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Abstract

Four phenylpropanoids and a thapsigargin analogue have been isolated from the fruits of Thapsia garganica. A spectroscopic method
for elucidating the relative stereochemistry at the two pairs of stereogenic centers in the phenylpropanoids has been developed. The phe-

nylpropanoids were found to be potent cytotoxins.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A number of new either biosynthetically or pharmaco-
logical very interesting compounds have been isolated from
plants belonging to the genus Thapsia. Most famous is
thapsigargin (1, Fig. 1) isolated from 7. garganica L.,
which has become an indispensable tool for the study of
the sarco/endoplasmic calcium pump (SERCA) (Olesen
et al., 2004; Treiman et al., 1998) and might offer a new
type of chemotherapeutics for treatment of prostate cancer
(Denmeade and Isaacs, 2005; Denmeade et al., 2003; Jans-
sen et al., 2006).

Esters of 1,2-dihydroxylated phenylpropanoids have
been found in plants belonging to the Apiaceae (Barrero
et al., 1991; Gonzales et al., 1993; Gonzalez et al., 1988;
Holub et al., 1968; Miski and Jakupovic, 1990a,b; Miski
and Mabry, 1986; Pascual Teresa et al., 1985b; Saouf
et al., 2006; Teresa et al., 1985). In addition 1,2-dihydroxy-
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lated phenylpropanoids are building blocks in neolignans
(Jeong et al., 2005; Konya et al., 2004; Lee and Ley,
2003; Zhang et al., 2001). The elucidation of the relative
configuration of these compounds is facilitated by the dif-
ference in the size of the coupling constant of the coupling
between H-1 and H-2 in the erythro-isomer (J;,=4.8 +
0.4 Hz) and the threo-isomer (J;, =7.5+ 0.5 Hz) (Konya
et al., 2004; Pascual Teresa et al., 1985a; Pascual Teresa
et al., 1985b). The erythro as well as the threo-isomer of
the 1,2-dihydroxyphenylpropanoid skeleton, 1-(3,4-methyl-
endioxy-5-methoxyphenyl)-propan-1,2-diol (1), have been
found incorporated in natural products isolated from Api-
aceae (Barrero et al., 1991). Concerning the erythro-isomer
both antipodes have been found to be naturally occurring
(Pascual Teresa et al., 1985b; Saouf et al., 2006) whereas
the threo-isomers are poorly characterized. Many 1,2-
dihydroxyphenylpropanoids isolated from umbelliferous
plants are esterfied with 2,3-dihydroxy-2-methylbutanoic
acid (Miski and Jakupovic, 1990a,b; Pascual Teresa
et al., 1985b; Teresa et al., 1985), which also has
been found incorporated into pyrrozolidine alkaloids
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13R= JJ\/\CHS

Fig. 1. Structure of thapsigargin (1) and thapsivillosin L (13).

(Jennett-Siems et al., 1993). The erythro- and threo-isomers
of 2,3-dihydroxy-2-methylbutanoate residues are claimed
to be distinguishable by the d-values of the two pairs of
methyl groups (Jennett-Siems et al., 1993; Pinar et al.,
1982) but no comparison of spectra of authentic samples
of both isomers has been reported and only spectra
recorded in different solvents have been compared.

2. Results and discussion
2.1. Structure elucidation

During our work with isolation of 40 g amounts of
thapsigargin from fruits of Thapsia garganica L. we iso-
lated a series of compounds (3A-6A, Fig. 2), the NMR
spectra of which, clearly proved, that they all were esters
of 1-methyl-2-(3,4-methylendioxy-5-methoxyphenyl)-2-
hydroxyethyl 2,3-dihydroxy-2-methylbutanoate. Except
for signals originating in one of the acyl groups the
NMR spectra were super imposable. The identity of the
varying acyl group as angeloyl (3A), octanoyl (4A), hexa-
noyl (5A), and butanoyl (6A), respectively, appeared from
the characteristic patterns in the NMR spectra (Table 1)
and from the mass spectra. All signals could be assigned
by COSY, HMQC, and HMBC correlations and the acyl
groups were located through long distance couplings as
revealed in HMBC correlations.

