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POLYHALOGENATED MONOTERPENES FROM
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Abstract— Plocamium cartilagineum collected at several locations along the British coast contained poly-
halogenated monocyclic monoterpenes, five of which have been fully characterised. The halogenated monoterpenes
from the British samples are closely related to those previously found in P. violaceum. The linear polyhalogenated
monoterpenes which are characteristic of P. cartilagineum collected in La Jolla were found in one sample of P.
cantilagineum from Britain. The structures of the five new monocyclic monoterpenes were determined by
comparison of the spectral data with those of known compounds and by chemical interconversion.

During investigations of the chemical constituents of the
sea hare Aplysia califommica, we found that the ether
extracts of the digestive gland contained a complex
mixture of polyhalogenated monoterpenes.' The major
component of the monoterpene mixture, (3R45,7S) - 3.7
- dimethy! - 1,8,8 - tribromo - 3,4,7 - trichloro - 1(E),5(E) -
octadiene (1),2 was found to be a major constituent of the
red alga Plocamium cartilagineum, which also contained
eleven other linear polyhalogenated monoterpenes.’
Other linear polyhalogenated monoterpenes have been
reported from Plocamium cantilagineum. P. costatum,’
Aplysia californica® and Chondrococcus homemanni”
Studies on Plocamium violaceum have resulted in the
isolation of monocyclic monoterpenes belonging to two
skeletal classes. Violacene-1 (2)*° has an isoprenoid
skeleton, while (1R2S45,5R) - 1 - bromo - 2(E) -
chlorovinyl - 4,5 - dimethylcyclohexane (violacene-2)
(3)'? and its dehydrobromination product, plocamene-B
{(4)'" have a rearranged, non-isoprenoid skeleton. In this
paper, we wish to describe the structural elucidations of
five new monocyclic monoterpenes from P. car-
tilagineum, together with some chemical reactions of
these compounds.

Plocamium cartilagineum collected at Bembridge, Isle
of Wight, was oven-dried at 40°C, ground to a powder,
and Soxhlet extracted successively with hexane, chloro-
form and methanol. A preliminary examination by vpc
revealed that the same halogenated monoterpenes were
found in all three extracts, which were combined and
partitioned between ether and water. Chromatography of
the ether extracts on florisil, followed by final separation
on hplc, gave one major and four minor halogenated
monoterpene constituents. Since the NMR spectra of
three of the minor constituents were quite similar to
those of compounds 2-4, we have based the structural
elucidation of each of these compounds on detailed
comparisons of the spectral data.

The conjugated diene §, m.p, 104-5°, [a]h = -13.2°
(c = 1.1), had the molecular formula C,oH,;BrCl,. The
PMR spectrum of 5 was almost identical to that of 4,
except that the signal at § 3.93 (dd, J =10, 5.5 Hz) in 4
was at 4.22ppm (dd, J =10, 6 Hz) in §, suggesting the
substitution of bromine for chlorine at C-4. Comparison
of the CMR spectra supports this argument, since the
greatest difference in the spectra is the replacement of

the C-4 signal at 64.1 ppm (d) in 4 by a signal at 57.3 ppm
(d) in §. In all new compounds, the coupling constants
associated with the vinyl protons dictate an (E) chloro-
vinyl group. The relative configuration of § was found to
be the same as 4 (see below). We have assigned arbitrary
absolute configurations to all new compounds, most of
which have been interconverted. We have chosen to
assume that all new compounds have the absolute
configuration of violacene-2 (3), which was determined
by X-ray analysis.

A second minor product 6, m.p. 86-87°, [a]h = -36°
(¢ = 1.3), had the molecular formula C,,H,Br,Cl, and
appeared to be related to violacene-2 (3) by replacement
of Br for one Cl atom. Again, the major difference in the
PMR spectra was that the signal due to the axial proton
at C-4 was a1 & 3.81 in 3 and 4.05 ppm in 6, indicating the
change from Cl to Br. The CMR signals for C-4
(65.2 ppm in 3, 58.0 ppm in 6) show the expected chemi-
cal shift difference. Treatment of 6 with silver acetate in
glacial acetic acid gave a gquantitative yield of the diene

s
. Ci i
Brwm

Br Cl 1
Ct X RN X
CH,Br Br
Ct Ci
=
Ci
2 X=¢Ci 3 X=Ci
7 X =8¢ & X=Br

Ci
Zal
4 X=Ci Ci 8 X :8Br
5 X = Br 8 X=Ci

2778



2776

The stereochemistry of 6 must be the same as for 3,
since any change in stereochemistry at either C-1 or C-5
would be expected to cause a considerable difference in
the chemical shifts of signals due to the Me groups and
to the axial ring protons. In a cyclohexane ring, a 1,3-
diaxial interaction between a proton and a halogen
causes the proton to shift downfield by about 0.5 ppm.
Thus, the similarity in chemical shifts (6 2.19 in 3 and
2.28 ppm in 6) for the axial proton at C-3 indicated the
presence of one axial halogen at C-1 or C-§ in each
molecule. The signals due to the Me groups had such
similar chemical shifts that it seemed most unlikely that
the stereochemistry at C-1 and C-5 were not identical in
3 and 6. In the PMR spectrum of 6, as in that of 3, the
coupling constants between the axial proton at C-3 and
those at C-2 (J = 13 Hz) and C-4 (J = 13 Hz) indicated an
equatorial chlorovinyl group at C-2 and an equatorial
bromine at C-4.

