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" Abstract

Several novel metabolites were isolated from Hawaiian dorid nudi-
branchs, an order of brightly colored marine mollusks. The metabolites
are believed to serve as defense allomones. This belief is based on bio-
assay results and on the extremely high concentration of metabolites per
animal. Investigation of the sponge prey of two of the nudibranchs led
to a variety of biogenetically related metabolites. Structure elucida-
tion of the compounds was accomplished by chemical degradation and spec-
troscopic analysis.

Nakafuran-8(26) and -9(35) were isolated from the dorid nudibranchs
Hypselodoris godeffroyana and Chromodoris maridadilus and their prey, the
sponge Dysidea fragilis. The structures of 26 and 35, including stereo-~
chemical features, were secured by chemical degradation, interpretation
of spectral data, and a qualitative lanthanide induced shift(LIS) study.
Both 26 and 35 demonstrated repellent activity against common reef fish
at low concentrations. Further investigation of D. fragilis led to the
structure elucidation of preupial(46), upial(42), and the known microci-~
onin-2(47) and -4(48), all biogenetically related to nakafuran-8(26) and
-9(35). The structure of preupial(46) was determined from spectroscopic
data. The structure of upial(42) was rigorously proven by a series of
chemical degradations, interpretation of spectral data, and by a quali-
tative LIS study on a degradation product.

Crude extraction of the nudibranch Hypselodoris daniellae provided
nearly pure spiniferin-2(55), a known metabolite previously isolated

from a Mediterranean sponge.
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Chemical investigation of another dorid nudibranch, Chromodoris
albonotata, provided crystalline doridal(49) as the sole constituent
of the crude extract. Conversion of doridal(49) to polygodial(50),
proved its gross structure. Stereochemical features were demonstra-
ted by a qualitative LIS study and by comparison of 1H NMR data with
the data for two isomeric synthetic intermediates.

A survey of the nudibranch genus Phyllidia demonstrated that all
six species described from the Hawaiian Islands are characterized by
foul smelling secretions reminiscent of isonitriles. Spectral analy-
sis confirmed the isonitrile functién, which is attached to different

terpenoid skeletons.

26 36

46 42
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I. INTRODUCTION

A. General
Communication in our environment proceeds by either physical or

chemical stimuli. Chemical stimuli provide the most frequent mode of
communication among animal phyla.1 For many animal species survival de-
pends on successful transmission and reception of various, well orches-
trated, chemical stimuli. Chemical interactions have been divided into
two broad classes: those between two organisms of different species
(interspecific or allelochemic) and those between two organisms of the
same species(intraspecific). Within these two classes chemical stimuli
are classified further according to their functions, as shown in Table

2 . . . s
1. Keen competition among animals very frequently causes antagonistic

Table 1

Interorganismic Chemical Effects

I. Interspecific chemical(allelochemic) effects
A. Allomones - which give adaptive advantage to the producing
organism
B. Kairomones - which give adaptive advantage to the receiving
organism

C. Depressants, wastes, and so forth - which inhibit or poison
the receiver without adaptive advantage to the releaser from
this effect .

II. Intraspecific chemical effects
A. Autotoxins
B. Adaptive autoinhibitors

C. Pheromones



encounters. Various defense strategies have been developed by animals
to combat antagonists. A predominant strategy in some animal groups
is the evolutionary development of special glands for chemical defense.
Chemicals that are released by an organism for defense are termed allo-
mones. Previously investigated allomonal relationships have been predo-
minantly concerned with terrestrial systems. Collaborate efforts among
neurophysiologists, entomologists, and organic chemists have produced a
tremendous amount of information on chemical defenses of terrestrial
arthropods.B_6 Mollusks, hitherto little studied, are another phylum
for fruitful study of chemical defense systems. -10 Pertinent aspects

of this phylum as well as prior biological observations and chemical

investigations on the allelochemistry of mollusks will be briefly re-

viewed.

B. Biological and Historical Background of Mollusks

The phylum Mollusca is a conglomeration of morphologically differ-
ent invertebrate animals, predominately of marine origin. The mollusks,
largest invertebrate group next to the arthropods, are extremely suc-
cessful at adapting to a variety of different environments. Successful
survival of the mollusks is based on a variety of defense adaptatioms
both passive, e.g. shell formation, and active, e.g. stinging cells
and toxic chemicals. Evolutionary loss or reduction of the shell and
development of chemical defense glands has been a major adaptation of
several mollusk families‘9 Literature clearly shows that chemistry
plays an important role in molluskan defense strategy.

The name Mollusca is derived from the Latin word mollis meaning



soft. Originally Mollia was designated by Pliny to represent soft bod-
ied mollusks.11 It was not wuntil the French naturalist Cuvier(1795)
reconstructed Mollusca that both shelled and soft-bodied forms became
to be included in the same phylum. Today six classes of animals are re-
cognized in the phylum Mollusca, of which the largest are Gastropoda.7
An abbreviated classification is shown in Table 2. Significant trends
in chemical defense can be seen in the classes Gastropoda and Cephalo-

poda, corresponding to significant reduction or complete loss of

Table 2

Classification of Mollusks

Phylum Mollusca
Class Monoplacophora
Class Amphineura
Class Scaphopoda
Class Bivalvia(Pelecypoda)
Class Gastropoda
Subclass Prosobranchia
Order Aspidobranchia
Order Neritacea
Order Pectinibranchia
Subclass Opisthobranchia
Order Onchidacea
Order Cephalospidea
Order Aplysiacea(Anaspidea)
Order Thecosomata
Order Gymnosomata
Order Sacoglossa
Order Acochilidiacea
Order Notaspidea
Order Nudibranchia
Subclass Pulmonata
Class Cephalopoda
Subclass Nautiloidea
Subclass Coleoidea
Order Decapoda
Order Vampyromorpha
Order Octopoda



the external shell. Specialization of internal and surface glands for

defense have provided more active means of protection.

C. Biological Observations and Chemical Investigations of Mollusks

Members of the gastropod Order Aplysiacea(syn. Anaspidea), com-
monly known as sea hares, are selective herbivores. Historically, aply-
sids were purported to have poisonous properties. Superstition and igno-
rance led people to believe that sea hares were occasionally responsible
for death, baldness, or miscarriage.11 Because of their global distribu-
tion, gregarious behavior, large size, and shallow water habitats, aply-
sids are the most frequently investigated mollusk group.

Aplysids are noted for ejecting a purple dye when disturbed. Chem-
ical characterization of the dye was only recently achieved.12 Aply-
siaviolin(l) was elucidated as the sole pigment of the dye. Compound I
is structurally similar to the red and blue-green algal pigment phyco~-
erthyribilin(2) and thus is apparently of dietary origin in those
aplysids that prey on red and blue-green algae. The origin of the dye

remains unclear for those aplysids that graze on brown and green algae.

A defensive role of the dye is subject to speculation. Ando reported

that the dye of Tethys kurodai was non-toxic.13 Feeding experiments by

b



Ambrose and coworkers proved the dye of Aplysia brasiliana to be not
only non-toxic but in fact palatable to test animals.14 They hypothe-
sized that the dye represents a visual or olfactory signal that preda-
tors associate with toxicity or bad taste.

Jeffreys noted that aplysids occasionally secrete an odorous
white mucus from the mantle surface.15 Later Ando demonstrated that
the source of the white mucus could be linked to red algae of the genus

13 A. califormica has been reported to discharge a milky

Laurencia.
fluid from the opaline gland when severely molested.16 Addition of the
secretion to a seawater tank often causes muscular paralysis and then
death to the animals inside. The toxic constituents of the opaline
gland remain unidentified.

Winkler and Tilton observed that the anemone Anthopleura xan-
thogrammica regurgitated the digestive gland from a meal of young Aply-
sia. 17 Pharmacological testing of digestive gland preparations from
A. californica administered intraperitoneally to a variety of test or-
ganisms showed extreme toxicity .18 These observations and those by
And.o13 spurred chemical investigation by organic chemists. The wealth
of compounds isolated from aplysid digestive glands was initiated by
Hirata's research groups. Extensive work with 4. kuroda? furnished

a series of terpenes represented by aplysin(3) and aplysin—20(4)19.

Br: . S/I/OH



Chemical studies of A. californica led to the isolation of polyhaloge-
nated monoterpenes 520 and 621. Gut examination revealed that 4. cali-

formica was primarily grazing on red algae of the genus Plocamiuwm.

I~‘ “‘ 1
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Faulkner and Ireland reported no fewer than fourteen related structures
with a new diterpene skeleton from Dolabella califbrnica.zz Compound
7 is representative of the dolabellane system. A cytotoxic diterpene
dolatriol(8)23 and two sesquiterpenes aplysiast:at:!‘.n(Q)?'4 and deodactol

2 .
(10) > have recently been reported from three separate sea hare species.




Reports by Watson indicate that extracts of the digestive gland
of the aplysid Stwlocheilus longicauda were extremely toxic to mice
when administered intraperitoneally.26 Also skin blisters were repor-
ted to have been caused by the toxin. Elegant chemical investigation
by Kato and Scheuer led to the structure elucidation of aplysiatoxin
(11).27 Further investigation of this animal led to characterization

of a non-toxic principle, stylocheilamide(ZZ).28 The dietary origin

of ZZI and 12 has recently been traced to a blue-green algae.29

1 \ heptyl
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Meinwald and coworkers have recently isolated three compounds, pana-

cene(13)30, brasudol(14)3l, and isobrasudol(ZS)31 from dplysia brasilianc
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and have demonstrated that these compounds are distasteful to fish
and sharks. These compounds also appear in the extracts of the red alga
Chondria cnicophylla on which 4. brasiliana grazes.

The body wall of an 4plysia sp. from Bermuda has been subjected
to chemical scrutiny.32 It was found that the body wall contains large
amounts of acidic mucopolysaccharides. Sulfate groups on the mucopoly-
saccharide network may be responsible for the acidic properties of the
mantle surface of some opisthobranch mollusks and may contribute to the
distastefulness of the organism.

When feeding various body parts of Aplysia brasiliana, Ambrose and
coworkers showed that epidermis is rejected 99% of the time whereas the
digestive gland 857 of the time.14 This may suggest that distasteful or
toxic compounds found in the digestive gland are transported and stored
in the epidermis, or that a synergistic effect of the compounds in the
epidermis provides greater activity. It still remains unclear how many
of these new compounds isolated from the digestive glands of aplysids
are active deterrents to predators.

Members of the opisthobranch Order Onchidacea have an unusual res-
piratory apparatus which allows them to live out of the water. A sali-
ent feature of the onchids are their large mantle glands which give rise
to repugnatory secretions.33 Faulkner and Ireland investigated the
milky defensive secretion of Onchidella binneyi, from the Gulf of Cali-
fornia. Onchidal(If) was the major component of the secretion.

Nudibranch gastropods show gréat variety in their behavior, diet,
body ornamentation, and defensive adaptation. Defensive strategies based
on evolutionary adaptation include cryptic coloration, concealment of

-8-
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venomous nematocysts and sharp spicules in the epidermis, and develop-
ment of poisonous secretory glands. Strategically placed secretory
glands have been noted by Crozier in the nudibranch Chromodoris ze-

35-31 When disturbed, the animal orients these glands into pro-

bra.
minence. Continual irritation causes flow of a white creamy secretion
that carries a penetrating disagreeable odor. No chemical investiga-
tion of C. zebra has been reported. An analogous defensive mechanism
was observed by Johannes with the colorful nudibranch Phyllidia vari-
cosa.38 The putrid secretion proved lethal to several marine crusta-
ceans. Burreson and Scheuer became interested in the chemistry of the
problem. While diving, Burreson recognized that P. varicosa was gra-
zing on a sponge, Hymeniacidon sp. The sponge proved to be the source

of the toxic secretion. Chemical investigation showed that %9-isocyano-

pupukeanane(17) was the main toxic principle of the secretion.

17



Recently Fuhrman and coworkers have investigated the toxicity and
pharmacological activity of dorid nudibranchs collected along the west-~
ern U.S. coastline.40 From the digestive glanc of 4Anisidoris nobilis
they isolated a purine riboside, doridosine(I8) which showed hypotensive
activity.41 In a related dorid nudibranch, Doriopsilla albopunctata,
a skin secretion of this brightly colored animal proved lethal to shore
crabs.42 The unidentified agent 1is also a competitive antagonist to

acetylcholine in both vertebrate and invertebrate isolated muscle pre-

N~ N
10
0 H .
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The chemical relationship of predator-prey pairs has been investi-
gated by Italian workers.43 Although their investigations have eluci-
dated several nudibranch-prey systems, the possible defensive role of
the isolated metabolites has been ignored. Extraction of the digestive
gland from the nudibranch Dendrodoris grandiflora yielded fasciculatin

(19), a metabolite previously isolated from the Mediterranean sponge

HO
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Ircinia fasciculata. A similar study of the nudibranch Glossodoris gra-
etlis led to previously elucidated longifolin(20), a metabolite of the
sponge Pleraplysilla spinifera. A mixture of sesquiterpenoid esters

with the general structure 21 have been isolated from Dendrodoris lim-

20 21

bata. Several nudibranchs, Hervia peregrina, Flabellina affinis, Cory-
phella lineata, prey on several hydroid species of the genus Eudendrium.
Polyhydroxylated steroids, e.g. 22, were isolated from both predators
and prey. A series of high molecular weight polyacetylenes, ¢.g. 23,

were isolated from the nudibranch Peltodoris atromaculata and its sponge

A

prey Petrosia ficiformis. OH
Ac /)\\/”\T/’
OAc
0
H
22
OH "
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Mildly antibiotic farmesic acid glycerides 24 have been character-
ized from the nudibranch Archidoris odhneri collected in waters off Bri-

. .4 . , .
tish Columbia. > In a similar study, Chromodoris marisalae from the

N N XX 0 /Y\ORZ

ORy

24 R = H,Ac

Gulf of California was shown to store primarily marislin(25), which is
a sesquiterpene acid esterified with a CS isoprenoid hemiacetal and
which is structurally related to a compound from the Mediterranean
sponge Pleraplysilla spinifbra.46 Although no direct evidence of a

/o 0 A\
Y 7%

25

defensive role for 24 and 25 is provided, the extraction of whole ani-
mals demonstrates that these metabolites reside near the nudibranch's
mantle surface making them readily available for protection against

predators.

D. Research Objectives

This research has had several objectives. The initial objective
was the selection of research organisms, which was based on literature
describing chemical defense adaptations and application of this infor-

mation to animals available in the Hawaiian Islands. The second and

-12-



major objective was the isolation and structural elucidation of the con-
stituents of the defense allomones . Thirdly, biological testing was done
to ascertain activity and provide insight into the mode of action of these
compounds. A concomitant objective was the location of the dietary sour-
ces of these animals and isolation of larger quantities of the defense
allomones.

These objectives were realized through several serendipitous events.
Initially my dinterest in this research began by investigating a Dysidea
sponge collected in Hawaiian waters. On separate collecting trips I ob-
served two species of dorid nudibranchs feeding on the sponge. This
predator-prey relationship was noted previously for Phyllidia varicosa
and Hymeniacidon sp. Biological38 and chemical39 research of the repug-
natory secretion released by P. varicosa resulted in the structure elu-
cidation of 9-isocyanopupukeanane(17), the major constituent of the de-
fense allomone. Reviewing the biological literature I found that Crozier
had described a similar defense mechanism for Chromodoris zebra.35_37
C. zebra and P. varicosa are members of the nudibranch Family Dorididae,
a group of brightly colored marine mollusks which conspicuously roam the
shallow reefs. Two separate field reports indicate that the number of
dorid nudibranch species found in Hawaiian waters eXceeds 75.47’48
Field observations in conjunction with literature reports reoriented and
focused this research on characterization of defense allomones released
by dorid nudibranchs.

Procurement of the nudibranchs was followed by isolation of the

active defense constituents, initially by extraction. Live specimens

~13-



were soaked for short times to insure that the crude extract represen-
ted constituents found near the epidermis. Structure elucidation of
the separated constituents was accomplished by spectral methods and
chemical degradation.

Originally, it was planned to test a broad spectrum of possible
nudibranch predators, including fish and crustaceans. A thorough sta-
tistical study of the defense allomones was not possible without the
expertise of an ecologist. Therefore, only a qualitative assessment
was performed, as a result, only common reef fishes were tested.

In some instances, structure determination was difficult to complete
on small amounts of material isolated from the nudibranchs. Comparison
of compounds isolated from dorid nudibranchs and sponges suggests that
nudibranchs are incapable of de novo biosynthesis and that they seques-
ter metabolites from their prey. Therefore when possible, prey organisms
were collected and utilized as an alternate source for defemnse allomones.
During the course of this research, other minor objectives became ap-
parent. A description of these minor objectives is included in Results

and Discussion, in appropriate places.

~14=-



II. RESULTS AND DISCUSSION

A. Secondary Metabolites of Dusidea fragilis, Hypselodoris godeffroy-
ana, and Chromodoris maridadilus.

1. Isolation of Nakafuran-8 and -9. During several collecting

trips a blue-green sponge was commonly found in many different reef

areas of Kaneohe Bay. Larger populations of the sponge were located
underneath the shuttle and 1lighthouse piers at Coconut Island, habi-
tats which contain high concentrations of particulate matter. Colora-
tion of the sponge varies from slate grey to blue-green depending on

sunlight intensity; the latter color is associated with brighter areas.
Consulting a recent monograph on Hawaiian sponge fauna, 2 I found that

a description of a Dysidea sp. matched by observations. On analysisof

a small sponge sample, a specialist further identified the sponge as

Dysidea fragilis(Figure 1).50

Figure 1. Photograph of Dysidea fragilis.
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A small sample of D. fragilis was collected from the pier areas
described above at 2-3 m depth using snorkeling gear. Successive ex-
traction of the homogenized sponge with methanol and chloroform yiel-
ded a small amoung of lipid soluble material, Extensive chromatogra-
phy of the material provided a pure compound which by lH NMR spectros-
copy was deduced to be a sesquiterpene bearing a methoxy group. The
uncommon occurrence of methoxy groups in terpenoid metabolites raised
doubt as to the authenticity of the compound as a natural product.

