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Abstract. A number of well known polychlorinated chem- potential drug or crop protection agent still has to be estab-
icals are toxicologically and environmentally unsafe. Becausdished empirically in biological experiments designed to de-
of their persistence they are in the focus of public discustect desired activity or toxicological properties. Sometimes
sions against chlorine chemistry. However, chlorinated or€hlorine does prove to be the optimum for improvement of
ganic chemicals in the molecular weight range between 208ctivity. Long-term rigorous investigations of several hun-
and 600 constitute an important and indispensable segmedted chlorinated compounds, registered by the authorities as
in the arsenal of existing biologically active chemicals usedoharmaceutical drugs or crop protection agents, show that
as pharmaceuticals or crop protection agents. Over the courlee generalisation ("all chlorinated chemicals as a rule are
of time it has been found empirically that the introduction ofdangerous”), deduced from the negative toxicological prop-
a chlorine atom into one or more specific positions of a bio-erties of a hundred chlorinated and reactive compounds of
logically active molecule may substantially improve the in- low molecular weight that are relevant in terms of safe work-
trinsic biological activity. In some cases the presence of ang conditions in the chemical industry and for ecological
chlorine atom is even crucial for significant activity of a com- safety, is not justified. Chlorinated compounds are not gen-
pound derived from nature or chemical synthesis like in theerally toxic or dangerous. Highly reactive chemicals or poly-
diverse compoundsto 12 and23to 30. But in other cases chlorinated compounds can not be compared with regard to
chlorination diminishes or abolishes biological activity astoxicological properties with unreactive compounds having
shown for the chlordane homologue39to 143 Thus achlo-  a low degree of chlorination. The chlorine atom, as one of
rine atom, like any other substituent, is a modulator of activinany possible substituents used in synthetic organic chem-
ity as represented in the many exam@&s$o 124 Almost istry, will remain in the future one of the important tools for
all non-reactive chlorinated chemicals and chlorine-freeprobing structure—activity relationships in life science re-
chemicals are devoid of any biological activity at the highessearch and as a molecular component in commercialised com-
concentration typically used in primary screening tests fopounds, in order to provide safer, more selective and more
discovery of useful biological properties. The influence of aenvironmentally compatible products with higher activity for
substituent such as chlorine on the biological activity of amedicine and agriculture.

Contents 4.4. Chlorine as One of the Many Substituents Modu-
_ _ lating Biological Properties
1. The Background of this Review 4.5. Chlorine Substituents Diminish or Abolish Bio-
2. Biological Activity logical Activity
3. Origin of Biological Activity of Chemicals 5. Access to More Information
3.1. Chemical Reactivity of the Carbon—-Chlorine- g Summary and Outlook
Bond as Cause of Interference of Chemicals with Conclusion

Biological Systems
3.2. Non-reactive Chemical Interactions with Proteins
and Selective Metabolism as the Cause of Spe-1. The Background of this Review
cific Biological Activity of Certain Substances
4. Chlorine Atoms as unreactive Substituents in  People are talking about chlorine. The ecological per-
Chemicals Intended to be Biologically Active  sistence, negative biological effects and/or other unfore-
4.1. Physicochemical Properties of the Chlorine Subseen negative properties of some organochlorine chem-
stituent icals that were produced and released in large amounts
4.2. Chlorine Substituents and Biological Activity —decades ago are the reason for discussions in recent years
4.3. Chlorine Substituents as an Essential Feature iat a high political level about a ban [1] on the produc-
Some Biologically Active Compounds tion and use of element 17 of the periodic table and on
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all organic chemicals containing chlorine. The possiparticularly interesting or surprising for fellow experts
bility of carcinogenic and estrogenic effects is of para4in other companies. In this paper some of this data,
mount concern. Organochloringsaccount for about though not very polished, is presented. It is impossible
one sixth of the official list of organic chemicals, for for such information to be comprehensive. Some is con-
which special safety precautions have to be taken at plasidered as intellectual property. Much information is un-
es of work. 13% of all old (1 050) chemicals traded inpublished because it is only raw screening data. Never-
amounts larger than 1 000 tonnes are chlorinated organtbeless, in principle it can be repeated experimentally
compounds. 73 of them are intermediates, not intendeaind thus corroborated.

for administration to humans or release into the envi- In view of the ongoing discussions outside of the sci-
ronment. entific community directed specifically against the use

The specific toxic properties of about 120 thorough-of the element chlorine, this article is therefore focussed
ly investigated volatile chemicals, containing 1 to 6 car-on the influence of this element on the biological activ-
bon atoms and with a greater or lesser degree of chldty of chemicals. However, chlorine is just one of the
rination, have been extensively discussed recently [Xubstituents which can influence the properties of sub-
3]. Most of these are used as solvents or chemical reatances. Each one may have its particular merits in any
gents. From this data a general rule was deduced thgiven case of a biologically active molecule. Industrial
introduction of the chlorine atom(s) into the parentchemists are pragmatic people and have no reason for
molecule increases toxicity and leads to carcinogeni@ising chlorine when it is not justified.
and mutagenic properties.

