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|.  Introduction

Thisliterature review isthe second in a series of periodic updates to the natural halogen
literature, with a particular focus on organochlorine compounds.

The coverage is approximately from mid-June 1995 to mid-November 1995, with inclusions
of earlier materia as appropriate.

Several important events have occurred in recent monthsin the chlorine arena. The American
Chemical Society national meeting in Chicago, August 20-24, 1995, sponsored a Symposium on
"Chlorine and Chlorine Compounds in the Paper Industry”. Thisfour-day symposium, which was
organized by Dr. Victor Turoski (1) featured forty papers by speakers from industry, academia, and
regulatory agencies. The Symposium concluded with a Risk Assessment Panel. Additional details
about thisimportant event are presented in Section V1.

A brochure entitled "Chlorine and Health" has just been published by the American Council
on Science and Health (2). This peer-reviewed document discusses the role of chlorine in our
society and its benefits to human health. For example, it examines chlorine in the paper industry,
water purification using chlorine, polyvinylchloride, and some of the current controversiesinvolving
dioxin and the alleged estrogenic effects of chlorinated chemicals.

An account of the seminar "Chlorine and Life" has recently been published by the
Environmental Center of Polytechnic University of Catalunya (3). This special October 1994
seminar, which featured speakers from around the world, both industrial and academic, was attended
by more than 300 participants. Details about this conference are presented in Section V.

The monograph "Naturally Occurring Organohalogen Compounds — A Comprehensive
Survey", which documents nearly 2500 organohal ogen compounds and contains 2300 references,
will be published early in 1996 as Vol. 68 of Progressin the Chemistry of Organic Natural
Products by Springer-Verlag. A recent review of natural chlorine has appeared in Chemistry in
Britain (4), and the Euro Chlor publication "The Natural Chemistry of Chlorinein the

Environment” has been widely distributed to interested parties by this author.

1.  New Natural Organohalogens

The discovery of novel naturally occurring organohalogen compounds continues at an



unabated pace, particularly from marine sources (5). Fifty-five new natural organohalogen
compounds are reported herein, bringing the total of known compoundsto 2530. Facilitated by
new, more powerful Nuclear Magnetic Resonance (NMR) spectroscopic characterization
techniques, natural products chemists can identify literally miniscule amounts of compounds.
Moreover, the development of new enzyme-based screening protocols has greatly improved the
discovery of biologically active organohalogen natural products.

The extraordinarily interesting Ecuadoran poison frog metabolite epibatidine (1), which is
500-1000 times more potent than morphine as an analgesic, has been featured in a Fortune
magazine article (6). The previoudy known sponge metabolites bastadin 5 and 19, which are
produced by lanthella basta, are now commercialy available (Calbiochem, Lalolla, California) as
toolsto study ryanodine binding and calcium transport (7, 8). Methyl chloride has been detected in
the air above aspruce forest (9). The novel chlorinated nucleoside kumusine (2) has been isolated
from the sponge Theonella sp. (10) and, independently, as trachycladine A from the sponge
Trachycladus laevispirulifer (11). The fungus Trametes sp. has yielded the novel trametol (3)
(12), and the trichloromethyl metabolite herbamide A (4) has been found in the sponge Dysidea
her bacea from Papua, New Guinea (13). Theterrestrial plant Vellozia bicolor from Brazil contains

diterpene 5 (14). Interestingly, the corresponding epoxideis not converted to 5 under the isolation

conditions.
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The four novel antibacterial, antifungal, and herbicidal palmarumycins 6-9 have been



