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INTRODUCTION

It hag been known for a number of years that alkyl
esters of monofluorophosphoric acid have insecticidal propertles.
Their use as insecticldes, however, has been delayed malnly for
the two following reasons: (a) their high volatility, result-
ing in only temporary usefulness, and (b) the very low solu-
bility in water of the less volatile members of this group of
compounds,

The original purpose of this research, therefore, was
to make a study of methods of preparing a variety of organic
derivatives of monofluorophosphoric acid which were soluble in
water and thus satlsfactory for subsequent evaluation as in-
secticldes, mothproofing agents, and germicides.

The following two possibilities were considered as
a means of attaining this goal:

1. The preparation of neutral esters which could be made
soluble in water. The simplest approach in this
direction appeared to be the preparation of aromatic
esters, which could be sulfonated in the hope of ob-
telning physiologically active compounds which would
act as "colorless dyestuffs" and therefore be useful
as permanent mothproofing agents.

2. The synthesls of gcid esters, hence monoalkyl mono-
fluorophosphates, which would be soluble in water as
such or as an alkall salt. It was hoped that the
physlological activity of the FPO grouping in the
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neutral esters would be retained in the acid esters
and their salts.

During the course of the research, the publlcation
of information concerning the anti-chiolinesterese activity of
the dialkyl monofluorophosphates and the highly toxic and
insecticidal properties of alkyliesters of polyphosphoric
aclids made 1t appear desirable to shift the emphasis 1in the
final part of the resesrch toward the second of the above two
conslderations, or thus toward the aclid esters of monofluoro-
phosphorio acid.

Thes research therefore consisted essentially of a
study of the preparation and sulfonation of diphenyl mono-
fluorophosphate and an investigation of the gplitting of the
P-0-P linkages in alkyl polyphosphates by anhydrous hydrogen
fluoride. The latter investigation was consldered from the
stendpoint of the preparation of monoalkyl esters (and
neutral dialkyl esters) of monofluorophosphoric scid, and also
as a means of furnishing additional experimental data regard-
ing the structures and compositions of the various alkyl
polyphosphates which had suddenly become of such great inter-

est as powerful insecticides.
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HISTORICAL REVIEW

A. Early Investigations of Dialkyl Monofluorophosphates.

The first esters of any fluorine~phosphérus acld to
be reported were dialkyl esters of monofluorophosphoric acid,
H2P03F. Although the anhydrous acid was not known at that
time, W. Lenge and G. v. Kruegerl succeeded in making the di-
methyl and diethyl esters by heating the corresponding alkyl
iodlde with the silver salt of the acid. The silver salt was
produced from a mixture of ammonium mono- and difluorophos-
,phat682’3 formed by fusing phosphoric anhydride with ammonium
fluoride. Although this method was quite laborious and
resulted in low yilelds, it served as a means of isolating the

- esters for a ghort study of their physical and physiological
properties.

With regard to the physical properties of dialkyl mono-
fluorophosphates, they were found in general to be falrly
stable esters, insoluble in water, but soluble in the common
organlc solvents. The methyl ester, however, was reported
to be an exception, as 1t dissolved in water and underwent
hydrolysis easily. The insoluble diethyl ester ls stable
enough in water that it can be steam-distilled with compara-
tively 1little decomposition. The stability of these esters
toward dilute aqueous or azlcoholic alkaline solutions is quite
Interesting; although the methyl ester reacts quickly, the
higher esters are hydrolyzed with considerable difficulty.
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Alkaline hydrolysis results in the splitting of the fluorine-
phosphorus bond, with the formation of the very stable salts
of dialkyl orthophosphoric acid.

The physlological properties of these esters are
partioularly interesting. It was expected that dialkyl
mohofluorophosphates woukd be somewhat simllar to the corres-
ponding dialkyl sulfates, since Lange3 had earlier noticed
the similarity of the reactlons of monofluorophosphoric and
sulfuric scid, and the isomorphism of their sslts. However,
the toxiclty of dimethyl sulfate when applied to the human
skin does not occur with the dialkyl fluorophosphates. The
inhalation toxicity of the monofluorophosphates, on the other
hend, was much more pronounced than could have been expected
from the analogy between the two series of acids. In fact,
& very strange physlological effect was noticed. Shortly
after breathing the sweet-smelling vaepors of the dlethyl ester,
8 shortness of breath occurs, followed by deceptive vision,
a feeling of faintness, and a smarting of the eyes when
turned toward the light. These effects usually last only a
few hours, and apparently no after-effects are produced. Since
there are no hydrolytic decomposition products which could
cause such effects on the nervous system, Lange came to the
conclusion that the odd physiological action must be a
specific property of the neutral ester molecule itself.

The esters were tested in the laboratories of the

I. G. Farbenindustrie for insecticidal propertiesu and were
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found to be quite effective against several pests. However,
because of the volatility, the low solubility, and the ex~
pensive method of preparation of the esters, they were con-
gidered to be of no commerclal value at that time, and so
work on the esters was discontinued temporarily.

interest in monofluorophosphoric acid,3’5'6’7’8’9
HpoPO3F, and its salts, as well as in difluorophosphoric acid,2
HPOpFy, and 1ts salts, led to methods of production of the
enhydrous aclids by the reaction of anhydrous hydrogen fluoride
with phosphoric anhydride; and the availabllity of the aclds
in relatively large quantitieslo led to a renewal of interest
in the organic derivatives, with the idea of a possibility of

their preparstion from the anhydrous acids,

B. Insecticldal Development.

In the meantime, the I. G. Farbenindustrie had
developed over a period of about fifteen years the fleld of
colorless mothproofing "dyestuffs" known as Eulans.ll’12’13
Some of these Eulans were chlorinated di- and triphenyl-
methanes containing solubilizing sulfdnic acld groups, by
means\of which the molecule could be attached to wool fiber
to give permanént mothproofing properties. As a matter of
fact, the sulfonic acid groups dd even more than solubilize
the molecule and allow a chemical union with the cloth
fiber;‘the sulfonation of the aromatlic compounds actually

increases their insecticldal properties considerably. This

is an amplification of the established fact that organic
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contact poisons in general do not lose thelr insecticidal
properbles when they are sulfonated, but instead are converted
into effective stomach polsons.

Another important contribution to the field of
permanent mothproofing compounds was made by the J. R. Gelgy

Gompanylu

of Basel, Switzerland. They developed independently
some mothproofing compounds qulte similar to the Eulans of

I. G. PFarbenindustrie, as shown below:le
cl cl CHy CH,
OHN um o HO H
a CH cl HooC CH CooH

Eulan Neu ' Eriochromcyanine R
(I. G. Farbenindustrie) (J. R. Geigy)

The research in the Gelgy laborstories wes underteken principal-
ly from the standpoint of dyestuff chemistry. They found
‘that both the position and number of sulfonilec acid groups
were important in the ability of the molecule to behave as

a permanent mothproofing compound; for example, the fewer the
sulfonle acid groups, the grester the capacity of such a
molecule in general for being drawn up by the fiber., In fact,
most of the effective mothproofing compounds developed by
Gelgy contained only one sulfonic acid group in the molecule.
They reported, however, that the fastness of the "colorless
dyestuff! could not be explained solely by the linkage of the

sulfonlc acid to the wool finer, but that other "secondary
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valence forces" within the molecule were also lmportant in
causing such an intimate association.
A great amount of research done in the Geigy15’16
laboratories along closely related lines resulted in the
discovery of dichlorodiphenyltrichloromethylmethane, known
popularly as DDT, as a powerful 1nsecticide.17 Thelr research
on the mechanism of contact-polson action brought out the
vfact that the molecule must contain, in addition to the
"toxic component®, a lipoid-soluble group which will enable
’the poison to penetrate through the epicuticula, a lipoid
layer, into the nerve cells. Groups conferring lipoid solu-
bility on the molecule are in most cases aliphatic groups
derived from inhalation anaesthetics, such as chloroform and
cyclopropane, or fat solvents, such as carbon tetrachloride,
which have a very high oil/water distribution coefficient.
The "toxic component" must be such that the structure of the
entire molecule allows a combination with "certain physio-
logically important components! of the body. Using DDT as

an example of a contact poison, the lipoid-soluble group 1s
seen to be the trichloromethyl group. Thus such a molecule
can penetrate into the nerve cells, where, because of the
toxlc nature of the molecule, it Iinjures the nerve cells in
some way, producling a state of excitability, which in turn
causes mlsdirected physiological reasctions, according to the
mechanlsm proposed by the Gelgy Company. The nerve-poison

action of DDT does not appear to involve the inhibitlon of
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cholinesterase.ls

During World War II the I. G. Farbenindustrie
developed an interesting insecticlde, hexaethyl tetraphos-
phate, which they called "Bladan"., It is usually referred to
in the United States as HETP for convenience. G. Schradert
first prepared this insectlicide at Elberfeld in a study of
substitutes for nicotine in the control of plant lice
(aphids). Since it is cheap, 1s extremely effective against

plant 1103,20

and 1s hydrolyzed by water to non-toxic alkyl
phosphoric acids, 1t hag a great advantage over nlcoOtine.
It serves as a supplement to DDT, which 1s not effective

agseinst mites and aphids.21’22:23

C. Alkyl Polyphosphates.

Hexaethyl tetraphosphate ls now being produced on
a large scale, and 1ts effectiveness has stimulated a great
amount of basic research in the field of alkyl polyphos-
phates.gu’25
Schrader19’26 initially prepared hexasethyl tetra-
phosphate by means of the following resction:
POC13 + 3(CoHg)3PO0y = 3CoHsCL + (CoHs)gPy0y3.
In line with this reaction, he proposed the following structure
for the hexaethyl ester:
0
b ooz
0—P(0C,Hg) 5
0

4
0+B—0—P(0C H,)

52

0
4
O—P(002H5)2
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but analogy with inorgenic chemical considerations Indlcated
that such a branched structure would be less likely than a
linear structure.®! A more recent method®® which has been
adopted by the Germans for preparing the insecticide is
described by the following equation:
4P0oClz + 9CpHOH = 9HCL + 3CHg01 + (CgHg)oPu0y3.

The knowledge of hexaethyl tetraphosphate prior to
1947 has been reviewed by Bronson and Hal1%2 and by Roark.29

Quite recently, however, Hall and Jacobson3° have
reporteé& that so-called hexaethyl tetraphosphate 1s not a
pure compound, or even a relatively pure one; but instead it
1s a nondistillable liguid mixture of empirical composition
(02H5)6P4013 composed of ethyl metaphosphate, tetrasethyl
pyrophosphate, triethyl orthophosphate, and posslble penta-
ethyl triphosphate. They stated, furthermore, that tetra-
ethyl pyrophosphate is probably the active ingredlent of all
the toxie, nondistillable, liquid ethyl polyphosphates. In
thils regard, tetraethyl pyrophosphate was prepared both as
distilleble and nondistillable liquids, and these products
showed a toxicity three to five times as great as that of
HETP, This 1s in reasonable agreement with their report
that HETP contains about 20 pePfcent tetraethyl pyrophosphate,
ag shown by vacuunm dlgtillation. Thelr results are in close
agreement with the present knowledge of inorganic polyphos-
phates; Partridge et al.31 showed that the highest known
member of the system NaPO3-NapPpO7 existing as a crystalllne
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individual is sodium triphosphate, NagP010:

At gbout the same time, Hansen’2 reported the presence
of 10 to 20 percent of a "tetraethyl phosphate” as the active
ingredient in HETP, but from hils analyses he concluded that
the active ester was tetraethyl peroxydiphosphate.

. Ethyl metaphosphate, which Hall and Jacobson
reported to be the primery component of the commercial hexe-
ethyl tetraphosphate, can be prepared conveniently, although in
an impure form, by the reaction of phosphoric anhydride with
diethyl ether33 or with triethyl phosphate.34 According to a
recent patent, though, the reaction with diethyl ether pro-
duces a substantial proportion of triethyl phosphate.35
Plimmer and Burch36 reported that ebullioscoplc analysils
showed the metaphosphate molecule to be dimeric, while from
cryoscopic determinations it was found to be a hexamer. They
found that ethyl metaphosphate would react wilith ethyl alcohol
to give both mono- and dlethyl phosphoric acids. On the other
hand, Audrieth37 has stated that in determining the molecular
welghts of such esters, any method which\involves g solvolytic
reaction will give ambiguous or useless reeultsj instead of a
mohomeric, dimeric, or even hexameriec systém, ethyl metaphog-
phate 1s probably a complex mixture of very long-chain

polymeric molecules of the type

ST
002H5 002H5 OCEH5
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Although several recent publications have appeared
with regard to polyphosphoric &OidSBs and their
salts,39’uo’nl’u2’u3 relatively 1ittle has been publlshed
with regard to the composition of theilr alkyl esters, even
though a great amount of work is being done in this field.
Hence, the "hexaethyl tetraphosphate" problem is not yet
completely settled.

