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The relative stereochemistry of 13,19-didesmethyl spirolide C was determined through careful analysis
of NMR parameters strongly dependent upon molecular conformations supported and extended by
computational studies. This work has also shed light on the conformational behavior of spirolides in
solution. An equilibrium between two possible conformers of the identified diastereoisomer was
inferred, while the uncommon cyclic imine moiety of spirolides—the putative pharmacophore of this
class of toxins—was interestingly found to adopt only a single dominant conformation. The insightful
details provided on spirolide conformations may represent a key means to pharmacologists involved in
clarifying the mechanism of action of spirolide, which is yet to be totally defined.

1. Introduction

Since the end of 2003, massive blooms of the toxic dinoflagellate
Alexandrium ostenfeldii have been detected across the Northern
Adriatic Sea, where over the past few years it has represented the
major harmful alga affecting shellfish consumers’ health as well
as aquaculture economy.!

Coinciding with the surge of 4. ostenfeldii in the Adriatic Sea,
our group undertook a research program aimed at defining the
toxin profile of this dinoflagellate that was eventually found to
produce a relatively large number of spirolides. Among them,
three major compounds were unambiguously identified as 13-
desmethyl spirolide C? (1), 13,19-didesmethyl spirolide C* (2), and
27-hydroxy-13,19-didesmethyl spirolide C* (3), the latter being
a previously unreported spirolide (Fig. 1). In addition, several
minor spirolides were also detected, for all of which, though, only
preliminary mass-based structural hypotheses were ventured, as
they had been isolated in amounts that were too small for NMR
investigations.*

Spirolides are referred to as fast-acting toxins, since they induce
rapid onset of symptoms akin to those reported for the acute
toxicity of paralytic shellfish poisoning (PSP) toxins, followed
by death within minutes, as demonstrated by intraperitoneal
injection into a mouse.’ It has been shown that spirolides affect
Ca* channels® and hypothesized that their pharmacophore is
represented by the uncommon cyclic imine moiety.” Apart from
the above toxicological and pharmacological data, the spirolide
mechanism of action remains largely undisclosed.

Dipartimento di Chimica delle Sostanze Naturali, Universita di Napoli “Fed-
erico I, via D. Montesano, 49, 80131 Napoli, Italy. E-mail: forino@unina.it
T Electronic supplementary information (ESI) available: Conformational
search results analysis: graph depicting rate of 4R,19R conformers
(Fig. S1); classification into families and geometric parameters relative
to the THF-pyranose moiety of 4R,19S and 4R,19R diastereoisomers
(Table S1); classification into families and geometric parameters of 4R,19R
diastereoisomer (Table S2). See DOI: 10.1039/b907649b

In order to clarify the molecular basis of spirolide bio-
logical activity, we decided to investigate the stereochemistry
and conformational space of this intriguing class of marine
biotoxins. In particular, we focused our attention on 13,19-
didesmethyl spirolide C, since we had isolated it in relatively large
amount.*

With regard to the stereochemistry of spirolides, so far only the
relative stereochemistry of 13-desmethyl spirolide C, together with
those of spirolides B and D, has been determined, devoid, though,
of configuration at C4.%

In this paper, we report on a combination of NMR and
molecular modeling studies that led to the determination of the
full relative stereochemistry of 13,19-didesmethyl spirolide C.

NMR coupling constant values and ROESY cross-peaks were
also employed as a guide in the molecular modeling investigation
with the purpose of detecting the most abundant conformations
of 13,19-didesmethyl spirolide C in solution.