The erythro-configuration of the phenylpropanoid resi-
due was revealed by coupling constants between H-1 and
H-2 of 4.8-5.1 Hz. Basic hydrolysis afforded the dihydr-
oxyphenylpropan, the optical rotation of which revealed,
that the stereocenters in the phenylpropanoid residue pos-
sess the absolute configuration 1S,2R (2A), as is the case
for phenylpropanoids isomers isolated from 7. transtagana
(Saouf et al., 2006). This contrasts the absolute configura-
tion of the phenylpropanoid residue of helmanthicin, iso-
lated from T. wvillosa, which was found to possess the
absolute configuration 1R,2S (3B) (Pascual Teresa et al.,
1985b). Concerning the relative configuration of the two

/=0

o]
OH
HCo CHs

2A

3A R=Ang 3B

(0]
6A R= )J\/\CH3
O CH3 4"
PR
Ang = M

Fig. 2. Structure of phenylpropanoids isolated from plants belonging to
the genus Thapsia.

stereocenters in the 2,3-dihydroxy-2-methylbutanoyl resi-
due a difference in the chemical shifts (Ao value) between
the signals of the two methyl groups of the 2,3-dihy-
droxy-2-methylbutanoate residue of 0.05ppm was
observed. In the series of ipanguline alkaloids, in which
2,3-dihydroxy-2-methylbutanoate possess the erythro-con-
figuration the Ad value, recorded in deuterochloroform, is
0.25 ppm, whereas the value in the threo-series, the isoipan-
guline alkaloids, is 0.08 ppm. In the report on ipanguline
alkaloids a general applicability of the rule was stated,
because the Ad value of threo-2,3-dihydroxy-2-methylbuta-
noic acid recorded in deuteromethanol was 0.12 ppm (Jen-
nett-Siems et al., 1993). To verify the general applicability
of the use of the Ad value for distinguishing the erythro-
and the threo-forms we decided to prepare authentic sam-
ples of both isomers.

The trimethylsilylethyl ester of tiglig (7) and angelic acid
(8) was oxidized with AD-mix-a (Kolb et al., 1994) to give
the threo- (9) and erythro-isomer (10), respectively, which
were acetylated to give 11 and 12, respectively (Scheme 1).

Comparison of the "H NMR spectra reveals that the Ad
value of the 2,3-dihydroxy-2-methylbutanoate residue in
the threo-isomer (9) is 0.09 ppm whereas the value is
0.20 ppm in the erythro-isomer (10) if the spectra were
recorded in deuterochloroform. Acylation of the secondary
hydroxyl group to give 11 and 12, respectively, did not
change the A value significantly, confirming that the A
value can be used for determining the relative configuration
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Scheme 1. (a) AD-mix-o, 60—77 %; (b) acetic anhydride, DMAP, 63-72%.

of the dihydroxyacid derivatives as well as of monoacylated
derivatives if attention is paid to the solvent used. The A
value of the p-phenylphenacyl ester of threo-2,3-dihydroxy-
2-methylbutanoic acid recorded in pyridine-ds is 0.21 (see
Section 3.11). This observation also enables assignment
of the relative configuration of the two 2,3-dihydroxy-2-

methylbutanoate residues in two phenylpropanoids iso-
lated from T. transtagana, since Ao values of 0.02 and
0.06 ppm confirm a threo configuration. No attention was
paid to the relative configuration of these two centers in
the article concerning phenylpropanoids isolated from 7.
transtagana (Saouf et al., 2006).

The unexpected appearance of the signals originating in
the a-protons of the fatty acids could be explained by
assuming that the stereocenters make the two a-protons
nonequivalent and the two B-protons nonequivalent but
isochronous. A good simulation of the spectrum was
obtained using gNMR by assuming a coupling constant
of |14.5| Hz for the coupling between the two o protons
and coupling constants for the coupling between the o-pro-
tons to the B-protons of 7.6, 7.7, 8.3 and 8.4 Hz and cou-
pling constants for the coupling between the two B-
protons to the methyl group of 7.3 and 7.4 Hz (Fig. 3).
No simulation was performed for the hexanoate part of
4A and for the octanoate part of 3A, but similar appear-
ance of the patterns of the signals suggest similar coupling
constants.

