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The l i t e ra tu re  data on he te rocyc l ic  compounds of ma r ine  o rgan i sms  a re  sys temat ized .  Chief 
at tention is d i rec ted  to physiologica l ly  act ive subs tances .  

The las t  s eve ra l  decades  have been cha rac t e r i z ed  by a sharp  acce le ra t ion  in the m a s t e r y  of the biological  
and m i n e r a l  r e s o u r c e s  of the sea  and oceans  by mankind. A new trend in bioorganic  chemis t ry ,  the c h e m i s t r y  
of m a r i n e  o rgan i sms ,  has developed within the f r a m e w o r k  of this p r o c e s s .  Heterocycl ic  compounds consti tute 
a significant and m o s t  impor tant ,  in a p rac t i ca l  r e spec t ,  pa r t  of the physiological ly  act ive substances  of " m a r -  
ine" origin.  However ,  the l i t e r a tu re  does not contain review pape r s  specia l ly  devoted to these  substances .  The 
authors  hope that the p re sen t  review will in some m e a s u r e  fill this gap and be 'o f  a s s i s t ance  in a t t rac t ing  the 
at tention of Soviet chemis t s  to the study of the s t r u c t u r e s  of and the synthesis  and biogenesis  of he te roeyc l ic  
compounds of ma r in e  o rgan i sms .  

N i t r o g e n  Heterocycles 

Pyrrole and Pyrrolidine Derivatives. Of the natural pyrrole compounds, porphine derivatives play the 
most important role. The blood of all vertebrates contains the same heroin, which is also found in more prim- 
itive organisms. One of the few exceptions is chlorocruorin, the green respiratory pigment of marine worms 
of the genus Spirografis. Like hemoglobin, it consists of a protein and protoporphine with covalently bonded 
ionic iron; the molecular weight of chlorocruorin is 2,750,000 [1]. However, the heroin of this pigment (1) dif- 
fers from the hemin of hemoglobin in that it has a .formyl group in the 2 position [2]. 

It is known that the oxidative decomposition of heroin in the liver of vertebrates gives bilirubin (If), a 
yellow pigment of the liver in which two oxidopyrrylmethane fragments are bonded to the central methylene 
group. Biliverdine (III), a compound in which all four pyrrole rings are conjugated, can be obtained by oxida- 
tion of bi l i rubin  with fe r rocyan ide  [3]. The same  pigment  has been isolated f rom ex t r ac t s  of the calc ium 
skeleton of the blue cora l  Hel iopora  coeru les  [4]. 
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An unusual py r ro l e  compound (IV), which has antibiotic p rope r t i e s ,  has been detected in ex t rac t s  of the 
ma r ine  bac t e r ium Pseudomonas  b romout i l i s  [5]; i ts  s t ruc tu re  has been es tabl i shed by x - r a y  diffract ion analysis  
[6] and conf i rmed  by synthes is  [7]: 
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Long-chain pyrrole-2-carboxylic  acid (V) and 2-formylpyrrole (VI) derivatives were recently isolated 
from extracts of the sponge Oscarella lobularis [8]; their biogenesis is unclear. 

(CH2)nCH3 _(CH2)nCH 3 
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Of the pyrrolidine derivatives of marine organisms, two algae metabolites, kainic acid (VII) and domoic 
acid (VIID [9, 10], are the most interesting with respect to their physiological activity. Their  synthesis is 
evidently based on condensation of glutamic acid with one (for VII) or two (for VIII) isoprene units: 

HO2 C~ ~NH2 -I- HO ~ --~-11-HO2C~--- ~ HO2C~H H 
Vll VIII 

The discovery of kainic acid was initiated by the utilization in eastern medicine of extracts of the red 
alga Digenea,simplex for the treatment of helminthiases. The chemical study of the components of these ex- 
tracts  led to the isolation of acid VII. A related compound (VIII) was later  isolated from another form of 
algae, Chondria armata. Kainic and domoic acids are toxic to worms, and kainic acid has found application 
in Japan together with santonin and piperazine adipate for ascariasis  therapy. 

Indoles. 5-Hydroxytryptamine has been identified in the extraets of many forms of marine invertebrates 
[11]; the nerve tissues of these organisms contained more of this compound than the corresponding tissues of 
higher animals [12]. This circumstance is in agreement with the assumption that 5-hydroxytryptamine is one 
of the principal mediators of excitation in several  marine invertebrates [12, 13]. 5-Hydroxytryptamine has been 
detected in various forms of plants and animals, from the simplest animals to mammals and humans. However, 
the physiological role of this compound still remains unknown. The assumption that 5-hydroxytryptamine also 
has mediator functions for higher animals was stated in [14] in 1957. 

On the other hand, despite its relatively low toxicity, 5-hydroxytryptamine is found in the venom organs 
andsecre t ions 'of  coelenterates and mollusks. [13]. It is assumed that its contribution to the action of the 
poison is only indirect and consists in facilitation of resorption and transport of the highly toxic components 
of the poison [15]. 5-Hydroxytryptamine sulfate (IX) has been identified in the extracts of the zoantharia 
Palythoa mamilosa and Palyth0a carribbiorum [16]; nothing has been reported regarding its physiological 
activity. 
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H 
tX 