2. Results and discussion

2.1 Relative stereochemistry assignment of 13,19-didesmethyl
spirolide C

The relative stereochemistry of 13,19-didesmethyl spirolide C
(2) was mostly assigned on the basis of the reported relative
stereochemistry of 13-desmethyl spirolide C (1), which had been
elucidated at all of its chiral centers except C4.* Considering that
the 'H and "“C chemical shifts of 2 mostly overlapped those of 1
(Table 1), we could assume that the two molecules had the same
stereochemistry at all the chiral centers apart from C19, where
1 and 2 are substituted differently. Hence, for assigning the full
relative stereochemistry of 13,19-didesmethyl spirolide C, we had
to elucidate configurations at C4 and C19. Initially, we resorted
to interpreting some NMR parameters strongly dependent upon
molecular conformations, such as proton—proton vicinal coupling
constants (*Jyy), carbon-proton vicinal coupling constants
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Fig. 1 Stereostructure of 13-desmethyl spirolide C (1) devoid of configuration at C4; full stereostructure of 13,19-didesmethyl spirolide C (2); planar

structure of 27-hydroxy-13,19-didesmethyl spirolide C (3).

(®Jcn), and spatial proximity of hydrogen nuclei (ROESY cor-
relations). These NMR data guided the molecular modeling
analysis that was performed employing the relative configuration
of previously determined chiral centers depicted in Fig. 2. The
four possible diastereoisomers derived from the combination of
R and S configurations at C4 and C19 (namely 4R 19R, 4R 198,
4S 19R, and 4S 19S5) were subjected to a conformational search
using a combination of molecular dynamics (MD) and molecular
mechanic (MM) calculations. The resulting conformers were
subjected to quantum mechanic (QM) full geometry optimization
through the semiempirical method AMI1. All the obtained MM
and AM1 conformers were ranked on the basis of their confor-

Fig. 2 Stereostructure of 13,19-didesmethyl spirolide C (2). Configura-
tion of previously determined chiral centers is reported. Rotatable bonds
used for structural classification into families are indicated with Greek
letters.

mational energy values, grouped into families according to the
values of selected dihedral angles (see Experimental), and finally
evaluated in the light of the NMR data (Table 2, Table 3, and
Table 4; Table S1, Table S2, and Fig. S1 in the ESIY).

Such a study not only allowed us to define the stereochemistry at
C4 and C19, respectively, but it also provided crucial information
about the dominant conformations assumed by 13,19-didesmethyl
spirolide C in solution.

2.2 (4 stereochemistry assignment

In order to elucidate the configuration at C4, we started out by
analyzing the carbon—proton vicinal coupling constants (Jc).
Small values of 3J.y between H4 and C6 (1.8 Hz) as well as
between H4 and C35 (0 Hz) brought to light the existence of a
dominant conformer around the C4-C5 bond characterized by a
gauche relationship between H4 and both C6 and C35.

At this point, a conformational search was performed as
described in the previous section.

The obtained molecular modeling-based results were analyzed
in order to investigate possible orientations of the unsaturated
lactone (moiety A) with respect to the cyclohexene ring B, crucial
for the C4 stereochemical assignment. To this aim, the value of the
dihedral angle oo (H4-C4-C5-C6; Fig. 2) was measured in all of
the obtained conformers. AM1 conformers showed three possible
values of o (Table 2): one corresponding to an anti orientation of
H4 with respect to C6, which was ruled out on the basis of the
experimentally ascertained H4/C6 gauche-like orientation—and
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Table1 'H and "“C Chemical Shifts of 13-desmethylspirolide C (1) and
13,19-didesmethylspirolide C (2)

Table 2 Dihedral angle o values and related intramolecular distances
measured on AM1 conformers of 4R and 4S diastereoisomers