The absolute configuration of the two stereocenters of the
2,3-dihydroxy-2-methylbutanoate residue was determined
by measuring the optical rotation of the p-phenylphenacy-
lester and found to be 2R,3S, which is identical to that of
the corresponding stereocenters of helmanthicin (3B) (Niel-
sen and Lemmich, 1965). In conclusion the absolute config-
urations of the four phenylpropanoids isolated from the
fruits of 7. garganica were determined to be 3A, 4A, 5A,
and 6A, respectively. In order to distinguish these phenyl-
propanoids from those with the relative stereochemistry
found in helmanthicin we suggest the names neohelmanthi-
cin A (3A), neohelmanthicin B (4A), neohelmanthicin C
(5A), and neohelmanthicin D (5A).

o
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Fig. 3. Recorded (upper spectrum) and simulated (lower spectrum) of the butanoate region (0.8-2.4 ppm) of the spectrum of 6A. The simulation was
performed assuming that the coupling constant for the coupling between the two a-protons is |14.5| Hz, the coupling constant for the coupling between the
two a- and the two B-protonsis 7.6, 7.7, 8.3 and 8.4 Hz, and the coupling constants for the coupling between the two B-protons and the methyl group is 7.3

and 7.4 Hz.
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In addition to the phenylpropanoids a new thapsigar-
gin analogue (13, Fig. 1) was isolated from the seeds.
Inspection of the "H and '*C NMR spectra revealed that
the signals originating in the octanoyl group of thapsi-
gargin (1) were missing and replaced with signals origi-
nating in a butanoyl residue. Based on this observation
we suggest the structure 13 and since the latest isolated
analogue of thapsigargin was named thapsivillosin K
we suggest the name thapsivillosin L for this new natural
product.

An interesting observation is that the phenylpropanoids
isolated from 7. garganica is esterified with the same acids
as the thapsigargins. The fatty acids, butanoic, hexanoic
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2003; Furuya et al., 1994; Tombal et al., 2000, 2002) (Table
2). Even though the compounds are considerably less cyto-
toxic than thapsigargin, they still possess significant activi-
ties. Especially the activity against the slow growing breast
cancer cell line, which for the natural occurring phenyl-
propanoids is less than ten times smaller than the activity
of Tg, is interesting.

Compound 13 was equipotent with 1 as in inhibitor of
SERCA but 13 times less potent as an inhibitor of the
growth of humane prostatic cancer TSU cells.

and octanoic acid are not usually found esterified with terp- Table 2
enoids or phenylpropanoids. Cytotoxicity of the dioxygenated phenylpropanoids 2A to 6A
Compound EL4 S180 MCF,
2.2. Biological activity ICso (LM) 1Csg (uM) ICso (M)
.. . 1 0.10 +0.37 0.03 +£0.03 234+0.7

The cytotoxicity of the naturally occuring phenylpropa- 3, 013+ 001 749 3L
noids 3A, 4A, 5A, and 6A and of the diol 2A towards leu- 4A 10+ 3 541 1242
kemia cell line EL,4, carcinoma cell line S180 and breast 5A 743 2840.6 13+£3
cancer cell line MCF; was compared with thapsigargin,  6A 16+5 18+7 19+£5
which is known as a potent cytotoxin (Denmeade et al., 2A §+7 6402 B+7
Table 1
'H (300 MHz, CDCl;) and '3C NMR data (75 MHz, CDCl;) of the compounds 2A—6A

