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NATURALLY OCCURRING ORGANOHALOGEN COMPOUNDS- 
A SURVEY 

GORDON W. GRIBBLE’ 

Departnzmt of Chemistry. University of Hauvii at Manoa. Honolulu. Hauvii 96822 

ABSTRACT.-More than 1 5 0 0  different halogenated chemicals are produced and discharged into our 
biosphere by plants, marine organisms, insects, bacteria, fungi, and other natural processes. In a few cases, 
the quantities of these naturally occurring halogenated compounds far exceed the amounts of the same 
chemicals from anthropogenic sources. Furthermore, the evidence is overwhelming that natural enzymatic, 
thermal, and other processes are constantly occurring in the oceans, in the atmosphere, and in the soil that 
lead to the formation of chlorinated and brominated phenols and many other halogenated chemicals, 
including dioxins, that previously were thought only to result from the actions of man. Moreover, it is clear 
that these natural processes have been producing halogenated compounds and have been an important 
component of our ecosystem for eons. 

It is sometimes assumed by the lay press, environmental activists, politicians, and others, 
that organohalogen compounds--organic chemicals containing one or more carbon-chlorine, 
carbon-bromine, carbon-iodine, or carbon-fluorine bond-are generally not found in nature. One 
purpose of the present review is to document that not only are naturally occurring organohalogen 
compounds ubiquitous in our environment, but concentrations ofsome ofthese chemicals exceed 
their anthropogenic levels. In addition, previously unknown naturally occurring organohalogen 
compounds are continually being isolated and characterized from a variety of marine and 
terrestrial plant and animal sources. 

The Science Advisory Board to the International Joint Commission on the Great Lakes stated 
recently: “There is something nonbiological about halogenated organics (excluding iodinated 
compounds). ... Chemicals [that] do not occur naturally ... are often persistent, since there are often 
no natural biological processes to metabolize or deactivate them” (1). Not only are these 
statements incorrect, but, coming from a “Science Advisory Board,” they reflect a disturbing 
ignorance of the chemical composition of our environment and of biochemical processes therein. 
Similarly, in a 1990 Science article, a well-known cancer researcher was quoted as saying: “...some 
types of synthetic compounds, including halogenated hydrocarbons such as PCB, are not found 
in nature” (2). To the contrary, the sheer number of known naturally occurring halogen- 
containing chemicals is so vast (approximately 1500 according to Professor J.F. Siuda, University 
of Pittsburgh, private communication, October 16, 1991) that it would be unrealistic to list and 
discuss them all in the present review. Furthermore, numerous excellent reviews ofvarious aspects 
of this topic have appeared over the past twenty years. Therefore, present coverage is detailed only 
from 1980 through 1991, with selective inclusions of significant earlier material. In addition, 
Table 4 lists the organisms that have yielded new halogenated compounds since 1980. 

In 1968, the first review of organohalogen compounds stated that there existed more than 
30 organochlorine natural products, along with only a few such compounds containing bromine, 
iodine, and fluorine (3). In 1971, Turner reported that the number of fungal metabolites 
containing chlorine was about 70, including one brominated compound (4). A sequel in 1983 
described an additional 80 new organochlorine compounds isolated from fungi (5). An exhaustive 
review published in 1973 documented more than 200 organohalogen compounds (150 organo- 
chlorine and 50 organobromine) from all natural sources (6). A 1986 review, covering only 
organochlorine compounds in higher plants and ferns, reported that more than 130 such 
compounds have been isolated and characterized from these sources (7). 

As will be seen, marine life is the largest source of naturally occurring organohalogen 
compounds. Indeed, after a very slow start, this area of natural product chemistry has received 
intense study over the past twenty years. In 1961, no halogenated organic compounds had been 
reported from marine sources, except for iodinated tyrosine derivatives. By 1973, 50 such 
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compounds had been discovered. In 1976, this number had grown to 140, and, two years later, 
it had risen to about 300. In 1982, the number stood at 700 (8). Presently, the number of 
halogenated organic compounds found in marine organisms is at least 1500 and growing 
monthly. For comprehensive reviews of marine metabolites, see Faulkner (9,10), Scheuer (1 l), 
and Fenical(12). 

HALOGENATED ORGANIC COMPOUNDS IN NATURE 

SIMPLE ALKANES.-The simplest of naturally occurring organohalogen compounds are 
halogenated alkanes, and these are enormously abundant on our planet. 

Chloromethane (CH,Cl) is produced by marine algae (Endocladia muricata) (13) and giant 
kelp (Macrocystis pyriforma) (14), wood-rotting fungus (Phellinus ponzareus) (1 5,16), the ice plant 
(Meswb~anthen2unz crystalliura) ( 13), cultivated mushrooms (Agaricus 6ispwus) (1 7), the pencil 
cedar (1 8), the evergreen cypress (18), several species ofFonres fungi (19), and phytoplankton (20). 
Chloride ion is normally present in plants, wood, soil and minerals (15,18), and the combustion 
of these materials leads to the formation of organochlorine compounds. Thus, forest fires (21), 
brush and vegetation burning (22), and volcanoes (18,23,24), including the recent eruptions of 
Mt. St. Helens and Mt. Kilauea, all produce significant and, in some cases, large quantities of 
CH,CI. Not surprisingly, CH,CI is also found in tobacco smoke(25,26). In 1976, the production 
of CHjCI from the burning of all cellulose (wood, etc.) and polyvinylchloride was estimated to 
be 210,000 tons in the U.S. (21). By comparison, the global emission rate of CH,CI, which is 
mainly from the marine and terrestrial biomass, as delineated above, is 5 million tons per year 
(27), whereas the level of man-made CH,Cl emissions is only 26,000 tons per year (1 5). 

In addition to CH,CI, bromomethane (CH,Br) and iodomethane (CH ,I) have been detected 
in the oceans and in the air over oceans (27-32). Measurements indicate that the Oceans are the 
major source of CHJ (4 million metric tons/year) (30), and it has been observed that the 
concentration of CHJ is 1000 times higher in water near kelp (Laminaria digitata) beds than in 
the open ocean (22). CHJ and CH,Br are also produced by the giant kelp Macrocystispyriforwa (14) 
and marine algae Asparagopsis taxiformis ( 3  3-3 5), Asparagopsis armata (36), and Fucales sargassum 
(37). It had been proposed that, based on the concentrations of CH,CI and CH,Br in different 
localities, these two compounds have a common biogenic source (3 1). This study also found no 
evidence for the theory (30) that CH ,C1 arises from CHJ by a nucleophilic substitution reaction 
with chloride ion (31). It has been suggested that the role ofCH,CI and CHJ might be to cycle 
chloride ion and iodide ion, respectively, between land and sea (27-29). 

Several other simple haloalkanes, identified in and above oceans, are implicated as having a 
natural source. In some cases, these compounds have been isolated from specific sources. A 
summary of these observations is shown in Table 1. 

Although many of the compounds listed in Table 1 (e.g., CHCI,, CCI,, tetrachloroethylene) 
have an anthropogenic component as well (18,44,46), this has been taken into account and 
corrected for in the investigations cited. However, in some cases, the natural source has yet to be 
identified. Thus, although two reports indicate that the atmospheric concentration of 
tetrafluoromethane is roo large to arise from anthropogenic sources alone, a natural source has yet 
to be identified for the estimated 650,000 tons of naturally occurring tetrafluoromethane in the 
atmosphere (47,48). Also, it is not clear what fractions of the relatively large concentrations of 
methylchloroform, difluorodichloromethane, and fluorotrichloromethane that are found high 
over eastern Washington are biogenic in origin (49,50). 

In addition to the simple one- and two-carbon halogens found in Asp. taxifotmzs (33-35,5 1) 
and Asp. armata (36) (Table l) ,  numerous halogenated alcohols, ketones, carboxylic acids and 
amides, aldehydes, epoxides, and alkenes have also been isolated and characterized from these 
species of marine algae (33-35,5 1,5 2). Indeed, nearly 100 different halogenated compounds have 
been found in Asp. taxifwmis, the favorite edible seaweed of most Hawaiians (35). A selection of 
these compounds is shown in Figure 1. 

Marine algae have been intensively examined for their chemical content. For example, 
through 1978, more than 250 halogenated compounds have been identified from red algae 
(Rhodophyta) (53). An array of halogenated ketones, alcohols, carboxylic acids and other simple 
derivatives of alkanes have been isolated from the red algae Bonnemaisonia nwtkanu, Bonnemaisonia 
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CHFCI, ...................... 

CCI,FCCIF, ................ 

F,C=CF, .................... 
FCIC=CF, ................. 
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TABLE 1 . Biogenic Sources of Simple Haloalkanes . 

marine algae. giant kelp. wood-rotting fungus. ice plant. 
cultivated mushrooms. white cedar. pencil cedar. 
evergreen cypress. fungi. phytoplankton. forest fires. 
bush-burning. volcanoes. tobacco smoke 

oceans . marine algae. giant kelp. volcanoes 
oceans. marine algae. volcanoes 
marine algae. white cedar. lemon. orange. moss. barley. 

marine algae. oceans 
marine algae. oceans. volcanoes. drill wells 
volcanoes. barley 
marine algae 
marine algae 
marine algae 
marine algae. oceans 
marine algae. oceans 
marine algae 
marine algae. oceans 
marine algae 
marine algae. oceans 
marine algae 
marine algae 
marine algae 
marine algae 
marine algae 
marine algae 
oceans. volcanoes 
oceans. volcanoes 
oceans 
volcanoes 
volcanoes. drill wells 
volcanoes 
volcanoes 
volcanoes 
volcanoes 
volcanoes 
volcanoes 

volcanoes. drill wells 

0 
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FIGURE 1 . Representative compounds produced by the marine alga Asparagopsis taxifomzis (35) . 

asparagoih. Bonnemaisonia bamijira. and Trailliella intrirata (54.  5 5 )  . A selection of these 
compounds is shown in Figure 2. the major metabolite from B . bamijk-a being a tetrabromo 
ketone. a compound possessing antimicrobial activity (55) . 

