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Abstract—Two novel triterpenoids, aplysiols A (5) and B (6), have been isolated, together with structurally related known metabolites, from
a South China Sea collection of the anaspidean mollusc Aplysia dactylomela. The structures of 5 and 6 were determined mainly by spectro-
scopic NMR techniques. The absolute stereochemistry of compound 5 was deduced by Mosher’s method as well as by biogenetical consid-
eration, whereas the absolute stereochemistry of compound 6 was established also using an integrated NMR-QM (Quantum Mechanical)
approach, based on the combination of 13C NMR chemical shifts and 2,3JC–H coupling constant DFT (density functional theory) calculations.
� 2007 Published by Elsevier Ltd.
1. Introduction

Squalene-derived polyethers exhibiting a dioxabicy-
clo[4,4,0]decane ring represent a very interesting group of
metabolites of Laurencia red algae.1,2 The first example of
this biogenetically unique class was thyrsiferol (1), isolated
from Laurencia thyrsifera by Blunt et al. in 1978.3 Sub-
sequently, a series of related triterpenoids differing at C-15/
C-24 moiety either in the stereochemistry of chiral centres
(i.e., venustatriol, 24) or in the oxidation degree (i.e., 16-
hydroxydehydrothyrsiferol, 35) or in the structural arrange-
ment (i.e., isodehydrothyrsiferol, 46) have been reported
from several Laurencia species. A limited number of related
molecules with structural differences in the ring A have also
been isolated.5 The original structural features1 as well as the
potent antiviral,4 cytotoxic7 and inhibitory8 effects possessed
by these molecules generated many synthetic efforts directed
towards their producing.9 Surprisingly, these triterpenes
were never found in opisthobranch molluscs, even though
some species, belonging to the Aplysia genus, usually eat
upon red algae.10

In the course of our research on bioactive secondary metab-
olites of marine organisms, we recently analysed specimens
of the sea hare Aplysia dactylomela collected from South
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China Sea.11 This study led to the isolation of unprecedented
C15-halogenated acetogenins, structurally related to typical
metabolites of red algae of the genus Laurencia. On this ba-
sis, and according to the chemical data reported in the liter-
ature2,11 for A. dactylomela, a probable dietary origin of
these molecules from a Laurencia species was suggested.
In addition, mixtures of polar terpenoids were also detected
in the ether extracts of both the skin and the internal organs
of the mollusc, but not further investigated.11

We report here the chemical analysis of these more polar frac-
tions that has resulted in the isolation of two new triterpene
polyethers, aplysiol A (5) and aplysiol B (6), structurally
related to the co-occurring thyrsiferol (1) and venustatriol
(2). The structures of 5 and 6 have been determined by exten-
sive 2D-NMR studies. The configuration of the stereogenic
centres of the C-15/C-24 portion of aplysiol B (6) has been
deduced by an integrated NMR-QM (Quantum Mechanical)
approach, while the absolute stereochemistry of compounds
5 and 6 has been assigned as reported by biogenetical correla-
tion with 1, the absolute configuration of which was secured
by stereospecific synthesis (Hashimoto et al.), as well as by
Mosher’s method.

2. Results and discussion

A polar terpenoid fraction (Rf 0.20–0.40, CHCl3/MeOH
95:5) was obtained from ether extracts of both mantle and
internal organs,11 even though the amount of this fraction
was significantly different in the two parts (34 mg from
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the mantle, 5% of the extract; 16 mg from the internal or-
gans, 0.1% of the extract). Preliminary 1H NMR spectro-
scopic analysis of the two fractions revealed that they were
mixtures of oxygenated triterpenes with a different compo-
sition, in particular the mixture deriving from the mantle ex-
tract (Fm) was more complex with respect to that obtained
from the extract of the internal organs (Fi). Therefore, the
two fractions were separately purified by silica gel column
chromatography (petroleum ether/diethyl ether gradient
and subsequently CHCl3/MeOH, 95/5). Pure venustatriol
(2) and thyrsiferol (1) were obtained, in order of polarity,
from both fractions (0.3 and 1.1 mg, respectively, from Fi,
and 0.7 and 4.9 mg, respectively, from Fm), whereas an addi-
tional main mixture of related compounds (21 mg) was
obtained from Fm. This mixture was further purified by
reverse phase HPLC (MeOH/H2O, 85/15) giving, in order
of retention time, two new compounds, named aplysiol A
(5, 7.0 mg) and aplysiol B (6, 9.0 mg).
Comparison of 1H and 13C NMR spectra of aplysiol A (5)
with those of thyrsiferol (1)3 confirmed the presence of the
same carbon skeleton displaying in 5 an additional second-
ary hydroxyl substituent at the terminal tetrahydrofuran
ring. In fact, careful analysis of their 1H–1H COSY and
HSQC spectra revealed the presence of spin systems
between C-15 and C-19 almost identical to those of thyrsi-
ferol (1) (Table 1). The terminal moiety of the molecule
exhibited a carbinol proton at d 4.45 (br s, H-21), which
was correlated to both a methylene at d 1.81 (m, H-20a)
and d 2.20 (m, H-20b), and a methine at d 3.57 (d,
J¼1.5 Hz, H-22), which were not further coupled, support-
ing the location of the secondary hydroxyl group on the
tetrahydrofuran ring as reported in formula 5. Accordingly,
diagnostic HMBC correlations were observed between
C-19 (d 86.0) and H-18, H2-20 and H3-29, and between C-
22 (d 87.0) and H-21, H3-24 and H3-30. All proton and car-
bon resonances of compound 5 were assigned by 2D-NMR
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(+)-Thyrsiferol (1) and (+)-venustatriol (2) were identified
by comparison of their spectral data (NMR, MS, [a]D)
with the literature.3,4,12 A detailed 2D-NMR spectroscopic
analysis was conducted on thyrsiferol (1) (see Table 1) lead-
ing to a re-assignment of the NMR values for some methyl
and methylene groups, incorrectly attributed in Ref. 12. In
particular, proton and carbon values of C-16, C-26 and
C-28 should be inverted with those of C-20, C-27 and C-
29, respectively, as it was indicated by a series of diagnostic
correlations in the HMBC spectrum of 1.

