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Abstract—Three new campherenane-type (1, 4, 7) and three new santalane-type (9, 11, 12) sesquiterpenoids, and two aromatic glycosides
(21, 22) together with 12 known metabolites including a,b-santalols (14, 18), (E)-a,b-santalals (15, 19), a,b-santaldiols (16, 20), a-santale-
noic acid (17), and vanillic acid 4-O-neohesperidoside were isolated from Santalum album chips of Indian origin. The structures of the new
compounds, including absolute configurations, were elucidated by 1D- and 2D-NMR spectroscopic and chemical methods. The antitumor
promoting activity of these isolates along with several neolignans previously isolated from the same source was evaluated for both in vitro
Epstein–Barr virus early antigen (EBV-EA) activation and in vivo two-stage carcinogenesis assays. Among them, compound 1 exhibited a
potent inhibitory effect on EBV-EA activation, and also strongly suppressed two-stage carcinogenesis on mouse skin.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The plants belonging to the genus Santalum (Santalaceae),
which are evergreen parasitic trees and consist of about
25 species, are distributed throughout India, Indonesia,
Malaysia, and Australia.1 Their essential oil (sandalwood
oil) is widely used in the cosmetic, perfumery, and aroma-
therapy industries and has been reported to have various
biological properties such as antiviral,2 anticarcinogenesis,3

and antitumor effects.4,5 Among the reported constituents
including sesquiterpenoids, triterpenoids,6–11 and phenyl-
propanoids,12 a-santalol, which is one of the major compo-
nents in most species of the Santalum genus, is responsible
for most of the activity of the oil. a-Santalol has particularly
attracted increasing attention for its neuroleptic prop-
erty13–15 and chemopreventive effect16–17 in in vitro and in
vivo bioassay systems. In our continuing study on minor
constituents of the heartwood of Indian S. album, grown
in the Mysore district, which is known as the best tree
producing sandalwood,18 we reported the isolation and
characterization of new neolignans19 and bisabolol-related
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sesquiterpenoids.20 Upon further investigation of the same
plant, we have isolated and characterized six new sesquiter-
penoids and two new phenolic glycosides, together with 12
known compounds that were structurally related to campher-
enane and santalane skeletons. We report herein the isolation
and structure elucidation of the new compounds, and their
inhibitory effect on EBV-EA activation in Raji cells, which
is used as a convenient in vitro assay for assessing antitumor
promoting activity. In vivo antitumor promoting activity
was also evaluated by two-stage mouse skin carcinogenesis
test.

2. Results and discussion

A methanol extract of chopped heartwood of S. album was
divided into n-hexane-, ethyl acetate-, and water-soluble
portions by solvent partition. The combination of chro-
matographic separation of the n-hexane, ethyl acetate, and
water-soluble extracts gave eight new compounds (1, 4, 7,
9, 11, 12, 21, and 22) and 12 known metabolites, 2a,12-
dihydroxy-10(Z)-campherene (2),21 2b,12-dihydroxy-10
(Z)-campherene (5),21 10(Z)-sandalnol (10),21 10(Z)-neo-
sandalnol (13),21 a-santalol (14),15,22 (E)-a-santalal (15),11

a-santaldiol (16),23 a-santalenoic acid (17),24 b-santalol
(18),15,25 (E)-b-santalal (19),11 b-santaldiol (20),24 and
vanillic acid 4-O-neohesperidoside.26
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Table 1. 1H NMR data for compounds 1, 4, 7, 9, and 12 in CDCl3
a

Position 1 4 7 9 11 12

1 — — — — — 1.89, m
2 4.06, ddd (9.6, 3 1.8) 3.64, dd (7.8, 3.6) 3.64, dd (7.2, 4.2) 3.29, d (1.8) 3.27, d (1.8) —
3b 2.17, ddd (13.2,

9.6, 4.8)
1.65, ddd (13.2,
4.2, 3.6)

1.72, ddd (13.2,
4.2, 3.6)

— — —

3a 0.99, dd (13.2, 3) 1.75, dd (13.2, 7.8) 1.74, dd (13.2, 7.2) —
4 1.79, t (4.8) 1.85, br t (4.2) 1.87, br t (3.6) 1.76, br d (3) 1.84, br d (3.6) 1.82, br d (1.8)
5b 1.68, ddd (13.2,

9.6, 4.8)
1.61, dd (11.4, 3.6) 1.55, m 1.66, dddd (12, 9,

6, 3)
1.66, m 1.55, dddd (12.6,

9.6, 7.2, 1.8)
5a 1.26, ddd (13.2,

8.4, 3)
1.02, ddd (11.4,
9.6, 4.2)

1.05, m 1.66, dddd (12, 9,
6, 3)

1.66, m 1.25, dddd (12.6,
9.6, 6, 3.6)

6b 1.25, dddd (13.2,
9.6, 3, 1.8)

1.51, dt (12, 4.2) 1.54, m 1.04, ddd (11.4, 3,
1.8)

1.46, m 1.42, dddd (12, 9.6,
7.2, 3.6)

6a 1.88, ddd (13.2,
8.4, 4.8)

0.93, ddd (12,
9.6, 3.6)

0.95, m 1.59, ddd (11.4,
9, 6)

1.08, m 1.34, dddd (12, 9.6,
6, 2.4)

7 — — — 1.42, m; 1.14, dd
(10.2, 1.2)

1.43, m; 1.18,
dd (10.2, 1.8)

2.01, m; 1.06,
br d (10.2)

8 1.36, dt (13.2, 4.8);
1.13, dt (13.2, 4.8)

1.93, dt (13.2, 4.8);
1.13, dt (13.2, 4.8)

1.30, dt (12.6, 4.8);
1.09, dt (12.6, 4.8)

1.35, ddd (13.8,
10.2, 6); 1.41, m

1.29, m 1.53, m; 1.31, m

9 2.15, ddd (12.6, 7.8,
4.8); 1.97, ddd
(12.6, 7.8, 4.8)

2.09, ddd (13.2,
7.8, 4.8); 2.02,
ddd (13.2,
7.8, 4.8)