In order to verify the authenticity of the methoxysesquiterpene,
D. fragilis was recollected and reinvestigated. On this collecting trip,
I was aware of a pleasant smell emanating from the sponge. This obser-
vation went unnoticed in the previous collection because several other
sponges were placed in the same container with D. fragilis. Isolation
of the odoriferous constituents was accomplished by an improvised appa-
ratus designed for trapping volatile materials. Vacuum applied to a
desiccator containing a small sample of frozen sponge carried the vola-
tiles into a cold trap at -78°C. The frozen aqueous concentrate was
thawed and placed into a gas washing bottle, through which nitrogen gas
was bubbled. The gas carried the volatile organic constituents from
the aqueous solution to an adsorbent cartridge filled with Tenax-GC
support. Heating the cartridge to 150°C with a constant flow of nitro-
gen gas released the adsorbed materials to a cold finger maintained at
-78°C. Direct transfer to an NMR tube with chloroform-d provided easy
spectral analysis of the odoriferous constituents. H NMR spectroscopy
and silica gel TLC showed a mixture of two furanosesquiterpenes. By
1H NMR comparison the furanosesquiterpenes closely resembled the

-16-



methoxysesquiterpene previously isolated. Freeze-drying of the remain-
ing major portion of the fresh sponge provided nearly 1 kg of dry materi-
al. Successive extractions of the dry sponge with petroleum ether, di-
chloromethane, and 2-propanol selectively partitioned the metabolites.
Evaporation of the petroleum ether extract yielded 4.7 g of a yellow oil.
Flution of a silica gel column charged with the extract using hex-
anes/dichloromethane, 95:5, cleanly separated two non-polar metabolites
from the fatty acid triglycerides. Silica gel TLC and 1H NMR spectros-
copy proved the two metabolites to be identical with the odoriferous fu-
ranosesquiterpenes. The names nakafuran-8 and -9 were coined for the ma-
jor and minor furanosesquiterpenes, respectively.51 Although several
other metabolites were isolated from the extracts of D. fragilis, the
methoxysesquiterpene was not one of them. As a consequence it was con-
sidered to be an artifact generated in the workup procedure.

On a separate field trip, two dorid nudibranchs, identified as Hyp-
selodoris godeffroyana(Figure 2) were collected in the vicinity of Dysi-
dea fragilis. When put into an aquarium together, H. godeffroyana
readily feeds on D. fragilis. Mr. Scott Johnson of the Zoology Depart-
ment, nudibranch specialist, confirmed that he has observed H. godef-
froyana grazing on D. fragilis and pointed out that this was a common
occurrence in the Ala Wai Canal near Magic Island. On a field trip to
the Ala Wai Canal, a large population of H. godeffroyana was found
roaming over the reef with many individuals grazing on D. fragilis.
On a subsequent field trip, another dorid nudibranch, Chromodoris mari-
dadilus(Figure 3), was observed feeding on Dysidea fragilis. Sponges
are the preferred diet of dorid nudibranchs. Often this predator-prey
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Figure 2. Photograph of Hypselodoris godeffroyana.

Figure 3. Photograph of Chromodoris maridadilus.

~-18-



association is species specific. One reason for the specificity appears
to stem from the nudibranch's ability to sequester metabolites from the
sponge and use them as defense allomones. When placed in dissecting
bowls with seawater, both H. godeffroyana and C. maridadilus continu-
ally secrete an odoriferous slime. The smell was reminiscent of the
characteristic scent of nakafuran-8 and -9.

Extraction in methanol-of short durations caused the nudibranchs
to release copious amounts of the odoriferous secretion. Evaporation
of the methanol and trituration with dichloromethane yielded orange oils
for both H. godeffroyana and C. maridadilus. The odor and silica gel
TLC of the o0ils indicated that nakafuran-8 and -9 were the major com-
ponents. Conditions for separating nakafuran-8 and -9 from the nudi-
branch extracts were similar to those used for the sponge, except that
high performance liquid chromatography(HPLC) seemed more appropriate
than column chromatography for the small amounts of nudibranch extracts.
HPLC of the orange oils on u-Partisil with hexanes/dichloromethare,
95:5, yielded pure nakafuran-8 and -9 in a 7:1 ratio. Both compounds

were isolated as clear, colorless, mobile oils sensitive to air expo-

sure.

2. Characterization of Nakafuran-8 and -9. High resolution mass

spectrometry(HRMS) secured the molecular formula CISHZOO for both naka-
furan-8 and -9 demonstrating the isomeric relationship of the two com-
pounds. The molecular formula further substantiated the notion that the
biogenetic origin of the carbon skeleton was terpenoid.

Evidence for the functional nature of the sole oxygen atom was
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provided by the IR spectrum of nakafuran-8(Figure 4) and -9 (Figure 5).
Absence of carbonyl and hydroxyl group absorptions suggest that the oxy-
gen is incorporated into an ether function. Closer examination of the
IR spectra show absorptions at 1250, 1165 cm-1 and 1260, 1180 cm-1 for
nakafuran-8 and -9 respectively, indicative of ether functions. Scou-
ting their 1H NMR spectra(Figures 6 and 7) disclosed the exact nature of
the ether group. Finely coupled proton signals at § 6.07(1H,dd J=1.5,1
Hz) and 7.13(1H,d J=1.5Hz) for nakafuran-8 and 6.06(1H,dd J=2,1Hz) and
7.15(1E,d J=2Hz) for nakafuran-9 signify an a,8 or a,8' disubstituted
furan ring. The UV spectra(Figures 8 and 9) corroborate the existence
of a furan ring, with maxima at X = 228 nm(e 6100) and 219 nm(e 4200)
for nakafuran-8 and -9 respectively. Both noise(Figure 10) and off-
resonance(Figure 11) decoupled 13C NMR spectra of nakafuran-8 provided
additional evidence, & 151.0(s), 138.4(d), 118.5(s), and 113.8(d), for
an a,B or a,B' disubstitutued furan ring. Similar shifts, § 156.3(s),
138.4(d), 118.5(s), and 113.3(d), were seen in the 13C NMR spectra
(Figures 12 and 13) of nakafuran-9.

Only one other functional group could be deduced from the spectral
data of nakafuran-8 and ~9. Although similar, the exact nature of the
remaining functional group was different for the two compounds. Down-
field signals in the 1H NMR, & 5.95(1H,dd J=7,1Hz) and 1.75(3H,d J=
1Hz), and 13C NMR, & 141.0(s) and 124.6(d), spectra of nakafuran-8 were
attributed to a trisubstituted olefin with a vinyl methyl. The 1H NMR
spectrum of nakafuran-9 was devoid of any olefinic proton signals, but
two signals for two vinyl methyls & 1.50(3H,d J=1Hz) and 1.40(3H,br s

J<0.5Hz), could be detected when the lH MMR spectrum was measured in
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lH NMR spectrum of nakafuran-9 in chloroform-d.
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Figure 9. UV spectrum of nakafuran-9 in hexane.
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Figure 14, lH NMR spectrum of nakafuran-9 in benzene-dg.

benzene-dg (Figure 14). The 13C NMR spectra of nakafuran-9 established

that a tetrasubstituted olefin, § 129.6(s) and 126.4(s), was present in
the molecule. Two positions on the olefin must be substituted by methyl
groups in order to accommodate the vinyl methyl signals seen in the lH
NMR spectra for nakafuran-9.

The furan ring and olefin contribute four of the six unsaturations
inherent to the molecular formula for nakafuran-8 and -9. Two carbocyc-
lic rings account for the remaining unsaturations. Mass spectral compa-
risons of the two furanosesquiterpenes(Figures 15 and 16) shows promi-
nent loss of propene by a reverse Diels-Alder process(equation 1),
generating a peak at m/z 174, from the molecular ion of nakafuran-8
(m/z 216), whereas a similar fragment is not observed in the spectrum

of nakafuran-9. Fragmentation differences in the mass spectra of the
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Figure 15. Mass spectrum of nakafuran-8 at 90 eV.
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CH

two compounds indicate key differences in their carbocyclic skeletons.

Other salient features of the two furanosesquiterpenes can be seen
in their 1H NMR spectra. Beside the previously mentioned vinyl methyl
groups, nakafuran-8 has two additional methyls, one secondary at & 0.89
(3H,d J=7Hz) and one tertiary, 1.09(3H,s), while nakafuran-9 has one
other methyl at § 1.06(3H,s). Thus a total of three methyl groups are
present in each compound.

Data presented earlier conclusively show that nakafuran-8 and -9
are very closely related furanosesquiterpenes. Differences in the two
structures appear to be connected with the constitution of the carbo-
cyclic rings. Extensive homo- and heteronuclear double resonance NMR
studies and careful analysis of degradation products contributed to

the structure determinations of nakafuran-8 and -9.

3. Structure Assignment of Nakafuran-8. All contiguous carbon

chains in nakafuran-8 could be elucidated by homonuclear lH double re-
sonance MMR studies using 100 MHz and 220 MHz field strengths. Irra-
diation of either the o or 8 proton signals, at § 7.13 and 6.07 res-

pectively, caused a 1.5 Hz mutual coupling to collapse. A 1 Hz long
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range coupling constant was lost from a proton signal at § 3.45(1H,ddd
J=7,4,3.5,1Hz) when the signal at 6.07 was irradiated. This bisallylic
nature of the proton signal at § 3.45 was demonstrated by decoupling a
7 Hz coupling constant on irradiation of the olefin proton signal at §
5.95. This irradiation also sharpened the vinylic methyl at § 1.75 to
a singlet. Since the methine represented by the signal at § 3.45 was
flanked by olefin and furan functionalities, the remaining two coupling
constants of 4 and 3.5 Hz must come from an adjacent methylene group.
Disclosure of the methylene was provided by irradiation at § 3.45 and
observation of proton signals at 6 1.28(1H,ddd J=14,6,3.5Ez) and 1.24
(1H,ddd J=14,6,4Hz) to simplify to doublets of doublets, while retain-
ing their geminal coupling of 14 Hz. Residual 6 Hz coupling for both
signals at 6§ 1.28 and 1.24 indicated that another methine proton was
coupling to the methylene. The methine absorption was located in the
1H NMR by a sequence of decoupling experiments. Irradiation of the se~
condary methyl absorption at § 0.89 affected an obscured proton signal
at § 1.9. Repetition of the experiment at 220 MHz clearly showed a one
proton signal at 8§ 1.9(1H,qdd J=7,6,6Hz) to be simplified to a doublet
of doublets. Further decoupling of the signal at 6 1.9 to a doublet of
quartets was achieved by irradiating either proton absorptions at § 1.28
or 1.24, Structure a represents the carbon-hydrogen network gleaned
from this series of decoupling experiments. Attachment of the hydro-
carbon chain at either a or B positions remained to be decided.

Further double resonance experiments at 220 MHz elucidated two
contiguous methylene groups. Decoupling a signal at & 2.45(1H,ddd J=
14,7,3.5Hz) simplified absorptions at & 2.25(1lH,ddd J=14,4,4Hz), 2.0(lH,
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ddd J=14,4,3.5Hz), and 1.8(lE,ddd J=14,4,4Hz) to a doublet of doublets
each, while the signal at § 2.25 lost its 14 Hz geminal coupling. Com-
plete association of these four proton signals, as two linked methylenes
was demonstrated by irradiating proton signal at § 2.0 and observing sig-
nals at § 2.45, 2.25, and 1.8 change to a doublet of doublets each, as
the proton signal at § 1.8 lost its 14 Ez geminal coupling. Confirma-
tion was completed by independently irradiating both proton signals
at § 2.25 and 1.8 and recognizing predicted changes for the other pro-
ton signals. This series of decoupling experiments verified partial
structure b.

Partial structures a and b together account for C13H17O. The
tertiary methyl group ¢ contributes the remaining carbons and hydro-
gens. The 13C NMR spectra(Figures 10 and 11) confirm the number of

methyl, methylene, methine, and vinyl groups present in nakafuran-8.

0
CcH
X i a' 3
CHy 8 /3' 5—CH2'—CH2-{ S—(Il—f
CH3 A
a b e

Additional insight into construction of the natural product from
partial structures a, b, and ¢ was gained from the mass spectrum(Fig-
ure 15). The structure must incorporated 4-methylcyclohexene in order

to agree with the mass spectrum.

Four possible structures represented by 26, 26', 26", and 26"",
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accommodate the spectral data. Orientation and the substitution
pattern of the furan provide the only differences between the possible
structures. Structures 26" and 26’" were considered less likely because
the bridged furan ring introduces trans and exomethylenic character,
contained in a small planar ring, into a twisted nine membered carbo-

cyclic ring.

/ ; 7
= - /A Ef Z‘ i\@—(
N ° 0

o_/

26 26" 26" 21

Conclusive proof of the general structure was provided bv degrada-
tion reactions accompanied by critical spectral analysis of the pro-
ducts. A series of reductive and oxidative reactions were designed
to expose the orientation and substitution pattern of the furam ring.
Stereoselective catalytic hydrogenation of nakafuran-£, coupled
with accurate lH NMR analysis of the o methine proton in the reduced
product was envisioned as an easy method to determine the nature
of the furan. Hydrogenation over 57 palladium on charcoal as cata-
lyst in diethyl ether failed to give any reduction products after 24
h. It seemed surprising that the isolated olefin survived these reac-
tion conditions. However, the stereochemical assignment of nakafuran-8

clarified the unreactive nature of the olefin(section A-4). When Adam's

-31~



catalyst was used instead, hydrogenation provided reduction products in
good yield after 3 h. Silica gel TLC showed one nonpolar spot transpa-
rent in the UV. 1Inspection of the mass spectrum(Figure 17) showed a
hexahydro reduction product, m/z 222(C15H26O). The hydrocarbon nature
of the product was reflected in the IR spectrum(Figure 18) with no in-
dication that any double bonds had survived. Examination of the lH NMR
spectrum(Figure 19) for hexahydronakafuran-8 showed the product to be

a complex mixture of diastereomers. Isolation attempts of one diaste-
reomer from the mixture by HPLC failed. Hydrogenation of nakafuran-8
with other catalysts was not attempted because reduction might again
have led to a complex mixture of diastereomers. Instead, oxidation

reactions were pursued.
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Figure 17. Mass spectrum of hexahydronakafuran-8 at 90 eV.
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Oxidation reactions are advantageous because they create no new
chiral centers. In addition, oxidation reactions retain or increase
functional character in a compound and consequently often simplify
the lH NMR spectra.

Efficient conversion of furams to y-hydroxybutenolides by using
peroxycarboxylic acids has been reported.52 If successful, the trans-
formation of nakafuran-8 to its y-~hydroxybutenolide derivative would
determine the furan substitution pattern. Determination would come
from analysis of the lH NMR spectrum of the y-hydroxybutenolide. If
the furan is o, 8' substitution would show a one proton signal near
§ 7.0. Furthermore, orientation of the furan can be decided by ob-
serving the chemical shift changes of the methine proton at § 3.45,
which is adjacent to the furan. If this proton is attached to the o
position, the resulting y-hydroxybutenclide would not provide an al-
lylic environment, and therefore shift the methine proton to high
field. However, attachment of the methine at the B or 8' positions
would cause but slight chemical shift changes, because allylic cha-
racter would be retained in the y~hydroxybutenolide product.

Therefore, one equivalent of m-chloroperoxybenzoic acid (MCPBA)
was added to an NMR tube containing nakafuran-8 dissolved in 500 uL
of chloroform-d. Monitoring the reaction progress by lH NMR spectros-
copy showed immediate change of the furan moiety while the isolated
olefin did not react but shifted to 6§ 5.52(lH,dd J=6.5,1.5Kz)in the pro-
duct. As the furan signals disappeared, aldehydic and olefinic proton
signals emerged at 6§ 9.6(1H,d J=8Hz) and 5.95(1H,dd J=8,1Hz) respec-
tively(Figure 20). Vicinal coupling between the two signals by 8 Hz
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Figure 20. 1H NMR spectrum of y-ketoemal 28 in chloroform-d.

was proven by double resonance experiments. Irradiatiom at § 5.95 not
only collapsed the aldehyde signal to a singlet, but alsoc showed long
range coupling of 1 Ez to an obscured proton signal centered near §2.5.
Decoupling the trisubstituted olefin protom signal at § 5.52(1H,dd J=
6.5,1.5Hz) showed vicinal association with a complex one proton signal
at § 3.30(1H,m) and allylic association with a vinvl methyl signal at

§ 1.70(3H,d J=1.5Hz). The magnitude of the downfield shift for the
signal at § 3.30 cannot be solely accounted for by an olefin. Deshiel-
ding by an additional neighboring group would help explain the chemical
shift. Rationalization of the lH NMR data into a y-hydroxybutenolide
structure is impossible. Oxidation clearly had produced an unexpected
o,f unsaturated aldehyde. The purified oxidation product showed strong

absorption at 1685 cm-lin the IR spectrum(Figure 21) which lent
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Figure 21. IR spectrum of y-keto enal 28 in dichloromethane.

additional evidence for an «,B unsaturated aldehyde. Absorption in the
UV spectrum(Figure 22) at 242 nm(e 2100) indicated a UV chromophore, but
the position of the maximum could not be reconciled with a simple ¢,8
unsaturated aldehyde. Structural understanding of the oxidation pro-
duct was gained from the mass spectrum(Figure 23). The highest peak in
the mass spectrum, m/z 232, corresponded to the molecular formula
CLSHZOOZ’ a difference of one oxygen atom from nakafuran-8. The new
oxygen function could only be rationalized as a ketome conjugated with
the a,8 unsaturated aldehvde. Formation of the oxidation product can
be easily rationalized by epoxidation of the furan followed by rear-
rangement to the y-keto enal compound, an intermediate in the conver-

sion to the y-hydroxybutenolide(equation 2). The presence of this

group explains both the downfield shift of the proton signal at ¢ 3.30
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and the long range coupling between the o proton of the y-keto enal
group and an aliphatic proton. As depicted in equation 2, the furan
can only be a,Rf-disubstituted in order to have vicinal coupling be-
tween aldehyde and conjugated olefin protons. Therefore, hypotheti-
cal structures 26" and 26'" can be excluded from structural consider-
ation for nakafuran-8. Considering structure 26, equation 3 repre-
sents products 27 and 28 obtained from hydrogenation and MCPBA reac-

tions on nakafuran-8.

H,/Pto MCPBA
2 CDC1,/30 min

Et 0

eq. 3
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Treatment of y-keto enal 28 with Jones' reagent quickly converted
it to the y~hydroxybutenolide 29, the original target of the MCPBA oxi-
dation(equation 4). Compound 29 was easily separated from contaminants
by EPLC. The mass spectrum(Figure 24) showed a peak at m/z 248 repre-

senting the molecular ion of C15H2003, in agreement with structure 29.

HZCtO 4

acetone q \

eq. &4

Two strong carbonyl absorptions at 1790 and 1775 cm-1 in the solu-
tion(dichloromethane) infrared spectrum(Figure 25) are typical of y-

hydroxybutenolides.53

The UV spectrum(Figure 26) provided conclusive evidence for the
y-hydroxybutenolide moiety. Base treatment of a methanolic solution
of the oxidation product 29 caused a slight bathochromic shift from
233 nm(e 2400) to 236 nm(e 2500) and 246 nm(e 500).

