3a and 3b was
enzymatically hydrolyzed with cellulase to give 0.45 mg of
aglycone. Aglycone of piceasides E and F: brown amor-
phous solid; "H NMR (CD;OD, 500 MHz): 6y 7.17 (1H,
d, J=19 Hz, H-2), 7.08 (1H, dd, J=1.9, 8.4 Hz, H-6),
6.97 (1H, d, J = 16.2 Hz, H-7), 6.96 (1H, d, J = 8.4 Hz, H-
5), 6.87 (1H, d, J = 16.2 Hz, H-8), 6.69 (1H, d, J = 8.0 Hz,
H-5"), 6.65 (1H, dd, J=1.7, 8.0 Hz, H-6"), 6.63 (1H, d,
J=1.7Hz, H-2"), 6.46 (2H, d, J=2.1 Hz, H-10 and H-
14), 6.17 (1H, #, J = 2.1 Hz, H-12), 6.16 (1H, ¢, J = 2.2 Hz,
H-12"), 6.09 (2H, d, J=2.2 Hz, H-10" and H-14"), 4.81
(1H, d, J=17.9 Hz, H-7"), 4.72 (1H, d, J = 7.9 Hz, H-8"),
3.72 (3H, s, 3"-OCH3); CD: no absorption.

3.9. Piceasides G and H (4a and 4b)

Pale brown amorphous solid; [oc}]z;'9 —51.6° (¢=0.118,
CH;0H); UV (CH;0H) An.x (loge): 202 (4.3), 323

(3.9) nm; IR v, (KBr): 3321, 2924, 1601, 1506, 1454,
1339, 1270, 1166, 1117, 1070, 1042, 1018, 822, 682,
659 cm™'; '"H NMR (CD;OD, 500 MHz) and '*C NMR
(CD3;0D, 125 MHz): see Table 4; Positive ESI-TOF-MS,
m/z (rel. int.): 833.5 [M+Na]" (87); Negative ESI-TOF-
MS, m/z (rel. int.): 809.3 [M—H]™ (100); HR ESI-TOF-
MS, m/z: 809.2256 (caled. for C4oH4105, 809.2293).

3.10. Quantum chemical methodology

The program package ORCA (http://www.thch.uni-
bonn.de/tc/orca) was used for all calculations which were
performed employing the TPSS (Tao et al., 2003) density
functional in combination with the def2-SVP basis set
(Weigend and Ahlrichs, 2005). The resolution of identity
(RI) approximation (Eichkorn et al., 1995, 1997) was used
for all calculations.
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