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LC-NMR-MS hyphenation has been applied in the screening
of an asterosaponin subfraction obtained from the starfish As-
terias rubens for unknown compounds. The suitability of this
technique for characterizing compounds in the molecular
weight range of 1200 to 1400 a.m.u. has been demonstrated.
The additional information concerning the number of ex-
changeable protons provided by the LC-NMR-MS experi-
ment proved to be particularly valuable for the structural elu-

cidation. The LC-NMR-MS screening indicated the presence
of hitherto unknown asterosaponins in the sample. Based on
this information, four new compounds (ruberosides A-D; 2-4
and 6) have been isolated and their structures have been elu-
cidated using one- and two-dimensional NMR techniques. A
minor component has tentatively been assigned the struc-
ture 5.

Introduction

In the course of our study of biologically active com-
pounds obtained from the Baltic starfish Asterias rubens,
we focussed our efforts on subfractions containing mainly
asterosaponins, which are A°!1-3B,6a-dioxygenated steroids
with a sulfate group attached at C-3 and an oligosaccharide
chain containing five or six sugar units at C-6. Compre-
hensive review articles on these compounds have been pro-
vided by D’Auria et al.l'l and by Kornprobst et al.’l

Individual compounds belonging to this class differ in
their steroidal side chain and/or in their sugar moiety. As
considerable effort is involved in the separation and charac-
terization of saponin fractions, the recognition of unknown
compounds at an early stage is a prerequisite for an efficient
analysis of natural products.

In the case of asterosaponins, however, there are several
complicating factors:

(i) Conventional screening methods such as column chro-
matography/TLC or HPLC-PDA are not sufficiently spe-
cific (as asterosaponins are difficult to separate and show
only little UV absorbance).

(i) HPLC-MS methods employing soft ionization tech-
niques (e.g. ESI) are well-suited in principle, but yield little
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or no information on the various structural isomers. Fur-
thermore, the response under ESI or APCI conditions
strongly depends on the chemical nature of the compounds.

(iii) '"H-NMR spectra can be used to check the purities
of isolated compounds, but when applied to the analysis of
mixtures even two-dimensional NMR spectra are difficult
to interpret because of their complexity.

However, novel hyphenated techniques, such as LC-
NMR and LC-NMR-MS, offer a new approach for the
structural elucidation of these compounds.

Although LC-NMRP! has frequently been used for
analyses of mixtures of natural products during recent
years,* 'l this technique has not yet been applied to sap-
onins in the molecular weight range of 1200-1400 a.m.u.

The hyphenation of the LC-NMR system to a mass spec-
trometer represents the next obvious step towards creating
a comprehensive analytical system providing the comple-
mentary information of both NMR and MS in a single
chromatographic run. Since the first reports on LC-NMR-
MS in 1995,[1213] the technique has mainly been applied to
pharmaceutical drug metabolism research.['*] Very recently,
however, the first applications concerning the analysis of
natural products were published.[!>-16]

On-flow 'H-NMR chromatograms, recorded under iso-
cratic conditions, offer three essential benefits for the
screening of mixtures of closely related natural products:

(1) They permit a straightforward and rapid comparison
of the spectra of individual compounds.

(i1) As each spectrum in the LC-NMR run is recorded
under identical conditions (eluent composition, acquisition
parameters), the recognition and interpretation of minor
chemical shift differences is possible (Figure 1, boxes a, a’).
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Figure 1. On-flow LC-NMR chromatogram of an asterosaponin
subfraction from Asterias rubens showing expansion of the methyl
proton resonances; ovarian asterosaponin 1 and asteriidoside C
were added to the sample for comparison purposes; the boxes in-
dicate structural analogies between the components

(iii) In many cases, the characterization of partly co-elut-
ing compounds is possible.

Moreover, the hyphenation of the LC-NMR system to a
mass spectrometer provides instant access to molecular
weight data, fragmentation patterns (by MS? experiments),
and the number of exchangeable protons of a compound
(by comparing the MS data in deuterated and nondeuter-
ated solvents).!'”]

To some extent, two-dimensional NMR experiments ac-
quired in stopped-flow mode represent a link between on-
flow LC-NMR screening and the detailed structural elu-
cidation of isolated compounds employing two-dimensional
NMR techniques in conventional off-line probeheads. As
the LC-NMR-MS hyphenation offers the possibility of trig-
gering the stops of the LC pump by the MS signal, this
technique is particularly well-suited for the reliable detec-
tion of compounds showing only weak UV absorbances.
These MS-triggered stopped-flow experiments are prefer-
ably performed in the second LC-NMR-MS run carried out
to determine the number of exchangeable protons by D/H
back-exchange.

The main aim of this paper is to show how direct online
LC-NMR-MS hyphenation provides preliminary structural
information, which can be used in a second step for a tar-
get-guided selection of unknown compounds for a detailed
two-dimensional NMR examination. This approach is illus-
trated here using an asterosaponin subfraction obtained fol-
lowing column chromatography. Another objective of this
study has been to achieve complete structural elucidation
of the components, in particular of their oligosaccharide
moieties, by nondegradative spectroscopic methods. This
not only saves time, but also material, which can be used
more advantageously in tests of its biological activity.['®]

Thus, we describe herein the structural elucidation of
four new asterosaponins obtained from Asterias rubens.
Furthermore, a minor fifth component has tentatively been
identified by recognition of appropriate proton resonances.
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Since a complete structural elucidation of compounds as
complex as asterosaponins cannot be achieved on the basis
of the 1D proton NMR spectra provided by on-flow LC-
NMR, there are two possible approaches for characterizing
unknown compounds of this type by this method:

(1) Analysis of easy-to-assign resonances characteristic of
certain structural features, e.g. olefinic protons, methyl
groups, or anomeric protons of sugar units.

(i) Comparison of subspectra of the unknowns with
those of known compounds or with those of other un-
knowns, allowing the recognition of structural analogies.

The latter approach proved to be particularly effective in
the case of asterosaponins as their identical aglycone or
sugar moieties gave rise to virtually superimposable sub-
spectra under isocratic conditions.