1 2

Position O OS¢ Oy 8¢

1 — 176.8 — 176.5
2 — 131.0 — 130.6
3 7.12 149.5 7.12 149.6
4 5.95 82.0 5.94 82.5
5 — 126.4 — 125.8
6 — 134.7 — 134.1
7 3.56 48.1 3.59 48.5
8 5.16 124.2 5.16 125.1
9 — 144.6 — 143.8
10 4.15 76.8 4.06 77.2
11 1.37;2.25 452 1.36;2.32 45.7
12 4.30 79.8 4.31 80.0
13 1.70;2.27 32.8 1.70;2.26 32.3
14 1.95;2.29 38.2 1.95;2.28 37.8
15 — 118.1 — 117.8
16 2.07;2.21 352 2.05;2.12 35.2
17 1.79;2.20 321 1.91;2.21 345
18 - 112.2 - 109.4
19 - 71.1 333 72.0
20 1.49;1.81 35.7 1.59;1.67 29.4
21 1.28;1.58 299 1.11;1.65 31.0
22 3.97 69.1 3.90 69.5
23 2.06;2.41 46.3 2.00;2.31 47.0
24 — 147.8 — 147.1
25 1.58;2.10 36.0 1.55;2.11 35.9
26 1.40;2.02 23.4 1.39;2.00 23.2
27 2.32;2.32 35.6 2.35;2.35 35.7
28 — 178.6 — 178.0
29 — 50.8 — 51.2
30 1.55;1.73 38.3 1.54;1.73 37.9
31 1.16 36.9 1.08 37.0
32 1.36 41.2 1.39 41.1
33 3.44;3.76 53.3 3.45;3.80 52.9
34 1.52;1.80 324 1.47;1.79 32.0
35 1.51;2.14 20.3 1.52;2.12 20.1
36 1.90 10.4 1.88 10.5
37 1.72 17.1 1.71 17.2
38 1.87 12.3 1.86 12.2
39 — — — —

40 — 22.7 1.19 —

41 4.73;4.76 111.3 4.75:4.78 110.8
42 1.03 18.9 0.98 19.7
43 1.00 20.1 0.95 20.4

'H chemical shifts were derived from a z-TOCSY experiment. *C chemical
shifts were determined through '"H-"C HSQC and psHMBC experiments.
'H and "C values significantly differing in 1 and 2 are reported in bold.

two corresponding to a gauche-like orientation (namely,
gauche™ o~ — 50° and gauche* o ~ + 50°; Table 2).

At this point, we could discriminate between the two gauche-
like orientations relying on z-TOCSY and ROESY experiments.

Dihedral

Family  angleo(°) H3-H37(A) H4-H37(A) H4-H35a(A)
4R

anti 168° 3.3 3.8 2.5

gauche -53° 2.5 2.1 3.3

gauche* 43° 4.7 2.3 3.7

4S

anti -176° 34 3.7 2.2

gauche* 39° 2.3 2.3 3.7

gauche —41° 42 24 3.7

Firstly, analysis of multiplicity relative to H,34, H,35, and H,30—
extrapolated from the z-TOCSY experiment—Iled us to assign a
pseudo-equatorial orientation to H30a, H34b, and H35a as well as
a pseudo-axial orientation to H30b, H34a, and H35b (Fig. 3). Such
information was decisive for properly interpreting the ensuing
key ROESY cross-peaks: H4/H35a, CH;37/H3, CH;37/H4, and
H3/H30a. These correlations allowed us to draw the following
conclusions: (i) H3 had to be spatially close to CH;37; (ii)) H4,
CH;37, and H35a had to lie on the same side of the molecule,
with H4 closer to CH;37 than to H35a, as suggested by the
relative ROE strengths (Table 5). Therefore, we could conclude
that only the gauche™ conformer of the diastereoisomers with R
configuration at C4 (oo = —53°; Table 2, Fig. 4) featured a relative
atomic orientation totally consistent with all of the experimental
data. In fact, 4S gauche-like orientation was not compatible with
the observed ROE between H4 and H35a.

In conclusion, the combination of molecular modeling studies
and NMR data allowed to unambiguously assign R configuration
at C4 (oo = —53°; Table 2, Fig. 4).