The Australian red alga Ptilonia australasica produces an entirely different set ofpolybromi- 
nated ketones (Figure 3) (56) . 
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FIGURE 2. Halogenated ketones from the red alga Bonnemuisonia huaifera (55).  

Br- Br Br Br 

Br+Br B r w  
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FIGCRE 3 .  Brominated ketones from the red alga Ptrlonra u / / J ~ ~ ~ / u J z c ~  (56). 

The red alga Murginisporm uberrans produces the simple dichloroactamide 1 (57), the first 
report of this compound as a natural product, while the blue-green alga Schizothrix culczcola and 
Oscillutoria nigrwirzdis produce vinyl chloride derivative 2 (58). The Western Australian red alga 
Vidaliuspirulis secretes the interesting fulvene derivative 3 (59). A spectacular development is the 
isolation of bromo ketoester 4 from the cerebrospinal fluid of normal patients (60). This 
extraordinary find is the first example of a naturally occurring halogenated compound to be 
isolated from humans, other than thyroxine and related iodinated hormones. Compound 4 is 
biologically active and is postulated to have a physiological function in humans. 

Cl 
1 2 

3 4 

It has been proposed with some supporting chemical evidence, that the simple haloalkanes, 
such as CHBr,, CHCl,, etc., may arise from in vivo Haloform reactions, and that this mechanism 
enables organisms such as algae to secrete continuously these "anti-predator" chemicals (35,54). 
More on the role and function of marine halogen compounds will be presented in a later section. 

TERPENES.-Monoterpenes, sesquiterpenes, diterpenes, and triterpenes are ubiquitous in 
terrestrial organisms and play an essential role in life as we know it. Although the study of 
terrestrial terpenes dates back to the last century, marine terpenes were not discovered until 1955 
and halogenated marine terpenes were finc isolated only in 1963 (61). Reviews of terpenes have 
been published (62-64,6,9,11,53) Examples of halogenated (chlorinated) terrestrial terpenes 
first appeared in 1969 (65). Since then, there has been a veritable explosion of activity and many 
new halogenated terpenes-from land and sea-have been isolated and identified (62-64). 
Therefore, the present review will cover only recent developments in this area. A more complete 
tabulation of halogenated terpenes appears in Table 4. 
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Red algae, particularly species of Laurencia and Plocamium, have provided a rich and diverse 
collection of halogenated terpenes over the past 25 years. The first examples of iodinated terpenes, 
5 and 6, were found in Laurencia nana (66), and Laurencia nipponira has recently yielded the new 
compounds 7-9 (67,68) (Figure 4) .  A California species, Laurenciaparijka, has yielded kylinone 
1101 (69), which is a new ring system, in addition to three previously known halogen metabolites. 
Laurenciu obtusa produces a different collection of halogenated terpenes, depending on where it 
grows. Thus, the Jamaican variety contains 11 and 12 (70),  the Japanese variety contains 
parguerol triacetate 1131 (7 l), the Canary Islands species contains 14 along with two other new 
halogen terpenes (72),  and the Red Sea variety oflaur. obtusa contains hurgadol f15], along with 
several other new and old halogenated compounds (7 3) (Scheme 4). Yet other collections oflaur. 
obtusa have yielded the structurally novel thyrsiferyl23-acetate 1161 (74) and 17, which is highly 
cytotoxic (75).  Finally, Laur. obtusa from the Atlantic Ocean affords two other new compounds 
(76). 

5 6 

11 12 9 10 

13 14 IS 

17 

Halogenated terpenes from Laurenria red algae. FIGURE 4. 

The Atlantic red alga Laurencia pinnatifid? contains the sesquiterpenes 18 and 19, in 
addition to a dehydrothyrsiferol related to 16 (77), while another collection of this same red alga 
from a different location has yielded the chamigrene epoxide 20 (78).  Likewise, an array of new 
and unusual halogenated terpenes have been isolated and characterized from Laurenciu perfirata 
(79), Laurencia venusta (80,8 l), Laurencia majuscula (82), laurencia tenera (83), and an unidentified 
Lairrencia species (84) .  Since 1983, about 100 new compounds, mostly halogenated, have been 
found in Lurencia red alga (83).  
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1s 20 

Although the red seaweed Plocamium has been investigated for its chemical content for many 
years, several new compounds have been identified recently from these species. For example, 
Plocamirrm mertensii and another Plocamirrm sp. found in the Ocean off Western Australia produce 
monoterpenes 21 and 22, respectively (85), and Pfocamium teyairiae yields telfairine 1231 and 24 
(86), the former of which has very potent insecticidal activity (Figure 5). Of the four halogen 
compounds isolated from Plocamium cartilagineum, only 25 is new (87). Two different studies of 
Plocamirrm roccinerrm (=Plot. cartilagineum), one from the northwest Spanish coast (88) and one from 
Senegal (89), have identified new metabolites coccinene 1261 and 27, respectively,. Crews et ai. 
(90) have reported metabolites ofPloc. cartilagineum, Plocamium violaceum, and the red alga Ochto&s 
secundiramea. 

21 22 23 24 

CI CI 

25 26 27 

FIGURE 5 .  Halogenated monoterpenes from P/waNiiim! red algae. 

Several other red algae have been investigated in recent years. Chondrococcus hmenzanni from 
Tahitian waters has yielded the new ochtodane derivative 28 (91), while Ochtodes crockeri contains 
eight new halogenated metabolites (e.g., 29) (92). The edible Morocco red alga Gelidium 
sesqrriptxhle produces gelidene (30=24) (93), and Chondria tenuissinza from the Marmara Sea 
contains the diterpene 31 (94). Very recently, Portieria hornemumi (=Chondrococcus hwnemanni) 
has been found to contain four new halogenated monoterpenes (e.g., 32) (95). 

29 30 -cs""& 28 

CI 
OH 

Br Br f H 

32 31 
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Green algae are beginning to receive attention from natural products chemists. The first 
report ofhalogenated terpenes from a green alga (Neomwzs annulata) described the isolation of the 
novel compounds 33-35 (96). Interestingly, these chemicals have herbicidal activity. The green 
alga Cymopolia barbuta contains the highly antimutagenic cymobarbatolI36) and an epimer, both 
new compounds (97). 

33 34 35 
Br 

HO 
OH 

36 37 

Species of sea hares, a marine mollusk, have also provided a rich source of halogenated 
terpenes (62). In many cases, these compounds are derived from the sea hare’s algal diet (98,99). 
For example, a multitude of halogenated terpenes have been isolated from the sea hare Apfysia 
Kurod?i since 1963 (61,100-106), the most recent being aplysiadiol I371 (106). Aplysia 
dzrtylotnefa. which has also been extensively examined (107-1 1 l), contains the novel compounds 
deoxyparguerol[38) (108), dactylomelol[39)(11 l), and dichloro compound 40 (1 lo), among 
other compounds (Table 4). The Arabian Ocean Aplysza juliana produces a new diterpene called 
angasiol acetate (1 12). 

OH 

38 39 

40 

Nearly twenty halogenated diterpenes and one tetraterpene have been isolated from soft 
corals [Briareirnr pol)anthes (1 13,114), E&ropodimr [.aribaeormz (1 15,118), hlbabea sp. (1 16), 
Briarerrin sp. (1 17,118), and Sari-ophjtorz glamwii (1 19)). Interestingly, all of these compounds 
contain only chlorine and no bromine. An example of the structural complexity of these 
compounds is erythrolide C 1411 ( 1 18). Five new and structurally related chlorinated diterpenes 
have been isolated from the gorgonian SoI~~zot)odi~iir sp. (1201, and three new chlorinated 
diterpenes are produced by the white sea whip (J//,rr-eellafri7gilis), a Chinesegorgonian (1 2 1). Two 
species of sea pen, Pteroida l a b o h  (1 2 2 )  and Ptilosartxs giirrzq i (1 2 3 ) ,  have been found to contain 
a total of seven new chlorinated diterpenes, all of which are similar to 41. A set of four 
polychlorinated monoterpenes (e.g., 42) were found in four species of marine hydroids (e.g., 
Aglaophetria t)/u)ua) (124). As will be seen in later sections also, marine sponges synthesize an 
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amazingly varied collection of halogenated chemicals. For example, two Aranthella spp. of 
sponges found on Guam and Fiji produce eight different chlorinated diterpenes, each of which 
contains the rare isonitrile functionality, e.g., kalihinol A 1431 (125). The Thailand variety 
Acaanthellaravwnwacontains two new chlorinated diterpenes, in addition to two that were isolated 
earlier from the Fiji sponge (126), but Aranthella ilethra has another new chlorinated diterpene 
isonitrile (127). In contrast, the sponge Spongia zimcra produces rogiolol acetate, a chamigrane- 
type sesquiterpene (128), and the sponge Myale rotalis has been found to contain rotalin B (44) 
(129), both of which are new halogenated natural products. An unidentified sponge produces 
konakhin 1-45) (1 30), and the interestingly terpene macrolide 46 was isolated from the blue- 
green alga Osrillatoria sp. (1 3 1). 

0 
41 42 

43 44 

CI 

45 

OH OH OH OH OH 

OH 

Although marine organisms far outweigh their terrestrial counterparts in the production of 
different halogenated terpenes, several examples of terrestrial plant halogenated terpenes have 
been reported in the past decade. A series of about ten chlorinated sesquiterpene indanones have 
been found to occur in species of ferns and related plants. For example, pterosin H 1477 is found 
in several Illicrolepia (1 32), Demzstaedtia (1 33), NyiopteriJ (133), and Ptwidiunz sp. (1 34). The 
South African bush Teimimi africaizm contains the two new chlorinated diterpenes tafricanins 
A (48) and B (1 35), while Teitcriim polim from Portugal produces teuvincentin A, a different 
chlorinated diterpene (1 36). The chlorinated naphthalenequinone 49 is produced by an Austra- 
lian Streproqces sp. (1 37). 