Interpretation of the 1H NMR spectrum(Figure 27) of y-hydroxybu-
tenolide 29 at 220 MHz verified that nakafuran-8 possesses structure
26. Final proof of the furan orientation came from comparison of pro-
ton chemical shift changes of H-9(marked in equation 4). 1In the degra-
dation series furan - y-keto enal - y-hydroxybutenolide, the changes
were sequentially from & 3.45 to 3.30, and 2.9.

The diamagnetic shift to § 2.9 reflects a change from two adjacent
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sp2 hybridized carbons to only one, a transformation which can only be
realized starting from structure 26 for nakafuran-8. Only slight changes
in the lH MMR spectrum were observed for the other protons in the oxida-
tion of 28 to 29.

Interestingly, y-hydroxybutenolide 29 was also isolated from the
extracts of Dysidea fragilis. Varying concentrations in the different
extracts indicated that 2¢ was probably an autoxidation product of naka-
furan-8(26), a well documented process which proceeds through an endoper=-

1
oxide(equation 5).54 Striking similarities in the "H MNMR spectra of the

o0
0 m- (o] [0] 5 0 0
2 . —
\ / \*\ 0+ — H,0 —_—

7

eq. 5

y-hydroxybutenolide 29 and the previously mentioned methoxysesquiterpene
artifact(Figure 28) seem to indicate that y-methoxvbutenolide 30 is the

structure of the artifact.

30
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The reaction of nakafuran-8(26) with MCPBA was repeated. Excess
MCPBA and 24 h reaction time produced two products possessing y-hydroxy-
butenolide moieties. Spectral data confirmed 29 as the minor component.
The UV spectrum(Figure 29) of the major component was similar to the
spectrum of 29. Addition of a drop of dilute base to the major compound
caused a bathochromic shift from 234 nm(e 1400) to 236 nm(e 2500) and
245 nm(e 500), characteristic of the y-hydroxybutenolide function. Once
the y-hydroxybutenolide function was confirmed, it seemed likely that
the trisubstituted olefin had been oxidized tu an epoxide. In addition
to carbonyl stretching peaks of the y-hydroxybutenolideat’1780 and 1770
cm-l, the IR spectrum(Figure 30) exhibited peaks at 1200 and 1090 cm-l,

possibly indicative of an epoxide. ass spectrometry(Figure 31) showed
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Figure 28. 1H NMR spectrum of y-methoxybutenolide 30 in chloroform-d.
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a molecular ion at m/z 264 for a molecular formula C The for-~

15%20%
mula contains just one oxygen more than y-hydroxybutenolide 23, thereby
supporting an epoxide. Signals in the lH NMR spectra of 29(Figure 27)
and of the major product(Figure 32) had predictably shifted in accordance
with the olefin to epoxide change. Olefin and vinvl methyl protons of
the isolated trisubstituted double bond were shifted to § 32.29(l¥,d J=
4.5Hz) and 1.3(3H,s) in the major product from their respective values
of § 5.95 and 1.75 in nakafuran-8(26), a change explained by epoxide

formation. Therefore, the major product of long term oxidation of na-

kafuran-8(26) with MCPBA is epoxy-y-hydroxybutenclide 31, while the
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Figure 31. Mass spectrum of epoxy~y-hydroxybutenolide 31 at 90 eV.
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Figure 32. lH NMR of epoxy-y-hvdroxybutenolide 37 in chloroform-d.

minor component is the previously elucidated y-hvdroxvbutenolide 25 (equa-
tion 6).

Differences in reactivity of the furan and isolated olefin with
MCPBA were significant. The furan ring completely reacted with MCPBA
before the olefin was epoxidized. 1In contrast, oxidation of nakafuran-

8(26) with osmium tetroxide provided diol 32 in moderate yield after

MCPBA
ey -
cuzClzllelo h N\ / N

eq. 6
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0s0 4 Hi

pyridine ~

eq. 7

purification, with the furan intact(equation 7).

The molecular formula C15H2203 for diol 32 was extrapolated from
the highest mass ion, m/z 250, present in the mass spectrum(Figure
33). The UV spectrum(Figure 34) of diol 32 showed a maximum at 218 nm
(e 5600) indicating that the furan was present. Absorptions at 3620
and 3520 cm—l in the IR spectrum(Figure 35) confirmed formation of a
diol by osmylation of 26. Expected changes were observed in the E
NMR spectrum of diol 32(Figure 36) from nakafuran-€(Figure 6). New
proton signals appeared at § 4.04(1HE,d J=1.5Hz) and 1.28(3¥,s) while
signals corresponding to olefin and vinyl methyl protons were missing.
Irradiation of the methine signal at § 3.12(1H,dddd J=4,2,1.2,1F z)
caused the doublet at § 4.04 to coalesce into a singlet and simpli-
fied the B-furan proton signal at ¢ 6.08(1H,dd.J=2,IHz) to a doublet
in agreement with structure 32 for the diol. Decoupling the second-
ary methyl group signal at & 0.90(3H,d J=7Hz) affected an obscured

methine signal near & l.7. It was essential to locate this methine
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signal for the qualitative lathanide induced shift study (LIS) of
diol 32(section A-4).

The reactivity and stability of diol 32 was tested with perio-
dic acid. Several products were generated by the reaction. The mass
spectrum{Figure 37) exhibited an m/z 248 peak for a product with
a molecular formula of C15H2003.

A 60 MHz 1H NMR spectrum(Figure 38) of the crude reaction pro-
ducts showed evidence for an aldehyde proton at § 9.1(1H,d J=2Bz) and
a methyl ketone at 2.0(3H,s). Signals representative of the o- and B-
furan protons are seen at § 7.24(lH,d J=1.5Hz) and 6.5(1H,d J=1.5Ez),
respectively. No other spectral data were measured. The crude pro-
ducts were very sensitive to workup procedures. Tentative structure

33 has been assigned to the major oxidation product of the crude mix-

ture(equation 8).

5-’6 -
Et,0 7
eq. 8
4, Stereochemical Features of Nakafuran-8. The secondary methyl

group represents the only chiral center in nakafuran-8 with undefined
stereochemistry. Establishment of the stereochemistry was secured by

observing the reactivity and spectral changes of previously described
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Figure 37. Mass spectrum of compound 33 at 90 eV.
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reactions and by a qualitative LIS studv of diol 32.

The unreactive behavior of the trisubstituted olefin in nakafu-
ran-8(26) to hydrogenation with palladium catalyst can be explained
by steric interference of the secondary methyl group. Sluggish reac-
tivity of the olefin with MCPBA supports this explanation. A related

compound, pallescensin B(34), was reported to be totally unreactive

34

to osmium tetroxide, MCPBA, and hydrogenation.Ssa It was hypothesized
that the exo methyl of the gem dimethyl group obstructed reagents from
attack on the olefin.

Chemical shift differences of the secondary methyl in the 1H NMR
spectra of 26, § 0.89 and of 29 0.85, with the spectrum of 3I, 6§ 1.08,
reflects the different anisotropic effects of an olefin and an epoxide.
Chemical changes to the furan moietv have no anisotropic effect on the
proton chemical shift of the secondary methyl group. Both chemical and
spectral evidence presented so far can only be reconciled by assigning
exo stereochemistry to the secondary methyl.

Addition of an approximately 0.5 molar aliquot of shift reagent
Eu(fod)3 to diol 32 caused the secondary methyl group to shift at a
faster rate than the methine H~12. The chemical shift for the methine
proton signal B-12 was found by irradiating the secondary methyl
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signal. This experiment conclusively proved the exo stereochemistry of

the secondary methyl.

5. Structure Assignment for Nakafuran-9. Spectral analysis of

nakafuran-9 revealed a tetrasubstituted olefin and a disubstituted
furan ring as the only functional groups present in the molecule. The
spectral data also secured the close isomeric relationship between naka-
furan-9 and -8(26). Although partial structures could be inferred from
information gained in the structural proof of nakafuran-8(2€), an inde-
pendent chemical and physical analysis unequivocally established the
structure of nakafuran-9.

Extensive 1H double resonance MR studies were very informative
and completely elucidated all contiguous carbon chains in nakafuran-9.
Complex overlapping of signals made detailed amnalysis of the decoupling
experiments extremely difficult. These problems were corrected by run-
ning the decoupling experiments in two different solvents, chloroform-d
(Figure 7) and benzene~dg(Figure 14).

Coupling of the a- and 8-furan protoms, & 7.15(1H,d J=2Hz) and
6.06(1lH,dd J=2,1Hz) in chloroform-d, was easily proven by irradiating
either signal and observing collapse of a 2 Hz mutual coupling. Irra-
diating at 6 6.06 also affected a 1 Hz long range coupling to a complex
absorption at § 3.16(1H,tddd J=4,5.5,2,1Hz). The complex signal was
deduced to be a methine proton instead of a methylene proton since
a large geminal coupling constant, J=10-16 Hz, was absent from the pat-—
tern. An analogous relationship of the methine and furan ring protons

had been observed in nakafuran-8(26). Decoupling at & 3.16 caused
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collapse of signals at § 2.3(1H,dd J=14,5.5Hz) and 1.91(1H,ddq J=14,2,
1Hz) to a doublet and a broad doublet, respectively. Also affected was
an obscured signal near § 1.75. Repetition of the experiment in ben-
zene~dg clearly showed a two proton signal at 6 1.64(2H,br d J=4Hz) to
coalesce to a broad singlet when the methine signal at § 3.27 was ir-
radiated. In the chloroform-d spectrum, irradiating at § 1.91 decou-
pled a 14 Hz geminal coupling from the § 2.3 signal and also sharpened
an eight proton broad singlet centered at § 1.75. Duplication of the
experiment in benzeme-dg showed a vinyl methyl signal at § 1.50(3R,br
s), previously obscured partially sharpen when the methylene protons
at § 2.00 and 1.91(in chloroform-d), was decoupled. The signal at §
1.50 was also affected by irradiating the side of the other vinyl me-
thyl signal, at § 1.40(3H,br s), at low power. WNo further coupling
could be seen in this long contiguous chain. Partial structures d and
d' fit the information gained from the decoupling sequence described
above.

A short chain consisting of two contiguous methylene groups was
determined by further double resonance NMR studies in benzene-dg. Sat-
uration of a one proton signal at § 1.25(1H,ddd J=14,10,7Hz) simplified
signals at & 2.32(lH,ddd J=14,7,4Hz), 2.26(1H,ddd J=14,10,4Hz), and 1.79
(1H,ddd J=14,4,4H2) to doublets of doublets each; the § 1.79 signal lost
a 14 Hz geminal coupling constant. Irradiation of the §2.32 signal col-
lapsed signals at 6§ 1.79 and 1.25 to doublets of doublets. Assessment
of the signal at & 2.26 was impossible because of distortion caused by
the close proximity of the irradiation. Partial structure e depicts the
results of the decoupling experiments.
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A tertiary methyl group f, at § 1.06(3H,s) in chloroform-d accounts

for the remaining two carbons and three hydrogens.

4J
CH, CHy
CH3 H3 / 0 l
\
== v/ i -
d da’ e f

The partial structures can be assembled into four possible total
structures represented by 35, 35', 35", and 35'", for nakafuran-9. Four
other structures with a,8' furan substitution could also be drawn, but

I have excluded them for simplicity's sake.

//2?%// ’7%/ /\ﬂ%
W/ ~° 0 Y, i:; °

35 35" 35" 351"

Substitution pattern of the tetrasubstituted olefin and orienta-

tion of the furan remained to be determined. A series of degradative
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reactions were employed to clarify the two ambiguities. As with naka-

furan-8(26), routine reduction and oxidation reactions were used on

nakafuran-9. But unlike in the case of nakafuran-8(26), reduction
reactions were very informative in the structure determination.

Reduction of nakafuran-9 by catalytic hydrogenation was intended
to evaluate both the orientation of the furan and olefin substitution.
Hydrogenation of nakafuran-9 over Adam's catalyst proceeded rapidly at
room temperature. Silica gel column chromatography provided a moderate
yield of a clear colorless oil which was transparent in the UV. Mass
spectrometry(Figure 39) confirmed that the product was a hexahydro
derivative, m/z 222(C15H260).

There was no indication of remaining double bonds in the IR spec-
trum(Figure 40) of hexahydronakafuran-9, thus excluding hydrogenolytic
processes.

Ingpection of the lH NMR spectrum(Figure 41) showed a complex
cluster of signals centered at § 3.8, which suggested that hexahydro-
nakafuran-9 was a mixture of diastereomers. HPLC on p-Partisil indi-
cated that hexahydronakafuran-9 was indeed a diastereomeric mixture,
but that one product predominated. The presence of one major product
was confirmed by inspecting the methyl region of the 1H NMR spectrum.
One tertiary methyl, § 1.0(3H,s), and two secondary methyls, 0.88(3H,d
J=7Hz), and 0.84(3H,d J=7Hz), signals were distinctly larger than other
methyl signals associated with the minor components. Attempts to de-
fine the furan orientation by assigning the coupling of the overlapping
proton signals at § 3.8 were futile. By contrast, the olefin substitu-
tion pattern in nakafuran-9 was elucidated by 1H double resonance NMR
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Figure 41, 1H NMR spectrum of hexahydronakafuran-9 36 in chloroform-d.

experiments. Since no intelligible patterns were recognized in the §
1.1 to 2.1 region, irradiatioms at 5 Hz intervals starting from ¢ 2.1
demonstrated that the secondary methyl signals at 0.88 and 0.84 were
affected by independent methine protons located near 2.0 and 1.9, res-
pectively. This information excluded possible structures 35” and 35'"
for nakafuran-9 because their hexahydro derivatives would clearly show
by decoupling experiments that one methine proton was coupled to both
secondary methyls.

A set of oxidative reactions identical with those used on nakafu-
ran-8(26) were utilized on nakafuran-9 to identify the furan orienta-
tion. Reaction of nakafuran~9 with one equivalent MCPBA in 500 uL of

1
chloroform~d proceeded rapidly. Monitoring the reaction by "H NMR
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spectroscopy indicated that the tetrasubstituted olefin and furan were
being consumed by the reagent at parallel rates. Additional MCPBA was
added to complete the reaction. Completion was recognized by the dis-
appearance of signals for the furan and vinyl methyl protons and the
emergence of new signals at § 9.5(1H,d J=7.5¥z), 6.0(lH,dd J=7.5,1Hz),
1.3(34,s), and 1.22(3H,s), representing an «,B unsaturated aldehyde and
an epoxide bearing two methyl groups(Figure 42). Decoupling of the
olefin proton signal § 6.0 not only collapsed the aldehyde signal to
a singlet, but also sharpened an obscured proton signal near § 2.4.
Irradiation of a one proton signal at § 2.7(lH,m) caused signals at
1.92(1H,dd J=15,4Hz) and 1.52(1H,dd J=15,10Hz) to collapse to an AB
quartet with residual 15 Hz geminal coupling. Other signals were af-
fected by irradiating at 6 2.7 but their patterns remained unintelli-
gible. The association of the § 2.7 signal with signals at § 1.92 and
1.52 in the oxidation product is identical to the association of the
methine signal at § 3.16 and the methylene signal at § 1.75 observed
in nakafuran-9. The magnetic nonequivalence seen for the methylene pro-
tons in the oxidation products is caused by anisotropy of an exo epox-
ide. As observed in nakafuran-8(26) it seemed likely that furan oxi-
dation yielded a y-keto enal moiety.

The mass spectrum(Figure 43) confirmed the suspicion of a third
oxygen, in addition to the aldehyde and epoxide oxygens, m/z 248

). Support of the y-keto enal function was provided by the
1

(€587003

IR(Figure 44), 1700 em , and UV(Figure 45), X=239 nm(e 3600), spec-

tra.
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Orientation of the y-keto enal, and thus the furan precursor, was
shown by decoupling studies. Saturating the olefin proton at § 6.0 af-
fected a proton signal near § 2.4, which was distinct from the methine
signal at ¢ 2.7. This association is comfortably accommodated if naka-
furan-9 has the proposed structure 35.

Conclusive evidence of the furan orientation was demonstrated by
oxidizing the epoxy-y-keto enal to the corresponding epoxy-y-hydroxy-
butenolide with Jones' reagent. Molecular ion, m/z 264 in the mass
spectrum(Figure 46) secured formula C15H2004 for the epoxy-y-hydroxy-
butenolide. Formation of the y-hydroxybutenolide function was deline-
ated from the IR spectrum{Figure 47) by strong absorptions at 1790 and

1770 cm-l. A slight bathochromic shift in the UV spectrum(Figure 48),
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Figure 46. Mass spectrum of epoxy-y-hydroxybutenolide 38 at 90 eV.
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on base addition, from 226 nm(e 4400) to 226 nm(e 3500) and 248 nm(e
500), further supports the y-hydroxybutenolide function. Previous
spectral data confirmed the oxidation of the y-keto enal group to a
y-hydroxybutenolide but do not provide evidence for the orientation.
Saturation of a signal at ¢ 5.8(1H,d J=1.5Hz), a proton of the bute-
nolide, sharpened a complex two proton pattern at § 2.75, which is
distinct from the methine proton observed at § 2.2(Figure 49). This
can only be reconciled if nakafuran-9 has structure 35,

Equation 9 illustrated the products obtained from catalytic hy-
drogenation, MCPBA oxidation of nakafuran-9(35) and Jones' oxidation
of epoxy-y-keto enal 37. Long term MCPBA oxidation of nakafuran-9(35)

gave epoxy-y-hydroxybutenolide 38 directly.
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Figure 49. lH NMR spectrum of epoxy-y-hydroxybutenolide 38 in chloro-
form-d.
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MCPBA / CDC1,

HZ/Pto2

o RT / 30 min
Bty MCPBA / CH,Cl,
RT/24 h
0
O cro
X H,Cro,
acetone
HO o

eq. 9

Since 38 gave only a slight shift in the UV spectrum when base was
added, structure 38" was also plausible for the long term MCPBA oxida-
tion and the sequence of short term MCPBA and Jones' oxidation. If 38'
was indeed the oxidation product, the arguments leading to the struc-
ture assignment of nakafuran-9(355) would still be valid. The main dif-
ference between the structures lay in a hemiketal for 36 and a ketal
for 38°'. The hemiketal would be in equilibrium with its carboxylic
acid and ketone, whereas the ketal does not equilibrate with other
structures. Sodium borohydride would take advantage of these dif-

ferences by reducing the ketone tautomer of the hemiketal whereas the

HO

38"
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ketal would be unaffected. Reduction of the oxidation product with
sodium borohydride proceeded rapidly. A single, less polar spot was
seen on silica gel TLC. The mass spectrum(Figure 50) showed that the
reduction product contained one less oxygen atom than did the star-
ting material, m/z 248(C15H2003). Strong absorption at 1755, 1150,
and 1020 cmm1 in the IR spectrum(Figure 51) confirmed butenolide and
epoxide moieties. The butenolide chromophore absorbed at 233 nm(e
1500) in the UV spectrum(Figure 52). Examination of the lH MR spec-
trum(Figure 53) showed a 3:2 mixture of epimeric epoxybutenolides, 39
and 40. Epoxybutenolide 39 shows coupling between the olefin proton
at § 5.75(1H,dd J=1.5,1Hz) and the lactone proton at § 4.80(1lH,dd J=
2,1Rz). Structure 39 displays three tertiary methyl signals, & 1.37
(34,s), 1.30(34,s), and 1.02(3H,s). Epimer 40 shows similar coupling
of the olefin proton at & 5.89(1H,dd J=2,1Hz) and the lactone proton
at 4.98(1H,dd J=2,1Bz). Cur stereochemical assignment of the epoxy-
butenolides is based on the 1H MMR shifts of the lactone proton and
the tertiary methyls. The stereochemistry of the epoxide was pre-
sumed to be exo because of the anisotropic effect on the bridged me-
thylene group in the 1H NMR spectrum of compound 37 and also because
epoxidation is likely to proceed from the least hindered side. There-
fore, the two epoxy methyl groups have endo stereochemistry and face
toward the butenolide moiety. Their close proximity to the buteno-
lide makes them susceptible to anisotropic effects. Dreiding models

of the epimeric epoxybutenolides 39 and 40 shows that the latter epi-

mer could shield the methyl groups. This accounts for the vast
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UV spectrum of epoxybutenolides 39 and 40 in methanol.
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Figure 53.