2.3 C19 stereochemistry assignment

Assignment of configuration at C19 was achieved through ap-
plying the same NMR- and molecular modeling-based approach
discussed for the C4 stereochemistry elucidation. First of all,
the conformational behavior of rings E and F, respectively,
was investigated. Conformers obtained by QM semiempirical
(AM1) geometry optimization showed a unique quasi-planar
conformation of ring E, which was not in agreement with the X-ray
determined tetrahydrofuran (THF)-ring pseudoration reported
for THF-spiro systems.® Therefore, we decided to test various
QM semiempirical and empirical (MM) alike. In accordance with
some previously reported data®, we found that QM semiempirical
methods yielded conformers with flatter geometries than those
obtained by MM methods, thus proving less accurate in repro-
ducing the experimentally determined geometry of THF-spiro

Table 3 MM conformers within 5 kcal/mol from the global minimum of 4R19S and 4R19R diasteroisomers grouped into families according to dihedral
angle values of rings E and F. Inter-atomic distances determinant for C19 stereochemistry assignment are reported

Family AEgy (Kcal/mol) £(°) 48! x () H19-H21 (A) H19-H"21 (A) H17b-H19 (A) HI12-Hl16a (A)
19R

Al 0.0 —54 53 32 2.6 3.8 3.5 3.6

A2 1.4 -52 52 22 2.6 3.8 29 3.7

198

Al 1.8 -53 52 38 3.9 43 3.9 3.0

A2 0.0 -52 53 -39 3.9 43 3.7 3.7
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Table4 MM conformers of 4R19R diasteroisomer grouped into families according to geometric parameters. Lowest energy conformers of each family

within 5 kcal/mol from the global minimum are reported

Dihedral angle values (°)

Family AEgy (Kcal/mol) B Y 0 n € 4 X ® ) u v
I 0.0 20 —41 64 -154 —-54 53 32 40 -123 159 -62
I 1.4 19 —42 64 -154 =52 52 =22 41 -122 171 -62
1 2.2 23 -39 -53 -174 -54 52 30 35 -116 160 -65
v 2.8 24 -36 65 -154 -53 52 33 -39 -126 166 -61
\ 33 22 —40 68 -154 =52 54 —40 24 -121 74 58
VI 3.4 9 47 —-54 79 =52 53 —-40 25 -104 -82 -179
VII 3.6 24 =35 —47 83 -53 52 -24 40 -124 175 -59
VI 3.7 28 =37 53 -177 -53 53 -26 41 -127 176 -53
IX 4.0 6 —48 62 -154 —-54 53 —41 32 -112 -85 -176
X 4.1 28 -36 =51 -171 =53 54 35 -33 -117 -174 =53
XI 4.3 24 -36 —48 83 -53 52 24 39 -125 166 —64
XII 4.6 24 -38 -54 -175 -53 54 =35 34 -122 -91 -172
XIII 4.6 17 —43 -56 -176 =55 52 —41 27 -123 =77 173
X1V 4.7 18 -42 64 -154 =53 52 32 40 -121 -109 179
XV 4.7 21 —41 65 —-155 =52 52 34 38 -126 =77 —-152
XVI 4.9 27 -36 =52 -172 -53 52 34 39 -113 —-108 179
XVl 49 23 -38 55 69 =52 54 —-40 14 -123 =79 176
H11b
H35a

H13b H11a

H34b H34a H14a H13a LL

17 1 15 ppm 2.3 22 2 o 1l 18 17 1% 15 14 pem

H22

H33b

H20b/

H21b

H33a

Fig. 3 Selected multiplicity of protons crucial for stereochemical assignment of 13,19-didesmethyl spirolide C. ID-NMR projections have been

extrapolated from a z-filtered TOCSY experiment.

systems. Consequently, only MM conformers having the assigned
R configuration at C4 (namely, 4R 19R and 4R 19S) were taken
into account for the analysis of possible conformations of rings
E and F, respectively. All of the obtained conformers were then
ranked on the basis of their conformational energy values and
grouped into families according to the values of dihedral angles
¢ (CI18-C19-C20-C21), £ (C19-C20-C21-C22), and y (C15-
C16-C17-C18) (Fig. 2). Our analyses showed that ring F had

the same strong conformational preference in both the selected
diastereoisomers (4R 19R and 4R 195), corresponding to the chair
depicted in Fig. 5 and characterized by values of dihedral angles ¢
and ( (Fig. 2) around —50° and +50°, respectively (Table 3). This
conformation of ring F was found in all of the conformers within
5 kcal/mol from the global minimum (Fig. S1 in the ESI}) and
represented 77.0% of all of the 4R 19R conformers and 71.5%
of all of the 4R 195 conformers, respectively (Table S1 in the
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Table 5 Strengths of 'H-'"H ROESY cross peaks for 13,19-didesmethyl
spirolide C (2) in CD;0OD