Aplysiols A (5) and B (6) were the main triterpenes selectively
located on the mantle of the mollusc. Preliminary 1H NMR
spectroscopic analysis of these metabolites revealed a close
relationship with the co-occurring 1 and 2, in particular
displaying the presence of the partial structure with bromine-
containing pyran linked to a dioxabicyclo[4,4,0]decane ring
on the left side of the molecule (Table 1).

The molecular formula of 5, C30H53BrO8, deduced by HRE-
SIMS on the sodiated molecular ion peak at 643.2828,
contained an additional oxygen atom with respect to com-
pounds 1 and 2.
experiments (1H–1H COSY, HSQC, HMBC) as reported in
Table 1.

The proposed structure was supported by 1H NMR and
HRESIMS analyses of the acetyl derivative 5a, which
exhibited two acetyl groups confirming the presence of
two secondary hydroxyl functions in aplysiol A (5).

Due to the close similarity of carbon and proton resonances
of the fragment C-1/C-17 in 1 and 5, the stereochemistry of
this portion was assumed to be in 5 the same as 1. The
relative stereochemistry of the substituents in the five-
membered ring was suggested by analysis of NMR spectro-
scopic values, as well as by NOE difference experiments.
Significant differences were observed in the proton reso-
nances of the tertiary methyls in the right-side end with re-
spect to the corresponding values for thyrsiferol [H3-24
and H3-30 (d 1.36 and d 1.32 for 5, d 1.12 and d 1.21 for
1), H3-29 (d 1.38 for 5, d 1.15 for 1)]. This could be ex-
plained by the deshielding effect of the hydroxyl group on
the three methyls and should imply that the –OH at C-21
had the same orientation as both methyl and hydroxy-isopro-
pyl groups at C-19 and C-22, respectively. Strong steric



Table

Positio 6

m, Hz d
13Cc HMBCe

1 s 24.1 q H325, H3
2 74.9 s H31, H325, H3
3 dd, 4.1, 12.2 59.1 d H31, H325, H24
4 m 28.2 t H3, H25

m
5 m 37.1 t H326

m
6 74.4 s H326, H7
7 br d, 11.4 86.5 d H326, H28
8 m 23.0 t H29
9 m 38.6 t H327

m
10 71.4 s H327, H11
11 dd, 7.0, 11.1 76.6 d H327, H212
12 m 21.3 t H11

m
13 m 21.4 t H212
14 m 75.4 d H328
15 84.3 s H328, H216
16 m 35.8 t H328, H217

m
17 m 25.9 t H18

18 m 86.4 d H329, H17
19 72.3 s H329, H18
20 m 33.7 t H329

21 m 25.4 t H22
m

22 dd, 2.2, 10.4 78.4 d H221, H324, H330
23 73.1 s H324, H330
24 s 23.7f q H330
25 s 31.0 q H31, H3
26 s 20.1 q H7
27 s 21.2 q H29, H11
28 s 23.2 q H14, H16
29 s 21.6 q H18, H220
30 s 26.7f q H324
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1. NMR dataa of thyrsiferolb (1) and aplysiols A (5) and B (6)