Bromoindoles X and XI, which have structures similar  to that of 5-hydroxytryptophan and were isolated 
from extracts of the sponge Polyfibrospongia maynardii, displayed antibiotic propert ies  and protected mice from 
affliction with bacterial  infections (they inhibited the development of both Gram-negative and Gram-positive 
bacteria) [17]. Halogenated indoles XII-XIV have also been identified in the strong-smelling mucus secreted 
by the vermiform animals Ptychodera flava (of the hemichordata type) [18]. 
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X R=H~XI R=CH3; xII RI=CI~R2=H ; XIII RI:Bp7 Rz=H ; X1V RT:CI,R~=BP 
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In 1970 a group of J apanese  sc ien t i s t s  [19] isolated a new toxin of unestabl ished s t ruc tu re  f rom Baby- 
lonia japonica mol lusks .  The physiologica l  action of this substance  was cha r ac t e r i z ed  by a s t rong mydr ia t i c  
effect.  A subcutaneous dose of 20/~g/kg induced dilation of the pupil. La te r  another  Japanese  group began 
a study of venomous mol lusks  col lected in the bay  of Suruga. They were  able not only to isola te  the act ive 
component,  the p r o p e r t i e s  of which a re  ident ical  to those of the toxin f rom Babylonia japonica,  but a l so  were  
able to es tab l i sh  i ts  s t ruc tu re  by x - ray  diffract ion analys is  [20]. Surugatoxin (XV) was found to be a complex 
he te rocye l i c  compound that contains a 6 -bromoindole  ring; it is a r ep resen ta t ive  of a new s t ruc tu ra l  type of 
subs tances  that induce m y d r i a s i s .  It does not have the s t ruc tu ra l  e lekents  f rom which a t ropine molecules  and 
alkaloids  re la ted  to them are  const ructed.  
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• 

Hydroxy der iva t ives  of indole, including 4,6- and 6,7-dihydroxvindoles ,  which display an t imic rob ia l ,  
act ivi ty,  have  been identified in ex t r ac t s  of t~e sponge Agelas  sp. [21]. 

Pyr id ine  Der iva t ives .  Few pyr id ine  and p iper id ine  der iva t ives  have been found in ma r ine  o rgan i sms .  
At the s ame  t ime ,  pyr id in ium sa l t s  have been identified along with noncyclic ammonium compounds in the 
toxins of many fo rms  of coe len te ra ta .  N-Methylpyr id in ium oxide (XVI) 

~ O H -  H H ~ c o 0 -  
: CH 3 CH 3 

XVI XVII 

and homar ine  (XVII) a re  examples  of coe len te ra ta  metabol i tes  of this kind [22]. 

Homar ine  and s i m i l a r  Compounds have also been detected in ex t rac t s  of sponges [23]. 

Imidazole  Der iva t ives .  Among the s e r i e s  of b romina ted  compounds that  display antibiotic p r o p e r t i e s  
that  have been identified in recent  y e a r s  in ex t rac t s  of sponges one should mention the imidazole  antibiotics 
oroidine (XVIII) f rom A~elas oro ides  and phakell in (XIX) and debromophakel l in  (XX) f r o m  Phakel l ia  f label lata .  

R 2 

XV~!I 
XIX ~ XX 

XIX R~=R2=Br ; X X  RI=N,R2=Br 

The s t ruc tu r e s  of oroidin [24] and the phakel l in  [25] have been definit ively es tab l i shed  by means  of 
x - r a y  diffract ion ana lys i s .  Since o ro id inandphake l l in  a r e  s t ruc tu ra l ly  s i m i l a r ,  the detection in the s ame  
biological  spec imen  of ant ibiot ics  with an open chain of the oroidin and phakell in type would conf i rm the a s s u m p -  
tion of the exis tence  of a re la t ionship  between them.  

Murexine (XXI), an effect ive ne rve -b lock ing  agent,  has been isola ted along with 5 -hydroxyt ryp tamine  
f r o m  the hypobranchial  gland of the mol lusk  Murex trunculus [26, 27]. Cholinic acid e s t e r  XXI, like many other  
s t ruc tu ra l  analogs of acetylchl ine ,  in te r rup t s  t r a n s m i s s i o n  of an impulse  to the muscle ;  it a lso  causes  depolar i -  
zation of a m e m b r a n e .  Murexine is s i m i l a r  to decamethonium ion with r e spec t  to i ts  depolar iz ing action [28]. 
According to Gire t t i  [13], the b iosynthes is  of murex ine  is rea l ized  f rom hist idine,  which, by the action of 
hist idine deaminase ,  is conver ted  init ial ly to uraconic  acid,  the react ion  of which with choline leads to XXI. 
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Pigments  of a new s t ruc tu ra l  type containing imidazole  r ings have been found in Medi te r ranean  zoanthar ia  
[29, 31]. These  f luoresc ing  p igments  a r e  N-methy l - subs t i tu ted  te t raazapentazu lenes .  Two s e r i e s  of p igments  
of this so r t  have been d iscovered .  Zoanthoxanthin (XXII) is  a r ep resen ta t ive  of one of them,  and pseudozoan-  
thoxanthin (XXIII) is a r ep re sen t a t i ve  of the other .  