2A 3A 4A 5A 6A
éH (mult, J) 5C 51_[ (mull, J) 5C 5H (mult, J) (5(‘ 61_[ (mult, J) 5(; 61—1 (mull, J) 5C
1 4.55 (d, 4.5) 73.0 521 (dg, 6.6,5.1) 735 521(dg, 6.3,48) 735 521 (dg, 6.6,5.1) 73.6 521(dg, 6.6,51) 736
2 3.95 (dgq, 6.6, 4.5) 77.5 5.83(d,5.1) 752  5.86 (d, 4.8) 752 5.83(d,5.1) 752  5.86 (d, 4.8) 75.2
3 134.6 130.4 130.7 130.7 130.6
4 6.55 (s) 100.5  6.52(d, 1.5) 100.8  6.53 (d, 1.5) 1009 6.53 (d, 1.5) 100.9  6.52 (d, 1.5) 100.9
5 143.0 142.9 143.1 143.1 143.1
6 135.0 134.8 134.9 134.9 134.9
7 148.5 148.5 148.7 148.7 148.7
8 6.55 (s) 1058 6.51 (d, 1.5) 106.7  6.51 (d, 1.5) 1068  6.51 (d, 1.5) 106.8  6.51 (d, 1.5) 106.8
Me-1 1.02 (d, 6.6) 17.5 1.19 (d, 6.3) 149 1.19 6.3) 149 1.19(d, 5.1) 149 1.19 (d, 6.3) 14.9
MeO 3.90 (s) 59.0 3.89 (s) 56.5 3.88 56.5 3.89 (s) 56.6  3.89 (s) 56.6
OCH,O 5.95 (s) 101.5  5.95 (bs) 101.4 596 .5) 101.4  5.96 (d, 1.5) 101.4  5.95 (bs) 101.4
5.95 (d, 1.5) 5.95 (d, 1.5)

1 173.9 174.0 174.1 174.0
2! 75.9 75.8 75.8 75.9
3! 5.11 (¢, 6.6) 73.6  5.04 (¢, 6.6) 73.6  5.04 (¢, 6.6) 73.5  5.11(q, 6.3) 73.5
4’ 1.29 (d, 6.6) 13.6 1.21 (d, 6.6) 132 1.24 (d, 6.6) 13.2  1.24 (d, 6.6) 13.1
Me-2’ 1.24 (s) 215 1.25 (s) 215 1.22 (s) 215 1.22 (s) 21.5
1" 165.7 165.9 165.9 165.9
21 126.9 126.9 126.9 126.9
3 6.15(qq,7.2,1.5) 1387 6.14(qq, 7.2, 1.5) 139.6 6.12(qq, 7.5, 1.5) 139.6 6.15(qq, 7.2, 1.5) 139.6
4" 2.00 (dg, 7.2, 1.5) 158 2.00 (dg, 7.5, 1.5) 159 2.00 (dg, 7.2, 1.5) 159 199 (dg, 7.2, 1.5) 159
Me-2"/ 1.94 (¢, 1.5) 20.5 1.95 (g, 1.5) 20.6 1.94 (¢, 1.5) 20.6 1.95(q, 1.5) 20.6

The coupling constant (J) is given in Hz.
The remaining signals were found at: Angelicate: oy 6.05 (¢q, J = 7.2 and 1.5 Hz, H-3), 1.95 (dq, J = 7.2 and 1.5 Hz, H-4), 1.80 (¢, J = 1.5, Me-2); ¢ 165.7
(C-1), 126.7 (C-2), 138.7 (C-3), 15.9 (C-4), 20.6 (Me-2). Butanoate: 6;4;2.21 (m, J = 14.5,7.7 and 7.6 Hz, H-2), 2.18 (m, J = 14.5, 8.4 and 8.3, H-2"), 1.58 (m,
J=18.4,7.7 and 7.3 Hz, H-3), 1.58 (m, J = 8.3, 7.6 and 7.4 Hz, H-3'), 0.90 (¢, J = 7.4 and 7.3 Hz, H-4); ¢ 172.0, (C-1), 36.0 (C-2), 18.3 (C-3), 13.6 (C-4);
Hexanoate: oy 2.23 (m, J =14.5, 7.7, and 7.6 Hz, H-2), 2.18 (m, J = 14.5, 8.4 and 8.3 Hz, H-2'), 1.55 (m, J = 8.4, 8.3, 7.7 and 7.6 Hz, H-3), 1,27 (m, H-4
and H-5), 0.87 (1, /= 6.9 Hz, H-6), dc: 172.1 (C-1), 34.1 (C-2), 24.5 (C-3), 31.1 (C-4), 22.2 (C-5), 13.9 (C-6); Octanoate oy 2.22 (m, J=14.5, 7.7 and
7.6 Hz, H-2), 2.18 (m, J = 14.5, 8.4 and 8.3 Hz, H-2"), 1.55 (m, J = 8.4, 8.3, 7.7 and 7.6 Hz, H-3), 1,23 (m, H-4, H-5, H-6 and H-7), 0.88 (¢, / = 6.9 Hz, H-
6), oc: 172.1 (C-1), 34.2 (C-2), 24.8 (C-3), 29.0 (C-4), 28.8 (C-5), 31.6 (C-6), 22.5 (C-7), 14.0 (C-8).
The following abbreviations have been used: s singlet, d doublet, ¢ quartet, b broad, m multiplet.
% The signals originating in H-4 and H-8 or C-4 and C-8 might be interchanged.