n 1 5

d
1Hd m, Hz d

13Cc HMBCe
d

1Hd m, Hz d
13Cc HMBCe

d
1Hd

1.40 s 23.6 q H325, H3 1.40 s 23.7 q H325, H3 1.40
— 74.9 s H31, H325, H3 — 75.0 s H31, H325, H3 —
3.89 dd, 4.1, 12.3 59.0 d H31, H325, H24 3.89 dd, 3.8,12.1 60.0 d H31, H325, H24 3.89
2.24 m 28.2 t H3, H25 2.22 m 28.2 t H3, H25 2.22
2.07 m 2.10 m 2.10
1.79 m 37.0 t H326 1.81 m 37.0 t H326 1.82
1.52 m 1.54 m 1.53
— 74.2 s H326, H7 — 75.0 s H326, H7 —
3.04 br d, 11.6 86.5 d H326, H28 3.05 br d, 11.5 86.5 d H326, H28 3.04
1.72 m 23.0 t H29 1.73 m 23.0 t H29 1.72
1.78 m 38.5 t H327 1.76 m 38.5 t H327 1.71
1.53 m 1.46 m 1.41
— 71.9 s H327, H11 — 72.0 s H327, H11 —
3.56 dd, 6.8, 10.6 76.3 d H327, H212 3.56 m 76.3 d H327, H212 3.55
1.90 m 21.1 t H11 1.90 m 21.1 t H11 1.87
1.51 m 1.50 m 1.52
1.57 m 25.5 t H212 1.50 m 25.5 t H212 1.80
3.71 m 76.1 d H328 3.71 dd, 2.5, 12.7 76.1 d H328 3.71
— 73.2 s H328, H216 — 73.2 s H328, H216 —
1.83 m 33.5 t H328, H217 1.80 m 33.4 t H328, H217 1.98
1.39 m 1.32 m 1.69
1.86 m 20.7 t H18 1.78 m 20.7 t H18 1.81
1.70 m 1.67 m —
3.45 dd, 7.1, 14.3 77.6 d H329, H217 3.45 dd, 1.6, 9.9 78.8 d H329, H217 3.71
— 86.0 s H329, H18, H220 — 86.0 s H329, H18, H220 — m
2.10 m 32.3 t H329, H221 2.20 m 41.5 t H329, H221 1.57
1.62 m 1.81 m —
1.85 m 26.6 t H22 4.45 br s 74.3 d H22 1.67
— — 1.40
3.76 br d, 6.5 87.4 d H221, H324, H330 3.57 d, 1.5 87.0 d H221, H324, H330 3.44
— 70.5 s H324, H330 — 72.0 s H324, H330 —
1.12f s 23.9f q H330 1.36f s 24.2f q H330 1.17f

1.27 s 31.0 q H31, H3 1.27 s 31.0 q H31, H3 1.27
1.20 s 20.1 q H7 1.21 s 20.1 q H7 1.20
1.18 s 21.4 q H29, H11 1.18 s 21.4 q H29, H11 1.18
1.11 s 22.9 q H14, H216 1.10 s 23.0 q H14, H216 1.09
1.15 s 23.4 q H18, H220 1.38 s 24.2 q H18, H220 1.18
1.21f s 27.6f q H324 1.32f s 29.2f q H324 1.23f

er DRX-600 spectrometer, Bruker DPX-300 spectrometer in CDCl3, chemical shifts (ppm) referred to CHCl3 (d 7.26) and to CDCl3 (d 77.0).
assignments of protons and carbons have been done.
EPT, HSQC and HMBC (J¼10 Hz) experiments.

H–1H COSY and HSQC experiments.
ificant HMBC correlations (J¼10 Hz).
es in the same column are interchangeable.



Table 2. Selected 1H NMR assignmentsa in CDCl3 of 5b ((S)-ester) and 5c ((R)-ester)

5b ((S)-ester) 5c ((R)-ester) Dd

d H m (J, Hz) d H m (J, Hz)

H2-16 1.80/1.53 m 1.80/1.60 m 0/�0.07
H2-17 1.73 m 1.77 m �0.04
H-18 5.01 dd (2.9, 9.1) 5.05 dd (3.3, 8.7) �0.04
H2-20 2.26/1.59 m 2.30/1.70 m �0.04/�0.11
H-21 5.38 br s 5.40 br s �0.02
H-22 3.62 br d (1.7) 3.60 br d (1.8) +0.02
H3-24 1.11 s 0.92 s +0.19
H3-28 1.00 s 1.04 s �0.04
H3-29 0.84 s 1.21 s �0.37
H3-30 1.14 s 1.01 s +0.13

a Bruker DRX 600 spectrometer, in CDCl3, chemical shifts (ppm) referred to CHCl3 (d 7.26) and to CDCl3 (d 77.0).
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interactions were observed among H-21 (d 4.45), H-22 (d
3.57) and H2-20a (d 2.20), whereas clear NOE contacts be-
tween H-18 and H-22 were not detected, due to the similar
1H NMR chemical shifts of these two protons. In order to
get further information on the stereochemistry, we decided
to apply the Mosher’s method. Compound 5 was treated
with (R)- and (S)-MTPA chlorides in dry methylene chloride
and DMAP to give the corresponding (S)-MTPA (5b) and
(R)-MTPA (5c) esters that were fully characterised by 2D-
NMR (selected 1H NMR values are listed in Table 2).

Some NOE difference experiments were also conducted on
the (R)-ester (5c) confirming the suggested orientation for
the substituents in the five-membered ring. In fact, a diagnos-
tic effect was observed between H-18 (d 5.05) and H-22 (d
3.60), and between H2-20a and H-18, H-21 and H-22,
according to the proposed relative stereochemistry. The Dd
values generated in (S)- and (R)-ester for the signals of
protons nearby the hydroxyl groups at C-18 and C-21 are
reported in Figure 1.