About 45% of the plant protection agents introducedzl
to the market since 1989, 13% of current pharmaceuti-
cal drugs and many technical materials contain a chloA "biological activity” is typical for each chemical, and
rine—carbon bond and are more effective in terms otomprises any effect caused in a biological object, not
performance and cost/benefit ratio than their chlorineonly toxicity. It is depending on the chemical structure.
free parent molecules. For example, the acute toxicity can be compared in terms

Industrial chemists have always tried to optimise thesef a oral dose which kill 50% of a cohort of the test-
two aspects. One of the various approaches is to teahimal, usually rat. Tab. 1 shows, that thisg).Dan
whether chlorine in a given case would improve theextend over a vast dose range of more than ten or more
desired beneficial properties or not. In retrospect onerders of magnitude. This LPhowever can be quite
must however admit that the other side of the coin, risknfluenced by factors up to ten depending on the medi-
to humans and nature, was neglected — certainly duringm in which the chemical is made bioavailable (sol-
the early days. Often this was due to naive assumptiongent, oil, detergeng¢tc). The acute toxicity of a given
or an insufficiently advanced state of the science inchemical may also differ by some orders of magnitude
volved (one should consider for example the tremenamongst related animal species, as was found for TCDD
dous advances in trace analysis methodology over th@ab. 1). These phenomena are also the base for selec-
past three decades). tive herbicides, which may eliminaggy. wild oat weeds

As a rule it is only the scientific success stories thain a field of oat. Very high toxicity against weeds is by
are subjects for publication in journals and patents. Therao means necessarily correlated with toxicity to warm
is, therefore, a strong bias in the information containedlooded animal. It turned out in the course of the exam-
in the scientific literature on the effect of chlorine oninations prior to registration to be true only for a very
the properties of compounds synthesised for biologicalew cases. Moreover, any kind of toxicity is a matter of
activity. There have been repeated complaints by unithe applied dose. This basical law of pharmacology and
versity scientists that industry, as the only place whereoxicology was discovered by Paracelsus already 450
generalised data on the structure/activity effects of chloyears ago. He ruled: "dosis facit venenum”. It is the
rine substituents on biological properties are gatherelase for the possibility to use certain toxic compounds
in the course of its research, is hiding such data. at low non-toxic doses as a medicine. In addition to the

It is perhaps not generally appreciated that it is nostructure and dose of a chemical the time frame of ac-
really an attractive proposition for an industrial scien-tion determines its overall effect on a biological object
tist to prepare for scientific publication (and peer re-(animal, plant, micro-organism, insect, humans or even
view!) results that are neither of practical relevance noa whole biocenosis), Tab. 2.

Biological Activity

1) Even this term is disputed. In some circles the term “organochlorine” is strictly confined to ecologically troublesome poly-
chlorinated chemicals. It is used here as chemists in all countries do, in accordance with custom in chemical science and tl
corresponding publication media, by creating the organo-element term, as in organophosphorous-, organotin-, organosulfu
etc. It simply means a chemical compound in which a chlorine atom is bound covalently to a carbon atom, forming a C—Cl
bond.
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Table 1 Scope of acute Toxicity of substances

Substance Chlorine content Origin Minimal Lethal Dose
LDy, png/kg p.o. rat
Botulinum toxin - bacterium 0,00003
Tetanus toxin - bacterium 0,0001
2, 3, 6, 7-Tetrachlorodibenzodioxin + synthetic chemical 1 guinea pig
TCDD 45 rat
115  hare
5.000 hamster
Saxitoxin - fish 9
Bufotoxin - toad 390
Curare - plant 500
Sarin - synthetic warfare chemical 550
Muscarin - toadstool 1.100
NaCN - chemical 10.000
Parathion E 605 - synthetic insecticide 13.000
Dieldrin + synthetic insecticide 46.000
Pentachlorophenol + synthetic fungicide 50.000 — 500.000
Chlorpyrifos + synthetic insecticide 96.000 — 270.000
DDT + synthetic insecticide 113.000
Lindane + synthetic insecticide 120.000
Caffein - plant 170.000
Nicotine - plant 170.000 — 350.000
Trichlorfon + synthetic insecticide 225.000
Permethrin + synthetic insecticide 430.000 — 4.000.000
4-Chlorophenol + synthetic chemical 670.000
24D + synthetic herbicide 700.000
2,4,5-Trichlorophenol + synthetic chemical 820.000
Atrazin + synthetic herbicide 1.780.000
Diuron + synthetic herbicide > 5.000.000

Some effects are very short lasting, reversible or ir-(drugs, pesticides). Some long term effects are unde-
reversible, caused by short term exposure to a naturglred, as in the case of environmental pollution or bad
or synthetic chemicat.g. smell, hormonal effects or working conditions. For toxicological evaluation of a
acute poisoning. Others are intended to last longeghemical high doses are applied over a long time span.

Tab. 2 Biological activity of substances as a function of dose and duration of action

Kind of action

Dosé) of Substance (mg)
per 70 kg of a Person/Animal

Duration of Actiéh

or per Square Metéy Seconds Timescale
Signaling compound
(smell, taste) 16-10'=0,001 - 10 mg 010 seconds
Hormones 16— 10-= 0,001 — 10 mg 10 10 seconds —
minutes — days
Acute intoxication 10— 10'=0,1 mg — 10g 10 1¢ seconds —
for the scope of data minutes
(see Tab. 2)
Narcotic drugs 18- 1 = 10mg — 100 mg Yo hours
Pharmaceuticals P-1F=1mg-100mg-1g 3010 minutes —
hours — 1 day
Accidents 16-16=1g-100¢g 19-1¢ seconds —
minutes
Bad working conditions 0-1¢=1-10mg-1g¢ 0- 10 hours — days —
months
Toxicological studies 0- 16 = 10g - 100g 10 one month —
24 months
Pesticides 19— 1¢ = 1mg — 100 mg 10- 106 days — week
Longlasting environmental 26-100'=100mg-10g 10- 10 years — decades

pollution

a) Dose: scale of variation on a mg base: nine orders of magnijuidme: scale of variation on a second base: nine orders of magnitude
) area treated/contaminated with a chemical
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In Scheme 1 the various situations for biological ef- In such cases (the hope of every chemist and biolo-
fects caused by chemicals are put into relation to thgistinvolved) the corresponding toxicological data have
amount of the compounds and time frame of interacto be generated in long-term standardised studies ac-
tion with a biological system. From there it is evident,cording to official guidelines. Using the current state of
that the term "biological activity” is a very complex one art it is necessary to prove the safety of the chemical
and needs always more precise additional comments asd demonstrate lack of any relevant risk by sach

to the kind of experiment or event, dose and biologicaVivo experiments. And many development candidates
object. are lost during this process!

