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Abstract

Three new polyhalogenated monoterpenes, plocoralides A—C (1-3) along with three known compounds (4-6) have been isolated
from the organic extract of the red alga P. corallorhiza. Structures of the new compounds were characterized as 4,8-dibromo-1,1-
dichloro-3,7-dimethyl-2 E,6 E-octadiene (1), 4,6-dibromo-1,1-dichloro-3,7-dimethyl-2E,7-octadiene (2) and 4,8-dibromo-1,1,7-tri-
chloro-3,7-dimethyl-2 E,5Z-octadiene (3) on the basis of one- and two-dimensional NMR spectroscopic data and MS analyses.
Compounds 2-6 show moderate cytotoxicity toward esophageal cancer cells.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Red algae (Rhodophyta) of the genera Plocamium,
Chondrococcus and Ochtodes produce a wealth of bio-
logically active linear and cyclic polyhalogenated mono-
terpenes (Faulkner, 2002; Blunt et al., 2003). These
metabolites exhibit a range of biological activities
including antifeedant effects on reef herbivores (Paul
et al., 1980, 1988; Sakata et al., 1991), antimicrobial (K&-
nig et al., 1999), insecticidal (San-Martin et al., 1991;
Argandona et al., 2002), antitubercular (Konig et al.,
2000) and anticancer (Fuller et al., 1992, 1994) activities.
As part of a programme to investigate the chemistry of
South African marine algae we have studied the non-
polar constituents from Plocamium corallorhiza (Turner)
Hooker & Harvey (Plocamiaceae, Plocamiales). P. cor-

* Corresponding author. Tel.: +27 46 603 8395; fax: +27 46 636 1205.
E-mail address: d.beukes@ru.ac.za (D.R. Beukes).

0031-9422/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.phytochem.2005.03.029

allorhiza is common and abundant in South Africa, of-
ten dominating large areas of rock in the subtidal
fringe and shallow subtidal due to its masses of spread-
ing coralloid attachment structures (hence the species
name, meaning ‘coralloid roots’; Stegenga et al., 1997).
This seaweed has also been reported from Namibia,
Mozambique, St. Paul and Amsterdam Islands in the
southern Indian Ocean, and Madagascar (Guiry and
Nic Dhonncha, 2003). In South Africa, P. corallorhiza
is harvested as feed for cultivated abalone (Anderson
et al., 2003).

In the present work, we report on the isolation, struc-
ture elucidation and biological activity of three new
ocimene-type polyhalogenated metabolites, plocoralides
A-C (1-3) as well as three known compounds (4-6)
from an organic extract of P. corallorhiza. The struc-
tures of compounds 1-3 are based on a regular isopren-
oid carbon skeleton and are characterized by a rare 1,1-
dichloro-2-ene moiety.
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2. Results and discussion

Specimens of P. corallorhiza were collected from the
intertidal zone at Kalk Bay near Cape Town, South
Africa and immediately frozen. The partially thawed
sample was extracted sequentially with MeOH and
CH,Cl,. Fractionation of the CH,Cl, extract by silica
gel column chromatography (hexane-EtOAc) gave sev-
eral fractions which were further purified by semi-
preparative normal phase HPLC to yield compounds
1-6.