As far ss thelr preperation 1ls concerned, however,
products with overall compositlions of alkyl metaphosphates,
pyrophosphates, triphosphates, and tetraphosphates are ob-
tained eagsily from the reaction of the trialkyl orthophos-
phates with the proper amount of phosphoric anhydride at low
temperatures, as a result of & patent issued recently to the
Victor Chemical WorksjLL In addition to this general method,
usually referred to as the Woodstock method, and that of
Schrader, which involves the resction of phosphoryl chloride
wlth trialkyl orthophosphates, s&tlll another method3° ghould
be mentioned; it is very satisfactory for preparing tetra-
ethyl pyrophosphate and is described by the following equation:

(CoHg) oPO3CL + (CoHg)3PO) = CpHpCl + (CpHg)yPpOy

As intimated before, not only HETP but all of these
alkyl polyohosphates are effectlve against mites and aphilds.
They are also very toxic to humans and can be absorbed readily
through the skin, so great care must be used in handling

L

these liquids. That this entire effect is caused by the

presence of tetraethyl pyrophosphate, as Hall and Jacobson
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stated, has not yet been shown conclusively, but nevertheless
the mixtures are all quite toxic. More will be said of the

mechanism of this toxic effect below.

D. Synthesis of Dialkyl Monofluorophosphates.

It 1s desirable at this point to leave the subject
of alkyl polyphosphates temporarily and turn to a type of
organic esters whichndo not appear, at first glance, to be
closely related to polyphosphates. These are known generally
as dlalkyl monofluorophosphates.

Until 1941, when McCombie and Saunders began their
research on new war gases in the Cambridge University Chemilcal
Laboratory in England, only one paperl had been published on
dialkyl monofluorophosphates; this paper, by Lange and Krueger,
was dlscussed above, The British workers were Iinterested in
the 0dd physiologlecal properties of these esters, but first
a study had to be made for the purpose of finding a more
economical and convenlent method of synthesis, since that
of Lange and Krueger was quite laborious and resulted in
overall yields of less than U percent of theory. After a
considerable amount of research, the British proposed the
following methods of synthesis:u5

POC13 = POC1pF

) {Poclgﬁ' + 2ROH = (RO),POF + 2HC1
2(R0)3PO + POC13 = 3(RO),POCL
{(RO)EPOCI + NaF = (RO),POF + NaCl
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[ 3ROH + PClz + 3CgHgN = (RO)3P + 3CgHgN-HOL
(3){(RO)5P + Clp = (RO)POCL + RCL

((RO)oPOCL + NaF = (RO)gPOF + NaCl

rBROH + PClz = (RO)pPOH + RC1 + 2HC1 (89% yield)
(RO),POH + Clp = (RO),POCL + HC1 (0% yield)
L((RO)oPOCL + NaF = (RO),POF + NaCl (849 yield)

Pu—

(&)

Method (1) was found to be most useful for exploratory pur-
poses; for example, it was the only method of the four which
allowed the syntheslis of dlaryl esters in good yields.

Methods (2), (3), and (M) all involve the intermediate forma-
tion of a dialkyl monochlorophosphate, which is then reacted
with sodium fluoride to produce the corresponding dialkyl
monofluorophosphate. Alkyl and aryl monochlorophosphates

heve been known for a long time, and earliest methods of
preparing them involved the reaction of phosphoryl trichlorlde

iR
wlth the calculated quantity, or less, of an zazlcol’xolu'b:'7,48

or phenol.49’50'51’52’53 Catalysts suggested for the reaction

include A101l3, ZnC1pY"

and Mg012.55 Although the diaryl
monochlorophosphates can be distlilled satisfactorily under
vacuum, the dialkyl esters are thermally instable and hence
cannot be obtained in a pure form by this reaction, since
they cannot be separated from the by—products.47

Because of the low ylelds and low purity of di-
alkyl monochlorophosphates made in this way, the British
investigators56 had to look further for a satisfactory method

of preparing them as intermediates for subsequent reaction
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with sodium fluoride. The reaction of Gerrard57, in which
POGIB 1s reacted with a trialkyl phosphate, makes up the
iriitlal step of method (2) listed by McComble and Saunders.

The chlorination of triethyl phosphlite, a reaction
which was investigated by Wichelhaus,f’8 is the basis for
method (3) suggested by the British workers for preparing
dialkyl monofluorophosphates. The first step of this method,
i.e. the synthesis of a trialkyl phosphite from the action
of phosphorus trichloride on an alcohol in the presence of
an orgsnic base, had been reported in 1918 by Milobedskl and
Sacnnowski.59’6o Method (3) was shown to give satisfactory
overall yields, but the use of a tertiary base made this
method too expensive for a commercial process.

With plant-scale production in mind, an attempt
was made by the British researchers to carry out this same
series of reactions without the use of an organic base.
Instead of obtaining a trialkyl phbsphite by means of the
reaction of PCl3 with an alcohol, however, leaving out the
organic base resulted in the formation of the dialkyl acid

55,61,62 ag had been found earlier by Gerrard.57

phosphite,
This was thought at first to be a useless reaction product,

but then it was found that this acid phosphlte was converted
by chlorination to the corresponding dialkyl monochlorophos-—
phate in a 93% yleld. This discovery seems to have strongly
furthered the study of dialkyl monofluorophosphates, because

1t sllowed a cheap, easy process for their production on a
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63,64

commercial scale, according to the equations of method

().

Before leaving the subject of the synthesis of
dialkyl monofluorophosphates, some mention should be made of
the final step in the synthesis according to methods (2), (3)
and (4), namely, the conversion of dialkyl monochlorophos-
phates to the corresponding monofluorophosphates by heating
for a short time with sodium fluoride. This procCedure for
replacing a chlorine atom with a fluorine atom is identical
with that used by Davles and Dick65’66 in converting sulfonyl
chlorides to sulfonyl fluorides, except that McCombie et al.
ecarried out the reactions in carbon tetrachloride rather than
in water. Thile step was not successful in the preparation of
aromatic esters, however, so they were required to resort to
the reaction of POC1pF with phenols to obtain derivatives of
diphenyl monofluorophosphate.

Fluorinating agents other than sodium fluorilde
whlch have been used in similsr reactions include ASFB, Sij,
ZnFp, KF, KHFp, and NHyF. Davies and Dick showed that
sulfonyl fluorides could be prepared convenlently from the
corresponding sulfonyl chlorides by boiling for a short time
with aqueous solutions of potassium, sodium, or ammonium
fluoride, or with a suspension of zinc fluorlde in water.
Antimony trifiuoride was used successfully 1n the conversion
of benzoyl chloride to benzoyl fluorlde, in which

Voznesenskii67 reported a 76 per cent yield. In the preparatipn
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of alkyl fluorosilicates from the corresponding chloro-
silicates, inorganic fluorides did not gilve satisfactory
yields; but the reaction of SbF3 with tetraethyl silicate was
reported by Peppard, Brown, and Johnson68 to be a convenlent

method of synthesis.

E. Physiological Properties and Anti-chollinesterase Activity

of Dialkyl Monofluorcophosphates.

A thorough study was made by lMcComble asnd Saunder545’69
of the inhalation toxicity recorded previously by Lange, and
“these results have been supplemented recently by Kilby and
Kilby70 in a etudy of the inhalation toxlcity in man and
animals. It was found that a miotic effect (a constricting
effect on the pupil of the eye) and a high toxicity by in-
halation usually went together; and these effects were
exceedingly pronocunced in the cases of esters of secondary
alcohols, such as isopropyl, sec.-butyl, and cyclohexyl
alcohol,

In 1942, McCombie and Saunders T reported that
alkyl esters Inhiplt the action of the enzyme cholinesterase;
and the dilsopropyl ester, known as DFP, was found to be
active in extremely low concentrations (about 10”10M). No
other enzyme was found to be Ilnactivated by dilsopropyl
monofluorophosphate; recent findings,72 however, indicate
that dlalkyl monofluorophosphates are not specific inhibitors
of cholinesterase.

None of this research was published until 1946,
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after secrecy orders had been 1lifted from such war research.
In the meantime, the work had been transferred to the Chemlcal
Warfare Service of the U. 8. Army. At the end of the war,
the application of diisopropyl mono:f:’lt.torophos:phate73’7’+ to
peace~-time uses received much attentioh in the form of
medical research., For example, 1t was found to have probable
bénefioial effects in the treatment of the eye condition
glaucoma,75’76'77 and in the treatment of diseases characterlzed
by muscular weskness known asg myasthenla gravis.

Host of this research on the pharmacological uses
of diisopropyl monofluorophosphate, commonly abbreviated to
"DFP", has dealt with or has been hased on 1ts inhibition of
cholinesterase. According to the present chemical theory of
trangmission of nerve impulses through the nervous system,
the rapid splitting of acetylcholine by means of the highly
spepific enzyme cholinesterase, 1s necessary for normal

functioning. Nacnmansohn78’79’go’81’82'83'84

has presented
evlidence that the rapld release and removal of acetylcholine
le an intracellular process, and that the rate of metabollsm
of this ester by means of cholinesterase is great enough to
parallel the rate of electrical changes produced along the
nerve fibers; hence this rate of enzymatic gplitting 1s
directly related to the nerve action potential. According
to this theory, it can be seen that the inhibition of

cholinesterase results In a decreased rate of metabolism of

acetylcholine and, therefore, in a corresponding lowering of
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the nerve action potential. Physostigmine and neostigmine
are known to inhibit reversibly the action of cholinesterase,
but studles on the inhibition by DFP®S indlcate thet the
postulated enzyme-inhibitor complex 1s not readlly reversed,
so the cholinergic action of DFP approaches more nearly an

lrreversible insctivation of chollinesterase.

F. A Proposéd Mechanism of Toxielty of Dialkyl Monofluoro—

phosphates and Alkyl Polyghosphatés.

The real chemical mechanism of the inactivating
effect of DFP and other dialkyl monofluorophosphates toward
cholinesterage, however, is not known. According to Lange,86
this mechanism mey involve & phosphorylating action, since
thesge esterskare all capable of exhibiting such an action.
He came upon this ldea while searching for the cnemical
mechanism of the toxic action of hexaethyl tetraphosphate.
He found HETP to be a powerful phosphorylating agent,
feacting, for example, with key components of enzyme systems.
He showed also that the other ligquid alkyl polyphqsphates
were’relatively strong phosphorylating agents;g7 and since
dlalkyl monofluorophosphates likewise exhibit & phosphorylat-
ingeeffect, Lange suggested the possibility that the reaction
mechanism of toxicity of both types of esters linvolves a
phosphorylation of essentlal compounds in the cholinesterase
enzymlic system.

His proposed mechanlsm involves the folloﬁing

steps:
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(1) The ester molecule, 1i.e. dialkyl monofluorophos-
phate or alkyl polyphosphate, reaches the cholines-
terese in the nerves intact.

(2) In the presence of cholinesterase, the ester molecule
is split by an enzyme, i.e. a monofluorophosphatase
or a ﬁyro(poly) phosphatase, with an immedliate phos-
phorylation of cholinesterase by the split esters.

That step (1) ﬁay be true is shown by the fact that fluoride
‘lons, salts of monofluorophosphoric acld, and salts of poly-
phesphoric acids do not give so great an inactivation effect
bn chclinesteraée ag 4o the dialkyl monofluorophosphates.88
With regerd to step (2), the exlstence of a pyrophosphatase
is well known; and very recently ﬁazur89 reported the exls-—
tence in animal tissue of a monofluorophosphatase capable of
splitting the fluorine~-phosphorus bond of dlalkyl monofiuoro—
phosphates. This finding glves additional weight to the
possibllity of a phosphorylation mechanism. Since Lange pro-
posed thls mechanlem, further agreement with his ideas has
been indicated by means of a study of DuBois and Mangun90 of
the in vivo and in vitro inhibition of cholinesterase by
hexaethyl tetraphosphate, in which a strong inhibitory effect
was observed. In fact, Burgenﬁn et al. have shown that the
alkyl polyphosphates are more active than dilisopropyl mono-
fluorophosphate in rats, both in vivo and in vitro, and these
findings were confirmed by Chadwick and Hill in tests on the

, 9
American roach.’l
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DISCUSSION OF RESULTS

A. Efforts Directed Toward the Synthesls of a Permanent

Mothproofing Agent.

1. Diphenyl Monofluorophosphate.

A method has been developed which allows the syn-
thesls of diphenyl monofluorophosphate, (06H5)2P03F, or in
general ArgFOBF, in satisfactory yields. This method may be
described schematically by means of the following reactlion

réquations: |
(1)  2CHOH + POC13 = (CgHg)oPO3C1 + 2HCL
(2) 2(CgHg) pPO50L + CaFp = 2(CgHg) ,POzF + CaCly

Step (1) describes a reaction which has been known
for nearly seventy-Ifive years and has been discussed extensive-
1y in publications. Hence, only the second step ofrthe process
e of interest to us from a gtandpoint of research.

From the results of Davies and Dick§6 who converted
aliphatic and aromatic sulfonylchlorides to the corresponding
sulfonylfluorides by heating with agueous solutions of alksll
fluorides or with aqueous suspensions 5f zinc fluoride, and
also from the results of McCombie and Saunders,us who obtalned
dlalkyl monofluorophosphates from the monochlorophosphates
by heating shortly with sodium fluoride in carbon tetrachloride
or benzene, it would appear that alkall fluorides or zinc
fluoride should be satisfactory fluorinating agents for the
reaction described@ by equation (2). This was found not be

the case, however. The use of sodium fluoride required a
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reaction tempersture of 140° C. to give approximately 50 per
cent conversion to diphenyl monofluorophosphate during a period
of 35 hours, while zinc fluoride produced considerable phenolic
gplitting of the monochlorophosphate with a resulting low yield
of not greater than 20 per cent monofluorophosphate.