Results and Discussion

For the on-flow LC-NMR-MS experiments, 500 pg of
the saponin subfraction was injected onto the column. For
comparison purposes, 40 pg of the commonly occurring
ovarian asterosaponin 112l and 80 pg of the recently de-
scribed asteriidoside CU'”! (Scheme 1) were added to the
sample. The NMR chromatogram revealed five main com-
pounds (Figures 1-3, compounds 1—4, 6).

In Figure 1, the methyl proton region of the NMR chro-
matogram is shown, since the chemical shifts of the methyl
groups are of high diagnostic value in interpreting the struc-
ture of the aglycone. Figure 2 shows the region correspond-
ing to the anomeric protons, which are characteristic of the
sugar moiety. Figure 3 shows the one-dimensional 'H-
NMR spectra of compounds 1—4 and 6, as obtained from
the on-flow NMR chromatogram.

The partial NMR chromatograms (Figure I and Fig-
ure 2) contain valuable information. Thus, the significant
upfield shifts of the aglycone methyl groups 18-CHj3 (A-18-
CHs;) of 3 and 6 suggest the absence of a hydroxy function
at A-C-20 of the aglycone side chain (Figure 1, boxes a and
a'). The conformity of the carbohydrate methyl signals and
anomeric proton resonances of both 3 and 6 with those of
ovarian asterosaponin 1 (Figure 1 and Figure 2, boxes b)
suggest that all three compounds possess the same glycoside
moiety having a 6-deoxy-xylo-hex-4-ulose unit directly at-
tached to the aglycone. This is further corroborated by the
conformity of the corresponding sugar-ring proton signals
between 0y = 3.00 and 3.90 (Figure 3).

In the same manner, comparison of the carbohydrate res-
onances of 1 and 2 suggested that the glycoside residue is
identical to that of asteriidoside C (Figure 1 and Figure 2,
boxes c).

Furthermore, comparison of resonances due to the agly-
cone methyl and olefinic protons led to the identification
of corresponding aglycone side chains: compounds 1 and 4
clearly have the same aglycone unit (Figure 1 and Figure 2,
boxes d, lower part). Moreover, the compounds eluting
after 1 and 4, i.e. 2 and 5, show identical aglycone methyl
signals (Figure 1 and Figure 2, boxes d, upper part). Al-
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Scheme 1

though 5 is a minor component and thus only the methyl
signals can be recognized in the on-flow NMR chromato-
gram, this information together with that from the MS led
to its tentative assignment (vide infra).

Besides the molecular weight information, the additional
information concerning the number of exchangeable pro-
tons provided by the LC-NMR-MS experiment proved to
be especially useful, as is illustrated by a comparison be-
tween 3 and 6. These compounds have the same oligosac-
charide chain, but differ in the number of exchangeable pro-
tons (3: 13; 6: 12). This is suggestive of the presence of
an additional hydroxy group in the aglycone side chain of
compound 3.

Eur. J. Org. Chem. 2000, 1253—1262

The presence of a 23-hydroxy function in the side chain
of 3 was also confirmed by an MS-triggered stopped-flow
2D-WET-TOCSY experiment carried out in the LC-NMR
probehead. Figure 4 shows the correlation between a down-
field methine proton at 8y = 3.67 and both the aglycone
methyl groups A-26-CH; 27-CH; (6 = 0.84/0.86) and A-
21-CHj; (8 = 0.90).

As these LC-NMR-MS experiments had shown the frac-
tion to contain asterosaponins not previously described in
the literature, compounds 1—6 were separated by RP-
HPLC (water/ammonium hydrogen carbonate/acetonitrile)
and submitted to extensive two-dimensional NMR exam-
inations to corroborate the conclusions reached by LC-

1255



FULL PAPER

M. Sandvoss, L. H. Pham, K. Levsen, A. Preiss, C. Miigge, G. Wiinsch

min
6 (m/z 1241)
350
] 5 (m/z 1213)
4
300 ﬁ (m/z 1225)
250 3 (m/z 1243)
2 Em/z 1375;
1 (nmv/z 1387
200~
asteriidoside C
150+ ov. asterosapon, 1
f T T T ‘
4.8 4.7 4.6 4.5 ppm

Figure 2. As Figure 1, showing expansion of the anomeric proton
resonances; the boxes illustrate structural analogies between the
components; at 300 K, the solvent suppression interfered with the
fifth anomeric proton resonance of 4 expected at 6y = 4.38
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Figure 3. One-dimensional '"H-NMR spectra of compounds 1—4
and 6 derived from the on-flow NMR chromatogram; note the con-
formity of the sugar-ring proton signals of 1 with those of 2 and
of 3 with those of 6 in the region 6 = 3.00-3.90

NMR-MS and to provide the complete structural elucida-
tions and signal assignments (Scheme 1, Table 1 and
Table 2).

Ruberoside A (3)

The ESI-MS shows a molecular anion peak [MD;] at
mlz = 1256 (D,O/*ND, formate/MeCN). In an MS? ex-
periment, a major fragment was seen at m/z = 1236, corres-
ponding to a loss of water (D,0) from C-4 of the hydrated
6-deoxy-xylo-hex-4-ulose unit, as well as minor fragments
at m/z = 1108 [1256 — 148]~, 1088 [1236 — 148]", 960 [1108 —
148], and 940 [1088 — 148] ", indicating the sequential loss
of two deoxyhexose units. A minor fragment at m/z = 499
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Figure 4. Stopped-flow 2D WET-TOCSY of 3; magnetization
transfer from the methyl groups A-21-CH; and A-26-CH;/27-CH;
to a resonance at 8y = 3.67 indicates the presence of a hydroxy
function in the aglycone side chain.

[1256 — 757] corresponded to complete loss of the glycos-
idic residue. A D/H back-exchange experiment indicated
the molecular weight [M]™ of the nondeuterated compound
through a peak at m/z = 1243, demonstrating the presence
of 13 exchangeable protons.