In this review we consider a biological effect caused Such chronic toxicological studies on experimental
by a physiological relevant dose of a substance, that @nimals at the maximum tolerated doses have been car-
not more than ten up to thousand times greater than thieed out over the last 50 years in many companies on
intended commercial administration rate, which is theabout thousand agrochemicals and three thousand phar-
usual upper limit for the primary testing of a chemicalmaceuticals, of which about one sixth were chlorinat-
for discovery of intrinsic biological properties in a in- ed.
dustrial screening program. In agrochemical terms this
means an application rate less than 5.000 ppm or 5 kg/ _
ha for surface application; in pharmaceutical terms - Origin of Biological Activity of Chemicals
dose less than 10.000 mg/kg body weight ot* bo- ) o _
lar. Higher doses occur only in cases of an accident dug-1. Chemical Reactivity of the Carbon—Chlorine Bond
ing manufacture or transport or in cases of deliberat&s Cause of Interference of Chemicals with Biological
misuse, as in suicide. Systems

Under these reasonable restrictions the vast majoritype properties of the carbon—chlorine bond (C—Cl) in
Of Chemica|S investigated in Standardised industriabrganochlorines have been analysed by Henschler [2’
screening assays are biologicafiactivein the given 3] However, in the low molecular weight chemicals
in-vitro or in-vivo test even at the high concentrationsjnyestigated in that analysis, the electrophilic reactivity
used. In an attempt to beat these statistical odds, higdt the carbon centre adjacent to the chlorine atom, which
through-put and combinatorial chemistry technology hagacilitates displacement of chlorine by (bio)nucleophiles,
been developed in the past few years. Normally, suchetermines the observed biological properties. Reaction
chemicals are administered only once in the screeningads to an irreversible tethering of the molecule to a
test. Repeated administration, which would detect anyjonucleophile such as a DNA base or to an important
possible delayed or cumulative toxic effects, is not carregulating protein. The modified bionucleophile is then
ried out unless such a compound is a candidate for dene starting point for mutations or other malfunctions

velopment. but also for chemotherapia agaist cancer. The same holds
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Scheme 1Biological activity of chemicals and time frame of action
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true in principle for any highly electrophilic3@—CI by electron movement along molecular frameworks, as
bond like the ones found in acid chlorides, activatedlescribed above for reactive chlorinated molecules, but
chloroheterocycles and certain aromatics with a halorather by specific physical supramolecular interactions
gen bond activated by electron withdrawing groupswith a set of amino acid side-chains and peptide bonds.
Such chemicals are commonly used in the laboratory aBhese phenomena may be hydrogen bonding, ion charge
intermediates for nucleophilic displacement reactionr dipole interactions, charge transfers, and hydropho-
in chemical synthesis. This electrophilic reactivity is bic or hydrophilic interactions. Such interactions occur
also exploited metabolically by glutathione as a mechat surfaces of proteins or in binding niches or protein
anism for detoxification and secretion or excretion inpockets after water molecules have been displaced. The
organisms that have taken up these chemicals. resulting changes in the protein function or conforma-
Another important metabolic step is the epoxidationtion caused by binding to the effector molecule are the
catalysed by oxygenases, of olefinic or aromatic douberigin of the latter’s biological activity. The occurrence,
le bonds to give electrophiles, which are more reactivestructure and function of such functional proteins differ
These can then undergo irreversible reactions with bioh by fare the most cases markedly from plant to rat,
nucleophiles if they are not rapidly hydrolysed first. In from fungus to bacterietc, thus allowing the develop-
the case of chlorinated olefins these epoxides are pament of chemicals, such as herbicides, which interfere
ticularly reactive and give rise to the effects report-with only one kind of organism.
ed by Henschler. However, a chlorine atom at a non- Bioactive compounds, when applied as single dose
activated aromatic double bond diminishes reactivityor by short-term exposure, are usually rapidly metabo-
and here the formation of an epoxide and irreversibldised in the human body, and thus rendered harmless
reactions with bionucleophiles do not take place [3].and excreted as biologically unavailable derivatives (this
This is a very important observation because aromatican be demonstrated with radioactively labeled com-
moieties play an important role in pharmaceutical druggpounds). This metabolic power is different in plant, even
and in pesticides. in related plant species, micro-organism, insects and rats.
In polychloroaliphatic systems like GChucleophilic  Together with different protein binding niches this con-
displacement is inhibited for electronic and steric reatributes very much to the occurrence of very selectively
sons. In these cases, a single electron transfer reactiaating compounds, like certain neurotoxic compounds
to the C—Cl bond by other radicals or metallo-enzymesvhich interfere only with the neurosystem of insects
leads to homolytic fission and the formation of reactivebut not with the nerves of warm blooded animal. Imi-
chlorine radicals and of carbon radicals. These radicaldachloprid90 (Tab. 6) is one example.
are the cause of further detrimental effects on the func- In a few cases however, due to low chemical reactiv-
tion of biologically important proteins or nucleic acids. ity, resistance to metabolisation and high ecological per-
Such reactivity is well known to chemists and frequentsistence combined with high lipophilicity, certain chem-
ly exploited in synthesis for the formation of new C—Cicals such as the polychlorinated ones are causing the
bonds by radical addition of polychloroaliphatics acrosgnfamous problems that are the reasons for the element
olefinic bonds. chlorine becoming involved in politics.
In this review we shall not consider biological activ- _ _ _ _
ity due to a high electrophilic reactivity of the C—cl 4- Chlorine Atoms as Substituents in Chemicals In-
bond, which causes the irritant or toxic effects of the€nded to be Biologically Active
compounds reviewed by Henschler. 4.1. Physicochemical Properties of the Chlorine Sub-
The mono-, oligo- and polychloro-alkanes andstituent
-alkenes, chloroquinones, allyl-type chlorides, benzyl
chlorides, chloroheterocycleg;chlorocarbonyl com-
pounds and the like are mostly important highly elec
trophilic intermediates for chemical synthesis.