A third minor compound 7, m.p. 74-5°, [a]D = 46°
(c = 1.01), had the molecular formula C,oH,;Br,Cl;. The
PMR spectrum of 7 closely resembled that of violacene-1
(2), with the signal due to the axial proton at C-4 ap-
pearing at & 4.49, as opposed to 4.29 ppm in violacene-1.
Since the signals due to the protons at C-2 and C-4 are
both double doublets having the same coupling con-
stants, we wanted to confirm the PMR assignments.
Treatment of 7 and violacene-1 (2) with lithium chioride
and lithium carbonate in refluxing dimethytformamide
caused elimination of hydrogen bromide to obtain a vinyl
bromide 8 and a vinyl chloride 9, respectively.'> Com-
parison of the PMR spectra showed that the signals due
to the protons at C-3 were at lower field for the vinyl
bromide 8, while the chemical shifts of the axial a-chioro
protons at C-2 (6 3.99 in 8; 3.96 in 9) were almost the
same for both molecules.

The major product 10, [a]X =+32.5 (c = 1.75), ob-
tained as an oil, had the molecular formula C,,H,,Br,Cl,,
isomeric with 6. The most striking feature of the PMR
spectrum was a broad singlet at § 4.42, assigned to an
equatorial a-halogen proton. The equatorial proton was
coupled to two methylene protons at § 2.46 (equatorial)
and 2.92 (axial), which were in turn coupled to an axial
a-halogen proton. The PMR spectrum also contained
signals assigned to a trans chlorovinyl group at & 5.96
and 6.47 (J = 14 Hz), two methylene protons at § 2.09 and
220 (J=12Hz) and Me groups at & 1.20 and 1.70,
implying that 10 contained a cyclohexane ring with
substituents positioned on the same carbons as in
violacene-1 (2). Comparison of the CMR spectrum of 10
with those of known compounds suggested that the Br
atoms were at C-2 and C-4, with Cl atoms at C-5 and
C-10. These assignments were confirmed by a series of
chemical reactions.

Treatment of 10 with one equivalent of silver acetate
in glacial acetic acid gave a quantitative yield of the
conjugated diene 5, identical in all respects with natural
material. The rearrangement, which involved elimination
of the axial Br atom with concommitant 1,2 migration of
the axial chlorovinyl group, had been proposed to ex-
plain the biosynthesis of violacene-2 (4)."° Reduction of
10 with zinc in acetic acid caused replacement of the
axial Br atom by hydrogen to obtain 11 as the major
product. In the PMR spectra of both 10 and 11, the
equatorial protons at C-2 and C-6 were coupled with a
1 Hz coupling constant in 10 and a 3 Hz coupling con-
stant in 11,

The reaction of 10 with lithium chloride and lithium
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carbonate in dimethylformamide caused elimination of
hydrogen chloride to yield the vinyl bromide 12 as the
major product. Ozonolysis of 10, followed by reduction
of the product with sodium borohydride, gave the al-
cohol 13, which was used for a lanthanide-induced shift
experiment (see below).

The remaining minor product 14, [aly = -70.5° (¢ =
1), had the molecular formula C,oH,;BrCl; and was thus
isomeric with the conjugated diene 5. The PMR spec-
trum of 14 contained a single Me signal at 8 1.74, signals
due to exocyclic methylene protons at 4.83 and 4.89, and
an AB quartet at 2.43 and 2.83. An olefinic proton at §
5.94 was coupled to a second olefinic proton at 6.05 and
to an allylic proton at 2.79, which was in turn coupled to
two methylene protons at 2.23, each of which was
coupled to an axial a-halogen proton at 4.13 ppm. The
PMR spectrum therefore indicated that 14 was a de-
hydrobromination product of 6. When a solution of 6 in
dimethylformamide was heated under reflux, a mixture
of § and 14 was obtained in moderate yield.
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A second collection of P. cartilagineum was obtained
from Overton, S. Wales. Because of the small quantity of
algae collected, we were unable to identify all of the
halogenated monoterpenes present. The major com-
ponent was again compound 10. We isolated four minor
metabolities, three of which were linear monoterpenes 1,
15 and 16, identical in all respects to authentic samples
isolated from Californian P. cartilagineum. The re-
maining minor metabolite 17 could not be fully charac-
terised but is included, since it is the only example of a
cyclic metabolite in which the methyl at C-5 was axial
and the halogen equatorial. We were able to determine
the stereochemistry of the molecule but could not
distinguish between halogen atoms. The molecular
formula of 17 was C,,H,BrCl;. The PMR spectrum of
17 contained signals due to two geminal methylene pro-
tons at § 2.39 and 2.67 which were coupled to a-halogen
protons at 3.84 and 4.15, two Me singlets at 1.25 and 1.65,
an AB quartet at 2.20 and 2.58 due to an isolated
methylene group, and a two-proton singlet at 6.17 ppm
due to the chlorovinyl group. From this data we pro-
posed the structure 17 (although we would expect
chlorine at C-2, C-4 and C-10 and bromine at C-5 from
chemical shift data), the stereochemistry of which was
established by a lanthanide-induced shift study on the
alcohol 18.