Taking into account that in polyderivatised compounds the
Dd values observed are the results of the combined effects
(shielding/dieshielding) of all the MTPA phenyl rings,13

the good homogeneity of the DdSR signs observed around
C-21 allowed to assign to this centre the S configuration.
In fact, if the absolute stereochemistry at C-18 is S, the
negative DdSR observed for carbons 19, 20 and 21 can be jus-
tified only by assigning the same stereochemistry at C-22.
Analogously, with the R stereochemistry at C-18, the posi-
tive DdSR observed at carbons 22, 23, 24 and 30 are justified
only by assigning the S configuration at C-22. An apparent
anomaly was observed for C-18, for which the negative
DdSR of H3-29 and H2-20 were due most likely to the oppo-
site influence of MTPA derivatization at the other hydroxyl
group at C-21. However, the negative DdSR at C-28, C-15,
C-16 and C-17 led us to propose an S stereochemistry also
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Figure 1. Dd
SR for the Mosher derivatives of 5.
for C-18, in agreement with the configuration of thyrsiferol
(1). The absolute stereochemistry at all the remaining chiral
centres of the molecule was assumed to be the same as 1 by
biogenetical considerations.

The molecular formula of aplysiol B (6), C30H53BrO7, de-
duced by HRESIMS on the sodiated molecular ion at
627.2879, indicated that it was an isomer of thyrsiferol (1).
Analysis of 1H and 13C NMR spectra of 6 revealed a different
arrangement of C-15/C-24 portion in the molecule, with
respect to thyrsiferol (1). In addition to the signals due to
the bromine-containing pyran and dioxabicyclo[4,4,0]de-
cane rings on the left side of the molecule, NMR spectra
of 6 showed signals attributable to four CH2 and four tertiary
CH3, along with two methines and three quaternary carbons
all linked to oxygen. Analogously with thyrsiferol (1), an
additional ring was present in this part of the molecule as
required by the molecular formula. Two isolated spin sys-
tems were easily recognised by analysis of 1H–1H COSY
and HSQC spectra. In particular, one of them was formed
by a diastereotopic methylene resonating at d 1.98 and
d 1.69 (H2-16) coupled to a methylene at d 1.81 (H2-17),
which was further correlated to a methine at d 3.71 (H-18),
whereas the other system was constituted by a methylene
centred at d 1.57 (H2-20) displaying cross-peaks with a dia-
stereotopic methylene at d 1.67 and d 1.40 (H2-21), which
was in turn coupled to a methine at d 3.44 (H-22). The
HMBC data allowed the connection of these two partial
structures to the quaternary carbons and to the methyl
groups. In particular, diagnostic HMBC correlations were
observed between C-15 and H-14, H2-16 and H3-28,
between C-19 and H-18, H2-20 and H3-29, and between C-
23 and H-22, H3-24 and H3-30, leading to the sequence
a as indicated in Figure 2. Thyrsiferol displays the same se-
quence, because of this the structural differences between 1
and 6 should be due to different cyclisations. The compari-
son of the NMR values with those reported for model com-
pounds as well as the analysis of the 1H NMR spectrum of
the acetyl derivative of 6, compound 6a, strongly suggested
the presence of a tetrahydrofuran ring in this moiety, with the

30

O O

O
24O28 29 O

15 18 22

a

Figure 2. Substructure a (C-15/C-24) in aplysiol B (6).
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oxygen bridge between C-15 (dC 84.3) and C-18 (dC 86.4)
and a unique secondary hydroxyl group at C-22. In fact, in
the 1H NMR spectrum of the acetyl derivative 6a, only
one acetyl signal was present at d 2.10, whereas H-22 reso-
nated at d 4.81 by the acylation shift effect.

All proton and carbon values were assigned by 2D-NMR
experiments and were in agreement with the proposed struc-
ture 6. With the aim at establishing the stereochemistry at the
10 stereogenic centres (C-3, C-6, C-7, C-10, C-11, C-14, C-
15, C-18, C-19 and C-22) of aplysiol B (6), a configurational
study by an integrated NMR-QM (Quantum Mechanical)
approach,14,15 based on the combination of 13C NMR chem-
ical shifts and 2,3JC–H coupling constant DFT (density
functional theory) calculations and the analysis of the exper-
imental NMR data, was undertaken.

In particular, both 13C and 2,3JC–H experimental values were
used to validate the theoretical models, and dipolar coupling
correlations derived from 2D-ROESY NMR experiments
were used to corroborate the arrangement suggested by QM
methods, and to determine the relative configuration of the
rigid portions of the molecule. Finally, the Mosher’s method
was employed to confirm the absolute configuration of C-22.

Compound 6 is biogenetically correlated to 1, the absolute
configuration of which has been determined by stereospe-
cific synthesis.16 As reported above, the NMR investigation
revealed that aplysiol B (6) and thyrsiferol (1) have an
identical, rigid left-side moiety (Table 1, C-1/C-14). For
structure 6, the relative configuration of the left-side moiety
was confirmed by ROESY experiments. In detail, H-3
presented strong dipolar couplings with H3-25, H-4b and
H-5b, whereas H3-1 gave rise to ROE correlations with H-
5a and H3-26. There was also a dipolar coupling between
H3-26 and H-5a, which confirmed the relative configuration
of the brominated ring. Finally, ROE correlations of H-7 with
H-8b and H-11, and the dipolar couplings of H-11 with H-
12b and H-14 were indicative of the relative configuration
of bicyclic portion. On the basis of biogenetic consideration,
in our calculations we considered for this identical left-side
moiety the same absolute configuration as 1.