NONTERPENES-Another very large group of halogenated organic compounds are the 
“nonterpenes,” compounds which may or may not arise from a terpenoid pathway but which are 
not obviously terpene-derived. The very large number of these compounds precludes a complete 
discussion here, although all such compounds reported from 1980 to the present are tabulated 
in Table 4. 

A Pseiidor/rouas sp. produces bactobolin B (501 and a related compound (1 38,139). A species 
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of Gluconobarter produces enacyloxin 11, a novel dichloropolyenic antibiotic that is active against 
Gram-positiveand Gram-negative bacteria( 140). Four novel fungal metabolites, e.g., chaetovirdin 
A [511, have been extracted from Cbaetomiumgfobosum (141), and an unidentified fungus produces 
the unique chlorinated shikimate derivative 52 (142). Approximately ten new chlorinated 
iridoids, e.g., asystasioside E 1531 (Asystaia belfu) (143), have been isolated from several terrestrial 
plant species. The Chinese folk medicine plant Rebmannia glutinosa, which is still used in China, 
contains five different chlorinated iridoids (144-146). 

50 

Marine organisms biosynthesize a multitude of fascinating halogenated nonterpenes, as was 
the case with terpenes. The sponge Halirfonu sp. contains two novel bromotetrahydropyrans (e.g., 
54) (147), and the sponge Mycafe rotalis also produces two novel brominated metabolites (e.g., 
55) (148). The Guam “bubble shell” (Huminwa cymbalurn) contains kumepaloxane 1561 (149 ,  a 
chemical which is discharged when this mollusk is disturbed, and which is a feeding deterrent 
to carnivorous fishes. 

Nostor blue-green algae are recognized as a threat to humans when they infest drinking water 
sources (1 50,15 l) ,  and this may be the cause of the reported outbreaks of some illnesses in China 
(Professor R.E. Moore, University ofHawaii, private communication). Cultivation and extraction 
of Nostoc linrkia has yielded four unusual chlorinated paracyclophanes (e.g., nostocyclophane D 
1571) (152). Blue-green algae are obviously important organisms for future research. 

Marine red algae, especially Laurencta, are a source of fantastically complex nonterpenoid 
chemicals (Figure 6). In addition to containing several known halogen metabolites, Laur. 
implicata has recently yielded to isolation and characterization six new cyclic ethers, some ofwhich 
are allenes (e.g., 58) (1 53,154). b u r .  intricata contains the unique okamurallene 1591 in addition 
to several other related novel compounds (1 5 5,156). Laur. pinnatrfida produces three new 
halogenated nonterpenes, two of which are shown, 60 and cis-pinnatifidenyne 1611 (157). The 
heavily studied Laur. nipponicu contains ten new halogenated nonterpenes (since 1980) (158- 
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Br 

56 

Br Br 

55 

HO 

'"OM9 

57 

163), the latest example of which is notoryne [62] (163). Similarly, Laur. obtusa has been found 
in the past decade to contain ten new nonterpenoid organohalogens (164-1 70), the latest example 
ofwhich is cyclic ether 63 (170). The red alga L u r .  mirrocladia contains rogiolenyne A, and the 
sponge Spongia zimocca, which is found in the same region of the Mediterranean Sea as L u r .  
mirrochdia, contains the closely related rogiolenyne B (17 1). 

B r ..... 

Br 
58 59 

CI .OH - - - 

60 61 

62 63 

FIGURE 6.  Representative halogenated nonterpenes from Lpumrria red algae. 

AMINO ACIDS AND PEFTIDES.-with the exception of the naturally occurring iodinated 
tyrosines such as thyroxine, which will be discussed later, there are relatively few examples of 
halogenated amino acids and peptides. 

The marine sponge Dysidea herbacea contains four novel trichloromethyl metabolites, e.g., 
dysidin [a] and dysidenin 1651 (172-176). It seems likely that these compounds could produce 
CHCl, by an elimination reaction, a process which appears feasible from a chemical standpoint. 

Several Streptmnyces and Pseudomonas spp. produce chlorinated amino acids and/or peptides 
(177-183), many ofwhich have potent antibacterial activity. For example, Streptomyresgriseosp~eus 
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64 65 

produces y-chloronorvaline [66] (179) and Streptomyces viridogenes produces 67 (180), two novel 
amino acids, while Streptomycu xantbocidicus produces “FR900148” (178,181), which has the 
revised peptide structure 68 (18 1). Pseudomonas syringae, a bacterial pathogen of plants, produces 
several cyclic peptides, some of which contain the novel amino acid 4-chlorothreonine 1691 
(182,183). The terrestrial blue-greenalgaAnabaena sp. produces the most unusual puwainaphycin 
C, a cardioactive cyclic peptide containing the unique amino acid 3-amino-14-chloro-2-hydroxy- 
4-methylpalmitic acid 1701 (184). 

CI 

HO2C+H 

“2 
mcozn CI N& 

66 67 

68 69 

CI 

14 CO2H 

“2 70 

ALKALoIDs.-Although terrestrial plant alkaloids are ubiquitous and have been the object 
of the attention of natural product chemists for more than 100 years, very few of these nitrogen 
compounds contain halogen. 

The first such examples appear to be acutumine and acutumidine [71], isolated from the 
plant Sinomenium acutum in 1967 (185). Very recently, two chlorinated bis-indole alkaloids were 
isolated from Melodinus relastroides (e.g., 72) (186). Likewise, only two microbial alkaloids 
containing halogen are known. Streptmycu sp. produces clazamycins A 1731 and B (187-189). 
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STEROIDS.-AS is the situation with alkaloids, steroids rarely contain halogen. However, a 
few notable examples are found in the plant kingdom. For example, the plants Witbaniasomnifera, 
Arnistus breviflorus. Physalis peruviana. and Jaborosa mgellanira contain withanolides (190-192) 
(e.g., physalolactone C [741) (192) and related compounds (e.g., jaborochlorodiol[75]) (193). It 
is important to note that these chlorohydrins are not isolation artifacts, although the plant may 
biosynthesize them from the corresponding epoxides. 
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FATTY ACIDS, PROSTAGLANDINS, AND rrPrDs.-Although fluorine is the most abundant 
halogen in the earth’s crust, ranking 13th in abundance of all elements (194), and is more 
abundant than iodide in sea water (1.4 vs. 0.05 ppm) (195), nature has chosen not to make use 
of fluorine in organic natural products, with one major exception. 

The one remarkable exception is the prevalence of fluoroacetic acid and fluorofatty acids in 
certain terrestrial plants (196,197). Remarkably, these plants do not grow in fluoride-rich soil 
but, rather have the ability to sequester and concentrate fluoride. The resulting fluorinated acids 
are highly toxic to livestock and other mammals (198,199), by blocking a step in the Krebs cycle. 
In addition to fluoroacetic acid 1761, which was first isolated in 1944 from the South African plant 
Dirbapetalum rymosum (200), 18-fluorooleic acid [77l and 16-fluoropalmitic acid 1781 are 
produced by Dirbapetalum toxicarium (201-204). These two fatty acids are converted in vivo to 
fluoroacetic acid 1761 and, hence, are equally toxic as 76. 

In an important development, two brominated fatty acids have been isolated from seeds of 
Eremostacbys molurelloides: 9,lO-dibromo- 2791 and 9,10,12,13-tetrabromostearic acids [SO] 
(205). 
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The marine sponges Xestospongia niuta (206), Petrosiufirifwiis (207), and Petrosia bebes (207) 
contain a series of novel bromo acids (e.g., 81,82). The edible jelly fish and the white sea jelly 
fish (Auritia aurita) contain six fatty acid chlorohydrins (e.g., 83) (208). 

Mammalian (unhalogenated) prostaglandins are of enormous importance in the biochemical 
regulation of physiological processes. Therefore, it was of more than just academic interest when 
chlorinated prostaglandins were discovered in the octocoral Telesto riisei (209) and in the stolonifer 
Clavularia viridis (210), a marine animal. Thus, a total of eight novel chlorinated prostaglandins 
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have been identified (e.g., punaglandin 1 184)) (209). Some of these metabolites have potent 
antitumor activity (210). 

Of some 22 fresh water algae species that were examined for chlorosulfolipids, all but one 
contained quantities of these novel lipids (2 1 1,212). For example, the phytoflagellate Orbromonas 
danica produces 12 such compounds, some of which contain six chlorines, e.g., 85 (21 1). The 
exact function of these interesting naturally occurring “detergents” is unknown. Marine algae 
apparently do not contain these metabolites (eight species examined) (212). 
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Not surprisingly, but still of tremendous significance, is the discovery of brominated lipids 
in salmon, halibut, sole, crab, oysters, cod, hake, seals, sea lion, walrus, dolphin, and the gray 
whale, at a level of 10-900 ppm (213). Thus, for the first time, it is established that larger marine 
creatures contain halogenated compounds. 

PYI(Roms.-The enormous reactivity of pyrroles in electrophilic substitution reactions, 
comparable to that of phenol, makes it not surprising that halogenated pyrroles are found widely 
in nature. 

Following the isolation in 1958 of pyoluteorin [86} , a new antibiotic from Pseudomonas 
awuginosa (214), and in 1965 of pyrrolnitrin 187 from Pseudomonaspyworinia (215), there have 
been discovered a number of halogenated pyrroles in natures. For example, the marine bacterium 
Chromobacterium sp. produces the polybrominated pyrroles 88-90 (2 16), the soil microbe 
Streptomyces sp. produces pyrrolomycin B 1911 (2 17), and Actinomyces sp. produces pyrrolomycin 
A (921 (2 18,2 19). The latter material has broad antibacterial activity. Ten related pyrrolomycins 
are synthesized by the microbe Actinosporangium vitaminophilum (220-222) (e.g., pyrrolomycin F2* 
1931, when bromide is present in the culture broth) (221). A soil Streptomyces sp. produces the 
novel neopyrrolomycin 1941, a metabolite which is optically active (223). Many of the 
pyrrolomycins have strong antibiotic activity, and a clinical drug from this structural type seems 
to be a real possibility. 