A molecular formula of C;oH4Br,Cl, was deduced
from HREIMS and '>C NMR data for plocoralide A
(1). The low resolution mass spectrum of 1 did not show
a molecular ion peak but instead exhibited an isotopic
cluster at m/z 281/283/285/287 [M — Br]" with relative
intensities indicative of one bromine and two chlorine
atoms. The '"H NMR spectrum of 1 showed two mutu-
ally coupled, low field methine resonances at ¢ 6.35 (d,
J=94Hz) and 593 (d, J=9.4Hz). These signals
showed HMQC correlations to carbon signals at o
66.6 and 128.3, respectively, which are consistent with
a dichloromethyl moiety attached to a double bond
(Crews et al., 1984; Naylor et al., 1983). The '*C, DEPT
and HMQC NMR data also indicated the presence of
two trisubstituted double bonds, two halomethine car-
bons (6 66.6 and 56.8), a halomethylene (6 40.2) and
two olefinic methyl signals (15.2 and 12.9). Two main
fragments, a and b, could be constructed from 'H-'H
COSY and HMBC data as follows (Fig. 1, Table 1).
The olefinic methyl signal at § 1.88 (H3-10) showed
HMBC correlations to signals at 6 128.3 (C-2), 138.3
(C-3) and 56.8 (C-4) while the olefinic methine at o
5.93 (H-2) showed vicinal coupling (J = 9.4 Hz) to the
proton at ¢ 6.35 (H-1) to give fragment a. Fragment b
followed from the observation of HMBC correlations
from the second olefinic methyl signal (6 1.78, H3-9) to
a methine carbon at § 125.8 (C-6), a quaternary carbon
at 6 135.7 (C-7) and a methylene carbon at § 40.2 (C-8).
"H-"H COSY and HMBC correlations from the methy-
lene multiplet centered at § 2.67 (H-5) to the methine
resonances at ¢ 56.8 (C-4) and 125.8 (C-6) connected
the two fragments. The positions of the two bromine
atoms required by the molecular formula followed from
an analysis of the '>C NMR chemical shifts for the
methylene at 6 40.2 (C-8) and the methine carbon at ¢
56.8 (C-4) (Crews et al., 1984). The E-geometry of the
two double bonds was deduced from the '*C NMR up-
field chemical shifts for C-9 (¢ 15.2) and C-10 (6 12.2)
due to a y-effect from C-5 and C-1, respectively (Crews
and Kho-Wiseman, 1977). This assignment was con-
firmed by the observation of NOE enhancements be-
tween H-1 and Hs-10 and between H-6 and H»-8. The
configuration of the chiral center at C-4 was not deter-
mined and decomposition of this sample at room tem-
perature precluded any further spectroscopic or

== COSY correlations

/X HMBC correlations

Fig. 1. Selected "H-"H COSY and HMBC correlations for plocoralide
A ().

biological studies. Plocoralide A (1) is thus 4,8-dib-
romo-1,1-dichloro-3,7-dimethyl-2 E,6 E-octadiene.

The '"H NMR spectrum of plocoralide B (2) showed
the same two mutually coupled, deshielded methine res-
onances at ¢ 6.36 (J=9.4 Hz) and 5.95 (/=9.4 Hz) as
seen in 1, which suggested a similar dichloromethyl moi-
ety adjacent to a double bond. HREIMS data indicated
that 2 was isomeric with 1 and therefore also had a
molecular formula of C,oH4Br,Cly. The '*C and DEPT
NMR spectra revealed the presence of two double bonds,
one of which was a terminal alkene, three halomethines,
a methylene and two olefinic methyl groups. Further
comparison of the 'H and 'C NMR data for com-
pounds 1 and 2 suggested that the latter contained the
same —CH(Br)C(CH3)=CHCHCI, fragment (fragment
a) as seen in 1. This was confirmed by 'H-'H COSY
and HMBC data (Table 1). The second fragment was
constructed from the observation of HMBC correlations
from the vinylic methylene protons at ¢ 5.12 and 4.97
(H»-8) to carbon resonances at ¢ 18.3 (C-9), 143.5 (C-
7) and 56.0 (C-6). The methine signal at § 4.63, which
overlapped with the H-4 methine, showed vicinal cou-
pling to the methylene at § 2.41 which was assigned to
H-5 and thus completed the gross structural assignment
of plocoralide B (2). Placement of the halogens and the
geometry of the A% double bond followed from a com-
parison of the '*C NMR chemical shift data of 2 with
those of plocoralide A (1) and preplocamene (7) (Crews
and Kho-Wiseman, 1977). Plocoralide B (2) is thus 4,6-
dibromo-1,1-dichloro-3,7-dimethyl-2E, 7-octadiene.
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Table 1