HN tCH~ NH 2 

CH 3 

XXII XXll| 

Saxitoxin. Saxitoxin is one of the m o s t  toxic natura l  compounds; it is ~ 50 t imes  m o r e  toxic than 
s t rychnine  and 1000 t imes  m o r e  toxic than sodium cyanide. Its LDs0 in the case  of in t ravenous injection in 
mice  is 3.4 pg/kg,  as compared  with 8 pg/kg in the case  of in t raper i tonea l  injection. Saxitoxin is  produced 
by one-ce l l  ma r ine  o r g a n i s m s  - f lagel la tes  {order Dynoflagellata) ,  which a r e  one of the components  of plankton. 
The toxin gets into the o rgan i sm of mol lusks  and subsequently into humans through the nutr i t ive  chain [33]. 
Poisoningby food mol lusks  that  a r e  "contaminated"  with saxitoxin {paralytic poisoning by mollusks)  commonly  
occurs  during the so -ca l l ed  ~red t ides ,"  which a r e  phenomena assoc ia ted  with coloring of sea  wa te r  as a resu l t  
of outbreaks  of the development  of f lage l la tes .  During this per iod  1 ml  of sea  wa te r  may  contain up to 20,000 
of these minute toxic o r g a n i s m s .  Mollusks become poisonons even when there  a r e  only s eve ra l  hundred 
f lagel la tes  p e r  m i l l i l i t e r  of water .  Approximate ly  1 mg  of saxitoxin may  produce  fatal  poisoning of humans  
when ora l ly  admin i s te red .  [34]. Cases  of poisoning by toxic mol lusks  a r e  noted pa r t i cu l a r ly  f requent ly  on 
the Pacif ic  coas t  of the United States ,  where  for  prophylac t ic  pu rposes  the catching of c lams  and m u s s e l s  is 
even discontinued f rom May to October ,  during which per iod  the outbreak  of propagat ion  of f lagel la tes  is height-  
ened. 

The pure  toxin has  been obtained f r o m  s e v e r a l  sources :  f rom a cul ture of the f lagel la tes  Gonyaulax 
catanel la  [35] and G. t a m a r e n s i s  [36], f r o m  the t i s sues  of the mol lusks  Saxidomus giganteus and M.ytilus 
ca l i fornianus  [37], and f r o m  ex t r ac t s  of the crab  Zos imus  aeneus [38]. 

�9 8axitoxin is a co lo r l e s s  amorphous  hygroscopic  compound that  does not c rys ta l l i ze  in the fo rm of 
chlor ide,  ace ta te ,  o r  sulfate sa l t s .  It  is  a s t rong base  {pK a 8.1-8.3 and 11~ and it is s table in acidic media  
but decomposes  rapidly  in alkaline media ,  

F r o m  the t ime  that  the opt imum conditions for  the cultivation of the saxitoxin p roduce r  G. catanel la  were  
se lec ted ,  this toxin becam e  a re la t ive ly  access ib le  compound [39]~ However ,  m o r e  than 10 y r  a f t e r  this were  
requi red  for  the es tab l i shment  of i ts  s t ruc tu re .  

A study of the products  of acid and alkaline c leavage of saxitoxin did not lead to any se r ious  conclusions 
regard ing  i ts  s t ruc tu re .  An invest igat ion of the products  of oxidative dehydrat ion p roved  to be a m o r e  p r o m i s -  
ing route.  Rapoport  and c o - w o r k e r s  [40,41] obtained 8 -amino-6-hydroxymethy l -2 - iminopur ine -3 (2H}-prop ion ic  
acid (XXIV), which was rapidly  conver ted  to cycl izat ion produc t  XXV during isolat ion,  by the action of hydrogen 
peroxide  in an alkal ine med ium on saxitoxin.  

H O " ~  . N NH2 HO 

XXIV xxv 

Thus a subst i tuted pur ine  ring l ies  at the foundation of the s t ruc tu re  of saxitoxin.  An ana lys i s  of the 
spec t r a l  c h a r a c t e r i s t i c s  of the s ta r t ing  toxin and i ts  oxidation products  led Rapoport  and c o - w o r k e r s  to fo rmula  

XXVI fo r  saxitoxin.  However ,  
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x - r a y  d i f f rac t ion  analysis of sa:dtoxin p-bromobenzenesul fonate showed [42] that s t ruc ture  ~ I I ,  which is 
charac te r ized  by the p resence  of a unique s t ruc tura l  e l e m e n t -  the hydrated form of a keto group - corresponds  
to this compound. 

Saxitoxin is one of the powerful neurotoxic agents. It causes muscle  para lys i s  as a resul t  of blocking of 
the activity potentials in the motor  axons [43]. The mechanism of the action of saxitoxin [44] is s imi lar  to the 
mechanism of the action of other  guanidine derivat ives.  The toxin inhibits sodium conductance, during which 
it acts both presynapt ica l ly  (blocking of the conductance of the nerve endings) and postsynaptical ly (blocking 
of the conductance of the muscle  membrane) .  The ability of saxitoxin to stop the flow of ions through the 
membranes  of a nerve f iber  and its specific effect on the t ranspor t  of sodium ions have been used by Hille [45] 
to calculate the distances between the "sodium channels" in the nerves  of f rogs ,  squids, and lobsters .  It was 
found that these channels are  ra ther  "far"  f rom one another.  For  example,  they are  separated by a distance 
of 600 ~ in the nerve f ibers  of frogs.  

Tetrodotoxin. Tetrodotoxin (XXVIII) is a highly polar  nonvolatile compound, the toxicity of which is 
equivalent to that of saxitoxin; it is concentrated in the roe of globe (puffer) fish. The roe of the fish Fu~u 
rubr ipes ,  which is common to the shores  of Japan, has become the principal  source  for  the isolation of the 
toxin. A total of 1-2 g of tetrodotoxin has been obtained f rom 100 kg of the roe of this fish. Poisoning by the 
venomous fish from the tetrodonotoid suborder  to which the puffer fish belong has become one of the chief 
health problems in Japan, where this fish is considered to be a delicacy. 

The pure toxin was obtained in 1950. F rom this point on, this unique compound was subjected to s t ruc-  
tural  studies,  which culminated in 1964 in the determination of its s t ructure .  Three groups of invest igators - 
two in Japan (the Tsuda and Goto groups) and one in the United States (Woodward and co-workers)  - par t ic ip-  
ated in these studies [46-50]. 