1H NMR spectrum of epoxybutenolides 39 and 40 in chloroform-d.
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NaBHa
N EtOH / RT

38 39 40

eq. 10

differences in the methyl chemical shifts in the epimers. Equation 10
represents the reduction reaction.

Nakafuran-9(35) is a structural isomer of nakafuran-8(26). Naka-
furan-8(26) and -9(35) are bicyclo[4.2.2] and bicyclo[4.3.1] decane-
based furanosesquiterpenes with rearranged skeletons. Similarities
between the two compounds was readily seen by comparing their 13C NMR
spectra(Figures 10-13). lH - 13C heteronuclear coupling for nakafu-
ran-8(26) permitted assignment of carbon shift values to specific car-
bons in the skeleton(Table 3). Correlation of 13C chemical shifts of
nakafuran-8(26) has allowed specific'carbon assignments to be made for
nakafuran-9(35).

Numbering of the carbon skeletons of complex molecules is al-
ways a confusing task. The numbering system which was adopted for na-
kafuran-8(26) and -9(35) follows that which is used for many sesquiter-
penes and is based on the numbering of farnesol(41). Locating the ap-

propriate carbons in the skeletal maze of nakafuran-8(26) and -9(35) is

not particularly difficult to those who are familiar with terpenoid
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13

Table 3

C-Chemical Shifts and 1H—Heteronuclear Decoupling

of Nakafurans (§ values in ppm relative to TMS = 0)

Nakafuran-8(26)

Nakafuran-9(35)

C Carbon shift Heteronuclear C Carbon shift
(multiplicity) decoupling (multiplicity)

1 138.4(d) 1 138.4(d)
2 113.8(d) 2 113.3(d)
3 118.5(s) 3 118.5(s)
4 23.4(t) 2.52 4 23.3(t)
5 48.3(t) 1.48 and 1.73 5 41.6(t)
6 38.8(s) 6 37.9(s)
7 141.1(s) 7 129.6(s)2
8 124.6(d) 8 126.4(s)?
9 35.0(d) 3.44 10 32.0(d)
10 151.0(s) 11 156.3(s)
11 39.3(t) 1.30 12 38.8(t)2
12 36.8(d) 1.73 and 1.84 9 38.5(t)2
13 19.0(q) 0.91 13 30.0(q)?
14 20.5(q) 1.73 14 31.4(q)°
15 24.6(q) 1.09 15 20.1(q)?
a

Values for carbons 7 and 8, 9 and 12, and 13 and 14 are

able.
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biosynthesis. A plausible scheme of the biogenesis of the two compounds

is given in Section C.

6. Bioassay of Nakafuran-8 and -9. Nakafuran-8(26) and -9(35)

comprise an astounding 2-3% of the body weight of Fupselodoris godef-
froyana and Chromodoris maridadilus. Large concentration and continual
release of the two furanosesquiterpenes suggested a defensive role for
these compounds. Simple tests of this hypothesis were made with com-
mon predatory fish, which are indigenous to the areas where the nudi-
branchs were collected. Butterfly fish, Chaetodon spp . were selected
for the assays on the basis of subdued behavior and voracious appetite.
The plan for the assay projected the feeding of several fish pellets
to a solitary fish in an aquarium. Three types of pellets were admi-
nistered to the fish: (1) untreated pellet, (2) pellet treated with
solvent used to dissolve nakafurans, and (3) pellet treated with naka-
furans. To insure relaxed behavior, the fish were fed untreated pel-
lets. If the pellets were eaten, then a pellet treated with solvent
followed. Finally, a pellet with nakafuran-8, -9, or crude extract of
the nudibranchs was tested. Precautions were taken to (1) allow time
between test runs so that learned behavior was not a factor in the

tests and (2) change the aquarium water so that accumulation of the
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compound did not affect the tests.

When the fish were tested, it was found that nakafuran-8(26) and
-9(35) repelled the fish using 50 ug of either compound on the pellet.
Crude extract was effective at a 100 ug dose level. The graphic res-
ponse of the fish expressed the deterrent power of the nakafurans. Vhen
blank pellets were administered. the fish raced to the food and without
hesitation swallowed the food. After the fish was trained on btlanks or
solvent-treated pellets, a pellet laden with the test compound was added
to the tank. Again the fish raced toward the food; however, two inches
from the food, the fish abruptly stopped, turned around, and raced back
to an aquarium corner severely disturbed. These tests do not unequivo-
cally determine the role of these compounds, but rather provide.evidence

for a chemical defense hypothesis.
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B. Secondary Metabolites of Dusidea fragilis.

1. Isolation of Upial, Preupial, and Microcionin-2 and -4. Com~

parison of the crude extracts by silica gel TLC showed that the nudi-
branchs 4. godeffroyona and C. maridadilus were selectively sequester-
ing nakafuran-8(26) and -9(35) from a vast array of metabolites con-
tained in the sponge Dysidea fragilis. Characterization of the secon-
dary metabolites in the sponge led to a number of sesquiterpenes rela-
ted to nakafuran-8(26) and -9(35) and illuminated a biosynthetic net-
work. A diagram of the isolation procedure is shown in Scheme 1.

Successive extractions of the sponge with petroleum ether, dichlo-
romethane, and 2-propanol provided selective partitioning of metabo-
lites by solubility. Evaporation of the petroleum ether yielded 4.7 g
of a golden yellow o0il. Previously described nakafuran-8(26) and -9(35)
were the major components of the petroleum ether extract. A minor frac-
tion eluted from silica gel chromatography of the petroleum ether ex-
tract contained a mixture of two compounds. 1H NMR spectroscopy of the
two compounds exhibited peaks for furanosesquiterpenoid structures.
Comparison of the lﬁ NMR data with those of two known sponge meta-
bolites, microcionin-2(47) and -4(48), proved the compounds to be iden-
tical. The nonpolar furanosesguiterpenes were the only secondary me-
tabolites isolated from the petroleum ether extract.

Investigation of the dichloromethane extract proved to be fruit-
ful and led to the structure determination of two naturally occurring
sesquiterpenes and of one artifact. Silica gel TLC of the dichlorome-

. 1
thane extract exhibited several spots of varying polarities. E NMR
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Dry Sponge(D. fragilis)

Scheme 1

extract with pet ether

pet ether sponge
silica gel
hexane/dichlorome- extract w/CHZCI2
thane
microcionins- nakafu- nakafu- trigly- CH2C12 sponge
2(47) and -4(48) ran-8(26) ran-9(35) cerides
extract w/
2-propanol
BioBeads SX-8 2-propanol sponge
benzene
di and monoglycerides
chloro- carotenoids xanthophylls steroids sesquiterpenes
phylls and trigly- and trigly- and minor steroids
cerides cerides
BioBeads SX-12
THF/CHZCIZ, 3:2
steroid preupial y-hydroxy bute- upial nakafuran-8(26)
(46) nolide(22) and (42) and -9(35)
minor sesquiter-
penes
u-Partisil

CHZCIZ/EtOAc, 1:1

upial
(42)
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spectroscopy of the crude extract showed that fatty acid triglycerides
constituted a major portion of the extract. Gel permeation chromato-
graphy on BioBeads SX-8 with benzene efficiently separated chlorophylls,
carotenoids, xanthophylls, triglycerides, and steroids from a fraction
containing smaller molecules. Moderate yields for the latter fraction
were deceptive because 1H NMR spectroscopy showed the presence of sev-
eral sesquiterpenes and sterols, which afforded only small quantities
of the sesquiterpenes for structure determination. Reversed-phase chro-
matography of the sesquiterpene fraction on BioBeads SX-12 using tetra-
hydrofuran/dichloromethane, 3:2, provided three fractions of pure ses-
quiterpenes. The three were named preupial, y-hydroyxubtenolide 29,
and upial in the oder in which they eluted from the column. The vy-
hydroxybutenolide 2¢ compound was an artifact of autoxidation of na-
kafuran-8(26), as it was present in different concentrations with dif=-
ferent sponge collections. The concentrations of preupial and upial,
however, remained constant. Upial was slightly contaminated with te-
trahydrofuran polymers and was therefore purified by HPLC on u-Parti-
sil with dichloromethane/ethyl acetate, 10:1. Both upial and preupial

were isolated as clear, colorless oils.

2. Upial.

(a) Characterization. High resolution mass spectrometry

(HRMS) by peak matching technique secured formula C15H2003, m/z
248,124, for upial. Six sites of unsaturation were associated with
the molecular formula. The mass spectrum(Figure 54) of upial exhi-

bited prominent loss of CO, m/z 220, and of C2H40, m/z 204, from the
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Figure 54. Mass spectrum of upial(42) at 90 eV.

molecular ion. Upial was transparent in the UV region. The nature of
at least two of the three oxygens could be deduced from the IR spectrum
(Figure 55). Strong absorptions at 1765 and 1725 cm“1 showed two dis-
tinct carbonyl groups in upial. The peak at 1765 cm-l could be attri-
buted to y-lactone, butenolide, or cyclopentanone moieties, whereas an
aldehyde, aliphatic ketone, or cyclohexanone could define the 1725 cm

peak. Since upial did not have a UV absorption, the butenolide pos-
sibility was eliminated for the band at 1765 cm-1 .  No hydroxyl ab-
sorptions were seen in the IR spectrum. 13C MMR spectroscopy(Figures

56 and 57) exhibited signals at & 180.8(s), 78.4(d), and 199.5(d), as-
signable to y-lactone and aldzhyde groups and thus accounting for all

three oxygens in the molecular formula. The 13C MMR peaks at § 147.5(s)
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and 111.3(t), and the IR band at 970 c:m--l demonstrated that an exomethy-
lene was present in upial, Signals representing the presence of all
three functional groups were observed in thelH NMR spectrum(Figure 58).
Signals at § 9.74(1H,dd J=0.6,<0.5Hz), 4.98(1H,ddd J=9.5,6,4Hz), 4.94
(14,d J=1Hz) and 4.81(1H,d Jéle) portray an aldehyde, a methine bear-
ing sp3 lactonic oxygen, and exomethylene protons, respectively. These
three functional groups collectively contribute four of the six sites
of unsaturation. The remaining two unsaturation equivalents are repre-~
sented by carbocyclic rings. Three other features of the upial struc-
ture can be deduced from the 1H NMR spectrum. Signals at § 1.03(3H,s)
and 0.81(3H,d J=7Hz) indicate tertiary and secondary methyl groups, res-
pectively. Also, an apparent AB quartet at § 2.95(1H,dd J=19,<0.5Hz)
and 2.71(1H,dd J=19,0.6Hz), signifies a methylene adjacent to an sp
hybridized carbon.

Double resonance 1H NMR studies and a series of degradative reac-
tions coupled with precise spectral analysis of the products promoted
the structural knowledge of upial. Final verification of the structu-
ral and stereochemical assignment for upial were made by a semiquanti-

tative LIS study on a degradation product.

(b) Structure Assignment. A small continuous carbon chain

was elucidated by lH double resonance experiments. Saturation of pro-
ton signal at § 4.98 coalesced a one proton doublet at § 3.03(lH,d J=
9.5Hz) to a singlet and simplified signals at § 2.24(1H,ddd J=15,6.5,

4Hz) and 1.50(lH,ddd ¢ 15,7,6Hz) to doublet of doublets, retaining
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15 Hz geminal coupling. Irradiation of proton signal at § 1.5 affec-
ted in addition to signals at § 3.03 and 2.24, an obscured proton sig-~
nal at 1.93(1H,ddd J=7,7,6.5Hz). This signal was simplified to an ob-
servable broad triplet by irradiating the secondary methyl signal at

§ 0.81(3H,d J=7Hz). This series of experiments, in conjunction with
other spectral data led to partial structure g for upial. The chemi-
cal shift of the methine signal at § 3.03 implied that it was allylic
to the exomethylene or possibly o to the aldehyde. Transformations of

the aldehyde and exomethylene determined the size of the carbocyclic

rings.

HH

Reduction with sodium borohydride efficiently converted the alde-
hyde to the alcohol in the presence of the y-lactone. The mass spectrum
(Figure 59), showed addition of two hydrogens to upial, m/z 250(C15H2203).
Also seen was the loss of water, m/z 232, from the molecular ion, indi-
cative of a hydroxyl group. Absorption at 3420 cm-1 in the IR spectrum
(Figure 60) of wupiol confirmed the newly formed hydroxyl group. The
absorption peak for the y-lactone was slightly shifted to 1760 cm-l.

Inspection of the lH NMR spectrum(Figure 61), showed a surprising change.

The AB quartet signal previously centered at ¢ 2.82 in wupial was now

-80-



I

i

I

]
L6623

ed

1
460

llllfr('i
32e.66

R

Rl

f
240.60

T

T

ag.ee

LU S N BT Bt B {

g.3¢

ze
§¢.02
se.ee
20.2¢

aa.

ALTONILINL SATLVIEY

g.2e

MASS (AMU)

Mass spectrum of upiol(43) at 90 eV.

Figure 59.

FREQUENCY ICM -

3200 2800 2460 2000 1£00 €00 1400 1200 1000 600

3600

4000

(=]

¢%5

o [=J el
v ~t ey

NYIIWSHNY 4L

IR spectrum of upiol(43) in dichloromethane.

Figure 60.

~-81-



—p
,J}k *
\liw \f‘l
{
Teem 76 s 4 s Ty T,

Figure 61. 1H NMR spectrum of upiol(43) in chloroform~d.

obscured in the upfield region between § 2.3 and 1.2 in the reduction
product. This change can only be reconciled by a methylene attached
to the aldehyde. On re-examining the 1H NMR spectrum of upial(Figure 58),
both aldehyde and AB quartet signals appeared broadened. Decoupling of
the aldehyde proton signal at ¢ 9.74 did indeed sharpen both A and B
protons of the quartet centered at § 2.82. Literature reports confirm
this observation and mnote that vicinal coupling of aldehydic protons
with aliphatic protons is small, whereas with olefinic protons, the
coupling is large.56 An AB system at & 3.80(1lH,dt J=13,6Hz) and 3.76
(1H,dt J=13,6Hz) represents the methylene protons of the primary alcohol
formed in the reduction. Little change in chemical shift of methine sig-

nal at § 3.03 in upial to 3.11(1H,d J=8.5Hz) in upiol, is explained by
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allylic association with the exomethylene group. This was further sub-
stantiated by forming the exo epoxide of upiol.

Oxidation of upiol with MCPBA stereoselectively yielded upiol
epoxide in excellent yield. The hydroxyl of upiol assisted the stereo-
chemical outcome of the epoxidation, a well-known characteristic of
MCPBA.57 The addition of one oxygen was evidenced by the mass spectrum
of upiol epoxide(Figure 62), which has a molecular ion, at m/z

266(C ). The IR spectrum(Figure 63) no longer showed an absorp-

15%22%
tion near 970 «::m_1 for the exomethylene double bond. Examination of
the 1H NMR spectrum(Figure 64) showed signals for the exo epoxide at

§ 2,.90(1H,d J=4Hz) and 2.59(lH,d J=4Hz). Significant upfield shift of

the methine signal in upiol epoxide, & 2.43(1H,d J=9Hz), from upiol,
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3.11, verifies its allylic nature in upiol and upial. A tremendous
upfield shift was also noted for the tertiary methyl which now absor-
bed at § 0.75(3H,s). This chemical shift change places the tertiary
methyl on a carbon adjacent to the epoxide in upiol epoxide, which cor-
responds to an allylic carbon in upial. Structural information gained
from upiol and upiol epoxide extend partial structure ¢ to A in addi-
tion to fragment ¢ for upial. These two pieces add up to C13H1603'

The remaining C H4 can only be explained by two methylene groups, since

2
no other methyl signals appear in the 1H MMR spectrum of upial. The
number and multiplicity of the carbon signals in the 13C NMR spectrum

of upial(Figures 56 and 57) are fully satisfied by the partial struc-

tures.

h 1z

Although pieces of the structure are now known, their connec-
tion remains a mystery. It is clear from partial structure % that
upial must have a bridged bicyclic carbon ring system. The choices
are bicylco[5.1.1], bicyelo{4.2.1], or bicyclo[3.3.1] nonane-based ring
systems. Cleavage of the epoxide to the ketone would provide IR evi-
dence for one of the ring systems. Periodic acid when added to upiol
epoxide reacted quickly and formed a mixture of products. Partial

purification by HPLC provided a ketone, upiolone. Loss of CH2 from

-85~



cleavage of upiol epoxide by periodic acid was confirmed by mass spec-
tometry (Figure 65). The formula C14H2004 was deduced from the highest
masslion, m/z 252. The absorption at 1720 cm_l in the IR spectrum(Fig-
ure 66) placed the resultant ketone in a six membered ring.58 This
can only be accommodated in a bicyclo[3.3.1] nonane-based structure
for upiolone and for its precursors. 1H chemical shifts of the terti-
ary methyl at 6§ 1.31(3H,s), and of the methine proton at § 3.59(1H,d
J=9.5Hz) secured their positions o to the ketone(Figure 67).