'H (400 MHz, CDCls), *C (100 MHz, CDCl;) and HMBC data for compounds 1-3

No. 1 2 3

S dn (Jin Hz) HMBC S oy (J in Hz) HMBC S oy (J in Hz) HMBC

1 66.6,d 6.35d,94 — 66.5,d 6.36,d,94 C-3 65.3,d 6.52,dd, 9.7, 1.8 C-3

2 1283,d 593,d,94 - 128.6,d 595 ,dd,94,1 C-10,C4 129.1,d 5.80,dd, 9.7, 1.8  C-10

3 138.3,s - - 1374,s - - 136.7, s - -

4 56.8,d 4.41,1,7.6 C-2,C-3,C-10 559°d 4.62°t 7.1 C-3, C-5, 56.8, d 533, m C-3, C-5, C-10
C-6, C10

5a  356,t  2.75,ddd, C-4,C-6,C-7 43.1,t 241,t 7.1 C-3, C-4, 128.65/128.53°d 591, m C-4, C-6, C-7

15.2,7.6,6.8 C-6, C-7
5b 2.63, ddd, C-4, C-6, C-7
15.2,7.6,6.8

6 1258,d 548t 68 - 56.0,°d  4.63,°t. 7.1 C-5, C-7, 135.85/135.82,°d 597, m C-4, C-5, C-7
C-9, C-8

7 135.7,s - - 143.5,s - - 67.0, s - -

8a  40.2,t  3.93,s C-6,C-7,C9 1152,t 5.12s C9, C-6, 41.71/41.63°t 3.68,d, 2.4 C-6, C-7, C-9
C-7

8b 497, s

9 152,q 178, s C-6,C-7,C-8 183,q 1.89,s C-6,C-8,  27.67/27.66° q 1.81, s C-6, C-7, C-8
C-7

10 129,q 1.88,s C-2,C3,C4 132,q9 1.89s C-4, C-3, 18.58/18.56,° q 1.88, s C-2, C-3, C-4
C-2

4> Agsignments may be interchanged due to proximity of signals.
¢ Signals appear as doublets.

The '>*C NMR and HREIMS data of plocoralide C
(3) suggested a molecular formula of C;oH;3Br,Cl; for
this compound. A dichloromethyl moiety attached to a
double bond was immediately evident from the charac-
teristic doublets at 6 6.52 (d, J=9.7) and 5.80 (d,
J=9.7) in the '"H NMR spectrum of 3. Two double
bonds, two halomethines, a quaternary carbon also at-
tached to a halogen, one methylene and two methyl
groups were evident from '*C and DEPT data. An anal-
ysis of '"H-'"H COSY and HMBC data (Table 1) indi-
cated that 3 also contained a —-CH(Br)C(CH;)=
CHCHCI, fragment (fragment a) as seen in compounds
1 and 2. The remaining subunit was unambiguously as-
signed from the observation of HMBC correlations
from the methyl signal at ¢ 1.81 (H-9) to carbon signals
at § 41.7 (C-8), 67.0 (C-7) and 135.8 (C-6); and COSY
correlations from the proton at ¢ 5.97 (H-6) to signals
at 0 5.91 (H-5) and 5.33 (H-4). The '*C NMR chemical
shifts of C-7 and C-8 suggested chlorine and bromine
substituents at these positions. The E-geometry of the
A’ double bond followed from the vicinal coupling con-
stant of 15.5 Hz for H-5 and H-6. Interestingly, while
compounds 1-3 contain the same —CH(Br)C(CH;)=
CHCI, moiety, the C-10 carbon was 5 ppm downfield
in 3 suggesting a Z-geometry for the A% double bond
(Crews and Kho-Wiseman, 1977). This was confirmed
by the observation of strong NOE enhancements be-
tween H-1 and H-4 and between H-2 and Hjz-10.
Although the relative configurations at C-4 and C-7
could not be determined, an intriguing doubling of some
13C signals (Table 1) is suggestive of an isomeric mix-

ture. Compound 3 is therefore 4,8-dibromo-1,1,7-tri-
chloro-3,7-dimethyl-2Z,5 E-octadiene.