The most  important  steps on the road to the establishment of the s t ructure  of the toxin were the exposure 
of the fact  that the toxin contains a 2-aminoperhydroquinazol ine f ragment  and the collection of data on the 
s t ruc ture  of tetrodonic acid. The f i r s t  fact  became c lear  af ter  2-aminoquinazoline derivat ives XXIX-XXXI 
were obtained under conditions of acid and alkaline hydrolysis .  

N ~  ~ CHIOH O- 

x x , x  \ . ~ ~ r  

.,ft.. 1X.fl ~xv,,, 
XXX 

Hi,l: . , ~ v " ~  c"~ 

X X X I  

The key compound, tetrodonic acid (XXXII), which is the product  of addition of a molecule of water  to the 
s tar t ing compound, was formed af ter  heating an aqueous solution of tetrodotoxin [51, 52]. Trea tment  of XXXII 
with hydrobromic  acid gave crysta l l ine  hydrobromide XXXIII, the s t ruc ture  of which was determined by x - r ay  
diffraction analysis  [53]. 

HO,o _CO0- H 
,I- bl';'~'OH HO OH + HOOC'~? HoI?H 

H2N~ " ~ ~ ~i-~-',~f / ~ "'T'/ " ~  N H / ~ - ' ~ / ~ / C H 2 O H  

NH HO'~..," 6H B~ NH HO~/" OH 
XXXII XXXIII 

After this, the problem of the establ ishment  of the s t ruc ture  of tetrodotoxin reduced to the selection of 
a s t ruc ture  that could be converted to acid XXXII under mild conditions and would cor respond to all of the p r o -  
per t ies  of the toxin, p r imar i l y  its low basici ty  (pK a 8.3) and the absence in its IR spect rum of absorption bands 
at 1700-1800 cm -1. Of all of the possible var iants ,  s t ruc ture  XXVIH was in bet ter  agreement  with all of the 

349 



p r o p e r t i e s  of the toxin and i ts  der iva t ives  than the o thers .  

In 1963-1964 Brown and Mosher  [54, 55] studied the toxin f rom the roe  of f r e s h - w a t e r  California 
t r i tons ,  an imals  that  a r e  quite different ,  in a sys t ema t i c  r e spec t ,  f rom puffer  fish. The act ive compound 
that  they i so la ted  (tarichatoxin) was found to be identical  to tetrodotoxin.  This  d i scovery  is of g rea t  i n t e r e s t  
fo r  c lear ing  up the as yet  comple te ly  unclear  p rob l ems  assoc ia ted  with the biogenesis  of tetrodotoxin.  The 
m o r e  widespread  occu r r ence  of tetrodotoxin than was p rev ious ly  supposed is a l so  conf i rmed  by the r e s e a r c h  
of Hashmoto and c o - w o r k e r s  [56, 57], who showed that  the skin and mi l t  of the t rop ica l  f ish Gobius c r in ige r  
f rom the fami ly  Gobidae a lso  contain te t rodotoxin.  

The approx imate ly  t h r e e - s t e p  total  synthesis  of toxin XXVIH by Goto and c o - w o r k e r s  [58-61] in 1970- 
1972 should be r ega rded  as a r e m a r k a b l e  ach ievement  of modern  organic  chemis t ry .  

Saxitoxin and te t rodotoxin display some fea tu res  of s t ruc tu ra l  s i m i l a r i t y -  the functional groups in both 
molecules  a r e  r igidly fixed and a r e  in d i rec t  p rox imi ty  to one another ,  both toxins have guanidine f r agmen t s  
as p a r t s  of the cycl ic  s y s t e m ,  and all  of the carbon a toms  in both compounds bea r  functional groups.  These 
toxins a r e  a lso  s i m i l a r  with r e s pec t  to the i r  physiological  act ivi ty ,  and they a re  powerful  nerve  blocking agents ,  
the bas i s  of the inhibiting ef fec t  of which is  the i r  abil i ty to block the act ive t r a n s p o r t  of sodium ions,  during 
which po tass ium t r a n s p o r t  r em a i ns  unaffected [62]. As a r e su l t  of the high specif ic i ty  of the inhibition of the 
sodium conductance of the ne rve s ,  te t rodotoxin has found application as the ins t rument  in physiological  in- 
vest igat ions .  Tetrodotoxin is  much m o r e  effect ive than local  anesthet ics;  for  example ,  it induces blocking of 
the axon in concentra t ions  160,000 t imes  lower  than cocaine.  Tet rodotoxin  is used  c l in ical ly  in smal l  doses  
to e l iminate  m u s c u l a r  s p a s m s  and as an anesthet ic  [23]. 

Nucleosides of Sponges. In 1950 Bergmann and c o - w o r k e r s  [63, 64] isola ted two unusual nucleosides ,  
spongouridine (XXXIV) and spongothymidine (XXXV), which contain D-xylose  res idues  ins tead of r ibose  com- 
ponents ,  f r o m  the ex t r ac t s  of the sponge Cryptotethia crypta .  Shortly t h e r e a f t e r ,  o ther  inves t iga tors  also 
turned the i r  attention to these  unique compounds and r epor t ed  their  ant iv i rus  and ant i tumorigenic  p r o p e r t i e s  
[65]. Spongouridine and spongothymidine have se rved  as models  for  the synthesis  of a number  of cytotoxic 
compounds,  one of which was I>-arabinocytotoxin (XXXVI), which has found applicat ion in the chemotherapy  of 
mal ignant  t umor s  [66]. 
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XXXVl  XX."{IV R = H ; XXXV R = CH 3 XXXVI I  

Another nucleoside f r o m  the ex t r ac t s  of the s ame  sponge,  the so -ca l l ed  spongosine (XXXVII), was the 
f i r s t  methoxyla ted  purine der iva t ive  of those found in nature  [64]. In con t ras t  to XXXIV and XXXV, it had a 
r ibose  res idue .  