From the data provided by the degradation reaction, upial must
have structure 42 without implying stereochemical assignment of the
secondary methyl. Degradation products upiol(43), upiol epoxide(44),
and upiolone(45) are based on the assignment of upial(Scheme 2).

Unequivocal confirmation of the structure and determination of ste-

reochemical and conformational features were provided by an LIS study of

upiol (43).
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Figure 67. 1H NMR spectrum of upiolone(45) in chloroform-d.

(¢) Stereochemical Features. The complex tricyclic structure

proposed for upial(42) contains several inherent stereochemical features.
Carbon centers C-3, C-6, C-9, and C-10 are predetermined by the bicyclo
[3.3.1] nonane carbon skeleton. Center C~7 bearing the secondary methyl
is the only chiral carbon without assigned stereochemistry. A lantha-
nide induced shift (LIS) study of the degradation product upiol(43)
should provide a clear choice for the stereochemistry of the secondary
methyl. Other aspects of the LIS study should prove the presence of two
contiguous methylenes and also assign boat/chair confirmation to the six-
membered rings.

The lH NMR spectra of upiol were measured in chloroform-d. Eu(fod)3
shift reagent was added as precise 0.1 aliquots until a total of 1 equi-

1 .
valent was reached. H MMR spectra were measured after each aliquot,
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which included decoupling experiments to identify unknown proton sig-
nals. After addition of 4 or 5 aliquots, the two contiguous methylenes
were clearly visible and decoupling experiments insured their associa-
tions. TFollowing addition of the last aliquot, a graph(Figure 68) was
constructed by plotting chemical shift difference(ppm) vS. molar con-

centration of Eu(fod), for each proton in upiol(43). The slope of each
3

M) o]

I

anﬁsr IFT(§

HEMI

T TS — 05 — e 0
L hour ALIQUOTSOFEu(Foo); I —
S A Ml i o S A M B

Figure 68. A plot of A chemical shift vs. 0.1 molar aliquots of Eu(fod)
for upiol(43).
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plot signified the magnetic field effect by the shift reagent on the pro-
ton. Large slopes indicated larger effects by the magnetic field. The
magnitude of the effect is proportional to (1) the distance r, of the
proton from the europium atom and (2) the angle Gi between the principal
magnetic axis of the complex and a line drawn from the europium atom
to the observed proton. These principles form the basis of the McCon-

nell-Robertson equation(equation 11).59 Applying the equation to each

2
Aui . k(3cos ei - 1)
3
Ui !‘i
P e
s NaBH, g MCPBA O #5104
o—
D EL.0
EtOH 4¢l~ CH,C1, 4¢1 2
Y o N o)
CHO H

eq. 11

proton yielded a calculated distance, r, which represents the distance
between the europium atom and the proton in question. Angle ei was ob-
tained by making a Dreiding model of upiol(Figure 69) and measuring the
angle with a protractor. All calculated values of ri(Table 4) agreed
within 5% of measured values of r..

The LIS study proved that the secondary methy has exo stereoche-
mistry. Calculation of T, for the endo methyl showed a greater than 207
error when compared with the measured value of r.. Furthermore, the two

six membered rings exist in a chair-boat conformation(Figure 69).
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LIS Data for Upiol (43)2

Table 4

rca],.cd, rme§sd,
H $ AS 8 A %r
1 3.8 9.2
2 1.88 5.9 33 4.7 4.7 0.43
4u 1.7 4.1 25 5.8 6.0 3.2
48 1.6 3.8 21 6.2 6.2 0.96
Sa 1.6 2.1 10 8.0 7.8 2.6
S8 1.5 1.7 18 e.3 8.2 1.1
7 2.15 1.15 12 9.7 9.5 1.8
8a 2.1 1.9 11 8.2 8.1 1.7
88 1.5 1.6 17 8.5 8.8 3.6
9 4.84 1.48 30 7.8 7.6 1.8
10 3.11 3.7 30 5.7 6.0 4.8
12a 5.02 1.4 34 7.5 7.3 2.6
12B 4.82 1.1 28 8.8 8.6 2.9
13 1.02 0.95 23 9.7 9.4 2.9
14 0.81 0.80 27 9.9 9.4 5.1

Chemical shifts (8), Eu(fod).-induced chemical shifts (4§, ppm}, oxy-
gen-europium-hydrogen angles (6, d&g), calculated and measured europium-hy-
drogen distances, and percent deviation of calculated from measured distances.

Figure 69. Dreiding model of upiol—Eu(fod)3 complex.
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3. Preupial.

(a) Characterization. In addition to upial(42), the dichlo-

romethane extract yielded preupial(Scheme 1). Mass spectrometry(Figure
70) disclosed that preupial was isomeric with upial(42), m/z 248

(Cc Six sites of unsaturation are implied by the molecular for-

15t20%37 -
mula. Absorptions at 3570 and 1770 cm_1 in the IR gpectrum(Figure 71)
indicated hydroxyl and y-lactone or butenolide functions respectively.
Constitution of the carbonyl group was elucidated by UV characteristics
of preupial(Figure 72). A bathochromic shift from 228 nm(e 11,000) to

230 nm(e 9200) and 254 nm(e 3000) after base addition established the

carbonyl group as a y-hydroxybutenolide. This accounts for all exis-

ting oxygens and three of the six unsaturations. The 1H NMR spectrum
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Figure 70. Mass spectrum of preupial(46) at 90 eV.
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Figure 73. 1H NMR spectrum of preupial(46) in chloroform-d.

(Figure 73) was richly detailed and provided insight into other func-
tional groups. An exomethylene, & 4.88(2H,br s), was evident in the
spectrum. Four other proton signals were distinguishable in the ole-
fin region. The y-hydroxybutenolide function cannot account for all
four protons. Another olefin must exist in order to assign all pro-
ton signals in the olefin region. Presence of two olefins besides the
butenolide olefin accounted for two of the undetermined unsaturations.
The remaining unsaturation was attributed to a carbocyclic ring. Ter-
tiary, 8§ 1.02(3H4,s), and secondary, 0.84(3H,d J/=7Hz), methyl groups
were also present in preupial, and thus implying a terpenoid skeleton.
lH double resonance experiments and re-evaluation of the mass spectrum

secured the structure of preupial(46).
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(b) Structure Determination. Decoupling of the exomethylene

signal at ¢ 4.88 caused a partially hidden signal at & 6.02(1H,ddd J=
10,2,1Hz) and an observable signal at ¢ 5.62(1lH,dddd J=10,4,4,1Hz) to
starpen. Irradiation of signal at § 5.62 caused proton signal at § 6.02
to coalesce to a broad singlet. 1In addition, obscured signals at 6 1.9
were also affected by saturating proton signal at § 5.62. A conjugated
diene system is defined by the results of the decoupling experiments.
An allylic methylene must be present to accommodate the coupling pattern
of the signal at § 5.62. Saturating the signal at § 6.80(1H,br s) caused
the signals at § 6.05(1H,br s) and the obscured signal near § 2.4 to shar-
pen. The signals at & 6.80 and 6.05 represent the B and y lactol ring
hydrogens.60 Partial structures J, X, L, and m represent the pieces
elucidated from these spectral data. The sum of atoms in the partial

structure is C14H1803’ leaving CH2 unaccounted for.

Two prominent peaks in the mass spectrum, at m/z 149(C11H17+, 447)

+
13 * base) were interpreted as fragments » and o respec-

tively(equation 12). Information gained from the spectral data in con-

and at 121(C9H

junction with biogenetic arguments provided 46 as a reasonable structure
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molecular fragment ionize fragment
ion »
- L4 ]
+ +

eq. 12

46
of preupial.

3. Microcionin-2 and -4.

(a) Characterization. Besides nakafuran-8(26) and -9(35),

two minor constituents were isolated as an inseparable mixture from
the petroleum ether extract(Scheme 1). Mass spectrometry(Figure 74)
of the mixture produced a single molecular ion at m/z 218(ClSH220),
indicative of an isomeric relationship. lH NMR spectroscopy of the
two-component mixture showed the compounds to be double bond isomers
(Figure 75). One compound possessed an exomethylene double bond{[$
4.80(1H,dd J=3,<1Hz) and 4.57(1H,dd J=3,1Hz)], and the other had a
trisubstituted olefin bearing a methyl group(8 5.45(1H,ddd J=4,3,
1.5Hz) and 1.63(3H,d J=1.5Hz)]. Both compounds showed signals for a
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1H NMR spectrum of microcionin-2(47) and -4(48) in chloro-
form-d.
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B-substituted furan moiety: ¢ 7.33(1H,dd J=2,2Hz), 7.19(1H,dd J=2,1Hz),
and 6.25(1H,br dd J=2,1Hz). Each compound bore a tertiary and secondary
methyl group, indicative of a sesquiterpencid skeleton. The IR spectrum
(Figure 76) confirmed the hydrocarbon nature of the two furanosesquiter-
penes. Absorption at 222 nm(ec 8000) in the UV spectrum(Figure 77) fur-
ther supported a furan ring for each isomer. The furan and double bond
in each isomer account for four of the five unsaturations inherent to
the molecular formula. The undetermined unsaturation must be taken up
by a carbocyclic ring. Re-examination of the mass spectrum determined
the size of the carbocyclic ring. A complementary pair of fragments,
m/z 123(C9H15+) and 95(C6H7O+) added up to the molecular weight of the
isomeric furanosesquiterpenes. Their production from the molecular ion
is shown in equation 13. Review of the literature showed that the two
isomeric furanosesquiterpenes were identical to microcionin-2(47) and

-4(48); they are two metabolites previously isolated from the Mediter-

ranean sponge Microciona toxystila.

molecular

f ent
fon —Lragment

m/z 123 m/z 95

eq. 13

c. Biogenetic Relationship of Secondary Metabolites from Dysidea
fragilis.

The close relationship of the sesquiterpenes isolated from Dysidea

fragilis stems from a common biogenetic precusor(Scheme 3) An

-98-



600

FREQUENCY {CM 1)
2400 1800 1600 1400 1200 1000

2800

3600

4000

800

300

Hee et e b e p e s

deey
|

bl
bl

i

S JU B
i

S S
'r-

'

2000

H . ! i
e e L LA
PR .

3200

IR spectrum of microcionin-2(47) and -4(43) in dichlorome-

thane.

0o

oA

'
o o o o o o Q :
vOI o (-] ~ 0 wy w (3] = \nw <

"o} DMVILIWSNYAL : N SR

Figure 76.

-99-

._ A{nm) :

ure 77. UV spectrum of microcionin-2(47) and -4(48) in hexanes.

flgure /7.

1

F




Scheme 2

X X X"\ orpP

@

% = (!
/*§y”\/*§yA\/£;? TN X

\_o
H* induced cycl.
/Q:/\O cycl. %
pallescensm 1 H-shnﬂ
to other
pallescensins \ ; 5
)
cH;-ShIfQ N‘Shm

pallescensin A

q/\o yC' microcionin 3
microcionin 4 C@

microcionin 1

'Hz o
microcionin 2

o’
Z OH _cyel. J
o o
[¢] CHO
upial

(=
1l

H /rearfangemen &)
) [ 4

nakafuran- 8
- % o /,2
nakafuran-9

-100-



interesting aspect of the metabolites is their rearranged, non-isopre-
noid skeletons. No sesquiterpenes were isolated without rearranged
skeletons. The interrelationship of Dysidea metabolites can be ex-

. , .61 .55 ]
tended to include the microcionins and pallescensins previously
isolated from sponges Microciona toxystila and Dysidea pallescens

collected in the Mediterranean Sea.

D. Secondary Metabolites of Chromodoris albonotata.
1. Doridal.

(a) Collection. Three specimens of the relatively rare Chro-
modoris albonotata(Figure 78) were collected in waters off Shark's Cove,
Oahu. Collection of the nudibranchs were made a -15 m using SCUBA. One

of the specimens exuded a milky secretion when collected.

Figure 78. Photograph of Chromodoris albonotata.
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(b) Isolation, The live nudibranchs were soaked in a metha=-
nol/dichloromethane solution for 30 min. Evaporation of the extract
yielded a yellow powder. Trituration of the yellow powder with aceto-~
nitrile yielded a soluble and an insoluble fraction. The soluble ma-
terial was condensed to a white crystalline compound. Purity was as-

certained by silica gel TLC and HPLC.

(¢) Characterization. 1H NMR spectroscopy(Figure 79) of the

white crystalline compound exhibited signals for aldehyde at § 9.62(1H,
s), and acetate methyl at § 2.10(3H,s) protons. Two olefinic protons
were represented by absorptions at § 7.14(lH,br s) and 6.74(1H,br dd
J=4.8,3.4H2z). A sesquiterpenoid skeleton was apparent from signals for

three tertiary methyl groups at § 0.99(3H,s), 0.94(3H,s), and 0.88(3H,s).

N S 1 T
P
AcO
Qio
Wd k“W‘M s
P
10 9 8 g
uw#med ~vwmd\w~vm~w~wm-*wf"JMWJ
é(ppm) 7 6 5 4 3 2 1 0

Figure 79. lH NMR spectrum of doridal(49) in chloroform-d.
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Two of the methyls probably exist as a geminal dimethyl group. Further
support of a sesquiterpenoid skeleton was provided by the mass spectrum
(Figure 80). A molecular formula of C17H2403 was determined by HRMS,
m/z 276.170. The carbon number in the formula reflects a 15 carbon
sesquiterpene skeleton and an acetoxy group. No loss of acetic acid
in the mass spectrum suggested that the acetate group may be vinylic.
Strong absorptions at 1755 and 1695 cm_l in the IR spectrum(Figure 81)
were characteristic of acetate and of an o,B-unsaturated aldehyde group,
respectively. Maxima at 227 nm(e 5600) and 262 nm(e 2300) in the UV
spectrum(Figure 82) confirmed the o,B-unsaturated aldehyde, but also
demonstrated the presence of a second chromophore. Measurement of the

UV spectrum after based addition showed 227 nm(e 5100) as the only ab-—

sorption in the spectrum(Figure 82). This implied that the 262 nm
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Figure 80. Mass spectrum of doridal(49) at 90 eV.
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chromophore incorporated a vinyl acetate which was susceptible to base
hydrolysis. Clarification of the chromophores and final structural as-
signment of the unknown sesquiterpene, named doridal, was accomplished
through lH double rescnance NMR studies and conversion of the natural

product to a known compound for comparative analysis.

(d) Structure Assignment. 1H double resonance studies of do-

ridal were performed at 360 MHz. Saturation of a one proton signal at
8§ 6.76(1H,br dd J=4.8,3.4Hz) caused collapse of signals at § 2.50(lH,
ddd J=21,4.8,4.8Hz) and 2.26(1H, ddd J=21,11.4,3.4,Hz) to doublets of
doublets and sharpened signals at § 7.14(1H,br s). Irradiation of the
signal at 6 2.26 collapsed a 21 Hz geminal coupling to the proton sig-
nal at § 2.50 and simplified the signal at § 1.49(1H,dd J=11.4,4.8Hz)

to a doublet. Either partial structure p or g fit the decoupling data.

Structure p is reminiscent of a piece found in onchidal(]é‘).34 The
Ac H Ac
CHO —
] CHO
p q

cross conjugated chromophore in both p and g explain the UV maxima and
other characteristics. Four of the six sites of unsaturation and all
three oxygens are satisfied by the cross conjugated chromophore. Two

carbocyelic rings account for the two latent unsaturations.
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5§ 6.41(t)

HO § 9.4 -
N IR: 1757, 1685 cm

UV: 235 nm & 265 nm

1

N
OAc

16

Incorporating a gem dimethyl and tertiary methyl groups into either

14H1803’ which differs by C3H6 from the

molecular formula. Three methylene groups were the only possibility

p or q gave a partial formula C

since the Jjunctions of the two carbocyclic rings were taken by a ter-
tiary carbon and a quaternary carbon bearing a methyl group. On the
basis of spectral data and biogenetic consideratiomns, 49, 49', 49", and

49'" were possible structures for doridal.

Ac OAc QAc OAc
CHO CRO
CHO CHO
i a @ CK\K}
49 49' 49" 497

Hydroylysis of 49" or 49'" would result in keto aldehydes, whereas
structures 49 and 49’ would yield dialdehydes. Hydrolysis of doridal
was easily accomplished by chromatography on QAE-Sephadex A-25, which is
an anion exchange gel prepared in hydroxide form. Purification of the
reaction products yielded two compounds in a 5:2 ratio. By 1H NMR spec-
troscopy(Figures 83 and 84) both compounds were dialdehydes, as evidenced

-106-



M B S B

e

§(ppm) 9 8 7 6 5 4 3 2 1 0

Figure 83. 1H NMR spectrum of polygodial(50) in chloroform-d.
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Figure 84, lH NMR spectrum of 9-epipolygedial(51) in chloroform-d,
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by signals at § 9.86(1H,d J=2.5Hz) and 9.42(1H,s) for the major pro-
duct, and at ¢ 9.58(1H,d J=4Hz) and 9.50(1H,s) for the minor pro-
duct. Only structures 49 and 49' accommodate the NMR data.

Nearly identical UV(Figures 85 and 86), IR(Figures 87 and 88),
and mass spectra(Figures 89 and 90) suggested that the dialdehydes
were epimers 50 and 5I(equation 14). Structure 50 is that of a pre-
viously known plant metabolite, polygodial.62 The energetically fa-

vorably 9-epipolygodial(51) is easily formed by epimerizing the C-9

CHO
QAE-Sephadex A-25

49 or 49' MeOH / CH,C1, - ,

eq. 14

proton in base.63 Spectral comparison of the hydrolysis products with
an authentic sample of (—)—polygodial(SO)64 provided the identity of
the major product. Treatment of the authentic sample with QAE-Sepha-
dex A-25 also gave a 5:2 mixture of 50 and 51, thus proving that 51
was indeed 9-epipolygodial.

