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INTRODUCGTION

This chapter is concerned mainly with a description of the toxic action of
certain classes of organic compounds containing fluorine. It is, however,

obvious that in much of the literature the term ‘fluorine poisoning’ is used
in a Vague way to cover a variety of conditions that are totally unrleated
pharmacologically. For this reason, and in order to gain an _overall picture
of the Pharmacological principles involved, we start with a brief reference to
Poisoning by elementary fluorine and by hydrogen fluoride. A description
1s then given of the effect of the fluoride ion (F-). Large doses of fluoride ion
are the cause of true Sluoride poisoning, often known as fluorosis when the con-
dition is chronic, ] }
The study of the toxic action of inorganic fluorides is currently being
Pursued in connexion with the fluoridation of domestic water supplies in the
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PHYSIOLOGICAL ACTION OF COMPOUNDS CONTAINING FLUORINE

treatment of dental caries. Therefore a brief consideration of dental caries
is apposite.

The examination of toxic organic compounds containing fluorine is of
comparatively recent origin and stems from very extensive investigations in
connexion with the production of potential chemical warfare agents during
World War II. Two main types of organo-fluorine compound, having
entirely different actions, have emerged: (i) those containing the P—F link
as typified by the phosphorofluoridates, and (ii) those containing the C—F
link as exemplified by the fluoroacetates. Most of the chapter is devoted to a
detailed discussion of these two important classes. Although consideration
of toxic phenomena is the primary purpose of the chapter, brief details are
also given, where appropriate, of the chemistry of some of the more impor-
tant organic compounds. Only in this way can a true understanding of the
pharmacological action be established.

It should be made clear to the reader at the outset that, although organo-
phosphorus compounds containing the P—F link (class i above) are toxic,
there are nevertheless many organo-phosphorus compounds not containing
fluorine that do indeed show similar toxic properties. The molecular
structural requirements for toxicity among organo-phosphorus derivatives
will therefore be discussed in detail and the important part played by the
fluorine atom in the organo-phosphorus molecule will be made clear (see
pages 195-196).

As a result of the detailed study of the mode of action of toxic fluorine
compounds, important fundamental principles have emerged. As a conse-
quence, peacetime applications have been developed and they are proving
of great value to mankind. Thus the reader can be assured that the ultimate
goal of these toxicity studies has proved to be not the taking, but the saving,
of human life.

TOXIC PROPERTIES OF FLUORINE AND OF
HYDROGEN FLUORIDE

These gases rank as corrosive poisons. They burn away the mucous mem-
branes in the mouth, throat, bronchi, bronchioles, lungs and stomach, and
cause vomiting and great pain. Water is lost from the blood which becomes
concentrated. As a result there is a fall in blood pressure. Secretion of saliva
and urine ceases and death may follow from failure of circulation.

Elementary fluorine, b.p. —187°C, is an extremely active substance. As
it reacts with a large number of organic compounds, it is not surprising that
even small traces will act on the eyes and on the mucous membranes gener-
ally. Contact with the skin causes severe burns and destroys tissues.

Fluorine attacks water liberating hydrogen fluoride which is itself toxic.
Moreover contact with body fluids, which contain sodium chloride, will
liberate chlorine. Chlorine itself is a lung irritant and when it reaches the
bronchioles and alveoli causes pulmonary oedema. Thus, either by direct or
indirect action, fluorine is a corrosive poison of the first magnitude, especially
by inhalation.

Hydrogen fluoride (b.p. 19:5°C) is also very dangerous because of the
corrosive nature of the vapour and liquid. A drop of the liquid in contact
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METALLIC FLUORIDES

with the skin causes painful ulcers. A very dilute solution of the acid,
however, causes no ill effects by temporary contact with the skin. Undis-
sociated hydrogen fluoride appears to be able to penetrate through intact
epidermis. Local injection of a solution of calcium gluconate can often
arrest the process'. Immediate washing with water and with dilute ammonia,
however, should always be the initial emergency treatment.

METALLIC FLUORIDES

Fluorides are widely distributed in animal tissues, particularly in bones and
teeth. Fresh bone contains 100-300 mg of fluorides per kilogram. The
average diet of man supplies 0:2-0-3 mg per day, exclusive of drinking
water? (see below). The upper safe limit of urinary excretion is estimated as
5 mg per day.

Fluorides are readily absorbed by the body, but are excreted slowly and
are therefore prone to cause cumulative poisoning. Fluorides are powerful
inhibitors of many enzymic reactions. For example, there is marked
inhibitory action towards enzymes concerned with glycolysis. Lipase,
various esterases, urease, bone phosphatase, succinic dehydrogenase and
catalase are all inhibited. Fluoride greatly retards peroxidase action and as
the thyroid gland is known to contain a peroxidase, it is to be expected that
fluoride poisoning will therefore affect metabolism generally, including
certain phosphorylation processes. The symptoms of acute poisoning noted
below will therefore, in the main, result from these very widespread enzymic
inhibitions. Salivary amylase, however, is not affected even by fairly high
concentrations of fluoride.?

Sodium fluoride

Sodium fluoride is incorporated in many powders designed to kill cock-
roaches, mice and rats. At one time it was used as a food preservative, but
it is much too dangerous for this purpose. Many cases of poisoning of
human beings by sodium fluoride have been recorded. For the most part
acute poisoning has been accidental. The mouse and rat poisons containing
sodium fluoride have been accidentally used on a few occasions in cooking.
A case is recorded of 47 out of 263 patients dying in a hospital after eating
food in which sodium fluoride had been incorporated®. The symptoms were
numbness of the mouth, nausea, vomiting, diarrheea and abdominal cramps
leading to collapse within 2 to 4 hours. The food contained from 3:2 to
13 per cent of sodium fluoride. This, of course, represents a massive dose
compared with the lethal doses of phosphorofluoridates (pages 188-189) and
of fluoroacetates (pages 196-198).

Other recorded fatal cases include the accidental ingestion of a teaspoon-
ful of sodium fluoride in mistake for Epsom salts®.

The lethal dose for adults is estimated at between 5 g and 10 g, and a
dose of 17 g is calculated to kill within one hour®. Dangerous symptoms
arise from a dose of 0-25 g. In general, the ingestion of the soluble fluoride
ion causes severe acute gastroenteritis and vomiting referred to above. The
vomitus is often bloody. Intense thirst, convulsions and spasms are very
common symptoms.
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PHYSIOLOGICAL ACTION OF COMPOUNDS CONTAINING FLUORINE

The ingestion of sublethal doses often leads to nephritis and injury to the
liver (jaundice).

Intravenous injection of an aqueous solution of fluoride causes thirst,
abdominal pains and diuresis. Nitrogen excretion is raised and the total
metabolism reduced with hypocalcaemia. Injury to the capillaries takes
place, the permeability of which is increased even by small doses. Fluoride
is secreted into the milk, enough in fact to kill nursling rats. It passes easily
across the placenta into the foetus.

The above observations with regard to sodium fluoride apply in the main
also to sodium fluorosilicate, Na,SiFg, which is used as a rat poison. It has
produced fatalities in man. It is decomposed by water to sodium fluoride
and silicon tetrafluoride, SiF,. Gaseous silicon tetrafluoride is decomposed
in moist air passages to hydrogen fluoride and H,SiF;. The latter then
gives silica which is deposited in the air passages.