The '"H-NMR spectrum of 3 reveals the presence of five
anomeric protons in the downfield region between &y =
4.40 and 4.60. Their large vicinal coupling constants (3J =
7.6-7.9 Hz) indicate a trans-diaxial orientation of the an-
omeric protons with respect to their coupling partners (-
configuration). The overlapping carbohydrate resonances of
the ring protons are found between &y = 3.00 and 3.80.
Five methyl doublets in the region between oy = 1.14 and
1.36, which show coupling constants of 3J = 6.1-6.5 Hz
suggest the presence of five 6-deoxy-sugar moieties.

The olefinic signal at 8y = 5.30, the multiplet at 6y =
4.13, and the remaining signals further upfield than 6y =
2.50, including five methyl proton resonances, could be as-
signed to the aglycone.

While the assignment of the signals attributable to the
various sugar units was achieved by the application of two-
dimensional NMR techniques (COSY, TOCSY, multipli-
city-edited HSQC, HMBC, and HSQC-TOCSY), the iden-
tification of the sugar units was based mainly on analysis
of the coupling patterns obtained from selective 1D
TOCSY (z-filtered) subspectra of the individual sugars
(data shown in Table 1).

ID TOCSY experiments performed by selective excita-
tion of the anomeric protons at dy = 4.55 and 4.59 pro-
duced two six-spin subspectra showing only large coupling
constants (3J = 7.9-9.4 Hz) for the first five protons and
J couplings of about 6 Hz (*J5.11.6.mc) With upfield methyl
resonances at oy = 1.26 and 1.36, respectively. This indic-
ated the presence of two 6-deoxyhexoses with the 1-H to 5-
H protons all in axial positions. Thus, these residues were
identified as B-quinovose units.

Selective TOCSY experiments starting from the anomeric
proton resonances at oy = 4.45 and 4.46 resulted in two
four-spin systems, each with two large coupling constants
CJiszm 3Jonsn > 5Hz) and two small coupling con-
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Table 1. 'H and '3C-NMR signals of the sugar moiety of compounds 3, 2, and 4 in D,O/CD;CN (2:3)
3 2 4

Pos. SC SH J[a] SC 8H J[a] 6C SH J[a]

Qui I Qui I Qui I
1 103.0 CH 455  Ji, 79 103.7 CH 4.39 Jis 7.8 103.6 CH 439  Ji, 7.9
2 832 CH 356 Jh; 92 739 CH 3.30 D3 9.0 73.8 CH 330 Jas 8.3
3 743 CH 373 Jz4 92 89.3 CH 3.37 J34 9.2 89.2 CH 337 Jza 9.0
4 839 CH 334 Jus 94 742 CH 3.07 Jus 9.4 742 CH 3.07  Jus 9.2
5 71.7 CH 3.60 Jsg 6.1 71.8 CH 3.34 s 6.1 71.8 CH 334 Jse 6.1
6 177  CH; 1.36 18.0  CH; 1.21 179  CH; 1.21

Qui II Qui II Qui II
1 1050 CH 459  Ji, 79 1050 CH 4.57 Jis 7.8 105.0 CH 456  Ji, 7.9
2 753 CH 325 J; 92 753 CH 3.25 D3 9.4 75.3 CH 325 Ja; 9.4
3 759 CH 335 Jz4 94 76.1 CH 3.33 Jiq 9.4 76.0 CH 333 Js4 9.2
4 75.2 CH 3.09  Jus 94 753 CH 3.10 Jus 9.4 75.3 CH 3.09  Jus 9.3
5 73.4 CH 340  Js 6.3 73.4 CH 3.38 Js6 6.1 73.3 CH 338 Jse 6.1
6 17.6  CH; 1.26 17.6 ~ CH; 1.25 17.6  CH; 1.25

Fuc I Fuc I Qui III
1 101.5 CH 446 J,, 1.6 100.8 CH 4.47 Jis 7.9 1047 CH 448  Ji, 7.9
2 809 CH 3.60  Jr; 9.6 81.3 CH 3.57 Jos 9.9 75.6 CH 320 Ja; 9.4
3 73.8 CH 370 J34 34 73.7 CH 3.70 Jiq 3.3 76.0 CH 334 Js4 9.2
4 71.7 CH 3.66  Jus <l 71.7 CH 3.66 Jus <1 757 CH 3.02  Jys 9.2
5 714 CH 3.71 Jss 6.5 71.5 CH 3.68 Js6 6.5 73.0 CH 336 Jse 6.0
6 16.2  CH;, 1.19 16.3  CH; 1.19 17.8 CH; 1.22

Fuc IT Fuc IT Fuc
1 105.3 CH 445  Ji, 1.8 105.0 CH 4.50 Ji2 7.8 101.0 CH 444 J, 7.9
2 728 CH 345 J3 99 71.8 CH 3.61 Ja3 9.9 81.2 CH 353 Js; 9.4
3 73.6 CH 353 Jz4 35 833 CH 3.69 J34 3.3 73.7 CH 3.68  Js4 3.5
4 720 CH 3.60 Jus <l 71.7 CH 3.88 Jus <1 71.7 CH 3.65  Jus <1
5 71.8 CH 3.6 Jsg 6.5 71.5 CH 3.70 Js6 =6 71.5 CH 3.67  Jse 6.5
6 164  CH; 1.17 16.7 CHj; 1.21 16.2  CH; 1.19

DXU Xyl Xyl
1 103.6 CH 440  J,, 7.90 103.8 CH 4.54 Jis 7.7 103.7 CH 453 Ji, 7.9
2 728 CH 339 Jpy 9.2 83.1 CH 3.46 Jas 9.0 83.1 CH 346  Jo; 8.3
3 89.5 CH 3.42 748 CH 3.71 J34 9.4 74.8 CH 371 Js4 8.9
4 926 C 774  CH 3.74 Jisax 9.5 774 CH 373 Jysae 99
5 73.0 CH 346 Jss 6.4 639 CH, 4.06/ Jaseq 44 639 CH, 4.04 Jyseq 44

3.37 Jsax, 117 3.36 sax, 117
6 12.5 CH; 1.14 Seq Seq
Gal

1 105.1 CH 4.48 Jia 7.6M°1
2 720 CH 3.52 Jas 9.4[b]
3 73.6 CH 3.53 J34 2,911
4 693 CH 3.81 Jus <1
5 759 CH 3.56
6 61.7 CH, 3.67-3.64 br. m

[l J values determined b?{)]z-filtered 1D TOCSY spectra, except for anomeric and methyl resonances, which were determined directly

from the 'H-spectrum. —

stants (Js.paems Jams.u < 5 Hz). These coupling patterns
are in accordance with a B-galacto-configuration of the
sugar residues. The magnetization transfer of the TOCSY
experiment stopped at 4-H due to the very small J coupling
(Jansn < 1 Hz).