Reduction of doridal(49 or 49’) with sodium borohydride in etha-
nol yielded a single product. The mass spectrum(Figure 91) showed a
molecular ion at m/z 238, which corresponds to CISH2602' The formula
suggested that the enol acetate function was hydrolyzed to the alde-

hyde and then reduced to diol 52(equation 15). The 1H NMR spectrum
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OH

NaBH H
49 or 49 ' EtoH

v

e

eq. 15

(Figure 92), supported this hypothesis. Two separate AB systems, at §
4.34(1H,br d J=13.5Hz) and 4.01(lH,d J=13.5Hz), and at § 3.92(1H,dd J=
12.5,3.5H2) and 3.68(1H,dd J=12.5,7.5Hz), confirmed the presence of two
primary hydroxy groups. The signal at § 5.81(1H,br dd J=6,4Hz) indica-
ted that the trisubstituted olefin remained intact in the reduction pro-
duct. Structural proof of doridal as either 49 or its stereoisomer 49'
was accomplished by a qualitative LIS study of doridal and by compari-

1
son of "H NMR values with those of a related structure.

(e) Stereochemical Assignment. 1In order to elucidate the

geometrical substitution of the olefin bearing the acetate, a quali-
tative LIS study of doridal was attempted. Eu(fod)3 was the shift

reagent for the study. Precedence of Eu(fod)3 chelating to an alde-
hyde in the presence of an ester has been shown.65 Although the gen-
erated magnetic field was weak because of the weak chelating ability
of the aldehyde, the close proximity of the acetate methyl and olefin
proton gave large shifts on addition of Eu(fod)3. Tracing the shifts
of an aldehyde proton, an acetate methyl, and olefin protons enabled
spatial assignment of the europium atom. The olefin proton moved at
a much faster rate than the acetate methyl. This conclusively proved

structure 49 for doridal. Further confirmation of structure 49 was
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Figure 91. Mass spectrum of doridiol(52) at 90 eV.
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Figure 92. 1H NMR spectrum of doridiol(52) in chloroform-d.
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provided by chemical shift comparisons with those of synthetic compounds

63 and 54, which are described in the literature.66

§ 5.92 4 0CH3 CH3O H §7.32 Ac H 6 7.14

HO cHo CHO

53 54 49

E. Secondary Metabolites of Hypselodoris daniellae.

1. Spiniferin-2.

(a) Collection, Two specimens of Hypselodoris daniellae
(Figure 93) were collected in the Ala Wai Canal. Collection was made
at -4 m using SCUBA. The nudibranchs were kept alive and transported

to the laboratory.

(b) Isolation. Both specimens of H. daniellae were soaked
in a methanol/dichloromethane solution for 30 minutes. Evaporation of
the solvent and trituration with acetonitrile provided a clear oil af-
ter condensation. A sweet odor emanated from the oil. Silica gel TLC

of the extract showed only one spot.

(¢) Characterization. 1H NMR spectroscopy(Figure 94) of

the clear oil displayed signals of an o,B disubstituted furan, § 7.19
(1H,d J=2Hz) and 6.13(1H,br d J=2Hz), and of a tetrasubstituted ben-

zene ring, 6,96(2H,s). The identical chemical shift of the two benzene
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Figure 93. Photograph of Hypselodoris daniellae.

ring protons indicated that the four benzene ring substituents were ali-
phatic chains. A six proton absorption at § 2,35(6H,s) represented two
benzylic methyls. The UV spectrum(Figure 95) showed maxima at 223 nm
(s 9200), 229 nm(c 10,500), and 265 am(e 500), which support both furan
and benzene rings. No new structural evidence was gleaned from the IR
spectrum of the clear oil(Figure 96). Mass spectrometry(Figure 97)
revealed the high number of unsaturations. A formula of ClSH160’ with
eight unsaturations, was deduced from the molecular ion m/z 212. The
furan and dimethyl benzene rings account for seven unsaturations and
partial formula C12H100‘ The remaining C3H6 fragment could only be
explained by three methylene groups. The methylene group must be
substituted on the benzene and furan rings so as to form another car-

bocyclic ring.
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(d) Structure Assignment. 1H double resonance studies cla-

rified the structure. Saturation of the B-furan proton signal at §6.13

caused signals at § 4.08(2H,br s) and 3.18(2H,m) to sharpen. Irradia-

tion of the signal at 6 3.18 caused collapse of complex signal at § 2.65
(2H,m) to an observable AB pattern. These data led to structure 55,
which is that of a known sponge metabolite, spiniferin—Z.67 Spectral

comparison showed good agreement of the data with those of spiniferin-2.

/

Gh]

(e) PRioassay. The bioassay for spiniferin-2 was identical
to that used for nakafuran-8(28) and -9(35). Assays of spiniferin-2(55)
were conducted with small quantities of material <1 mg. Results were
inconclusive. Further tests with larger amounts are required. Since
the nudibranch is scarce, location of the sponge prey is essential for

obtaining larger quantitites.

F. Secondary Metabolites from Phyllidia species.

1. Comparison of Metabolite Composition from Six Species.

(a) Collection. Six species of the nudibranch genus Phylli-
dia were collected at Shark's Cove, Oahu. The six species were P. vari-
cosa(Figure 98), P. pustulosa(Figure 99), P. nigra(Figure 100), Phylli-

dia sp. #1(Figure 101), Phyllidia sp. #2(Figure 102), and Phyllidia sp.
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Figure 98. Photograph of Phyllidia varicosa.
#3(Figure 103). The last three species have yet to be described.

(b) Extraction. All nudibranch extracts were prepared by
soaking the live specimens for 30 minutes in a dichloromethane/methanol
solution, followed by solvent evaporation, partitioning with dichloro-
methane, and finally evaporation of the dichloromethane to yield foul
smelling oils. The foul smell indicated the presence of compounds with

isonitrile functions in the extracts.

(c) Characterization of the Extracts. Except for Phyllidia

sp. #3, all 1H NMR spectra(Figure 104-109) were richly detailed and
reflected complex terpenoid mixtures. The spectra for P. nigra and
Phyllidia sp. #1 had several signals in common. IR spectra(Figures 110-

114) of the extracts exhibited absorptions near 2150 qu, indicative
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Figure 99. Photograph of Phyllidia pustulosa.

Figure 100. Photograph of Phyllidia nigra.
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Figure 101. Photograph of Phyllidia sp. #1.

Figure 102. Photograph of Phyllidia sp. #2.
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Figure 103. Photograph of Phyllidia sp. #3.

S |
Purt P

i

il

f@

il

‘I

MJ U
S T e s e s TS

1H NMR spectrum of Phyllidia varicosa extract in chloro-
form-d.

Figure 104,

-122-



Figure 105. 1H NMR spectrum of Phyllidia pustulosa extract in chloro-

form-d.
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Figure 106. lH NMR spectrum of Phyllidia nigra extract in chloroform-d.
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Figure 108. 1H NMR spectrum of Phyllidia sp. #2 in chloroform-d.
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Figure 109. 1H NMR spectrum of Phyllidia sp. #3 in chloroform-d.
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of isonitrile functions. Mass spectra(Figures 115-119) were distinc-
tively different in all cases except for Phyllidia nigra and Phylli-
dia sp. #1, which showed similarities. Those spectra which have a
m/z 263 peak analyze for 016H23NS, an isothiocyanate function at-
tached to a sesquiterpenoid skeleton. Mass ion m/z 231, C16H23N,
corresponds to an isocyano function on a sesquiterpenoid skeleton.
Spectral comparison of the extracts showed that P. nigra and
Phyllidia sp. #l1 have similar constituents. All other extracts
were distinctly different. The extract of Phyliliidia sp. #3 is not
representative of the organism since the single animal had died two
days before extraction. It appears that the extracts contain ses-

quiterpene and/or diterpene metabolites with isonitrile and isothi-

ocyanate functions.
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Partial separation of components from Phyllidia varicosa led to
the isolation of previously elucidated 9-isocyanopupukeanane(I7) and
amorphane(56). 1H NMR spectra of the two compounds are shown in Fig-
ures 120 and 121. Research on P. varicosa is being continued by Ms.
Deborah Roll. P. pustulosa(syn. Fryeria rupelli) is being investiga-
ted by Ms. Roll and myself.

All extracts of the Phyllidia nudibranchs are chemically inter-
esting. The propensity to sequester toxic isonitrile compounds makes
chemical defense an important and obvious aspect for the nudibranch's
survival. Comparison of the Phyllidia spp. extracts pointed out that

this nudibranch genus is another area for fruitful research.

NC

17 56

G. Conclusions.

Chromodorid nudibranchs collected in Hawaiian waters were shown to
contain unique secondary metabolites. Interestingly, all metabolites
possess a sesquiterpenoid skeleton. It is hypothesized that these meta-
bolites act as defense allomones and actively contribute to the nudi-
branch's suvival. The protective role of compounds isolated from Hyp-

selodoris godeffroyana, Chromodoris maridadilus, and the Phyllidia spp.
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is supported by bioassay and literature reports. Compounds from Hyp-
selodoris daniellae and Chromodoris albonotata require further testing
to demonstrate their effectiveness as defense allomones.

Three objectives were met during the course of investigating dorid
nudibranchs. First, the nudibranchs provided a rich source of new and
unusual compounds for structure elucidation. Secondly, these metabo-
lites were implicated as defense allomones, essential for the nudi-
branch's survival. Lastly, close relationship between the nudibranchs

and their prey were ncoted on occassion.
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III, EXPERIMENTAL

A. General.

Optical rotations were measured on a Bendix-Ericsson ETL-NPL polar-
imeter calibrated with cholesterol, [a]go = =39.5° (e 2.0, CHC13) Mass
spectra were recorded on Varian MAT 311 and Finnigan 1015 instruments,
peaks are reported as m/z(fragment, intensity) and high resolution data
as mass found(fragment, formula, calculated mass, intensity). NMR spec-
tra [§, J(Hz)] were determined on Varian model HR-220, XL-100, HA-100,
EM~360, T-60, JEOL FX-100, or Nicolet NT-360NB spectrometers. IR spectra
(v, cm—l) were recorded on Perkin-Elmer 467 or Beckman IR-10 spectropho-
tometers and were calibrated with polystyrene. UV spectra [A(nm),e]
were recorded on a Beckman ACTA CIII spectrophotometers. BioSil A(200-
400 mesh)68 was used for silica gel column chromatography. Unless spe-
cified the bed dimensions of the chromatography suppot is not critical
to the separation.

B. Collection - Dysidea fragilis, Hypselodoris godeffroyana, and
Chromodoris maridadilus.

Dysidea fragilis may be found throughout Kaneohe Bay, Oahu, but is
abundant near the lighthouse pier at Coconut Island. Equally large pop-
ulations of the sponge may be found in the Ala Wai Canal, Oahu. The
range of color, between grev and turquoise, varies with light intensity
of the habitat:; turquoise predominantes in lighted areas. 1In both loca-
tions D. fragilis lives above -4 m and is characteristically covered

with detritus.

The nudibranchs Hypselodoris godeffroyana and Chromodoris
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maridadilus may also be found in these areas, with larger populations
existing in the Ala Wai Canal. The populations of both nudibranchs seem
to be constant throughout the year. However, decreases in nudibranch
populations are caused by infusion of fresh water from rains that col-
lect in mountain streams and empty into the Ala Wai Canal.

Collections of D. fragilis, H. godeffroyana, and C. maridadilus
from all areas were made at 3 m depth by snorkeling.

C. Extraction - Dysidea fragilis, Hypselodoris godeffroyana, and
Chromodoris maridadilus.

Large sponge collections(>lkg), which proved chemically identical
from all sites, were frozen, then freeze-dried. Separation was achieved
by consecutive extraction with petroleum ether, dichloromethane, and
2-propanol.

Nudibranchs were extracted with methanol for 30 min. The extract
was concentrated and the residue diluted with dichloromethane. Filtra-
tion and solvent removal yielded an orange oil. From H. godeffroyana
one large animal(l.5 g, wet) yielded 52 mg of oil. Three specimens of

C. maridadilus(1.18 g, wet) supplied 23 mg of orange colored oil.

D. Nakafuran-8(26) and -9(35).

1. Isolation. A small(l25 g) portion of freshly collected D.
fragilis was freeze-dried into a cold trap at -78°C. The character-
istic odor of the freshly collected sponge was present in the trapped
frozen concentrate. Separation of the odoriferous constituents from
the aqueous solution was easily accomplished by bubbling nitrogen

through the solution in a gas washing bottle. The gas carried the
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volatiles to an adsorbent trap filled with Tenax—GC69 support. Elution
of the Tenax-GC support with hot nitrogen and condensation on a cold
finger at -78°C yielded 2 mg of odoriferous constituents, which by 1H
NMR proved to be a 7:1 mixture of nakafuran—-8(26) and -9(35).

The petroleum ether extract(4.7 g) of D. fragilis was chromato-
graphed on silica gel with hexanes/dichloromethane, 95:5, and monitored
by UV light at 254 nm. Nakafuran-8(26, l.7g) preceded elution of naka-
furan-9(35, 250 mg). Similar conditions were used to isolate both com-
pounds from the nudibranch extracts. From H. godeffroyana HPLC on u-
Partisil70 with hexanes/dichloromethane, 95:5, yielded 26(32 mg) and
35(5 mg) from 52 mg extract. Extract(23 mg) of C. maridadilus yielded

16 mg of 26 and 3 mg of 35.
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2. Spectral Data. Nakafuran-8(26): [a]gs = +24.,4(c 2.65,

CHCl3); UV(hexane) 228 nm(e 6100); IR(CHZCIZ) 3020, 2920, 1550, 1455,

L1y NMR(CDCL,) & 7.13(1H,d J=1.5), 6.07(1H,dd J=1.5,

1250, and 1165 cm
1), 5.95(1H,dd J=7,1), 3.45(1H,dddd J=7,4,3.5,1), 2.45(1H,ddd J=14,7,
3.5), 2.25(1H,ddd J=14,4,4), 2.0(1H,ddd J=14,4,3.5), 1.9(1H,qdd J=7,6,
6), 1.8(lH,ddd J=14,7,4), 1.75(3H,d J=1), 1.28(1H,ddd J=14,6,3.5), 1.24
(1H,ddd J=14,6,4), 1.06(3H,s), and 0.89(3H,d J=7); ‘>C NMR (CDCL,) §
151.0(s), 141.0(s), 138.4(d), 124.6(d), 118.5(s), 113.8(d), 48.3(t),
39.3(t), 38.8(s), 36.8(d), 35.0(d), 24.6(q), 23.4(t), 20.5(q), and

19.0(q); EIMS(n/z) 216.14912(M", C,H,y0, calc. 216.15142, base), 201

(M+—CH3, 43%), 174(M -propene, 20%), 147(20%), 121(C9H1;, 27%), 120
+ o + o + s
(CgHy 5> 70%), 109(CgH, 3, 27%), and 91(C,H,", 23%).
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Nakafuran-9(35): [a]D = -106.1°(c 0.33, CHC13); UV(hexane) 219

nm(e 4290); IR(CH2C12) 3060, 2880, 1540, 1260, and 1180 cm-l; 1H NMR

(CDC1,) & 7.15(1H,d J=2), 6.06(1H,dd J=2,1), 3.16(1H,tddd J=4,5.5,2,1),
2.34(1H,ddd J=14,10,4), 2.3(1H,dd J=14,5.5), 2.25(1H,ddd J=14,7,4),
1.91(1H,ddd J=14,2,1), 1.81(1H,ddd J=14,4,4), 1.75(2H,d J=4), 1.60(3H,
d J=1), 1.60(3H,br s J<0.5), 1.35(1H,ddd J=14,10,7), and 1.06(3H,s);
y NMR(C,D) 6 7.10(1H,d J=2), 6.04(1H,dd J=2,1), 3.27(lH,tddd J=4,5.5,
2,1), 2.32(lH,ddd J=14,7,4), 2.26(1H,ddd J=14,10,4), 2.25(18,dd J=14,
5.5), 2.00(lH,ddd J=14,2,1), 1.79(1H,ddd J=14,4,4), 1.64(2H,br d J=4),
1.50(3H,d J=1), 1.40(3H,br s J<0.5), 1.25(1H,ddd J=14,10,7), and 0.97
(38,8); ‘c NMR(CDC1,) 6 156.3(s), 138.4(d), 129.6(s), 126.4(s), 118.5
(s), 113.3(d), 41.6(c), 38.8(t), 38.5(t), 37.9(s), 32.0(d), 31.0(q),
30.0(q), 23.3(t), and 20.1(q); EIMS(m/z) 216.14890(M", C,sHyo0s cale.
3 15, 25%), 109
21%), 105(C.H,', 16%), and 91(C.H,", 43%).

gty 7H7

216.15142, base), 201(M%—CH 39%), 161(197%), 121(C9H

+ . +
(CgH;3, 33%), 107(CgH, ],
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3. Degradation Products. Hexahydronakafuran-8(27): A solution

of nakafuran-8(26, 48.3 mg) in 15 mL of dry ether was stirred under
hydrogen in the presence of platinum oxide at room temperature. After
3 h the reaction mixture was filtered through 3 g of silica gel with
dry ether, and the solvent evaporated. Chromatography of the crude
material(47.8 mg) on silica gel with petroleum ether/ether, 95:5, pro-

vided 33.2 mg(68%) of 27: IR(CH2C12) 2950, 1455, 1090, and 1065 cm-l;

1 NMR(CDCL;) & 3.8(3H,complex), 2.0-1.0(complex), 0.94(3H,s), 0.90(3H,

d J=7), and 0.82(3H,d J=7); EIMS(m/3) 222(M, C,sHy0, 16%), 207(M+-CH3,

. . + + + e
102), 154(15%), 123(CgH, ., base), 121(CgH,y, 51%), 83(C4H,0 , 89%), and
+ o
81(C Hy, 347).
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MCPBA / cnc13

e RT / 30 min
o/ 0 CHO

v-Keto enal 28: A solution of nakafuran-8(26,11.4 mg) in 500 uL

of chloroform-d was added in an NMR tube to one equivalent of MCPBA
(10.7 mg). Monitoring the reaction by 1H NMR showed that after 30 min
only the furan had reacted, while the alkene remained unchanged. Addi-
tion of excess MCPBA did not cause further change after 1 h. Silica gel
chromatography or workup under alkaline conditions caused decomposition
of the product. Part.al separation with a SEP-PAK C-18 cartridge 1 gave
11.2 mg of a mixture of which 28 was the major and MCPBA the minor com-

ponent. Spectral data for 28: UV(MeOH) 242 nm(e 2100); IR(CH2C12) 3040,

1

2950, 2920, 2850, 1685, 1490, and 1310 cm '; 'H MR(CDCL,) § 9.6(1H,d

J=8), 5.95(lH,dd J=8,1), 5.52(1H,dd J=6.5,1.5), 3.30(1H,m), 2.6-1.7
(complex), 1.70(3H,d J=1.5), i.10(3H,s), and 0.86(3H,d J=7); EIMS(m/=z)