Treatment of acute fluoride poisoning

Gastric lavage must be administered without delay. Drinking of lime
water or calcium chloride solution in order to precipitate the soluble fluoride
as insoluble calcium fluoride is advised. The slow intravenous injection of a
soluble calcium salt (e.g. calcium gluconate) is also recommended?. Morphine
in 10 mg doses and the intravenous injection of 50 ml of 50 per cent glucose
solution may become necessary®. Chemically, fluoride poisoning is detected
by an excess of F~ in the vomit or in the urine.

Chronic poisoning by sodium fluoride ( fluorosis)

The feeding of very small doses of the order of 15 to 150 mg per kilogram
body weight per day to experimental animals produces symptoms of chronic
poisoning®. Growth is retarded, the oestrous cycle and reproduction are
inhibited, the pituitary and thyroid glands are affected and structural
changes occur in the bones and teeth (see below). Chronic toxicity by
inorganic fluoride is due mainly to interference with calcium and phosphorus
metabolism and results in the depletion of calcium due to the formation of
insoluble calcium fluoride and a deranged calcium-phosphorus balance.
This often leads to osterosclerosis and ultimately to changes in bone
marrow that result in anaemia and loss in weight. Furthermore, one
essential stage in the clotting of blood is the interaction of thrombokinase
and prothrombin to form thrombin. This conversion does not take place in
the absence of calcium ions, therefore excessive amounts of fluoride in the
blood stream will decrease blood-clotting power.

Another symptom of chronic fluorine poisoning is the mottling of the
enamel of the teeth (Figure I).

Fluorosis develops in workers exposed to the dust of cryolite, CaF,, or
phosphate rock if the daily intake exceeds about 20 mg of fluoride per day.

It is well established that when fluoride occurs in large amounts in soil or
water a chronic endemic fluorosis is likely to occur particularly among
cattle and sheep!?. Contamination by dust is also likely to occur in the
vicinity of certain industries such as cement works, potteries, etc. The chief
symptom is lameness and secondarily affection of the teeth. The use of
ground rock phosphate in mineral supplements in livestock feeding has
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resulted in outbreaks of fluorosis from time to time, so that it is now the
modern commercial practice to use ‘defluorinated’ phosphates contamlng
0-1-0-5 per cent of fluorine. Such products are innocuous.

Sodium fluoride has been used as an anthelmintic against round-worms in
pigs, for which purpose it is usually mixed with dry food in a concentration
not exceeding 1 per cent. A concentration of 5 per cent is extremely toxic
and fatal to pigs.

The problem of dental caries

The relationship between the incidence of the mottling of the enamel of
human teeth and the composition of drinking water was first definitely
established in 193111 although many earlier observations have been recorded.
It was shown that mottling was very common in areas where the drinking
water contained 2:0 to 13-7 parts per million of sodium fluoride. On the
other hand when the drinking water contains no fluoride whatsoever the
incidence of dental caries is high. This led to extensive studies to determine
whether a concentration of drinking water could be found which would
result in a significant reduction in the incidence of dental caries and at the
same time produce negligible mottling of the enamel of teeth. It has been
suggested by some authorities that fluoridation of water up to a concentra-
tion of 1 part per million of sodium fluoride is a reasonably safe and effective
measurel?, but see below.

It should be noted that dental caries is a common disease of civilized man
who is living more and more on refined and processed foods, and it is evident

.that nutrition plays an important part in dental decay. It has been recorded

that tooth decay can be produced in the white rat fed on a controlled
artificial diet and that caries producible by such a diet is prevented when
sodium fluoride is fed simultaneously in small quantities.

There is a very extensive literature on the effects of fluoride on teeth and
on bone. As indicated above, the effects on teeth are both protective and
harmful. The beneficial anticariogenic action of traces of fluoride appears
to depend upon three distinct factors'®: (i) the formation of fluoroapatite,
3Ca4(PO,),, CaF,, on the enamel of the tooth and that this compound is
more resistant to acid erosion than the hydroxyapatite, 3Cay(PO,),,
Ca(OH),, or carbonate apatite, 3(]43(1’04) s CaCOg,, that it replaces,
(11) antibacterial action; (iii) anti-enzymic action within the oral cavity.
It is known, for example that certain phosphatases are present in human
saliva and these, according to some workers, are responsible for the decalci-
fication of teeth.

The mechanism of the mottling of teeth is not well understood. It seems,
however, that the brown stain of mottled enamel is caused by manganese'4
and that its incorporation in the apatite molecule is facilitated in some
unknown way by excess of fluoride ion.

The artificial fluoridation of public water supplies as a means of combating
tooth decay presents an extremely controversial problem. Sharp differences
of opinion have been expressed by dental surgeons, health organizations,
pharmacologists and biochemists. Steyn'®, who gives some 580 literature
references, expresses the view that widespread artificial fluoridation should
not be undertaken at present. Among reasons advanced by him are:
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PHYSIOLOGICAL ACTION OF COMPOUNDS CONTAINING FLUORINE

(1) divergent experimental findings; (2) the concentration of fluoride recom-
mended as prophylaxis against dental caries is dangerously near the con-
centration that causes chronic fluorosis; (8) it is inadvisable to permit
millions of people, irrespective of age, sex, susceptibility, disease, etc., to
consume water containing the same concentration of fluoride; (4) topical
application of metallic fluorides is safer and equally effective.

Whatever view one may take of these observations, it is clear that we
ought to know a good deal more about the precise effect of the fluoride ion
on as large a range of tissues as possible and over a period of many years
before submitting whole communities to the treatment. That fluoride is an
essential element for the mammalian body is obvious. The problem is one
of control of supply. A recent report of the World Health Organization!® is,
however, reassuring and concludes that the controlled fluoridation of public
water supplies involves no hazard.

PHOSPHOROFLUORIDATES

At the beginning of World War II a series of dialkyl phosphorofluoridates
(I) was synthesized by Clambridge workers by methods indicated in outline
later. These compounds are colourless, stable, almost odourless, non-
corrosive liquids. With them tests were carried out according to established

91\
CHO
2 0
Tk
R / 0% 7
> CHO
R

(1

procedures on (¢) small animals, () human beings, and (¢) enzyme systems.
An important compound of the series, synthesized!” in 1941, which has
attracted a great deal of attention is diisopropyl phosphorofluoridate
(I, R; = R, = Me), often referred to as D.F.P. The compound, b.p. 183°,
fp. —82° does not attack glass and is hydrolysed only very slowly by
water. The original observers (Saunders and his colleagues'?) entered a
10 m? glass testing-chamber in which D.F.P. was sprayed at a concentration
of 1 in 1,000,000 (i.e. 0-0082 mg/l.), and remained inside for 5 minutes.
Practlcally no effects were noted during exposure nor until some 5 minutes
later. Intense myosis then set in and often persisted for 7 days, with little
relaxation of symptoms under 72 hours. This myotic effect took the following
course:

(1) Pupil constriction, often to pin-point size (Figure 2). The amount of
light entering the eye was greatly reduced.

(2) Powers of accommodation were affected.