To identify these B-galacto-configured sugars, informa-
tion provided by further NMR experiments was used. The
presence of five carbohydrate methyl groups suggested these
residues were [-fucose units, which was confirmed by
HMBC correlations between Fuc-C-6 and Fuc-4-H (8¢ =
16.4 — 613 = 3.60 and 16.2 — 3.66) as well as between Fuc-
6-H and Fuc-C-4 (64 = 1.17 — 6 = 72.0 and 1.19 —
71.7). Finally, a strong NOESY correlation between the an-
omeric protons and 5-H established the axial orientation of
the latter.

Eur. J. Org. Chem. 2000, 1253—1262

J values confirmed by simulation of the subspectrum.

Following selective excitation of the anomeric proton at
0y = 4.40, magnetization was transferred to two further
protons, revealing a three-spin system with vicinal coupling
constants 3J of about 7.9 and 9.2 Hz. The presence of a 6-
deoxy-xylo-hex-4-ulose unit (DXU) was indicated by a
HMBC correlation between 8y = 1.14 (DXU-6-CHj;, the
fifth carbohydrate methyl resonance to be assigned) and a
quaternary carbon at dc = 92.6 (DXU-C-4). On the other
hand, a HMBC correlation between DXU-C-4 and 6y =
3.42 (DXU-3-H) and 3.46 (DXU-5-H) established the con-
nectivity to the three-spin system DXU-1-H to 3-H. A
strong NOESY correlation between DXU-1-H and 5-H in-
dicated the axial orientation of the latter.

The common D-configurations of the sugar units were
assigned by analogy with the sugar configurations in the
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Table 2. 'H and '3C-NMR signals of the aglycone of compounds 3, 6, 2, and 4 in D,O/CD;CN (2:3)
3 6 2 4
Pos. 8C m SH[C] SC m SH SC m 8H SC m 6H
1 360 CH, 139/ «a 36.1 CH, 138/ « 36.0 CH, 138/ « 36.0 CH, 1.38/ «a
1.69 B 1.69 B 1.69 B 1.70 B
2 289 CH, 207 « 28.9 CH, 207 a 28.9 CH, 207/ « 28.9 CH, 207/ «a
1.59 B 1.59 B 1.9 B 1.59 B
3 793 CH 4.3 79.3 CH 4.12 79.5 4.12 79.5 CH 4.3
4 302 CH, 240/ a 30.3 CH, 240/ « 30.2 CH, 242/ « 30.2 CH, 241/ «a
1.28 B 129 B 128 B 129 B
5 49.0 CH 1.21 49.0 CH 122 49.1 1.21 49.0 CH 1.20
6 80.3 CH 3.56 80.3 CH 3.56 80.4 3.56 80.3 CH 3.56
7 41.1 CH, 091/ « 41.1 CH, 091/ « 41.3 CH, 0.89/ « 41.1 CH, 0.89/ «a
230 B 230 B 229 B 230 B
8 360 CH 2.05 36.1 CH 2.06 35.8 CH 2.04 35.8 CH 2.05
9 146.2 C 1462 C 146.1 C 146.1 C
10 387 C 38.7 C 38.6 C 38.6 C
11 1172 CH 5.30 1172 CH  5.30 117.3 5.30 1173 CH 5.30
12 424 CH, 197 « 42.2 CH, 196/ « 42.7 CH, 199/ « 42.6 CH, 201/ «a
215 B 2,13 B 218 B 2.18 B
13 417 C 41.7 C 41.7 C 41.6 C
14 540 CH 1.26 54.1 CH 1.27 54.3 1.29 54.3 CH 124
15 25,6 CH, 1.73/ 25.7 CH, 1.74/ 23.001 CH, 1.73/ 22901 CH, 1.74/
1.13 1.14 1.63 1.65
16 29.0 CH, 1.88/ 28.9 CH, 1.80/ 25301 CH, 1.74/ 2521 CH, 1.74/
1.26 1.25 1.15 1.16
17 576  CH 1.18 56.7 CH 1.20 58.4 1.53 58.5 CH 1.56
18 11.8 CH; 0.58 11.7 CH; 0.61 13.5 CH; 0.70 134 CH; 0.71
19 19.5 CH; 0.94 19.5 CH3 0.94 19.5 CH; 0.94 194 CH; 0.93
sidechain
20 342 CH 1.37 33.1 CH 191 75.6 C 75.5 CH
21 192 CH; 091 d(6.6) 19.6 CH; 0.85 d (6.5 257 CH; 1.18 s 253 CH; 1.21 s
22 453 CH, 146/ 50.7 CH, 2.46/ 445 CH, 1.40/ 43.0 CH, 1.54/
1.16 2.13 1.25 1.45
23 684 CH 3.66 2147 C 22.6 CH, 1.24 29.5 CH, 1.99
24 46,5 CH, 1.19 52.6 CH, 227 ABX 40.1 CH, 1.11 1577 C
(15/6.5)
25 248 CH 1.73 25.1 CH 202 28.4 CH 1.50 34.4 CH 222
26 21.8 CH; 085 d(6.6) 2258 CH; 0.84 d(6.6) 228 CH; 0.84 d(6.7) 22.1 CH; 0.99 d(6.6)
27 241 CH; 087 d(6.6) 2278 CH; 0.86 d(6.6) 228 CH; 0.84 d(6.7) 221 CH; 0.99 d(6.6)
28 106.7 CH, 4.72/ brs
4.66 brs

[a Signal assignments may be interchanged. — [ Signal assignment by comparison with literature values. — [l Coupling constants (in Hz)

are given in parentheses.

previously isolated saponins.[l The sites of glycosidic link-
age were determined from interglycosidic HMBC correla-
tions between the anomeric protons and carbon nuclei of
the adjacent sugar rings. The assignments were confirmed
by NOESY correlations.