Precipitated calcium fluoride was found to be the
most satisfactory fluorinating agent for this reaction, pro-
ducing yields of 65 to 70 per cent of theory. In a single
reaction with finely-ground, high-grade, native fluorspar
(CaF,), however, & yield of only 15 to 20 per cent of theory
was obtained. The difference in yvields msy be due %o &
difference in the particle size of the two types of calcium
fluoride, but it seems likely that the acidity of the pre-
cipitated fluoride may add to its effectiveness.

Diphenyl monofluorophosphate is & stable, colorless
liguid at room temperature. It melts at 7 to 10° C. and boils
at 140 to 1u42° C. under a pressure of 3 mm. of mercury, but
distillation at pressures gbove 12 or 15 mim. results in
noticeable decomposition.

The ester was reported in 1946 by McCombie and
Saunders,45 who prep&réd it by the reaction
(3) POCL,F + 2CgHEOH = (CgHg)pPO3F + 2HCL

2. Sulfonation of Divhenyl Monofluorophosphate.

The object of the study of the sulfonation of diphenyl
monofluorophosphate was to prepare a mono-sulfonated derivative,

which might be expected to have the insecticldal properties of
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the unsulfonated ester ané’at the same time contain a group
“through which a chemical combination with protein fibers could
be effected. Hence it was hoped that a "colorlesgs mothproof-
ing dye" could be obtalned in this way. Disulfonation of the
molecule, that 1is, 1nsefting one sulfonic acid group into each
of the two phenyl groups of the ester molecule, would be
expected to result in a less efficient and less permenent dye—
stuff, so the emphasis in this study was directed toward the
preparation of a monosulfonic ascid derivative of diphenyl
monofluorophosphate.

Since sodium chlorosulfonate and the addition product
of pyridine with sulfur trioxide required high temperatures
to bring about any reaction at all, the benzene rings of the
ester molecule were shown to be deactivated. This was in
agreement with the assumption that the fluorophosphate group
attached to the rings would direct any incoming cationoid
substituents to the meta positions with deactivation.

The more active sulfcnéting agents, however, gave
mixtures of mono- and disulfonated products. Crystallization
of the monosulfonic acid:could not be effected, either by
cooling or seeding, probably because of the presence of
appreclable amounts of the disulfonic acid as an impurity.

The extent of contamination with this impurity in the various
benzene ring of the ester molecule had 1little, if any, effect
on the ease of sulfonatlon of the second ring; in other words,

the two benzene rings appeared to be nearly independent of one

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

another in the sulfonation reoction. A graph (Fig. 1, p. 70)
has been drawn to show the relatlve proportions of the mono-
and disulfonic acids as a2 function of the amount of sulfur
trioxide reacted. Since no reasonably pure monosulfonsated
derivative was able to be isolated, the preparation of a
permanent mothproofing compound by this method was considered

to be unsatisfasctory.

B. Diethyl Monofluorophosphate.

1. General.

The dlalkyl monofluorophosphates are important to
us because of their strong physiologicel properties, which
were discussed on preceding pages. The dlethyl ester was
synthesized first by Lenge and Krueger,l by heating the
gilver saglt of monofluorophosphoric acid with ethyl lodide in
a sealed tube, but ylelds were low and the overall procedure
was qulte tedious. McComble and Saun&ersu5 were able to mske
the ester in good ylelds by first preparing the dlalkyl acid
phosphite, then chlorinating to form the dialkyl monochloro-
phosphate, and finally heating shortly with sodium fluoride.

2. Syntheslsg from Tetraethyl Pyrophosphsate.

A new and convenient method has now been found for
producing diethyl monofluorophosphate. It was shown that pure
tetraethyl pyrophosphate can be split almost gquantitatively
by anhydrous hydrogen fluoride according to the following

equations
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(&) (02H5)4P207-+ HF = (02H5)2P03F +'(G2H5)2HP04
‘The bolling pointe of the two resulting esters are sufficlent-
ly far apart to allow easy separation by vacuum distillatlon,
- and so the purification of diethyl monofluorophosphaté is
qulte simple.

Even the use of technical or commercial grades of
tetraethyl pyrophosphate allows easy separation of diethyl
monofluorophosphate, although the yields are necessarily lower
than when a oure pyrophosphate is used. For example, tetra-
‘ethyl pyrophosphate which was prepared at room temperature by
the reaction
(5) PpOg + L(CpHp)3POY = 3(CpHg)uPo0y
and which certainly contained other ethyl polyphosphates and
a conslderable amount of unreacted triethyl orthophosphate,
reacted with anhydrous hydrogen fluoride to give diethyl
monofluorophosphate in a yiéld of 35 per cent of theory.
Consequently, this reaction ic of interest from a practical
or commercial standpoint.

Furthermore, on the basis of preliminary experiments,
this method appears to be apvnlicable to the preparation of
other ﬁialkyl monofluorophosvhates. It seems that this
epplication 1s limited mainly by the lack of availability of
the various tetra-slkyl pyrophosphates.

3. Migcellaneous Methods of Synthesls.

Although orthophosphoric acid reacts with ethylene

et elevated temperatures and pressures to give alkyl
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phosphates,92 the corresponding reaction of monofluorophos—
phoric acid to form dialkyl monofluorophosphates has not bee
found to be successful.

Likewise, the investigation of the reaction of tri
ethyl orthophosphate with difluorophosphoric acid, according
the the equation
(6)  (CpHp)3POy + HPOoFp = (CpHp) ,POSF + (C,HE)HPOSF,
showed that this reaction does not occur under the conditions
of temperature and pressure used.

The reaction of antimony trifluoride with triethyl
phosphate, proved to be more successful. Upon using the stoi-
chiometric quantities of reactants asccording to the equation
(7)  SbF3 + 3(CoHg)3POy = 3(CpHg)pPOzF + Sb(0CoHg) 3
and using Sb015 as a catalyst, ylelds up to 21 per cent of
the theoretical amount of diethyl monofluorophosphate were
obtained. In this reaction the starting materials were merely
heated together in a dietilling flask, and the volatile pro-
ducts were distilled as the bath temperature was slowly in-
creased. It would appesr that the use of an excess of antimony
trifluvoride should result in increased yields of the desired
ester, but instead 1t was found to lead to the formation of
increasing amounts of a white g0lid residue during the dis-

tillation, and consequently lower ylelds actually were obtaimed.

C. BSynthesis of Ethyl Honofluorophosphoric Acid from Ethyl

Polyphogsphates.

1. General

One disadvantage in the use of dialkyl monofluoro-
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phosphates 1is thé low solubility of these neutral esters in
water. In an attempt to overcome this diesadvantage and at

the same time retain the physiological properties of the
“esters, a study has been made of the corresponding acid esters
of monofluorophosphoric acid, that is, compounds of the type
RHPOBF in which R is an al%yl group. Such compounds would

be expected to have soluble alkall salts, and therefore
golutions of the salts would e convenient for injection into
bodies of test animals, for germicidal tests, etc.

A1l the methods which have been used successfully,
during the course of the present resegrch, in preparing ethyl
monofluorophosphoric acid, or hence ethyl ecid monofluoro-
phosphate, have involved the splitting of ethyl poiyphosphates
by means of anhydrous hydrogen fluorlde. Four polyphosphates
have been investigateﬂ in connection with this reaction, and
the results are discussed below. Probably the greatest
difficulty in all of‘these studies was the lack of published
information regarding the true composlitions and structures of
the various polyphosphates used.

Ethyl mcnofluorophosphoric acid, (CZH5)HP03F, hasg
not been reported heretofore in any publication. It 1is a
mobile, watér-white liquid at room temperature, but it under-
goee very slow decomposition even when stored in a closed
pPlatinum bottle. This thermal decomposition may take several

forms, as shown by equations (&), (9), (10), (11), and (12).
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i
(&) cgﬁ5o@= GoH5POy + HF

HPG} + CQHBF

0 0
4 4 .
(10) CoHEO-P + P-0H = (CoHg)»PO0zF + HoPO+F
pelel I‘@:@l 2Hr ] o+ u3 2fv3
F F
2 ;
(11) CHO—P«""C\HS-P-OH= (Cotts)POSF, + (Coli)HoPO
eHg I‘E\Bé 2°5/ Y2¥p oRR / fakll
F

-

(12) OH = (CpHg)pHPOY + HPOFp

02H50~P-0H + 1*3_
'

Experimental results indicaté that all of these types may occur
to a very small extent even a2t room tempersture, and the de-
composition becomes more pronounced at elevated temperatures.
For thig reason, puriflcation retuires repeated short-path
vacuum dletillastione instead of a conventional vacuum distilla-
tioh as & means of fractlonation. The pure acld ester can ve
dletilled satisfactorily by means of short-path distillation

by applying temoeratures of 35 to 60° C. at pressures of 0.001
mm, or less. It does not solldify even at -80° C. Experimental
values of refractive index (ngo) and density (&Eo) were 1.3668
and 1.3185 respectively.
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Several salts were prepared by neutralizing ethyl
monofludrophosphoric acid with esgueous solutions of the desired
metal hydroxide and evaporating the resulting neutral sealt
solutions in a vacuum desiccator. None of the salts made 1n
this way contained water of cryetallization,

The sodium and potassium salts were subjected to
germicidal and toxlcologilcal tests by W. Lange93 and some
interesting resultes were noted. The salts apparently show
no specific toxilcity for rats, wheress the corresponding
neutral ester, diethyl monofluorophosphate, 1s highly toxic.
Likewise, no bactericidal effect of the salts was observed.

Of the two yeasts tested, a germicidal effect was
observed only in the case of the distillers' type yeast
Saccharomyces cerevisiame, for which kills bf better than 99
per oeht were reported.

The salts showed a strong germlcidal effect against
molds. In extremely small concentrations, however, the salts
produced a temporary mutation, characterized by the inability
of the orgenisms to produce thelr typical pigments., Although
this observation has no practicel significance at the present,
it 1is of considerable interest as a physliological phenomenon.

Hydrolysis studlies on the potassium salts showed the
ethyl monofluorophosphate ion, (62H5PO3F)“, to be surprising-
ly stable. Bolling a neutral or slightly alkaline aqueous
golution of the selt resulted in hydrolysis of the salt at a

rate of less than 0.1 per cent per hour, while in aquéous
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N/10 HC1l at room temperature the average rate of hydrolysis
over a period of two days was less than 0.25 per cent per
hour,

The potassium salt is soluble in water and 95%
ethyl alcohol, moderately soluble in absolute ethyl alcohol,
and insoluble in ether. It undergoes a transition at 71 to
73° C., and the resulting modification melts at 166 to 167.5°
C. This transition does not involve any decomposition. When
the =alt is crystallized from slcohol or precipitated with
ether, it appears under a polarizing microscope as isotropic
crystals exhibiting no well-defined crystal pattern and no

~display of colors. A heating stage was not available for
observing the allotropic transition under the polarizing
microscope.

2., Diethyl Diacid Pyrophosphate.

Since anhydrous hydrogen fluoride, HF, was shown
to react with tetraethyl pyrophosphate to yield an equimolar
mixture of diethyl monofluorophosphate and diethyl ortho-
phcsphoric acid, the reaction with diethyl dlacid pyrophos-
phate would be expected to follow the same general mechanism

as shown by the equation

o "o
]
[] .
—L— — + =

(13) CoHEO :f 0—~—1|D OCHg + HF (G2H5)I-IP03F'+ (CoHg Y H,POy

| OH 1 OH
This mechanism of course assumes & symmetrical molecule. If
the molecule 1s not symmetrical, however, the reaction could

follow one or both of the two following schemes:
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HIF
T
(14)  (CpHg0) pP—OL-P(CH)p + HF = (GpHg) sHPOY + HpPOSF
EiH
oM o

(15) (02H5o)2£—§-o-—;(om o+ HF = (02H5)2P03F + HzPOy
Experimental results show that the ester used in this reaction
must have been substantially symmetricsl in structure, react-
ing according to equation (13), but enough of the reaction
products of reactions (14) and (15) were found in distillates
and residues to account for either a small proportion of un-
symmetrical molecules in the original ester or else a decom=
position of (CQHB)HPO3F.

‘The diethyl discld pyrophosphate used in this study
was only a technlcal or commerclal grade, but after reaction
with anhydrous hydrogen fluorilde, éthyl monofluorophosphoric
acid could be distilled from the product in yields as high
as 86 per cent of theory by mesns of short-path distillation,

Of 211 the ethyl polyphosphates used in preparing
ethyl monofluorophosphoric acid, diethyl diacid pnyrophos-
phate was found to be the most convenient. Although percent-
age ylelds of the acid ester were lower than those afforded
by other polyphosphates, there was less contamination of the
distillate with (CpHg)oHPOY, (02H5)3P04, ete., and so &
relatively pure half-ester was able to be obtalned with
fewer redistillations when diethyl diacld pyrophosphate was

used as & starting material.
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3. Bthyl Metaphosphate.