(3) Photophobia and headaches, and pain experienced when changing to
light of different intensity.

At higher concentrations a quick ‘knock-out’ action resulted. The L C. 50
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(By courtesy of Dr. T. Ockerse)

Figure 1. Teeth showing a severe degree of moltling as a result of damage by fluorine in
drinking waler

()

)

(By courtesy of Cambridge University Press, from Phosphorus and Fluorine
by Dr. B. C.. Saunders, 1957)

Figure 2. Pupil sizes. Left eye exposed lo di-isopropyl phosphorofluoridate (0-008 mg/l. ;
; 2 min exposure) : (a) 3 h after exposwre; (b) 24 h after exposure

To face p, 15
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PHOSPHOROFLUORIDATES

rats and 0-44 mg/l. for mice.
loropicrin and comparable

ular cramps, gasping and

for inut

Thi:O minute exposures* was 0-36 mg/l. for

i lmeians that D.F.P. is more toxic than ch

o hydrogen cyanide. The symptoms were musc
:[‘1 y cessation of respiration.

s 1‘?]co.mpound is also toxic by injectionf,

mim:? Obits th'e L.D. 50 was about 0-5 mg/kg. P

5 es after injection, followed by loss of muscular co-or
Yy respiratory collapse.

thus for intravenous injection
upil constriction began two
dination and then

Relati ;

wonsh W ; ; k ST
ip between physiological action and chemical constutution

ts and chemical constitution

The relati : :
relationship between physiological effec
the more potent compounds

was st O . 2 7 .
are c;:l-dlcd in detail'8 and it was shown that
rived from secondary alcohols. Thus diisopropyl phosphoroﬂuoridate

18 . ;
them(zle_pptcnt‘ thfm either diethyl or di-n-propyl phosphoroﬂuorldate, and
(L CO’S‘E)CHY ()[‘dlcyclohcxyl phosphoro[luoridatc (1) is of a high order

.. 50 for mice, rats and rabbits was 0-11 mg/L). Di-n-butyl phosphoro-

[CH,] s >CHO 0 Me. CH+ CH,*CH,* O 0
\ /// 2 2 2 \P/
e

[CHz |5 >CHO F Me,CH* CHy" CHy* o/ F

(1) (1

Me
|

Me, CH:CH,* CH-0 0
2 2 \P/
S
Me, CH-CHZ'CH°O
|
Me

F

(1V) »
it v vty e st 0
with D.F Pl = 1c_>roﬂ‘1v10r1date (1, Ry= V6 ~2  ihether branching ©
the o ,. . .IDVCStlgatlons were made to determineé whet e? . i
whethg 1111 _adjac_e“t to the oxygen atom Wwas necessary for hig llto}f/l\ccgrd-
inf;ly d_l“. branching at the end of the chain would do egually :;Al/ef : e
Ol{ly S]_:)flscfal]lyl _phosphorofhloridate (IIT) was synthcsqed an f)lzl'nor i
i oblf _“IY toxic, and almost devoid of myouc pl‘OPCl‘thS. A strl Hﬁﬂ) =
e aim'ed with the compound derived by branching the\(/:ham n\l,cr L
and ¥, 8Toup on carbon atom 1. This new compound (IV) \{vas Yto 7
with strong myotic action. ng seems

essenti Thus a secondary groupt
ntial for hlgll t()xicity_

d produced only

n mg per litre

the conccntration i
g body weight

O
quuiicO&(lﬁit‘ly.lll)X inhalation (L.C. 50) is expressed as
T ul 50 per cent of the anm‘mls exposed. T
required ¢ y by injection (L.D. 50) is expressed as the dose 1T
o kill 50 per cent of the animals.
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. carly

In the type of molecule under discussion, (RO) 2.POX’ it wa;'sc‘;‘lt an
shown!® that whereas toxicity is high if X = I, myotic effect 151-211 NHMe,
toxicity low if X — H, Me, Bt, OH, OEt, OGH,CH,Cl, Cl, NHa e 10
NHPh, CH,F, CH,CH,F, CN, SCN, etc. Thus in this series o ificant
fluorine attached directly to phosphorus is playing some Yeryhz g.rornatic
part. This point is enlarged upon later. Toxicity is also IOZN mht e
series (for example, diphenyl phosphorofluoridate). Further tion””-
difluoro-compound, (EtO)POF,, had neither myotic nor toXic aCn enzymes

The first investigation on the action of phosphoroﬂuorldates 01 ese esters
were carried out in Cambridge in 1941. It was shown that lt_le Diiso-
inhibit the action of cholinesterase, which hydrolyses acctylcho l:rr.xcly e
propy!l phosphorofluoridate is active against the enzyme 11 e terase an
concentrations (of the order of 102 M against ‘pseud'o’. cholines i
ca. 10~ M against ‘true’ cholinesterase*). This inhibition Wer s d a high
fluoride ion (produced by hydrolysis) as sodium ﬂuoylflc qulﬁrfineswrasc
concentration, namely 10-2 M, to give 50 per cent inhibition of cho fuoridate
activity. Similarly a 10-2M solution of ammonium_PhOSphof ¢ the free
was also necessary to give 50 per cent inhibition: that is to say tha

O

urring
phosphorofluoridate ion, /P—F, is ineffective. The naturally 0c€

been
alkaloid eserine, which contains neither fluorine nor phOSphorus’e}\lrat;sn here
known for a long time as a strong inhibitor of cholinesterase, b}lt rcversible’
a concentration of 10~ M is required; moreover its action 1522 repare
whereas that of D.F.P. is irreversible. Saunders and Worthy -Is)nell ani
D.F.P. containing radioactive phosphorus, 32P. This enabled BO“};inCS wi
Webb23 to show that approximately one molecule of DFP com
one molecule of enzyme producing complete inactivation.

Synthetic methods

nders

One very successful procedure developed by British worke_fshgﬁgc an
and Stacey?) consisted in treating an alcohol with phosphorus tri¢ .eld; the
then with chlorine giving the dialkyl phosphorochloridate m hlgk} ){k 1 ;)hos'
latter on being heated with sodium fluoride readily gave the dlaﬁu?;ri dates
phorofluoridate. It thus became possible to prepare Phofphoro
in excellent yield from cheap and readily accessible materials:

\

Yield

t
PCl, + 3ROH = (RO),POH + RCI 4 2HCI 89 Per o200
(RO),POH -+ Cl, = (RO),POCI 4 HCl 80 per i
(RO),POCI + NaF = (RO),POF -+ NaCl 84 pe

5 : . . Ordc'[‘ to

Modifications were made in this ‘hydrogen phosphite’ method l?rtuauy as
put it on a technical scale and it was shown that it could be run \21 in Great
a one-stage process. The process was patented and was employ®

a2 : : : imilar COT*
Britain and later in America for the production of D.F.P. and sl
pounds.

el
¢ udO
3 : : in, and 'PsC

* Broadly speaking, ‘truc’ cholinesterase occurs in erythrocytes and brain,
cholinesterase in serum®*,
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An aIt.ernativc method consisted in the partial fluorination of phosphorus
OXYChlon.de to give phosphorus oxydichlorofluoride, POCI,F. In the latter,
the chlorine atoms are much more reactive than the fluorine atom, and with
an : CT.lcohol the dialkyl phosphorofluoridate is readily obtained in high
YIC 26'

Cl OR

27
o=—=P—cl 2B o G5—p_0r + 2HCI

2N

F :

This reaction cannot compete with the ‘hydrogen phosphite’ method for
large-scale work, nevertheless it is valuable for exploratory purposes. In
particular, it is possible to prepare diaryl phosphorofluoridates and dialkyl
phosphorofluoridodithiolates [(RS),POF] by the action of POCI,F on the
appropriate phenol or mercaptan.