Following a recent strategy based on the QM calculation of J
couplings for the determination of the relative configuration
of adjacent couple of stereocentres,17 we examined the
arrangement of the C2 fragments C-14/C-15 and C-18/C-19.
In accordance with the above mentioned procedure, we
considered two molecular fragments,17 which represent
a simplification of the entire molecule (Fig. 3); of such frag-
ments we took into account the two possible diastereomers
erythro and threo, and all the three staggered rotamers (g+,
g� and anti) for each diastereomer. While in the original
paper it is proposed to substitute to the main chain at least
two heavy groups (carbon, oxygen atoms), and to every
branched chain at least one heavy atom, in our case for
both fragments C-14/C-15 and C-18/C-19 some of the
stereogenic carbons were part of a cycle; for this reason
we included in our calculation the complete ring portions
including the stereogenic atoms, going well over the lowest
requirements suggested in the previous paper.17

Each of the six conformers, three for the erythro and three
for the threo arrangement, was optimised at MPW1PW91
level of theory using the 6-31G(d) basis set; the calculation
of J couplings was executed on the so-obtained geometries
using the same functional and the 6-31G(d,p) basis set. In
Table 3 are reported the experimental and calculated
J-coupling constants for the various conformational and
configurational arrangements.

In Table 3 are reported the results of the above described J
calculations for the six possible arrangements in comparison
with the experimental data. For the fragment C-14/C-15, two
of the six arrangements, the calculated J values, namely the
anti threo and the anti erythro, are in good agreement with
the experimental ones, by showing the lowest sum of abso-
lute errors SjJcalcd�Jexpj (Total Absolute Deviation
values, TAD) in the reproduction of experimental J data; it
is noteworthy that for such arrangements, all the single cal-
culated J values differ from the experimental for less than
1 Hz. Differently from the original J-based approach pro-
posed by Murata et al.,18 for which it is impossible to distin-
guish the anti erythro from the anti threo arrangement on the
basis of the sole evaluation of the J-coupling values, in this

O O
O OH

OH

b c

14

15
18 19

Figure 3. Molecular fragments b and c representing the reduced systems of
6 including the portions C-14/C-15 and C-18/C-19, respectively.
Table 3. Calculated (MPW1PW91/6-31G(d,p) level) 2,3JC–H coupling constants of aplysiol B (6) for the six conformational arrangements belonging to erythro
and threo series in comparison with the experimental data: single deviations and TAD (SjJcalcd�Jexpj) values

g+ erythro Calcd threo g� Exp

anti g� g+ anti

b (C14–15)
2JC15–H14 �3.1 1.5 �1.8 �3.1 2.3 �2.1 2.3
3JC16–H14 2.7 1.1 2.6 1.2 0.6 3.0 0.9
3JMe–H14 1.8 0.7 2.9 2.9 1.3 3.1 0.3
TAD 8.7 1.4 8.3 8.2 1.3 9.2
c (C18–C19)
2JC19–H18 �0.8 0.3 5.2 �0.1 5.5 �0.2 0.8
3JC20–H18 2.5 3.4 0.8 1.5 1.2 3.8 0.6
3JMe–H18 2.1 2.9 1.4 2.5 0.9 4.6 2.5
TAD 3.9 5.7 3.8 1.9 6.8 6.4
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case the quantitative analysis of the calculated versus the ex-
perimental data allows to observe a slightly better agreement
for the anti threo arrangement. To confirm such observation,
a complementary analysis of the ROESY data was carried
on, revealing crucial dipolar correlations between H-14
and H3-23 and H-16a, and between H3-23 and H-13, so con-
firming the anti threo arrangement supported by the J-based
results. On the basis of the knowledge of the absolute config-
uration of C-14, the RR configuration of the fragment C-14/
C-15 was assigned.

The analysis of the C2 fragment C-18/C-19 (see Table 3)
revealed that only the g+ rotamer of threo arrangement
was in good agreement with experimental J values. More-
over, the g+ rotamer of threo arrangement presented single
differences between calculated and experimental J values
lower than 1 Hz, whereas for all the other rotamers signifi-
cant differences were found in comparison with the experi-
mental data. Finally, the evaluation of the ROESY data
revealed the presence of dipolar couplings between H-18
and H3-29 and H2-20, and between H-17 and H2-20 confirm-
ing the J-based results and allowing to assign the threo con-
figuration for the fragment C-18/C-19.

In order to determine the configuration of the tetrahydrofu-
ran ring, and so the relationship between C-15 and C-18,
a careful examination of the 2D-ROESY data was carried
out. In particular, the strong dipolar couplings between
H-14 and H3-28 and H-16a (Fig. 4), between H-16b and
H3-28, and between H-18 and H-16a allowed to establish
the R absolute configuration of C-18, and, following the
information derived from the above J-based analysis, the
consequent R configuration for C-19.