By analogy with the reaction of metaphosphoric

acid with anhydrous hydrogen fluoride,

(16) HF + HPOz = HpPOsF,

~whiech RH. Livingston9LL reported to be quantitative, it would
appear that ethyl metaphosphate should react with hydrogen
fluoride in the same manner to give & quantitative yileld of
ethyl monofluorophosphoric acid, according to the following
equation:

(17) HF + CoHgPO3 = (CgHg)HPO3F

However, a knowledge of the composition and structuré of
ethyl metaphosphate and of ofther ethyl polyphosphates is
needed to understand the reason for yilelds somewhat less than
guantitative.

Although earliest analyses3® indicated that ethyl
metephosphate was a dimer or g hexamer, the determinations
were apparently made without consideration of the solvolysis
action involved in the ebullioscopic and cryoscoplc methods
used. The recent trend of thoughtalong the lines of compo-
sltlon and structure suggests that ethyl metaphosphate is
& mlxture of long-chaln polymeric molecules of the type

0 0 0
CgH5O-——T-——O g-——o %———00235
OCpHg OC2H5 ). OCoHg
In which n attains an average value high enough that the end
groups have llttle effect on the empirical formulas, which is

found to be 02H5P03‘
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Commercial preparations of ethyl metaphosphate,
however, appear to contain appreciable amounts of low-molecu-
lar-welght polyphosohate chains, including pyrophosphate and
triphosphate. This 1s guite understandable when we consider
the Victor Chemical Works pa’cc—znt}’+ for production of alkyl
polyphosphates. Thils patent describés the preparatlon of
ethyl metaphosphate, hexaethyl tetraphosphate, pentaethyl
triphosphate, and tetraethyl pyrophosphate by means of the
reaction of one mole of phospheric anhydride with 1, 2, 2.5,
and U moles of triethyl phosphate respectively. Since there

- is no analytical method of determining the purity of ethyl
metaphosphate, and since only a commercial grade of the ester
is avallable, the purity of the starting material for reaction
with hydrogen fluoride 1s obviously uncertain.

The reaction of ethyl metaphosphate with anhydrous

hydrogen fluoride would be expected to follow the equation:

(18) 02H50—~P'—-O€ P_—OCBHE + (n + 1)HF
OGQHB OCEHS Ou2H5

The greater the average value of n, the larger the proportion
of (CpH5)HPO3F, and the smaller the proportion of (CoHg) PO3F
and (CgH5)2HP04 in the reaction product. Hence the presence

of short-chain impurities in the starting material would result

in the formation of correspondingly greatef amounts of
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(02H5)2P03F and (CEH5)QHP04 as impurities in the reaction pro-
duct.

Experimental results of the investigation of this
reaction show that about 3-8% (CoHg)pHPOY, 6-13% (CoHg)HpPOL,
2-3% HpPOsF, and 2-5% (CoHg) pPO3F are present as impurities

Fin the reaction product, along with at least 70 per cent of the
desired (02H5)HP03F, This indicates the possibility that
hydrolysis or alcoholysls of the polyphosphate has occurred,
probably before resction with hydrogen fluoride. In other
words, it may be that the appearance of (CEEB)HEPcu in the
reactlion product is a recsult of its presence in the commercial
-ethyl metaphosphate, or the compound may have been formed by
the reaction of HF with acid polyphosphates. Alcoholysis of
ethyl metaphosphate is known to produce both (CEH5)2HP04 and
(CoHg)HpPOY, end 1t is concelvalle that such a reaction hes
occurred to a slight extent in the impure ethyl metaphosphate.

Whatever the composition of the starting material
mey be, the experimental results show that the predominating
reaction which occurs when anhydrous hydrogen fluoride and
ethyl metaphosphate are mixed is described satisfactorily by
equation (18), in which the average value of n lg great
enough to give satisfactory ylelds of ethyl monofluorophos-
phoric &cid. '

This resction makes avallable the highest proportion
of ethyl monofluorophosphoric acid per mole of ethyl poly-

phosphate used. However, the presence of apprecilable amounts
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of (OEHS)EHP0u in the distillate from the resction product
makes purification more difficult than 1s the cese when di-
ethyl diacid pyrophosphate is used as a starting materlsal.
If & better method of fractionation can be developed, ethyl
metaphosphate should serve as an excellent source of ethyl
fluorophosphoric acid.

L, Hexaethyl Tetraphosphate.

The various structures and compositions proposed for
hexaethyl tetraphosphate have already been discussed. It 1is
intereeting now to study the experimental results of the
reéction of the tetraphosphate with anhydrous hydrogen
flubride, in the light of these proposed compositions and
structures.

The resctions were carried out by first adding one
mole of "100% hexaethyl tetraphosphate" (Monsanto Chemical
Company) to three moles of anhydrous hydrogen fluoride at a
low temperature with frequent agitation. Subsequent distil~
lations have allowed thé following approximations regarding
the composgition of the reaction product:

4o9-50% (02H5)HP03F

31-3%3% (CEHS)EHPOu (including any distillable, unreacted
polyphosphates)

12-14% (02H5)2P03F (including possibly HPOEFE)
5-6 % Undistilled material ((CpHg)HpPOY, (CpHg)oHPOY,
HEPOBF,‘uﬁre&cted polyphosphates, etc.?

If we assume first that Schrader's:? proposed

structure is correct, the action of hydrogen fluoride would
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be expected to take the following course:

0
1

0O—P(0CpHE)
0

(19)  0~—F—0—P(CCoHg) 5 + JHF

@

0—P(0C,Hz) 5

o 0

P4

= (CpHg0) pP-0 f—O—P(OCEHE)E + (CgHg) pPOF + CHF

OH
= (CpHg0) pP=0-P(OH) 5 + 2(CpHg) oPO3F + HF

3(02H5%?03F + HzPOY,

or

i

2(CoHg) pPO3F + HoPO3F + (CoHy) oHPOY

According to this mechanism, at least half the reactlon pro-
duct would have to be dlethyl monofluorophosphate, whereas
only 12 to 14 per cent was found experimentally. Also, a
dlstillation residue of 25 per cent should be found, but only
5 to 6 per cent was not distilled, Therefore, Schrader's
structure certalinly is not satisfactory.

The second structure proposed, a linesar polymer,

would be expected to react with hydrogen fluoride as follows:
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0

0 g 0

{ 4
(20) CpHgO r|> 0 1|= x'> OCoHp + 3HF

0 0 0

CoHg  OCpHg  OCpHg  OCpHg

= (CoHg) JHPOY + 2(CoHg)HPOSF + (CoHg) ,POsF

The expected amount of (02H5)HPO3F coincldes with the experi-
mental value, and the (02H5)2HP04 content 1s not too far out
of line; however, the amount of (CpHg)HpPOy found in the
regction product amounts to only one-half the calculated value,
This means no more than half of the original hexaethyl tetra-
phosphate could possibly have been a linear tetramer as shown
above, and therefore this structure does not describe the
ester satlsfactorily, at least not in terms of a pure compound.

The thibBd composition of hexaethyl tetraphosphate,
which was proposed by Hall anvaacobson,Bo is, as was mentioned
previously, in close agreement with the knowledge of inorganic
polyphosphate systems. These authors suggested that hexasethyl
tétraphosphate was & mixture consisting of ethyl metaphosphate
contalining about 20 per cent tetraethyl pyrophosphate and
possibly some pentaethyl triphosphate and triethyl orthophos-
phate. Keeping in mind the experimental results of the
reactions of hydrogen fluoride with the individual components
of the mixture, the results of the reaction with "hexaethyl
tetraphosphate" (see p. 34} suggest that the tetraphosphate
used in the experiments may have had a composition approach-

ing the following mixture:
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20% Tetraethyl pyrophosphate
8-10% Pentaethyl triphosphate
50-52% Ethyl metaphosphate
18% Diethyl phosphoric acid

It is difficult to see how such a great proportion
of (CQHB)EHPOA could be accounted for in any way other than
by assuming that some of it is present in the starting material.
As may be remembered, this 1is the same conclusion at which we
arrived in the gtudy of technical ethyl metaphosphate. Hydro-
lysis or alcoholysis occurring in the polyphosphate could
have caused the formation of this impurity.

Resldes affording some additional experimental data
regarding the composgition of hexaethyl tetraphosovhate, the
study of the reaction with hydrogen fluorlde has shown that
ethyl mohofluorophosphoric acid can be prepared in reasonable
vields by this method. Although lower yields are obtained
than by the resction of hydrogen fluoride with ethyl meta-
vhosphate, the tetraphosphate is very convenient to work with
because of its mobllity, while the metaphosphate 1g very
viscous and hence difficult %o work with, particularly from
the standpoint of excluding moisture from systems at low fem-
peratures.

5. Pentaethyl Triphosphate.

This ester, (02H5)5P3010, has not been reported as
a pure compound in published literature.Bo From the results

of the present research, in which it was desired to isolate
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the pure ester for subsequent reaction with anhydrous hydrogen
fluoride, 1t appears thet the reason no one has reported the
triphosphate 1s that 1t is not thermally stable enough to
withstand even high-vacuum, short-path digtillstion at tem-
peratures of 90 to 100° C. 1In fact, it appears that the
ester may undergo a disproportionation type of decomposition
even at a temperature ac low as 50° C.

In an attempt to prepare the pure ester, ethyl
lodide was reacted with the corresponding silver salt, which
was prepared in turn from a pure sodium salt, maép3010‘6H20,
the purity of which had been checked carefullj by x-ray
analysis. Slince the silver salt was precipitated completely
within 15 minutes after dissolving the sodium galt in dis-
tilled water at room temperature, there 1is no reason to
belleve that any silver orthophosphate, pyrophosphate, or
metaphosphate was present in the pentasilver triphosphate
prepared in this way. In the next step, however, ethyl
iodide was reacted with the silver salt below 36° C., snd
after the resulting silver iodide was removed by filtration,
the solvent (dilethyl ether) was evaporated at atmospheric
pressure, using a bath temperature of less than 50° C.
Although the resulting liquid ester, which was expected to
be pentaethyl triphosphate, contained nearly the theoretical
amount of phosphorus, it is quite possible that it was actually
a mixture of ethyl polyphosphates. Thls was suggested by the
results of the reaction of the liquid with hydrogen fluoride,
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which would have been expected to proceed according to the

equation

9
}
(21) (CgHg0) oP—0

0—P(0C,Hz) p + 2HF

Q=IO
(]

of5
= (32H5)2HP04 + (GEHB)HPOBF + (02H5)2PO3F

Hence, an eguimolar mixture of the fthree resulting esters
would have been obtained if the triphosphate had been pure,
Instead, the reaction product was found to have the following
approximate composltion:

43 . 4% (CoHg)HPOSF

36.5% (02H5)2HP04, including probably (CEH5)3P04

17.8% (CpHg) oPO3F

2.3% nonvolatile matter

The low value for diethyl monofluorophosphate can account for
only about 36% (CpHg)uPgO7 or 54% (CpHg)gP3010 in the poly-
phosphate used for the reaction with HF, indicating that a
decomposition of some kind had occurred in the pentaethyl
ester., The decomposition seems to have resulted in the
formetion of a considersble amount of ethyl metaphosphate,
as that appears to be the ondy loglcal explanation for the
fact that ethyl monofluorophosphoric acid was formed, in the
reaction with hydrogen fluoride, in a substentially greater
amount than was dlethyl orthophosphoric acid. Since no

tempersture greater than 50° C. had been imposed on the
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triphosphete sglts and ester during the entire series of
reactions, it seems, therefore, that pentaethyl triphosphate
is not stable at that temperature.

Short-peth distlllation of the ligquid ester at a
temperature of 90 to 100° C. and a pressure of less than one
micron revealed more clearly the inestability of pentaethyl
triphosphate. The liquid was separated into a large fraction
of the pyrophosphate, a small amount of orthophosphate, and
a residue which seemed to ve largely the metaphosphate. This
type of decomposition seems to fit quite satisfactorily into
the general picture of the stabllity of alkyl polyphosphates.
Triethyl orthophosphate i1s quite stable. Tetrasethyl pyro-
phosphate decomposes, 1in part, to the metaphosphate and ortho-
phosphate upon high-vacuum distilla%ion.Bo The triphosphate
now does not appear to be stable at 50° C., and it 1s doubtful
if hexeethyl tetraphosphate is capable of existence as a
pure compound,

Begldes ylelding experimenfal data regarding the
stabllity of pentaethyl triphosphate, thls study has given
additional information regarding the synthesis of the mono-
and diethyl esters of monofluorophosphoric acid by splitting
the P-0-P linkages of ethyl polyphosphates with anhydrous
hydrogen fluoride. Although & pure triphosphate ester was
not used in the reaction with HF, no pentaethyl triphosphate
gf greater purity has been reported, and so this represents the

best results possible until more is known about pentaethyl
triphosphate.
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This is the last of the series of reactions of
anhydrous hydrogen fluorlde with ethyl polyphosphates. The
experimental results have indicated that all of these reactlons

proceed according to the following general mechanism:

= (C2H5)2HPOM,+ }_’}_(CEHB)HPOBF + (CE’HB)EPOBF‘
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EXPERIMENTAL

A. Methods of Anslysils.

During the course of the present research, a large
number of fluorine and phosphorus analyses were regulred. The
methods used for these analyses are described below.