In 1942 a new type of phosphorus-fluorine compound was obtained from
POCI,F and an amine®”. In the condensation only the chlorine atoms were

replaced:
o] ' NMe,
O0=P—Cl + 4Me;,NH —— O=PZ—NMe, + 2Me,NH,HCl
F F
(V)

The reaction was extended to the preparation of a large range of phosphoro-
diamidic fluorides, many of which were toxic, thus tetramethyl phosphoro-
diamidic fluoride (V) had an L.C. 50 of 0-2 mg/l. They were, however,
unlike the phosphorofluoridic esters, devoid of myotic action. About this
time an alternative preparation was developed as follows®®:

NHR

cl
7
0: P—/— QU 4RNH, | sy igsp i NHR - 2RNH,, HE!
£
= cl cl
NHR NHR
0:PZ_NHR  —Fuorinaton _  0:p’_ NHR
i
Cl F

The toxicities of a phosphorofluoridic ester were ‘combined’ with that of a
phosphorodiamidic fluoride in a ‘hybrid’ molecule, and the following

synthesis effected in 1943%8:

Cl OR : OR

A L S e S e G
o . .
(VI)
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PHYSIOLOGICAL ACTION OF COMPOUNDS CONTAINING FLUORINE

This type of compound (an ethyl N-substituted phosphoroamidofluoridate,
VI) was highly toxic. ;
For purposes of comparison, a compound (VII) of a lower state of oxida-
tion was obtained by the action of phosphorus dichlorofluoride on cthyl
alcohol. The new compound, a phosphorofluoridite, unlike the phosph.oro-
fluoridate, was unstable to water, non-toxic and did not produce myosis.

FPCl, 4 2EtOH = FP(OEt), + 2HCI
(VII)

During World War IT German workers, particularly Sc}_lrader”, investi-
gated organo-phosphorus compounds. It need hardly be said that this work
was quite independent of British activities. Factories for the prod.uctlon of
the potential war gases tabun (VIII) and sarin (IX) were in operation at the

OCHM
B0, /o ocHMe,
G Me— P—F

Me,N~  TCN 0

(VI (IX)

end of the war. These ‘G’ agents are highly toxic, being very powerful
cholinesterase inhibitors.

Cause of toxic action of P—F compounds

It was stated above that certain organophosphorus compounds (o'ften

called nerve gases) show anticholinesterase activity. We will now ?ons1§er
what this means, and describe in general terms what happens at the junction
of the nerve ending of a mammalian motor fibre and striated (voluntary)
muscle. On stimulating the nerve, acetylcholine, Me,N+CH,CH 2OCiOC-H;,,
(AQ), is liberated as represented diagrammatically in Figure 3. T.he AC
then alights on ‘receptor’ patches within the muscle causing contraction. Iy
may be assumed that the receptor patches can exactly accommodate A'G~
Now cholinesterase which occurs in the tissues converts AC into chohr%e
(incorrect shape for receptor patches and therefore ineffective) and acetic
acid:
Me,N+CH,CH,0COCH, + H,0 = Me,N+CH,CH,0H + CH;COOH
A complex is undoubtedly first formed between the enzyme and AG, and
this complex will itself presumably not fit the receptor patches. (Inciden-
tally, curare, which paralyses motor end-plates, also fits into the receptor
patches and thereby excludes the entry of acetylcholine. Curare itself,
however, has no direct action on muscle.) Thus a nerve gas causes acetyl-
choline to accumulate, and therefore, among other actions, will cause
intense contraction of striated muscle. In this respect the effect of AG
resembles that of nicotine (N) (Figure 3).

The autonomic nervous system innervates smooth muscle, cardiac muscle
and glands. It thus governs functions that usually do not obtrude upon
consciousness. The autonomic system has two divisions, (a) sympathetic
and (b) parasympathetic, with complementary or antagonistic actions. Thus
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stimulation of the parasympathetic system causes the pupils to contract, the
heart to beat more slowly, etc. The sympathetic system causes opposite
effects. AC is liberated at the ends of parasympathetic nerve fibres whereas
adrenalin or noradrenalin is liberated at the ends of sympathetic fibres®®
(Figure 3). Thus, since a nerve gas has anticholinesterase activity it poten-
tiates parasympathetic activity and so is known as a parasympathomimetic

AC
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(By courtesy of Chem. Soc. 1957, Special Publication No. 8)
Figure 3. Diagram of the human nervous system: 1, voluntary system; 2, 3, 4, autonomic

(involuntary) nervous system; AC, liberation of acetylcholine; AD, liberation of adrenalin
or noradrenalin

agent. When the reinforcement of parasympathetic activity is sufficiently
great, the animal dies. The action of muscarine resembles that of acetyl-
choline at the termination of a post-ganglionic parasympathetic fibre (M,
Figure 3).

An anatomical feature of the autonomic system is an intermediate synapse
at a point along the course of the nerve. At this synapse, between the pre-
and post-ganglionic fibres, AC is also liberated; its action here, however,
resembles that of nicotine and not of muscarine.

Symptoms of phosphorofluoridate poisoning

Ifa detailed plan of the human autonomic nervous system?® were examined
(Figure 4), it would be possible to predict the symptoms likely to be produced
by parasympathomimetic drugs. In fact, the symptoms usually observed
(recorded below) do fit in exactly with the anatomical analysis®. In ad-
dition, it is convenient to describe the effects in terms of (1) muscarine-like
action (M in Figure 3), (8) nicotine-like action (N), and (2) central action.

(1) Eye®»—Myosis, very sensitive reaction by direct action, inhalation,
and injection. Loss of powers of accommodation.

Lacrimal and salivary glands—Increased secretion, not noticeable with low
concentrations,
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Figure 4.
gure 4. Plan of the autonomic neryous system (after Gray)
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Heart—Bradycardia.
Bronchioles—Constriction, difficulty in breathing even with low doses,

gasping and finally cessation of respiration (usually the immediate cause of

death).
Alimentary canal—Initial glandular secretion, vomiting and diarrhoea

follow. The lumen of the gut is constricted, especially rectum (hence the
use of D.F.P. for treatment of post-operative paralytic ileus, see page 204).

Urinary bladder—Constriction, hence urinary frequency.

Genital organs—Stimulation via ‘nervi erigentes’.

Sweat glands—Although sympathetic anatomically, are in fact cholinergic,
and therefore stimulated.

(2) Action at newromuscular junctions—Muscular cramps: sustained con-
traction of intercostal muscles, rendering breathing more difficult. This
nicotine effect requires a higher concentration of the organophosphorus
compound than does the muscarine action.