Figure 5 shows the corresponding anomeric traces of the
HMBC and HSQC-TOCSY spectra. From the HSQC-
TOCSY anomeric traces, the '3C chemical shifts of the
sugar-ring nuclei can be discerned. Note that the resonances
between 6 = 80 and 90 are shifted downfield as a result
of the glycosidation. Thus, it is apparent that Qui I bears
two glycosidic linkages. On the other hand, the anomeric
traces of the HMBC spectrum reveal the interglycosidic
long-range correlations between anomeric protons and
ring-carbon nuclei of the adjacent sugar units. As these cor-
relations are not apparent in the HSQC-TOCSY experi-
ment, they must clearly arise from interglycosidic 3J
(COCH) couplings.

From the HMBC correlations Fuc II-1-H — Fuc 1I-C-2,
Fuc I-1-H — Qui I-C-4, Qui II-1-H — Qui I-C-2, Qui I-1-H
— DXU-C-3 and DXU-1-H — A-C-6, the pentasaccharide
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chain shown in Scheme 1 could be established. The intergly-
cosidic NOEs between the anomeric protons and the sugar-
ring protons beyond the glycosidic linkage support these as-
signments.

Both the 'H and '3C chemical shift data of the steroidal
nucleus (Table 2), obtained from the multiplicity-edited
HSQC and HMBC, are in very good agreement with literat-
ure datal'®23 for previously identified asterosaponins, thus
indicating a 33,6a-dihydroxysteroid aglycone sulfated at C-
3 with the saccharide moiety at C-6. The stereochemistry
of the steroidal skeleton was confirmed by NOESY correla-
tions between A-19-CH; and A-63-H/8B-H, A-18-CHj; and
A-8B-H, A-120-H and A-140-H/170-H, as well as between
A-30-H and A-lo-H/50-H. The stereochemistry at A-C-20
was deduced by analogy with previously isolated asterosa-
ponins.[-2

The aglycone side chain resonances (Table 2) were as-
signed by tracing the COSY connectivities starting from the
methyl groups of the side chain A-21-CHjs, 26-CHj;, and 27-
CHj;. The chemical shifts of the A-23 resonances (6y =
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Figure 5. Traces of the anomeric proton and carbon resonances in
the multiplicity-edited HSQC, HSQC-TOCSY, and HMBC spectra
of 3; the interglycosidic correlations of the anomeric protons with
a carbon nucleus of an adjacent sugar residue establish the linkage
sites in the glycoside chain

3.66, 6c = 68.4) are supportive of the presence of a 23-
hydroxy function in the side chain.

The 3C chemical shifts of the aglycone are in very good
agreement with literature data for nipoglycoside D.1?)

The structure of compound 3 can thus be defined as 6a-
O-{B-p-fucopyranosyl-(1—2)-B-p-fucopyranosyl-(1—4)-[3-
D-quinovopyranosyl-(1—2)]-B-p-quinovopyranosyl-(1—3)-
B-D-6-deoxy-xylo-hex-4-ulosyl}-5a-cholest-9(11)-en-23-0l-
3B-yl sulfate. This compound has not previously been isol-
ated from starfish. We propose the name ruberoside A for
this novel compound.

The 'H- and '3C-NMR resonances of the following com-
pounds were assigned in the same manner as described
above (data shown in Table 1 and Table 2).

Ruberoside B (6)

The ESI-MS shows a molecular anion peak [MD,] at

mlz = 1253 (D,O/"ND, formate/MeCN). An MS? experi-
ment revealed a fragmentation pattern identical to that of
compound 3, with a major fragment at m/z = 1233 corres-
ponding to a loss of water (D,0) from C-4 of the hydrated
6-deoxy-xylo-hex-4-ulose unit, and minor fragments at
milz = 1105 [1253 — 148]", 1085 [1233 — 148], 957 [1105 -
148]", and 937 [1085 — 148] indicating the sequential loss
of two deoxyhexose units. A minor fragment at m/z = 496
[1253 —757] corresponded to complete loss of the glycos-
idic residue. A D/H back-exchange experiment indicated
the weight of the molecular anion [M] of the nondeuter-
ated compound through a peak at m/z = 1241, thereby re-
vealing the presence of 12 exchangeable protons in com-
pound 6 (as opposed to 13 in compound 3).

The resonances of the steroidal side chain were assigned
by tracing the COSY connectivities starting from the
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methyl groups of the side chain. While the connectivity
pathway starting at A-21-CHj; proceeds via A-20-H and ex-
tends to A-22-CH,, the spin system starting from A-26-
CH;/27-CHj5 proceeds via A-25-H to A-24-CH,. The pres-
ence of the carbonyl function at A-C-23 was established
from HMBC correlations between A-C-23 (§¢ = 214.7) and
A-22-CH, (8y = 2.46/2.13), 24-CH, (6y; = 2.27) and 25-H
0y = 2.02).

The resonances of the steroidal skeleton are identical to
those found for the other asterosaponins. The signals attrib-
utable to the glycoside chain match those of compound 3,
as already indicated by the on-flow LC-NMR spectra. An
additional examination of the sugar units by 1D TOCSY,
as well as an analysis of the glycosidic linkages by HMBC,
confirmed the structure of the glycoside residue.

The '3C chemical shifts are in very good agreement with
literature data for saponins possessing a 24,25-dihydromar-
thasterone aglycone.?!]

Compound 6 was thus identified as 6a-O-{B-p-fucopyr-
anosyl-(1—2)-B-p-fucopyranosyl-(1—4)-[3-D-quinovopyr-
anosyl-(1—2)]-B-p-quinovopyranosyl-(1—3)-B-D-6-deoxy-
xylo-hex-4-ulosyl}-5a-cholest-9(11)-en-23-one-3B-yl sulfate.
We propose the name ruberoside B for this novel asterosa-
ponin.