Proton A Proton B ROE strength
H3 H37 weak

H3 H30a very weak
H4 H37 strong

H4 H35a very weak
H7 H38 strong

H7 H34a weak

H8 H10 medium
H8 H31 weak

HS8 H43 medium
H10 Hl13a weak

H10 H13b very weak
H10 H14b very weak
Hlla H22 very weak
H12 H13b weak

H12 Hl4a very weak
H12 Hl6a very weak
H13a H14b strong
H13b Hl4a strong
Hl6a H17b medium
H16b Hl17a weak
H17b H19 weak

H19 H2la weak
H20a H22 very weak
H30a H31 very weak
H30b H33b weak
H30b H32 weak

H32 H33b weak

H32 H33a weak

H32 H43 medium
H33a H42 medium
H33b H34b medium
H34b H35b very weak

Cross-peaks were subdivided into ‘strong’, ‘medium’, ‘weak’, and ‘very
weak’ based on the relative peak heights.

Fig.4 Comparison of the gauche conformer of 4R (left, orange carbons)
with the gauche* conformer of 4S (right, cyan carbons). Black arrows
indicate possible ROEs, red arrows indicate impossible ROEs.

ESIY). In our opinion, such a strong conformational preference
may be caused either by unfavorable coulomb interactions between
oxygens present in rings E and F, or by an H-bond between the
hydroxyl group at C19 and the oxygen in ring E.

Eventually, only the 4R 19R diastereoisomer presented stereo-
chemical features fully consistent with the NMR data suggesting
an axial position for both H19 and H2la (Fig. 5; Table 3),
according to (i) their experimentally observed coupling constants
(Fig. 3); and (i) their ROESY correlation due to a typical 1,3
diaxial interaction (Fig. 5; Table 5).

Fig. 5 Lowest energy conformers of the calculated most abundant
conformational family of ring F. Left, 4RI9R diastereoisomer; right,
4R19S diastereoisomer. Hydrogens were omitted, with the exception of
those involved in ROESY correlations. Black arrows indicate possible
ROEg, red arrows indicate impossible ROEs.

2.4 Identification of the experimentally observed conformations

Once we unambiguously assigned the relative configuration of
13,19-didesmethyl spirolide C, we performed an in-depth analysis
of the conformational behavior of 2, in light of all the NMR pa-
rameters dependent upon molecular conformation. To this aim, all
of the obtained conformers were ranked by their conformational
energies and grouped into families (Table 4; Table S2 in the ESIt)
according to the values of the following dihedral angles (named as
reported in Fig. 2): (i) f (C5-C6-C7-C29), y (C5-C35-C34-C29),
1 (C29-C30-C31-C43), and 6 (C28-N-C33-C32), which defined
the B- and C-ring conformation; (ii) 6 (C29-C7-C8-C9), which
defined C38 methyl orientation; (iii) @ (C12-C13-C14-C15), ¥,
g, and , which defined the spiro-system conformation (rings D-
E-F), and (iv) u (C9-C10-C11-C12) and v (C10-C11-C12-C13),
related to the rotation along C10-C11 and C11-C12 bonds (see
Experimental for details). Finally, all the resulting conformational
families were filtered on the basis of our NMR data.

According to the large number of degrees of freedom present
in the structure (i.e., rotatable bonds) the analysis yielded a
large number of conformational families (Table S2 in the ESIf).
Nevertheless, when the conformational results were analyzed
taking into account all of the NMR data, it emerged that all
conformers within 5 Kcal/mol from the global minimum shared
the following conformational features (Table 4. Fig. S1 in the ESI):
(1) a chair conformation for ring F, characterized by & ~—50° and
C~ +50°; (ii) a “pseudo-chair’ conformation ring B, characterized
by dihedral angle values B ~ +20° and y ~ —40°, and (iii) methyl
C38 assuming an “endo” position, defined by negative values of
the dihedral angle 8.