Demyelination of nerve fibres can also take place and this adversely
affects the functioning of any part of the peripheral voluntary system, of the
parasympathetic system, and of the preganglionic portions of the sympathetic

system.
(3) Central effects—Hallucinations, nightmares and headaches.

Treatment
Muscarine-like effects are relieved to some extent by atropine, homatropine

and related parasympathetic antagonists: injection is necessary in severe
cases, and instillation of ointments for mild cases of myosis. Epheqrme
relieves bronchospasm. Artificial respiration is necessary with severe poison-
ing. Central effects are antagonized to some extent by atropine, analgesics,
and certain depressants of the central nervous system. :

The work of Wilson34, Berry, Davies and Green? and Hobbiger®® on the
detoxicating effect of hydroxylamine, oximes and related cqmpounds on
anticholinesterases will undoubtedly play an important part in theraRy as
more becomes known of their precise mode of action and toxic side-reactions.

Preganglionic fibres of the sympathetic system and also the synapses at
the adrenal gland are cholinergic (see Figure 3). This must mean thata in
severe poisoning, the sympathetic system is also rendered extremely active,
thus the entire nervous system is thrown into chaos. This aspect of organo-

phosphorus poisoning has received little attention. £
Besides compounds of the type (RO),POX in which X = F, toxicity and

anticholinesterase activity are observed when X represents an anhydride
structure of a certain type, e.g. tetralkyl pyrophosphates,

(T.E.P.P.) (EtO), P—O—‘-IP(OEt)2
[l
(0] O
p-nitrophenyl esters, etc.
Nevertheless the fluorine atom in (RO)4POF cannot be replaced by other
halogens without loss of toxicity. Hence the fluorine atom must have some

essential property that enables it to ‘complex’ readily with cholinesterase.
Such a property might be the formation of a hydrogen bond between the
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fluorine atom and a hydrogen atom of the enzyme. The ‘positive’ phosphorus
atom then attacks the enzyme with elimination of HF. Such hydrogen bond

V& “Enzyme
Hie

Z G/

e : |
e e d HF + P==0
i s
OR OR OR OR

Figure 5

formation is not likely with the phosphorochloridate which has been shown
to be non-toxic, but certain other phosphate esters containing oxygen,
nitrogen or sulphur could readily participate in hydrogen bond formation.
It is not surprising then that pyrophosphates, p-nitrophenyl phosphate
esters and compounds such as
O

I
(EtO) ,P—SCH,CH,NEt,

are powerful cholinesterase inhibitors. In the writer’s view, the anhyfiride
structure is in itself probably not essential, but what may be important is the
ability to form hydrogen bonds as outlined above. This is a property
possessed by fluorine to an excellent degree. Many cholinesterase inhibitors
show an early and reversible stage of poisoning, followed by a permanent
and irreversible effect’”. It is very inviting to suggest that hydrogen bonding
is concerned with this essential but transitory first stage, and that true
phosphorylation is a consequential process.

FLUOROACETATES

The term “fluoroacetates’ is often applied loosely to compounds containing
the —CH,F group and related chemically to fluoroacetic acid.

Apart from early work by Swarts®® and certain Polish workers, these
compounds attracted little serious attention before the war. Methyl fluoro-
acetate (MLF.A.) was the first compound to be investigated in detail“"’.
When methyl chloroacetate and potassium fluoride were heated together in
an inclined rotating autoclave at 220°, a high yield of M.F.A. was obtained.
Methods not involving an autoclave have been suggested, but usually yields
of pure material are lower.

M.F.A., a stable mobile liquid, b.p. 104°, has an extremely faint odour.
Animals did not usually exhibit any symptoms during exposure to lethal
concentrations of the vapour, and no obvious effects were noted for 30-60
minutes (depending upon the concentration) after exposure. Convulsions
then took place and death usually followed within a few hours, For rabbits
and guinea-pigs, the L.C.. 50 for a 10-minute exposure was about 0-1 mg/l.
Mice were rather more resistant. Intravenous injection produced symptoms

+ See footnote on page 189.
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similar to those displayed after exposure to the vapour. Even with large
doses a delayed action was observed. The L.D. 50 for rabbits (intravenously)
was about 0-25 mg/kg.

Relationship between physiological action and chemical constitution

It should be noted that, in the phosphorofluoridate series, the intensity of
toxic action varies with the nature of the alcohol grouping whereas the
toxicities of fluoroacetic acid, ethyl, n-propyl and iso-propyl fluoroacetates
are similar to that of methyl fluoroacetate. On the other hand, methyl
a-fluoropropionate, CH,- CHF - COOCH,, and methyl «-fluoroisobutyrate,
(CH,) ,CF-COOCH,, showed negligible toxicity. It is significant that
these compounds do not contain the FCH,CO- group. The acids
F,CH:-COOH and F,C-COOH and their esters are non-toxic.

Sodium fluoroacetate was prepared as a stable water-soluble compound
containing the FCH,CO- group, suitable for animal-feeding experiments®®.
This salt is now finding application to some extent as a rodenticide (called
1088), but if used in this way very great care must be taken to keep it away
from human beings and domestic animals.

The following acyl halides were examined :

ACYL HALIDES

Fluoroacetyl chloride FCH,COCI Toxicity similar to that of M.F.A.
Chloroacetyl fluoride CICH,COF Non-toxic
Fluoroacetyl fluoride FCH,COF Toxicity similar to that of M.F.A.

These results were in accordance with expectation, and it thus became
clear that the toxicity was connected with the FCH,CO— group whereas the

O

|
—C—F group was ineffective. Additional confirmation was provided by
the observation that ethyl fluoroformate, FCOOC,H; (also containing the

(0)

|
—C—TF group), was non-toxic.

Fluoroacetamide, FCH,CONH,, and the following substituted amides
were all very similar convulsant poisons with delayed action:
FCH,CONHCH,, FCH,CON(NO)CH,, FCH,CONHCH,CH,OH,
FCH,CONHCH,CH,Cl, FCH,CON(CH,CH,Cl),. The magnitude of
their toxicities suggested they were hydrolysed in the body to fluoroacetic
acid?®, In short, the effective part of the molecule was again FCH,CO—.

Swarts®® was unable to obtain fluoroethanol by any simple method. It
was shown later by other workers#! that, using the rotating autoclave, ethylene
chlorohydrin could easily be fluorinated by potassium fluoride at 130°-135°.
It should be noted that with sodium fluoride (in place of potassium fluoride)
the yields were small. Fluoroethanol is a stable, mobile, colourless liquid of
b.p. 101°, It is miscible with water and is practically odourless and tasteless.
The compound is a convulsant poison and its toxicity is of the same order
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as that of methyl fluoroacetate. With fluoroethanol and fluoroacetic acid
as r.ea.d‘ily accessible starting materials a tremendous range of compounds,
exhl.bltmg varying degrees of toxic action, has been prepared.

Since ﬂ_uoroethanol produced a toxic effect comparable with that of
fluoroacetic acid, it seemed worth while synthesizing 2-fluoroethyl fluoro-
acetate, in which the ‘active’ parts of the two molecules were combined®®.
‘The compound possessed enhanced toxic properties: for a 10-minute
exposurc.thc L.C. 50 for rabbits by inhalation was 0-05 mg/l. Thus it was
about twice as toxic as M.F.A. (weight for weight).. This may indicate that
the 2-fluoroethyl fluoroacetate molecule can perhaps exert some toxic action
per se, independently of subsequent hydrolysis. The reason for this is not
clear. In general, however, it seems that only those compounds are tox1C
that can give fluoroacetic acid either by oxidation and/or by hydrolysis**.