Compound 1

Compound 1 was identified as asteriidoside B, an aster-
osaponin possessing a 24(28)-ene function in the side chain,
which has recently been isolated from Asteriidae.!'”) Both
the MS {ESI-MS: m/z = 1402 [MD;s]" (D,O/*ND, form-
ate/MeCN) MS?: m/z = 1237 [1402 —165]", 1089 [1237 —
148]", and 941 [1089 — 148]; D/H back-exchange: m/z =
1387; no. of exchangeable protons = 15} and NMR data
are in good agreement with that reported in the literat-
ure.[1]

This was confirmed by a 1D TOCSY and HMBC exam-
ination of the glycosidic residue. Selective TOCSY experi-
ments revealed two B-gluco-configured spin systems show-
ing magnetization transfer to high-field resonances at oy =
1.21 and 1.25, respectively (quinovose units), a pentapyr-
anose system with axially configured 1-H to 4-H protons
(xylose), as well as three B-galacto-configured spin systems.
HMBC correlations between C-6 and 4-H (8¢ = 16.7 —
oy = 3.88 and 16.3 — 3.66) established the connectivities
of two carbohydrate methyl signals to their corresponding
B-galacto fragments, indicating the presence of two fucose
units. The remaining B-galacto unit was assigned to a
CH,OH group at 8¢ = 61.7, as befits a galactose unit. This
is in accordance with the MS data, which are indicative of
a terminal hexose unit.

Ruberoside C (2)

The ESI-MS shows a molecular anion peak [MD;s] at
mlz = 1390 (D,O/"ND, formate/MeCN). An MS? experi-
ment revealed fragments at m/z = 1225 [1390 — 165], 1077
[1225 - 148], and 929 [1077 — 148] corresponding to the
sequential loss of a hexose and two deoxyhexose units. A
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D/H back-exchange experiment indicated the molecular
weight [M]  of the nondeuterated compound through a
peak at m/z = 1375, revealing the presence of 15 exchange-
able protons.

The LC-NMR chromatogram (Figure 1 and Figure 2)
had already indicated that 2 has the same glycoside chain
as 1 and the reference compound asteriidoside C. The mul-
tiplicity-edited HSQC shows carbohydrate resonances
which are virtually superimposable on those of 1.

The aglycone side chain proton resonances were assigned
by tracing the COSY connectivity pathway beginning at the
terminal methyl groups A-26-CH;/27-CH;. The '3C chem-
ical shifts obtained for the aglycone side chain are in very
good agreement with the values reported for latespinoside
B.[ZZ]

The structure of compound 2 was thus identified as 60-O-
{B-Dp-galactopyranosyl-(1—3)-B-pD-fucopyranosyl-(1—2)-f-
D-fucopyranosyl-(1—4)-[B-p-quinovopyranosyl-(1—2)]-B-p-
xylopyranosyl-(1—3)-B-p-quinovopyranosyl}-20-hydroxy-
a-cholest-9(11)-en-3B-yl sulfate, for which we suggest the
name ruberoside C.

Ruberoside D (4)

The ESI-MS shows a molecular anion peak [MD;,] at
mlz = 1237 (D,O/"ND, formate/MeCN). An MS? experi-
ment revealed fragments at m/z = 1089 [1237 — 148] and
941 [1089 — 148], corresponding to the sequential loss of two
deoxyhexose units. A D/H back-exchange experiment indic-
ated the molecular weight [M]  of the nondeuterated com-
pound through a peak at m/z = 1225, which is consistent
with the presence of 12 exchangeable protons.

Selective excitation of the anomeric doublets at 65 = 4.39,
4.48, and 4.56 revealed 1D TOCSY subspectra of B-gluco-
configured six-spin systems (with large axial/axial coupling
constants in all cases) showing magnetization transfer to a
high-field 6-H resonance (6 = 1.21, 1.22, and 1.25, respect-
ively). Thus, these sugar moieties were readily identified as
B-quinovose units.

Following selective excitation of the anomeric proton at
dy = 4.53, a 1D TOCSY subspectrum showing a six-spin
system with four axial/axial couplings (*J = 7.9—8.9 Hz) and
one 11.7 Hz geminal coupling constant was obtained. This
sugar unit was thus identified as xylose in its pyranose form.
The methylene resonance at dc = 63.9 in the multiplicity-
edited HSQC was assigned to its Xyl-C-5 position.

The fifth sugar unit (anomeric proton at dy = 4.44) has a
B-galacto-configured pyranose ring (J34 = 3.5Hz, 3J,5 <
1 Hz). The presence of four carbohydrate methyl groups sug-
gested this residue to be a B-fucose unit, which was con-
firmed by a HMBC correlation between Fuc-6-CH; and
Fuc-C-4 (6 = 1.18 — 8¢ = 71.7). Finally, a NOESY cor-
relation between Fuc-1-H and Fuc-5-H established the axial
orientation of the latter.

The striking similarity between the aglycone methyl pro-
ton resonances and the two broad olefinic singlets downfield
from the anomeric protons in the LC-NMR chromatogram
suggests that the aglycone side chain is the same as that in
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compound 1, possessing a 24(28)-ene function (Figure 1 and
2, boxes d).

The presence of an olefinic methylene signal in the multi-
plicity-edited HSQC (A-28: 6¢ = 106.7, 8y = 4.72/4.66) in
conjunction with HMBC correlations between A-26-CH3/27-
CHj; and A-C-24 (8¢ = 157.7) and between A-28-CH,, A-
C-23 (8¢ = 29.5), and C-25 (8¢ = 34.4) confirmed this as-
signment. The '3C chemical shifts for the aglycone are in
very good agreement with literature data for asteriidoside
Bl and asteroside D.*!

Thus, compound 4 was identified as 6a-O-{B-D-quinovo-
pyranosyl-(1—2)-B-p-fucopyranosyl-(1—4)-[3-p-quinovo-
pyranosyl-(1—2)]-B-p-xylopyranosyl-(1—3)-B-p-quinovo-
pyranosyl}-20-hydroxy-5a-cholest-9(11),24(28)-dien-33-yl
sulfate, for which we propose the name ruberoside D.