In addition, 50% of conformers within 5 kcal/mol showed
ring C conformation (n ~ —160° and 6 ~ +60°) consistent with
the observed ROESY correlations (Table 5) and 38.5% showed
dihedrals pu and v values (L ~ 170° and v ~ —60°) consistent
with the experimentally calculated coupling constants (Table 4
and Table 6. Fig. S1 in the ESIt). In particular, *Jy.y, 2Jcn, and
*Jeu (Table 6 and Fig. 3b) values relative to C10-C11 rotatable
bond were consistent only with an anti periplanar orientation of
C9 with respect to C12 (u value around 170°; Fig. 6). On the other
hand, *J 4, 2Jcn, and *J .y values relative to a C11-C12 rotatable
bond pointed to a gauche-like orientation of C10 with respect to
C13 (v value around —60°; Table 6 and Fig. 7).
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Table 6 *Jyy, 2Jcn, and 3J .y values relative to C10-C11 and C11-C12
bonds, respectively, of 13,19-didesmethyl spirolide C
Hio o Hi
Hi1a ‘. Ci2 o} Cis
Co 0 OH Hi1p Cio
H11p Hiz
*JHionita Small *Juini Large
*Juiomin Large *Juini Small
ez Small 3 acio Small
*Juitaco Small *Juitaciz Small
*Jinivco Small *Jiivcis Large
*Jtitaecto Small *Jiitaci2 Large
*Jais-cto Large *Jaicrz Large

Homonuclear constants have been evaluated analyzing a z-filtered
TOCSY. Heteronuclear coupling constants have been qualitatively assessed
by comparison of intensities of cross-peaks in a ps-HMBC spectrum.
Displayed dominant conformers have been identified according to the
J-based configuration method proposed by Murata.'

Fig.6 Antiperiplanar orientation of C9 with respect to C12, correspond-
ing to the observed *Jy.y, 2J ey, and *J .y values for a C10-Cl11 rotatable
bond. Carbon atom C11 is represented by a ball for clarity of presentation.

Interestingly, our analysis evidenced that the observed ROESY
cross-peaks between H10 and H13Db, as well as between H10 and
H14b (Table 5) could not be contemporaneously present, unless
two different conformations of ring D (corresponding to @ ~ +40°
and ® ~ —40°; Fig. 7) had been assumed. This result allowed us
to hypothesize the existence of a rapid equilibrium in solution
between these two ring D conformers.

Finally, we found that both conformations of ring E (corre-
sponding to x ~ +32° and y ~ —22°) were consistent with our
NMR data (Fig. 8 and Table 4. Table S2 in the ESIf).

In conclusion, by combining NMR data with computational
results, we selected three conformational families, namely family
I, II, and IV (Table 4; Table S2 in the ESIf). The structural
(heavy atoms) superimposition of the lowest energy conformer

Fig.7 Gauche-like orientation of C10 with respect to C13, corresponding
to dihedral angle v value around —60°. The two conformations of D
ring consistent with H10-H13b or H10-H14b ROESY correlations are
reported (o ~ +40°, green; ® ~ —40°, magenta). Carbon atom C12 is
represented by a ball for clarity of presentation. Black arrows indicate
possible ROEs; red arrows indicate impossible ROEs.

Hiz2

Il U Hi7b

NG p Hela \_/I‘Q?_./ e

Fig.8 Calculated ring E conformations, corresponding to x ~ +32° (left)
and y ~ —22° (right). Black arrows indicate possible ROEs.

of each family is reported in Fig. 9. The identified conformers
appeared to be differing for the conformation of rings D and
E and, by consequence, in the orientation of the exomethylene
group at position 41. In particular, they were characterized by
the following combination of ring D and E dihedral angle values:
x = +32°, ® = +40° (family 1), x = -22°, ® = +41° (family II),
¥ = +33° @ =-39° (family IV). Families T and II, differing only in
the ring E conformation, were both consistent with experimental

Fig. 9 Superimposition of the identified solution conformations of
13,19-didesmethyl spirolide C: lowest energy conformer of 1 (green
carbons), IT (cyan carbons), and IV (pink carbons) families, as reported in
Table 4.