H. Liu et al. | Phytochemistry 67 (2006) 2651-2658 2655

3. Experimental
3.1. General experimental procedures

NMR spectra were recorded on a Varian Mercury spec-
trometer or Varian Gemini 2000 spectrometer using tetra-
methylsilane as internal standard. Splitting patterns are
described as singlet (s), doublet (d), triplet (¢), quartet (g),
broad (b) and multiplet (m). The standard programs sup-
plied by Varian for 2D NMR spectra were used. Optical
rotation was measured on a Perkin—Elmer 241 polarimeter
using a 1 dm cuvette. Normal phase column chromatogra-
phy was performed on silica gel 60 (Merck 107734) and
reversed phase chromatography on LiChroprep RP-18
(Merck 113900). For HPLC a Waters 6000A pump and a
Shimadzu SPD 6A detector was used chromatography per-
formed over a Luna C18 150 x 21 mm, 5 pm, column. Mass
spectra were recorded on a JEOL AXS505 W instrument
using the FAB-liquid technique (HEDS). The NMR simu-
lation was performed using gNMR 5.0.4, Adept Scientific.

3.2. Plant material

Fruits of Thapsia garganica L. were collected on the
island of Ibiza, Spain, in July 2003. A voucher specimen
(DFHSBCI1) is deposited at The Herbarium at the Univer-
sity of Copenhagen. The same plant material was used for
isolation of tethered fats (Liu et al., 2004).

3.3. Isolation

The fruits (1 kg) were blended with 5 L of ethanol and
the mixture left overnight. The mixture is filtered and the
filtrate concentrated in vacuo to give 46 g of a brown
gum. The residue was suspended in water (400 ml) and
the suspension washed three times each time with 400 ml
of toluene. The organic phase is concentrated to give
approximately 40 g of an oily dark residue.

The residue was chromatographed over silica gel 60
(800 g, Merck 07734, 0.063-0.20 mm) using the following
eluents toluene—ethyl acetate—acetic acid (8:2:0.05, 5.6 1),
toluene—ethyl acetate—acetic acid (7:3:0.05, 5.6 1), toluene—
ethyl acetate—acetic acid (6:4:0.05, 2 1), toluene—ethyl ace-
tate—acetic acid (1:1:0.05, 21) and dichloroethane—ethyl
acetate—acetic acid (4:6:0.05, 21). The fractions eluting
between 7.6 and 15.61 of eluent were combined and
concentrated to give 21.8 g of a gum. The residue was
rechromatographed over LiChroprep RP-18 using metha-
nol-water—acetic acid (7:3:0.1, 2.4 1), methanol-water—ace-
tic acid (8:2:0.1, 2.61) and methanol-water—acetic acid
(9:1:0.1, 1.21). The fractions eluting between 2.6 and 31
of eluent were combined and concentrated to give 2.6 g
of a gum. An amount of 500 mg of the fraction was puri-
fied by HPLC using methanol-water—acetic acid 7:3:0.1
as en eluent to give 20 mg of 13 eluting between 100 and
120 ml, 30 mg of 6A eluting between 130 and 135 ml,
20 mg of 3A eluting between 135 and 145 ml, 10 mg of

5A eluting between 180 and 200 ml and 30 mg of 13 eluting
between 250 and 300 ml.

3.4. Neohelmanthicin A (3A4)

Colorless gum. [oc]fjs —25 (CHCl3, ¢ 0.37). HRFABMS
mfz  529.2028 [M+Na]" caled for CygH34NaOy,
529.2050. The 'H and '*C NMR spectra are reported in
Table 1.