Four parameters of chlorine, relevant for its toxicology
due to its chemical reactivity, have recently been spec-
ified [2, 3].

1) High electrophilicity at the carbon connected to a
chlorine atom

% Electronic effects caused by chlorine increase elec-
trophilic reactivity at more remote carbon atoms

The primary biological properties of drug or pesticide3) Low bond energy in alkyl chlorides gives high reac-

molecules, typically having a molecular weight between  tivity

200 and 500 Daltons, originate from strong interactior4) Increase in lipophilicity of the molecule.

with mainly proteinous target macromolecules. In most

cases this is caused not by an unselective chemical rb+ addition to these properties, which are also connect-

action in the classical sense to give new chemical bondd to parameters mentioned below, the C-bonded chlo-

3.2. Non-reactive Chemical Interactions with Proteins
and Selective Metabolism as the Cause of Specific Bi
logical Activity of Certain Substances
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rine has an oxidation potential. This enables certair- diminution of basicity of neighbouring nitrogen at-
micro-organisms to cleave the C—Cl bond in a reduc- oms

tive manner under anaerobic conditions, as in naturally- prevention of metabolic hydroxylation at that posi-
produced organochlorines in sediments [4]. For non- tion.

bonding interaction of a drug or pesticide with proteins,

the chlorine atom decorating a larger molecule as a sul#.2. Chlorine Substituents and Biological Activity

stituent provides a number of interesting features: _ _ _ _
It is an old observation that a chlorine substituent may

— Hammett constant of the chlorine substituent on a Cause a significantincrease in activity. This used to be a
phenyl ring reason for scientists to keep a special look-out for chlo-

— A space-filling volume provided by the van der Waals-linated compounds from fermentation broths.
radius of the chlorine atom However, many halogenated compounds from nature

— lipophilicity of the carbon-chlorine fragment were not first ident_ified/ia their t_)iological activity._

— electrostatic force-field radius of Cl, relevant for in- Rather they were discovered during structural elucida-

teractions with other local electrostatic fields of a pro-ggn of unknown compounds isolated from natural sourc-

tein

— high electronegativity of the chlorine atom

— polarisation of the aromatic system attached to the
chlorine

— dipole moment of the carbon-chlorine bond

Chlorine can be introduced more or less easily to var-
ious positions of many chemicals that serve as precur-
sors for synthetic biologically active compounds. The
cases in which a chlorine substituent at a given position

— free electron pairs at chlorine as hydrogen-bond of_a mole_zcule causes high activity show up prominent-
bridgeheads ly in the literature on successful R & D projects on drugs

— London dispersion forces of the outer electrons aroun@nd Pesticides. Because of the high structural diversity
chlorine for non-bonding interactions with other ~ ©f these commercial chemicals and lack of thorough
electron pairs. studies on inactive or less active congeners (understand-

able for economic reasons) it is not possible to deduce

These give rise to the steric and/or electronic effects gfoherent rules to explain the change (improvement) in
the chlorine substituent(s) and lead to local electroni@iological and toxicological properties caused by the
attraction or repulsion or to steric interference with anycniorine substituents. This situation was deplored re-
amino acid residues surrounding the position of the chig€€NtlY [2, 3]. There is not much information in the pub-
rine atom in the binding pocket of the protein. This in/iC domain on this issue. _

turn may cause a tighter interaction or loosening of the The desire to have access to such material on more
contacts to the amino acids there or in other parts of the?MPlex chlorinated compounds has also been ex-
molecule. Either one may affect the function of the tarPressed in a book review [6]. .

get protein and hence influence the biological activity. Nevertheless, for various reasons it has become com-
In other cases a chlorine substituent may have no sp820Nn public opinion [7] that as a rule chlorine renders

cific effect on the primary biological properties of the chémicals more toxic, and the more chlorine there is in
molecule to which it is aftached. the molecule, the greater its toxicity. This generalisa-

The most important effect of a non-reactive chlorinetion is false. The conclusion, deduced from about 120

atom on the biological activity of many Comloouno|Ssmallvolatile, reactive, polychlorinated compounds, that
comes from chlorine as a substituent on an aromatid’on-carcinogenic properties of chlorinated compounds

heteroaromatic or olefinic moiety. The presence of thi€'€ the exception, cannot be legitimately extended to
chlorine causes chlorine-containing commercial pharmaceuticals and

crop protection agents.

— an increase in lipophilicity More than 300 compounds with low chlorine con-
— non-bonding interaction with protein groups in the tent have passed the stringent examinations required by
binding site the registration process, including thorough two-year
— fixation of an active molecular conformation neces- chronic studies in experimental animals and have been
sary for interaction with a protein. proved to be devoid of carcinogenic properties. If a pos-

—direct increase in electrophilic reactivity of proximateitive in-vitro result in the Ames test for mutagenicity
or remote parts of the molecule due to its electron- towards some bacteria always had to be taken into ac-
withdrawing effects caused by its electronegativity, count, as is the case during the rigorous investigation of
but without involvement of the C—CI bond a commercial bioactive compound, then 50% of the