2.22, ddd (12.6,
7.8, 4.8); 1.99,
ddd (12.6,
7.8, 4.8)

2.15, m;
2.09, m

2.33, br dd
(13.2, 7.2);
2.32, br dd
(13.2, 7.2)

2.18, br dd
(12.2, 6.6);
2.05, br dd
(12.2, 6.6)

10 5.56, br t (7.8) 5.59, br t (7.8) 5.58, br t (7.8) 5.57, br t (7.2) 6.49, ddt (1.2,
2.4, 7.2)

5.59, br t (7.2)

11 — — — — — —
12 4.32, br s 4.30, d (12.6);

4.24, d (12.6)
4.34, br s 4.34, d (12);

4.28, d (12)
1.75, m 4.34, d (12);

4.19, d (12)
13 4.21, br s 4.15, br s 4.22, br s 4.20, br s 9.39, s 4.18, s
14 0.85, s 0.90, s 0.91, s 1.08, s 1.10, s 1.21, s
15 0.89, s 0.84, s 1.04, br s 0.85, s 0.90, s 0.89, s

a Chemical shifts are shown in d scale with J values (Hz) in parentheses.
2.1. Structures of new sesquiterpenoids

Compound 1 was isolated as a colorless oil, [a]D
20 �9.6

(CHCl3). The molecular formula C15H26O3 for 1 was deter-
mined from an ion peak at m/z 236.1767 [M�H2O]þ in
HREIMS and NMR data described below. The 1H NMR
spectrum of 1 (Table 1) exhibited characteristic signals for
two tertiary methyl groups at dH 0.89 (3H, s, H-15), 0.85
(3H, s, H-14), one oxygenated methine proton at dH 4.06
(1H, ddd, J¼9.6, 3.0, 1.8 Hz, H-2), and a methine proton
at dH 1.79 (1H, t, J¼4.8 Hz, H-4), indicating the presence
of a borneol moiety in 1. The presence of the bicyclo[2.2.1]-
heptane-2-ol skeleton was suggested by 13C NMR reso-
nance27,28 (Table 2), which was further supported by cross

Table 2. 13C NMR data for compounds 1, 4, 7, 9, 11, and 12 in CDCl3
a

Position 1 4 7 9 11 12

1 50.4 50.0 49.9 49.0 49.0 52.2
2 77.3 79.7 80.2 83.3 83.9 81.4
3 38.8 39.9 40.1 42.1 42.2 46.7
4 42.1 42.0 42.0 46.8 46.0 47.7
5 28.0 27.1 27.0 26.2 26.2 24.0
6 26.1 34.4 34.1 25.4 25.3 23.2
7 51.3 49.4 49.3 40.9 40.8 34.2
8 32.4 33.2 33.7 42.2 41.1 37.7
9 23.7 23.1 23.1 22.6 24.1 24.5
10 131.7 132.2 132.0 132.1 155.2 131.7
11 136.7 136.6 136.6 136.6 139.1 136.7
12 60.0 59.4 60.1 59.9 14.1 60.1
13 67.6 67.3 67.7 67.8 195.3 67.7
14 13.4 11.4 11.3 19.4 19.4 22.3
15 16.6 16.8 16.5 16.7 16.6 19.8

a Chemical shifts are shown in d scale.
peaks (H-3/H-2, -4 and H-5/H-4, -6) in the 1H–1H COSY,
and long-range correlation of H-2/C-1, -3 and H-14/C-1,
-2, -6 in the HMBC spectrum. The 1H NMR spectrum
revealed signals due to one olefinic proton at dH 5.56 (1H,
br t, J¼7.8 Hz, H-10), two hydroxymethylene groups at dH

4.32 (2H, br s, H-12), 4.21 (2H, br s, H-13), and four methyl-
ene protons at dH 2.15 (1H, ddd, J¼12.6, 7.8, 4.8 Hz, H-9),
1.97 (1H, ddd, J¼12.6, 7.8, 4.8 Hz, H-9), 1.36 (1H, dt,
J¼13.2, 4.8 Hz, H-8), 1.13 (1H, dt, J¼13.2, 4.8 Hz, H-8).
The 1H–1H COSY correlations of H-9/H-8, -10 and H-10/
H-12, -13 confirmed the presence of a C6 side chain as a com-
prising unit. The location of functional groups and the bulky
aliphatic residue was further elucidated by key HMBC cor-
relations of H-12/C-10, -11, -13, H-13/C-10, -11, -12, H-10/
C-9, -11, -12, 13, and H-8/C-1, -4, -7, -9, -10, -15. The spec-
tral data indicated the attached position of the methylene
bridge on the bornane skeleton. The relative stereochemistry
at C-7 and C-2 was determined by NOESY correlations
of H-15/H-5b, H-2/H-14, -9, -8, and H-3b/H-9, -2. The
endo-oriented secondary alcohol at C-2 was confirmed by
comparison of the NMR chemical shift data of H-2 and C-2
(dH 4.06, dC 77.3) with those in the literature (for exo-OH;
ca. dH 3.60, dC 80.0, for endo-OH; ca. dH 4.00, dC 77.0)26–29

and significant W-type long-range coupling between
H-2 and H-6b (J¼1.8 Hz). The absolute configuration at
C-2 in 1 was determined using the modified Mosher’s
method.30,31 Compound 1 was treated with (S)-(þ)- and (R)-
(�)-a-methoxy-a-(trifluoromethyl)-phenylacetyl chloride in
anhydrous pyridine at room temperature overnight to afford
(R)- and (S)-MTPA ester derivatives (1a and 1b, respec-
tively). A negative value (DdS�R) was obtained for H-14
and positive difference values for H-3, -4 (Table 3),
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Table 3. Partial 1H NMR data of the (S)- and (R)-Mosher esters of compounds 1, 2, 2c, 9, and 10 in CDCl3
a

