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’ INTRODUCTION

Marine dinoflagellates produce a variety of secondary meta-
bolites possessing unique structural features and potent biologi-
cal activities.1 Among them, long linear carbon chain compounds
having polyoxy functional groups are one of dominant classes of
marine dinoflagellate products. Amphidinols,2 luteophanols,3

lingshuiols,4 karatungiols,5 colopsinol,6 and amphezonol7 from
Amphidinium spp., ostreocins from Ostreopsis siamensis,8 durins-
kiol A from Durinskia sp.,9 symbiospirols from Symbiodinium
sp.,10 and karlotoxins from Karlodinium veneficum11 are repre-
sentative compounds in this class. Each of them has both a
hydrophilic part consisting of polyhydroxy groups and a hydro-
phobic part with a polyene structure or an alkyl chain in the
molecule. This amphiphilic nature must be important for ex-
pression of their specific bioactivities such as antifungal, cyto-
toxic, or hemolytic activities.12

The genus Prorocentrum also produces a variety of bioactive
compounds, okadaic acid and its analogues,1 prorocentrolides,13

spiro-prorocentrimine,14 hoffmanniolide,15 and prorocentin.16

These compounds have different skeletal features: polyether
carboxylic acid, macrocyclic imine, lactone, and polyether alcohol.
The okadaic acids are common secondary metabolites produced
by Prorocentrum spp., whereas production of other compounds, e.
g., prorocentrolides, spiro-prorocentrimine, hoffmanniolide, and
prorocentin, are thought to depend on the nature of clones or
species. These compounds except prorocentinwere obtained from
a butanol-soluble fraction of the algal extracts. Thus, Prorocentrum
often produces intriguing butanol-soluble compounds in addition
to the okadaic acids. Our continuous efforts for search of new
bioactive compounds led to isolation of a polyoxy long linear
carbon chain compound, prorocentrol (1), from the butanol-
soluble fraction of P. hoffmannianum Faust (CCMP 683).17

To reveal the configuration of these natural products is a quite
essential and challenging stage for further investigation of mode

of action and synthetic works. However, configurational analyses
on these compounds especially in acyclic systems often face to
problems, since they rarely form crystals suitable for X-ray
analysis. In addition, a NOE-based method is inapplicable
because of the multiple conformational exchanges. Against such
unfavorable backgrounds in the conventional NMR method,
Murata and co-workers established the J-based configurational
analysis (JBCA),18 which is a relative configurational determina-
tion method through conformational determination. The JBCA
enabled us to distinguish between possible relative configura-
tions even if conformational exchange occurs, since the coupling
constants reflect the ratio of the conformers as weighted mean.
To date, the JBCA has been applied for relative configurational
analysis of natural products that possess many chiral centers on the
acyclic chain such as amphidinol-3,19 maitotoxin,20 zooxanthell-
atoxin,18 karlotoxin-2,21 symbiopolyol,22 belizeanolide,23 several
chlorosulfolipids from Ochromonas danica,24 and versipelostatin.25

Especially, the conformations of monensin26 and okadaic acid27

were analyzed in solution and compared with each of their crystal-
line structures. Therefore, the JBCA was applied for elucidation of
the relative configuration of 1. In this paper we report the isolation
and structural determination including the partial relative config-
uration of 1.

’RESULT AND DISCUSSION

Harvested cells by centrifugation were extracted with MeOH
and then acetone for three times each and partitioned between
hexane/H2O, EtOAc/H2O, and then BuOH/H2O. The BuOH
layer was further partitioned between 0.15% aq AcOH and
EtOAc for elimination of okadaic acid. The water-soluble fraction
was chromatographed on anODS columnwith 80% and 100% aq
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ABSTRACT: A polyoxy linear carbon chain compound, pro-
rocentrol (1), was isolated from cultured cells of the dinofla-
gellate Prorocentrum hoffmannianum, which produces a
polyether carboxylic acid, okadaic acid. The structure of 1 was
elucidated by detailed analyses of 2DNMR spectra. Compound
1 possesses 30 hydroxy groups, 1 ketone, and 8 double bonds on
the C65-linear carbon chain. Its partial relative configuration
was deduced by the proton�proton and long-range carbon�
proton coupling constants, and compound 1 showed moderate
cytotoxicity and antidiatom activity.
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MeOH, an HW-40 column with MeOH, and an ODS column
with gradient elution from 50% to 100% aqMeOH. From 50 L of
the harvested cells, 26 mg of 1 was isolated.

Compound 1 was isolated as a colorless amorphous solid:
[R]19D�19.2 (c 0.10, H2O); IR (film) 3365, 1711 cm�1; UVmax

(λ) 231 (ε 44000), 260 (ε 38000), 270 (ε 47000), and 281
(ε 39000) nm. The high resolution ESI-TOF MS peak of 1 was
observed atm/z 1497.7074 [MþNa]þ. This result indicated that a
molecular formula was deduced to be C68H114O34 (Δ�1.5 mmu).