discovered in the West Borneo forest soil microbe Coniothyriumsp. along with several other
related nonchlorinated metabolites (15). The toxic mushroom Russula subnigricans produces the
optically active chlorohydroquinone tetramer russuphelol (10) (16), in addition to chlorinated
hydroguinones russuphelins A-F (11-16) (17, 18).
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The unusual chlorinated homo-diterpenes hamiltonins A-D (17-20) are secreted by the South
African nudibranch Chromodoris hamiltoni (19), and the freshwater blue-green algaMicrocystis
aeruginosa produces the trypsin inhibitor aeruginosin 98-A (21) (20). The three potent novel
chitinase inhibitors, styloguanidines 22-24 have been isolated from the sponge Stylotella aurantium
intheYap sea(21). Theterrestria plant Jaborosa sativa has afforded the chlorosteroid
jaborosalactone T (25) (22).
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Not surprisingly, a number of new organobromine compounds have a so been isolated from
natural sourcesin the past six months. Thus, the Caribbean sponge Pseudoceratina crassa
produces the new bromo compounds 26 and 27 (23), and the deep water Grand Bahama Idand
sponge Aplysina fistularis fulva has afforded aplysillin A (28), anovel disulfate (24). The sponge
Psammaplysilla purpurea has yielded the new dibromoanisic acid 29 in addition to 27 (25), and the
New Zedand sponge Hamigera taragensis has afforded the novel bromo lactone 30 (26). The
Japanese sea hare Aplysia parvula secretes aplyparvunin (31), which displays ichthyotoxicity (27).
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A large number of halogenated metabolites have been isolated from Dysidea sp. sponges and
arecent study reported the presence of six new organobromine compounds 32-37 in this animal
(28). These metabolites exhibit inhibition of inosine monophosphate dehydrogenase, guanosine
monophosphate synthetase, and 15-lipoxygenase. The Pohnpel sponge Dysidea fragilishas been
found to contain the novel antazirines 38 and 39 (29). The New Caledonian sponge Orina sp.

produces the four novel bromoindoles 40-43 in addition to the previoudly known gelliusines A and

B (30).
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Sponges also produce halogenated cyclic peptides (depsipeptides) and the Japanese sponge
Halichondria cylindrata has yielded halicylindramides A-C (not drawn), each of which containsthe
4-bromo-L-phenylalanine amino acid (31). The sponge Neosiphonia super stes produces the iodo
neosi phoniamolide A (44) (32), which isvery smilar to geodiamolide TA as described in Chlorine
Updates #1. The Western Australian sponge Phorbas sp. contains the very potent cytostatic
macrolides phorboxazoles A (45) and B (46) (33). The three new brominated fatty acids 47-49 are
found in the Indian Ocean sponge Xestospongia sp. (34). Two other new brominated fatty acids,
50 and 51, are found in the sponge Amphimedon ter penensisalong with a previously known
compound (n = 14) (35). Another study found 52 and 53 in the sea anemone Stoichactis
helianthus (36).
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[11. Biohalogenation
The mechanisms whereby organisms biosynthesize hal ogen-containing compounds remain of

keen interest and a special symposium on "Biohal ogenation” was held in September, 1995, at



Purdue University (37). Thisone-day symposium featured lectures by Drs. H. B. Dunford
(Alberta), A. Butler (SantaBarbara), L. P. Hager (Illinois), R. Wever (Amsterdam), K.-H. van Pée
(Stuttgart), and M. Sundaramoorthy (Irvine). Chloroperoxidases, bromoperoxidases, and other
hal operoxidases were discussed. For example, Dunford has recently investigated the mechanisms
of the chlorination of taurine by myeloperoxidase (38) and the iodination of tyrosine by peroxidase
(39). Hager has studied the chemistry of chloroperoxidase with terminal alkenes and alkynes (40).
The biosynthesis of the brominated tyrosinesin the sponge Aplysina fistularis has been
reported in detail (41). The biosynthesis of various Laurencia red algae metabolites from
laurediols and lactoperoxidase/NaBr/H202 has been examined experimentally and using molecular
modeling (42). For example, (3E, 6S, 79-laurediol (54) cyclizesto (E)-prelaureatin (55) as shown.
Results such as these support the bromonium ion pathways that have been proposed for the

formation of the numerous Laurencia cyclic bromo ethers.
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The production of several volatile organohalogens by the red alga Meristiella gelidium has
been studied in batch culture (43). The formation of CHBr3, CHBr>Cl, CHBrCl,, CHCl3,
HCIC=CCl5, CH2Bra, CHol», CHxClI, n-C4Hgl, and CHal requires both hydrogen peroxide and
peroxidase. For example, the production of CHBr3, CHBroCl, CH2Br2, and CHoCll in severa

unialgal cultures of marine phytoplankton has been demonstrated (44).