This journal is © The Royal Society of Chemistry 2009
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data with the exception of the H10/H14b ROESY cross-peak; on
the other hand, family IV was in agreement with all NMR data
with the exception of the ROE between H10/H13b. It has to be
underlined that these conformational families represented 20% of
conformers within 5 Kcal/mol from the global minimum, with
family I representing the global minimum itself (Table 4; Fig. S1
in the ESI¥).

The fourth possible combination of ring D and E dihedral angle
values (i.e., negative values of both y and ®) showed an H-bond
between the C10 hydroxyl group and ring E oxygen, causing a
distortion of dihedral angles pu and v. As a consequence, the
resulting conformer was not consistent with observed *J ., *Jcu,
and *J . values relative to C10-C11-C12 rotatable bonds (Table 6;
Family XXXVII in Table S2 in the ESIT). This last combination—
showing also a AEgy > 5 Kcal/mol—was definitively excluded.

In conclusion, our NMR- and molecular modeling-based
studies allowed us to identify the existence of an equilibrium in
solution among three major conformations of 13,19-didesmethyl
spirolide C, as reported in Fig. 9. Interestingly, in all of the three
conformations the cyclic imine moiety, which seems to play a
key role in spirolide biological activity, always adopted the same
conformation.

Experimental
3.1 NMR data

NMR spectra were measured on a Varian Unity Inova 700
spectrometer equipped with a 13C Enhanced HCN Cold Probe.
Shigemi 5 mm NMR tubes and CD;OD as an internal standard
(04 3.31 and 6 49.0) were used. J values are given in Hz. Standard
Varian pulse sequences were employed for the respective classes
of spectra; solvent signal suppression by presaturation was used
when required. All of the NMR data reported in the text were
derived from 2D '"H-'"H COSY, z-filtered TOCSY, ROESY, and
phase sensitive HMBC spectra.

ROESY was registered at 400 ms mixing time. Cross-peaks were
subdivided in ‘strong’, ‘medium’, ‘weak’, and ‘very weak’ based
on the relative peak heights. Strong cross peak were those showing
intensity I > Iyax, where I4x represents the most intense peak in
the spectrum; medium peaks showed intensities in the range (1/4)
Tyax through (1/2) Iyax, weak peaks from (1/8) Iyax through (1/4)
Iyax, and very weak peaks with intensities I < (1/8) Iyax.

3.2 Molecular modeling studies

Molecular modeling calculations were performed on SGI Origin
200 8XR 12000, while graphics were carried out on SGI Octane
2 and Octane workstations. Assuming the configuration of
previously determined chiral centers as depicted in Fig. 2, in
order to unambiguously assign the relative stereochemistry at
C4 and C19 atoms, the four possible 13,19-didesmethyl spirolide
C diastereoisomers (namely 4R19S, 4S19R, 4R19R and 4S519S)
were built using the Insight 2005 Builder module (Accelrys, San
Diego). The immino nitrogen of all compounds was considered
unprotonated, in accordance with NMR chemical shift data.?
Molecular mechanics (MM) and dynamics (MD) calculations
were performed with the Insight 2005 Discover_3 module, using
the atomic potentials and charges assigned by the CFF91 force