The 13C NMR spectra were very complicated, and more than 68
carbon signals were observed when measured in methanol-d4 or
DMF-d7 at room temperature. Signals around an acetal and a ketone
carbon split into two or three signals, probably due to reversible
formation of an acetal ring. To resolve this phenomenon, varieties of
NMR measuring conditions such as solvents, temperature and pH
were tested. Finally NMRmeasurements in pyridine-d5/D2O (6:1)
at room temperature led simplified and improved theNMR spectra.
Signals around the acetal and the ketone were observed as a single
peak each in the 13C NMR spectrum. All carbon signals were
assigned as 2 methyls, 12 aliphatic methylenes, 2 aliphatic methines,
1 oxymethylene, 33 oxymethines, 1 acetal, 16 olefinic carbons
including 1 quaternary one, and 1 ketone (Table 1). UV absorption
suggested the presence of diene and triene moieties similar to those
of the amphidinols,2 and these polyene structures were eventually
confirmed by 2D NMR analyses.

Detailed analysis of ps (phase sensitive)-DQF COSY and
TOCSY spectra led to elucidate four partial structures of 1, H-1

to H-16, H-18 to H-34, H-36 to H-38, and H-40 to H-65
(Figure 1). HSQC-TOCSY experiments were useful to confirm
proton connectivity around continuous oxymethines, H-1 to
H-7, H-9 toH-14, andH-29 toH-32. Thus, four partial structures
were constructed, and 68 carbons were assigned. These partial
structures were interrupted by three quaternary carbons, the sp2

quaternary carbon (C17, δC 155.6) bearing exo-methylene, the
ketone (C35, δC 213.0) and the acetal (C39, δC 100.9) carbons.
The HMBC correlations of H-67/C16, H-67/C17, H-67/C18,
H-34/C35, H-36/C35, H-38/C39 and H-41/C39 measured in
pyridine-d5/D2O (6:1) enabled us to trace all carbon connectiv-
ity. Unsaturation number and observed carbon signals correspond-
ing to the ketone and eight double bonds indicated that 1 contained
three rings in the molecule. The positions of these rings were
deduced from deuterium shift experiments measured in pyridine-
d5/H2O (6:1), and HMBC measurements. The deuterium shift
experiments showed that five oxycarbons (C10, C14, C29, C32,
and C43) were not shifted, so these carbons were involved in ether
linkage. The HMBC correlations of H-43/C39 and H-10/C14
confirmed the six-membered rings. Therefore, the structure of 1
was determined as Figure 1 which has 30 hydroxy groups, 2 ether
rings, 1 acetal ring, 1 ketone, and 8 double bonds on the C65-linear
chain. Since 1 contains only 12 aliphatic methylenes in the
molecule, 1 is relatively highly oxygenated to other linear carbon-
chain compounds isolated from dinoflagellates.

Following the planar structural analysis, the conformation of
the tetrahydropyran ring (C10 to C14) of 1 in the aqueous

Table 1. 1H and 13C NMR Data for 1 in Pyridine-d5/D2O (6:1)a

pos δC, (mult) δH, mult, J in Hz pos δC, (mult) δH, mult, J in Hz pos δC, (mult) δH, mult, J in Hz

1a 64.6, (t) 4.19, dd, 6.4, 11.1 25 33.5, (d) 2.56, br ddd, 4.1, 8.4, 6.6 47 70.3, (d) 4.72, br dd, 4.7, 9.9

1b 4.37, dd, 3.6, 11.1 26a 45.4, (t) 1.43, ddd, 8.7, 3.6, 14.1 48 136.9, (d) 5.86, dd, 5.9, 14.6

2 72.2, (d) 4.50, ddd, 3.6, 6.4, 8.2 26b 1.59, ddd, 4.7, 9.3, 14.6 49 129.3, (d) 6.38, dd, 10.9, 16.0

3 71.5, (d) 4.66, dd, 2.2, 8.2 27 66.5, (d) 4.14, dddd, 3.5, 8.8, 3.5, 8.8 50 130.3, (d) 6.52, dd, 15.1, 10.5

4 71.7, (d) 4.92, dd, 2.2, 6.8 28a 42.8, (t) 1.86, ddd, 3.5, 8.7, 13.5 51 135.4, (d) 6.17, dd, 6.4, 15.1

5 73.4, (d) 4.61, dd, 6.8, 7.3 28b 2.04, ddd, 9.2, 5.2, 14.0 52 72.0, (d) 5.00, dd, 6.4, 3.2

6 76.5, (d) 4.42, dd, 7.3, 4.5 29 78.3, (d) 4.52, ddd, 8.0, 4.5, 8.7 53 76.8, (d) 3.93, dd, 7.7, 2.9