Symptoms of fluoroacetate poisoning

Although the general feature of delayed action has been briefly referred
to above, it should be emphasized that different species react differently®’.
Fluoroacetates are highly toxic to all mammals and should be looked upon
as extremely dangerous chemicals. The L.D. 50 ranges from 0-1 mg per kg
for dogs to 14 mg per kg for spider monkeys*, Rabbits, goats, horses and
spider monkeys show only cardiac effects, myocardial depression, archythmias
and ventricular fibrillation. Dogs and guinea-pigs show only central nervous
effects giving rise to convulsions, Man, rhesus monkeys, cats and pigs show
both reactions. :

The immediate cause of death is cardiac failure, exhaustion from con-
vulsions and toxic depression of the respiratory and vasomotor centres*®.

Cold blooded vertebrates are usually rather insensitive to fluoroacetate.
On the other hand most insects are very sensitive, and as plants are not
affected (page 199), fluoroacetates and related compounds have been
suggested as insecticides (but see page 205). Seeds, however, especially of
the tomato plant, appear to be affected4s, 3

Fluoroacetate is quite readily absorbed from the mammalian digestive
tract and is then distributed fairly widely throughout the tissues. The part
that does not undergo metabolism (page 202) is rapidly excreted through the
urine and the gastrointestinal canal. A case is known of a sublethal dose 0
sodium fluoroacetate being taken orally by a human being and the urine
subsequently being injected into a rat., The latter died from typical fluoro-
acetate poisoning.

The lethal dose of sodium fluoroacetate for man has been estimated at
5 mg per kg#”. Such a dose has been administered to two horses, one orally
and the other intravenously. The first horse died after 10 hours and the
second after 5 hours. Apart from a thickening of the blood, it is claimed that
there were no visible lesions after death. Dogs were then allowed to feed on
the carcases. A dog that ate some of the heart died in 18 hours, whereas two
that ate skeletal muscle and liver appeared to suffer no ill-effects.

A single intravenous dose of 0-4 mg of sodium fluoroacetate per kg given
to sheep proved fatal within 4 to 6 hours. A sublethal dose of 0-2 mg/kg had
little direct effect, but increased the susceptibility of the animals to further
doses of fluoroacetate!®. Thus two sheep that had received 0-2 mg/kg
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.intravenously were given further doses of 0-2 mg/kg after 2 and 11 day
Intervals respectively. Both sheep died. This behaviour is opposite to that
of the rat in which a sublethal dose produces some protection against further

doses for some 36 hours.

Chemical stability of the C—F bond

The halogen atoms in chloroacetic, bromoacetic and iodoacetic acids are
very reactive chemically and are readily removed by dilute alkali. Ethyl
lodoacetate is a powerful lacrimator and is one of the typical tear gases still
used for that purpose. Iodoacetates as a class inhibit metabolism and many
of their pharmacological properties are attributable to the ready reaction
between the reactive iodine atom and thiol groups. Monobromoacetic acid
and monochloroacetic acid act similarly, but less effectively.

By comparison with the halogen atoms in the above monohalogenoacetic
acids, the fluorine atom in monofluoroacetic acid is relatively firmly
bound., For example, boiling 10 per cent aqueous sodium hydroxide
produces no fluoride ion. This stability renders decontamination of ‘fluoro-
acetates’ difficult. For the same reason it is not easy to detect their presence
by chemical means, and lack of odour enhances their insidious nature. It
has recently been shown?®?, however, that all ‘fluoroacetates’ are decomposed
by boiling 30 per cent sodium hydroxide solution with the liberation 9f
F-ion. Itis interesting to note that, under these conditions, the non-toxic
trifluoroacetic acid gave no fluoride at all*®. On the other hand when
fluoroethanol was allowed to stand with cold 10 per cent aqueous sodium

hydroxide overnight, fluorine was eliminated®°. e ;
It has been demonstrated that Grignard reagents will liberate the F~ ion

from ‘ﬁuoroacetates’, e.g.

(i) FCH,COOMe 2PhMOB pp,CH-CH(OH)Ph

(i) F(CHp); COOMe  2FhMIBL | ] :Ph
0 Ph

The fluorine atoms in trifluoroacetic acid are unaffected by Grignard

reagents,

Naturally occurring fluoroacetate
The South African plant dichapetalum cymosum (gifblaar) contains potassium

fluoroacetates! and hence is extremely poisonous to cattle whq may eat :‘.he
plant. Steyn®? described gifblaar (Figure 6) as ‘a heart poison, ra{lklng
amongst the most poisonous plants in the world. One seldorq sees animals
showing symptoms of gifblaar poisoning, as most Qf them die falrly' soon
after having ingested the plant, especially if they drink water. Tht? disease
is, as a rule, attended by muscular twitching, laboured breathing and

weakness of the heart.” Steyn continues by saying that there are no spcc1ﬁ'c
post-mortem lesions. It is stated that less than an ounce of fresh leaves is

enough to kill a sheep.
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A letter from Mr. Snelling, Pretoria, has passed via Sir John le Rougetel,
High Commissioner, Pretoria, to the author®. It contained the following
information.

D. cymosum grows in the Transvaal. In the spring, because of the depth of its
roots and its access to deep water supplies, it is practically the first thing to turn
green in the parched veldt. It grows in sandy country with boulders; its roots
entwine round these boulders and it cannot be removed except by using dyna-
mite. . . . Pole Evans once tried to get one out. He dug a quarry 100 ft. deep
and even then couldn’t get the thing disentangled. He advised farmers that the
only thing to do was to fence in the areas where it grows. What interested him
particularly was Saunders’ statement that the toxic principleis a fluorine compound.
For he says that it grows best precisely where the water has an abnormally high
fluorine content, and especially around Warmbaths where there is so much fluorine
in the water that it rots the teeth of the inhabitants and the whole town chews on
its gums or dentures.