3.5. Neohelmanthicin B (44)

Colorless gum. [#] —21 (CHCls, ¢ 0.096). HRFABMS
m/z 573.2645 [M+Na]" caled for C,0H4NaO,g, 573.2676.
The 'H and '>C NMR spectra are reported in Table 1.

3.6. Neohelmanthicin B (5A4)

Colorless gum. [ochz)s —32 (CHCl;, ¢ 0.23). HRFABMS
m/z 545.245 [M+Na]" calcd for Co7H3sNaO,q, 545.2363.
The 'H and ">C NMR spectra are reported in Table 1.

3.7. Neohelmanthicin C (6)

Colorless gum. [oc]f)5 —33 (CHCls, ¢ 0.5). HRFABMS m/
z494.2190 [M]" caled for CosH34NaOy, 494.2152. The 'H
and "C NMR spectra are reported in Table 1.

3.8. Thapsivillosin L (13)

Colorless gum. [o]> —26 (CHCls, ¢ 1.15). HRMS m/z
617.2596 [M+Na]" calcd for C3)HsoNaO;,, 617.2574. 'H
NMR (300 MHz, CDCls) ¢ guaianolide 4.34 (1H, bs, H-
1), 5.6-5.7 (3H, m, H-3, H-6 and H-8), 546 (1H, ¢,
J=3Hz, H-2), 3.10 (1H, dd, J=15 and 3 Hz, H-9), 2.3
(1H, overlapped by other signals, H-9’), 1.56 (3H, s, H-
13), 1.39 (3H, s, H-14), 1.86 (3H, bs, H-15), angeloate
6.09 (1H, ¢q, J=15.7 and 1.5Hz, H-3), 2.01 (3H, dgq,
J=5.7and 1.5 Hz, H-4), 1.91 (3H, ¢, J = 1.5 Hz, Me-2),
butanoate 2.4-2.2 (4H, m, H-2), 1.7-1.6 (4H, m, H-3),
0.95 (3H, t, J=17.5Hz, H-4), acetate 1.89 (3H, s, H2).
3C NMR (75 MHz, CDCls)s 6 guaianolide 57.1 (C-1),
77.5 (C-2), 84.6 (C-3), 130.1 (C-4), 141.0 (C-5), 76.6 (C-
6), 78.2 (C-7 or C-11) 65.9 (C-8), 38.1 (C-9), 84.6 (C-10),
78.3 (C-11 or C-7), 175.3 (C-12), 16.0 (C-13), 22.5 (C-14),
12.9 (C-15), acetate 170.6 (C-1), 20.5 (C-2), angeloate
166.6 (C-1), 127.8 (C-2), 138.3 (C-3), 15.8 (C-4), 20.6
(Me-2), butanoate 171.9, 172.2 (C-1), 36.4, 35.9 (C-2),
18.2, 17.9 (C-3), 13.7, 13.6 (C-4).

3.9. Hydrolysis of 34

A solution of 3A (200 mg, 0.62 mmol) and sodium
hydroxide (150 mg, 3.8 mmol) in methanol (5ml) and
water (2ml) was stirred for 4h at room temperature.
The reaction mixture was concentrated in vacuo to
remove the methanol and the residue diluted to 5 ml with
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water. The solution was extracted three times with diethyl
ether (10 ml), the combined organic phases dried with
magnesium sulfate and concentrated to give 2A (85 mg,
60%) as colorless oil. The aqueous layer was neutralized
with hydrochloric acid (pH 7.5) and added ethanol
(5 ml), p-phenylphenacyl bromide (200 mg) and refluxed
for 40 min. The reaction mixture was concentrated and
the residue extracted with dichloromethane. The dicholo-
romethane extract was purified by column chromatogra-
phy over Lichroprep using methanol-water (4:1) added
1% of acetic acid as an eluent to give p-phenylphenacyl
2,3-dihydroxy-2-methylbutanoate (40 mg, 20%) as a color-
less gum.

3.10. Compound 2A4

Gum. [o]3> —23 (CHCls, ¢ 0.62). The 'H and *C NMR
data are reported in Table 1. The optical antipode has [o]
423 (CHCl;, ¢ 0.6) (Pascual Teresa et al., 1985b).