Several sponges produce brominated pyrroles. For example, Phakellia I&beflata from the 
Great Barrier reefcontains mono- and dibromophakellin (95) (224), while Agelas aroids from the 
Bay of Naples produces oroidin {%}and three simple dibromopyrroles (225,226). Several species 
of sponges contain hymenialdisine 1971 and closely related compounds (227-229), and Agelas 
sceptrum sponge produces the antimicrobial sceptrin (981 (230), one of nature’s uncommon 
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cyclobutane-containing compounds. Agelas also has been found to contain several other biologi- 
cally active metabolites having bis-bromopyrrole structures ( 2 3  1-234). The marine sponge 
Hymeniacidon sp. produces three bromopyrrolopyrimidines (e.g., manzacidin A 19%) ( 2 3 5 ) ,  and 
the carnivorous nudibranch Roboastra tzgris secretes tambjamine B [lo01 as one of two bromi- 
nated bis-pyrroles ( 2 3 6 ) .  

ImEs.--The indole ring system has the distinction of being embodied in the indigo 
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derivative Tyrian Purple 1101) (Figure 7), the ancient Egyptian dye extracted from mollusk 
shells and the focus of a significant industry in Mediterranean countries. For a wonderful (and 
colorful) review, see Baker (237). The mechanism for the formation of 101 in mollusks (e.g., 
Dicatbais and Murex sp.) has been extensively investigated, and several Tyrian Purple precursors 
have been isolated from these mollusks (e.g., tyrindoxyl sulfate [102]) (238-241). The marine 
acorn worm Ptycboderafiva laysanica has been found to contain 101, in addition to three new 
brominated indoles and indigos (242). This interesting marine animal also produces the unstable 
3-chloro- (1031 and 3-bromoindole and 3-chloro-6-bromoindole, compounds that are respon- 
sible for the peculiar “iodoform”-like odor ofthis animal (243). The acorn worm Glossobalanus sp. 
produces two novel dibromoindoles (244), and the red alga Luurencia brongniartii produces four 
new polybromoindoles (e.g., 104) (245). Even more remarkable is the red seaweed from New 
Zealand Rbodopbyllis membranarea, which contains ten novel halogenated indoles (e.g., 105) 
(246). The marine microbe Pseudomonas sp. produces 6-bromoindole-3-carboxaldehyde (247), 
and the sponge Pleroma menoui yields the corresponding bromoester 106, as well as a related 
hydroxyketone (248). The sponge Iotrocbota sp. produces the indole acrylate 107 (249), and the 
corresponding carboxylic acid, which is found in the Okinawan sponge Penares sp., is a potent 
calcium inducer (250). The 4-chloroindole ester 108 as well as the carboxylic acid are found in 
Pisum sativum and several other terrestrial plants (lentil, sweet pea, sea pea, vetch) (25 1-253). 
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FIGURE 7 .  Simple naturally occurring halogenaced indoles. 

Many halogenated tryptamines and tryptophans are also found in nature. Several sponges and 
a tunicate produce 5- and 6-bromo- and 5,6-dibromotryptamines (e.g., 109) (254-257), and the 
novel amino acid 6-bromohypaphorine (1101 is contained in the large British sponge Pucbyrtratisrtia 
jobnstoni (258). The Fijian tunicate Polycitorella rtkzriae produces citroellamine 11111, a potent 
antimicrobial agent (259,260). Commonly found with brominated tryptamines (i.e., 109) are 
dimeric compounds. For example, the grey tunicate Didertmitti candidmt produces 112 and 113 
(257), and the deep-sea (460 m) Caribbean sponge Spongosorites rrlerzleri produces nortopsentin A 
(1141, along with two related compounds, all of which have cytotoxic and antifungal activity 
(261). Similar brominated bis-indoles are found in several other sponges (262-265). 
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Several brominated indole hydantoins (e.g., 115) (255,256,266-270) and related com- 
pounds (e.g., barettin 11161) (27 1,272) have been isolated over the past ten yean from sponges, 
corals, and anthozoans, sometimes in very high concentrations. For example, indole 115 is 
present in the sponge Dwcztus sp. to the extent of 1% (dry wt) (266). The marine burrowing sponge 
Cfiona relata contains three novel brominated tryptophan amides, one of which is clionamide 
[lln (273,274), and the Philippine marine axidan Pofyandmarpa sp. produces the halogenated 
polyandrocarpamides A and B [llS], the latter of which is a rare example of an iodinated 
metabolite (275). Two cyclic peptides that incorporate 2-bromotryptophan have been isolated 
from marine sponges (276278),  and two cyclic peptides that incorporate both 2-chloroindole 
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and 4-chlorooxazole have been extracted from the marine ascidian Diazona chinensis (279). The 
blue-green alga Rivulartafirma produces six novel polybrominated diindoles (e.g., 1 1 9 ,  each of 
which is optically active (hindered rotation) (280). Another blue-green alga, Hapalosiphon 
fon t inah ,  contains twelve chlorinated isonitriles, one ofwhich is hapalindole A El201 (281). The 
cyanobacterium Fisckella sp. produces a similar chlorinated isonitrile (282). 

A number of biogenetically interesting halogenated marine metabolites in which the basic 
tryptamine nitrogen is attached to the C-4 indole position have been discovered in the past few 
years. For example, the deep water Bahamas sponge Batzella sp. produces six chlorinated 
compounds, e.g., batzelline A 1121} (283,284), and the spongehtrunculia sp. and Prianos melanos 
contain a number of structurally related compounds, e.g., discorhabdinc I1221, which have 
potent antitumor activity (285-288). The marine bryozoan Flustta foliacu, a moss animal, 
produces five novel brominated indoles (289-293), some of which, such as flustramide B 11231 
(29l), resemble the terrestrial plant alkaloid physostigmine, which is impomant in treating 
Alzheimer’s disease. Even more illustrative of nature’svirtuosity in organic synthesis is the ability 
of the marine bryozoan Chartella papyracea to construct its own complement of five brominated 
indoles, e.g., chartelline A 11241 (293,294-296). It is interesting to note that only six of the 
estimated 4000 extant species of bryozoans have been examined for their chemical content! 
Another incredibly complex natural chemical is surugatoxin 11251, the highly toxic compound 
produced by Babylonia japonica (the Japanese ivory shell). This metabolite, along with the even 
more toxic neosurugatoxin and prosurugatoxin, both of which are also btomoindoles, has been 
implicated in human poisoning (297-301). The microbe Penicillium rrustosum produces the three 
6-chloroindole metabolites penitrems A [126], C, and F, of almost unbelievable molecular 
complexity (302). Unlike the penicillins, the penitrems are highly poisonous, especially to farm 
animals . 
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CARBAZoLEs.-Hdogenated carbazoles, in contrast to pyrroles and indoles, are apparently 
rare in nature, despite the fact that (unhalogenated) carbazoles are widely dispersed throughout 
the terrestrial plant kingdom. 

Chlorohyellazole (1271 is produced by the blue-green alga Hyella caespitosa (303), and 3- 
chlorocarbazole (1281, which has potent biological activity, has been isolated from bovine urine 
(304). This is the first carbazole to be isolated from mammals and is likely to be the compound 
discussed by Dewar et al. (305). 
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CARBOLINES.-h recent years, a large number of halogenated p-carbohes have been 
discovered in marine life. Notably, the tunicates Eudistom glaucus (Okinawa) (306-308) and 
Eudistoma olivaceum (Bermuda) (309,3 lo), and the ascidan Ritterella sigillinoides (New Zealand) 
(3 11-314) produce nearly 25 different brominated P-carbolines, e.g., eudistomidin E [1291 
(308). These compounds have a range of antiviral, antimicrobial, and other biological activities, 
including activity against Polio virus and Herpes simplex virus (312). 

~ N D o L o C A R B h z O L E S . - ~ i K u a ~ ~ y  unknown a decade ago, examples of the indolo[2,3- 
alcarbazole ring system have been discovered in a number of microbes and fermentation broths, 
and natural products of this type possess a range of biological activities. The five halogenated 
examples of indolo(2,3-a~carbazoles are rebeccamycin [ 1301 (Nocardia aerocolonigenes, from a 
Panamanian soil sample) (3 15,3 16), monochlororebeccamycin (Noc. aerocofonigenes) (3 17), 
bromorebeccamycin (Saccbarothrix aerocolnigenes) (3 18), and AT243 3-A1 and -A2 (Artinomdura 
melliaura) (3 19). These compounds, or derivatives, may eventually have clinically useful 
anticancer activity. 

QuINOLINES.-The first naturally occurring bromoquinoline 131 was isolated from the 
marine bryozoan Flustra foliacea (320). Although the details of its stereochemistry have been 
controversial, virantmycin 11321 is produced by Streptomyces nitrosporeus, which was isolated from 
a spoiled pumpkin (321-323). Young corn roots (Zea mays) produce the interesting metabolite 
133 (324). 

H 

CI 

Br 

131 

FURANS AND BENzonrRANs.-Although furans are ubiquitous in the plant kingdom, 
halogenated examples are rare. The sponge Dmdrilla sp. produces 2-bromofuran 1% (325), and 
the plant Gilmaniella bumicola contains the benzofuran mycorrhizinol(1351 (326). 

THIOPHENES.-Although sparse in nature, some very interesting halogenated thiophenes are 
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found in certain plants. For example, Ptwocaulon virgatum contains five chlorinated thiophenes, 
three of which are new (e.g., 136) (327), while six species of Erbinops are found to contain 137 
(328). 

NUCLEIC ACIDs.-Literally and figuratively, nucleic acids are the backbone of our generic 
material. It was, therefore, of great interest to discover that examples of all four types of 
halogenated nucleic acid bases exist naturally. 