In our previous study,” we used the acetate 19 rather
than the alcohol 20 for a lanthanide-induced shift (LIS)
study to determine the stereochemistry of violacene-1
(2). We have therefore repeated the stereochemical
determination using the alcohol 20 and have also
determined the stereochemistry of compounds 7, 10 and
17 by the LIS method. In each case the chlorovinyl
group was ozonolyzed to obtain the ozonide, which was
reduced directly to the corresponding primary aicohol
with sodium borohydride in ethanol. The induced shifts
in the PMR spectra of the alcohols 13, 18, 20 and 21 were
measured by stepwise addition of Eu(fod); to the
deuterochloroform solution. A graph of chemical shift vs
added Eu(fod), was used to extrapolate the shifts in-

2mM

duced by one equivalent of Eu(fod),. As expected, the
induced shifts for the alcohol 20 were much greater than
for the corresponding acetate 19. In order to find the best
location for the europium atom, we used a graphical
method, plotting log A8 vs log r (A8 = induced shift for a
proton; r = distance between europium and the proton)
for each of the ring protons. Using a Dreiding molecular
model to measure europium-proton distances, a ‘“best
location™ for europium was found such that the points
fell closest to a straight line of slope — 3. The results are
recorded in Table 1, where r,, is the measured distance
and r.,, is the distance calculated from the graph. In
each case, the europium was found to be in a position
such that the europium-oxygen distance was 3.4-3.6 A
only when the hydroxymethylene group was axial to the
cyclohexane ring. In 19 and 20, the induced shifts of the
bromomethylene  protons  indicated that  the
bromomethylene group was equatorial. This stereo-
chemical assignment was subsequently confirmed by X-
ray analysis.” In 13, the Me group at C-S must be
equatorial, while in 18 an axial Me group gave the best
fit.

The PMR data for all compounds are listed in Tabie 2.
We have found that some simple empirical correlations
were very useful in determining the structure and
stereochemistry of the halogenated cyclohexanes. The
replacement of bromine for chlorine caused the expected
downfield shift (mean A8 = 0.21, n = 5) for the a-halogen
proton. The 13-diaxial interactions between a halogen
atom and a proton are quite noticeable. For example,
replacement of the axial bromine in 10 by hydrogen
caused a 0.65 ppm upfield shift in the chemical shift of
the axial proton at C-4 and a 0.45 ppm upfield shift in the
chemical shift of the axial proton at C-6. The axial
halogen at C-5 in 2, 7 and 10 caused the vinyl protons at
C-9 to shift downfield by 0.3-0.4 ppm from their posi-
tions in the corresponding dehydrohalogenation products
9, 8 and 12. The chemical shifts of the C-3 axial proton at
8 2.45 (vs 2.78 in 7 or 2.92 in 10) and the C-9 proton at §
6.17 (vs 6.53 in 7 or 6.47 in 10) gave us the first clues that
17 had an axial methyl and equatorial halogen at C-5.

Table 1. Lanthanide-induced shifts (A8, ppm); calculated and measured Europium-proton distances (A)

13 18 20 21
~ ~
H on C-# aé r r 88 r r a6 r r a¢ r r
calc meas calc meas calc meas calc meas
2 4.2 6.7 6.9 2.97 6.8 7.1 2.18 7.1 7.5 1.95 7.3 7.4
3 (lax) 4.25 6.6 6.6 3.0% 6.8 6.8 2.84 7.0 6.9 2.45 6.7 6.7
3 leq} 2.33 8.2 8.0 2.25 7.5 7.6 1.75 8.2 8.2 1.44 8.1 8.1
4 2.65 7.9 8.0 1.65 8.2 8.2 1.80 8.1 8.3 1.35 8.3 8.3
6 (ax) $.00 6.0 6.3 2.60 7.1 7.1 2.93 6.9 6.8 2.42 6.8 6.7
6 (eq) 9.60 5.1 4.7 4.00 6.1 5.8 5.70 5.5 5.4 4.93 5.4 5.3
2 3.10 7.4 7.1 2.€5 7.0 6.6 1.37 8.9 6.5 1.20 6.6 6.5
and and to and and to
1.13 9.5 8.6 0.90 9.5 8.6
7 5.0 8.6 4.4 4.4
{alternate to to
configuration) 5.9 5.9
8 7.30 5.6 5.6 6.6C 5.3 5.0 4.35 6.1 5.7 3.38 6.1 5.9
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Table 2. '"H NMR data (8 in ppm from TMS)