—direct increase in the acidity of a not so distant NH onatural components of our daily food would have to be
OH bonds present in the molecule, due to the elec- discarded as carcinogenic [8]. Moreover, 50% of the
tron-withdrawing properties of chlorine. isolated natural food components fed at maximum tol-
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erated doses to test animals turned out to show a car@iecomplished by enzymatic dechlorination [18].
nogenic potential. One should also consider here the The two chlorine substituents in vancomy@hgre
relative degree of tolerance still shown by society inneeded to induce a specific conformation required for
general to tobacco smoke (a proven carcinogen) anighibition of a bacterial enzyme [10]. This is probably
alcohol (a proven teratogen). an important role for chlorine atoms in many other bio-
The intention of this article is to present examples]ogically active compounds with complex structures.
culled from the literature as well as unpublished titbits Chloromethoxybenzyl alcohdl2 (Scheme 2), eco-
from every-day screening results in an industrial labo4ogically a very important chlorinated trace compound,
ratory, to show that the influence of chlorine on biolog-is produced by many fungi that degrade wood and other
ical activity is rather complex. biomass. It serves as an important catalyst for intracel-
The reality is that all chemists involved in drug andlular H,O, production. As substrate the non-chlorinat-
pesticide research who are searching for compounddd compound has a much lower binding to benzylalco-
with higher biological performance, investigate wheth-hol oxidase, the producer of,8, [19], which causes
er a chlorine atom (or another substituent) at the righthe ‘cold combustion’ of biomass such as fallen leaves.
position in the molecule renders it more active or more Scheme 3 shows a selection of examples where the
selective. In the first analysis the smaller the amount ofhlorine-free compounds are much less active at 0.1%
a compound that is needed, the safer is it for humangoncentration (1000 ppm) in the test medium. The in-
and the environment and the fewer the resources thatease in activity following introduction of chlorine sub-
are consumed in its production. The more selective atituents is associated here with an increase in lipophilic-
compound is, the smaller the chance of untoward sidety, leading to higher adsorption to proteins such as al-
effects. bumins [20], glucosidase [21] or other enzymes. The
very strong increase in sweetness of sucralde

4.3. Chlorine Substituents as an Essential Feature inScheme 3) [22], the trichloro analogue of saccharose,

Some Biologically Active Compounds can be explained by this way. In addition, due to the
electronegativity of chlorine, an acidification of neigh-

Amongst the known chlorinated biologically active in- bouring NH or OH bonds may occur, giving rise to an
gredients for medicine and agriculture, there is a groupnnionic species, which, when combined with high li-
of compounds that owe their biological activity to the pophilicity, is capable of shuttling protons across the
presence of all, or only specific individual chlorine cell membrane. This causes a collapse of proton gradi-
atoms attached to the molecule. ent across the membrane and an end to energy produc-

The old insecticidal polychloro compounds, with their tion in the cell by uncoupling of phosphorylation [23].
widely discussed negative properties, can be named here.In case of chlorophenolst, high adsorption to albu-
But even in less highly chlorinated or monochlorinatedmin is correlated with high adsorption to mitochondrial
compounds there are many examples where the chi@roteins and inhibition of phosphorylation; the inhibi-
rine-free analogue is practically devoid of biologicaltion factor increases by a factor of 100 with increasing
activity (Tab. 3). chlorine content [24] from Gko Cls.

In the case of DDT74, Tab. 6, the presence of the The weak fungicidal activity of benzylalcohth is
CCl; moiety is essential. The two chlorine atoms musimproved by increasing the number of Cl atoms from
be inthe 4,4'-positions. The corresponding 2,2'- and 3,3zero to one chlorine atom to three chlorine atoms, again
isomers are inactive as insecticides. This shows that nbly a factor of a hundred [25].
just the mere presence of a chlorine in the molecule is The inhibition of influenza virus by benzotriazoles
necessary, it has to be in the right position. This princi-16 is steadily enhanced by a factor of 1200 through
ple was discovered long ago by Nature with its ownintroduction of Clin the 5,6-, then 4,6-, followed by the
chlorinated biologically active ingredients (Scheme 2).6-position up to the tetrachloro derivative [26].

The chlorine substituent is essential for significant bio- However, in the chloroindole seri¢gthe herbicidal
logical activity in a number of natural products such asefficacy has a clear optimum with a Cl in the 7-po-
the antibiotics clindamycid [9], vancomycin2 [10],  sition.The 3-monochloro, and the 2,3- and 5,7-dichloro
chloramphenicoB, and griseofulvid [11], and the anti-  derivatives are much less active; the pentachloro deriv-
tumour compounds cryptophycs{12], rebeccamycin ative is inactive [27]. In the case of the chlorinated ben-
6 [13], clavulon7 [14], neopyrollomycir8 [15] and astin  zoquinone4 8, the increase in activity going from par-
A 9[16]. In case of the natural azaphildi3[17] the  ent quinone to tetrachloroquinone is much less pro-
chlorine exerts its enhancing effect with regard to bind-nounced [25]. Salicylic acid, an important signaling
ing to the endothellin receptor of rats and rabbits in quaneompound in plants and regulator of oxidative events
titatively quite a different way. The chlorinated hydroxy- in mammals (pharmacologically important in humans
ketonesll (Scheme 2) are important signaling com-as itsO-acetyl derivative) is also an inducer of genes in
pounds in slime moulds. Switching off this signal is plants, when taken up by the roots from a®0solu-

J. Prakt. Cheml999 341, No. 5 423



REVIEW K. Naumann

Tab. 3 Chlorine substituents as modulators of biological activity (X = H, CI)

Compounds Biol. Effect Structure-Activity-Relation Ref.
Substituents X,Y
COOH
X =H,Cl 4Cl > 5,6C} >> H > 4,7C} > 5,7C}, > 7Cl [27]
X N Natural plant growths hormons
N 4-Cl: "death hormon?"
23
x@ i Nematicide 3,5Ct Y=H > 5Cl; Y=CI > 6CI; [37]
"W o Y=CI'> 3,5CL; Y=CI
24 ©
™ Herbicide 2NQ; 4Cl > 2,4C} > 2NO,, 3Cl > 4NQ; 2 Cl [38]
X
o o Y
X
25
a o o Insecticide 2CH 4Cl > H >> [39]
&L 3CH. 4Cl - inactive
O Y 2CH;; 4,5C, — inactive
Cl
26