The antibiotic nucleocidin (138) from the Indian soil microbe Streptomyres rafvus, which is 
very active against trypanosomes, contains fluorine (329,330). The sponge Erhinodictyrrm sp. 
contains the new brominated purine 139 (331), and the same paper reports the isolation of 
iodinated nucleoside 140 from red alga Hypneu vafendiae (33 1). An Actinomyces sp. produces 2’- 
chloropentostatin (1411 (332,333). 
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MISCELLANEOUS HETERC€YUES.-Numerous halogenated (mainly chlorinated) oxygen het- 
erocycles have been found in nature over the past decade, mainly from terrestrial plants and fungi. 
According to a 1984 review, some seven new natural chlorinated xanthones have been character- 
ized in the “past decade” (334). Even more recent is the isolation of arthothelin (142) from the 
Australian lichen k a n w a  broccba and Bueffia sp. (335). Chlorinated isocoumarins are in several 
plant species (336,337), and the coumarin chloculol I1431 was recently extracted from Muwaya 
panicufata (338). That 143 is not an artifact produced from the corresponding epoxide during 
extraction and workup was confirmed by subjecting the epoxide to the complete isolation and 
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purification protocol (338). The red alga Ptilonia australasica produces two new and unusual 
polybrominated pyrones (e.g., 144) (56). The marine sponge Pseu&xinyssa cantbarella contains 
the simple imidazole chlorohydrin girolline 11453, which is known to possess antitumor activity 
(339). 
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AROMATIC COMPOUNDS.-Because electrophilic halogenation in the laboratory on an 
unactivated benzene ring requires a degree of external vigor (heat, catalyst), it is not surprising 
that most of nature’s halogenated aromatic rings are activated (e.g., phenolic). However, a few 
very interesting examples of simple halogenated aromatics do exist. 

It has been reported that 1,2,3,4-tetrachlorobenzene 11461 is contained in the Mississippi 
salt marsh “needlerush” (/uncus rwnlerianus) (340), a most extraordinary find. This compound 
represents 1.2% of the total organic oil extracted from this plant. A careful study of the ash from 
the 1980 eruption of Mt. St. Helens has revealed the presence of chloroaromatics 147 and 148, 
and, even more noteworthy, three isomers of pentachlorobiphenyls (PCBs) 149. Not only do 
control studies eliminate anthropogenic sources for these compounds, but the nature of the PCB 
isomers is not what would be expected from industrial PCBs (341). This landmark observation 
represents the first discovery of a natural source of PCBs. The authors surmised that rapid, 
incomplete high temperature combustion of chloride-containing plant material in the eruption 
zone led to these chlorinated aromatics, as well as to CH,Cl (vide supra). Plants typically contain 
200-10,000 ppm of chloride ion (15). More recently, two new glycopeptide antibiotics from 
Amyrolatopsis sp., each ofwhich contains five chlorines, were found to have a chlorinated biphenyl 
subunit (342). 

Another remarkable discovery is that an unidentified deep sea gorgonian, collected at a depth 
of 350 m, produces two halogenated azulenes, ehuazulene [1501 and 151 (343). 
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PHENOLS AND PHENOLIC ETHERS-Although iodinated natural products are rarer than 
chlorinated or brominated natural products, nature’s organic iodides have the distinction of being 
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the earliest organohalides to be discovered and studied in depth. Thus, iodinated tyrosines have 
been known for nearly 100 years, having been isolated from the marine gorgonian Gwgonia 
cavolinii (344,345). Later, it was found that the essential thyroid gland hormone thyroxine is a 
tetraiodotyrosine derivative (346-348). For a review, see Roche and Michel(349). 

Since then, a number of reports on the isolation of halogenated tyrosine derivatives from 
marine sponges, sea fans, and other gorgonians have appeared (350-352). It appears that these 
amino acids, when incorporated into structural proteins, may play a role in stabilizing the 
proteins in the organism by improving the adhesion between protein fibers or sheets (352). The 
mollusk Bucctnum undztum utilizes 3-chloro-5-bromotyrosine'[1~2~ in its structural proteins 
(352). Even more interesting are the isolations of 3,4-dichlorotyrosine, as well as 152 and other 
brominated tyrosines, from the crustacean Limulus polyphemus (35 3), and 3-chlorotyrosine from 
the cuticle of locusts (Schistocerca gregarta) (354). Neither tyrosine derivative had been found 
previously in nature. 

Simple halogenated phenols have been known for many years. In 1967, it was suggested that 
2,6-dibromophenol 11531, which is present to the extent of 10-15 mg per acorn worm 
Balanoglossus biminiensis, may function in chemical defense to deter potential predators (3 5 5). 
Moreover, it is known that 2,4,6-tribromophenol, which is present in theacorn worm Glossobalanus 
sp., is toxic to mollusks (356). A detailed study offour species ofacorn worms reveals the presence 
of a total of six brominated phenols, including the triphenyl ether 154, the major metabolite of 
PtycbOdera&va (356). A review indicates that some 220 phenolic substances, mostly halogenated, 
have been isolated from marine organisms up to 1980 (357). 
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Because chlorophenols are used industrially on a large scale (200,000 tons manufactured 
annually) (358) and have been classified by the Environmental Protection Agency (EPA) as 
Priority Pollutants (359), it was an enormous surprise chat several different chlorophenols are 
produced naturally. The soil fungus Penicillium sp. produces 2,4-dichlorophenol[155] (360), an 
industrial chemical used to synthesize the commonly used herbicide 2,4-D. Grasshoppers 
(Romalea mimoptera) secrete 2,5-dichlorophenol[156), which is repellent to ants (361), and the 
sex pheromone of the female Lone Star tick (Amblyomma amwicanum), as well as several other hard 
ticks, is 2,6-dichlorophenol [15n (362-365). Careful studies in the first and last of these 
investigations rule out the possibility that these compounds are artifacts (360,362-365). The 
blue-green alga Anacystis marina contains chlorophenol 158 (53), and a soil microbe (Cbaetomium 
sp.) produces differanisole A {159], a 2,4-dichlorophenol derivative (366). Pseudonorardia 
compacta produces the new glycopeptide antibiotics helvecardins A and B, both of which contain 
a 2-chlorophenolic ether moiety (367). 
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Unfortunately, space does not permit a full presentation of the vast number of brominated 
phenols, phenolic ethers, and tyrosines that are found in marine organisms. Therefore, in this 
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section, only a representative sampling will be given. However, a full listing of these natural 
products from 1980 to the present appears in Table 4. 

The “mixed” bromochlorodiphenyl ether 160 is produced by a marine sponge and accounts 
for 1.3% of the dry wt (368). It is interesting to note that this compound is a “predioxin” 
intermediate. Another study of three Palau sponge species reveals the presence of seven different 
polybrominated diphenyl ethers (369). Avrainvilleol[161], a novel dibromdiphenylmethane, 
was isolated from the tropical green alga Awainvillea longicaulis and found to be a powerful feeding 
deterrent and toxic to herbivorous reef fish (370). The related Awainvillea rawsoni produces the 
labile rawsonol[1621, an HMG-CoA reductase inhibitor, having a unique structure (371). The 
red alga Rhabdonia wrticillata produces six bromokhloro phloroglucinols (e.g., 163,164) (372). 
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Representative ofthe large number ofsponge metabolites that are derived from a brominated 
tyrosine are purealidins B 11651 and C 11661, isolated recently from the Okinawan sponge 
Psammaplysilla purea (373). The sponge Iantbella basta, collected off Guam, contains many 
brominated phenolic derivatives, one ofwhich is bastadin 8 1163 (374). In contrast, the sponge 
Aplysina rawrnicola produces the relatively simple halogenated quinols 168 (375). 

Two Oregon forest mosses have yielded ansamitocin P-3 11691, a novel chlorinated phenolic 
ether which has potent activity against solid tumors (376). A dozen flexirubin pigments (e.g., 
chloroflexirubin 11701) have been extracted from several Flexibacteria(377). Although iodinated 
metabolites are rare compared to bromo and chloro natural products, the tunicate DidPmnurn sp. 

166 
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produces diiodide 171 to the extent of 0.4% dry wt (378). The marine sponge Geodia sp. contains 
the 2-iodophenol ring system as part of a cyclic peptide (379), and the sponge Pseudzxinysu sp. 
from New Guinea contains as part of a cyclic peptide, 2-iodo-2-bromo-, and 2-chlorophenol (Le., 
172) (380). The exciting new class ofpowerful antitumor agents, the calicheamicins, contain an 
iodo- or bromo-substituted phenolic ether ring (381). These incredibly complicated natural 
products are produced by Mirromonospwa ecbinospora. 
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ANTHRAQUINONEs.-.%veral species of Derrmcyk fungus produce 5-chlorodermolutein 
11731 and 5-chlorodermorubin [174] (382-384). Otherwise, halogenated anthraquinones are 
relatively rare, and only these two examples have been described in the past decade. 

DIOXINS AND RELATED C0MWUNDs.-“Dioxin,” 2,3,7,8-tetrachlorodibenzo-pdioxin [ 1 7 9 ,  
was once generally thought to be the most toxic man-made chemical known (385-387). 
However, extensive research with dioxins over the past ten years and evaluations by epidemiolo- 
gists of people exposed to dioxin [Vietnam Veterans (388,389), Seveso inhabitants (3901, and 
industrial plant workers (391,392)l has revealed that dioxin is not the “doomsday chemical” once 
believed (392-394). For an excellent recent summary see Gough (394). There is no scientific 
evidence that dioxin causes any serious health effects in humans apart from the skin disease 
chloracne and some reversible liver dysfunction (394). Nevertheless, the extraordinary toxicity 
of some polychlorinated dioxins (PCDDs) and related compounds, such as the polychlorinated 
dibenzofurans (PCDFs) (e.g., 176), in some animals is reason enough for the continued study of 
these compounds, especially since it is now recognized that PCDDs and PCDFs are, in fact, 
natural products. 
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The fact that simple chlorinated organic compounds, e.g., CH,CI, are produced when 
organic material is burned in the presence of the ubiquitous chloride ion (or organochlorine 
compounds) (vide supra) led to the belief, now supported by fact, that PCDDs, could form during 
combustion processes (395,396). Indeed, numerous studies have revealed that PCDDs, including 
175, and PCDFs form in parts-per-billion (ppb) amounts during the combustion ofwood (treated 
or untreated) (397400)  and municipal waste (401403).  Automobiles and trucks are a 
significant source of these pollutants (404406),  and it is found tht the emissions of PCDDs and 
PCDFs from high temperature industrial processing plants (e.g., steel mills, copper smelting 
plants) is of the same magnitude as that produced by municipal waste incinerators (407). It has 
been concluded that all combustion sources, except coal burning, produce PCDDs and PCDFs 
(402). Indeed, at least two groups conclude that forest and brush fires are the major source of 
PCDDs and PCDFs in the environment (397,408). In the words ofone author, “based on available 
information, forest fires are estimated to be the largest source of PCDD release to the environ- 
ment” (408). The relatively poor efficiency and incomplete oxidation when damp vegetation and 
wood are burned in the presence of high chloride concentrations (70-2100 ppm in wood pulp) 
(18) are conditions conducive to PCDD formation. It is estimated that some 130 pounds of 
PCDDs are produced in Canadian forest fires annually (408). This is ten times more than formed 
in the 1976 Seveso plant accident. Since most forest fires are lightning-caused, and there are 
200,000 forest fires annually worldwide, burning 27,000 square miles (18), it is logical to assume 
that PCDDs have been present in the environment for many centuries. Therefore, it is not 
surprising that an 1877 soil sample was found to contain PCDDs and PCDFs (403). 