Aerothionine.  Aerothionine (XXXVIII) [67] is a he te rocyc l ic  antibiotic f rom ex t r ac t s  of sponges of the 
genus ~ t h a t  has a s t ruc tu re  s i m i l a r  to the s t ruc tu res  of some other  an t imicrobia l  metabol i tes  of 
sponges (for example ,  cyclohexadiene der iva t ives  XXXIX and XL) [68, 69]: 

o c H  2 OCH 3 O OCH 3 

HJ !1 ~ 
Ho>L ' - I  I 1 ~ o "  H x . o H  

O ~ "~ O O r f "~'O H2NCOH2C OH NCH2C "OH ~ I J - L  (cH2)4 ]L.I i- 
N ~  "NI-( "NI- i  ~ N  

XXXVI!I XXXlX XL  

These  compounds a r e  p robab ly  fo rmed  in the sponges as a resu l t  of b io t rans fo rmat ion  of b romo de r iv -  
a t ives  of t y ros ine ,  which were  p rev ious ly  identified in ma r ine  o rgan i sms  [70, 71]. 

O x y g e n -  C o n t a i n i n g  H e t e r o c y c l e s  

Under this heading, in addition to " t rue"  he te rocyc les  we a lso  examine the i r  acycl ic  and cycl ic  analogs 
that do not contain a he t e roa tom,  as well as p roducts  of mixed b iogenes i s .  This  is due to the fac t  that the 
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biosynthes is  of these  compounds is p r e sen t ly  not comple te ly  c lea r .  

a -Ox ides .  Terpenoid  and carotenoid  metabol i tes  of ma r ine  o rgan i sms  that  contain an s - o x i d e  ring 
a r e  in some cases  i n t e rmed ia t e s  and in o ther  cases  the final p roducts  of a chain of biosynthet ic  reac t ions .  
They a re  f requent ly  found in the p roduce r  o r g a n i s m s  toge ther  with the cor responding  ethylene analogs.  A 
n u m b e r  of the s - o x i d e s  of m a r i n e  "or igin"  a r e  p rev ious ly  unknown s t ruc tu r e s  that  a re  not p r e sen t  in land 
plants  and animals~ 

One of the mos t  as tonishing examples  of secondary  metabol i tes  with s -ox ide  r ings is per id ine  (XLI), a 
unique 37-carbon t h r e e - r i n g  carotenoid ,  the t e rmina l  r ings of which are  bonded to a carbon chain that  differs  
f r o m  the usual  chain of carotenoids  with r e s pec t  to the absence of two carbon a toms and two methyl  branches .  
One methyl  group in per id ine  is rep laced  by a carboxyl  group that  pa r t i c ipa te s  in the fo rmat ion  of a butenolide 
s t ruc tu ra l  unit. The re  is  also an al lene f r agmen t  in the carbon chain of per idinine.  

C H 3 C O O ' ~ ~ O H  

The p igment  is produced by mic roa lgae  z o o x a n t h e l l a -  symbionts  of many fo rms  of ma r ine  inver teb-  
ra tes  - and it was t he r e fo re ,  i so la ted  not only f rom a cul ture  of Amphidinium opercu la tum but also f rom ex-  
t r a c t s  of i nve r t eb ra t e s  (actinia and mollusks)  [72-76]~ 

C H 3 C O O ~ o  H XLI] 
I o'~""T "~ 

XLtll 

per id in ine  is s i m i l a r  to the carotenoids  of brown algae - fucoxanthin (XLII) and violaxanthin (XLIID and is 
found together  with the l a t t e r  [77-80]. 

Before  the d i scovery  of per idinine and fucoxanthin, only one natura l  allene - m y c o m y c i n -  was known 
[81]. The or igin  of the al lene grouping in XLI and XLII is not c lea r :  it has been a s sumed  that  this f r agmen t  
is f o rmed  through photooxidation of carotenoids  of the usual  type (for example ,  zooxanthin [82,83]), but accord -  
ing to o ther  data,  fucoxanthin (XLII) is the product  of b io t rans format ion  of violaxanthin (XLIID [84]. The detec-  
tion of alloxanthin and the re la ted  acetylenic  carotenoid p igments  in algae makes  it poss ib le  to also a s sume  
another  pathway for  the fo rmat ion  of the allene s t ruc tu re  - f rom an acetylenic  p r e c u r s o r .  The finding of 
fucoxanthin toge ther  with an acetylenic  c a r o t e n o i d -  d i a t a x a n t h i n -  in dia tomaceous a lgae  const i tutes  evidence 
in favor  of the l a t t e r  hypothesis  [75]. The re  is evidently a re la t ionship between acetylenic  and aUenic p igments ,  

b u t i t i s  not known whether  the al lenic carotenoids  a r e  f o rmed  f r o m  the acetylenic  carotenoids  or  vice v e r s a .  