7 5 ]
4 ™3I0
3
Compound # H-2 H-3ax H-3eq H-4 H-6ax H-6eq H-7 H-8 H-9 H-10
2 3.64 2.64 2.44 4.29 2.16 2.32 ;';g 1.29 6.44 6.02
3 2.83 2.19 1.99 3.81 2.63 2.91 1.64 1.91 6.00 6.10
4 - 2.59-2.73 3.93 2.51 ~2.65 1.67 1.76 6.72 6.11
El - 2.73-2.88 4.21 2.59 2.71 1.73 1.76 6.80 6.14
3 2.87 2.28 2.13 4.05 2.71 3.01 1.68 1.95 6.02 6.17
2 3.70 2.78 2.57 4.49 2.27 2.40 ;';; 1.26 6.53 6.08
4.16 .
8 3.99 3. 2. - . . . . .
8 0% 84 2.25 2.61 4.23 1.23 6.13 6.02
4.17 » .
9 3.96 2.87 2.67 -- 2.24 2.60 4.21 1.24 6.13 6.02
10 4.42 2.92 2.46 4.60 2.18 2.12 1.70 1.20 6.47 5.96
.37
££ i ;9 2.40 2.06 3.93 1.69 2.30 1.65 1.02 6.20 5.87
lg 4.06 2.92 3.14 -- 2.25 2.20 1.82 1.18 6.06 5.90
. 3.59
L} 4.25 2.84 2.52 4.61 1.89 2.32 1.74 1.11 4.04
14 2.79 2.23 2.23 4.13 2.44 2.84 1.74 :'g; 5.95 6.05
17 3.84 2.39 2.67 4.15 2,20 2.58 1.65 1.25 6.17 6.17
3.67
18 3.95 2.45 2.66 4.18 1.86 2.83 1.76 1.13 3.7
- 3.60 3.67
23 3.85 2.63 2,51 4.36 1.98 2.49 3.97 1.18 4.18
3.61 3.66
il 3.84 2.77 2.57 4.50 2.00 2.57 3.92 1.18 4.17

Assignment may be reversed.

We have found the CMR spectra (Table 3) less helpful
than expected in structure determination. Our principal
use for the CMR spectra has been in determining the
location of different halogens in closely related mole-
cules. Replacement of the chlorine at C-4 in violacene-1
(2) or violacene-2 (3) by bromine, giving 7 and 6,
respectively, caused an upfield shift of the C-4 signal by
about 7 ppm, while all other signals were hardly altered.
The C-7 chemical shifts in 2 and 7 were clearly more
appropriate for a bromomethylene carbon than for the
chloromethylene carbon originally assigned for 2 on the
basis of mass spectral data.

Having found only linear halogenated monoterpenes in
California Plocamium cartilagineum, we were surprised
to find that the major constituents of English P. car-
tilagineum were cyclic halogenated monoterepenes,
closely related to the constituents of Californian P.
violaceum. The chemosystematic implications of this
result are rather disturbing. We had previously proposed
that the violacene-2 (3) skeleton was biosynthesized from
the violacene-1 (2) skeleton through a 1,2 migration of
the chloroviny! group. The facile conversion of 10 to the
conjugated diene § supports this contention. In fact,
intrafacial migration of the chlorovinyl group of 10 with

Table 3. '>C NMR spectra (8 in ppm from TMS)

Compound €1 ¢c2 ¢-3 ¢4 €5 c6 Cc7 C-8 Cc9  c-10
2 al.e  63.9  37.9° s8.9 7.0 48.3  38.7° 27.0  135.1 118.7
3 67.4  52.7  35.3  eS.2  71.z  57.4  32.1  28.0  131.4 120.8
all 123.8  129.8  34.5  64.1  69.3  48.5  30.3  18.4  130.3 117.7
3 124.5  130.0  35.8  57.4  €9.2  48.2  32.1  18.6  130.2 117.7
6 67.5 537  36.4  58.0  71.2  S7.2 317  23.1  131.2 121.1
7 a2.0  e4.6  39.1° 5.1 70.8  48.5  40.3* 27.4  1I5.3 1l9.1
10 al.4 6.1 39.3  60.5  70.1  47.9  33.4  30.4  138.2 116.9
14 142.6  45.2  40.1  58.5  71.9  49.6  32.5 112.7  132.8 119.2

t

-
Assignment may be reversed.
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concommitant intrafacial migration of the C-2 bromine
explains the biosynthesis of 6.

EXPERIMENTAL

UV spectra were recorded on a Hitachi Perkin-Elmer 124
spectrophotometer and IR spectra on a Perkin-Eimer 136
spectrophotometer. Optical rotations were determined using a
Perkin-Elmer 141 polarimeter with a one decimeter microcell,
thermostated at 20°. NMR spectra were recorded on Varian
EM-360, HR-220 and CFT-20 instruments. Low resolution mass
spectra were recorded on a Hewlett-Packard 5930A mass
spectrometer system. High resolution mass measurements were
obtained from the Cal Tech Analytical Service. M.ps were
determined on a Fisher-Johns apparatus and are reported un-
corrected.

Collection and extraction. Plocamium cartilagineum was col-
lected at Bembridge Bay, Isle of Wight, U.K. The algae were
oven dried at 40°C and ground to a fine powder (680 g) which was
Soxhlet extracted with hexane, chloroform and methanol
successively. The combined extracts (58.4g) were partitioned
between ether and water. The ether extracts were combined,
dried over anhydrous sodium sulfate, and the solvent evaporated
to yield a dark brown gum (15.8 g).