Compound 5

The LC-NMR chromatogram showed a minor compound
that eluted shortly after 4. The molecular anion peak
[MD,,]- was seen at m/z = 1225 (D,O/"ND, formate/
MeCN), i.e. 12 units lower than that of 4. An MS? experi-
ment revealed fragments at m/z = 1077 [1225 - 148] and
929 [1077 — 148]", corresponding to the sequential loss of two
deoxyhexose units. A D/H back-exchange showed a molecu-
lar ion peak [M] at m/z = 1213, indicating the presence of
12 exchangeable protons.

The carbohydrate methyl proton resonances of this minor
compound are identical to those of 4, while the aglycone
methyl proton resonances are identical to those of 2, thus
suggesting a saponin consisting of the pentasaccharide chain
of 4 and the unsubstituted aglycone side chain of 2.

The molecular mass 12 units lower than that of 2 and the
striking resemblance of the signal patterns between the pairs
4/5 and 1/2 in the on-flow LC-NMR run (Figure 1, boxes d)
supported this assignment, even though only the methyl
groups of compound 5 could be observed in the NMR chro-
matogram.

A fraction of this compound was also obtained in the
course of the preparative isolation and a '"H-NMR spectrum
as well as 1D TOCSY spectra of the sugar units were re-
corded. These experiments supported the tentative structural
assignment of 5 as 6a-O-{B-D-quinovopyranosyl-(1—2)-p-D-
fucopyranosyl-(1—4)-[B-D-quinovopyranosyl-(1—2)]-B-p-
xylopyranosyl-(1—3)-B-pD-quinovopyranosyl}-20-hydroxy-
Sa-~cholest-9(11)-en-3B-yl sulfate.

Experimental Section

Animal Material: The crude extracts of Asterias rubens were pro-
vided by the Institut fiir Angewandte Biologie und Landschafts-
planung - Bioplan GmbH, Grol3 Stove/Rostock, Germany. Speci-
mens of Asterias rubens were collected at Fredericia, Denmark
(Baltic Sea) in September 1997. The following extraction procedure
was used: The animal material, frozen prior to storage, was cut into
small pieces and soaked in acetonitrile for 16 h. The supernatant was
then decanted and the remaining solid mass was again soaked in
acetonitrile and exposed to ultrasonic treatment. The combined ace-
tonitrile extracts were subsequently concentrated to dryness. The
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concentrated extract was then taken up in water and centrifuged.
Finally, the supernatant was lyophilized. From 500 g of fresh animal
material, about 7 g of crude extract was obtained.

Extraction and Isolation: The crude extract (20 g) from Asterias rub-
ens was submitted to preparative chromatography on a 24 X 4 cm
RP-18 (40 pm particle size) column. The fractions were eluted using
a gradient from 100% H,O to 100% MeOH. The asterosaponin frac-
tion (1688 mg) eluted at a 30:70 composition of H,O/MeOH.

600 mg of the collected asterosaponin fraction was further chroma-
tographed on an RP-18 column eluting with H,O/MeOH (50:50 to
10:90) yielding, besides pure asterosaponins, several subfractions
containing unseparated saponins. 179 mg of the saponin subfraction
investigated in this article was obtained at an eluent composition of
40:60 H,O/MeOH. This saponin subfraction was then submitted to
LC-NMR-MS analysis.

As this examination indicated the presence of new compounds in
the sample, the subfraction was further separated by HPLC, em-
ploying the following conditions: A solution of 20 mg of the saponin
subfraction in 800 pL of eluent was repeatedly chromatographed on
an analytical HPLC column (YMC Jsphere ODS L 80,
4.6 X 250 mm) using 20 mmol ammonium hydrogen carbonate in
H,>O/CH;CN (65:35) as eluent. A 20 pL injection loop was used, the
flow was 1 mL/min., and the UV detection wavelength was 210 nm.
Compounds 1—6 were collected and dried by repeated co-evapora-
tion.

LC-NMR-MS Analysis: The LC system consisted of a Bruker LC-
22 pump, a Rheodyne 7725 i injection valve, a Bischoff Lambda-
1010 UV detector at 210 nm, and a Bruker BPSU-36 peak sampling
unit. At the outlet of the BPSU, an LC packings ICP-4-20 flow
splitter was attached, which allowed the transfer of 95% of the flow
to the NMR spectrometer and 5% to the MS. Additional buffer was
added to the MS flow in a ratio of 4:1 by means of a PEEK T-
piece (Upchurch) and a syringe pump (Cole Parmer 74900). For MS
experiments in deuterated solvents, 20 mmol of deuterated ammo-
nium formate in D,O was used; D/H back-exchange experiments
employed 20 mmol of ammonium formate in H>O. Due to the resid-
ual D,O in the eluent, the most abundant peak in the D/H back-
exchange experiments was [M + 2D]. However, [M] was clearly
distinguishable. A YMC Jsphere ODS L80 HPLC column
(4.6 X 250 mm) was used with 20 mmol ammonium formate in D,O/
CH;CN (64:36) as eluent. The eluent flow rate was 0.05 mL/min
for on-flow LC-NMR-MS experiments and 0.5 mL/min for the MS-
triggered stopped-flow experiments.

A 25 mg/mL solution of the sample in the eluent was injected using
a 20 pL injection loop (corresponding to an absolute amount of 500
pg injected onto the column). For comparison purposes, 2 mg/mL
(40 pg absolute) of ovarian asterosaponin 1121 and 4 mg/mL (80
ug absolute) of asteriidoside CI'°) were added to the sample. These
reference compounds were isolated from other fractions of Asterias
rubens and their structures have been determined employing the
same NMR methods as described here.

A Bruker Avance DRX 600 spectrometer equipped with a 4 mm z-
gradient LC probe head was used. On-flow spectra were recorded
using the following conditions: 'H frequency: 600 MHz; temper-
ature: 300 K; sweep width, 8400 Hz; 24 k data points, zero-filled to
32 k; exponential multiplication LB 1 Hz; 108 scans per row, pulse
repetition time 2 s. Solvent suppression was achieved by the WET
sequence with 3C decoupling during the WET pulse train. Chemical
shifts were referenced to CH;CN: &y = 2.00. To extract 1D 'H-
NMR spectra from the on-flow NMR chromatogram, up to four
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rows of a peak were added. 2D WET-TOCSY spectra were recorded
in the MS-triggered stopped-flow mode. '3C decoupling was applied
during the WET-pulse train and acquisition. Spectral size was
4k X 512 data points, zero-filled to 4k X 2k data points; 100 ms
TOCSY mixing time.