Fluorine analyses were carried out sccording to
the Rowley and Churchill95 modification of the Willard and
Winter96 method. Accordingly, & sample containing approximately
0.01 g. of fluorine was welghed into a 250-ml. Cleisen flask,
5 ml. of 60% HC1Oy was added, and, while the flask was heated
with s flame, water was added continuously; distillation was
contlinued until 75 ml. of distillate had been caught. To
this distillate was added & drops of 0.05% agueous sodiunm
alizarine sulfonste. The acldity was adjusted back and forth
with 2% NeOH and 1:200 HC1l until the solution remeined very
slightly acidic. Then 1 ml. of buffer solutlon was added;
this buffer was prepared by dissolving 9.U448 g. of mono-
chloroacetic acid and 2.000 g. of NaOH in 100 ml. of water.
The buffer solution was then titrated with N/10 thorium
nitrate to the first permenent pink color.

To determine the phoephorus content of materials
containing appreciable amounts of fluorine, it 1s necessary
first to remove the fluorine to allow accurate and reproducible
results. Therefore, a method gulte similar to that described

by R. Livingston97 was used.

- U -
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According to this method, a sample containing 0.03
to 0.04 g. of phosphorus was weighed into a silver crucible,
3 to 5 ml. of distilled water was added, and 2 or 3 pellets
ofksolid KOH were dropped carefully into the solution. The
contents were evaporated cautiously to complete dryness and
then fused gently over an open flame for about one-half hour.
The fused mass was digsolved and washed into a L0OO-ml. beaker,
where the solutlion was neutralized with a few drops of con-

- centrated nitric acid, using methyl red as an indicator.
After 2ddition of 10 ml. of N/2 Aglioz, a 2% solution of KOH
was added dropwlse until dark AgCH was juet beginning to form.
After at least I hours of aging, the precipitated silver
phosphate was removed by filtration, washing with cold N/10
AgNO3. The silver salt wae then dissolved in hot 2.5% HNOs3,
end the silver was precipitated by titrating the hot solution
with N/1 HC1l, adding a slight excess to assure complete pre-
cipltation. After four hours or more of aging, with occasional
stirring, the sllver chloride was removed by filtration,
washing with N/100 HNO3. To the filtrate, which contained
the phosphorus as fluorine-free orthophosphate, were added
2 drops of methyl red as indicator and 10 ml. of magnesia
solution. After the solution was cooled in an ice bath, con-
centrated ammonium hydroxide was added dropwlse, with good
stirring, until the solution was slightly alksline. Stirring
was continued until most of the magnesium aummonium phosphate

had precipitated, and then an additional 5 ml. of ammonium
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hydroxide wes added. Once more & b-hour period of aging was
allowed, and then magnesiﬁm ammonium phosphate was separated
by filtration, washed with 1:20 ammonlum hydroxlde, and
finally ignited in a platinum crucible to magnesium pyrophos-

phate.

B. Diphenyl Honofluorophosphate.

1. Synthesls.

An early attempt to prepare diphenyl monofluoro-
phosphate involved the following reaction:
(1) 3(66H5)3904 + SbF3 = 3(G6H5)2P03F + Sb(OCbH5)3.
In thils experiment 326 g. of triphenyl phosphate was reacted
with twice the calculated quantity of sublimed antimony tri-
fluoride, using 0.23 per cent antimony pentachloride as a
catalyst. The reactants were heated in a 500-ml. glass flask
for 12 hours at a bath temperature of 150° ¢, and then for
16 to 17 hours at 210 to 225° C. The heating resulted in a
partial liquefaction of the original mixture, and a strong
phenolic odor was evident. Vacuum distillation of the pro-
duct yielded.a large amount of phenol as the only distillate,
and so this method was discarded as being impractical for

producing the diphenyl ester.

Preparatiop of Diphenyl Honoechlorophosphate.
Several experiments were performéd in a study of
the replacement of the chlorine atom with a fluorine atom in
diphenyl monochlorophosohate. The chloro-ester used for these.

experiments was prepared by reacting phenol with a slight
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excess of phosphoryl chloride, POOI}. The reactants were
heated under reflux until the evolution of HC1l ceased, and
the product was distilled under vacuum. A conslderable
proportion of phenyl dichlorophoschate was obtained as a
low-boiling fraction, and some triphenyl phosphate remained
as a Glstillation residue. The phenyl dichlorophosphate
distilled at 93.5 to 95° C. under a pressure of 2 mm. of
mercury, and st 103 to 104° C. at 4 to 5 mm. The boiling
point of diphenyl monochlorophosphate was found to be 167 to
168° ¢. at a pressure of 2 mm., and chlorine snalysies showed
13.2% Cl, which 1ls the theoretical value calculated for this
ester.

The Reaction of Diphenyl Monochlorophosphate with

Sodium Fluoride,

After McCombie and Séunders reported the preparation
of dialkyl monofluorophosphates from the corresponding mono-
chlorophosphates‘by heating shortly with sodium fluoride in
carbon tetrachloride, the same reaction conditions were used
in an attempt to prepare the diphenyl ester by the reaction

(2) (CgHg) gP03C1 + NaF = (CgHg) oPO3F + NaCl.

In this experiment, 50 g. of (02H5)2P0301 was refluxed for 20
hours in CCly with a 100% excess of NaF. HoweVer, after
flltration of the reaction product, evaporation of solvent,
and vacuum distillation of the evaporation residue, the
various distlllation fractions were analyzed and were all

found to be mixtures of the chloro~ and fluoro-esters.
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Approximately 20% conversion to diphenyl monofluorophosphate
occurred, assuming all the fluorine found in the distillate
was present as this ester.

These results suggested the use of a higher-boiling
solvent, and so the reaction wass repeated using xylene, which
boils at about 140° C., as a means of controlling the reaction
temperature. 20 g. of diphenyl'monochlorophosphate was heated
with 7.0 g. of sodium fluoride in U2 g. of dried xylene for
20 hours. Again the product was filtered, the solvent evapo-
rated, and the resldue distilled. Analysls of the distlllates
for Tluorine and chlorine content again showed them to be
mixtures of the chloro- and fluoro-esters, and the reaction
resulted in a H0O% conversion to diphenyl monofluorophosphate.

The reaction with sodium fluoride was repeated on
a slightly larger scale, and the reaction time was increased
to 35 hours. 60.5 g. (0.225 moles) of (C6H5)2PO301 was

‘reacted with 26 g. (0.62 moles) of NaF in 118 g. of xylene.
After working up the product in the usual manner, a distillate
of 31.5 g. was obtained which contained 0.57% Cl and 7.01 to
7.07% F. The distillation residue amounted to 21 g. and
contained 0.37% Cl and 0.163% F. These analyses indicated
that only sbout 3% of the original (06H5)2P0301 remained un-
reacted, and at least 53% was converted to (CgHg) oPO3F.
Refractionation of the distillate gave 18 to 20 grams of
water-white 1liquid containing 7.36 to 7.39% F, which corres-

ponds to (CgHp)pPO3F with a purity of about 98 per cent.
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The Reaction of Diphenyl Monochlorophosphate with Zinc

Fluoride.

As 1t seemed desirable to study the effect of a
étronger fluorinating agent as a means of accomplishing the
chlorine-fluorine replacement, zinc fluoride, ZnF2, was used
in such & reaction, wlth 0014 as a reflux medium. After heat-

ing 39 g. of (66H5)2PO3G1 with excess ZnF, in CCly for 5 hours,

2
the product was treated in the usual manner. Almost no
dlphenyl monochloro- or monofluorophosvhate was found in the
distillate, but instead a great amount of phenoi distilled.
Hence, the reaction of zlnc fluoride seems to have been too
Vvigorous at the boiling point of carbon tetrachloride.

With this in mind, a similar reaction was carried
out in which CCln was replaced by ether as a reflux medium.
30.5 g. of (CoH5) pPO301 was reacted with 12.7 g. of ZnFp by
hesting to reflux/31.5 g. of diethyl ether for U hours.
After stending for 3 to Y days, the solid matter was removed
from the product by filtraetion, and the filtrate was washed
with a dilute solution of sodium hydroxide, dried over Call,,
snd evaporated. Distillation yielded first a considerable
amount of phenol. Analyslis of a higher-boiling fraction of
3 g. and a resildue of 3.5 g. showed that a 10-12% conversion
to the fluoro-ester had occurred, while only 4 to 5% chloro-
ester had remained unrescted and undecomposed. These results

indicated that the reaction condltions were still %too severe.

In an attempt to decrease the amount of decomposition
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of diphenyl monochlorophosphate during the reaction with zinc
fluoride, 25 g. of the chloro-ester was stirred with 25 g.

of ZnFs in 117 g. of CCly at 15 to 22° C. for & hours. After
standing overnight at 22 to 24° C., 1t was stirred 2 hours
longer, and then it was filtered, evaporated, and distilled.
Some decompogition of the monofluorophosphate apparently
occurred during the distilletion at 11 to 16 mm. of mercury,

as fluorine analysis of the 6.5 g. of distillate showed &.8% F.
The results indicated that approximstely 17% conversion of

the monochlorophosphete to the monofluorophosphate had occurred.

The Reaction of Diphenyl Monochlorophosphate with

Oaloium“Fluoride.

S8ince zinc fluoride seemed to be too étrong for the
desired chlorine-fluorine replacement, it was decided to
study the efficiency of calcium fluoride as a fluorlnating
agent for this reaction.

In the first experiment in which calecium fluoride
was used, 30.L g. of (CbH5)2PO301 and 13.3 g. of CaFy weré
refluxed in xylene for 2% hours. After filtration,
evaporation, and distillatlon, analysis of the 17.% grams of
distillate showed it to contain 5.89% F and 0.63%% Cl. Calcu-
lating the fluorine content as the monoflworophosphate, a
conversion of at least Ug% wes attained by this method. The
entire experiment seemed to be more convenlient and less
tedious than the previous experiments with sodium and zinc
fluorides.
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The experiment was repeated, reacting gu. I g. of
(06H5)2P9361 with 37 g. of CaFp in 71 g.. of xylene for 33
hours. A distillate of 51.9 g. (150-152.5° C./4 mm.) was
found to contain %.1 to &.2% F, and the residue of 1L grams
contained 0.61% F. From the results, the converslon to mono-—
fluorophosphate was approximétely 68% of theory. Redistillation
of the monofluorophosphate fraction gave about U5 g- of
water-white liguid boiling at 140.7 to 141.0° C. at 3 mm. of
mercury; analysis showed 7.4% F, =s compared with the
calculated value of 7.53% F.

A third resction of GaF2 with (06H5)2P0301 was
performed. The chlef purpose of this experiment was to obtaln
a large emount of the monofluorophoéphate for subsequent
reactions, and so 196 g. of monochlorophosphate was used,
refluxing with CaFE in xylene for Y41 hours. Distillation
resulted in a fraction boiling at 140 to 143° ¢. (3 mm.) which
welghed 115 -to 120 grams. As the original monochlérophosphate
contalned an appreciable smount of triphenyl phosphate as an
impurity, the yileld of diphényl monofluorophosphate was
greater than 65% of theory.

In the fourth reaction with calcium fluoride, 341 g.
of dlphenyl monochlorophosphate, containing triphenyl phos-
phate as an impurity, was reacted with 11U g. of CaF, in
xylene for 36 hours. An attempt was made to use a water
aspirator to produce the vacuum for the subsequent distillation,

but at a pressure of 27 to 28 mm. of mercury a bath temperature
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of 300° C. was not sufficient to allow distillation of the
monofluorophosphate. Instead, a phenolic splitting occurred,
and the yield of the monofluorophosphate on later distlillation
at a pressure of 4 to 5 mm. of mercury amounted to only 3 to
4% of theory before the distilletlion residue suddenly became
semi~-go0lid. These fesults demonstrated thet an oll pump

was necessary for vecuum distillation of diphenyl monofluoro-
phosphate.

A fifth preparation of the fluoro-ester was carried
out with 100 g. of (C6H5)2P0301, L5 g. of CaF, , and 100 g.
of xylene. A reaction time of 3% hours was allowed, and 64
to 67 grams of the monofluorophosphate wag recovered.

In the sixth and final reaction carried out with
precipitated calcium fluoride, 242 g. of (C6H5)2P0301 was
reacted with 100 g. of CaF, in xylene for 35 hours, and
160 g. of (CgHp) gPO3F wae obtained on subsequent distillation.
This represents a recovered yield of 70.5% of theory, and
even this could have been increfised by efficlent extraction
of the monofluorophosphate which was retained in the fll-
tration residue of CaFp and CaCly.

Comparison of Precipitated Caleium Fluoride with Native

Fluorsgar.

In the experiments described above, precipitated
calcium fluoride was used.. When a high grade of native
fluorspar, CaFe, ground to -200 mesh, was used in place of

the precipitat¥d calcium fluoride, reaction with 29.2 g. of
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(G6H5)2P0361 in xylene for 35 hours gave a product contalining
R to 6 g. of monofluorophosphate, which is equivalent to 17 to
20% conversion during this reaction. Most of the unreacted
monochloroohosphate was able to be recovered. These results
show the finely-ground fluorspar is quite inferlor to pre-
cipitated calcium fluoride as far as this particular reaction

1ls concerned.