7 73.0, (d) 4.81, ddd, 5.3, 8.2, 2.7 30 78.0, (d) 4.16, dd, 8.1, 4.3 54 71.6, (d) 4.33, ddd, 3.5, 7.6, 9.3

8a 36.2, (t) 2.18, ddd, 8.2, 8.7, 14.6 31 72.2, (d) 4.30, dd, 3.8, 2.5 55a 37.6, (t) 2.72, ddd, 7.6, 10.0, 15.5

8b 2.86, ddd, 2.3, 3.2, 14.1 32 79.8, (d) 4.11, dt, 2.5, 7.3 55b 2.96, ddd, 3.5, 7.6, 10.9

9 69.0, (d) 4.70, ddd, 3.2, 8.7, 9.1 33 23.9, (t) 2.32, br dd, 3.5, 7.0 56 132.6, (d) 6.14, ddd, 15.5, 6.7, 6.7

10 80.3, (d) 4.24, dd, 9.1, 2.7 34a 35.8, (t) 3.00, m 57 132.6, (d) 6.29, dd, 15.1, 10.1

11 68.8, (d) 4.94, dd, 2.7, 3.6 34b 3.15, m 58 132.2, (d) 6.17, dd, 14.2, 10.0

12 72.2, (d) 4.40, dd, 3.6, 8.2 35 213.0, (s) 59 131.0, (d) 6.09, dd, 10.0, 14.2

13 72.3, (d) 4.22, dd, 8.2, 8.0 36 80.8, (d) 4.57, d, 1.7 60 131.2, (d) 6.04, dd, 10.5, 13.7

14 75.4, (d) 4.09, ddd, 8.0, 4.2, 8.9 37 68.9, (d) 5.18, ddd, 1.7, 4.1, 9.1 61 133.3, (d) 5.60, dd, 14.6, 6.4

15a 40.1, (t) 1.91, ddd, 8.9, 4.5, 14.6 38a 41.6, (t) 2.54, dd, 2.2, 13.7 62 32.0, (t) 2.05, dt, 6.4, 14.1

15b 2.50, ddd, 5.3, 8.2. 14.6 38b 2.88, dd, 9.1, 15.1 63 33.3, (t) 2.01, dt, 6.0, 14.6

16 34.2, (d) 2.92, ddt, 5.9, 8.2, 6.6 39 100.9, (s) 64 138.1, (d) 5.73, ddt, 6.4, 10.5, 17.4

17 155.6, (s) 40 67.9, (d) 4.56, d, 2.9 65a 114.9, (t) 4.93, ddd, 0.9, 2.3, 10.5

18 74.1, (d) 4.88, d, 4.6 41 73.5, (d) 4.75, dd, 4.7, 2.9 65b 4.97, ddd, 1.0, 3.2, 17.4

19 73.8, (d) 4.33, dd, 4.2, 4.0 42 70.0, (d) 4.90, dd, 2.1, 4.7 66 22.1, (q) 1.24, d, 7.0

20 73.6, (d) 4.11, dd, 4.0, 3.4 43 67.0, (d) 5.03, dd, 2.1, 9.0 67a 109.8, (t) 5.24, dd, 3.2

21 72.3, (d) 4.30, br d, 3.6 44 71.4, (d) 4.51, dd, 2.6, 8.7 67b 5.57, dd, 3.2

22 37.3, (t) 2.59, m 45 69.1, (d) 4.76, ddd, 2.6, 5.3, 9.3 68 21.4, (q) 0.89, d, 6.4

23 125.7, (d) 5.75, br d, 15.6 46a 41.5, (t) 2.11, br dd, 5.3, 12.9

24 138.2, (d) 5.42, dd, 15.6, 7.7 46b 2.45, br dd, 8.8, 14.1
a Protons on prochiral carbons are referred to as Ha for high fielded proton and Hb for low fielded proton.
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pyridine solution was elucidated (Figure 2A). The observation of
NOE correlations on H-9/H-12, H-9/H-14, H-12/H-14, and
H-10/H-11 suggested that this ring forms a chair conformation
with an axial orientation of C9. Furthermore, the small values of
3JH-10,H-11 = 2.7 Hz, 3JH-11,H-12 = 3.6 Hz indicated the equatorial
orientation of H-10 and H-11. On the other hand, H-12, H-13,
and H-14 were assigned as axial orientation from large coupling
constants of 3JH-12,H-13 = 8.2 Hz and 3JH-13,H-14 = 8.0 Hz. Hence,
vicinal coupling constants within this ring also supported that the
C10 to C14 tetrahydropyran ring forms the chair conformation
(Figure 2A). For the tetrahydrofuran ring (C29 to C32), the large
vicinal coupling constants 3JH-28a,H-29 = 8.7 Hz and 3JH-29,H-30 =
8.0 Hz were indicative of anti orientation between both
H-28a, H-29 and H-29, H-30, respectively. On the other hand,
themagnitude of 3JH-28b,H-29 = 4.5Hz indicated that it was a value
of gauche orientation for H-28b, H-29. From 2D NOESY
spectra, NOE correlations on H-29/H-33, H-28a/H-30, H-31/
H-33, and H-31/H-34 were observed; however, correlation
signals heavily overlapped each other and further confirmation
was required. Therefore, a part of 1 was subjected to reductive
ozonolysis to solve the signal overlapping, and consequently a
fragment corresponding to C24 to C48 was obtained. The
conformation of this furan ring was identical between intact 1
and the ozonolyzed fragment, since the vicinal coupling con-
stants pattern within this ring agreed well between both. From
the 2D NOESY spectra of this fragment, the same NOE
correlations as an intact 1 were observed. Hence, the relative
configuration of protons on this ring was assigned as an R