Position dH

1a 1b DdS�R 2a 2b DdS�R 2d 2e DdS�R 9a 9b DdS�R 10a 10b DdS�R

2 5.13 5.10 Rb 5.15 5.12 Rb 5.16 5.11 Rb 4.61 4.62 Rb 4.62 4.63 Rb

3b 2.29 2.28 þ0.01 2.34 2.33 þ0.01 2.38 2.38 �0 — — — — — —
3a 1.14 1.03 þ0.11 1.13 1.02 þ0.11 1.15 1.05 þ0.10 — — — — — —
4 1.85 1.81 þ0.04 1.88 1.84 þ0.04 1.89 1.84 þ0.05 1.66 1.68 �0.02 1.66 1.67 �0.01
5b 1.70 1.65 þ0.05 1.69 1.66 þ0.03 1.68 1.67 þ0.01 1.62 1.62 �0 1.65 1.60 þ0.05
5a 1.24 1.24 �0 1.23 1.17 þ0.06 1.20 1.15 þ0.05 1.30 1.33 �0.03 1.33 1.35 �0.02
6b 1.84 1.83 þ0.01 1.82 1.82 �0 1.82 1.82 �0 1.57 1.53 þ0.04 1.57 1.55 þ0.02
6a 1.30 1.30 �0 1.31 1.31 �0 1.33 1.33 �0 1.07 1.00 þ0.07 1.06 1.00 þ0.06
7 — — — — — — — — — 1.48 1.48 �0 1.46 1.47 �0.01

— — — — — — — — — 1.16 1.16 �0 1.15 1.16 �0.01
14 0.80 0.87 �0.07 0.80 0.87 �0.07 0.80 0.88 �0.08 1.06 0.98 þ0.08 1.06 0.98 þ0.08
15 0.87 0.87 �0 0.88 0.88 �0 0.89 0.89 �0 0.68 0.76 �0.08 0.65 0.74 �0.09

a Data were assigned on the basis of the correlation with 2D NMR spectroscopy.
b Absolute configuration.
establishing that the absolute configuration of the chiral
center at C-2 is R. Therefore, the structure of compound 1
was fully assigned to (2R,7R)-2,12,13-trihydroxy-10-cam-
pherene.

The HREIMS of compound 4, [a]D
20þ15.7 (CHCl3), showed

a pseudomolecular ion peak at m/z 236.1775 [M�H2O]þ,
indicating that the molecular formula (C15H26O3) is the
same as that of 1. The 1H and 13C NMR spectral data of 4
(Tables 1 and 2) were also analogous to those of 1 except
for H-2 and H-3 signals. Remarkable upfield shift of H-2
(Dd, 0.42 ppm) and downfield shift of C-2 (D 2.40 ppm)
were observed in 4 compared with 1. These spectral charac-
teristics suggested the presence of an exo-OH group at
C-2.27–29 In addition, relative stereochemistry was inferred
by NOE cross peaks of H-15/H-6b, -5b, and H-2a/H-6a,
-3a. We attempted the determination of the absolute
configuration at C-2 by modified Mosher’s method.30,31

However, MTPA esters of 4 were not obtained probably be-
cause of steric hindrance between the hydroxyl group at C-2
and the side chain. The absolute structure 4 was proposed by
comparing its specific optical rotation with that of com-
pound 1, with reference to synthetic campherenol (3) ([a]D

�5.3) and isocampherenol (6) ([a]D þ25.0),32 unless the
presence of hydroxyl groups in the side chain influenced
the sign of specific rotation. Thus, compound 4 was assigned
to (2S,7R)-2,12,13-trihydroxy-10-campherene, which is the
C-2 epimer of 1.

Although compounds 2, 5, and 10 were recently reported as
constituents of commercial sandalwood,21 their absolute
structures remained unassigned. We have established the
absolute stereostructures of 2 and 10 as shown in Figure 1
by a combination of NOESY experiment and modified
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Mosher’s method (Table 3). The absolute structure of 5,
whose relative structure was determined by NOESY, was de-
duced by comparing its specific rotation ([a]D

20 �17.6) with
that of compound 2 ([a]D

20 þ17.0) in an argument similar to
that between 1 and 4. Hence, compounds 2, 5, and 10 were
assigned to (2R,7R)- and (2S,7R)-2,12-dihydroxy-10(Z)-
campherene, and (2R,3R)-10(Z)-sandalnol, respectively.

The molecular formula C15H26O3 of 7 was determined by its
HREIMS. Both the 1H and 13C NMR data of compound 7
(Tables 1 and 2) were very similar to those of 4, however,
large chemical shift differences for CH3-15 and H-8, and
the appearance of CH2-12 as a broad singlet were distin-
guishing features from 4. In addition, clear correlations
were observed between H-8 and H-6b, -5b in the NOESY
experiment of 7, whereas no correlation was observed be-
tween H-15 and H-6b, -5b. These 1D- and 2D-NMR data
for 7 suggested that the orientation of the side chain at C-7
was opposite to that of 4. Thus, compound 7 was character-
ized to be (2S*,7S*)-2,12,13-trihydroxy-10-campherene.

Compound 9 was obtained as a colorless oil, [a]D
20 �4.8

(CHCl3). The molecular formula C15H26O3, which was the
same as that of 1, 4, and 7, was deduced from NMR data
and a pseudomolecular ion peak [M�H2O]þ at m/z
236.1773 in HREIMS. In the 1H NMR spectrum of 9
(Table 1), the doublet signal at dH 3.29 (1H, d, J¼1.8 Hz,
H-2) attributable to an oxygenated methine proton, clearly
differed from the corresponding signals of 1, 4, and 7. One
(dH 1.08, H-14) of the two tertiary methyl groups also
showed downfield shift (ca. 0.2 ppm) relative to those of
the above three compounds, suggesting that compound 9 is
not a campherene analogue. The presence of an a-fenchol
framework as a partial structure was indicated by the close
similarity of 13C NMR resonances to the data reported for
a-fenchol,33 as well as by HMBC correlations of H-2/C-1,
-3, -14, H-8/C-2, -4, -10, -15, H-14/C-2, -6, -7, and H-15/
C-2, -4, -8. Also, the existence of an oxygenated prenyl
group as the other constituent unit in 9 was substantiated
by spectral resemblance to the corresponding signals in 1H
and 13C NMR spectra of 1, 4, and 7. The NOE correlations
of H-2/H-7, -8, -14, and H-15/H-5a in 9 indicated the cis re-
lationship of 2-OH and 3-CH3 groups. The 2R configuration
was confirmed by the modified Mosher’s method (Table 3).
Therefore, the structure of 9 was determined to be (2R,3R)-
13-hydroxysandalnol.