The mass spectrometer used was a Bruker Esquire-LC ion-trap MS
equipped with an ESI ionization source. Ionization parameters:
negative-ion mode; capillary voltage 3150 V, end-plate voltage 2350
V; dry gas: 11 L/min nitrogen at 300 °C; nebulizing gas: nitrogen at
30 psi. Scan from m/z = 50 to 1600; accumulation cut-off m/z = 85;
125 to 150 averages per spectrum in the on-flow LC-NMR-MS
mode; 20 averages in the stopped-flow mode.

NMR: For the further two-dimensional and selective NMR experi-
ments, a 2.5 mm z-gradient micro probe head was used and samples
were placed in 2mm OD NMR capillaries (Wilmad). Standard
Bruker microprograms using gradient selection (except in TOCSY
experiments) were applied.

The operating conditions were as follows: frequencies: "H 600 MHz;
13C 150 MHz; solvent: D,O/CD;CN, (2:3); temperature: 300 K.
Chemical shifts were referenced to CD;CN: 6y = 1.975; 6 = 1.3.
A typical MLEV-spinlock time for TOCSY experiments was 100
ms; a typical NOESY mixing time 200 ms. The HMBC long-range
coupling ¥3Jcy; was set to 7 Hz. With the exception of HMBC, all
spectra were recorded in phase-sensitive mode. Typical spectral size
was 4k X 512 data points, processed to 4k X 2k points using zero-
filling in the homonuclear and linear prediction in the heteronuclear
experiments. Shifted squared sine window functions were applied in
both dimensions.

In the selective 1D TOCSY experiments, a 100 ms half-gaussian-
shaped pulse was used for selective excitation. The standard Bruker
microprogram applying a z-filter was used. The mixing time varied
between 25 and 150 ms. The sweep width was set at 7200 Hz, 32 k
data points were acquired, and an exponential multiplication of LB
0.3 Hz was applied to the FID. Spectra simulations were performed
using the Bruker NMRsim software.

Ruberoside A (3): Negative LC-ESI-MS (D,O/*ND, formate/
MeCN): m/z = 1256 [MD5]; MS% m/z = 1236, 1108, 1088, 960,
940, 499. — Negative LC-ESI-MS (D/H back-exchange): m/z = 1243
[M]~. = 'H and 3C NMR: 3y, §¢ (D,O/CDsCN, 2:3), see Table 1
and 2.

Ruberoside B (6): Negative LC-ESI-MS (D,O/*ND, formate/
MeCN): m/z = 1253 [MD,,]; MS%: m/z = 1233, 1105, 1085, 957,
937, 496. — Negative LC-ESI-MS (D/H back-exchange): m/z = 1241
[M]. — 'H and '3C NMR: 8, 8¢ (D,O/CD;CN, 2:3) of the aglycone,
see Table 2. 'H- and '3C-NMR data of the sugar moiety are identical
to those of compound 3.

Ruberoside C (2): Negative LC-ESI-MS (D,O/*ND, formate/
MeCN): m/z = 1390 [MD;s] ; MS?: m/z = 1225, 1077, 929. — Nega-
tive LC-ESI-MS (D/H back-exchange): m/z = 1375 [M]". — 'H and
13C NMR: 8y, 8¢ (D,O/CD5CN, 2:3), see Table 1 and 2.

Ruberoside D (4): Negative LC-ESI-MS (D-,O/*ND, formate/
MeCN): m/z = 1237 [MD5]; MS%: m/z = 1089, 941. — Negative
LC-ESI-MS (D/H back-exchange): m/z = 1225 [M] . — 'H and '*C
NMR: 8y, 0¢c (D,O/CD5CN, 2:3), see Table 1 and 2.

Compound 1: Negative LC-ESI-MS (D,O/*ND, formate/MeCN):
mlz = 1402 [MDys]; MS? m/z = 1237, 1089, 941. — Negative LC-
ESI-MS (D/H back-exchange): m/z = 1387 [M]. — 'H and '3C-
NMR data (8y, 6c; D-O/CD;CN, 2:3) of the aglycone are identical
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with those of compound 4; NMR data of the sugar moiety identical
with those of compound 2. Thus, this compound was found to be
structurally identical to asteriidoside B.I'")

Compound 5: Negative LC-ESI-MS (D,O/*ND, formate/MeCN):
mlz = 1225 [MD;,]; MS?%: m/z = 1077, 929. — Negative LC-ESI-
MS (D/H back-exchange): m/z = 1213 [M] . — "H-NMR spectrum
of the aglycone unit superimposable on that of compound 2; 'H-
NMR spectrum of the sugar moiety identical to that of compound
4. '"H NMR: &y (D,O/CD;CN, 2:3) = 5.30 (br. d, A-11-H), 4.56 (d,
J =179 Hz, QuiII-1-H), 4.53 (d, J = 7.9 Hz, Xyl-1-H), 448 (d, J =
7.9 Hz, Qui III-1-H), 4.44 (d, J = 7.9 Hz, Fuc-1-H), 439 (d, J =
7.9 Hz, Qui I-1-H), 2.40 (m, A-4-H), 2.29 (m, A-7-H), 1.25 (d, J =
6.1 Hz, Qui II-6-CH3), 1.22 (d, J = 6.2 Hz, Qui III-6-CHj;), 1.20 (d,
J = 6.2 Hz, Qui I-6-CHs), 1.19 (d, Fuc-6-CHj3), 1.18 (s, A-21-CH3),
0.93 (s, A-19-CH3,), 0.84 (d, J = 6.6 Hz, A-26-CH;/27-CH3), 0.70 (s,
A-18-CH3).

1D TOCSY subspectra of the individual sugar units superimposable
on those of compound 4.
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