direction for H-29 and H-31 and β for H-30 and H-32 as shown
in Figure 2B. The conformation of the other cyclic moiety, a six-
membered hemiacetal ring (C39 to C43), was also analyzed on
the basis of ps-DQF COSY and 2D-NOESY spectra. The large
magnitude of 3JH-43,H-44 = 9.0 Hz indicated the anti orientation of
H-43 to H-44; however, small coupling constants within this ring
and lack of NOESY correlations hampered further configura-
tional assignment.

Although the relative configuration of the above cyclic struc-
tures was analyzed by use of conventional NMR spectroscopic
methods, the configurations of continuous polyol units on a long
acyclic carbon chain were harder to determine. Therefore, the
JBCA was applied for relative configurational analysis on them.
For this purpose, 2,3JC,H values, in addition to 3JH,H, were
obtained from HETLOC (ω1-hetero half-filtered TOCSY)28

and HMBC29 experiments (See Supporting Information).
The relative configurations of the longest polyol segment, a C1

to C9 portion, were analyzed by the JBCA (Figure 3). For the
C2/C3 bond, large 3JH-2,H-3 = 8.2 Hz and no NOE correlations
on H-1/H-4 indicated the erythro configuration for C2 to C3.
Small magnitude of vicinal proton coupling constant 3JH-3,H-4 =
2.2 Hz was found for C3/C4 bond, which led the decrease of the
relevant correlation peaks in HETLOC spectra except for 2JC3,H-4 =
1.1 Hz. Each small value for 3JC5,H-3,

3JC2,H-4, and
2JC4,H-3

obtained by the HMBC method indicated threo relationship of
C3/C4. For the C4/C5 bond, a vicinal coupling constant 3JH-4,H-5 =
6.8 Hz and small magnitude of 3JC6,H-4 = 2.4 Hz were
observed. On the other hand, large and medium magnitude of

Figure 1. (A) Planar structure of 1. (B) 1H�1H spin networks and HMBC correlations for 1.

Figure 2. Relative stereoconfiguration of (A) C10 to C14 and (B) C29 to C32 of 1.
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2JC4,H-5 and 2JC5,H-4 were indicative of the conformational
exchange around C4/C5 bond with erythro configuration. For
the C5/C6 bond, the observed vicinal coupling constant 3JH-5,H-6 =
7.3 Hz corresponded to the border value between anti and
gauche orientation. Otherwise, the medium long-range C�H
coupling constants 2JC5,H-6 = �3.1 Hz and 2JC6,H-5 = �3.1 Hz
were observed with the major C4/C7 gauche orientation. Hence
a relative configuration was assigned to threo under conforma-
tional exchange. The moderate magnitude of vicinal coupling
constant of 3JH-6,H-7 = 4.5 Hz also suggested the presence of
multiple alternating conformers. The observation of 3JC5,H-7 =
2.2 Hz and 3JC8,H-6 = 2.2Hz indicated that both C5/H-7 and C8/
H-6 were involved in gauche orientation. Thus the correspond-
ing conformational mixture was deduced as Figure 3, where the
relative configuration was determined as threo for the C6/C7
bond. The relative configuration between C7 and C9 mediated
by C8methylene was assignable by the JBCA.When the high and
low fielded methylene protons were noted as H-8a and H-8b,
respectively, 3JH-7,H-8a = 8.2 Hz, and 3JH-7,H-8b = 2.7 Hz were
obtained from E. COSY cross sections. In addition to the vicinal
proton coupling constants, the small magnitude of long-range
C�Hcoupling constants 3JC6,H-8a = 2.5Hz and

3JC6,H-8b = 1.6Hz
supported anti orientation of C6 to C9 and gauche orientations
of C6 to H-8a and C6 to H-8b. In the same manner, 3JH-8a,H-9 =
8.7 Hz, 3JH-8b,H-9 = 3.2 Hz, 3JC10,H-8a = c.a. 0 Hz, and 3JC10,H-8b =
c.a. 0 Hz were observed for C8 to C9, and these coupling
constants supported the anti orientation of C7 to C10 and
gauche orientation of C10 to H-8a and C10 to H-8b. Hence
the orientation of C7-OH and C9-OH was assigned as syn. For
the C9/C10 bond, the observation of large coupling constant
3JH-9,H-10 = 9.1 Hz and NOESY correlations on H-8/H-11
indicated the threo configuration.