The 1H and 13C NMR data (Tables 1 and 2) of compound 11,
[a]D

20�5.1 (CHCl3), were similar to those of 10, and the only
difference was observed in the presence of an aldehyde
signal [dH 9.39 (1H, s), dC 195.3] instead of the methyl signal
in 10. The 2D-NMR analysis and HREIMS data (m/z
236.1773 [M]þ, C15H24O2) showed the structure 11 for
this compound. The E configuration of the double bond in
11 was assigned by significant NOE of the aldehyde proton
(H-13) with H-10 as well as the correlation between H-12
and H-9 in the NOESY spectrum. The chemical shift of
H-13 (dH 9.39) was also consistent with the trans-oriented
a,b-unsaturated aldehyde proton signal generally accepted
(dH 9.33 for trans, dH 10.2 for cis-oriented CHO).9 Taking
the biogenetic pathway into consideration, the stereostruc-
ture of 11 was tentatively assigned to (2R*,3R*)-10(E)-
sandalnol-13-al.
Compound 12, [a]D
20 �63.6 (CHCl3), exhibited an ion peak

[M�H2O]þ at m/z 236.1768 in HREIMS, corresponding to
the molecular formula C15H26O3. The 1H NMR spectrum
of 12 (Table 1) revealed signals assignable to two tertiary
methyl protons at dH 0.89 and 1.21 (3H each, s, H-15, -14,
respectively), two methine protons at dH 1.89 (1H, m,
H-1), 1.82 (1H, br d, J¼1.8 Hz, H-4), a methylene-bridge
proton at dH 2.01 (1H, m, H-7), 1.06 (1H, br d, J¼10.2 Hz,
H-7), a vinyl proton at dH 5.59 (1H, br t, J¼7.2 Hz, H-10),
and two hydroxymethylene protons at dH 4.19, 4.34 (1H
each, d, J¼12.0 Hz, H-12), dH 4.18 (2H, s, H-13) arising
from methylene bicyclo[2.2.1]heptane moiety and C6 side
chain unit. These data resemble to those for b-santaldiol
(20)23 except for the presence of 2-OH and 14-CH3 groups
instead of the exomethylene group in 20. The relative config-
uration of 12 was determined by key NOESY correlations
(H-15/H-14, -5a, H-14/H-15, -6a, and H-8/H-7). Thus, com-
pound 12 was characterized to be (2S*,3R*)-13-hydroxy-
neosandalnol.

Compound 13, [a]D
20�26.7 (CHCl3) was previously reported

to have a planar structure.21 The transformation from com-
pound 13 into the dehydrated derivative was observed by
NMR measurement of CDCl3 overnight, although the cause
for this phenomenon remains uncertain. The dehydrate
([a]D

20 �90.3) was identified to be b-santalol (18) by NMR
and MS analyses, and also by comparison with an authentic
specimen. On the basis of this finding, the stereostructure of
13 was assigned to (2S,3R)-10(Z)-neosandalnol.

Campherenane and santalane derivatives have been found in
certain species of Illiciaceae,27 Lauraceae,28 Rutaceae,34

Hepaticae,35 and Santalaceae,8–11,23,36,37 even though they
are very rare classes of sesquiterpenes. These metabolites
with diverse structures were presumed to be derived from
bisabolol via santalenes including Wagner–Meerwein re-
arrangement and oxidation steps.

2.2. Structures of new aromatic glycosides

The HRESIMS of compound 21 gave a pseudomolecular ion
[MþNH4]þ at m/z 490.2280, consistent with the molecular
formula of C22H32O11. The 1H NMR spectrum of 21 showed
signals attributable to 1,3,4-trisubstituted-type aromatic
protons at dH 7.06 (1H, d, J¼8.4 Hz, H-5), 6.83 (1H, d,
J¼1.8 Hz, d, H-2), 6.72 (1H, dd, J¼8.4, 1.8 Hz, H-6), termi-
nal monosubstituted double-bond protons at dH 6.00 (1H, m,
H-8), 5.01, 5.07 (1H each, m, H-9), a methylene proton at dH

3.36 (2H, d, J¼6.6 Hz, H-7), and a methoxyl group at dH

3.85 (3H, s). These signals suggest the presence of a C6–
C3 moiety, which was substantiated by the HSQC experi-
ment. In addition to aglycone signals, two characteristic
anomeric signals at dH 5.39 and 5.06, and 11 oxygen-bearing
protons at dH 4.16–3.38 were observed, along with a doublet
methyl signal at dH 1.25, indicating the presence of glucose
and rhamnose moieties.26,38 These NMR data in combina-
tion with the observed 1H–1H COSY correlations (Fig. 2)
suggested that compound 21 is a simple phenolic rhamno-
glucoside. The glycosidic linkage of the sugar moiety was
determined to be b for glucose and a for rhamnose from
the coupling constants of 7.8 and 1.8 Hz for anomeric
protons, respectively. The presence of a b-glucosyl and an
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a-rhamnosyl moieties was further evidenced by the 13C
NMR spectrum (Table 4).39–41 These assignments of sugar
linkages and the position of a methoxyl group were con-
firmed unambiguously from HMBC (H-10/C-4, H-100/C-20,
and OCH3/C-3) and NOESY (H-10/H-5 and OCH3/H-2)
experiments (Fig. 2). Acid hydrolysis of compound 21
gave eugenol, which was confirmed by direct comparison
of HPLC and reported NMR data with those of an authentic
sample.42,43 Unfortunately, the limited amount of 21 ob-
tained did not allow elucidation of the absolute configuration
of its sugar moiety. Thus, the structure of compound 21 was
determined to be a new phenolic glycoside, eugenol 4-O-
rhamnosyl(1/2)glucoside.