23247, 35%), 217(MT-cH,, 17%), 203('-cHO, 17%), 189(10%),

1582092 3
148 (base), 123(C.u.T, 522y, 121¢c.u. ¥, 987y, 119¢c.m. T, 38%), 109(c.m, T
, oly50 22%), ofly3»> 78%), oflyy» 38%), gHy1 3>

-/ + L./ + L/ [/ + L/
32%), 107(081-111, 59%), 105(C8H9 , 44%), 94(497), 91((171-17 s 34%), 81

+  aog + + g
(CcHy > 38%), 79(C(H, , 33%), and 77(CH , 30%).
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H,Cr0

27774 N
! = acetone - / N
0 CHO H0" o
0
y-Hydroxybutenolide 29: Two drops of Jones' reagent were added

to a 2 mL acetone solution of 28(11.2 mg, mostly 28). The solution was
stirred at 0°C for 10 min, then allowed to warm up slowly to room temp-
eratﬁre and stirred for an additional 30 min. Excess reagent was quench—
ed with 2-propanol. The solution was dried with magnesium sulfate and
filtered. The crude material was chromatographed by HPLC on LiCrosordb
Si-6072wwith dichloromethane/ethyl acetate/acetic acid, 9.5:9.5:1.
Chromatography yielded 7.4 mg of pure 29 which decomposes slowly on
silica gel(it easily forms the y-methoxybutenolide 30 with methanol,
which is catalyzed by the silica gel): UV(MeOH) 233 nm(e 2400), (MeOH +
OH ) 236 nm(e 2500) and 246 nm(e 500); IR(CHZCIZ) 3040, 2930, 1790, and
1775 o 1; u WR(CDCL,) § 5.85(1H,s), 5.80(1H,dd J=7,1), 2.9(1H,ddd
J=7,6,3), 2.6(1lH,ddd J=14,5,5), 2.15(1H,ddd J=14,14,5), 1.80(1H,ddd J=
14,5,5), 1.70(38,d J=1), 1.65(2H,complex), 1.56(1H,ddd J=14,14,5), 1.25

(1H,ddd J=14,6,2), 1.06(3H,s), and 0.85(3H,d J=7); EIMS(n/z) 2484 ,

L/, + L/ +- L/, +

CISHZOOB’ 9%), 233(M -CH3, 14%), 206 (M -propylene, 15%), 121(C9H13,

. + . + ol + +

33%), 109(CSH13’ 77%), 107(C8H11, 867%), 105(C8H9 , base), 93(C7H9 s
622), and 79(CH,", 48%).
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MCPBA / Cl-12012

RT/24 h / N
HO

Epoxy-y-hydroxybutenolide 3I: A solution of nakafuran-8(26, 13.1

mg) in 5 mL of dichloromethane was stirred at room temperature for 24 h

in the presence of excess MCPBA(42.1 mg). Chromatography of the crude

71

reaction mixture by HPLC on LiChrosorb $i-60"~ with dichloromethane /

ethyl acetate / acetic acid, 9.5:9.5:1, furnished pure 29(2.8 mg) and
81(6.3 mg): UV(MeOH) 235 nm(e 1400), (MeOH + OH ) 236 nm(e 2500) and

245 nm(e 500); IR(CH2C12) 3520, 2910, 2850, 1780 sh, 1770, 1200, and

1

1090 cn !y m WMR(CDCL,) § 5.90(1H,d J=0.5), 3.29(1H,d J=4.5), 2.98(lH,

m), 2.65(1H,m), 2.0-1.3(complex), 1.3(3H,s), 1.12(3H,s), and 1.08(3H,d

\l+ L/ + ./ +
J=7); EIMS(m/z) 264( , C H,0,, 67), 249 ~CHy, 21%), 246(f -E,0,

+
87), 231(M+-H20—CH3, 112), 221(M+-CH3CO, 17%), 131(base), and 43(CH,CO,

79%) .
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HO

0s0 HO

4
pyridine /

4

Diol 32: Osmium tetroxide(50 mg) was added slowly to a 2 mL
solution of 26(41 mg) in pyridine and the mixture was stirred at room
temperature. After 2 h a solution of sodium bisulfite(200 mg) in 12 mL
of water / pyridine, 5:1, was added. Cleavage of the osmate ester was
complete after stirring for 20 min, as indicated by a color change from
dark brown to orange. The aqueous solution was extracted with dichloro-
methane(3x50 mL). Evaporation of the solvent after washing with 5%
hydrochloric acid and brine, followed by drying(magnesium sulfate),
yielded 49 mg of crude products. Chromatography of 34.3 mg of crude
material on silica gel using a gradient of ether in petroleum ether
afforded 11.2 mg(34%) of pure diol 32: UV(MeOH) 218 nm(e 5600); IR

1

(CH,C1,) 3620, 3520, 2930, 1460, and 1050 cm ; y MR (CDCL,) § 7.18

(1H,d J=2), 6.08(1H,dd J=2,1), 4.04(1H,d J=1.5), 3.12(1H,dddd J=4,2,
1.5,1), 2.42(1H,ddd J=14,14,6), 2.40(1H,ddd J=14,4,4), 1.80(1H,ddd J=
14,14,4), 1.7-1.1(complex), 1.28(3H,s), 1.08(3H,s), and 0.90(3H,d J=7);

+ Y +_ v +_ ”
EIMS(m/2) 2500, C,cH,,0,, 632), 235 -CH,, 82), 2320 -H,0, 11%),
+

-HZO, 8%), 189(21%), 177(79%), 149(base), 134(68%), 123(C9H15,

+ oo + o + L +
13 58%), 119(C9H11, 377%) 107(C8H11’ 68%), 105(C_H

89
+ 4o + 0 + 13 + eo
110 370, 91(c,B,T, 212), 79(CHT, 13%), and 77(CHg, 16%).

217(M+-CH3

477%) , 121(C9H
13%), 95(C7H 675
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HO

HO H5104 _
~ / Et,0 i
0
Furocyclooctane 33: To a stirred solution of diol 32(11.2 mg)

in 4 mL of ether, periodic acid(20 mg) was slowly added. After contin-
ued stirring at room temperature for 1.5 h silica gel TLC indicated

absence of starting material. Evaporation of the ethereal solution and
immediate spectroscopic determination provided limited results for the
extremely sensitive product 33: lH NMR(C6D6) § 9.1(1H,d J=2), 7.24(1H,d
J=1.5), 6.5(1H,d J=1.5), 2.0(3H,s), 1.1(3H,s), and 1.0(3H,d J=7); EIMS
17%), 220(M1-co, 13%), 205

(m/z) 2687, ¢ 237), 233(M'-cH

155920%3> 3

CO, 42%), 190(M -CH,-CH.CO, 78%7), and a3(cn3co+,base).

+
(M ~-CH 3 3

3
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i, / Pto,

Y

~ Et.0

Hexahydronakafuran-9(36): A solution of nakafuran-9(35, 33.4 mg)

in 10 mL of dry ether was stirred under hydrogen in the presence of a
catalytic amount of platinum oxide at room temperature. The starting
material was completely consumed after 2 h, as indicated by silica gel
TLC. The reaction mixture was filtered through 3 g of silica gel with
ether. Solvent evaporation yielded 25.8 mg of crude material. Silica
gel chromatography with petroleum ether / ether, 95:5, provided dia-
stereomers(18.6 mg, 54%): IR(CH2C12) 2960, 1445, 1070, and 1060 cm_l;
1H NMR(CDClB) § 3.8(3H,complex), 2.1-1.1(complex), 1.0(3H,s), 0.88(3H,
d 7=7), and 0.84(3H,d J=7); EIMS(m/z) 222(M", C H) 0, 16%), 207(M ~CH,,

+ . + + . +
15> 36%), 121(CgH 7, base), 107(C4H T, 28%), 96(CcH O ,

41%), and 83(CSH7O+, 59%).

6%), 123(C4H
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MCPBA / Cl')Cl3

\
Y

/ RT / 30 min

0

Epoxyketo enal 37: A solution of nakafuran-9(356, 7.6 mg) in

500 yL chloroform-d was added to one equivalent of MCPBA(7.1 mg) in

an NMR tube. After 30 min the furan and tetrasubstituted alkene func-

tions were reacting, but starting material was still present. An addi-

tional equivalent of MCPBA was added to the reaction mixture. After 30

min there was complete comsumption of starting material and emergence

of one major product. As was the case with compound 28, epoxyketo enal

37 was extremely sensitive to silica gel or workup under alkaline con-

71

ditions. Partial purification with a SEP-PAK C-18 cartridge =~ yielded

7.4 mg of partially pure 37(MCPBA was the only contaminant): UV(MeOH)

239 nm(e 3600); IR(CH)CL,) 2940, 1700, and 1250 em ! lm MMR(CDCL,) §

9.5 (1H,d J=7.5), 6.0(1H,dd J=7.5,1), 2.7(1H,m), 2.6-2.1(complex),

(1H,dd J=15,4), 1.52(lH,dd J=15,10), 1.3(3H,s), 1.22(3H,s), and 1.06
+ L/ + L/,
(3H,s); EIMS(m/z) 248(M", CISHZOOB, 20%), 149(45%), 135(C,H 15, 66%),

+
15’ 9 13’ base), 119(CgH,,, 13’

+ + A + + .
107 (CgH, [, 78%), 105(CgHy", 60%), 95(C,H T, 61%), 93(CH 9 , 67%), 91

+ gso + + .
(C7 7 85%), 83(C6 11° 497), 81(C6 9 » 74%), and 79(C6 7 , 40%).

123(C 94%), 121(C,H 467), 109(C 457),
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Y HZCrO 4

N acetone N
HO

o CHO 0

Epoxy~-y-hydroxybutenolide 38: Two drops of Jones' reagent were

added to a 2 mL acetone solution of impure 37(7.4 mg) while stirring

at 0°C. After addition, the mixture was warmed to room temperature and
stirred for an additional 30 min. Two drops of 2-propanol were added to
quench excess reagent. The solution was dried(magnesium sulfate), fil-
tered, and evaporated to a colorless oil. Compound 38 slowly decomposes
on silica gel. Chromatography of the products by HPLC on LiChrosorb Si-
6072 with dichloromethane/ethyl acetate/acetic acid, 9.5:9.5:1, cleanly
separated compound 38(5.9 mg): UV(MeOH) 226 nm(e 4400), (MeOH + oH )
226 nm(e 3500) and 248 nm(e 500); IR(CH2C12) 3420, 2960, 1790, and 1770
en™'; MW MR(CDCL,) 6 5.8(1H,d J=1.5), 2.75(1H,ddd J=14,13,4), 2.5-1.1
(complex), 1.26(3H,s), 1.19(3H,s), and 1.09(3H,s); EIMS(m/z) 264(M',
C5Hy00 3 ,0, 102), 2310f'~H,0-CH,, 132),
218(287), 203(59%), 147(937), 135(C oH,;, base), 121(C4H,3, 56%), 119

27y, 269Mt-cu,, 97y, 246 -u

(CqH * 501y, 109(CgH touomy, 107 (CgH Yoy, 105(C8H9+, 54%), 95

11° 13° 11°

+ + Lo + o, +
(CH T, 49%), 93(C,Hy", 51%), 91(C;H,, 747), 81(C.Hy', 39%), 79(C(H,",
53%), and 77(06H5+, 32%).
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Epimeric Epoxybutenolides 39 and 40. A 2 mL ethanolic solution
of sodium borohydride(5.8 mg) was slowly added to a 5 mL solution of
38(10.3 mg) and stirred at room temperature. After 20 min, silica gel
TLC showed complete consumption of starting material 38 and the appear-
ance of a single less polar spot. Three drops of glacial acetic acid
were added followed by 1 mL of water. The aqueous solution was extract-
ed with dichloromethane(3x8 mL). Evaporation and then lyophilization
produced 39 and 40 in overall quantitative yield(9.8 mg) in a 2:3 ratio:

UV(MeOH) 233 am(e 1500); IR(CH2012) 2920, 2820, 1755, 1150, and 1020

em L g WHR(CDC1,) of 39: § 5.79(1H,dd J=1.5,1), 4.80(1H,dd J=2,1),

2.8-1.4(complex), 1.37(3H,s), 1.30(3H,s), and 1.02(3H,s); 'H NMR (CDCL,)

of 40: & 5.89(1H,dd J=2,1), 4.98(1H,dd J=2,1), 2.8-1.4(complex), 1.24
(3H,s), 1.18(3H,s), and 1.11(3H,s); EIMS(m/z) 248(M, C sHyg050 27%),

L./, + L/ +_
35 505 51%), 215 -CH,-H,0, 13%), 205(M ~CH,CO,
L/ L/ + + [/
63%), 191(77%), 190(base), 135(C, H,<, base), 121(C4H 5, 58%), 119
+ o + o, + o + o
(CgH,7> 51%), 109(CgH 7, 67%), 107(CgH,], 56%), 105(CgHy , 57%), 95

+  nag + . + o + e +
(C7H11, 397%), 93(C7H9 , 42%), 91(C7H7 , 347), 79(C6H7 , 38%), 77(C6HS s

33%), and 43(CH3C0+, base).

233t -cu,, 13%), 230 -H
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F. Upial

1. Isolation. The dichloromethane extract from the selective
extraction scheme of D. fragilis provided 7.07 g of a dark brown oil.
Gel permeation chromatography on BioBeads SX-8(bed dimensions = 200 cm x
4 cm)73 with benzene separated the brown extract into a group of ses-
quiterpenes and larger molecules. Non-aqueous reversed phase chromato-
graphy, of the sesquiterpene mixture on BioBeads $X-12 with tetrahydro-
furan/dichloromethane, 3:2, provided nearly pure upial(42). Final pur-
ification by HPLC on u—Partisil70 with ethyl acetate/dichloromethane,

1:10, yielded 18.2 mg(0.002% from dry sponge) of pure upial(42).
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2. Spectral Data. Upial(42): [a] 7 = +92.6(c 0.27, CHC13);

IR(CH,C1,) 2940, 2850, 1765, 1725, 1380, 1190, 1140, 1050, and 970 em L
g NMMR(CDC1,) § 9.74(1H,dd J=0.6,<0.5), 4.98(1H,ddd J=9.5,6,4), 4.9
(11,4 J=1), 4.81(1H,d J=1), 3.03(1H,d J=9.5), AB system 2.95(1H,dd J=
19,<0.5) and 2.71(1H,dd J=19,0.6), 2.24(1H,ddd J=15,6.5,4), 1.93(1H,qdd
J=7,7,6.5), 1.9-1.5(complex), 1.50(1H,ddd J=15,7,6), 1.03(3H,s), and
0.81(3H,d J=7); 13C NMR(CDC13) § 199.5(d), 180.8(s), 147.4(s), 111.3(t),
78.4(d), 50.8(t), 49.1(d), 46.9(s), 39.6(d), 39.4(t), 37.9(s), 36.1(t),
30.6(t), 24.6(q), and 19.0(q); EIMS(m/z) 248.142¢f", C/sH,00 , cale.
248.141, 30%), 220.154(1'-CO, cale. 220.146, 39%), 204.112(M'~C,H,0,

calc. 204.115, 65%), 161(61%), 121(09H1;, 65%), 119(CgH1T, 61%), 107

4 + L/ T + L/ + L/ + g +

kCSHll’ 48%), 105(C8d9 , 877%), 95(C7H11, 267%), 93(C7H9 s 48%), 91(C7H7 s
+ 9 + 9 + g

base), 81(C.Hy", 26%), 79(CcH,", 652), and 77(CcHs , 61%).
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3. Degradation Products. Upiol(43): An excess of sodium boro-

hydride(6.8 mg) dissolved in 2 mL of ethanol was slowly added to a 5 mL
ethanolic solution of upial(42, 10.6 mg) with stirring at room tempera-
ture. After 5 h silica gel TLC showed no starting material and the emer-
gence of a single more polar spot. The reaction was quenched with 3 mL
water and the aqueous solution extracted with dichloromethane(3x5 mL).
Evaporation of the dichloromethane solution, after drying(magnesium
sulfate) and filtering, yielded 9.2g(87%) of upiol(43): IR(CH2C12) 3420,
2940, 2880, 1760, 1370, 1160, 1050, and 975 cm-l; 1H NMR(CDC13) § 5.02
(14,d J=1.5), 4.84(1H,ddd J=8.5,6,5), 4.82(1H,d J=1.5), 3.80(lH,br,
exchangeable), AB system 3.80(1H,dt J=13,6) and 3.76(1lH,dt J=13,6),

3.11(1H,d J=8.5), 2.3-1.2(complex), 1.02(3H,s), and 0.81(3H,d J=7);

+ ; + . + .
EIMS(m/2) 250(M", C;cH,,0,, 23%), 121(CgH, 5, 39%), 119(C4H [, 45%),
+ [/, + [/, + -/ + L./
107(CgH, [, 34%), 105(Cghy", 60%), 93(C,Hy , 31%), 9L(C,H,”, 68%), 86
+ +

(62%), 84(base), 79(C R, , 52%), and 77(C.H , 36%).
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)
) RT/ 2 h

Upiol epoxide(44). To stirred solution of upiol(43, 4.5 mg), dis-

solved in dichloromethane an excess(4.7 mg) of MCPBA was delivered slow-
ly as a dichloromethane solution. After stirring at room temperature for
2 h the reaction was stopped. Evaporation of the dichloromethane and
addition of 500 uL chloroform-d allowed monitoring of the reaction pro-
gress by lH NMR. The 1H NMR showed complete consumption of upiol(43),
absence of signals for the exomethylene protons, and the presence of a
single product, upiol epoxide(44). Separation of upiol epoxide(44) from
MCPBA was easily accomplished with a SEP-PAK silica gel cartridge71
using hexanes/dichloromethane, 3:1. Evaporation of the solvent left
3.8 mg(84%) of upiol epoxide(44) as a colorless oil: IR(CH2C12) 3450,

L1y NMR(CDCL,) & 4.90(1H,ddd =9,

2950, 2880, 1765, 1180, and 1060 cm
5,4), 3.80(2H,br t J=6), 2.90(1H,d J=4), 2.59(1H,d J=4), 2.43(lH,d J=9),
2.3-1.5(9H, complex), 0.94(3H,d J=7), and 0.75(3H,s); EIMS(m/z) 266(M ,

13%), 236(M' ~CH,0, 13%), 222(4'-C0,, 60%), 172(77%), 107

C15H290,5 20>
.1 T 577y, 105¢c.B. T, base), 91¢c.u.t, 937), 81¢c.u. T, 47%), and 79
gt11r 7%/ gty » Dase), 757 2 7247, g9 » /el &

(c6n7+, 63%).
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Upiolone(45). Excess periodic acid(3.2 mg) was added to an ether-

eal solution of upiol epoxide(44, 2.7 mg) which was being stirred at
room temperature. After 1 h silica gel TLC showed no starting material
but several new spots. The reaction was quenched by filtering through

5 g of silica gel. Evaporation gave 3 mg of a yellow oil. Purification
by HPLC on u-Partisil70 using dichloromethane yielded 1.3 mg(48%) near-
ly pure upiolone(45): IR(CHZClZ) 3450, 2930, 2820, 1765, 1720, 1120,
and 1080 cm '; 'H MMR(CDCL,) 6§ 5.00(1H,ddd J= 9.5,6,4), 3.78(2H,br t
J=7), 3.59(1H,d J=9.5), 2.5-1.5(complex), 1.25(3H,s), and 1.02(3H,d J=
7); EIMS(m/z) 252(M+, C148500,> 9%) , 247(M+—CH3, 8%), 191(35%), 105

(C8H9+, base), and 91(C7H7+, 96%).
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4. LIS Study of Upiol(43). Consecutive 0.1 molar aliquots of

Eu(fod)3, in chloroform-d, were added to upiol(43) dissolved in chloro-
form-d in an NMR tube until 1 molar equivalent was reached. After each
addition 1H NMR spectra were recorded and double resonance experiments
performed to elucidate contiguous proton chains. The induced shifts(A$)
were determined by plotting the chemical shift ot each proton signal
against the molar quantities of Eu(fod)3 added. Distances and angles
were measured by using a Dreiding model of 43, the europium-oxygen bond
distance was fixed at 2.7 Z and the carbon-oxygen-europium bond angle
at about 120°. Methyl protons were treated as a single proton with a

-]

bond length of 1.94 A from the ring carbons.