Of the s - o x i d e  der iva t ives  of s te ro ids ,  one should mention the unusual s ecos t e r ine  (XLIV) f r o m  the 
gorgonar i a  Pseudop te rogorg ia  a m e r i c a n a  [85], which is re la ted  to gorgos te r ine  (XLV). Both of these  com-  
pounds have a side chain that  b e a r s  a cyclopropane  ring (see s cheme  below). 

s -Ox ide  de r iva t ives  a r e  f requent ly  encountered in ex t r ac t s  of m a r i n e  o r g a n i s m s  toge ther  with the i r  
nonoxidized analogs.  Sesqui te rpenes  XLVI and XLVII and di terpenes  XLVIII and XLIX f rom ex t rac t s  of the 
algae Laurenc ia  a r e  examples  of such pa i r s  [86,87](see scheme  on page 352). 

H O ' ~ ~ .  HO O" XLIV XLV 
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Br 
�9 B P  

.BP 

XLVI XLVII XLIII XLIX 

Furanoterpenoids .  The format ion of he te rocyc l ic  metaboli tes  containing a furan ring is a charac te r i s t i c  
of the b iosynthes is  of terpenoid compounds in some groups of mar ine  inver tebra tes .  Compounds of this type 
a re  widely represen ted  in sponges. The investigated (almost  exclusively by Italian chemists) f o r m s  of the 
family Spongidae f rom the suborder  Dict iocerat ida contained CI~-, C25-, C~0-, and C35-furanoterpenes with 
a l i n e a r  skeletal  sys tem and, in addition, C2i- and C~-furanoterpenes .  Sponges of the family Aplysill idae 
f rom the same suborder  produce p r ima r i l y  furan sesqui terpenes  (Cts) [88-94]. Of the sesqui terpenes  of 
sponges,  the most  simply const ructed a re  the l inear  der ivat ives ,  which are  found in P le rap lys i l l a  spinifera 
[94], for  example,  L and LI. They can be considered to be der ivat ives  of sequi terpenes  with an open chain in 
which the te rmina l  link or  links are  oxidized and fo rm a furan ring. 

~--~r ~ 1 o .  

L 

Another group of furanosesqui terpenes  f rom the sponges Disidea pa l l e scens  [89] and Microeiona toxyst- .  
ila [92] have a monocyclofarnesan  skeleton: 

Lll LIII LIV 

LV LVI LVII 

It  might be assumed that these metabol i tes  or iginated f rom a common p r e c u r s o r  (for example,  ion LVII). 

Similar  monocyclofarnesan p r e c u r s o r s  (LVIII) evidently are  the basis  of the biosynthesis  of a group of 
t h r e e - r i n g  der ivat ives  (LIX-LXIII), that  were  recent ly  found in various forms  of sponges: 

r . "l H . ! , 

LIX,P.D ,'5 / | ~ ' 

L Lv,,, 

LXIll, P.G 

LXH, P.A 

L . ~ .  H 
u• P.B 

LXI~ P.C 

--~ bond formation P = pallescensin 

The only furanosesqui terpene  found in c o e l e n t e r a t e -  furoventalene (LXVII) - is most  l ikely the product  of 
dehydration of h igher -molecu la r -weigh t  compounds formed during isolat ion by s team dist i l lat ion [95]. 

H 
LXIV LXV 

Several  fur~moterpenoids (LN]]r ,  L ~ )  f rom ? le rap l ys i l l a  sp in i fe ra  are apparent ly fo rmed f r om a c is-  
fa rnesy l  p r e c u r s o r  (L~v-[) ra ther  than f rom a cyclic p recu rso r :  
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LXVI t  

The unusual C21-fura~note~enes of sponges [96, 97] [for example, furospongin-I (L~Cv-III) and nitenin 
(LXIX)] may  or ig ina te  b iosynthet ica l ly  f r o m  higher  terpenoids  cons t ruc ted  f rom i soprene  compounds in 
accordance  with the "head - to - t a i l "  pr inc ip le .  Another  poss ib le  pathway fo r  the b iosynthes is  of C21 der iva t ives  
cons is t s  in joining of two C10 and one C 1 unit. 

LXVHI 

O 

LX]X 

The d i scovery  in sponges of l inea r  s e s t e r t e r p e n e s  (C25 der ivat ives)  containing a furan ring [98-100] con- 
f i rmed  the hypothesis  that  the C2t de r iva t ives  a re  fo rmed  by dehydrat ion of the h ighe r -mo lecu l a r -we igh t  com-  
pounds.  I r cyn ine - I  (LXX) is an example  of such f u r a n o s e s t e r t e r p e n e s .  

~ CH 3 

XX ~ 0 

C3t-Furan metabol i te  LXXI and C~5-furano der iva t ive  LXXII have been found in the sponge .Ireinia 
spinosula  [101]o The i r  joint p r e s e n c e  in a single o rgan i sm substant ia tes  the hypothesis  that  the C3t compounds,  
l ike the C21 fu rano te rpenes ,  a r e  a lso  fo rm ed  f r o m  h ighe r -mo lecu l a r -we igh t  p r e c u r s o r s ,  in this case  f r o m  C35 
compounds as a r e su l t  of spli t t ing out of four  carbon a toms and closing of a t e rmina l  furan r ing.  

LXXI  LXXll 

Hete rocyc l i c  Der iva t ives  of Cembranol ides .  Der iva t ives  of Cz0 acids - pros tag landins  -- that  have a 
broad  spec t rum of physiologica l  act ivi ty  have been detected in the gorgonar ia  homomal la  [102]. Studies of the 
chemica l  composi t ions  of r ep r e s en t a t i ve s  of other  groups of the subc lass  of oc toca ra l l i a  co r a l s ,  to which the 
go rgona r i a  belong,  showed that  o ther  cembranol ide  metabol i tes  a r e  widely r ep re sen ted  in coelentera ta .  Here to -  
cyclic  de r iva t ives  of cembrano l ides  (di terpenes with a 1 4 - m e m b e r e d  ring) a r e  examined in this sect ion.  