Table 4. NMR spectroscopic data for compounds 21 and 22 in CD3ODa

Position dH dC

21 22 21 22

Aglycone moiety
1 139.1 136.8
2 6.83, d (1.8) 6.54, s 113.8 106.4
3 151.3 153.2
4 145.8 132.9
5 7.06, d (8.4) 118.2 153.2
6 6.72, dd (8.4, 1.8) 6.54, s 121.5 106.4
7 3.36, d (6.6) 3.37, m 40.8 40.1
8 6.00, m 6.00, m 136.7 137.6
9 5.07, m; 5.01, m 5.15, m; 5.08, m 115.7 114.9
OCH3 3.85, 3H, s 3.86, 6H, s 56.3 55.8

Glucose moeity
10 5.06, d (7.8) 5.12, d (7.2) 100.7 101.4
20 3.75, dd (9.0, 7.2) 3.72, dd (9.0, 7.2) 78.5 78.7
30 3.63, t (9.0) 3.56, t (9.0) 79.5 77.9
40 3.41, m 3.49, m 71.5 70.2
50 3.38, m 3.20, m 78.0 76.7
60 3.87, dd (12.0, 2.4) 3.77, dd (11.4, 2.4) 62.5 61.4
60 3.68, m 3.67, dd (11.4, 4.8)

Rhamnose moiety
100 5.39, d (1.8) 5.25, d (1.8) 102.0 101.3
200 3.98, dd (3.6, 1.8) 4.02, dd (3.6, 1.8) 72.4 71.3
300 3.70, m 3.81, dd (9.6, 3.6) 72.2 71.5
400 3.40, m 3.42, t (9.6) 74.0 72.7
500 4.16, dd (9.6, 6.6) 4.20, dd (9.6, 6.6) 70.0 68.6
600 1.25, d (6.6) 1.14, d (6.6) 18.1 16.4

a Chemical shifts are shown in d scale with J values (Hz) in parentheses.
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Figure 2. Selected COSY, HMBC, and NOESY correlations of compounds
21 and 22.
Compound 22, [a]D
20�111.6 (c 0.1, MeOH), was obtained as

a yellowish syrup. The molecular formula was determined to
be C23H34O12 by HRESIMS (m/z 525.1937, [MþNa]þ),
which was 30 mass units larger than 21. The 1H and 13C
NMR spectra of 22 (Table 4) were very similar to those of
21, except for the presence of an extra methoxyl signal [dH

3.86 (6H, s), dC 55.8, C-5] and a magnetically equivalent
2H-singlet (dH 6.54) instead of the ABX aromatic signals
in 21. The structure of 22, including relative stereochemistry
and identity of the aglycone moiety, was determined in
a manner similar to that of 21. The hydrolyzate of 22
obtained upon treatment with acid was identified as meth-
oxyeugenol by comparison with the reported NMR data
and direct HPLC comparison with a commercial authentic
sample.44 As a result, the new compound 22 was assigned
to be methoxyeugenol 4-O-rhamnosyl(1/2)glucoside.
Isolation of aromatic neohesperidosides from the genus
Santalum might thus be of chemotaxonomical significance
(Fig. 2).

2.3. Antitumor activity of the isolates from S. album

Owing to the immensely rare occurrence of this type of
compound in the plant kingdom, the only a-santalol (14)
has been assessed for biological activities in several bio-
assays.13–16 The remarkable antitumor promoting effect of
a-santalol (14)17 prompted us to examine the antitumor
effects of the purified constituents from S. album of Indian
origin in vitro and in vivo. The inhibitory effects of the
isolates on EBV-EA activation induced by 12-O-tetradeca-
noylphorbol-13-acetate (TPA), which is a short-term in vitro
screening method frequently used to survey possible antitu-
mor promoters in nature, were assessed. As shown in Table
5, compounds 1, 4, and 20 among the tested compounds
showed a remarkable inhibitory effect on EBV-EA activa-
tion of 63.9, 62.3, and 61.8% inhibition, respectively, at
a concentration of 500 mol ratio/TPA, preserving high cell
viability. These potencies were comparable to that of the
positive control, (�)-epigallocatechin gallate (EGCG),
which is a well-known antitumor promoting polyphenol
from green tea.45,46 On the basis of the in vitro results, the
potent inhibitors 1, 18, and 20, which were well supplied
for the in vivo test, were further assessed for the suppression
of two-stage mouse skin carcinogenesis induced by 7,12-di-
methylbenz[a]anthracene (DMBA) as an initiator and TPA
as a promoter. The activity was evaluated in terms of both
the rate (%) of papilloma-bearing mice (Fig. 3A) and the
average number papillomas per mouse (Fig. 3B) compared
with that of the control. The control showed that 100% of
the mice bore papillomas after 10 weeks of promotion,
whereas treatment with compounds 1, 18, and 20 along
with the initiator and promoter reduced the percentages of
tumor-bearing mice to 33.4–46.7% even at 15 weeks.
Among them, compound 1 had the most potent activity,
reducing the incidence to 86.6% over 20 weeks. Further-
more, in the treated group, the average number of papillomas
per mouse was also reduced to about 50% relative to the
control group over 20 weeks. The results of this investigation
indicated that compounds 1, 18, and 20 might be other
potential antitumor promoters of sandalwood and valuable
for further study for a possible antitumor promoting mecha-
nism.
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Table 5. Relative ratioa of EBV-EA activation with respect to positive control (100%) in the presence of isolates from Santalum album

Compound EBV-EA–positive cells % to control (% viability):
compounds concentration (mol ratio/32 pmol TPA)

1000 500 100 10

Sesquiterpenoids
1 0.0�0.2 (60)b 36.1�1.9 71.3�1.9 88.4�0.5
2 0.0�0.3 (60) 41.5�2.0 74.9�2.2 92.6�0.7
4 0.0�0.2 (60) 37.7�1.9 72.0�2.0 89.9�0.6
14 0.0�0.4 (60) 47.7�2.3 76.8�2.5 93.0�0.9
16 0.0�0.3 (60) 40.8�2.1 73.7�2.2 91.3�0.6
18 0.0�0.3 (60) 44.3�2.1 74.2�2.1 92.1�0.9
20 0.0�0.2 (60) 38.2�2.0 72.7�2.1 90.5�0.6
(þ)-a-Nuciferolc 0.0�0.4 (70) 49.2�2.3 78.5�2.2 96.8�0.4