Compounds 4-6 were identified by comparison of
their spectroscopic data with those of the known metab-
olites 8-bromo-1,3,4,7-tetrachloro-3,7-dimethyl-1FE,5E-
octadiene (4) (Stierle et al., 1979), 1,4,8-tribromo-3,
7-dichloro-3,7-dimethyl-1E,5 E-octadiene (5) (Stierle et al.,
1979; Ireland et al.,, 1976) and 4-bromo-5-bromo-
methyl-1-chlorovinyl-2,5-dichloromethylcyclohexane (6)
(Higgs et al., 1977).

Previous studies have shown that halogenated mono-
terpenes were cytotoxic to human tumor cells (Fuller
et al., 1992, 1994). Compounds 2-6 were thus evaluated
for their in vitro cytotoxicity against a human esopha-
geal cancer cell line (WHCOI1). These compounds
showed moderate to good activity in this assay with
ICsq values of 9.3, 33.8, 17.2, 18.1 and 34.8 uM, respec-
tively. This level of activity compares favorably to the
commonly used chemotherapeutic compound cis-platin,
which has an ICsg of 13 uM in this assay. Interestingly,
Konig et al. (2000) reported a similar level of cytotoxic-
ity (ICs¢ 33.3 uM) for compound 6 towards KB cancer
cells in addition to moderate activity towards Mycobac-
terium tuberculosis.

The new metabolites (1-3) reported here further illus-
trate the versatility of seaweeds of the Plocamium genus
for producing a variety of polyhalogenated monoter-
penes. Although the -CHCI, unit has previously been
found in metabolites from P. cartilagineum (Mynderse
and Faulkner, 1975) this is the first report of this moiety
at C-1.
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3. Experimental
3.1. General

Optical rotations were measured on a Perkin—Elmer
141 polarimeter. IR spectra were obtained as films on
KBr disks using a Perkin—Elmer Spectrum 2000 FT-IR
spectrometer. The 'H (400 MHz), '*C (100 MHz),
DEPT-135, HMQC, HMBC, COSY-90 NMR spectra
were all recorded on a Bruker Avance 400 NMR spec-
trometer using standard pulse sequences. Spectra were
referenced to residual protonated solvent resonances
(CHCl; 64 7.25, 6c 77.0). Compounds were purified using
a Spectra-Physics IsoChrom LC HPLC system, which
was equipped with a rheodyne injector, a Waters R401
differential refractometer, and a Rikadenki chart recor-
der. In all cases normal phase chromatography was per-
formed using a Whatman Magnum 10 Partisil 9
column. Low resolution mass spectra (EIMS) were re-
corded on a Finnigan MAT GCQ mass spectrometer at
70 eV while high resolution (HREIMS) spectra were ob-
tained on a Micromass 70-70E spectrometer at the Mass
Spectrometry Unit at Potchefstroom University, Pot-
chefstroom, South Africa.

3.2. Plant material

P. corallorhiza was collected from the intertidal zone
at Kalk Bay near Cape Town, South Africa, in March
2002 and kept frozen until extraction. A voucher speci-
men (No. CT02001) is retained at the Faculty of Phar-
macy, Rhodes University, South Africa.

3.3. Extraction and isolation

The frozen sample (14.3 g) was steeped in cold
MeOH for 6 h, the MeOH drained off and the algal
material extracted with CH,Cl, (3 x 500 mL). Silica gel
chromatography of the CH,Cl, extract (1.05 g) using
hexane with increasing proportions of EtOAc as eluant
gave six fractions. Fraction 1 (291 mg) was further puri-
fied by repeated normal phase HPLC (hexane—EtOAc,
95:5 to 100:0) to give 1 (2.3 mg, 0.016% dry wt), 2
(2.6 mg, 0.018% dry wt), 3 (15.8 mg, 0.11% dry wt), 4
(5.5mg, 0.0.039% dry wt), 5 (1.1 mg, 0.007% dry wt)
and 6 (2.9 mg, 0.02% dry wt).