Chromatographic separations. The crude extract was applied
to a 4 x 50 cm column of florisil (100/120 mesh) and the non-polar
oil eluted with a hexane and benzene mixture (1:1). Fraction 1
contained only non-halogenated hydrocarbons (0.173 g). Frac-
tions 2 and 3 contained polyhalogenated terpenes (1.83g). The
combined fractions 2 and 3 were separated into six fractions by
hplc on a u-Porisil column (2 ft x 1/4in.) using hexane as eluant.
Fraction 3 consisted of a mixture of 10 and 5, while fractions 4, S
and 6 consisted of pure samples of 6 (230 mg). 14 (70 mg) and 7
(110 mg), respectively. Fraction 3 was separated into two frac-
tions using reverse phase hplc on u-Bondapak C,q (2 ft x 1/4in.)
with acetonitrile/water (3:1) as elvant. Each fraction was
thoroughly extracted with hexane. the extracts were dried over
MgSO,, and the solvent was evaporated to yield pure samples of
10 (840 mg) and § (80 mg).

(4R*5S*) - 5 - Bromo - 4 - chloro - 24 - dimethyl -
(E)chlorovinyicyclohexene (5). M.p. 104- |04 5 AE"’" 240 nm
(€ = 15.400); v, 1567, 790, 757, 706 cm™"; [a]¥ Tinr =
1.1, CHCL,): '"H NMR (CDCl,) 6 1.73 (s, 3H), 1.76 (br s, 3H), 2.59
(d. 1H,) =19Hz). 2.71 (d, 1H, ] = 19 Hz), 2.73-2.88 (m, 2H), 4.21
(dd, 1H, J =6.2.9.7Hz). 6.14 (d. 1H. J = 13.5 Hz) and 6.80 (d, 1H,
J=13.5Hz); *C NMR (CDCl,) & 18.6 (q). 32.1 (q), 35.8 (1), 48.2
(1), 57.4 (d). 69.2 (s), 117.7 (d), 124.5 (s), 130.0 (s), 130.2 (d): mass
spectrum m/e 282, 284, 286, 288 (M*); 223, 225, 227 (C,,H,Cly)":
167. 189 (base peak): high resolution mass measurement, obs:
281.958 = 0.010, C (H ,,*Br**Cl, requires: 281.958.

(IR*.2S* 4S* SR*) - § - Chloro - 2 - (E)chlorovinyl - 14
dibromo - 1.5 - dimethylcyclohexane (6). M.p. 86-87°; v,,,, 1613,
763. 74dcm”'; [e]5=-357° (c=113, CHCL): 'H NMR
(CDCI,) 8 1.68 (s, 3H), 1.95 (s, 3H). 2.13 (dt, 1H. 3.8. 4.2. 13 H2),
2.28 (q. 1H. J =12, 13, 13 Hz). 2.71 (d, 1H, ] = 15 Hz), 2.87 (ddd.
1H. 3.8.7.3. 13Hz). 3.01 (d. 1H., J = 15Hz), 4.05 (dd, 1H.J =4.2,
12Hz), 6.02 (dd. 1H, J =73, 14.5H2). 6.17 (d, 1H, J = 145 H2);
""C NMR & 28.1 (q). 33.7 (q). 36.4 (1), 53.7 (d), 57.2 (1). 58.0 (d),
67.5 (s). 71.2 (s), 121.1 (d). 131.3 (d): mass spectrum 362, 364, 366,
368 (M*). 167. 169 (base peak); high resolution mass
measurement, obs: 361.886 =0.010. C,,H,,*Br,”*Cl, requires:
361.884.

(1R*2S*45*,5S*) - 4 - Bromo - S - bromomethyl - 1
(E)chlorovinyl - 2.5 - dichloro - methylcyclohexane (T). M.p.
74-74.5% v, 1616, 806, 746, 709 cm '; [a]20 -43.8° (¢ = 1.01,
CHCI,); '"H NMR (CDCly) & 1.26 (s. 3H) 2.27(d, tH, } = 14 Hz),
2.40(d. 1H.J = 14 Hz), 2.57 (dt. 1H, J =5, 5, 14 Hz), 2.78 (q. IH.e
J=115,11.5,14Hz).3.57(d.1H,J = 11 Hz),3.95(d. 1H.J = 11 H2),
3.70 (dd. 1H.J = 5, 11.5 Hz), 4.49 (dd, 1H,J = 5, 11.5 Hz), 6.08 (d,
1H. I =13 Hz), 6.53 (d. 1H. J = 13 Hz); '’'C NMR (CDCly) 8 27.4
(q). 39.1 (1). 40.3 (1). 42.0 (s). 48.5 (1), 51.1 (d), 64.6 (d), 70.8 (s),
119.1 (d). 135.3 (d): mass spectrum 396, 398, 400, 402 (M*); 361,
363, 365, 367, 167, 169, 131 (base peak). high resolution mass
measurement, obs: 395.845=0.010. C,oH,,”Br,”*Cl; requires:
395.845.
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(1IR* 2R* 4S* 5R*) - S - Chloro - 1 - (E)chlorovinyl - 2,4 -
dibromo - 1.5 - dimethylcyclohexane (10). v,,, 1611, 750, 736, 680
cm™'; [@]®¥ = +32.3° (c = .75, CHCl,): '"H NMR (CDCly) & 1.20
(s, 3H), 1.70 (s, 3H), 2.12 (d, 1H, J=20Hz), 2.18 (d, 1H, J =
20 Hz), 2.46 (dt, 1H, J =25, 3.6, 147 Hz), 2.92 (td. IH, J =36,
12.0, 14.7Hz), 4.42 (br s, 1H, J = 2.5, 3.6, 1 Hz), 4.60 (dd, 1H,
J =36, 12Hz), 596 (d. 1H, J = 14H2z). 647 (d, 1H. J = 14 Hz);
3C NMR (CDCl;) 8 30.4 (q), 33.4 (1), 41.4 (s), 47.9 (1), 56.1 (d),
60.5 (d). 70.1 (s), 116.9 (d), 138.2 (d): mass spectrum m/e 362, 364,
366, 368 (M*); 167, 169 (C,oH,,C)"; 91 (base peak); high resolu-
tion mass measurement, obs: 361.884+0.010, C,(H,,”°Br,**Cl,
requires: 361.884.