C'>_AF Insecticide [40]
— R

O Cl,>H

/) H > Cl,

27
° Insecticide: 3ClI>2CI>H [41]
EN—S o Mouse toxicity: H = 2Cl = 3CI; 30 mg/kg
5 /\Pf(orzt)2
28 x s
Q Insecticide: 2CI=3CI>H [41]
MeN—2 0, Mouse toxicity: H (9.5 mg/kg) = 2Cl > 3ClI (48 mg/kg)
le) P (OMe)2
X s
29
N M« Natural bactericide 4,5Gk 2CI > 2,5C} > 5 Cl = 2,4,5C)> 2,4Cl,  [42]
\ NH
Ccl X
30

tion. Introduction of a 5-chloro substituel® renders es 100-fold from the unchlorinated to the 3,4-dichloro
salicylic acid ten times more active [28]. However, thederivative [29]. But in the case of the invefdane-
corresponding>-methyl andO-acetyl derivatives are thyl-O-phenyl carbamatel, which are insecticidally
both inactive. This indicates a physiologically impor- active, a chlorine atom in the 4-position has no addi-
tant increase in acidity of the free phenolic or carboxytional effect on inhibition of acetylcholine esterase.
lic group, combined with the expected increase in li- However, a chlorine substituent in the meta-position
pophilicity. causes a fourfold increase in inhibition [30], demon-
Inhibition of the Hill reaction, crucial in plant photo- strating that here a third effect is operating in addition
synthesis, biN-phenylO-propyl-carbamate20increas-  to the two aforementioned ones (increases in acidity and
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Scheme 2Naturally occuring chlorinated biologically active compounds, where chlorine is necessary for activity
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0
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v=0-2
22

Scheme 3Chlorine substituents as enhancer of biological activity

cal mechanism that is not just caused by a general bio-
@{nysical effect or by chemical reactivity.
In such cases the position of the chlorines on the mol-

lipophilicity), namely the structural factor of chlorine
substitution. The same effect is observed in the case
bactericidal phenylsulfanilidez2 [30]. : : : : .
Another structural factor, steric interference at the or-e]‘,fflJIe determines the malgnltude gnd kind of béoLoglcaI
tho-position of chlorophenols renders the ortho-chlo-£TeCL In-vitro orin-vivo. It must be mentioned here

rophenol less toxic to waterfleas than derivatives havthat chlorine is just one out of a variety of substituents
ing the same number of chlorine atoms but with freéha_t are tried out in the course of lead structure optimi-
ortho-positions [31]. sation or a lead structure search. This arsenal stretches

from a methyl pattern totabutyl group, from phenoxy

to a heterocyclic moiety, from fluorine to a sulfamoyl
group and so on, and encompasses hydrophilic amino
and hydroxy groups, piperazinyl, morpholinyl and oth-
As shown above, chlorine may be essential for a comgr pasic moieties.

pound to have any biOIOgicaI activity. In other exam- The Compounds shown in Table 3 have an Optima|
ples it causes a strong enhancement of the weak intrifumber and/or substitution pattern of chlorine atoms
sic biological activity of the parent molecule. Most of for best activity. It is not just the presence of a chlorine
the commercial chlorine-containing pharmaceuticals anétom that causes biological activity. The whole mole-
crop protection agents, either isolated from naturatyle is involved, whereby some structural features are
sources or invented in synthesis laboratories, have be@rore or less variable and others are essential.
selected for this reason. These compounds are neither The relative contributions of each substituent to the
chemically reactive nor uncouplers. Their biologicalmeasured activity can be determined by an analysis of
effect originates in a non-bonding “lock and key” inter- quantitative structure—activity relationships (QSAR),
action with a specific binding niche in an enzyme, re-derived from a series of analogues,.

ceptor or other functional protein, either cytosolic or  An interesting example demonstrates the structural
membrane bound. Thus they have a specific biochemggctor by which replacement of a hydrogen atom by chlo-

4.4. Chlorine as One of the Many Substituents Modu
lating Biological Properties
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Scheme 4Diminishing insecticidal activity with increasing chlorine content in Chlordane analogues

Cl

rine changes biological activity. Analogues of the natudifferently chlorinated homologues showed no correla-

ral bactericide pyrrolomycin A3Q, Tab. 3) were inves-
tigated. The ranking of the bactericidal activity of the

Tab. 4 Shift in fungicidal activity by chlorination

tion with the degree of chlorination.

Less Active or Inactive Parent Compound Activity ~ More Active Activity  Ref.
Chlorinated Derivatives Chlorinated Derivatives
S, = S B
N - =N + [43, 44]
@f J
N N
31 32Natural Camalexin
- cl _ — ++ N=\ +++ [44]
r T foped
Sope P AT L
33 34 35Triadimefon
Cl
&NjN - Ej/w 4+ [44]
o -
36 37
[¢] [e]
C|~E \yy\}\;o\ - \Fr\?\;o\ T [44]
NoOH NoH
o)\N/\/\ O}\N/\/\
H
38 39Benomyl
\ \
cl (O o - (O o) T+t [44]
clr S
40 41 Metalaxyl
Cl Cl
ot + C - 2
Y S
L =y
sol C
E F
42 43
Cl al
+ @j ++ ++(4) [40, 44]
Cl N N N
sk, oA 96
44 45 46
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Tab. 5 Shift in herbicidal activity by different chlorine substitution pattern in some herbicide classes

Less Active or Activity Parent Compound Activity More Active Activity  Ref.
Inactive Chlorinated Chlorinated Derivatives
Derivatives

4 48 49 Chlorsulfuron
O/
cl o] N)IC :
(o] //O ‘ -
50
Cl
Ao 09 N)j\ +)
@AMA\N
51
Cl
° o] Ngj\ - ° o] Ngj\ AN [44]
o, 0 [ o, 0 |
Y 5**
52 53
/ / /
,—0 - o - /—© +++ [44]
N N N
CHcl, }*CHZCI
e} e} (¢}
54 55 56Alachlor
\ - \ - \ ++ [44]
(o]
N4 protects NJ<O \—\NJ<O
//—/ CHCl, against — ;' CHCI
herbicide / /
57 damage 58 59Allidochlor
O, " O, " [ ]
N — N ++ 44
/OEN )\Q / O\N )\©
Cl
60 61
Cl
+ ++ [45]
rice root
o | S inhibition
62 ¢ 63
" ic “
OH OH rice root
o inhibition
64 65

428 J. Prakt. Chemi999 341, No. 5



Influence of Chlorine Substituents on Biological Activity of Chemicals

REVIEW

Tab. 5 (continued)

Less Active or
Inactive Chlorinated
Derivatives

Activity

More Active Ref.