The chemical synthesis of fluoroacetic acid entails a high temperature
reaction (page 196). It is not known how the plant builds up fluoroacetic
acid, but it is fairly certain that it involves inorganic fluoride. (The observa-
tion of Dr. Pole Evans that the natural waters in the neighbourhood of the
growing ¢ymosum contain a high concentration of fluoride would support this
idea.) The enzymes involved in this synthesis of fluoroacetic acid are not
known, nor indeed the enzymes concerned with the reverse process, i.e.
breaking of the C—F link. Presumably when the plant dies the fluoroacetate
does not accumulate in the soil, but reverts to the fluoride ion. Although the
C—TF in fluoroacetates has not been broken by enzymes in vitro,.it has been
found possible to rupture the stable C—F link in the aromatic series by
enzymic means (see below). ) -

Dichapetalum toxicarium (‘ratsbane’ or ‘broke back’) is a shrub occurring in
Sierra Leone®. The fruit is very poisonous and has been used for killing
rats—hence the name ‘ratsbane’. As it produces paralysis of the lower
extremities it is also known as ‘broke back’. One toxic principle of this
plant’s is most probably w-fluoro-octadecenoic acid,

FOH,(CH,),_,CH = CH(CH,),,,COOH

Enzymic cleavage of a G—F bond

In the course of detailed investigations on peroxidase-catalysed oxida-
tions®, a facile enzymic cleavage of the C—F bond in p-fluoroaniline has
been discovered®. In acetate buffer (pH 4-5) and at room temperature the
amine was oxidized by hydrogen peroxide and the enzyme peroxidase to the
red crystalline 2-amino-5-p-fluoroanilinobenzoquinone di-p-fluoroanil (X).

pP- F'CSHI. N
NH,
p-F:CoH, *NH

N'CGHL'F-p

(X)
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(b)

(By courtesy of Fing in S. Afr. 1939, 14, 285)

Figure 6. Dichapetalum cymosum (gifblaar) : (a) whole plant; (b) fruit and
leaves. Leaves are allernate and finely veined

To face p. 200
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The for i .
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Among many ‘fluoroacetates’ prepared in Cambridge, reference may be
made to several of particular interest from the point of view of toxic action.
Fluoroaspirin (fluoroacetyl salicylic acid) caused initial stupor without con-
vulsions in mice. Di-2-fluoroethyl phosphorofluoridate was prepared with the
idea of combining the ‘toxic principles’ of fluoroacetates and phosphoro-
fluoridates. The compound caused myosis, but was less toxic than anticipated.
At a concentration of 0-5 g/m?® (10-minute exposure) it produced, however,
in rats a remarkable state of hyperactivity followed by convulsions of an
unusual type leading to coma and death.

Triethyllead fluoroacetate, FCH,COOPDbEt;—A systematic study of the
sternutatory properties (irritation of nose, throat and chest) of organolead
salts has been made in Cambridge®. Tricthyllead fluoroacetate is interest-
ing in that it effectively combines the sternutatory properties of trialkyllead
salts with the convulsant action of the fluoroacetates.

Sesqui-fluoro-H, 2,2’-Dichlorodiethyl ethylene dithioglycol (sesqui-H) is
an outstandingly powerful vesicant. The fluorine analogue (XVII), often
called ‘sesqui-fluoro-H’, has been prepared as follows®:

FCH,CH,Br + HSCH,CH,SH + BrCH,CHoF

—NaOH o FCH,CHyr SCH2CH, S CHaCHF

(XVIID)

It proved to be a non-vesicant and furthermore it did not produce fluoro-
acetate-like symptoms in the animal body. This latter observation is to be
expected as it is difficult to see how such a compound could be readily
metabolized to fluoroacetic acid in the body.

Treatment of fluoroacetate poisoning

Vomiting should be induced when possible. Immediate and thorough
gastric lavage is recommended. Although no very effective antidote has yet
been found, for the reasons indicated above (page 202), large doses of
glyceryl monoacetate should be administered by intravenous injection.
Barbiturates may be helpful.

SOME FURTHER APPLICATIONS OF P—F AND C—F
COMPOUNDS

In a secret patent in 1943 it was suggested that some of the above compounds
might be useful as insecticides, fungicides and also be capable of clinical
application®. All these expectations have been, in fact, realized.

The condition of post-operative paralytic ileus®® (paralysis of peristaltic
movement of the gut) appears to be relieved by intramuscular injection of
D.F.P.5% and other organophosphorus compounds. Transient relief of
symptoms of myasthenia gravis (in which there may be too little acetylcholine
or too much cholinesterase) has been recorded. D.F.P. has also been sug-
gested for treatment of glaucoma by direct administration of an oily solution
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to the affected eye. Glaucoma is caused by an increased intraocular pressure
within the eyeball. It seems that D.F.P. facilitates the escape of the fluid
of the aqueous humour through the canal of Schlemm?°.

As mentioned above, while work on organic compounds containing
phosphorus and fluorine was proceeding in England during World War 11,
German workers pursued projects similar in some respects. Schrader
suggested many compounds that might be useful as insecticides.

Toxic compounds that can be readily absorbed by a living plant through
its roots or leaves are known as systemic insecticides™. Among such are
organo-phosphorus compounds and also many compounds containing
fluorine. Sodium fluoroacetate is a systemic insecticide™, but in view of
what we have said above it is doubtful whether this chemically stable
compound should be used for this purpose. This warning applies to many
C—F compounds.

As previously stated (page 190) there is often a correlation between
anticholinesterase activity in vitro and mammalian toxicity. This is not
always so; for example, the toxicity of the phosphoramidate (V) is similar
to that of D.F.P., whereas its anticholinesterase activity is low. This apparent
anomaly is accounted for by the conversion of (V) in living tissue into a new
oxidation product which is the real toxic material with marked esterase-
inhibiting properties. Hence it has a delayed action. Several other ‘inactive’
phosphorus compounds are changed to toxic materials by animal and plant
tissue—that is to say that the tissue is capable of lethal synthesis’.

Intraperitoneal injection of very small doses of sodium fluoroacetate
inhibits the growth of influenza virus in the lungs of mice and also of the
poliomyelitis virus in the brain of mice, but whether beneficial results are
likely to accrue with human beings is not established.

RECENT WORK ON COMPOUNDS CONTAINING
THE C—F LINK

Some very recent work by investigators in Liége is of considerable interest’.
It is known that cells are damaged by X-rays and y-rays. Itappears that the
deoxyribonucleic acid of the cell nucleus is destroyed (following radiation)
by the enzyme deoxyribonuclease which occurs in mitochondria. This
reaction requires Mgt+ ions. The Belgian workers have established that
previous injections of sodium fluoroacetate into mice give some protection
against irradiation. This may be due to the fact that the fluoroacetate
causes citric acid to accumulate in the mitochondria, and that the citrate
then combines with and so removes the Mg++ ions.

Though not toxic in the strict sense of the term, certain compounds have
greatly altered physiological action when hydrogen is replaced by fluorine.
In this connexion, American workers” have reported that synthetic mono-
fluoro-derivatives of steroid hormones are far more potent than the parent
substances. Thus 6-a-fluoroprogesterone (XVIII) is ten times as active as
progesterone itself. 6-a-Fluorohydrocortisone acetate has 11 times the
glucocortisoid activity of hydrocortisone. Why the replacement of hydrogen
by fluorine should give this increased hormonal activity in this way is not
exactly known.
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COMe
Me

l
Me

F
(XVIID)

Bergmann and his colleagues’ have synthesized fluoro-derivatives of
polycyclic carcinogenic compounds (e.g. XIX, XX):

Ry
N Me
F F
Me R,
(X1X) (XX)

The biological activity of such compounds has not yet been reported, but
is awaited with interest. ol
Newman and Galt”” have synthesized 3'-fluoro- and 4-fluoro-10-mett Y,t
1,2-benzanthracenes with a view to producing carcinogeniC activt Z_

Another compound which has been synthesized ‘to investigate 1t carcin
genicity’ is 2-fluoro-5-acetylaminofluorene?®. g
A considerable amount of work is currently appearing on C—F con(;
pounds. Among interesting applications the following shoulc.l be note r;
5-Fluorouracil (XXI) and related compounds inhibit mammalian tumot 2
by interfering, in a complex manner, with both ribonucleic acid and deoxy