G. Preupial (46)

1. Isolation. In addition to upial(43) a biogenetic isomer
preupial(46), was isolated from the dichloromethane extract(7.07 g) of
D. fragilis. The chromatography sequence, gel permeation and reversed
phase, used for the isolation of upial(43) were used for preupial(46).
Purification by HPLC using u-Partisil70 with dichloromethane/ ethyl
acetate, 1:1, provided 6 mg(0.001% from dry weight of sponge) of pure

preupial(46).
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2., Spectral Data. Preupial(46): UV(MeOH) 228 nm(e 11,100),

(MeOH + OH ) 230 nm(e 9200) and 254 nm(e 3000); IR(CHZClZ) 3570, 3030,
2980, 2930, 1770, 1385, 1340, 1200, 1180, 1010, 930, and 870 cm '; '®

MMR(CDC1,) § 6.80(1H,dd J=2,1), 6.05(1H,dd J=2,1), 6.02(1H,ddd J=10,2,
1), 5.62(1H,dddd J=10,4,4,1), 4.88(2H,br s), 2.5-1.1(complex), 1.02(3H,

s), and 0.84(3H,d J=7); EIMS(m/z) 2484, CysHyg05s 112), 220(M"-co,
+ . + + +
147), 2650(-CH,0, 122), 149(Cy Hy7, 447), 121(Cgh3, base), 107(CgH, ],
+ cos +  ang + e R
86%), 105(CgHy", 59%), 91(C,H,", 80%), 8L(CH,", 357), 79(CEH,", 59%),
+ ago
and 77(C6H5 , 36%).
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H. Microcionin-2(47) and -4(48)

1. Isolation. The petroleum ether extract(4.74 g) of D. fragi-
lis, which provided nakafuran-8(26) and -9(35), also contained minor
quantities of an isomeric pair of furanosesquiterpenes. Separation by
HPLC on u-Partisil70 eluting with hexanes/dichloromethane, 95:5, led

to a 2:3 mixture of two known furanosesquiterpenes, microcionin-2(47)

and -4(48).



2. Spectral Data. Microcionin~2(47) and -4(48): UV(hexanes)

222 nm(e 8000); IR(CH,CL,) 3060, 2920, 2860, 1620, 1380, 1120, and 860
em s m NMR(CDCL,) of microcionin-2(47) & 7.33(1H,dd J=2,2), 7.19(1H,
dd J=2,1), 6.25(1H,br dd J=2,1), 5.45(1H,ddd J=4,3,1.5), 2.5-1.0(com—
plex), 1.63(3H,d J=1.5), 0.90(3H,s), and 0.87(3H,d J=7); 'H NMR(CDCL,)
of microcionin-4(48) 6 7.33(1H,dd J=2,2), 7.19(1H,dd J=2,1), 6.25(1H,

br dd J=2,1), 4.80(1H,dd J=3,<1), 4.57(lH,dd J=3,1), 2.5-1.0(complex),
0.88(3H,s), and 0.86(3H,d J=7); EIMS(m/z) 218", C, H,,0, 23%), 203

oft-cu,, 18%), 124 (CgH * 632), 123(CyH t o3, 121(C9H1;, 13%), 105

16° 13°
+ L./ + -/ + L./
base), 95(C4H;07, 23%), 94(CgH,O", 71%), 91(c,H,", 23%), and

+
7 2

3 b
-+

79(C6H 192).
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I. Collection - Chromodoris albonotata

Three specimens of Chromodoris albonotata were collected at Pupu~-
kea, Oahu in June 1980. All specimens were collected a2t - 15 m with

SCUBA.

J. Extraction - Chromodoris albonotata

The live specimens(0.183 g) were soaked in methanol /dichloro-

methane, l:1, for 30 min. The extract was evaporated to a yellow pow-

der(15.9 mg).

K. Doridal (49)

1. Isolation. Trituration of the crude extract with acetonitrile
and evaporation of the solution yielded 1l1.1 mg of white crystalline

doridal(49, mp 97-99°C).
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2. Spectral Data. Doridal(49): [a]g5 = -14.67°(e 0.15, CHC13);

UV(MeOH) 227 nm(e 5560) and 262 nm(e 2341), (MeOH + OH ) 227 nm(e 5070);

IR(CH,C1,) 2930, 2850, 1755, 1685, 1605, 1370, 1225, 1210, 1090, and

1.1

1010 em ; H NMR(CDC13) § 9.62(1H,s), 7.14(1H,br s), 6.76(1H,br dd J=

4.8,3.4), 2.50(1H,ddd J=21,4.8,4.8), 2.26(1H,ddd J=21,11,4,4.8), 2.10
(3H,s), 1.82(1H,br d J=13), 1.7-1.4(4H,complex), 1.49(1H,dd J=11.4,4.8),
1.21(1H,ddd J=13,13,4.4), 0.99(3H,s), 0.94(3H,s), and 0.88(3H,s); EIMS

+ . +_
(m/z) 276.16966(M", C,,H, 0., calc. 276.17255, 34%), 234(M -C,H,0,

base), 219(M%?C H,0~CH,, 277%), 205(10%), 201(10%), 173(8%), 149(11%),

272 3
+

L/ + 1 + L/
105(08H9 > 14%), 91(C7H7 s 18%), and 77(C6H5 , 97%).
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QAE-Sephadex A-25
MeOH / CHZCI2

m
< - 0

3. Degradation Products. Polygodial(50) and 9-epiPolygodial(S1).

Doridal(49, 1.5 mg) was chromatographed through 3 g of QAE-Sephadex A-
25,74 washed and prepared in the hydroxide form, using methanol / di-
chloromethane, 1:1. Collection of the eluant, and evaporation yielded
1.29 mg(quantitative) of a 5:2 mixture of polygodial(50) and 9-epipoly-
godial(51). Likewise, a sample of (-)polygodial(50, 4.8 mg)64 was treat-
ed with QAE-Sephadex A-25. Again a 5:2 mixture of polygodial(50) and
9-epipolygodial (51) was obtained in quantitative yield. Separation of
50 and 51 was accomplished by HPLC using LiChrosorb $i-6072 with di-
chloromethana as the mobile phase. Spectral characteristics of polygo-
d1a1(50): [a]2” = - 9.17(c 0.26, CHCL,); UV(MeOH) 227 nm(e 9800); IR

11

(CH,C1,) 1720, 1680, 1632, 1385, 1365, and 860 cm ; "H NMR(CDCL,) 8

9.86(1H,d J=2.5), 9.42(1H,s), 7.10(1H,dd J=5,2.6), 3.26(1H,br s), 2.57
(1H,ddd J=21,5,5), 2.22(1H,br ddd J=21,11.5,3), 1.79(1H,br d J=12),
1.65-1.35(5H, complex), 1.18(1H,ddd J=12,11,5), 0.97(3H,s), 0.94(3H,s),
and 0.92(3H,s); EIMS(m/z) 234(M", C,sHy,0,, 8%), 232(M"-2H, 7%2), 206

aft-co, base), 191(M*-co-cn3, 50%), 177(22%), 163(26%), 121(c931§, 68%),

+ g + . + . . +
13> 78%), 107(CgH,T, 54%), 105(CHy", 42%), 95(C,H;7,

+ e +  Leq +
g » 45%), 91(C,H,", 65%), BL(C/Hy",

110(64%), 109(CgH

54%), 93(C,H 43%), 79(C6H7+, 46%),
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and 77(C6H5+, 50%). Spectral characteristics for 9-epipolygodial(51):
1

UV(MeOH) 227 nm(e 10,100); IR(CH,Cl,) 1725, 1685, 1635, and 890 em
'y NMR(CDC1,) & 9.58(1H,d J=4), 9.50(1H,s), 7.12(1H,br dd J=5,2), 2.76
(18,d J=4), 2.35(14,m), 2.23(lH,m), 2.0-1.1(7H,complex), 0.85(3H,s),

0.83(3H,s), and 0.82(3H,s); EIMS(m/z) 234Qf", C (Hy,0,, 122), 23204 -

2H, 10%), 206(M'-CO, base), 191(M+;co-ca3, 65%), and 77(C6HS+, 59%).
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Doridiol(52). Excess sodium borohydride, dissolved in ! mL ethan-

ol, was slowly added to a stirred ethanolic solution of doridal(49, 1.2
mg) maintained at 0°C. After 1 h the reaction was quenched with acetone
and filtered through a disposable pipette containing silica gel. Evap-
oration of the solvent yielded a three component mixture(l.l mg). Sep-
aration by HPLC using LiChrosorb Si-6072 with ethyl acetate as the
mobile phase provided two fractions, onme containing pure doridiol(62,
600 pg), the other a mixture of two unknown acetates. Spectral data
for doridiol(52): 1H NMR(CDC13) § 5.81(1H,br dd J=6,4), AB system 4.34
(18,br d J=13.5) and 4.01(1lH,d J=13.5), AB system 3.92(1lH,dd J=12.5,
3.5) and 3.68(1H,dd J=12.5,7.5), 2.3-1.0(10H,complex), 0.88(6H,s), and
0.76(3H,s); ETMS(m/z) 238(M', C  H, 0., 4%), 2200 -K,0, 4%), 190(23%),

o +
175(10%), 109(C8H13, base).
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4. LIS Study of Doridal(49). Consecutive 0.l molar aliquots

of Eu(fod)3, in chloroform-d, were added to doridal(49), contained in
an NMR tube dissolved in chloroform-d, until one molar equivalent was
reached. After each addition, 1H NMR spectra were recorded. The in-
duced shifts(AS) were determined by plotting the chemical shift of
each proton signal against the molar quantities of Eu(fod)3 added.
Distances and angles were measured by using a Dreiding model of 49,
the europium-oxygen bond distance was fixed at 2.9 Z and the carbon-
oxygen-europium bond angle at about 120°. Methyl protons were trea-
o

ted as a single proton with a bond length of 1.94 A from the ring car-

bons.

L. Collection - Hypselodoris daniellae.

Two specimens of Hypselodoris daniellae were collected at the Ala
Wai Canal, Oahu, directly across from the Yacht Harbor, in April 1980.
H. daniellae is common throughout the year. Population decreases only

occur when fresh rain water enters the canal from mountain streams.

M. Extraction - Hypselodoris daniellae.

Both specimens(489 mg wet wt) of H. dantellae were steeped in 25
mL of methanol / dichloromethane, 1 : 1, for 30 min. Evaporation of

the solvent left 43 mg of a yellow oil which had a sweet odor.

N. Spiniferin-2(55).

1. Isolationm. 1H NMR of the crude material from H. daniellae
showed a furanosesquiterpene and fatty acid derivative mixture. By tak-

ing advantage of solubility characteristics, trituration of the mixture
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with 10 mL of acetonitrile, in which the fatty acid derivatives were

insoluble, separated the furanosesquiterpene. Evaporation of solvent
provided 27 mg of furanosesquiterpene which proved to be the known

spiniferin-2(55).
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2, Spectral Data. Spiniferin-2(55): UV(hexanes) 223 nm(e 9200),

229 mm(e 10,500), and 265(e 550); IR(CH2C12) 3030, 2940, 2870, 1470,

1220, 1085, and 820 cm '3 H WMR(CDCL,) § 7,19(1H,d J=2), 6.96(2H,s),

6.13(1H,br d J=2), 4.08(2H,br s), 3.18(2H,m), 2.65(2H,m), and 2.35(6H,

s); EMS(m/z) 212", C,cH, 0, 21%), 133(C, H, 5, 15%), 119(CgH, 7, base),

+ o, +
105(C8H9 , 84%), and 94(C6H60 s 177).
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0. Collection - Phyllidia spp.

Six different species of nudibranchs belonging to the genus Phyl-
lidia were collected near Pupukea, Oahu throughout the summer of 1980.
All specimens were collected at -12 m using SCUBA. Three species were
identified as P. varicosa, P. pustulosa, and P. nigra, while the other
three remain unidentified. A trivial designation and a brief descript-
ion of the morphology has been given to each unidentified species. The
three unidentified Phyllidia nudibranchs reach a maximal length of 3
cm. Phyllidia sp#l has a black body with longitudinal pink stripes on
the mantle. Phyllidia sp#2 has a yellow body peppered with black spots.
Phyllidia sp#3 has a pattern identical to Phyllidia sp#2 except the
body is white instead of yellow. P. varicosa and P. pustulosa have been
located in waters off Pupukea, Oahu and Kahe Pt., Oahu while P. nigra
and Phyllidia sp#l have only been found at Pupukea. Phyllidia sp#2 is
considered scarce, while Phyllidia sp#3 is very rare; both organisms
were collected at Pupukea, Oahu. Apparently Phyllidia sp#2 and Phylli-

dia sp#3 are also found in the leeward Hawaiian Islands, where they

occur more abundantly.

P. Extraction - Phyllidia spp.

Soon after collection all Phyllidia nudibranchs were soaked in
dichloromethane / methanol, 1:1, for 30 min periods. Filtration through
glass wool and solvent evaporation yielded crude extracts of 335 mg
from five specimens(27.57 g wet wt) of P. varicosa, 178 mg from six
specimens(l.17 g wet wt) of P. pustulosa, 25 mg from two small speci-

mens (600 mg wet wt) of P. nigra, 43 mg from four small specimens(l.48
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g wet wt) of Phyllidia sp#l, and 18 mg from two specimens(400 mg wet
wt) of Phyllidia sp#2. One specimen(120 mg wet wt) of Phyllidia spi3
was collected by Mr. Scott Johnson. The organism died at the collect-
ion site and was placed in fresh(ionized) water for transportation to
the laboratory. Extraction of the water with dichloromethane and of
the organism by the described procedure(vide supra) yielded only 4 mg
of extract. The quantity and spectral information of the crude extract
for Phyllidia sp#3 should not be considered representative for this
organism. Extracts from all species were yellow oils possessing a pun-

gent odor characteristic of isonitriles.

Q. Spectral Data of Phyllidia spp. Crude Extracts

1. Phyllidia varicosa. IR(CHZClz) 2920, 2850, 2160, 1720,
1

1650, 1550, 1460, 1230, 1090, and 875 cm ; 'H NMR(CDCL,) 8 5.75(br s),

5.3(m), 4.7(br s), 3.3(br d), 2.5-0.7(complex).

2. Phyllidia pustulosa. IR(CHZClz) 3350, 2925, 2875, 2130,

1730, 1660, 1450, 1380, and 1260 cm |; '® WMR(CDCL,) § 5.35(m), 5.15
(m), 3.3(m), 2.5-0.6(complex); EIMS(n/z) 263(M", Cy(HyoNS, 277), 248
(57), 2310d", €| 1N, 102), 230(10%), 216(12%), 205(20%), 204(15%),
189(45%), 162(base), 105(90%), 93(80%), and 81(base).

3. Phyllidia nigra. IR(CH,Cl,) 2925, 2875, 2150, 1740, 1680,
1

1460, 1380, 1100, and 910 cm '; ' NMR(CDCL,) § 5.4(m), 5.2(m), 4.8

+
(br s), 4.65(br d), 2.3-0.7(complex); EIMS(m/z) 288(57%), 263 (M ,
L./ L/ + L/ L/ /A
25NS, 7%), 248(4%), 231(M , C16H25N, 6%), 229(67%), 217(11%;, 215
(10%), 205(3%), 204(3%), 189(10%), 188(9%), 175(15%), 161(15%), 105

C16H
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(57%), 95(73%), and 81(base).

4. Phyllidia sp#l. IR(CH,Cl,) 3350, 2900, 2850, 2140, 2120,

1740, 1660, 1460, 1380, 1220, and 1100 cm-l; lH NMR(CDClB) § 5.3(m),

4,8(br s), 4.65(br d), 2.3-0.7(complex); EIMS(m/z) 288(5%), 273(4%),
+ L/ L/, L./, + -/

263, C16H25NS, 7%2), 248(4%), 245(5%), 231(M, C16H25N, 167%), 229

(15%), 205(12%), 204(11%), 190(22%), 189(21%), 175(18%), 161(197%), 93

(79%), and 81 (base).

5. Phyllidia sp#2.  IR(CH,CL,) 2930, 2850, 2150, 1465, 1420,

1380, 1210, and 910 cm '; 'H NMR(CDCL,) 6 7.1(s), 6.4(m), 6.2(br 5),
6.05(m), 5.9(s), 5.4(m), 5.25(br s), 5.0(br s), 4.9(br s), 2.4-0.7
(complex); EIMS(m/z) 320(7%), 305(22), 298(3%), 255(2%), 23101, C  H) N
3%), 229(14%), 226(19%), 205(12%), 189(13%), 165(20%), 161(22%), 43

(base), and 41(85%).

6. Phyllidia sp#3. TR(CH,CL,) 2930, 2860, 2150, 1740, 1475,

and 1380 cm '; H WMR(CDCL,) 8 1.2(br ), and 0.85(br t); EIMS(m/z) 386

(7%), 337(5%), 320(5%), 280(5%), 176(18%), 149(52%), 98(80%), 83(80%),

and 71(base).
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