For the middle part of this molecule, a number of signals of
HETLOC cross sections were too weak to detect presumably
due to slow molecular motion in the measurement condition in
addition to the high multiplicity of relevant proton signals. In
order to overcome this problem for application of the JBCA,

relative signal intensities of ps-HMBC cross peaks (IC,H) were
analyzed instead of long-range C�H coupling constants.30 This
approach shows the orientation of each atom by the relative
magnitude of cross peak intensities and was applied to the C14 to
C17 and C25 to C29 portions of 1.

ForC15 toC16, small 3JH-15a,H-16 = 4.5Hz and large
3JH-15b,H-16 =

8.2 Hz indicated gauche orientation between H-15a and
H-16 and anti between H-15b and H-16. From F2 slice data of
ps-HMBC spectra (Table 2), the signal intensities of IC17,H-15a
(65, large) and IC66,H-15a (36, small) were obtained, and thus the
relationships between C17 and H-15a, and C66 and H-15a were
established to be anti and gauche, respectively. On the basis of
these assignments, C66 and H-15b were determined to have
gauche relationship automatically with the intensity of IC66,H-15b
(17, small). In the same manner, for a pyran ring adjacent C14 to
C15 portion, large 3JH-14,H-15a = 8.9 Hz and small 3JH-14,H-15b =
4.2 Hz coupling constants were indicative of anti orientation
between H-14 and H-15a, and gauche between H-14 and H-15b.
Both the ps-HMBC signal intensities of C13/H-15b and C14/H-
15b exhibited comparable magnitude in C66/H-15b. Therefore,
the configuration of C13/H-15b, and C14-O/H-15b were as-
signed as gauche and anti relationships, respectively. Hence, the
dominant conformation of C13 to C16 part was turned out to be
zigzag, and the relationship between H-14 and C17 was estab-
lished to be syn (Figure 4).

ForC25 toC26, large 3JH-25,H-26a = 8.7Hz and small
3JH-25,H-26b =

4.7 Hz were observed, suggesting gauche orientation between
C24 and H-26a. Additionally, C24/H-26b and C68/H-26b
correlations were large and small; the conformation between
C24 and H-26b, and C68 and H-26b, were deduced to be anti
and gauche, respectively. For the C26/C27 parts, 3JH-26a,H-27 =
3.6 Hz and 3JH-26b,H-27 = 9.3 Hz were observed, indicating the
gauche orientation between C25 and H-27. Furthermore, the
small magnitude of the cross peak for C28/H-26a suggested
gaucheorientationbetweenC28 andH-26a. For theC27/C28bond,
small 3JH-27,H-28a = 3.5 Hz and large 3JH-27, H-28b = 8.8 Hz indicated
gauche orientation between C29 and H-27. Since the small

Figure 3. Relative configuration determined for the C1 to C9 part: (A) Newman projection, (B) structural diagram.
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magnitude of the cross peak for C26/H-28a was found in the ps-
HMBC spectrum, the relationship between C26 and H-28a was
assigned as gauche orientation. For the C28/C29 bond, 3JH-28a,H-

29 = 8.0 Hz and
3JH-28b,H-29 = 4.5 Hz indicated gauche orientation

between C30 and H-28a. From the ps-HMBC spectrum, the
magnitude of C29/H-28b cross peak was small. Thus, relation-
ships between C29-O/H-28b, and between C29-O/H-28a were
deduced to be anti and gauche orientation, respectively. Hence
the configurational and conformational assignment for C25 to
C29 moiety was achieved (Figure 5).

For the C52�C54moiety, 3JH-53,H-54 = 7.2 Hz was obtained in
ps-DQF COSY cross sections. In addition, NOE correlation of
H-55/H-52 was not observed in 2DNOESY spectra measured at
different temperatures (25, 0, and �10 �C). Therefore, the
configuration between C53 and C54 was determined as erythro.
In addition, the small coupling constant 3JH-52,H-53 = 3.2 Hz was
obtained in ps-DQF COSY spectra. However, further observa-
tion of long-range C�H coupling constants through the C52/
C53 bond was not successful even in the HMBC methods.
Therefore, the Universal NMR database method developed by
Kishi31 was attempted to be applied for this system. In pyridine-d5,
the coupling constants 3JH-52,H-53 = 2.7 Hz and 3JH-53,H-54 = 7.7 Hz

were obtained from the ps-DQF COSY spectrum, which were
compared to the Universal NMR database for the triol system.31