The Reaction of Monophenyl Dichlorophosphate with Metal
Fluorides. |
While the reaction of diphenyl monochlorophosphate
with various fluorinating agents was being studied, a short
investigation was made of the following reaction:
(3) CgHgPORCly + 2MF = CgHEPORF, + 2MCL.
The first fluoride used was sodium fluorlide. 36 g.
of 66H5P02012 was heated with 27.8 g. of NaF in xylene at
140° ¢. for 2 hours, and the reactlon product was filtered,
evaporated, and distilled. A large amount of phenol was
obtained, along with a distillate of 4 to 6 grsms containing
some phenol, 7.7% F, and no Cl. The conversion to the
difluorophosphate could not have been more than 5§ or 10% of
theory.
Sodium fluoride was used next at a reaction tempera-
ture of 76 to 77° ¢. 1In this experiment, 41.7 g. of CgHgPO,C1 5,
containing 33.4% C1, was heated with 33.7 g. of NaF in 140 g.
of CCl), under reflux for 10 hours. The product was worked up

as usual. Distillation at & pressure of 40 mm. of mercury
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gave a fraction of 7 g. at 90 to 186° C., most of the liquid
dietilling over at about 122 and 162° C. Analysis of the
distillaté showed 10.4% F and 10.9% Cl, which is equivalent

to 4&.9% difluorophosphate and 32.5% dichlorophosvhate, al-
though some phenyl chlorofluorophosphate may have been present.

Calcium fluoride was investigated next as a
fluorinating egent for reaction (3), since it hed been so
satisfactory for the corresponding reactlon with diphenyl
monochlorophosphate.

When phenyl dichlorophosphate wae reacted with
preciplitated calcium fluoride in xyléne under reflux, é
vigorous reactlion occurred with the splitting of phenol.

The reactlon with calcium fluoride was attempted
next in cerbon tetrachloride. 25 g. of 06H5P02012 wes reacted
for 22 hours with an equal weight of CaFp in 60 to 70 g. of
CCly. Upon filtratlon, evaporation, énd distillation as
usual, 21l but a very small distillation residue was obtained
at 95 to 115° ¢. at a pressure of 12 mm. of mercury. The
distillate was predominantly unreacted phenyl dichlorophos-
phate containing 0.54% F, which is equivalent to a conversion
of only 2% of theory.

As the reaction temperature was apparently too low,
toluene (b.p. 110.&° C.) was used to replace carbon tetra—-
chloride (b.p. 76.8° C.). In this experiment 39 g. of
66H5P02012 was heated with approximately sn equal weight of
CaFo in toluene for 20 hours. Distillation of the filtered
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reaction product gave a fraction of 13.5 to 14.0 g. boiling
at 71 to 73° C. under a pressure of 26 to 27 mm. of mercury.
Analysls gave the following results:

0.1197 g.: 9.82 ml. of 0.128 XN Th(NOB)u solutiom,

Calculated for CgHgPOpFp: 21.3% F.

Found.: 20.0% F.

A fraction of 2 to U grams was also obtained, boil-
ing at 98 to 101.5° C. at 25 to 26 mm. of mercury. Analysis
of this fraction was as follows:

0.120% g.: 5.12 ml. of 0.128 N Th(NO3)y.

0.1327 g.: 6.05 ml. of N/10 AgNO3.

Calculated for CgHgPOpCL1F: 10.35% F; 19.3% C1.

Found : 10.3% F; 16.2% Cl.
Therefore, the low-bolling fraction is certainly phenyl di-
fluorophosphate, obtained in a yield of 39 or L40% of theory,
while the small high-bolling fraction appears to be phenyl
chlorofluorophosphate containing sbout 15% of a mixture of
phenol and phenyl difluorophosphate.

In the next experiment a lower ratio of calcium
fluoride to phenyl dichlorophosphate was used in an attempt
to obtain o larger proportion of the chlorofluorophosphate.
100 g. of 06H5P02012 was reacted with 60 g. of dry CaFs in
80 g. of toluene for 20 hours. However, the distillate
obtained from this experiment amounted to only 11 ml. of
impure phenyl difluorophosphate, and no chlorofluorophosphate.

Upon repeating the reaction of C6H5P02612 with an
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equal weight of CaFs in toluene, 80 g. of phenyl dichlorophos-
- phate wae used. After 20 hours under reflux, and then fil-
tration and evaporation, distillation at 25 mm. gave the
following three fractlons: 18 g. at about 71o C., 3 to b g.
| jat 101 to 105° C., and 15 g. at 125 to 1330 C. These represent
o b to 7% C¢HEPOCLF,
and 19% unreacted G6H5P02012, respectively.

yields of approximately 27% C6H5P02F 5

2. Sulfonatlon of Diphenyl Monofluorophosphate.

As explalned before, a monosulfonic acid derivative
of diphenyl monofluorophosphate was deslired as a permanent
moth~proofing compound. Attempts to prepare 1t are described
below.

Fuming Sulfuric Acid as a Sulfonating Agent.

In the first attempt to sulfonate the diphenyl
“ester, a method was used which was previously shown to be
satisfactory for monosulfonation of the phenyl ester of
fluoropulfonic acid, HSO}F.98 7.5 g. of (G6H5)2PO3F was added
dropwice, with continuous stirring, to 50 g. of &% fuming
sulfuric acid. The temperature of the reaction solution was
held at 18 to 19.5° C. by cooling continuously in a water
bath kept at about 10° C. Stirring was continued at 18 to
20°% ¢. for about 2 hours after all the monofluorophosphate
had been added, and then the solution was poured into a
gsaturated, ice-cold solution of sodium chloride. The only
sodlum salt to crystallize from the resulting cold solution

was sodium chloride. In other words, if sulfonation did
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occur according to the equation

(k)  (CpHg) pPO3F + 803 = (CgHy) (CEHYS03H) PO3F,

the sodium sulfonate must have been mofe soduble than the
chloride.

The experiment was repeated, and ldentical results
were obtzined. There was a noticeable amount of heat
liberated upon addition of the ester to the acid, and this
suggested that a sulfonation was occurring but that the
sodium sulfonete was ouite soluble. In a third experiment,
the sulfonation product was poured over chipped ice instead
of into a cold solution of sodium chloride. The resulting
aqueous solution was shaken with ether, but evaporatlion of
the dried ether layer gave no appreciable amount of residue.
Since the unsulfonated ester was known to be soluble in
ether end insoluble in water, the lack of an evaporation
residue at this point indicated that sulfonation had occurred
but that recovery and purification were to be the difficult
problems.

In the fourth sulfonation experiment, an attémpt
was made to extract the sodium sulfonate from & solid sul-
fonate-sulfate mixture. Accordingly, 5.6 g. of diphenyl
monofluorophosphate was reacted with 52 g. of &% oleum in the
usual manner; the reaction product was poured into a solution
of sodium hydroxide, so that the resulting suspension was

very slightly alkaline; some sulfate crystals were removed by
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filtration; the filtrate was evaporated; and the bulky evapora-
tion residue was treated with hot, sbsolute ethyl alcohol and
filtereﬁ. Only one grem of solid matter was extracted, and

it contained 0.7% F, which is ecuivalent to only 0.13 grams

of the monosulfonated ester.

A fifth experiment was designed to extract the
sulfonic acid from agueous solution with amyl slcohol. In
this experiment 6.6 g. of monofluorophosphate was used, sul-
fonating as usual. The reaction product was poured slowly
over chipped ice, and the aqueous solution was extracted
twice with n-emyl alcohol. The alcohol was filtered, and
the filtrate was evaporated. The dark, viscous evaporation
residue of 6 to 7 grams was very acidic end had a sweet
ester odor, indicating an amyl sulfonate or sulfate. The
resldue was neutralized with a 10% aqueous solution of
potassium hydroxide, eand a brown, oily, ether-soluble layer
was formed. The agueous layer was evaporated t0 recover any
soluble potassium salts. Treating the small evaporation
residue with hot ethanol showed only a trace of it to be

solublg,and so this method was discarded.

Neutralization of the Sulfonation Product with Ca(OH),.
In a sixth sulfonation, &6 g. of (C6H5)2P03F was
reacted with L7 g. of &% fuming sulfuric acid as usual,
and the reaction product was allowed to drip slowly into a
suspension of 39 g. of Ca(0H)p containing 1.1 g. of NaOH,

at a temperature of O to 11° ¢. The precipitated calcium
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sulfate was removed by filtration, and the filtrate was
evaporated to dryness. The evaporation reslidue was treasted
with hot alcchol, and after filtration, addition of ether to
the alcohol solution yielded 1.1 grams of white solid contain-
ing 2.29% F. The pure sodium salt of the monosulfonated ester
should contain 5.36% F, and that of the disulfonated ester
should contain 4.17% F. The evaporation residue was treated
again with alcohol, this time containing 3.8% HC1l, in an
attempt to extract the sulfonate as the free acid. Evapors-
tion of the alcohol gave 6 to 7 grams of white solid contain-
iﬁg only 0.5% F. From these results, the fluorine equivalent
to only 16 or 17 per cent of the original diphenyl monofluoro-
phosphate could be accounted for.

This experiment was repeated, using 7.3 g. of
(06H5)2PO3F, 11.% g. of 8% fuming sulfuric acid, and a sus-
pension of 40 g. of Ca(OH), in 300 ml. of water containing
l.5 g. of NaOH. The precipitated calcium sulfate was
filtered through a Blchner funnel with suctlon, and the
white filtration residue was pressed as dry as possible. Thf
filter czke was then broken up to allow quicker drying at
110° C. Analysis showed that this residue contained 0.35 to
0.40% F, which accounted for sbout 70% of the monofluoro-
phosphate used in this experiment. Analysis of the filtrateé
gave a value of 0.114% F, which accounted for 21% of the
orlginal fluoro-ester. DBecause of the solubility of calcium

sulfonates, these results indicated that the fuming sulfuric
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~acid had caused a splitting of the fluorine-phosphorus
bond of the diphenyl ester, and hence most of the fluoride
appeared ss insoluble calcium fluoride in the filtration
residue along with calcium sulfste. No insoluble silver or
lead sulfonate could be obtained from the filtrate, either
because of the great solubility of the salts or because no
sulfonated diphenyl monofluorophosphate was present as such
in the filtrate.

Pyridine - Sulfur Trlioxide as a Sulfonating Agent.

2ince a strongly acidic sulfonating agent appeared
to heve caused considerable decomposition of the ester mole-
cule, 1t seemed desirable to investlgate the effect of a non-
acildlic sulfonating agent.

In the eighth sulfonation, therefore, sulfur tri-
oxide was used in the form of its addition product with
pyridine. This was prepared as a white solid by reacting
chlorosulfonic acid with pyridine in dry chloroform, sccord-
ing %o the following eguation:

(5) Cle0zH + 2 05H5N = 05H5N'803 + C5HBN'H01.99

The pyridinium chloride was soluble in chloroform, and so the
precipitated pyridine-sulfur trioxide was separsted easily
by filtration. 2.8 g. of CgHpN+S03 was heated with L.4 g. of
(66H5)2PO3F in a 60-ml. glass bottle. The reaction mixture
did not become ccmpletely liguid until the heating bath had

reached a temperature of sbout 130° C., and two liquid layers
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were seen to exist at that point. Upon heating. the reactlon
bottle at 195 to 208&° C., the bottom layer gradually in-
creased in size, sand after about Y hours at that temperature
only one licuid layer remained. The cooled product was a
brown, viscous liguid, and although 1t contained the
theoretical amount of fluorine for the nyridinium mono-sulfon-
ate, 1t was certainly a mixture containing decomposition
products.

This experiment was repeated in an attempt to carry
out the resction at lower temperatures with stirring. After
heating the reactants 9 hours at 1500 C. and 20 hours at
160° C., the reaction product was etill present as two liquid
layers. Decomposition set in when the temperature was ralised
shortly to 170 to 130° C.

In an effort to bring about this reaétion in one
phase rather than at a liquid-liquid interface, the reactants
were heated in pyridine as a solvent, allowing the pyridine
to retlux at its boiling point of 115 to 116° C. 7.2 g. of
(CgHg) oPO3F was reacted with L.2 g. of CpHgN+ 807 for 17 hours
In this manner. The excess pyridine was removed by dls-
tillation, end dry chloroform was added to the redidue. About
2 grams of an insoluble solid residue was separated from the
chloroform layer by filtration. It contained only 1.2% F,
which would represent a maximum yleld of about 5 per cent
pyridinium sulfonate. An oily layer floating on the chloro-

form in the filtrate was extracted with water, neutralized
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with sodium hydroxide, and evaporated. Attempts to purify
the sodium salt showed that its high fluorine content was
present as sodium fluoride.

This experiment was repeated with 7.1 g. of mono-
fluorophosphate and U.4 g. of pyridine-503 in excess dry
pyridine., After refluxing for 12 hours, distillatlon of
solvent, and trestment with dry chloroform, only a very small
amount of ingoluble so0lid was removed by filtration, and it
contained less than 0.5% F. The chloroform layer was shaken
with water, the aqueous layer was evaporated, and the residue
wag dissolved in warm alcohol, cooled; and filtered. The
dried filtration residue weighed 1 gram snd contained about
37% F. This accounted for nearly all the original monofluoro-
phosphate, showing that extensive decomposition had occurred
instead of mere sulfonation.

The Use of Sodium Chlorosulfonate as & Sulfonating Agent.

Sodlum chlorosulfonate, NaS03Cl, was the next sul-
fonating agent to be investigeted in this study. It wes
prepared by adding smell portions of dry sodium chloride to
freshly-distilled chlorosulfonic acid according to equation (6).
(6) H80501 + WaCl = Nag05C1 + HC1.