Eunicin (LXXIII), a he te rocyc l i c  lactone of the cembrane  s e r i e s ,  was obtained in the fo rm of we l l - fo rmed  
c ry s t a l s  f rom a pentane ex t r ac t  of the gorgonar i a  Eunicea m a m m o s a  [103]. The s t ruc tu re  of lactone LXXIII 
has  been studied by chemica l  degradat ion methods  [104] and has  been es tab l i shed  definit ively by x - r a y  dif- 
f rac t ion  ana lys i s  [105]. Euna lmer in  aceta te  (LXXIV), which is s i m i l a r  to eunicin,  is  evidently a p r e c u r s o r  in 
the b iosynthes is  of LXXIII. 

H OH HO. 0 ~H 2 ~ 'o 

V ~ OAc 

LXXTII LXXIV 

It  is in te res t ing  that  E. m a m m o s a  f r o m  var ious  collect ion regions contains nonidentical  se ts  of cem-  
branol ides  re la ted  to eunicin. It  is  a s s um ed  that  the b iosynthes is  of these  compounds in go rgonar i a  is  r ea l i zed  
with the par t ic ipa t ion  of zooxanthel la ,  symbionts  o fgorgonar i a .  Whereas  different  s amp le s  o f  the same  fo rm 
differ  with r e spec t  to the i r  zooxanthel la ,  the d i f ferences  in the composi t ions  of the cembranol ides  a re  eas i ly  
explainable [16]o The eunicin and i ts  analogs ,  which have antibiotic action and a re  concentra ted  on the sur face  
of the bodies of the coe len te ra ta ,  p ro tec t  the gorgonar ia  f r o m  infes ta t ion by var ious  swimming o rgan i sms .  

It has  recent ly  been p roven  that  homocycl ic  and he te rocyc l i c  cembranol ides  a re  typical  not only fo r  
go rgona r i a  but a lso  fo r  o ther  groups of the Cnidar ia  type [106-109]. Scheuer and c o - w o r k e r s  [110], fo r  example ,  
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isolated furanocembranolide LXXV with a unique (for natural compounds) fl-carbomethoxy group in the furan 
ring from an extract of Sinularia abrupta: 

COOCH 3 

0 , ~  H~C OAc . ", H 
0 // A c O " ~ O A C  

. OAc 

0 LXXV LXXVI 

Eunicellin (LXXVI) from the gorgonaria Eunicella strieta,  the structure of which has been determined 
by x-ray diffraction analysis [111], is a C20 heterocyclic compound that is similar to cembranolides. 

Halogenated Heterocycles Related to Terpenes. A large diversity of cyclic and acyclic halogen-contain- 
ing compounds is extremely characteristic for marine organisms. These compounds are particularly widely 
represented in algae and mollusks and sponges. Acyclic monoterpenes with covalently bonded bromine or 
chlorine [112,113] undergo biological oxidation and subsequent cyclization to give heterocycles of the chondro- 
col A type (LXXVII) containing a dthydrofuran ring from the red algae Chondrococcus hornemanni [114]. 

H ..0 

Br  �9 ~, H CI 

~ . C l  + Br H 
LXXVII 

Another group of heterocycles of this sort is represented by derivatives of sesquiterpenes that have a 
tetrahydropyranone ring. Caespitol (LXXVIII) [115,116] and isocaespitol (LXXIX) [117] from the algae Laur- 
encia are examples of compounds of this type. 

OH OH Ct 

LXXVfl l  LXXIX 

Another group of C15 oxygen-containing heterocycles is represented by aplisin (LXXX), aplisinol (LXXXI), 
and some similar compounds from the algae Laurencia [118,119] and extracts of the sea hare Aplysia kurodai 
[120], which lives on these algae. 

B r ~  

�9 LXXX ,LXXXl 
LXXX R=CH~LXXXI R:CH2OH 

Aplisin is strongly toxic to mice when it is administered orally; it stops the heartbeat of frogs and 
causes muscle eontracture and a drop in the blood pressure. 

Halogenated Heterocycles with a Vinylacetylene Group. A group of cyclic halogen-containing ethers 
that originate biogenetically from hexadeca-4,7,10,13-tetraenic acid and related compounds is found in marine 
organisms [122]. The red algae Laurencia are the chief producers of these heterocycles. Laurencin (LXXXII) 
and deacetyllaurencin (LXXXIII), laurentin and T-laurentin (LXXXIV, LXXXV), isolauretin and T-isolauretin 
(LXXXVI, LXXXVII), and laurefucin and acetyllaurefucin (LXXXVIII, LXXXIX) [123-128] serve as examples of 
cyclic ethers of this sort. 

"" --~ - -  ::-~ Br - -  - -  

LXX.XII ~ LXXXIH L XXXIV~ LXXXV 
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B ~ p  H H OP ~r 0 : : ~~=-__-- 
=--_.= . . j2 .  o.. ! 1 

LXXXVI , LXXXVII LXXXVIII , LXXXiX 

LXXXiI ,LXXXIX R:COCH3; LXXXiI I ,LXXXVII  ~=H ; LXXXIV,~XXXVi &3-CJ.S ; 
3 

LXXXV,LXXXVII  '*' - [r..qns 

In con t ras t  to the p rev ious ly  examined  r ep re sen t a t i ve s  of this group,  the ant ivi rus  metabol i te  chondriol 
(XC) f r o m  the algae Chondria opposi t ic lada  [129] contains a chlorine atom. 