Resulted 3JH,H assembly showed the best correspondence to the
diastereomers of H-52/H-53 syn and H-53/H-54 anti out of four
possible ones, being consistent with that deduced from JBCAs
(Figure 6A). For the C18 to C21 tetraol unit, the JBCA was not
helpful since the close chemical shift of H-19 (δ 4.33) and H-21
(δ 4.30) hampered accurate analyses of HETLOC and HMBC
cross sections. In methanol-d4,

3JH-18,H-19 = 4.57 Hz,
3JH-19,H-20 =

4.18 Hz, and 3JH-20,H-21 = 4.47 Hz were obtained from the ps-
DQF COSY spectrum, which were compared to the Universal
NMR database (Figure 6B). Obtained 3JH,H assembly indicated
the configuration for C18 to C21 as shown in Figure 6B within
the tolerable error level (Σ|ΔHz| < 2.5 Hz).32 Thus the chemical
structure of 1 was determined with a part of relative configura-
tions as shown in Figure 7 by use of the best state of the art at the
present.

This is the first isolation of the long carbon chain compound of
a largely linear feature, from the genus Prorocentrum. The skeletal
structure is reminiscent of amphidinols, although 1 does not
exhibit potent hemolytic and antifungal activity exhibited by
amphidinols. For the other bioactivity, 1 exhibited cytotoxicity
against P388 cells at 16 μg/mL and antidiatom activity against
Nitzschia sp. at 50 μg/mL. Interestingly, a weak interaction
between prorocentrol and okadaic acid was suggested because
proton NMR signals of okadaic acid shifted under the coex-
istence of prorocentrol. Investigations of the interaction, relative
configuration on the C36�C47 part, and stereochemical corre-
lations among C2�C16, C18�C21, C25�C29, C36�C47, and
C52�C55 moieties are currently under way.

’EXPERIMENTAL SECTION

NMRMeasurement.Chemical shift values are reported in ppm(δ)
referenced to internal signals of residual protons [1H NMR; C5HD4N
(δ 7.19), CHD2OD (δ 3.31); 13C NMR, C5D5N (δ 123.5), CH3OD
(δ 49.0)].
Methods for Measuring 2,3JC,H. Long-range C�H coupling

constants 2,3JC,H were measured by using the following three methods:
the HETLOC (ω1-hetero half-filtered TOCSY) with BIRD filter, ps
(phase sensitive) HMBC, and J-HMBC.29 For the HETLOC spectra,
the MLEV-17 spin-lock periods were set for 30 or 60 ms. The τ interval

Table 2. Signal Intensities of ps-HMBC Cross Peaks and Relevant C�H Orientation
1H 13C IC,H* magnitude orientation 1H 13C IC,H* magnitude orientation

15a 13 9 small H-15a/C13 gauche 26a 24 43 small H26a/C24 gauche

14 78 large H-15a/C14-O gauche 68 11 small H26a/C68 gauche

17 65 large H-15a/C17 anti 27 13 small H26a/C27-O anti

66 36 small H-15a/C66 gauche 28 c.a. 1 small H26a/C28 gauche

15b 13 17 small H-15b/C13 gauche 26b 24 60 large H26b/C24 anti

14 8 small H15b/C14-O anti 68 17 small H26b/C68 gauche

17 35 small H15b/C17 gauche 27 65 large H26b/C27-O gauche

66 17 small H-15b/C66 gauche 28 21 small H26b/C28 gauche

28a 26 <6 small H28a/C26 gauche

27 <8 small H28a/C27-O anti

29 35 large H28a/C29-O gauche

28b 26 13 small H28b/C26 gauche

27 55 large H28b/C27-O gauche

29 19 small H28b/C29-O anti

Figure 4. Relative configuration determined for C13 to C16: (A)
schematic diagram, (B) Newman projections.
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of BIRD filter was set for 500 ms in each experiment. The HETLOC
spectra were acquired with 12 (for 60 ms mixing time) and 8 (for 30 ms
mixing time) scans per increment for a 4K (F2)� 512 (F1) data matrix
for the spectral width of 5600 Hz for both dimensions on an 800 MHz
spectrometer at 25 �C. The HETLOC 2D-spectra were obtained
through phase collection. The F2 slice 1D-spectra produced from the
correlation peaks in 2D spectra were subjected to inverse Fourier
translation to provide FIDs. These FIDs were processed with single
exponential window before linear prediction processing to give the
digital resolution of 0.34 Hz/pts. The ps-HMBC spectra were acquired
with 40 scans per increment for a 4K (F2)� 512 (F1) datamatrix for the
spectral width of 3500 Hz (1H) and 26250 Hz (13C), respectively, with
the delay set for 40 ms on a 500 MHz spectrometer at 25 �C. A linear
prediction processing was conducted for both dimensions successive to a
gauss window processing to give the digital resolution of 0.42 Hz/pts
(F2) and 12.81 Hz/pts (F1), respectively. As another HMBC based
method, a J-HMBC spectrum acquired with short 2,3JC,H delay was also
applied for the elucidation of 2,3JC,H values. The J-HMBC cross peak
intensities (IC,H) could be described in following relationship: IC,H =
|sin(π2,3JC,HΔ)|, where the Δ means the 2,3JC,H delay. In many cases,
desired 2,3JC,H was obtained from the least squared method by fitting a
sine curve for the IC,H depending on the characteristic sin(π2,3JC,H) with
increasing theΔ.29 This method requires relatively longΔ (200�500ms).