The reaction product was heated shortly at €0° ¢. and then
for 5 hours at 45 to 50° C. After cooling to room tempera-
ture, the salt was completely solld; it was powdered and used
as such for sulfonation experiments.

The reactlon with sodium chlorosulfonste was carried
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out in dry, distilled carbon tetrachloride, using 10.6 g. of
(CeHg) pPO3F, 5.8 g. of NaS03Cl, and 105 g. of CCly. The
reactants were heated at 40° C. for 3 to U4 hours with continuous
stirring, but no trace of HC1l was evolved during that time,
and so 1t was essumed that neither sulfonation nor phenolic
splitting had occurred.

A similar reaction was trled in tetrachloroethane
(b.p. 142 to 142° ¢.), using 10.3 g. of monofluorophosphate
and 5.7 g. of Na30301 in 100 g. of CoHoCly. Following the
rate of the reaction by means of the amount of HC1l evolved
showed thet the reactlion was less than 5% complete after heat-
ing 2 to 3 hours at &0 to 110° C., end about 20 to 25% com-~
plete after 30 to 35 hours at 110 to 128° C. 5.8 g. of solid
was geparated from the product by filtration, and analysis
showed it to contain only 0.24% F, which is equivalent to a
yield of less than 5 per cent of theory. Fluorine analysis
of the filtrate accounted for the remainder of the unreacted
monofluorophosphate, These results showed clearly that a
stronger sulfonating agent was necesgary for the reaction.

Sulfonation with Chlorosulfonic Acid in Carbon

Tetrachloride.

Chlorosulfonic acidloo ie known to be a strong
sulfonating agent, and 1t was investigated next. 10 g. of
(CoHg) pPO3F was reacted with 4.8 g. of H804Cl in 50 g. of
co1y (b.p. 76.80 C.). The bath temperature was held at

90O C. for 2 hours, but no separation of an insoluble layer
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occurred. When the bath temperature was Iincreased to 115 or
120° C., the solution beceme cloudy, and continued heating at
that bath temperature for about 10 hours gave an'oily layer
welghing 12 grems. The separated olily layer was subjected to
vacuun treatment with warming, and 10 to 10.5 g. remained.
Analysis of this liguid geve UL.U% F, 0.73% C1, andlan acidity
equilvalent to 338% RSO3H, where R 1s diphenyl monofluorophos-
phate. The fluorine content was eguivalent to 77% RSOzF, and
the chlorine content was equivalent to 2.4% unreascted H803C1;
these two values seemed quite satisfactory, but the high
acidity was quite difficult to explain. It was aporoximately
twlce the value calculated for a di-sulfonic acid, and a tri-
or tetra-sulfonic acid was quite improbable. At any rate,
chlorosulfonic acld appears to have been strong enough to
bring about sulfonation. Attempts to crystallize the sul-
fonic acid from the viscous 1iQuid product by cooling, however,
were not succéssful.

The preceding experiment was repeated, but this
time using a 2:1 molar ratlo of HS03C1 to (06H5)3P03F instead
of a 1:1 ratio. Accordingly, 10 g. of monofluorophosphate
was heated with 9.4 g. of H50C1 in 80 g. of CCly for a total
of 16 hours, using a bath temperature of &0 to 95° C. A
viscous liquid layer of about 16 grams remained after removal
of the solvent layer by decenting. The solvent layer (55 to
60 g.) was found by analysis to contain only 0.45% available

Cl, indicating that 1little H80301 could have remained in that
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layer. The 16 grams of CCl)-ineoluble, viscous liquid was
subjected to vacuun treatment for 9 hours, and 1L grams of
evaporation residue remained, snalysle of which gave the
following results:
0.2235 g.: 54,03 ml. of 0.128 ¥ Th(NOz)y.
0.6265 g.i W.b3 wl. of N/10 AgiOs.
Calculated for 1:1 molar mixture of R80201 and HpB30) !
7.9% C1, L.on% F.
Calculated for 1:1 molar mixture of RSGEH and Hs80y:
0% C1, L.52% F.
Found: 2.5% €1, 4.38% F.
The fesults indicated a mixture of the sulfonic acid and
sulfuric acld, conteining some chlorosulfonic acid or the
sulfonyl chloride of the diphenyl ester. About half the
acld mixture was neutralized at O to 10° C. with 10% KOH, and
the neutral solution was eveporated. The 5.9 g. of powdered
evaporation residue contained 2.53%% F, suggesting about egual
welghte of the potassium sulfonste and sulfate were present.
Extractlon of the dry selt with hot, anhydrous alcohol gave
a yield of less then 10% alcohol-soluble salt, and it conm-
tained only 1.8% F.

The Uge of Chlorosulfonic Acld in the Absence of a Bolvent.

The effect of carrying out the reaction of diphenyl
monofluorophosphate with chlorosulfonic acld in the absence
of & solvent was studiled next. In this regard, 9.3 g. (0.08

moles) of HS0z0l was added dropwise to 10 g. (0.04 moles) of
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(06H5)2P03F. Heat and some HCl vapors were liberated during
the addition. After subsequent heating and vacuum treatments,
17.4 g. of & viscous liquid remeined. Analysis of this
residual ligquid gave L.36% F, which is nearly identical with
the value found for the corresponding reaction product
obtained when a solvent was used (see page 63). However, 6.1%
Cl was shown to be present, and a considerable portion of the
resction produect was found to be unreacted diphenyl mono-
fluorophosphate by means of ite insolubility in dilute alkall.
All these results indicated that the reaction with chloro-
sulfonic acid gave a mixture of the sulfonlec acld, the
sulfonyl chloride, unreacted chlorosulfonic acld, unreacted
diphenyl monofluorophosph&te, and sulfuric acid.

Sulfonetion with Dry Sulfur Trioxide Vapor..

Since the purification of the desired sulfonic
scid had appeared to be guite difficult, it was felt that é
sulfonation reasction yilelding a less complex mixture of pro-
ducts would be more satlsfactory. With this in mind, a
atudy of 603 alone as a sulfonating agent was undertaken.

A sulfonation apparatus was set up so that dry
alr could be passed through fuming sulfuric aclid and then
through a reaction bulb containing the ester to be sulfonated.
The apparatus conslsted of the following parts: (1) a mercury
safety trap; (2) a drying tower contalning KOH pellets; (3) a

2-foot vertical column filled with an intimate mixture of
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P205 and glass beads; (4) a zas washing bottle, containing
20% fuming sulfuric acld, submerged in a heating bath,; (5) a
by-pass around the fuming sulfuric acid bottle; (6) a glass-
wool trap to remove any droplets of sulfuric acid; (7) a
reaction bulb; and (&) a wash bottle contsining concentrated
Ho80y to prevent any back-diffusion of molsture. All
connections were made with standard-taper, ground-glass Joints.

In the first experiment in which dry air contailn-
ing vaepors of SO3 wes passed through diphenyl monofluorophos-—
phate, 10 g. of the ester was used. After =z few hours, the
ester was no longer completely soluble in an excess of dry
carbon tetrachloride. After 30 hours the reaction product
was washed with CCly and separated. It was partially soluble
In water, and it became nearly glassy on cooling, but no
crystals formed. After heating for several hours at 70 to
80° C. under a pressure of 10 to 15 mm. of Hg, the viscous,
amber liquid contained 3.56% F.

Calculated for R

=

SOBH: 5.72% F.

Calculatéd for R(SOBH)E: 4.6% F.
Again an attempt to obtaln a crystalline sulfonic acid by
cooling this liquid was of no avall., All of these results
seemed to indicate that an appreclable amount of a disulfonlc
acld was being formed, as that could account for the low
fluorine content and probably for the lack of crystallization
of a monosulfonic acid.

When the rezction was repeated, a liguild product was
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obtained which contained 3.22% F, and again, no crystalliza-
tion occurred upon coolling.

Absorption of a Known Welght of Sulfur Trioxlde Vapor.

The next experiment was carrlied out on a qu&htitative
basls,, using an accurately welghed amount of diphenyl mono-
fluorophosphate (9.4U4l g.) and passing 803 vapors through it
until the increase in weighﬁ was equivalent to the formation
of a monosulfonlc acid,., However, the vapor pressuré of the
unreacted ester was great enough that some was lost on pass-
ing so much dry 2ir through it, and so an increase in weight
of only 2.961 g. was allowed instead of the calculated value
of 3.000 grams. Analysis of the reaction product, after it
had remained in a vacuum desiccator for several days, gave
5.1% F, as compared with the theoretical value of 5.7% F‘for
the monosulfonic acid., The sulfonated ester was allowed to
stand in a vacuum desliccator for severzl days, and then an
attempt was made to determine its freezing point for compari-
son with that of the unsulfonated ester (m.p. 7 to 10° ¢.).
However, the reasction product could not be solidified on
prolonged cooling, and, as o matter of fact, no crystals
were obtsined upon seeding the viscous liguid with crystals
of p-toluenesulfonic acid monohydrate. These facts again
suggested thet some disulfonation had occurred.

This experiment was repeated with 6 g. of (06H5)2
POBF,_but sulfonation was continued only until the fluorine

content of the product had decreased to the value calculated
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for monosulfonation., After 11 hours, dry alr was passed
through the reactlion product to remove free SO}’ and anelysls
gave 5.91% F. After another hour of reaction, dry air was
passed through the product for about 80 hours, and‘analysis
gave 5.75% F, as compared with the calculated value of 5.72% F
for the wmonosulfonated ester. Again, a2ll attempts to obtain

a crjstalline product by cooling and by seeding with p-toluene-
sulfonic acld were unsuccessful. Thisg was explained when the
reaction product was found to be only partially soluble in
water; hence 1t was probably a mixture of the monosulfonic
acid with about ecgual welights of the disulfonic acld and
unsulfonated ester.

The Probability of Simultaneous Mono- and Disulfonation.

When the experiment was repeated, identical results
were obtained. Thils indicated thet an appreciable amount
of disulfonation was occurring before monosulfonation was
complete. In fact, the amount of unsulfonated ester, and *
thus the disulfonic acid, was large enough to suggest that
the sulfonation of one benzene ring of the ester molecule
seemed to be independent of whether the other benzene ring
of the molecule already contained a sulfonic acid group.
Assuming this was true, a differential equation was set up
for the followlng resctlions to allow the construction of a
graph showing the composition of the reaction product as a
function of the amount of 503 reacted:

(7) R + 803 = RSO3H
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(8) RSOzH + 803 = R(80sH),
in which R represents the unsulfonated ester, (G6H5)2P03F.
The equation (9Q) fitting the above assumptlons was derived
as follows:

- Let:
moles of monosulfonic acid present
moles of disulfonic acid present

moles of unsulfonated ester present
moles of sulfur trioxide reacted

nE<d K
ggh N

where

8= x + 2y
E = 1-x-y

The differential equation for the series of reactions is

dy = k §%%E ds, where k 1is asgumed to be 1, in
accordance with the sbove considera-

tions, '
, B2
dy__yds
dy _ S=2y
as - 1-y

To convert this equation to & homogenous one, let:

-1
-2

g
g

!
é'

Thus

dy' _ dy _ (8! 2) = 2(yt+1) _ 2y' - 8 '
a%—r - a% = +1.). (y|+y15 )"" yyc = f(s',y")

Since this is homogenous, let:
yl - vs'
Then

£(1,v) = 821 o +s'§¥§’1»
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agr _ vav - . vav
§T T ov-oi-ve T T (w-1)¢

1

~ln 8 = had ;T—:I + 1n(v-1) - C
et i_at
-1in 8' = ’371%",' + 1In L-cj—%——- - C
- - =- S-2 1n ¥=8+1 L ¢
n(8-2) ==1=y—rgmp7 + 1" 553
G

In(y-8+1) = ToEeT + C
Vhen 8 = 0, y = O
Therefore ¢ = 2

and
(9) 1n(y-s+1) = 5—?%%— + 2

The graph of this equation 1s shown in Fig. 1,
‘page 70.

Although the sulfonation of one benzene ring nay

" not be absolutely independent of the sulfonation state of the
other, thils at least gives a good idea of the resulting
compositions, and 1t shows that a low degree of sulfonation
wlll be requlred to give & reasonably great ratio of the
mono- to the disulfonated ester.