(2S*,45* 5R*) - 4 - Bromo - S - chloro - 2 - (E)chlorovinyl - 5 -
methyl - methylenecyclohexane (14). v,,, 1650, 1604, 763, 743
em™'; [@]F = -70.5° (¢ = 1.0, CHCLy); '"H NMR (CDCly) § 1.74
(s, 3H), 2.23 (m, 2H). 2.44 (br d. 1H, J = 14.5 Hz), 2.79 (ddd, 1H,
J=4,8, 13Hz), 2.84 (d, IH, J =14.5Hz), 4.13 (dd, 1H, J =56,
10.0 Hz), 4.83 (br s, 1H), 4.89 (br s, 1H), 5.95 (dd, J =8, 13Haz).
6.05 (d, 1H, J = 13 Hz); "*C NMR (CDCl;) § 32.5 (q). 40.1 (1), 45.2
(d), 49.6 (1), 58.5 (d), 71.9 (s). 112.7 (1), 119.2 (d). 132.8 (d), 142.6
(s); mass spectrum, mfe 282, 284, 286, 288 (M?); 167, 169
(C\oH,,CH*: 131 (base pcak) high resolution mass measurement,
obs: 281.960 = 0.010, C\oH,,"Br**Cl, requires: 281.958.

Minor collection. Plocamium cartilagineum was collected at
Overton (Gower Peninsula) on the Bristol Channel in July 1975.
The algae were air dried and ground to a powder (150 g) which
was Soxhlet extracted with chloroform. The extract was
concentrated and the resulting oil partitioned between ether and
water. The ether extracts were dried over sodium sulfate and the
solvent evaporated to yield a gum (3.49g). The crude material
was chromatographed on florisil. Selected fractions were further
purified by hplc chromatography on u-Porasil or C-18 Bondapak
to obtain 1 (190 mg), 6 (86 mg). 10 (235 mg), 15 (30 mg), 16 (20 mg)
and 17 (25 mg). Compound 17: oil; '"H NMR (CDCl,) 6 1.25 (s,
3H). 1.65 (s, 3H). 2.20 (d. 1H, ) = 15H2). 2.39 (q. 1H. J = 12, 12,
13 Hz), 2.58 (d. 1H, J = 1SHz), 2.67 (dt. 1H.J = 5, 5. 13 Hz), 3.84
(dd, 1H, J =12, S Hz). 4.15 (dd. 1H, J =12, 5 Hz), 6.17 (s, 2H):
mass spectrum, m/e 318, 320, 322, 324 (M*).

(4S*,5R*) - 3 - Bromo - 4 - chloro - | - chloromethyl - 5 -
(E)chlorovinyl - S - methylcyclohexene (8). Lithium chloride
(10 mg, 0.23 mmoles) and lithium carbonate (10 mg, 0.14 mmoles)
were added to a soln of 7 (10 mg, 0.025 mmoles) in DMF (1 ml),
and the resulting suspension was boiled under reflux under an
argon atmosphere for | hr. Water (30 ml) was added to the cooled
soln and the organic material extracted with hexane (6 x 10 ml).
The combined extracts were dried over MgSO, and the solvent
evaporated in vacuo to obtain a yellow oil. Purification on
u-Porasil using 2.5% ether in hexane as eluant gave 8 as a
colourless oil (5 mg, 63% yield): '"H NMR (CDCl,) & 1.23 (s, 3H),
225 (brd, 1H, Y =17.5Hz), 2.61 (br d, 1H, J = 17.5 Hz), 2.84 (br
dd, 1H, }=8.5, 17.5Hz), 3.05 (br dd. 1H, J = 5.2, 17.5Hz), 3.99
(dd, 1H, J=5.2, 8.5H2). 4.17 (d, 1H, J = }1.5 Hz), 4.23 (d. 1H.
J=115Hz), 6.02 (d. 1H, J=13.5Hz), 6.13 (d. 1H, J=13.5Hz);
mass spectrum mje 316, 318, 320, 322 (M*); 135, 137 (base peak):
high resolution mass measurement, obs: 315.9190.010,
CoH,,BrCl, requires: 315.919.