However for prorocentrol, decrease in J-HMBC cross peak intensities
was observed even in 200 ms of Δ. Therefore the proportional ratio
of 2,3JC,H and cross peak intensities were applied for 2,3JC,H analysis
along following relationship: ICa,Ha/|sin(π

2,3JCa,HaΔ)| = ICb,Ha/
|sin(π2,3JCb,HaΔ)|. The J-HMBC spectrum was measured with 94 scans
per increment for a 2K (F2)� 1K (F1) datamatrix for the spectral width
of 3000 Hz (1H) and 31250 Hz (13C), respectively, with the delay set for
50 ms on a 500MHz spectrometer at 25 �C. Two-fold zero filling for the
F2 dimension and linear prediction processing was conducted for the F1
dimension successive to sine bell window processing to give the digital
resolution of 0.73 Hz/pts (F2) and 7.62 Hz/pts (F1), respectively.
Microalgal Material. A clonal culture of the dinoflagellate Pro-

rocentrum hoffmannianum Faust (CCMP683)17 was obtained from the
Provasoli-Guillard National Center for Culture of Marine Phytoplank-
ton, which was originally isolated at Florida, USA. Laboratory cultures of
P. hoffmannianum were performed in 3 L fernbach flasks containing f/2
supplement at 25 �C under irradiation of 40 W white fluorescent lamps
at 39�46 μmol m�2s�1 for 18/6 h light/dark photocycle for
30�45 days.
Isolation and Purification of 1. The harvested cells from 50 L of

culture media were extracted with MeOH (400 mL � 3) and acetone
(400mL� 3). The combined extract was concentrated in vacuo, and the
resulted residue was suspended in 500 mL of water and partitioned with
200 mL of hexane 3 times and then 200 mL of ethyl acetate 4 times.
From the aqueous layer, compound 1was extracted 6 times with 300mL
of n-butanol each. The obtained n-butanol layer was concentrated in
vacuo and partitioned between 15 mL of 0.15% v/v aqueous acetic acid
and ethyl acetate to remove residual okadaic acid. The aqueous acetic
acid layer was applied on an ODS column and eluted with 80% MeOH
(50 mL) and 100% MeOH (100 mL), sequentially. The 80% MeOH
eluent was applied on a GPC column and eluted with MeOH at a flow
rate of 2 mL/min to afford crude 1 (tR 26�47 min). Concentrated

Figure 6. Relative configuration determined by Universal NMR data-
base method: (A) for C52 to C54, (B) C18 to C21.

Figure 7. Partial relative configuration of 1. Stereochemical correlation
of each segment is not elucidated.

Figure 5. Relative configuration determined for C25 to C29: (A) schematic diagram, (B) Newman projections.
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fraction was purified using ODS MPLC with gradient elution of 50%
MeOH for 12 min, 50% to 100% MeOH for 24 min, and 100% MeOH
for 24min sequentially at a flow rate of 5 mL/min to furnish 1 (26 mg, tR
25�30 min).
Prorocentrol (1). Isolated as a colorless amorphous solid:

[R]19D �19.2 (c 0.10, H2O); IR (film) 3365, 1711 cm�1; UVmax (λ)
231 (ε 44000), 260 (ε 38000), 270 (ε 47000), and 281 (ε 39000) nm.The
high resolution ESI-TOF MS of 1 gave [M þ Na]þ at m/z 1497.7074,
corresponding to a molecular formula of C68H114O34 (Δδ �1.5 mmu)
for 1. Assignment of 1H and 13C NMR signals are noted in Table 1.
Cytotoxicity Assay. Cytotoxicity of 1 against P388 murine leuke-

mia cells was measured by using a MTT colorimetric method. After
adding the sample solution to a 96-well microplate, P388 cells were
inoculated to a density of 500 cells/well. After 96 h of incubation at
37 �C, 50 μL of 1.0 mg/mL aqueous MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) was added to the sample solution
and incubated for another 4 h under the same condition. Then the
supernatant was removed by aspiration. The remained precipitation was
dissolved in 100 μL of DMSO, and absorbance was measured at 570 nm.
Antidiatom Assay. Nitzschia sp. was cultured in natural seawater

supplemented by ES-117 nutrient in the same way as P. hoffmannianum.
In a 24-well microplate were placed 250 μL ofNitzschia sp. incubated to
a steady state, 750μL of freshmedia, and 1 in 5 μL of DMSO. After 1 day
of incubation, antidiatom activity of 1 againstNitzschia sp. was evaluated
by visual counting.
Ozonolysis of 1. Ozone gas was bubbled through a solution of 1