V. Function and Biological Studies

The naturally occurring chlorophenolic glycopeptide antibiotics such as vancomycin have
assumed a crucia role in the treatment of penicillin-resistant bacteria infections (45), such asthat
induced by Staphylococcus aureus, the frequently lethal "super germ™ (46). Y early sales of
vancomycin and the related tei coplanin, which aso contains the chlorophenol unit, arein the

hundreds of millions of dollars. Detailed NMR studies have been reported of the structure formed
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between the glycopeptide ristocetin A and a bacteria cell wall analog (47).

Studies of the chlorophenolic antitumor antibiotic C-1027 have reveal ed the importance of the
benzoxazoline ring in DNA intercalation (48).

Therole of volatile marine organohal ogens such as CH2Cll and CH3l may be to transport
iodine from ocean to atmosphere, and recent evidence indicates that CH2Cll may be comparable to
CHal in iodine transport (49).

The new halogen-containing pesticide "Pirate” (56) (American Cyanamid) was discovered by

chemically modifying the naturally occurring dioxapyrrolomycin (57).
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V. "Chlorineand Life" Symposium

This specia symposium on chlorine was held at the Polytechnic University of Catalunyain
Barcelonain October 1994 and was organized by the Environmental Center of the University (3).
In addition to severa talks of a general nature, this seminar featured presentations by Dr. Ed de
Leer on "The Natural Chlorine Cycle," Dr. James Franklin on "The Atmospheric Degradation and
Impact of Chlorinated Aliphatic Hydrocarbons,” and Dr. Christoffer Rappe on " Sources,
Environmental Levelsand Historical Trends of Chlorinated Dioxins.”

Professor de Leer reiterated the importance of the natural chlorine cycle and summarized the
enormous quantities of CH3Cl, CHCl3, and CHBr3 that are produced in the arctic ocean. Itis
speculated that the seasonal production of these compounds may be linked to similar variationsin
the ozone hole over the arctic. Thereisagrowing proposal that the marine boundary layer is
another source of natural organohalogens. Thus, sea salt spray may be oxidized to active chlorine
by ozone or nitrogen oxides, followed by reaction with natural hydrocarbonsto give
organohalogens. A very exciting discovery is the confirmation that CHCI3 is produced in humic

top soils by means of a37Cl "feeding" experiment. This supports the notion that chloride can be
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oxidized to active chlorine with soil chloroperoxidase which reacts with humic acid substances

leading ultimately to chloroform.

In his presentation Dr. Franklin discussed the impact of halogenated chlorofluorocarbons
(CFCs), partially halogenated hydrochlorofluorocarbons (HCFCs), and ssmple chlorinated solvents
(CH2Cl», CIoC=CHClI, CIo,C=CCl>) on the environment and, in particular, on the ozone layer.

Most significantly, the latter three solvents have only an insignificant impact on stratospheric ozone
depletion, tropospheric ozone formation, global warming, or acid rain.

Dr. Rappe reiterated the fact — supported by new studies of ancient sediments — that
dioxins have natural sources. He pointed out that, due to the obvious sampling problems, only one
study has confirmed the prediction that dioxins and the related polychlorodibenzofurans can be
formed in forest fires (50). Furthermore, other studies have shown that dioxins can form
photochemically from (natural) chlorophenols (51), and enzymatically from sewage dudge (52) and
fresh garden compost (53). Although significantly lower than post-industrial levels of dioxins,
abiotic samples of ancient deposits revea surprisingly high levels of dioxins. For example, dioxins
have been identified in 8000 year-old deep sediments in Japan (54), and Baltic Sea sediments dating
back to 1880 contain dioxins and furans as reported by Dr. Rappe in his presentation. See aso
reference 53. Also, archived UK soil and herbage samples, 100-150 years old, have concentrations

of dioxins and furans about one-third of the levels found today (53).