Chlorinated Derivatives

Parent Compound Activity Activity

Q*%§4+

70

++ [46]

[44]

st@{% "

71

Tab. 6 Shift in insecticidal activity by different chlorine substitution pattern in various classes of insecticides

Less Active or Inactive Activity Parent Compound Activity More Active Activity Ref.
Chlorinated Derivatives Chlorinated Derivatives
ccl, _ CH, ccl,
72 73 74DDT +4+++ [44]
CH,
CICI
75
¢l ccly
76
o~ C _ c__cl + [54]
O O Antitumor \/‘I‘v
o activity O
77 Mitotane 78 Pertane
Cl
N=N - N=N - N=N +++ [44]
aUaW O~ @
79 80 81Clofentezine
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Tab. 6 (continued)
Less Active or Inactive Activity Parent Compound Activity ~ More Active Activity  Ref.
Chlorinated Derivatives Chlorinated Derivatives
cd o o @ o o /@ a o o /©/0|
@Ah - QAL - @AL w4
82 83 84
a o o /©/ d
e _
H H
Cl
85
O)\ y — O)\ . +++ [44]
(0] N (o] N
AR o
[e] [e]
86 87 Propoxur
N/NOZ _NO. /NOZ
i (+) N 2 + i ++++ [44]
‘ A N” °N N N*N A N” N
P Wu m J
N Cl N/ Cl N
88 89 90Imidachloprid
=4 0 ° [44]
N4 - - ++
H Cl
] a " @
91 92 93
cl  OH - + ++ 44,55
o CONH, O oni, ) o OHCONH2 [ ]
CONH, ©)EONH2 CONH,
cl ol
cl
94 95 96
N _cn - . en al +++ [44, 56]
X X o
Cl H,N" “CN HN" > CN :[
H,N~ “CN
97 98 99
cl NH,
H f—
CLL™
CN
cl
100
cl S
O\ﬁ/OCHS + 0. ocH, +++ [44]
! LDgo /©/ OcH, LDso
ON OCH, 40 mg/kg ©oN 25 mg/kg
rat.
101 102Parathion
S
cl o.Il_ocH,
2 LDg,
103 880 mg/kg
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Tab. 7 Influence of chlorine substituents on insecticical activity of pyrethigitis
Less Active or Inactive Activity Parent Compound Activity ~ More Active Activity
Chlorinated Derivatives Chlorinated Derivatives
/L§/>§ﬁ(o ++ o 4+
I _ N OQ,\’ knock down
! _
o
104 105 °e
Cl_ Cl
o O\KQ\OJ@ - %ﬁfo\(@\)@ BN
o CN (o] CN
106 107
Cl
cl o o o
108 109 110
Cl
Cl al Cl
o Q@J@ - @W%QQ o YQQ e
o o o on o oN not changed
111 112(1) cigltrans 113
Cl -
cl
JA - LD
o CN
114
cl - al +++++
CIKA(O\H@\OQ C|AA(O\(©\OO
o CN o CN
115Stransa R enantiomer 116Rtrans

a Senantiomer

[ee a
u/*\/*%/EQ\WO\KL::Lo/[:j u/Li/Qw/zij(oﬁ/L::Lo/[:j +++
(o} CN o CN
117 118
(+) +++
Q%\;ro\(@\r)/@ o O/©
(¢} CN o CN
cl Cl
119 120
L 00 D
“ vO o on OO o o
121 122
Cl - +
CIMO\(Q\QQ MO\H@\QQ
Cl o CN o CN
124

123

+
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Tab. 8 Diminuition of biological activity of drugs and other chemicals by chlorination
Active Compound (X = H) Property Activity Less Active Activity Ref.
Chlorinated Derivative
X=Cl
- 1 1
Q COOH bactericide lg=59 2Cl lg=5.4 [48]
0 N C C
OJA oy 2,5Cl, g
N .
x~©/ H S 2,|3,6C|3 47
5 4.2
125
i tuberculostatic Amax 10° 2CI Amax 4-166 [49]
A NHNH,
o
X
126
N=N carcinogen rel. activity 6 3Cl rel. act.: 5-6 [50]
T L 2C 2
W 4CI 1-2
2,5Cl,
2,4,6Cl, inact.
127
O carcinogen R = CH,CH,CI not carcinogenic [57]
R (rat liver)
= 129
Vs o] . .
— ClscfH(‘jfl‘D‘f (Ove), not carcinogenic [44]
R = C,H, o
0]
128 a >Jo$—(ow|e)2 not carcinogenic [44]
Cl
130
antitumoral 2,6C) less active [51]
131
kidney damage higher chlorinated less damage [52]
@_@C'M in rats congeners
132
persistent higher chlorinated less persistent [53]
C'C' in chicken congeners
with free 4,4' position
133
© leucemic
@Clrs not leucemic [58]
not carcinogenic
134 135 not genotoxic
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4.5. Chlorine Substituents Diminish or Abolish Biolog- their university colleagues. However, it would be a con-
ical Activity tribution to the general knowledge of practical chemis-

Contrary to the hopes of the researchers in the course &y regarding the biological properties of chemicals. This

a programme for optimisation of a lead structure, it of- howledge .WOUId be of great value for sound Jud_g_e-
ten turns out that a chlorine atom in all or in Speciﬁcment at the interface of science, commerce and politics,

positions of a biologically active lead compound cands some recent scientifically nonsensical statements

diminish or even abolish biological activity. Such com- about chlorine demonstrate.
pounds are of no further interest.
However, it is not so easy to retrieve such informa-