Neolignansc

(7S,8S)-D70-4,5,9,90-Tetrahydroxy-3,5-dimethoxy-7-O-50,80-O-40-neolignan 0.0�0.4 (70) 48.0�2.2 77.4�2.1 94.5�0.7
Diethylene glycol monobenzoate 12.7�0.6 (60) 68.5�2.5 87.1�2.6 100�0.3
(�)-Secoisolariciresinol 2.1�0.4 (60) 52.3�2.1 79.6�2.0 96.4�0.4
(70S,8R,80R)-Lyoniresinol 8.4�0.5 (60) 55.7�2.4 85.3�2.6 100�0.2
(7S,8S)-3-Methoxy-30,7-epoxy-8,40-oxyneoligna-4,9,90-triol 0.0�0.4 (70) 49.2�2.3 78.6�2.0 94.9�0.7
Dihydrodehydrodiconiferyl alcohol 3.5�0.4 (70) 53.7�2.2 82.8�2.1 100�0.4
(�)-EGCGd 6.4�0.8 (70) 34.9�1.3 68.1�2.1 87.7�0.9

a Values represent percentages relative to the positive control value (100%).
b Values in parentheses are the viability percentages of Raji cells; unless otherwise stated, the viability percentages of Raji cells were more than 80%.
c See Refs. 19 and 20.
d Positive control substance.
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Figure 3. Inhibition of TPA-induced tumor promotion by multiple applica-
tions of 1, 18, and 20. All mice were initiated with DMBA (390 nmol) and
promoted with 1.7 nmol of TPA given twice weekly starting one week after
initiation. (A) Percentage of mice bearing papillomas. (B) Average numbers
of papillomas per mouse. A, control (TPA alone); ,, TPAþ1; B,
TPAþ18; 6, TPAþ20.
3. Experimental

3.1. General

Optical rotations were measured with a JASCO DIP-4 digital
polarimeter. The 1H and 13C NMR spectra were measured on
a Varian Unity Inova AS600NB instrument operating at 600
and 150 MHz, respectively. The chemical shifts are given in
d (ppm) values relative to those of the solvents CDCl3 (dH

7.26; dC 77.0) and CD3OD (dH 3.35; dC 49.0) on a tetra-
methylsilane (TMS) scale. The standard pulse sequences
programmed into the instruments were used for each 2D
measurement. The JCH value was set at 8 Hz in the HMBC
spectra. HRESIMS and ESIMS were obtained on a Micro
Mass Auto Spec OA-TOF spectrometer (solvent: 50%
MeOH containing 0.1% AcONH4; flow rate: 0.02 ml/min).
Normal-phase HPLC was conducted on a YMC-Pack SIL
A-003 column (4.6 mm i.d.�250 mm; YMC Co. Ltd) and
developed at room temperature with a solvent of n-hex-
ane–EtOH (15:1) (flow rate: 1.5 ml/min; detection: UV
205 or 220 nm) or n-hexane–EtOH (3:1) (flow rate: 1.5 ml/
min; detection: UV 280 nm). Reversed-phase HPLC was
carried out on a YMC-Pack ODS A-302 column (4.6 mm
i.d.�150 mm; YMC Co., Ltd) and developed at 40 �C with
10 mM H3PO4/10 mM KH2PO4/CH3CN (7:3) (flow rate:
1.0 ml/min; detection: UV 205 or 220 nm) or 10 mM
H3PO4/10 mM KH2PO4/CH3CN (9:1) (flow rate: 1.0 ml/
min; detection: UV 280 nm). Column chromatography was
carried out on silica gel 60 (Merck, 70–230 mesh),
Toyopearl HW-40 (coarse grade; Tosoh Co.), YMC GEL
ODS AQ 120-50S (YMC Co., Ltd), MCI GEL CHP-20P
(Mitsubishi Kasei Co.), and Sephadex LH-20 (Pharmacia
Fine Chemicals Co., Ltd). Preparative TLC was performed
on Kieselgel 60 F254 plates (0.2 mm layer thickness, Merck).

3.2. Plant material

Chips of S. album L. wood collected in Mysore district of
India were used. The wood was officially imported from
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India under a special treaty between the Indian and Japanese
governments to sculpt a Buddhist image in a Japanese
temple (Kannonshoji Temple) with a long and distinguished
history.