VI. "Chlorineand Chlorine Compoundsin the Paper Industry" — Chicago, August
1995

The Chicago 1995 American Chemical Society Symposium "Chlorine and Chlorine
Compounds in the Paper Industry,” which was sponsored by the Division of Environmental
Chemistry, was divided amongst the following sessions.

1. Current and Proposed Bleaching Alternatives

2. Anayticd and Environmental Aspects

3. Public Perceptions
4. Regulatory Aspects
5

. Toxicology and Mechanisms
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6. Risk Assessment Panel Discussion

The American Chemical Society will publish a peer-reviewed book based on this Symposium
(55).

While most of the papers presented at this symposium dealt with chlorinein the paper
industry and the formation of anthropogenic organochlorines, afew papers discussed the possible
role of natural organochlorine compounds in the paper industry. Dr. Anders Grimvall emphasized
that the large scale production of organohal ogens, particularly organochlorines, occursin terrestrial
environments by the enzymatic chlorination of humic acid substances and their subsequent
conversion to chloroform, chlorophenols, and chloroacetic acids. Thiswork is discussed further in
the next section. Dr. Grimvall aso noted that 0.2-0.3% of organic matter from deep sedimentsis
organohal ogens, and that there is a strong positive correlation between total organic carbon (TOC)
and adsorbable organic halogen (AOX) in the pristine rivers and lakes in Sweden and Finland.
Furthermore, monaochloro-, dichloro-, and trichloroacetic acids are present in old snow and ice

samples from Sweden, Norway, and the Antarctic.

VII. Natural Soil Organochlorines

Recent years have witnessed a number of research investigations into the origin of
organochlorine compounds that are found in soil, sediments, and surface waters. An excellent
overview of these studiesis provided by the 1995 Euro Chlor publication "The Natura Chemistry
of Chlorinein the Environment.”

Commercialy available humic acid is chlorinated by chloride ionsin the presence of
chloroperoxidase and hydrogen peroxide (56, 57). This crucia experiment demonstrates that the
environmental production of chlorinated humic acid is possible and highly probable, especially
since chloroperoxidase was found in most soils examined (58). The subsequent leaching of this
chlorinated material and/or degradation products, such as chlorophenols, into surface waters may
explain the large quantities of natural AOX in the River Rhine (59). This mechanism may aso
explain the occurrence of chloroform in pristine ground waters that has been frequently reported
(60). Moreover, the concentration of organically bound chlorine in soil from rural areas around the

world is 30-800 ppm (60). More recently, the structures of these chlorinated humic acids are
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beginning to beidentified (61). For example, chloroaromatics 58-62 have been identified in

degraded samples of fulvic acid isolated from unpolluted waters (61). The degradation was
achieved by protecting free phenolic groups as ethyl ethers before treating the fulvic acid with
permanganate/H>0», and then methylating the carboxylic acids.
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Unpolluted, humus-rich waters also contain relatively large amounts of 2,4,6-trichlorophenol
and 2,4,6-trichloroanisole (62), and the former compound isamajor reaction product in the
phenolic fraction of the chloroperoxidase-mediated chlorination of humic substances (63).

Another possible route to chlorinated humic substances is an enzyme-mediated incorporation
of chlorophenolsinto humic acids. This process has now been demonstrated experimentally using
horse radish peroxidase, and is accompanied by a significant polymerization of the chlorophenols
(64).

It has been reported that sea salt aerosols upon irradiation in the presence of nonhal ogenated
organic compounds and nitrogen oxides gives rise to chloroacetones and phosgene (65). This
provocative result lends credence to the proposal that chlorideionin sea salt spray can be oxidized
to active chlorine leading ultimately to the formation of organochlorine compoundsin the marine air

(65, 66).
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