Figure 4. Significant experimental ROEs (black arrows) for the configura-
tion assignment of C-15 and C-18.
Once the 14(R), 15(R), 18(R), 19(R) configuration was
assessed, and in order to obtain information about the config-
uration of C-22, we built the two possible models 6 and 7
(Fig. 5), having the 14(R), 15(R), 18(R), 19(R), 22(S) and
the 14(R), 15(R), 18(R), 19(R), 22(R) configuration, respec-
tively. For such models, we calculated the 13C NMR chem-
ical shifts at quantum mechanical level and subsequently
compared the results with the experimental data, following
a protocol proposed by one of the authors (G.B.),14 which
has been applied for assigning the relative configuration of
several natural compounds.15

In detail, a conformational search of the two models by
molecular mechanics (MonteCarlo Multiple Minimum
method of the MacroModel package, see Section 3)22

was performed. All the significant conformers of the two
diastereoisomers were subsequently optimised at DFT
level using the MPW1PW91 functional and the 6-31G(d)
basis set. On the so-obtained geometries, single point cal-
culation of the 13C chemical shifts were performed, using
the same functional and the 6-31G (d,p) basis set; the final
chemical shift values for each diastereoisomers were de-
rived taking into account the Boltzmann weighted average
based on the energies of the single conformers for each
stereoisomer.

The resulting 13C NMR chemical shifts corresponding to the
models 6 and 7 were compared with the experimental ones;
in Table 4 are reported the calculated versus the experimen-
tal values, together with the mean absolute errors for each
stereoisomer.

Table 4. Significant 13C NMR calculated (MPW1PW91/6-31G(d,p) level)
chemical shifts for 6 and 7, and the corresponding 13C NMR (d, ppm) exper-
imental data of aplysiol B

Atom Calculated 13C chemical shifts Exp.

6 7

12 26.6 26.7 21.3
13 25.7 26.2 21.4
14 78.1 76.5 75.4
15 82.7 82.9 84.3
18 86.4 87.7 86.4
17 28.3 27.9 25.9
16 35.1 33.9 35.8
28 28.5 26.4 23.2
19 73.2 70.0 72.3
29 19.8 22.2 21.6
20 34.4 40.1 33.7
21 27.4 28.4 25.4
22 72.5 74.6 78.4
23 70.9 70.6 73.1
MAEa 2.56 2.84

a Mean absolute error (MAE) found for 13C NMR chemical shifts of
compounds 6 and 7 versus 13C experimental values: MAE¼

P
½j(dexp–

dcalcd)j�/n.
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Figure 5. Two stereoisomer models, 6 and 7, considered for quantum mechanical calculations of 13C NMR chemical shifts.



9976 E. Manzo et al. / Tetrahedron 63 (2007) 9970–9978
As shown in Table 4, 6 shows an MAE value of 2.56 versus
2.84 for 7, suggesting the S configuration for C-22. It is note-
worthy that the MAE value of 2.56 is in good agreement with
the MAE value of 2.48, obtained at the same level of theory
for a set of known natural compounds;19 for this reason such
result not only provides information on the S configuration
of C-22, but also corroborates the configurational arrange-
ment of C-14, C-15, C-18 and C-19 depicted in 6 and deter-
mined as described above.

A final contribution to this stereochemical analysis was pro-
vided by the application of the Mosher’s method. Treatment
of compound 6 with (R)- and (S)-MTPA chlorides in dry
methylene chloride and DMAP afforded the corresponding
(S)-MTPA (6b) and (R)-MTPA (6c) esters, respectively.
The two Mosher derivatives were fully characterised by
2D-NMR experiments (1H–1H COSY, HSQC, HMBC),
some selected 1H NMR data and Dd (dS�dR) are reported
in Table 5.

The Dd values observed for the signals of protons nearby the
hydroxyl group at C-22 indicated the S configuration for this
centre, as depicted in formula 6, finally confirming the abso-
lute stereochemistry proposed.

The selective presence of compounds 5 and 6 on the mantle
of the sea hare A. dactylomela suggested an involvement of
these molecules in the chemical defensive mechanisms of
the mollusc. Thus, feeding-deterrence and ichthyotoxicity
properties of both compounds were evaluated according to
the literature procedures.20,21 Compounds 5 and 6 were
active at 50 mg/cm2 in the feeding-deterrence test against
gold fish Carassius auratus,20 and toxic at a concentration
of 10 ppm in the ichthyotoxicity assay on Gambusia
affinis,21 strongly supporting their possible defensive role.