(4S*4R*) - 1| - Chloromethyl - 5 - (E)chlorovinyl - 24 -
dichloro - 5 - methylcyclohexene (9). A suspension of lithium
chloride (70 mg, 1.61 mmoles). lithium carbonate (70 mg, 0.98
mmoles) and violacene-1 (2) (70 mg, 0.2 mmoles) in DMF (2 ml)
was treated according to the procedure above to obtain 9 as a
colourless oil (30 mg. 56% vyield): '"H NMR (CDCl;) § 1.24 (s,
3H),2.24 (brd. 1H,J = 17.6 Hz), 2.60 (br d, 1H, J = 17.6 Hz), 2.67
(br dd, 1H, §=8.2, 17.2Hz), 2.87 (br dd, 1H, ] =5.2, 17.2 Hz).
3.96 (dd, 1H, } =5.2, 8.2Hz), 4.17 (d. 1H, J =113 Hz), 4.21 (d.
1H, J=11.3 Hz), 6.02 (d, 1H, J = 14 H2), 6.13 (d. IH, ] = 14 H2):
mass spectrum mje 272, 274, 276, 278 (M*); 135, 137 (base peak):
high resolution mass measurement. obs: 271.970 +0.010.
CoH,,Cl, requires 271.969.

(4R*SR*) - 5 - (E)YChlorovinyl - 2,4 - dibromo - 1.5 - dimethy! -
cyclohexene (12). A suspension of lithium chloride (20 mg, 0.47
mmoles), lithium carbonate (20 mg, 0.27 mmoles) and 10 (20 mg,
0.055 mmoles) in dimethylformamide was treated as in the
penultimate procedure to obtain 12 as a colourless oil (9 mg. 50%
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vield): 'H NMR (CDCly) 8 118 (s, 3H). 182 tbr 5. JH). 220 ¢d.
H. J=19Hz). 225 (d. IH. 1= {9Hz). 292 (dd. 1H, J=7.
17Hz2), 3.14 (dd, 1H, J = 5.5, 17Hz), 406 (d, 1H, ] = THz), 5.90
{d, TH. J =133 Hz). 6.06 (d, 1H. ] = 13.5 Hz); Mass spectrum mie
326, 328, 330, 332 (M*y; 291, 293, 295 (O, H,,Br,Ch; 180, 182,
184 ¢tbase peak): high resolution muass measurement obs:
125907 £ 06.010, € H,, "B, Cl requires: 325,907

Trearment of 10 with silver acetare. A soln of 10 (13 mg. 0.036
mmoh and AgOAc 6 mg, 0.036 mmol) in glacial AcOH {2 ml) was
stirred a1 100°C for 1 hr. The cooled product was adjusted to pH
% with NayCO, aq. and the organic material was extracted with
ether (5% 15 mi). The combined extracts were dried over MgSO,
and the solvent evaporated to obtain § as a white sohid {10mg,
95% yield), m.p. 1034° fa ] - 12.7° (¢ = .97, CHCL). identical
in all respects to an authentic sample.

Treatment of & with silver acerare. A soln of 6 (3.3 mg. 0.00
mmol) and AgQAc (1.7 mg, 0.01 mmal) in glacial AcOH was
treated according to the procedure above 10 obtuin § {2.5mg.
89% yield), [ali? - 12.6°, identical in afl respects 1w an authendc
sample.

Dehydrobromination of 6. A soln of 6 {10mg, 8.028 mmol) in
DME {1 ml) was heated at 150° with stirring under an atmosphere
of argon for 1 hr. Water (10 mi) was added to the cooled soln and
the organic material extracted with hexane {5x15mi}. The
combined organic layers were dried over MgSQ, and the solvent
evaporated 1o yield a yelfow oif (7 mg). The oil was chroma-
tographed on k-Porasil to obtain 8 (1.5 mg, 19% yield), [alpy™ -
12.4° (¢ = 0.04, CHCI,). identical to an authentic sample. and 14
(20 mp. 26% yield), [ald - 70.6° (c = 0.05. CHCly). identical to
the natural material.