A greater surprise than the discovery of PCDDs in combustion gases and residues is the 
observation that several chlorophenols are converted enzymatically into both PCDDs and PCDFs 
in the ppm range by horseradish peroxidase enzyme (HRP) (Scheme 1) (409). This extraordinary 
finding opens the door to the possibility that a source ofenvironmental PCDDs and PCDFs may 
be their formation from ubiquitous chlorophenols by soil and water microbes. 

SCHEME 1 

The wide distribution of bromophenols and related brominated phenolic ethers, particularly 
in marine life, would seem to indicate a need to search for thepresenceofpolybrominateddibenzo- 
p-dioxins (PBDDs) and dibenzofurans in the environment, since it is known that the former can 
be as toxic to some laboratory animals as the corresponding PCDD analogues (387,410-412). 

As a final note to this section on dioxins, the US. chemist who first synthesized several 
polychloro-, polybromo-, and polyiododibenzo-p-dioxins (41 3), before their toxicity was recog- 
nized, is alive and in good health today, thirty-five years later, although he suffered severely from 
chloracne following his initial exposure (Dr. J.J. Dietrich, private communication, October 29, 
1991). Finally, a recent U.S. patent reports that 1,3,6,8-tetrachlorodibenzo-p-dioxin (a PCDD 
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isomer of “dioxin” {175]), as well as a trichloro PCDF derivative, have demonstrable activity 
against human breast cancer (414). 

MISCELLANEOUS coMmms.-The acorn worm Ptycbodwa sp., a rich source of brominated 
phenolsand indoles,alsocontainsseveral brominated cyclitols,e.g., 177-179(415). Metabolites 
177 and an epimer represent more than 10% of the animal’s dry weight, and epoxide 178 has 
excellent antitumor activity. The microorganism Pbyllosricta sp. produces two chlorinated 
cyclitols (e.g., 180) (416). 

The nudibranch Diuululu sandiegensis contains nine different chloroacetylenes (e.g., 181) 
(41 7 ) .  These chemicals are apparently stored in the animal’s skin and appear to be used for defense 
against predators. The deactivation of pirlimycin 11821, a recently isolated peptide sugar, has 
&en studied (418). 

e 0 OH OH 0 

OAc dAc OH 

177 178 179 180 

181 
182 

Although this review is only concerned with organic halogen compounds, it is necessary to 
cite one intriguing exception. The sponge Halicbondria mwei contains inorganic fluoride to the 
extent of 10% (dry wt) in the form ofpotassium fluorosilicate (KZSiF,) (419). There are no fluoride 
sources available to this sponge, apart from the 1.3 ppm in ocean water, and another sponge 
species from the same taxonomic order and in a nearby location contains no fluoride. Hal. moorei 
is able to sequester and concentrate fluoride in the form of KZSiF,, which, in fact, is apotent anti- 
inflammatory agent. 

Volcanoes also produce large quantities of HCI and HF (18,420). This is relevant to the 
present discussion since it has been proposed that HCI and HF can react with organic compounds 
to produce organohalogens (420). 

Finally, the discovery of the first chlorine-containing molecule, HCI, in interstellar space has 
been reported (421). It remains to be seen whether or not this exciting observation will be 
followed by discoveries of organochlorine molecules and other organohalogens outside ofour solar 
system, since nearly 100 stable organic molecules (alkynes, alcohols, amines, amides, alkenes, 
aldehydes) have been detected in interstellar space (422,423). 

MECHANISMS OF BIOGENIC HALOGENATION 

Two clear and distinct pathways exist for the formation of naturally occurring organohalogen 
compounds: (1) biosynthesis by an organism, and (2) combustion of organic matter in the 
presence of halide ion or other halogen source. Only the former has been studied in depth. 

Because life began in the ocean, it is hardly surprising that marine organisms have not only 
adapted to the high salt concentrations in the ocean but have incorporated halogens into their 
chemical constitutions. Some marine bacteria need high salt concentrations (3% NaCl) to live, 
while some need exceptionally high concentrations (1 5-30% NaCI) for growth) (424). 

It is now well established that marine organisms contain haloperoxidase enzymes that can 
chlorinate, brominate, or iodinate organic compounds in the presence of chloride, bromide, or 
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iodide ions, respectively (8,425-428). For example, of 33 species of Phaeophyceae algae from the 
Atlantic Coast, 22 displayed peroxidase enzymatic activity (429). Evidence exists for the presence 
of peroxidases in the thyroid gland of mammals (430). Chloroperoxidase, which occurs in the 
mold Cafduriomyces fumago. has been extensively studied (43 1 4 3 3 ) ,  and bromoperoxidase from 
both green and red algae has been isolated, purified, and shown to be an efficient biogenic 
brominating agent (434436).  Soil extracts have been shown to have chlorinating ability (8,437), 
and more than 80 species of Death Valley fungi displayed chloroperoxidase activity (8). 
Lactoperoxidase, an enzyme present in mammalian milk (438), is capable ofchlorinating organic 
substrates (425,438). Forexample, it is found that the enzymes lactoperoxidase, chloroperoxidase, 
HRP, or vanadium peroxidase are capable of chlorinating or brominating phenols and phenol 
ethers(aniso1e) in the presence ofchlorideor bromide, respectively(425,427). Someexamples and 
chemical yields are shown in Figure 8. 

CI CI 
25% 5% 

dloropemx- 

CI 
3a% 

0- O h  

Br minor 
mapr 

FIGURE 8. Examples of enzymatic halogenation of phenols and phenolic ethers. 

These studies clearly show that the EPA Priority Pollutants such as various chlorinated 
phenols, cresols, and dioxins form enzymatically and, therefore, quite possibly in living 
organisms. 

A different enzymatic mechanism, involving S-adenosyl methionine transferase, is involved 
in the biosynthesis of halogenated methanes in marine algae, fungi, and the ice plant (13). 

METABOLISM AND BIODEGRADATION 

As it is with the other elements in our biosphere, the halogens, in the form of recyclable halide 
ions, must be recovered from plants and animals when they die, so that succeeding generations 
will have access to halide and other elements prerequisite for life. Thus, contrary to common 
perception, organohalogen compounds, both natural and unnatural, are readily metabolized and 
biodegraded to halide ion by a myriad of microorganisms. 

The simple organohalogens CH,CI,, CHCI,, CCI,, BrCH,CH,Br, CHBr,, CI,C=CCI,, and 
others can be degraded to CO, (or other simple organics ) and halide ion by soil bacteria (439- 
44 1). Aromatic halogen compounds are also metabolized by a number of different organisms. The 
soil bacterium Pseudomonas putida oxidizes halobenzenes to the cis-diol (Scheme 2) (442444).  
This is a remarkably general reaction, very useful in organic synthesis (445,446), and even 
succeeds with fluorobenzene. Polychlorobenzenes are similarly oxidized by Ps. putidu (447,448), 
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and Pseudomonas desmolyticurn oxidizes chloro- and bromonaphthalene (449). Second-stage mi- 
crobes would complete the loss of halide from these diols. For example, Pseudomonas &baIogenans 
oxidizes 2-fluorobenzoic acid completely to fluoride ion (Scheme 3) (450), and Norardia 
erytbropolis degrades aromatic fluorides (45 1). A review of the biotransformations of fluoro 
aromatics has appeared (452). 

f t 

F 

SCHEME 2 

isolated 

SCHEME 3 

The biodegradation ofchlorophenols has been widely studied. For example, 2,4-dichlorophenol 
is rapidly metabolized in soils (453), and an exhaustive mechanistic study of the degradation of 
this compound to chloride ion and CO, by the white-rot fungus Pbanerochaete cbrysospwium has 
been reported (454). This amazing fungus is capable of degrading other chlorinated phenols 
(455), DDT (456), and even pentachlorophenol (457). In the latter case, 97% of the phenol is 
degraded in 28 h at a concentration of 1 ppm. PCBs are also degraded by this fungus (458) as well 
as by a Pseudomonas sp. (459), and an excellent recent review of the biodegradation of PCBs is 
available (460). Another fungus, Rbizwtoniapraticola, has the ability to polymerize halogenated 
phenols and form humic-like products (461,462). 

Thus, it can be seen that organohalogen compounds not only have a natural beginning, but, 
in the scheme of things, they have a natural ending as well. The commonly held belief that 
organohalogen compounds are impervious to biodegradation is erroneous. 

NATURAL VS. ANTHROPOGENIC ORGANOHALOGEN COMPOUNDS 

We have already seen that CH,CI is overwhelmingly biogenic in origin. But what about the 
relative quantities of the many other natural organohalogens vis-&-vis the approximately 20 
million tondyear of 150 industrial organohalogens currently in use worldwide (8,45) and those 
other organohalogens formed as a result of human activity? 