3.3. Extraction and isolation

The heartwood of S. album (1.53 kg) was extracted with
MeOH at room temperature. The combined crude MeOH
extract (73.1 g) was suspended in 20% MeOH (2 l), and
then partitioned in turn with n-hexane (3�2 l) and EtOAc
(3�2 l) to afford dried n-hexane- (16.4 g), EtOAc-
(27.1 g), and H2O-soluble (17.5 g) residues. On performing
the chromatographic separation, fractions were monitored
with normal and reversed-phase HPLC. The n-hexane ex-
tract (10.0 g) was subjected to silica gel column chromato-
graphy (6.0 cm i.d.�42 cm, 70–230 mesh) using n-hexane
containing increasing amounts of EtOAc in a stepwise gradi-
ent to give 12 pools. The eluates of n-hexane–EtOAc (9:1)
and n-hexane–EtOAc (85:15) were subjected to preparative
reversed-phase HPLC (YMC-Pack ODS-AM, 20.0 mm
i.d.�250 mm) with 70% aqueous CH3CN, to give a-santalol
(14) (105.3 mg), (E)-a-santalal (15) (20.0 mg), (E)-b-santa-
lal (19) (23.3 mg), and b-santalol (18) (111.0 mg). Similarly,
the n-hexane–EtOAc (1:1) and n-hexane–EtOAc (3:2) elu-
ates were purified by preparative reversed-phase HPLC
with 40% aqueous CH3CN to afford pure a-santaldiol (16)
(98.7 mg), a-santalenoic acid (17) (18.0 mg), and b-santal-
diol (20) (91.4 mg), as well as a crude fraction containing
compounds 2, 5, 10, 11, and 13. This crude fraction was
finally purified by preparative normal-phase HPLC (4.6 mm
i.d.�250 mm) developed with n-hexane–EtOH (15:1), and
yielded pure compounds 2 (23.5 mg, tR 10.1 min), 5
(7.5 mg, tR 9.3 min), 10 (3.5 mg, tR 12.9 min), 11 (2.6 mg,
tR 9.5 min), and 13 (26.6 mg, tR 4.68 min). A part (7.0 g)
of the EtOAc extract was chromatographed on a Toyopearl
HW-40 column (coarse grade; 2.2 cm i.d.�65 cm) with
H2O containing increasing amounts of MeOH in a stepwise
gradient mode. The 40% MeOH eluate was subjected sepa-
rately to column chromatography over a YMC GEL ODS
AQ 120-50S column (1.1 cm i.d.�41 cm) with aqueous
MeOH, and finally purified by preparative normal-phase
HPLC (4.6 mm i.d.�250 mm) developed with n-hexane–
EtOH (15:1), yielding pure compounds 1 (29.0 mg, tR 27.7
min), 4 (25.3 mg, tR 22.3 min), 10 (1.8 mg, tR 33.5 min), 9
(7.4 mg, tR 18.3 min), and 12 (9.4 mg, tR 15.6 min). A part
(3.0 g) of the H2O soluble residue was chromatographed
over a Diaion HP-20 column (3.2 cm i.d.�35 cm) with
H2O containing increasing amounts of MeOH in a stepwise
gradient mode. The 60% MeOH eluate was subjected sepa-
rately to column chromatography over Sephadex LH-20
(1.1 cm i.d.�38 cm) with MeOH and YMC GEL ODS AQ
120-50S column (1.1 cm i.d.�41 cm) with aqueous MeOH,
and finally purified by preparative normal-phase HPLC
(4.6 mm i.d.�250 mm) developed with n-hexane–EtOH
(3:1) to yield pure compounds 21 (2.3 mg, tR 33.7 min)
and 22 (1.3 mg, tR 27.1 min), and vanillic acid 4-O-neohes-
peridoside (1.7 mg, tR 5.3 min).

3.3.1. (2R,7R)-2,12,13-Trihydroxy-10-campherene (1).
Colorless oil; [a]D

20 �9.6 (c 1.0, CHCl3); 1H and 13C
NMR, see Tables 1 and 2; EIMS m/z 236 [M�H2O]þ (15),
218 (42), 200 (31), 185 (16), 161 (20), 145 (6), 121 (78),
95 (100); HREIMS m/z 236.1767 [M�H2O]þ (calcd for
C15H26O3�H2O, 236.1776).

3.3.2. (2R,7R)-2,12-Dihydroxy-10(Z)-campherene (2).
Colorless oil; [a]D

20 �17.6 (c 0.1, CHCl3); 1H and 13C
NMR, see Tables 1 and 2; EIMS m/z 238 [M]þ (13), 220
(35), 202 (41), 187 (18), 159 (32), 145 (37), 121 (51), 91
(82), 58 (100); HREIMS m/z 238.1941 [M]þ (calcd for
C15H26O2, 238.1933).

3.3.3. (2S,7R)-2,12,13-Trihydroxy-10-campherene (4).
Colorless oil; [a]D

20 þ15.7 (c 0.5, CHCl3); 1H and 13C
NMR, see Tables 1 and 2; EIMS m/z 236 [M�H2O]þ (8),
218 (35), 200 (43), 185 (21), 161 (18), 145 (33), 121 (80),
91 (100); HREIMS m/z 236.1775 [M�H2O]þ (calcd for
C15H26O3�H2O, 236.1776).

3.3.4. (2S,7R)-2,12-Dihydroxy-10(Z)-campherene (5).
Colorless oil; [a]D

20 þ17.9 (c 0.1, CHCl3); 1H and 13C
NMR, see Tables 1 and 2; EIMS m/z 238 [M]þ (10), 220
(17), 202 (21), 187 (13), 159 (18), 145 (17), 121 (35), 91
(53), 58 (100); HREIMS m/z 238.1923 [M]þ (calcd for
C15H26O2, 238.1933).

3.3.5. (2S,7S)-2,12,13-Trihydroxy-10-campherene (7).
Colorless oil; [a]D

20 �4.6 (c 0.5, CHCl3); 1H and 13C
NMR, see Tables 1 and 2; EIMS m/z 236 [M�H2O]þ (13),
218 (61), 200 (53), 189 (38), 161 (32), 145 (42), 121 (87),
95 (100); HREIMS m/z 236.1771 [M�H2O]þ (calcd for
C15H26O3�H2O, 236.1776).

3.3.6. (2R,3R)-13-Hydroxysandalnol (9). Colorless oil;
[a]D

20 �4.8 (c 1.0, CHCl3); 1H and 13C NMR, see Tables 1
and 2; EIMS m/z 236 [M�H2O]þ (8), 218 (21), 200 (37),
185 (20), 157 (43), 121 (72), 91 (78), 58 (100); HREIMS
m/z 236.1773 [M�H2O]þ (calcd for C15H26O3�H2O,
236.1776).

3.3.7. (2R,3R)-10(Z)-Sandalnol (10). Colorless oil; [a]D
20

�7.3 (c 1.0, CHCl3); 1H and 13C NMR, see Tables 1 and
2; EIMS m/z 238 [M]þ (22), 220 (16), 202 (11), 187 (7),
159 (27), 145 (26), 138 (38), 121 (31), 110 (35), 91 (30),
81 (100); HREIMS m/z 238.1927 [M]þ (calcd for
C15H26O2, 238.1933).