3.11. Phenylphenacyl 2,3-dihydroxy-2-methylbutanoate

Gum. [a]g —5.8 (CHCls, ¢ 0.62), [d]5; —95 (CHCls, ¢
0.62) lit. [o]3cs —97 (CHCl3, ¢ 0.27) (Pascual Teresa et al.,
1985b), '"H NMR (300 MHz, pyridine-ds) & 8.10 (2H, m,
H-0), 7.70 (2H, m, H-m), 7.67 (2H, m, H-0'), 7.5-7.4 (3H,
m, H-m' and H-p’), 5.83 (1H, d, J=14.1 Hz, H-«), 5.74
(1H, d, J = 14.1 Hz, H-o), 4.59 (1H, ¢, J = 6.3 Hz, H-3),
1.81 (3H, s, Me-2), 1.60 (3H, d, J = 6.3 Hz, H-4).

3.12. threo-Trimethylsilylethyl 2,3-dihydroxy-2-
methylbutanoate (9)

A solution of tiglic acid (0.3 g, 3 mmol), 2-trimethylsily-
ethanol (0.35g, 3 mmol), dicyclocarbodiimide (0.62 g,
3 mmol) and 4-dimethylaminopyridine (100 mg, DMAP)
was stirred at room temperature for 18 h. The mixture
was filtered and the filtrate concentrated. The residue was
purified by column chromatography over silica gel using
toluene—ethyl acetate (100:1) added 0.5% acetic acid as an
eluent to give 7 as colorless oil (400 mg, 67%). To a solu-
tion of AD-mix-a (1.4 g) in 10 ml of tert-butyl alcohol-
water (1:1) was added 7 (200 mg, 0.99 mmol) and the mix-
ture was stirred at room temperature overnight. To the
reaction mixture was added sodium sulfite (1.6 g) and the
mixture was stirred for additional 30 min. The mixture
was extracted three times with ethyl acetate (20 ml) and
the combined organic phases were concentrated in vacuo.
The residue was purified by column chromatography over
silica gel using toluene—ethyl acetate (5:1) as an eluent to
give 9 (180 mg, 77.2%) as colorless oil. "H NMR (300
MHz, CDCl;) 6 427 (2H, m, CH,0), 391 (1H, g,
J=63Hz, H-3), 1.29 (3H, s, Me-2), 1.20 (1H, d,
J=63Hz, H-4), 1.04 (2H, m, CH,Si) 0.04 (9H, s,
(CH;)5Si), '*C NMR (75 MHz, CDCl5) ¢ 176.6 (C-1),
77.4 (C-2), 71.9 (C-3), 65.1 (CH,0), 17.1 (C-4), 22.1 (Me-
2), 17.8 (CH,Si), 1.1 (CH3Si).

3.13. threo-Trimethylsilylethyl 3-acetoxy2-hydroxy-2-
methylbutanoate (11)

To a solution of 9 (70 mg, 0.3 mmol) in dichlorometh-
ane (2 ml) was added DMAP (5 mg) and acetic anhydride
(64 mg, 0.63 mmol). The reaction mixture was stirred at
room temperature for 2 h. he mixture was filtered and the
residue concentrated. The residue was purified by column
chromatography over silica gel using toluene—ethyl acetate
(10:1) as an eluent to give 11 (60 mg, 72%) as colorless oil.
"H NMR (300 MHz, CDCl3) 5.10 (1H, ¢, J = 6.0 Hz, H-3),
0 4.22 (2H, m, CH,0), 1.99 (3H, s, CH5CO) 1.33 (3H, s,
Me-2), 1.27 (1H, d, J = 6.0 Hz, H-4), 1.00 (2H, m, CH,Si)
0.04 (9H, s, (CH3);Si), '*C NMR (75 MHz, CDCls) 6 175.6
(C-1), 170.1 (CH3CO), 76.3 (C-2), 74.5 (C-3), 65.0 (CH,0),
22.1 (Me-2), 21.4 (CH5CO), 17.8 (CH,Si), 13.6 (C-4), —1.2
(CHs5Si).