. SR 6. Summary and Outlook
tion from the records because the chemists involved are y

only looking for an improvement in biological activity The influence of chlorine on biological activity of chem-
and/or toxicological or environmental properties. Fail-jcals can be grouped in the following way:

ures are usually consigned to oblivion. Information on

chlorine as a diminisher of biological activity would Group 1) Polychloro-organics and alkylating chemicals
not be particularly sensational for these experts (it i®f lower carbon atom number and/or high chlorine con-
actually not an uncommon occurrence) and regardetént. Chlorine, due to the electrophilic or radical reac-
by them as unworthy of publication. Since such infor-tivity of the C—CI bond in such chemicals or their me-
mation is very rarely found in the literature, it is at besttabolites, or conversely their non-reactivity leading to
more of a collector’s item. The author has managed tpersistence, is responsible for the biological long-term
compile a number of examples, shown in Tables 4—8effects (toxicity) seen under continuous exposure. These
drawnfrom his own results gathered during his insecti-effects increase with the degree of chlorination. To this
cidal research, from a rather old private archive [32]group belong the 120 mostly low molecular weight poly-
and through enquiries amongst colleagues in the agr@hloro compounds comprising solvents, reactive chem-
chemical division of his institution. These clearly dem-icals, chemical intermediates and other chemicals elab-
onstrate the modifying effect of a chlorine substituentorated in detail in Henschler’s book on ‘Toxicity of
on a parent compound (or lead structure, if active) ifOrganochlorines’ [3]. Only a few of them were origi-
both directions, to biologically more active and to lessnally selected for uses based on their biological proper-
active compounds. ties.

An old result in a screen against six different insecrGroup 2) Monochloro- or oligochloro-organics with a
species shows that insecticidal activity in the chIordaneFligh number of carbon atoms (mol. weight 250— 1 200)

analogue series does not increase with further chlorinafh : - - - :
: e chlorine substituent in a given naturally occurring
tion (Scheme 4) [33]. The author has a number of eXor synthetic chemical is crucial for the observed bio-

amples at hand from his own involvement in pyrethroid1oOgical activity

research showing how a number of chlorine SUbSﬁtu'ExampIes: Some natural antibiotics and some pesti-
tions at specific positions of an active molecule Calijes

modulate insecticidal activity in both ways, enhance-
ment and diminution (Tab. 7), besides having no effectGroup 3) Monochloro- or oligochloro-organics with a
high number of carbon atoms (mol. weight 200—600).
Chlorine substituents at specific positions increase an
5. Access to More Information intrinsic lower activity several fold.
o _ _ _ ) Examples: Almost all compounds belonging to groups
In principle this type of information on the influence of 2_3 practically useful as drugs or pesticides, are of low
chlorine atoms on biological activity can be retrievedacute toxicity and have been thoroughly investigated in
from all industrial chemists working on lead structuretwo-year chronic studies on live mammals (and not just
optimisation in about 100 life science companies. In then-vitro on enzymes or bacteria) at maximum tolerated
past this has not been a topic of particular interest. It igoses for carcinogenic, long-term effects and other det-
hoped that more collectors of such — mostly — rawimental and prohibitive properties. The registration
screening data will exchange this information at futureauthorities, applying the highest available scientific
conferences or submit it for publication. standards for evaluation of pesticides and drugs, had
In this respect this review is intended to initiate aapproved about 140 chlorinated pesticides [34] and
scientific discussion about sharing the burden of inforgbout 120 chlorinated pharmaceutical drugs in Germa-
mation with the public even on matters that are, in theiy as of 1992 [35]. About 330 chlorinated pharmaceu-
strict scientific sense, not very exciting to the experts intical drugs are listed in the latest Merck Index [36].
possession of such empirical data when measured These figures do not include reactive cytostatics, dis-
against the standard of scientific papers published bxfectants and chloride salts. This is proof that such com-
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pounds are neither carcinogenic nor toxic at levels releny fellow chemists in Central Research Laboratory and Crop
vant to the extended scope of practical use. Protection Research of Bayer AG in providing some data is

. ) . appreciated. | thank G. Holmwood for help in preparing the
Group 4) Monochloro- or oligochloro-organics with a manuscript.

high number of carbon atoms and low chlorine content
(mol. weight 200—600). Chlorine substituent(s) at spe-

cific positions of the parent molecule diminish or abol-References

ish some or all facets of a lower or higher biological
activity. It can happen that no position is found where %]
the chlorine substituent preserves or increases activity[3]
Examples: Unsuccessful, usually unpublished results
from industrial drug and pesticide research. The about4l
70 cases presented in this review alone from one insti-[s]
tution certainly represents only a small part of what is
known. An in-depth literature survey would yield many [6]
more examples. [7]

Group 5) Chlorine-containing chemicals (mol. weight el
200-800) with a high diversity of structures and wide [9]
range of physicochemical properties that show no ad40l
tivity in primary screens involving manwy-vitro and [11]
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logically relevant target proteins. [12]
Examples: Many tens of thousands of test compounds
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that turn out to be not safe enough for use as a drug @]
pesticide are discarded, whether they contain chlorin&1l
or not. 22]
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ess of lead structure optimisation towards a better drug3]
or pesticide has the chance of being found to be more
active, more selective, safer and more benign for hul?4!
mans and the environment. It would be a serious pro-
fessional neglect for a synthesis chemist to refrain fronps;
using a chlorine substituent in such optimisation work{26]
on a lead structure.

In the past, and even today, lead structure work off’]
many novel types of chemicals of possibly most inter-
esting biological activity may have been prematurely[2g]
classified as unfruitful because these structures were n{°]
probed at the proper positions with the right substitu-30
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