3.4. Plocoralide A: 4,8-dibromo-1,1-dichloro-3,7-
dimethyl-2E,6 E-octadiene (1)

Colourless oil; IR (film) vyay 1380, 1207, 707 cm™';
'H NMR (CDCl;, 400 MHz) see Table 1; 3C NMR
(CDCl;, 100 MHz) see Table 1; LRMS (70 ¢eV), m/z
(int, %) 287/285/283/281 [M — Br]" (10/19/13/4), 251/
249247 (9/32/25), 215/213 (17/17), 205/203 (25/34), 169/
167 (40/100), 131 (42), 105 (33), 91 (42), 79/81 (17/17),

67 (23); HREIMS mlz
C1oH14""Br,*Cl,, 361.8839).

361.8840 (calc. for

3.5. Plocoralide B: 4,6-dibromo-1,1-dichloro-3,7-
dimethyl-2E,7-octadiene (2)

Colourless oil; [a]p —15° (¢ 0.02, CHCIl3); IR (film)
Vmax 2919, 2343, 2361, 1654, 1437, 1389, 1206, 1107,
865, 707 cm™!; '"H NMR (CDCl;, 400 MHz) see Table
1; 3C NMR (CDCl;, 100 MHz) see Table 1; LRMS
(70 eV), mlz (int, %) 285 287/285/283/281 [M — Br]"
(10/19/13/4), 251/249247 (9/32/25), 215/213 (17/17),
205/203 (25/34), 169/167 (40/100), 131 (42), 105 (33),
91 (42), 79/81 (17/17), 67 (23); HREIMS m/z 361.8841
(calc. for CyoH 4 °Br,>°Cl,, 361.8839).

3.6. Plocoralide C: 4,8-dibromo-1,1,7-trichloro-3,7-
dimethyl-2E,5Z-octadiene (3)

Colourless oil; [o¢]p —43° (¢ 0.03, CHCIl;); IR (film)
Vmax 2984, 2925, 2361, 2342, 1653, 1447, 1435, 1380,
966, 866 cm~'; "TH NMR (CDCl;, 400 MHz) see Table
1; '*C NMR (CDCls, 100 MHz) see Table 1; LRMS
(70 eV), mlz (int, %) 323/321/319 [M — Br]" (6/23/38/
19), 287/285/283/281 [M — Br — CIJ* (3/17/35/20), 247
(28), 237 (30), 201 (100), 165 (51), 153 (55), 129 (40),
115 (23), 91 (42); HREIMS m/z 316.9262 [M — Br]*
(calc. for CoH,3""Br*>Cl,, 316.9266).

3.7. 8-Bromo-1,3,4,7-tetrachloro-3,7-dimethyl-1E,5 E-
octadiene (4)

As previously reported (Stierle et al., 1979).

3.8. 1,4,8-Tribromo-3,7-dichloro-3,7-dimethyl-1E,5 E-
octadiene (5)

As previously reported (Stierle et al., 1979; Ireland
et al., 1976).

3.9. (1R*,25%48* 55% )-4-Bromo-5-bromomethyl-1E-
chlorovinyl-2,5-dichloromethylcyclohexane (6)

As previously reported (Higgs et al., 1977).

3.10. Cytotoxicity assays

Cells were routinely maintained at 37 °C, 5% CO,
and cultured in DMEM supplemented with 10% fetal
calf serum, 100 U/mL penicillin and 100 pg/mL strepto-
mycin. Cytotoxicity of compounds 2-6 were evaluated
by crystal violet screening as previously described
(Rajput et al., 2004). ICsy values were determined in
the esophageal squamous cell carcinoma line WHCO1
(Rajput et al., 2004; Davies-Coleman et al., 2003).
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