(iR*45* 5R*) - 4 - Bromo - § - chioro - | - {E}chlorovinyl - 1.3
- dimethyicyclohexane (11). Powdered Zn (6 mp. 0.89 mmoh was
added to a soln of 10 (12 mg, 0.033 mmol} in glacial AcGH (2mi}
and the resulting suspension stirced at 10° for | hr. The product
was adjusted 10 pH 9 with Na,CO, aq and the organic material
extracted with ether {(5x15mi). The combined ether extracts
were dried over MgS0O, and the spivent removed to yield a
yellow otf (10 mg). Chromatography on g -Porasil using hexane as
cluant gave 16 {2 mp, 16% recovery), 5 (1 mg, 1% yield) and 11
(6 mg. 64% yield). compound 11 "H NMR (CDCly) 8 1.02 (5. 3H),
1.65 (s. 3H), 1.37 (td, 1H, J=3.5, 13.3, 14Hz), 169 (d. 1H,
J= 144 Hz), 1.89 (dq. |H, J =32, 3.5 1.5, 14 Hz). 2.06 (dq. 1H.
F= 31,335, 35, 13.3H2), 2.30 (dd. iH, J = 3.2, 14.4 Hz). 2.40 (dg.
I, J= 35,122, 13.3. 13.3Ha). 393 (dd, 1H, J =42, 12.2Hz)
4874, 1H, F= 13 Hz), 620 {d, 1H, | = 13.5 Hz}; mass spectium
mie 284, 286, 288 (M%), 249, 251, 253 167, 171 and 133 (base
peak); high resolution mass measurement obs: 283.974=0.010.
CoH sBri*Cl, requires: 283.973.

Ozanolysis of 10. A mixture of Oy in oxygen was bubbled
through @ soln of 0 (J0mg, 0.055 mmol} in dichloromethane
{1 mi) ar - T8° untit a persistent blue colour was obtamed. Excess
(), was removed by bubbling a stream of argon through the soln
at - 78 A soln of NaBH, (S mg. .1 mmel) m E1OH (I ml} was
added, and the soln was stirred for 3 min at 0°. 1% NaOH ag
(10ml) was added, and the organic material was extracted with
ether {§x 15 ml}, The ether extracts were dried over MgSQ, and
the solvent removed to vield a crystalline 13 {18 my, 98% yield),
m.p. 89-90° '"H NMR(CDCL) 8 111 {8, 3H), 17415, 3K), 185 .
TH I =14Hz. 232 ¢d, 1H, J= 14 H2), 252 (dt. 1H. 1=28, 34,
4, 14 Hz) 284 (1d, 1H. T = 3.4, 14, 14 Hz), 3.58(d, 1H.J = 10 Hz),
4.04 {d, 1H, 1= 10Hz), 4.25 (br &, 1H), 461 &id, 1H, J=28,
14 Hz): mass specuum. mie 314, 316, 318 (M-H,(0)%: 266, 268,
L T {M-CH,OCH™; 107 {hase peak).

Since we could not detect a moiecular ion in the mass spec-
teum of 13, we have measured the mass of the molecular ion of
the corresponding aldehyde. abtained by dimethy! sulfide workup
of the ozonolysis reaction. The aldehyde: 'H NMR (CDCl,) &
10 ¢s, 3H), 175 (s, 3H), 221 (d, 1H. ) = 1S Hz), 2.52 (dt, 1H,
F= 134, 3.5 Hz), 259 4dd. 1H. =158 2Hz). 2.8 (id. 1H. J = 13,
13, 3.5Hz), 450 (dd, 1H, =13, 4Hz), 478 {(dd. 1H, J=4.
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3.5 Hz), 9.41 (s, 1H): mass spectrum. mfe 330, 332, 334, 336 (M™);
187. 18Y: 91 (base peak); high resolution mass measurement, obs:
329.900 £ 0.010, CH3Br,’CIO requires 329.902. The aldehyde
way reduced to 13 in quantitative yield by treatment with NaBH,
m MeOH a1 0°.

Oronoiysis of 7. A mixture of O; in oxvgen was bubbled
through a soln of 7 {2 mg. 0.005 mmol) in methylene chloride
{tmly at ~78° The experiment was curried out according 1o the
procedure above to obtam 21 (1.5mg, 79% yield). 'H NMR
(CDCH) § 118 (s, 3H), 2.00 {d. tH, J=156Hz), 2.57 (dt, 1H,
J=13,48,48Hz2), 2771, 1H. J = 13, 125, 125 H2), 361 (d. 1H,
J=106Hz). 3.66 «d, 1H, J=115Hz), 384 (dd, IH, I=125,
48 Hey, 392 (d. tH, J= 106 Hz), 4.17 «d, 1H, J= 115 Hzy, 450
tdd, 1H. J = 12.5, 4.8 Hz): mass spectrum, mie 366, 368, 370, 372,
374 (M), 300, 302, 304, 306 (CeH, Br,Cl)*; 185, 187 (C4H ,Br)":
105 (CyH,". base peak): high resolution mass measurement. obs:
365.878 2 0.010, C4H ,,Br,"*C1,0 requires: 365.879.

Cronuviysis of 17, A stream of Oy in oxygen was bubbled
throngh a seln of 17 {16 mg, 085 mmol) in methylene chioride at
- 78°. The experiment was carried oul according to the procedure
above (o obtain 18 (12 mg, 83% yield): 'H NMR (CDClyy 6 1.13
(s, 3H) 176 {5, 3H), 186 (d. tH. J = 15 Hz). 245 {q. 1H, J = 13,
13, 13He), 266 (dt, 1H, J=3.4. 15H2), 283 {d, 1H, J= 13 Hz,
371 (br s, 2HY 395 {dd. 1H. J=4.13Hz). 418 {dd. 1H, J=3.
13Hz).
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