While a vast number of halogenated compounds have been isolated from natural sources 
(vide supra and Table 4), only a relatively few organisms have been examined for their chemical 
content, especially organisms in the oceans. For example, whereas some 12,000 natural products 
of all types have been isolated from terrestrial plants, only 500 had been isolated from marine 
plants (algae) up to 1987 (463). This contrasts with the fact that there are known some 500,000 
species ofmarine animals, plants, and bacteria (464). For example, there are 80,000 living species 
of mollusks (465), 5000 species of sponges (466), and 4000 species of bryozoans (moss animals) 
(467), but only six ofthe latter have been examined (294). Of more than 90 known species of deep- 
sea gorgonians in the Hawaiian Islands, only 20 have been investigated for their chemical content 
(468), and of 13 Mycale sponges living in the Mediterranean Sea, only one has been investigated 
(129). 

Since most marine organisms have been found to contain halogenated compounds, there are 
certainly thousands of different, new organohalogenated chemicals in marine organisms awaiting 
discovery. An early study of46 marine sponge species revealed that all but one contained bromine 
(0.16-2.66%) and all contained iodine (0.12-1.21%) in the form of organic compounds (469). 
Marine algae such as Asparagopsis taxifwmis (0.22% total halogen dry wt), Bonnrmaisonia bamijb-a 
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(0.12%), Laurenciapacijka (0.29%), and Pfocamiumpacificiaum (0.64%) are found in all the world's 
Oceans, and, in some cases, at depths from intertidal to >35 m (53). Moreover, not only do the 
Oceans cover 70% of the earth's surface, they provide 99% of our living space since the total 
volume is occupied (470). 

The diversity of marine life and, hence, of potential new organohalogen compounds, is 
illustrated by the Great Barrier Reef. This 100,000-square-mile area consists of 2500 separate 
small reefs. Around one of these, of less than 14 square miles, there have been identified 930 
species of fish, 107 corals, and 154 urchins, cone shells, and other mollusks (471). In summary, 
it is clear that a very large number of marine organohalogen compounds will be discovered, to say 
nothing about the new halogenated compounds that have yet to be discovered in terrestrial plants, 
animals, bacteria, and fungi. 

What are the quantities of naturally Occurring organohalogen compounds? Apart from the 
CH,CI estimate cited above, only a few attempts have been made to estimate the global 
contribution of organohalogens from natural sources. Table 2 summarizes these estimates. An 
inherent difficulty in making these estimates is the variability between samples of the same 
species. For example, the tropical green alga Awainvilfea nigricans from Puerto Rico contains at 
least two brominated metabolites, whereas the same species found in the western Caribbean is 
devoid of halogenated metabolites (472). 

TABLE 2. Estimates of Naturally Occurring Organohalogens from Marine Sources. 

Source(s) I TonsperYear 1 Reference Compound I 
CH,C 
CH;B 
CHJ 
CHJ  
CHJ 
CHJ ........................................... 
CH3Br ........................................ 
CH,Cl ........................... 
"volatile organic bromin 
"volatile organic iodine" 

giant kelp (macroalgae) 
giant kelp (macrmlgae) 
giant kelp (macrmlgae) 
all biological sources 
oceans 
oceans 
oceans 

oceans 
oceans 

OCeallS 

2,000 
100 
200 

1,300,000 
300,000-500,000 

4,000,000 
300,000 

4,900,000 
10,000 

100 

14 
14 
14 
18 
18 
30 
18 
18,27 
20 
20 

Global estimates of the organohalogen content of animals are more difficult than are those 
of plants. However, a detailed study of the acorn worm Ptychhocierafiva has revealed that a known 
population of these animals (64 million) excrete in their fecal matter 95 pounds oforganohalogens 
daily in a one square kilometer habitat on Okinawa (473). Obviously, many more studies of a 
similar nature are needed in order to estimate the global quantities of organohalogens from animal 
species. 

Several researchers have reported the identification of halogenated phenolic compounds in 
Ocean waters and in soil extracts (425,474-477). These studies conclude that the major source of 
most of these compounds, such as 2,4,6-trichlorophenol, is biogenic and from natural halogena- 
tion processes such as can Occur between humic acid and soil microbes. Humic acids are not only 
present in soil but also in rivers, lakes, and the Ocean (478). For a recent study of the release of 
humic acid from cordgrass, see Filip and Alberts (479). The yearly net production ofenvironmen- 
tal humic acid from the decomposition of organic material has been estimated at 63 billion tons 
(478), added to the estimated existing global 1 G 1 . 5  trillion tons of soil humic acids and one 
trillion tons ofocean humic acid (478). Numerous studies have demonstrated the ease with which 
humic acid model compounds (phenolics) react with halogens (478,480482). Furthermore, 
chloride ion is ubiquitous in soil, plants (200-10,000 ppm) (1 5 ) ,  in rivers (average 8 ppm) (483), 
lakes (483), and, of course, Oceans (478,483). These ingredients, in combination with natural 
chloroperoxidase and other enzymes, provide a plausible rationale for the natural formation of 
chlorinated phenols. 

The positive correlation between the level of halogenated anisoles detected in marine air and 
their Occurrence in algae in coastal areas supports the assumption of a biogenic source for these 
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compounds (425). Several studies have demonstrated that the natural production of chlorinated 
phenols and anisole outweighs the anthropogenic sources (474-477). For example, the total pool 
of adsorbable halogenated organic compounds in peat in Sweden is 300,000-400,OOO tons, 
whereas the largest industrial emissions are from paper pulp industries and are 10,000 tons per 
year (474). Since in this area of Sweden the topography excludes leaching from surrounding areas 
into the bogs under study, these organic halogen compounds must be of natural origin. Moreover, 
the peat bogs contain but a fraction of the total naturally occurring halogenated organic 
chemicals. 

SUMMARY 

The field of organohalogen natural products has truly blossomed into an enormous scientific 
arena in the interval since 1968, when Fowden stated: “...our present information suggests that 
organic compounds containing covalently bound halogens are found only infrequently in living 
organisms” (3 ) .  

Ironically, evidence is now available to indicate that organohalogen compounds have been 
present on earth for centuries. For example, organohalogen compounds in fulvic acids have been 
isolated from groundwater samples that date back 1300,4600, and 5200 years (474). Another 
study has identified organohalogen material in sediments dating back to the 13th century (484). 
Perhaps even more remarkable is the fact that microfossils present in Precambrian rocks, which 
are a billion years old, are identical to the blue-green alga Nostoc, and other microfossils are 
morphologically indistinguishable from Oscillatoria, two present-day species rich in organohalogen 
compounds (485). It would be foolish to believe that organohalogen compounds have not been 
with us for as long as any other organic chemicals. 

A difficult question to answer is one often posed by environmental skeptics: “Why would 
nature create organohalogen compounds?” There is convincing evidence that, in many marine 
organisms, organohalogen compounds serve in chemical defense, as either feeding deterrents, 
irritants, or poisons (486488).  For example, a recent careful study of the sea hare Stylocbeilus 
longicaudz clearly indicates a feeding deterrent role for its organohalogen compounds (489,490), 
and the sea hare Aplysia brasilzana is distasteful to fish and rejected by sharks due, in part, to 
panacene, a brominated allene (490). There is evidence that marine algae store organohalogen 
compounds in the vesicular cells for facile secretion to discourage predators (34,54). 

A direct correlation has been observed between the presence of organohalogen metabolites 
and antimicrobial activity in some 1200 marine organisms (491). In addition to the widespread 
antibiotic activity of many organohalogen compounds (492), antitumor, antifungal, insecticidal, 
herbicidal, and other potentially valuable biological activity has been observed (486488,493- 
495). Telfairine 1231 is 100% lethal to mosquito larvae at  10 ppm (86), and plocamene B is three 
times more effective than the commercial pesticide lindane against mosquito larvae (91). The 
aromatic iodophenolic ether calicheamicin y,’ is 1,000 times more potent than the clinical 
anticancer drug adriamycin (381). It seems certain that the near future will see the development 
of medicinally important organohalogen compounds (496). 

FUTURE OUTLOOK 

The explosion of activity in the area of organohalogen natural product chemistry is certain 
to continue. The continued improvements in isolation, analytical, and spectroscopic techniques 
over the past few years ensure the fact that even the most structurally complex organohalogen 
natural products can and will be identified. As our understanding of natural enzymatic 
halogenation reactions continues to increase, it will be possible to separate more accurately 
natural from anthropogenic sources of halogenated chemicals. 

Table 3 summarizes the present state of knowledge regarding natural sources of 
organohalogenated compounds. It is apparent that two-thirds of the possible sources have been 
realized. 

Table 4 summarizes the new organohalogen compounds reported from natural sources 
during the period 1980-1991. 
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TABLE 4 . Summary of Naturally Occurring Organohalogens Reported During the Period 
19861991 . ' 

Organism 

Red Algae 
Chondria tenuissinu ..................................... 
Grlidium suquipdale ................................... 
Hypnea valtndiat ......................................... 
Laumia  hngniartii ...................... 
Lurencia implicata ...................................... 
L a u m i a  intrirata .................... 
L u u m i a  nujuscula ...................................... 
Laurencia mirrocladia .................................... 
Laumia  nipponira 
Laurencia obiusa ........................................... 
Laumcia parifia ......................................... 
Laumia  pqfmata ....................................... 
Laumia  pinnoti@ .................................... 
Laurencia scoparia 

L u m i a  tenera .............................. 
Laumia  tmusta ......................................... 
Laumia  sp ................................................ 
Ochthtoder mkrr i  ............................................ 
Ochtodrr seorndiramu .................................... 
Plwamium cartilagineum 

(=P . cwcinrum) ........................................ 
Plwamiuni mmii ................................ 
Plwamium te4airiae ...................................... 
Plwamium violaceum ..................................... 
Plwamium sp ..................................... 
Portitria haurrmnni ..................................... 
Rhabdonia v~rriciIlata ................................... 
Vidalis spiralis 

L a u m i a  snydelae ........................................ 