3.3.8. (2R*,3R*)-10(E)-13-Sandalnol-13-al (11). Colorless
oil; [a]D

20 �5.1 (c 1.0, CHCl3); 1H and 13C NMR, see Tables
1 and 2; EIMS m/z 236 [M]þ (15), 218 (21), 200 (31), 155
(37), 121 (100), 91 (81); HREIMS m/z 236.1773 [M]þ (calcd
for C15H24O2, 236.1776).

3.3.9. (2S*,3R*)-13-Hydroxyneosandalnol (12). Colorless
oil; [a]D

20�63.6 (c 1.0, CHCl3); 1H and 13C NMR, see Tables
1 and 2; EIMS m/z 236 [M�H2O]þ (15), 218 (21), 200 (31),
185 (18), 157 (37), 91 (100); HREIMS m/z 236.1768
[M�H2O]þ (calcd for C15H26O3�H2O, 236.1776).

3.3.10. (2S,3R)-10(Z)-Neosandalnol (13). Colorless oil;
[a]D

20 �26.7 (c 1.0, CHCl3); 1H and 13C NMR, see Tables
1 and 2; 238 [M]þ (17), 220 (16), 202 (62), 187 (22), 159
(35), 145 (30), 121 (68), 91 (82), 58 (100); HREIMS m/z
238.1926 [M]þ (calcd for C15H26O2, 238.1933).
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3.3.11. Eugenol 4-O-rhamnosyl(1/2)glucoside (21).
Colorless syrup, [a]D

20 �118.0 (c 0.1, MeOH); 1H and 13C
NMR data, see Table 4; ESIMS m/z 490 [MþNH4]þ;
HRESIMS m/z 490.2280 [MþNH4]þ (calcd for
C22H32O11þNH4, 490.2288).

3.3.12. Methoxyeugenol 4-O-rhamnosyl(1/2)glucoside
(22). Yellowish syrup, [a]D

20 �111.6 (c 0.1, MeOH); 1H
and 13C NMR data, see Table 4; ESIMS m/z 525
[MþNa]þ; HRESIMS m/z 525.1937 [MþNa]þ (calcd for
C23H34O12þNa, 520.1948).

3.4. Tritylation of 2

Compound 2 (5.0 mg) and triphenyl methyl chloride
(10.0 mg) were dissolved in 200 ml of dried pyridine, and
the mixture was allowed to stand for 48 h at room tempera-
ture. Preparative TLC of the crude tritylation product
obtained after the usual workup afforded 4.0 mg of tritylated
derivative (2c) as a colorless oil.

3.5. Preparation of (S)- and (R)-MTPA ester derivatives
of 1, 2, 2c, 9, and 10

Two portions each (each 1–1.5 mg) of compounds 1, 2, 2c, 9,
and 10 were treated with (S)-(þ)- and (R)-(�)-a-methoxy-a-
(trifluoromethyl)-phenylacetyl chloride (10 ml) in anhydrous
pyridine (200 ml) at room temperature overnight. The reac-
tion mixtures were purified by preparative TLC with
n-hexane–acetone (4:1) as developing solvent to afford (R)-
and (S)-MTPA ester derivatives (1a, 1b, 2a, 2b, 2d, 2e,
9a, 9b, 10a, and 10b) of 1, 2, 2c, 9, and 10. Calculation of
the differences of chemical shifts allowed the assignment
of absolute stereochemistry of the respective original com-
pound (Table 3).

3.6. Acid hydrolysis of 21 and 22

A solution of 21 (1.0 mg) [or 22 (0.7 mg)] in 1 M HCl (1 ml)
was heated for 1 h in a boiling water bath. After cooling, the
reaction mixture was separated using Mega Bond Elut C18

(Varian, USA) cartridge column to yield aglycone, eugenol
(0.5 mg) [or methoxyeugenol (0.3 mg)] from the MeOH
eluate. These aglycones were identified by HPLC compari-
son with authentic samples and spectral data with those
reported in the literature.42–44

3.7. Assay for inhibition of EBV-EA activation

The inhibition of EBV-EA activation was assayed using Raji
cells (virus nonproducer) as described previously.47,48 The
EBV genome carrying lympoblastoid cells was derived
from Burkitt’s lymphoma, which was cultured in 10% fetal
bovine serum (FBS) in RPMI-1640 medium (Nissui,
Japan). Spontaneous EBV-EA activation in our Raji cell sub-
line was less than 0.1%. Indicator cells (Raji, 1�106/ml)
were incubated at 37 �C for 48 h in the medium (1 ml) con-
taining n-butyric acid (4 mmol), TPA [20 ng (32 pmol) in
DMSO 2 ml] as an inducer, and a known amount of test com-
pound in 5 ml of DMSO. Smears were made from the cell
suspension, and the activated cells stained by EBV-EA-
positive serum were detected by a conventional indirect
immunofluorescence technique.46 In each assay, at least
500 cells were counted, and the number of stained cells
was recorded. Triplicate assays were carried out for each
compound. The average EBV-EA induction of the test com-
pound was expressed as the relative ratio to the control
experiment (100%), which was carried out with only
n-butyric acid (4 mmol) plus TPA (32 pmol). EBV-EA
induction was typically around 35%. The viability of treated
Raji cells was assayed by Trypan Blue staining.

3.8. Assay for antitumor promoting activity in two-stage
mouse skin carcinogenesis

Assays were performed according to a previously described
method.47,48 Specific pathogen-free female ICR mice (six
weeks old) were obtained from Japan SLC Inc., Shizuoka,
Japan. The animals were housed five per polycarbonate
cage in a temperature-controlled room at 24�2 �C, and
given water and food ad libitum throughout the experiment.
The animals were divided into three groups of 15 mice each.
The back of each mouse was shaved with surgical clippers
one day before initiation, and the mice were topically treated
with DMBA (100 mg, 390 nmol) in acetone (0.1 ml) for ini-
tiation. One week after initiation, papilloma formation was
promoted by applying TPA (1 mg, 1.7 nmol) to the skin twice
weekly. One hour before each TPA treatment, the mice were
treated with the sample (85 nmol) in acetone (0.1 ml). The
incidence of papilloma was examined weekly over 20
weeks.
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