Although dactylene (XCI) f r o m  ex t r ac t s  of the sea  ha re  Aplysia  dac ty lomel la  is  s i m i l a r  to XC, i t  differs  
with r e spec t  to the configurat ion at 6-C and 7-C [130]. 

XC 

Br BY", f//~. "'Cr 

- - - ~ . . . L o ) - . . / - -  - -  - -  

• 

Vinylace ty leneyl -subs t i tu ted  he t e rocyc le s  of ma r ine  o rgan i sms  have a Ct5 skeleton but a r e  not de r iva t -  
ives  of sesqui terpenes~ The i r  detection in m a r i n e  o r g a n i s m s  expands e a r l i e r  concepts  regard ing  the l imits  of 
dis t r ibut ion of acetylenic  compounds in nature .  

Four -  and F ive-Ring  Der iva t ives  with Py ran  and Furan Rings.  S imi lar  biosynthet ic  pathways leading to 
products  of mixed b iogenes is  f o r m e d  pa r t i a l ly  through mevalona te  and pa r t i a l ly  f rom a benzenoid p r e c u r s o r  
a re  obse rved  in algae and sponges [131-133]. Taondiol (XCID f rom Taonia  a t o m a r i a  [134-135], s t e r e o i s o m e r i c  
ch romazona ro l  (XCIII) and e n t - c h r o m a z o n a r o l  (XCIV) f rom Dict yopter is  undulata and Disidea pa l l escens  [136, 
137] a r e  examples  of p roducts  of this type. 

OH 

; OH . H3C O H 

XCll XCIH~XCIV 

T r i t e r p e n e  de r iva t ives  XCV and XCVI, which contain a t e t rahydrofuran  r ing,  a re  aglycones of glucosides 
identified in s eve ra l  dozen f o r m s  of Holothurioidea [138-141]. 

o 

XCV,XCVI 
XCV R=OH ~ XCV[ R ; H  

Aplisiotoxin.  Sea h a r e s  a r e  a group of mol lusks  that  a r e  f requent ly  encountered in the t rop ica l  p a r t s  of 
the Indian and Pac i f ic  oceans .  Although the i r  toxici ty has been known for  quite some  t ime ,  the study of the 
toxins of these  an imals  was begun only recent ly  [142]. Scheuer and c o - w o r k e r s  were  able to i so la te  the act ive 
compounds apl is iotoxin and i ts  debromo der iva t ive  (XCVII, XCVIID f r o m  an ex t r ac t  of Stylocheilus longicauda 
[143]. Aplisiotoxin had LDt00 (in the case  of in t raper i tonea l  injection in mice) of ~200 #g /kg .  The toxin con- 
tains two sp i ro - fu sed  t e t r ahyd ropy ran  r ings and hemike ta l  and ketal  f r agmen t s ,  which a re  r a r e  for  natural  
compounds.  During pur i f ica t ion ,  XCVII readi ly  loses  a molecule  of wate r ,  and this h inders  i ts  i so la t ion  in 
the individual s ta te .  The pha rmaco log ica l  p r o p e r t i e s  of a mix tu re  of XCVII and XCVIII were  examined in [142]. 
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OH XCVII t XCVII! 

XCVII R.-.BP ; XCVIII R=H 

Thelepino An effective antifimgus a g e n t -  thelepin (XCDO - which was identified together  with i ts  non- 
cycl ic  analog and poss ible  p r e c u r s o r  thelepinol (C), was recent ly  found in ex t rac t s  of the mar ine  worm The lepus  
setosus [144]. 

OCH 30 O%CH3 

II I I1 ] H3CO I II t\ / - 0  

C1 
XCiX C C~ 

Spiran XCIX is s t ruc tura l ly  s imi la r  to the antibiotic griseofulvin (CI) [145] used to combat dermatophyteso 

Naphthopyrone Pigments  of Echinoderms.  Sea l i l ies  are  represen ta t ives  of one of the c lasses  of echino-  
de rms  andconta inpr imar i ly  anthraquinone der ivat ives  as pigments .  It was recent ly  shown that the ext rac ts  of 
sea l i l i e s  also contain pigments  of different  s t ruc tura l  types -- comaparvin (CII) [146] and neocomanther in  (CIII), 
which contain a naphthopyrone ring [147]. 

%H~ 0 ~ ~  C}-i,~ OCH30 
H O ~ O H  HO C3H 7 

CII CH! 

H e t e r o c y c l e s  C o n t a i n i n g  S u l f u r  

An in teres t ing  neurotoxic substance has been isolated by Japanese scient is ts  f rom ext rac t s  of the mar ine  
worm Lambr iconere i s  he te ro  op__q_d~. The investigation of this form was st imulated by the observat ion that in-  
sects  that fed on the dead worms died. Research  on the isolation of the neurotoxin (CIV) was begun in 1934 
[148]o La te r  Hashimoto and co -worker s  establ ished the s t ruc ture  of this ganglion-blocking compound [149- 
151] as  4-dimethylamino-l~2-di thiolane (CIV) and confirmed i t  by synthesis  [152]. 

N (CH3) 2 H312 

S - - $  H2NCO-S S--CONH 2 

QV CV 

The neurotoxin has s trong insect ic idal  action but is  also quite toxic to ve r t eb ra te s .  The synthesis  of a 
number  of re la ted  compounds led to the less  toxic 1 ,3-bis(carbamoyl thio)-2-dimethylaminopropane (CV), which 
under  the commerc ia l  name ,padan"  is  used in Japan as an insect icide.  
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