(16.6 mg) in 5 mL of H2O at 0 �C until excessive ozone was observed.
To this solution was added NaBH4 (10 mg, 0.27 mmol) suspended in
MeOH, and themixture was allowed to stand at ambient temperature for
10 h. To the reaction mixture was added acetic acid to quench the
reaction. After removal of the solvent, obtained solid was dissolved in
H2O and purified by using ODS HPLC column with 5%, 30%, 70%
MeOH, and MeOH stepwise gradient elution to afford a pure fragment
(500 μg, tR 7�20 min in 5%) as a colorless solid. The high resolution
ESI-TOF MS of the fragment gave [M þ Na]þ at m/z 657.2940. 1H
NMR (500 MHz, pyridine-d5/D2O (6:1)) δ: 3.60 (dd, J = 6.6, 11.0 Hz,
H-240a), 3.68 (dd, J = 5.3, 10.3 Hz, H-240b), 2.08 (m, H-250), 1.57 (ddd,
J = 5.9, 7.3, 14.1 Hz, H-26a0), 1.69 (ddd, J = 7.3, 5.1, 13.3 Hz, H-26b0),
4.25 (dddd, J = 5.1, 7.3, 2.9, 9.5 Hz, H-270), 1.86 (ddd, J = 2.9, 8.8, 13.2
Hz, H-28a0), 2.00 (ddd, J = 3.7, 9.5, 14.1 Hz, H-28b0), 4.63 (ddd, J = 3.8,
8.9, 8.9 Hz, H-290), 4.18 (dd, J = 3.8, 8.1 Hz, H-300), 4.35 (dd, J = 2.9, 5.1
Hz, H-310), 4.40 (ddd, 2.5, 2.5, 10.3 Hz, H-320), 2.43 (ddd, J = 2.9, 8.8,
15.0 Hz, H-33a0), 2.83 (ddd, J = 2.2, 10.0, 17.6 Hz, H-33b0), 2.49 (ddd, J
= 2.6, 2.6, 8.8 Hz, H-340), 4.60 (dd, J = 2.6, 2.6 Hz, H-350), 3.85 (dd, J =
2.6, 9.7 Hz, H-360), 4.70 (dd, J = 5.1, 9.5, 10.5 Hz, H-370), 2.30 (dd, J =
11.7, 13.9 Hz, H-38a0), 2.78 (dd, J = 5.1, 14.0 Hz, H-38b0), 4.59 (d, J =
8.7 Hz, H-400), 4.49 (dd, J = 9.1, 1.5 Hz, H-410), 4.89 (dd, J = 1.8, 1.8 Hz,
H-420), 4.54 (dd, J = 1.6, 8.6Hz, H-430), 4.29 (dd, J = 2.2, 8.8 Hz, H-440),
4.80 (ddd, J = 8.7, 5.1, 2.1 Hz, H-450), 2.26 (ddd, J = 5.1, 5.1, 14.7 Hz,
H-46a0), 2.32 (ddd, J = 8.6, 8.6, 14.7 Hz, H-46b0), 4.40 (m, H-470), 3.89
(d, J = 5.4 Hz, H-480), 1.00 (d, J = 6.6 Hz, H-680); 13C NMR (100 MHz,
pyridine-d5/D2O (6:1)) δ: 66.8 (C240, CH2), 32.6 (C250, CH), 42.3
(C260, CH2), 66.6 (C270, CH), 42.1 (C280, CH2), 78.5 (C290, CH), 78.1
(C300, CH), 73.4 (C310, CH), 73.6 (C320, CH), 25.1 (C330, CH2), 39.5
(C340, CH2), 68.7 (C350, CH), 78.0 (C360, CH), 67.7 (C240, CH), 38.5
(C380, CH2), 68.9 (C400, CH), 76.7 (C410, CH), 68.9 (C420, CH), 74.9
(C430, CH), 73.0 (C440, CH), 69.0 (C450, CH), 37.8 (C460, CH2), 71.2
(C470, CH), 66.6 (C480, CH2), 17.8 (C680, CH3). The signal of C390

was not observed probably because of the limited amount.
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’NOTE ADDED AFTER ASAP PUBLICATION

Figure 7 was incorrect in the version published ASAP March 22,
2011. The correct version reposted March 30, 2011.