In conclusion, in this paper we have described the structure
and the absolute stereochemistry of two triterpenes, aply-
siols A (5) and B (6) that have been elucidated by NMR tech-
niques as well as by an integrated NMR-QM (Quantum
Mechanical) method. Compounds 5 and 6, which were
selectively located on the mantle of A. dactylomela, are
structurally related to thyrsiferol (1), a known algal metabo-
lite. In particular, compound 5 is the C-21 hydroxyl deriva-
tive of 1 whereas compound 6 exhibits a different
arrangement in the right side of the molecule. A plausible
biogenetic pathway (Fig. 6), leading to compound 6, should
involve a nucleophilic attachment of two molecules of water
followed by a series of ring closings favoured by bromine
ion electrophilic attachment on a squalene tetraepoxide,
analogously with thyrsiferol.1
3. Experimental section

3.1. General experimental procedures

TLC plates (Merck Silica Gel 60 F254) were used for ana-
lytical TLC and Merck Kieselgel 60 was used for prepara-
tive column chromatography. HRESIMS were carried out
on a Micromass Q-TOF micro. HPLC Waters 501 pumps
with a refractometer detector was used, equipped with di-
rect-phase column Kromasil Silica, 5m (250�4.60 mm,
Phenomenex). NMR spectra, recorded at the NMR Service
of Istituto di Chimica Biomolecolare of CNR (Pozzuoli,
Italy), were acquired on a Bruker Avance-DRX600 operat-
ing at 600 MHz, in CDCl3 (d values are reported referred to
CHCl3 at 7.26 ppm), using an inverse TCI Cryo Probe
fitted with a gradient along the z-axis. 13C NMR spectra
were recorded on a Bruker DPX-300 operating at
300 MHz (d values are reported to CDCl3, 77.0 ppm) using
a dual probe. NMR spectra, recorded at the Dipartimento
di Scienze Farmaceutiche, Universita’ di Salerno (Salerno,
Italy), were also acquired on a Bruker Avance-DRX600
operating at 600 MHz, in CDCl3 (d values are reported re-
ferred to CHCl3 at 7.26 ppm), using an inverse TCI Cryo
Probe fitted with a gradient along the z-axis. Optical rota-
tions were measured on a Jasco DIP 370 digital polarime-
ter. IR spectra were measured on a Biorad FTS 155 FTIR
spectrophotometer.

3.2. Extraction and isolation procedure

The collection and extraction of A. dactylomela (four indi-
viduals) have been already described.11

The ether extracts of the two dissected anatomical parts
(mantle and internal organs) were subjected to silica gel col-
umn chromatography, giving, along with halogenated aceto-
genins previously reported,11 similar terpenoid fractions at
Rf 0.20–0.40 (eluent: CHCl3/MeOH 95:5), furthermore
purified by reverse phase HPLC (MeOH/H2O, 85/15).

Thyrsiferol (1): oil, Rf 0.33 (CHCl3/MeOH 95:5); [a]D +28
(c 0.6, CHCl3); HRESIMS m/z 627.2870 (M+Na), calcd

O

O O

Br+

H+ OH-

O

OOH-

19

Figure 6. Possible biogenetic pathway to get compound 6.
Table 5. Selected 1H NMR selective assignmentsa in CDCl3 of 6b ((S)-ester) and 6c ((R)-ester)

6b ((S)-ester) 6c ((R)-ester) Dd

d H m (J, Hz) d H m (J, Hz)

H2-20 1.12 m 1.24 m �0.12
H2-21 1.83/1.57 m 1.95/1.64 m �0.12/�0.07
H-22 4.99 br d (9.1) 5.01 br d (10.4) �0.02
H3-24 1.17 s 1.16 s +0.01
H3-29 1.02 s 1.08 s �0.06
H3-30 1.24 s 1.20 s +0.04

a Bruker DRX 600 spectrometer, in CDCl3, chemical shifts (ppm) referred to CHCl3 (d 7.26) and to CDCl3 (d 77.0).
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for C30H53
79BrO7+Na 627.2874. 1H and 13C NMR data in

Table 1.

Venustatriol (2): oil, Rf 0.35 (CHCl3/MeOH 95:5); [a]D +8.0
(c 0.1, CHCl3); HRESIMS m/z 627.2869 (M+Na), calcd for
C30H53

79BrO7+Na 627.2874. 1H and 13C NMR data were
identical to those of the literature.4

Aplysiol A (5): oil, Rf 0.25 (CHCl3/MeOH 95:5); [a]D +2.0 (c
0.7, CHCl3); HRESIMS m/z 643.2828 (M+Na), calcd for
C30H53

79BrO8+Na 643.2824. 1H and 13C NMR data in Table 1.

Aplysiol B (6): oil, Rf 0.3 (CHCl3/MeOH 95:5); [a]D�9.0 (c
0.9, CHCl3); HRESIMS m/z 627.2879 (M+Na), calcd for
C30H53

79BrO7Na 627.2874. 1H and 13C NMR data in Table 1.

Acetylated aplysiol A (5a): aplysiol A (5) (0.3 mg) was
treated with acetic anhydride (0.2 ml) in dry pyridine
(0.5 ml) for about 14 h under stirring at room temperature.
The compound was purified by chromatography in a Pasteur
pipette (SiO2, chloroform). HRESIMS m/z 727.3137
(M+Na), calcd for C34H57

79BrO10Na 727.3142. Selected
1H NMR (CDCl3) data: d 5.36 (1H, br s, H-21), d 4.91
(1H, m, H-18), d 3.89 (1H, dd, J¼5.2 and 12.2 Hz, H-3),
d 3.71 (1H, m, H-14), d 3.65 (1H, d, J¼1.8 Hz H-22),
d 3.56 (1H, m, H-11), d 3.05 (1H, br d, J¼11.4 Hz, H-7),
d 2.08 (3H, s, H3-OAc), d 2.06 (3H, s, H3-OAc).