Sub-total 
Blue-Green Algae and Cyanobacteria 

Anabaena sp ............................... 
Fiscbrrella sp .............................. 
Hapalosiphon foniinolis ................................. 
Lyngbya nujimida ....................................... 
Nostoc Iinckia ................................ 
Nosrw sp ..................................................... 
Osrillatwia sp .............................................. 

Slytonenu hofnlanni ......... 
ToIyporhrix tjipanasensis ... 

Riwdaria firma ....................... 

Sub-total 
Green Algae 

Airairnilha longicanlis ........... 
AirainviIlea nigricans ................................... 
At r a i m i l h  rau Toni ..................................... 

Number of New 
Halogenated 
Metabolites 

1 
1 
1 
6 
6 
5 
3 
1 

14 
31 

1 
3 
6 
1 
1 
2 
2 
4 
8 
1 

4 
1 
1 
1 
1 
6 
1 
I 

114 

2 
3 

12 
9 
4 
1 
1 
6 
1 

13 
52 

1 
1 
1 

Referencds) 

94 
93 
331 
556 
153.154 
155. 156 
82 
171 
67.68.158-163. 497 
70-76.164-170.498. 499 
69 
79 
77.78. 157 
499 
500 
83 
80.81 
84. 501 
92 
90 

87-90.502 
85 
86 
90 
85 
91. 95 
372 
59 

184 
282. 503 
281 
504 
152 
503 
131 
280 
505 
5 0 6  

370 
472 
37 1 



October 19921 Gribble: Organohalogen Compounds 

TAEI~IL 4. Continued. 

Organism 

Cymopolia barbata ........................................ 
Neomis annulata . ............... 

Sub-tot 
Brown Algae 

Fucales sargassum ....................................... 
Sub-total 

Sponges 
Arantklla cawmosa ...................... 
Acantklla kletlwa ........................................ 

....................................... 

....................................... 

....................................... 
Aplysina caulifwmis ............................... 
Aplysina cawmicola ...................................... 

Aplysina tbiona ............................................ 

Axinella sp. ................................................. 

CIiona relata ................................................ 

Derritus sp.  .................................................. 
Disradennia plydiscus ................................... 
Dragmaridon sp. .................................... 
Druinella pupurn ....................................... 

DysiaLa r b l m  ............................................. 

Geodia baretti .............................................. 
Geodia sp. ................................................... 

H e d l l a  sp. ............................................... 
Hymeniacidon sp. .................. 
Iantklla ardis .............................................. 

Iotrorbota sp. ................................................ 
Jaspis sp.  ..................................................... 
Latrtouulia sp. ..... 

....................................... 

Petrosiajc$rniis .......................................... 
Pbyllospongia filiascens .................................. 
Pieranu nmorri ....................................... 
Prianos iiielanos .............. 
Psaiiiiiuplysilla arabica ... 
Psaiiiiiupljsilla piire0 ...... 
Psaiiinupljsilla pitrptim . 
Pseiiahxinyssa cantbarella 
Pseiiahxinysa sp. ........... 

Tbeonella sp. .................. 
Tboreitopsaiima XUM ...... 
Topsentia genitrix ........... 
Verongiila aeropboba ...................................... 
Verongiila rtgida ........................... 
Unidentified .............................................. 

Sub-total 

Yumber of New 
Halogenated 
Metabolites 

6 
3 

12 

2 
2 

2 
1 
8 
1 
8 
1 

13 
1 
4 
2 
1 
1 
6 
2 
1 
1 
1 
1 
2 
7 
1 
1 
1 
2 
2 
5 
3 
1 

14 
1 
1 
3 
3 
1 
4 
3 
2 
2 
2 
7 
7 
1 
4 
5 
3 

1 
1 
1 
3 
1 
5 

158 

1 
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Referencds) 

97,507 
96 

37 

126 
127 
125 
230 
232-234,508,5 18 
509 
375,5 10-5 12 
509 
513 
5 14 
227,228 
229 
283,284 
274 
325 
266 
270 
263 
515 
369,516 
369 
33 1 
271,272 
379 
147 
265,517 
235 
519 
374,520,552 
249 
276,277 
285,287 
129,148 
250 
207 
369 
248 
286,288 
521 
37 3,5 22-5 24 
525-527 
339 
380 
255,256 
1 x 1 7  1 
261 
278 
528 
262 
529 
5.30 
1.30,264,.368,5.31 
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TABU 4. Continued. 

Organism 

Gorgonians and Octocorals 
Briaeiini poljanther ..................................... 

AIina&a sp, ............................................ 
Ptilosatviis giimg i ....................................... 
Satvoph)ton glaiiciini ..................................... 
Solenopodiiini sp. .......................................... 

..................... 

Marine Animals 
Aplyia &qlonzcla ..................................... 
Aplyia jiiliana ........................................... 

Diaiiliila sandiegensis .................................... 
Diazona hinensis ......................................... 
Dideiiiniia candidiini 
Dideiiinimi sp. .............................................. 
Eiidistonu glaiiriis ......... 
Eiidistonu oliz*a[.eiini ...................................... 
Fliistra foliacw ............................................. 
Glassabalaniis sp. ......................................... 
G )  wmTin iu  rirhcri ...................................... 
Hawinoerr qnibaliini 

Pol) c.itoeIla iiuriae ....................................... 
Provides Iabaiitei ................... 
Pt)chcdwaJ%na ........................................... 
Pt j&fr ra  sp. .............................................. 
Rittenlla sigillinoidu . ................. 
Robwstra tigris ............................................ 
Zwbotr).on irrtii~illatiitii ................................. 

Sub-total 
Microorganisms 

Aninoniadiira iiielliaiira ..................... 
Adnoqces sp .............................. 
Ahtoplanes sp. ............................................ 
Attimparaiigiiiiii i,itaiiiiiiaphilii~ii ................... 
Artinosporangiiiiii sp .... 
Ani) trlatopsis sp. .......................................... 
Chetoiiiiitiii sp. ............................................ 
Flaz,&i.trriiini sp. ........... 
Glttmnolwmr sp.  .......................................... 
i\limiiioiiospora tihinospara ............................ 
Naa rdiu arraolonigeues ................................ 
Pciiidliiiiii rritstasiiiii .................................... 
Psriidoiiiotias s) ringae .................. 
Psriidoiiioiw joshitoiiiiensis 

Psriidoiicxardia miiipacra ................................ 
5uwharothri.x arrwolonigenes .......................... 

PJc~/do~l~ollas sp.  ........................................... 

Number of b 
Halogenarc 
Mecabolirc 

6 
3 
4 
1 
8 
5 
5 
5 
1 
5 
4 
1 
2 

50 

9 
1 

12 
1 
2 
2 
5 
9 
2 
3 
2 
6 

16 
7 
4 
5 
1 
1 
2 
1 
2 
2 
6 
3 
2 
2 

108 

2 
4 
1 
7 
3 
2 
1 
2 
1 
7 
2 
3 
6 
1 
1 
2 
1 

Referencds) 

113,114 
117,553 
210 
269 
115,118 
121 
116 
123 
119 
120 
209 
268 
343 

107-1 11 
112 
102,104-106,532 
267 
298,300,301 
356 
294-296 
417 
279 
257 
378 
306-308 
309.310 
289-291,320,533 
244,356 
5 34 
149 
535 
275 
259,260 
122 
356 
415 
3 12.3 14 
236 
536 

319 
218,219,332,333 
537 
220,221 
222 
342 
366 
538 
140 
38 1 
3 15-3 17 
302 
182,183 
138 
139 
367 
318 
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T ~ L E  4. Continued 

Organism 

~~ 

Streptoniyces griswspomus .......... 
Strpptoniyres nitmspomus ................................. 
Streptoniyces pitniceiis spp. doliceus ................... 
Streptoniytw ziridogenec .................................. 
Streptoniyces xanthoridicus .............................. 
Streptoniyces sp 

Sub-total 
Fungi 

Aspergiiius r m i i s  ......................................... 
Bueliia canesrens ............................... 
Biiellia sp. ....................................... 
Chaetoniiiini giobosani .................................... 
Ciaopodiuni mspifoliuni ................................. 
AIollisia mtosa ....... 
Alonociiliuni nordinii 

Unidenified ................................................ 
Sub-total 

Higher Plants 
Amptiion r e p s  ........................................... 
Asystasia M i a  ............................................. 
Cibotiuni bamnutz ........................................ 
Cistanche salsa ............................................. 

..................................... 

..................................... 

..................................... 
Ali iwa~a panicdata ...................................... 
Physalis perintam 
Pteris podophyila ........................................... 
Pteridiuni aqiiilinunz ssp. u ighrianiinz ............ 
Ptmauion virgatuni 
Rehnrannia giutinosa ..................................... 

Teumiuni africanuni ...................................... 
Teumiuni poiiuni ssp. vimtiniini ................... 
Thunkgia fragrans ...................................... 
Tmnzita brasiliensis ..................................... 
Withania soninifera 
Zw nrays ..................................................... 

Surrtzia imicatpa ................. 

Sub-total 
Mammals 

bovine ........................................................ 
Sub-total 
TOTAL 

Number of New 
Halogenated 
Metabolites 

1 

I 

4 
55 

1 
3 
2 
4 
1 
4 
1 
3 
1 

20 

2 
1 
1 
1 
2 
I 

2 
3 
1 
2 
1 
1 
2 
1 
1 
3 
5 
2 
2 
1 
1 
1 
1 
I 

39 

1 
1 

61 1 

1385 

Referencds) 

179 
321-323 
189 
180 
178 
137,2 17,223,554 

539 
540,541 
335 
141 
376 
555  
542 
543 
142 

544 
143 
545 
546 
328 
133 
193 
547 
548 
186 
549 
338 
191,192 
550 
134 
327 
144-146 
336 
135 
136 
551 
337 
190 
324 

304 

'Although several of these compounds were isolated from more than one source, they are counted 
only once. Previously known compounds are not listed. Many of the organisms listed contain compounds 
other than the ones reponed here, but only newly discovered natural products are listed. 
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