3.14. erythro-Trimethylsilylethyl 2,3-dihydroxy-2-
methylbutanoate (10)

To a stirred solution of angelic acid (800 mg, 8 mmol)
and triethylamine (0.8 g, 8 mmol) in toluene (8 ml) was
added 2,4.6-trichlorobenzoyl chloride (2 g, 8 mmol) and
the mixture was stirred for 2 h at room temperature, where-
upon a solution of 2-trimethylsilylethanol (236 mg,
2 mmol) in toluene (2 ml) was added and the mixture stir-
red for additional 18 h at 75°C. The reaction mixture
was quenched with a half saturated solution of sodium
hydrogen carbonate (20 ml). The aqueous phase was
extracted three times with diethyl ether (30 ml). The com-
bined organic phases were dried (sodium sulfate), concen-
trated and the residue purified over silica gel using
toluene—cthyl acetate (100:1) to give 8 (153 mg, 40%) as col-
orless oil. Compound 10 was prepared from 8 as described
for preparation of 9 from 7 using 100 mg (0.5 mmol) of 8 as
starting material and 70 mg of AD-mix-a to give 70 mg (60
%) of 10. '"H NMR (300 MHz, CDCls) 4.27 (2H, m,
CH;0), 6 3.79 (1H, ¢, J = 6.6 Hz, H-3), 1.42 (3H, s, Me-
2), 1.14 (1H, d, J=6.6 Hz, H-4), 1.03 (2H, m, CH,Si)
0.04 (9H, s, (CH3);Si), '>*C NMR (75 MHz, CDCly) ¢
175.9 (C-1), 77.3 (C-2), 72.5 (C-3), 65.0 (CH,0), 22.6
(Me-2), 18.0 (CH,Si), 17.8 (C-4), —1.2 (CH;Si).

3.15. erythro-Trimethylsilylethyl 3-acetoxy-2-hydroxy-2-
methylbutanoate (12)

Compound 12 was prepared from 10 as described for
preparation of 11 from 9 using 70 mg (0.3 mmol) of 10 as
starting material to give 52 mg (63 %) of 12. '"H NMR
(300 MHz, CDCl3) ¢ 5.10 (1H, ¢, J = 6.6 Hz, H-3), 4.28
(2H, m, CH,0), 2.09 (3H, s, CH3CO), 1.38 (3H, s, Me-
2), 1.18 (1H, d, J=6.6 Hz, H-4), 1.03 (2H, m, CH,Si)
0.06 (9H, s, (CH3);Si), '*C NMR (75 MHz, CDCls) ¢
175.3 (C-1), 170.7 (CH5CO), 76.2 (C-2), 73.9 (C-3), 65.3
(CH,0), 22.6 (Me-2), 21.4 (CH5CO), 17.8 (CH,Si), 15.1
(C4), —1.2 (CH3;Si).
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3.16. Assay for cytotoxicity

The three different cancer cell lines used in this study,
EL, (murine lymphoma), S180 (murine sarcoma) and
MCF7 (breast cancer) were purchased from National Can-
cer Institute. A standard high-flux anticancer-drug screen-
ing method was employed in this study (Skehan et al.,
1990). Briefly, cancer cells were incubated with the test
compound in different concentrations at 37 °C for 48 h.
Cultures were fixed with trichloroacetic acid, then stained
with sulforhodamine B and read at 490 nm by ELISA
reader. The apoptotic activity of 13 towards TSU cells
was expressed as the concentration capable of inducing
50% loss of clonogenic survival of TSU-Prl human prota-
tic cancer cells compared to untreated cells as previous
described (Jakobsen et al., 2001). All experiments were per-
formed at least two times in triplicates.

3.17. Assay for SERCA activity

Isolation of sarcoplasmic reticulum (SR) vesicles con-
taining Ca>"-ATPases from rabbit muscle was done as pre-
viously described (Jakobsen et al., 2001). The SR vesicles
were stored at —80 °C prior to use. The Ca’"-ATPase
inhibitory potencies of 13 was determined as previous
described with a coupled enzyme assay (Seidler et al.,
1989; Varga et al., 1986). The activity 13 and control (1)
was determined in triplicate. Plotting the ATPase activity
as a function of inhibitor concentration the ICsy value
was estimated by fitting using the program Origin version
5.0 from Microcal™ Origin™, Microcal Software Inc.
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