. : ; ‘ X . e
ribose nucleic acid?®. 5-Fluorouracil and fluoroorotic acid (XXII) ar
active bacteriostatic agents®®,

OH
N©F HN CF
HO oc C-COOH

GI—C)

& N
H
(XX1) (XXII)

DL-1-deoxy-1-fluoroglycerol is toxic. Death is associated with con\flﬂ-
sions, bradycardia and accumulation of citrate, thus indicating mctal?ohsm
via fluoroacetate®!. 2-Deoxy-2-fluoroglyceric acid (XXIII) is also toxic an
gives rise to citrate accumulation, The conversion of the fluoroglyceric act
is not simple: three routes have been suggested®. The first route has been
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eliminated since it has been shown that fluoroglyceric acid is toxic to kidney
mitochondria whereas fluoroethanol is not. If the second route is followed
then fluoromalonic acid should be toxic. The present indications are that
fluoromalonic acid is in fact non-toxic. If this is confirmed then a metabolic

path as suggested by the third route must be considered®?,
FCH,CH,OH + COp—~FCH,COOH
CH0H- CHF *COOH ——= FCH (COOH), —=F CH,CO0H -+ CO,

FCH,COOH + CH,0

(XXI111)

FLUORINATED HYDROCARBONS

In general fluorinated hydrocarbons (fluorocarbons) are non-toxic. They
do not, of course, contain the essential FCH,CO- group. Furthermore
fluorinated hydrocarbons are less toxic than the corresponding chloro-
hydrocarbons®. The concentrations of vapours of certain related hydro-
carbons required to kill guinea-pigs during a 10-minute exposure are as
follows: 7 per cent for CHCl,, 21 per cent for CHCIL,F and 63 per cent for
CHCIF,, so that the introduction of each F atom in place of a Cl atom
lowers the toxicity by a third. Fluothane, CF,-CHCIBr is a non-irritant
sweet-smelling liquid, b.p. 50-2°, and is a promising anaesthetic8. It forms
non-explosive and non-inflammable mixtures with oxygen or nitrous oxide.
Furthermore it is non-toxic. The induction period is rapid and the after-
effects are negligible.

The refrigerant ‘freon’, CCl,F,, has a very low toxicity. Inhalation of
such a high concentration as 20 per cent does not even produce uncon-
sciousness, although analgesia and confusion result. Recovery is complete
within 10 minutes.

In general the perfluoroalkanes, C,F,, o, are chemically inert and are
non-toxic. Certain members of the series are used as high temperature
lubricants. Fluorinated alkenes do, however, exhibit toxic properties,
although their mode of action is not that of the fluoroacetates. Thus per-
fluoroisobutylene, (CF3),C = CF,, is a dangerous substance®®.

The polymer Teflon [(CF,CF,),, polytetrafluoroethylene] is non-toxic.
When, however, it is heated to 500-800° it gives toxic decomposition
products®” containing hydrogen fluoride and fluorocarbons including per-
fluoroisobutylene. The symptoms from hot Teflon fumes are coughing,

tightness of the chest, dyspnoea and convulsions in severe cases.

CONCLUSION

Toxic organic compounds containing fluorine were made originally as
potential chemical warfare agents®®. Fortunately they were not used for
that purpose. In this chapter an attempt has been made to explain the uses
to which some of these compounds have been put and the applications
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provide a striking example of the beating of the proverbial swords into
ploughshares. Much has been revealed and clarified, but a great deal
remains to be done: how, for example, can certain plants utilize inorganic
fluoride in the synthesis of fluoroacetate; can other forms of life do this; is
there more to be learnt about the fluoridation of water supplies; and how far
will the study of appropriate organo-fluorine compounds reveal the
mechanisms of certain vital biological mechanisms?
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This index is intended to supplement the lists of
contents to be found at the beginning of each article

Acetyl fluoride,
dissociation energy of C-F bond, 29
fluorination, 133
heat of formation, 27, 28, 29, 30
Acid spar, see Fluorspar, commercial grades
Actinium oxyfluoride, 142
crystal structure, 142
preparation, 142
Actinium trifluoride, 142
chemical properties, 142
crystal structure, 142
electronic configuration, 139
free energy of formation, 140
hydrolysis, 142
physical properties, 142
preparation, 140, 142
stability, 142
Activation energy,
of depolymerization,
of polychlorotrifluoroethylene, 25
of polytetrafluoroethylene, 25
of polymerization,
of chlorotrifluoroethylene, 25
of tetrafluorocthylene, 25
Aluminium fluoride,
industrial uses,
as flux, 47
in aluminium industry, 47
in ceramic industry, 47
production from hydrogen fluoride, 46, 47
recovery from fluosilicates, 53
Amblygonite, 36, 38
Americium tetrafluoride, 175, 176
crystal structure, 175
double salts, 175
formation, 140, 175
physical properties, 176
stability, 140, 176
thermodynamic properties, 176
Americium trifluoride, 174, 175
crystal structure, 175
electronic configuration, 139
formation, 140, 174, 175
free energy of formation, 140
oxidation, 175
physical properties, 175, 176
solubility, 175
thermodynamic properties, 175 :
2-Amino-5-p-fluoroanilinobenzoquinone 41-
p-fluoroanil, enzyme-catalysed synthesis,
200, 201
Ammonium fluoride, as fluorinating agent,
152
Ammonium fluosilicate, uses, 52, 53

Ammonium hydrogen fluoride,
as fluorinating agent, 143, 152
uses, 52
Ammonium phosphorofluoridate, as enzyme
inhibitor, 190
Antimony trifluoride, use in preparation of
fluorocarbons, 48
Argentic fluoride,
as fluorinating agent, 51, 114, 121, 126
preparation, 51

Barium fluoride, use in aluminium industry,
47
Bastnaesite, 36, 38
fluorine content, 38
Benzotrifluoride,
fluorination, 122
formation, 130
heat of formation, 21, 27, 28, 94
ionization potential, 93
mass spectrum, 93, 94
simultaneous fluorination and polymeriza-
tion, 114, 130
Bond dissociation energy,
definition, 9
of bonds in halogenomethanes, 16, 17
of C-F bond in,
acetyl fluoride, 29
carbon tetrafluoride, 17, 18
fluorobenzene, 18, 90, 92
hexafluorobenzene, 19, 90, 92
methyl fluoride, 18
n-propyl fluoride, 18
tetrafluoroethylene, 95
trichlorofluoromethane, 17
of chlorine monofluoride, 2
of fluorine, 2, 3, 105, 107
of hydrogen fluoride, 111
Bond energy,
anomalous, of C-C bond in tetrafluoro-
ethylene, 13, 20, 21
definition, 9
of C-F bond in,
carbon tetrafluoride, 9, 10, 12, 14, 15,
84, 85
chlorofluoromethanes, 14, 15
difluoromethylene group, 11, 12, 15
hexafluorobenzene, 84, 85
hexafluoroethane, 12
methyl fluoride, 10
methylene difluoride, 10, 12
tetrafluoroethylene, 13, 14
trifluoromethane, 10, 12
trifluoromethyl group, 11, 12, 15
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