Acetylated aplysiol B (6a): aplysiol B (6) (0.3 mg) was
treated with acetic anhydride (0.2 ml) in dry pyridine
(0.5 ml) for about 14 h under stirring at room temperature.
The compound was purified by chromatography in a Pasteur
pipette (SiO2, chloroform). HRESIMS m/z 669.2991
(M+Na), calcd for C32H55

79BrO8Na 669.2987. Selected 1H
NMR (CDCl3) data: d 4.81 (1H, dd, J¼2.5 and 10.2 Hz,
H-22), d 3.89 (1H, dd, J¼2.5 and 10.1 Hz, H-3), d 3.71
(2H, m, H-14, H-18), d 3.55 (1H, m, H-11), d 3.04 (1H, br
d, J¼10.8 Hz, H-7), d 2.10 (3H, s, H3-OAc), d 1.40 (3H, s,
H3-25), d 1.27 (3H, s, H3-1), d 1.23 (3H, s, H3-24), d 1.20
(3H, s, H3-26), d 1.18 (3H, s, H3-27), d 1.17 (6H, s, H3-29,
H3-30), d 1.09 (3H, s, H3-28).

3.3. Preparation of MTPA esters

Compound 5b ((S)-MTPA ester): the compound was pre-
pared by treating aplysiol A (5) (2 mg) with (R)-(�)-
MTPA chloride (0.05 ml) in dry methylene chloride (1 ml)
with catalytic amount of DMAP for about 16 h under stirring
at room temperature. The ester was purified by chromato-
graphy in a Pasteur pipette (SiO2, chloroform). Selected
1H NMR values are in Table 2.

Compound 5c ((R)-MTPA ester): the compound was pre-
pared by treating the aplysiol A (5) (2 mg) with (S)-(�)-
MTPA chloride (0.05 ml) in dry methylene chloride (1 ml)
with catalytic amount of DMAP for about 16 h under stirring
at room temperature. The ester was purified by chromato-
graphy in a Pasteur pipette (SiO2, chloroform). Selected
1H NMR values are in Table 2.

Compound 6b ((S)-MTPA ester): the compound was pre-
pared by treating aplysiol B (6) (2 mg) with (R)-(�)-
MTPA chloride (0.05 ml) in dry methylene chloride (1 ml)
with catalytic amount of DMAP for about 16 h under stirring
at room temperature. The ester was purified by chromato-
graphy in a Pasteur pipette (SiO2, chloroform). Selected
1H NMR values are in Table 5.

Compound 6c ((R)-MTPA ester): the compound was pre-
pared by treating the aplysiol A (5) (2 mg) with (S)-(�)-
MTPA chloride (0.05 ml) in dry methylene chloride (1 ml)
with catalytic amount of DMAP for about 16 h under stirring
at room temperature. The ester was purified by chromato-
graphy in a Pasteur pipette (SiO2; chloroform). Selected
1H NMR values are in Table 5.

3.4. Computational details

Molecular mechanics (MM) calculations were performed on
a Pentium IV 2800 MHz using the MacroModel 8.5 soft-
ware22 package and the MMFFs force field.23 MonteCarlo
Multiple Minimum (MCMM) method (10,000 steps) of the
MacroModel package22 was used in order to allow a full ex-
ploration of the conformational space. All the structures so-
obtained were optimised using the Polak–Ribier Conjugate
Gradient algorithm (PRCG, 1000 steps, maximum derivative
less than 0.05 kcal/mol). This led to the selection of the low-
est energy minimum conformer for 6. The initial geometries
of the minimum energy conformers for 6 were optimised
at the hybrid DFT MPW1PW91 level using the 6-31G(d)
basis set (Gaussian 03 Software Package).24 GIAO 13C and
J-coupling calculations were performed using the
MPW1PW91 functional and the 6-31G(d,p) basis set, using
as input the geometry previously optimised at MPW1PW91/
6-31G(d) level.

3.5. NMR experiments

NMR experiments were recorded on a Bruker DRX600
spectrometer at T¼300 K. All spectra were acquired in the
phase-sensitive mode and the TPPI method was used for
quadrature detection in the u1 dimension. The compound
was dissolved in 0.5 ml of CDCl3 99.96%. The spectra
were calibrated using the solvent signal as internal standard
(1H, d¼7.26 ppm; 13C, d¼77.0 ppm).

The ROESY25 spectrum was executed with a number of
128 scans/t1, a t1max value of 111.08 ms and a mixing time
of 400 ms.

The u1-half-filtered TOCSY (HETLOC)26 spectrum was
executed with a number of 96 scans/t1, a t1max value of
71.09 ms.

Phase-sensitive (PS)–Pulse Field Gradient (PFG)–HMBC27

spectrum was executed with a number of 256 scans/t1,
a t1max value of 2.37 ms.

The NMR data were processed on a Silicon Graphic Indigo2
workstation using UXNMR software.
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