field." To simulate the same environment embedding the molecule
during the NMR experiments, a distance-dependent dielectric
constant was set to the value of methanol (¢ = 33*r). The con-
formational space of these compounds was sampled through 200
cycles of Simulated Annealing, following our standard protocol
( Discover_3 module, Insight 2005). In particular, the system was
heated up to 1000 K over 2000 fs (time step = 2.0); the temperature
of 1000 K was applied to the system for 2000 fs (time step =
2.0) with the aim of surmounting torsional barriers; successively
temperature was linearly reduced to 300 K in 1000 fs (time step =
1.0). Resulting structures were subjected to energy minimization
within the Insight 2005 Discover_3 module (CFF91 force field®,
€ = 33%*r), until the maximum RMS derivative was less than
0.001 kcal/A, using Conjugate Gradient'? as a minimization
algorithm. MD/MM resulting conformers were subjected to a full
geometry optimization using quantum-mechanical calculations at
semi-empirical AM1 level in the Mopac2007 package' and EF
(Eigenvector Following routine) as geometry optimization algo-
rithm. The GNORM value was set to 0.01. To reach a full geometry
optimization the criteria for terminating all optimizations were
increased by a factor of 100, using the keyword PRECISE.

Both the MD/MM conformers and AM1 conformers were
ranked on the basis of their conformational energy values and
grouped into families according to the following geometric pa-
rameters: (a) H4-C4-C5-C6 (namely o), defining the orientation
of lactone moiety A with respect to ring B; (b) C5-C6-C7-C29
and C5-C35-C34-C29 (namely B and vy, respectively), defining
the cyclohexene ring B conformation; (c) C28-N-C33-C32 and
C29-C30-C31-C43 (namely 6 and m, respectively), defining the
ring C conformation; (d) C18-C19-C20-C21 and C19-C20-C21-
C22 (namely € and G, respectively), defining the pyranose ring
F conformation; (¢) C12-C13-C14-C15 and C15-C16-C17-C18
(namely o and y, respectively) defining the tetrahydrofuran (THF)
rings D and E conformation; (f) C29-C7-C8-C9 (namely d)
defining the C38 methyl position, and, finally, (g) C9-C10-C11-
C12 and C10-C11-C12-C13 (namely p and v) defining the C10-
Cl11 and C11-CI12 bonds conformation. Families were classified
considering a clockwise and counter-clockwise angle increment of
60° in the range of 0°+180° for each dihedral angle. The “endo”
and “eso” methyl C38 positions were identified by negative and
positive values of dihedral angle §, respectively.

We tested the capability of different empirical (MM, CFF91
and CVFF forcefields) and semiempirical (AM1, PM6 and
RM1) methods in reproducing the geometry of experimentally
determined X-ray structures containing THF-spiro systems. To
this aim, we firstly performed a structural search using the Con-
quest software contained in the CSDS™ (Cambridge Structural
Database System) and using as a query the spiro-system present
in 13,19-didesmethyl spirolide C. The following structures (CSD
codes): (i) ABOHOP, ABOHIJ containing three spiro systems and,
(i) CEFXIV containing two spiro system THF-tetrahydropyran
resulted. In all of these structures THF rings presented staggered
conformations. ABOHOP, ABOHIJ and CEFXIV structures were
optimized with different MM force fields (CVFF and CFF91
forcefield!), as well as different QM semiempirical methods
(AM1, PM6 and RM1), with the same criteria described above
for AM1 calculations. In particular, since ABOHOP and ABOHIJ
contained a non-parameterized silicon atom, only CEFXIV was
optimized with the semiempirical method AMI1.
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Results showed that MM, and in particular the CFF91 force-
field, was more reliable in reproducing these systems (RMS
between our results and X-ray structures calculated on heavy
atoms of spiro system: CFF91zys < 0.05 A; CVFFgys < 0.09 A).
On the contrary, the semiempirical calculations yield flatter
geometries, with the AM1 method producing the best results
among the semiempirical methods (RMS between our results and
CEFXIV X-ray structure calculated on heavy atoms of the bicyclic
system: AM1gys = 0.25 A and PM6gys = 0.28 A).

Conclusion

The present study based on a combination of NMR techniques
and molecular modeling approach offered insightful details on the
full relative stereochemistry of spirolides thus far only partially
elucidated. Moreover, identification of conformations that 13,19-
didesmethyl spirolide C adopts in solution could pave the way for
a better understanding of the molecular bases of the biological
activity of this class of intriguing marine biotoxins.
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