With this in mind, the next experiment was allowed
to proceed only until 0.4 to 0.6 moles of S03 had reacted
per mole of diphenyllmonofluorophOSphate ugsed. In this
eXperiment 13.193 g. of monofluorophosphate was placed in
the reactlon bulb, and dry alr containing 303 vapors was

passed through the ester until the increase in weight of the
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A graph showing the composition as a function of
the amount of sulfur trioxide reacted for the following
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bulb amounted to 1.671 g., which is equivalent to 0.4 moles
of 803 per mole of ester. Analysls gave 6.4 to 6.5% F,

which is equivalent to a velue of 0.55 to 0.6 moles of 503
per mole of ester used. The reactlon product was shaken
twice with an excess of dry CCly in a separatory funnel to
extract any unreacted ester, and the separsted CCly-linsoluble
layer was subjected to high vacuum for several hours to
remove any remaining solvent and free 503, Analysls of the
sulfonated ester was found then to be 5.6% F, as compared
with the value of K.72% F calculated for the monosulfonic
acld of diphenyl monofluorophosphate. On freezing for several
hours with dry ice, & glass was formed which exhiblted no
crystalline properties whategoever under the polarizing micro-
scope. The same result was obtalned on prolonged cooling at
-18° ¢. On treating the sulfonated ester with water, an
’appreciable proportion was observed to be insoluble, which
means that the unsulfonated ester weae not removed completely
by the previous treatment with OClu. The water-soluble
portion was neutralized with a slurry of Ba(OH)o, the Ba™
was preciplteted as 8&003 by addition of the reguired amount
of Na2003, and, after filtration, the slightly alkaline
solution of sodium salts was evaporated in a platinum dish
placed over concentrated sulfuric acid in a vacuum desiccator.
The resulting white solid was easily powdered, and on analy-
sis 1t was found to contain 3.25% F, as compared with the

value of 5.%6% F calculated for the sodium salt of the
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monosulfonated ester. It contained the sodium salts of
both the mono- and disulfonie aci&s, as well as o trace of
sodlum carbonate.
Another partizl sulfonation was carried out with

1%.082 g. of (06H5)2P03F. Analysis of the sulfonated ester
gave 7.08% F, which is equivalent to 0.25 moles of 80 per
mole of ester used in the reaction. The reactlon was cou-
pletely soluble in CCly, and so the CClu solution of the
product was shaken with water to extract the sulfonated
ester. The aqueous extrsct was neutralized with sodiun
hydroxide, using methyl red as gn indicator, asnd the neutral
solution was evaporated over HoS0) in a vacuum desiccator.
The resulting pink so0lid wes slightly hygroscople.

0.1505 g.: 2.75 ml. of 0.1285 N Th(I\’rOj)u.

Celculated for CgHg(CgHESO03)POZF & 5.36% F.

Calculated for (C6H5803)2PO3F : L,16% F.

Found ' 4. 46% F.
Again & mixture of mono- and disulfonic acld salts seems to
have been present. |

The final experiment in which dry air containing

sulfur trioxide vapors was passed through diphenyl monofluoro-
phosphate ac a means&of sulfonating the ester, was allowed
to proceed for a2 long time in hopes of preparing s fairly
pure disulfonic acid. In this sulfonation 11.5K1 g. of
(66H5)2P03F was used. After several days of reaction, the

very viscous liquid contained 5.35% F. According to
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Fig. 1, page 70, the fluorine vslue corresponds to a composi-
tion of about 19% unsulfoneted ester, %1% monosulfonic acid,
and 49% disulfonlec acid, on z molar basis. Therefore, after
sulfonstion untll the product wes too viscous to allow further
reaction conveniently, the disulfonlc acid wes present in a
yield of only 49 molar per cent. At any rate the viscous
liguid wes washed with dry carbon tetrachloride to remoﬁe the
unsulfonated ester, and the geparated sulfonic acid mixture
was neubtrelized with & cold suspension of barium hydroxide.
After the required amount of sodium carbonate was added and
the precipitated barium cerbonete was removed by filtration,
the galt solution wae evaporsted in a vaecuum desiccator as
usual, Analyeig of the dry sodium éalt showed only 1.40% F,
whereas the sodium disulfonzte should contain L.17% F and the
monosulfonate 5.4% F. Since tri- and tetra-sulfonation are
culté improbable, the salt must have been contaminated with a
considerable amount of Napl03 and Hap3Oy.

The Use of 8tebilized Licuid sulfur Trioxide as a

Sulfonating Agent.

The next series of investigations regerding the
sulfonation of diphenyl monofluorophosnhate involved the use
of & stavilized sulfur trioxide, which is sold in liguid form
by Genersl Chemical Company under the name of "Sulfan B".lOl
3olutions of the desired strength were made up by transferring
a known welght of liquild 803 to the desired amount of dry
CCly or CEH2014 in a glass-stoppered bottle. A large glass

buldb with a long tip was found to be quite satisfactory for
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sampling, welghing, and transferring the sulfur trioxide.

In the first experiment involving the use of
"sulfen B", 22 g. of a 7.8% solution of 803 in CCly was added
dropwise to a cold (10° C.) solution of 5.4 g. of (CgHs)oPO3F
in 20 to 30 ml. of CCly with contlnuous stirring. The
resulting solution was allowed to stand overnight at room
temperature, and the next day there were droplets of a very
viscous liquid floating on the CCly solution. Only 1 or 2
gramg of the viscous liquid remalined after two washings with
dry CCly, and it contalned only 2.5% F; hence, the extent
of the reaction appeared to be veky low.

This experimeﬁt was repeated on a larger scale,
Accordingly, 140 g. of solution of 7.83% 803 in CCly was
added slowly to 24.% g. of (C6H5)2P03F in 58 g. of OCly at
10° ¢. with mechanical stirring. After standing at room
temperature for two weeks, however, no oily layer had formed,
and so it was felt that possibly too much solvent had been
used to allow a reasonable rate of reaction.

A solution of 11.5% of 805 in CCly was prepared,
and 21 g. of the solution was added at room temperature to
7.5 g. of diphenyl monofluorophoéghate. No apparent change
occurred upon standing severel days atroom temperature. The
reactlion product was allowed to reflux slowly for 7 hours,
but only a very few oily droplets were formed.

These results indicated that a still greater con-

centration or else a higher reaction temperatiure might be
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necessary, and the effect of the latter was lnvestigeted next.

A solution of 9.97% 505 in GpHCly (b.p. 1h2-144° C.)
was made up, and 33 g. of the solution was added to 10.0 g.
of the ester at room temperature. The reactants were heated
at the boillng point of CEH2014 for several hours without
any observed formation of an insoluble liguild layer.

"Sulfan B" was used wlthout dilution in the next
sulfongtion. After cooling 9.0 g. of the ester to -10° c.,
2.5 g. ofvliquid S0z was added dropwlise by means of a dropping
funnel. A considerable amount of heat was liberated during
the reaction. BStirring was discontinued after the addition
of 303 was couplete, and the temperature of the reaction
product was allowed to rise slowly to 25° G., during which
time the liquild gradually beceame dgrk and viscous. After
standing at room temperature for about U4 hours, the liquid
was ahaken with dry 6014, and a small dark layer separated
from the solvent. However it would not crystallize on pro-
longed cooling, and it appeared to contain a considerable
amount of decompositlion products.

One more sulfonation was undertaken, this time using

3.8 g. of CCly was adde%'to 6 g..of (C6H5)2P03F at & o o 303 m
3.8 g. of CCly was added to 6 g. of (C6H5)2P03F at a tempera-

ture of 4 to &° C. with stirring. No great heat of reaction
was notlced, and the product was still a single ligquid layer
after standing several hours. Addition of excess 0Cly falled

To cause the formatlon of a second liquid layer, and so the
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reaction which had occurred on using pure 803 did not occur

on using a 33% solution of 803 in CCly.

C. The Reaction of Ethyl Polyphosphates with Anhydrous

Hydrogen Fluoride.

1. Ethyl Metaphosphate

A commercial, or technical, grade of ethyl metaphos-
phate was used in the investigation of this reactlion, which
was expected to proceed according to the followlng equatlon:
(1e) 02H5P03+ HF = (CEHB)HPOEF'

A sample obtained from Monsanto Chemicsl Company was used in
the early experiments, but most of the investigations were
carried out with z product obtained from Victor Chemical
Works. The Victor metaphosphate was produced by the resction
of triethyl orthophosphate with an equimolar quantity of
phosphoric anhydride. 3l

The sourfe of anhydrous hydrogen fluoride for these
experiments was &g cylinder obtalned from Hsrshew Chemicsgl
Companj} The cylinder was fitted with & stainless-steel
adapter'so that the HF could be dietilled convenlently into
any desired recelver or reactor.

The first reaction of ethyl metaphosphate with HF
was carried out in a stainless—~steel vessel. Approximabtely
21 g. of enhydrous hydrogen fluoride was condensed rather
tediously in a paraffin-lined glass flask and then poured

quilckly into 114 g. of ethyl metaphosphate in the steel
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reaction vescel. A considérable amount of heat was evolved
on mixing. The reaction vessel was sealed and then heated
for 20 hours at about 650 C. Using a water aspirator, vacuum
was applied for about 3 hours to remove excess hydrogen
fluoride. 65 g. of the liquid was used for distillation at
%0 mm. of mereury. 29 g. of distillate was caught at a tem-
perature of 95 to 117o C.; analysis showed 16.9% F. The
residue of 26 grams contained 4.03% F, and about 10 g. was
lost through the aspirator, apparently as & result of decom-
position. The distillate was redistilled at 3 mm. of mercury
yielding 7.5 g. of liquid boiling et L3 to &5° C. end 9 g.
at 85 to 113° C., along with & non-distillable residue of
b g. of viscous licuid. Hence decomposition certainly had
occurred during the first distillation.

A 2B-gram portion of the above reaction product
was neutralized with carbonzte-free NaOH solution at a tempera~
ture of abvout 10° C., and the neutral solutlon was shsken
with ether to extract any water—insoluble impurity, such as
diethyl monofluorophosphate. Evaporation of the separated
and drled ether layer gave only 1 to 2 g. of viscous liquid
containing 5.45% F. From these results it was calculated that
no more than 5 or 10% of the reaction product could have been
diethyl monofluorophoesphate.

The above reactlion wag repeated on a smaller scale.
In this experiment, however, the hydrogen fluoride was dis-

tilled directly from the HF c¢cylinder into & well-cooled 100-ml.
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platinum bottle, and the ethyl metaphosphate was added in
small portions. In this manner, 3L o, of ethyl metaphosphate
wae reacted with 8.3 g. of znhydrous hydrogen fluoride in the
platinum bottle. After hesting shortly at 50° CG., the contents
of the flask were analyzed and found to contain 15.1% F, as
compared with the desired value of 14,8L% F, which 1s the
calculated fluorine content of ethyl monofluorophnosphoric

acld. A small amount of the reaction product was neutralized
with & suspension of barium hydroxide, but a nonfilterable,
milky solution contasining & rather slimy precipitate was
formed. A second larger portion (15 g.) of the reaction pro-
duct was distilled, using a short, packed column for fractiona-
tion at é pressure of 1 to 2 mm. of mercury. Only % g. wés
distilled at 41 to U&.5° C. as the bath température climbed
from 130 to 210° C. Roughly one-fourth of this fraction was
ingoluble in water, and it wes assumed to/ggethyl monofluoro-
phosphate. Another 3 g. of liguid was caught in the dry ice
trap (20.5% F), and a residue of 7 g. remained. The distilla-
tlon shows that decomposition occurs to & considerable extent
when such high temperatures are used.

In the third reaction of ethyl metaphosphate with
hydrogen fluoride, 30.5 g. of the ester was added in small
portions to 6.0 g. of HF in a platinum bottle with cooling,
and after standing 2 hours at room temperature with occasional
agitation, the reaction product was found to contain 14.9% F.

The procduct was allowed to stend at room temperature for
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3 days, and then dry air was bubbled through the liquid for
6 hours, after which the fluorine content was found to be
14,65% F. This is only slightly below the value of 14,84% F
calculated for (GEH5)EPGBF. 8tending overnight in a sealed
platinum bottle seemed to cause a slight decomposition, as
indicated by the charescterlistic odor of HF.

About 2.5 g. of the reaction product was neutralized
with a suspension of Ba(0H),, and most of the precipitated
80lid matter was removed from the milky solution with difficulty
by filtration. Addition of the reculred amount of Na2C03 as
an agueous solution and subsequent removal of the precipitated
BaCOB by filtration gave a clear filtrete, which was then
evaporated in a platinum dish over concentrated sulfurlc acid
1n a vacuum desiccator. The evaporation residue was a glightly
stilcky, hygroscoplc powder containing 8.65% F, which 1s about
two-thirds of the value of 12.7% F calculated for the desired
CQH5NaP03F. |

A destructive distillation was performed on 12.5 g.
of the above reaction product ot atmospheric pressure., The
first fuming occurred at & both tewperature of 140° C., and a
distillste of 2.1 g. was caught 2t & bath temperature of
208 to 3%30° . Analyses of the fractions of this distillate
ranged from 17.5 to 23.U% F. The residue of 10 g. contained
10.4% F. These results showed 1ittle except that the acid-
ester doeg not decompose siﬁply to form the neutral mono-

fluorophosphate and the dipasic acid as orlginally expected.
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The Great Solubility of Salts of Ethyl Monofluorophos—

phorlic Acid, and the Preparstion of Insoluble Salts of

Some of the Impurities.

An attempt was made to prepare some insoluble salts
of the acid ester, using the above resction product. An
equimolar mixture of pyridine with the resction product,
calculated as (CgHg)HPOBF, was a homogeneous liquid which
afforded no crystals of & pyridinium selt at all. When dry,
gaseous ammonia was bubbled through a pyridime solution of the
reactlion product, a crystal sludge separated out. Analysis of
the crystals gave the following results:

0.0786 g. : 4,47 ml. of 0.1285 N Th(f‘mB)hr-
O.1414 g, ¢ U.05 ml. of O.48L N HCL.
13.1% F; 9.65% N.
Celculated for (NHy)pPO3F @ 14.2% F; 20.9% N.
Found: 13.9% F; 19.4% N.

Hence the only crystallized ammonium salt was diammonium mono-

Calculated for (CpoHE)NHYPO3F

.o

fluorophosshate. VWhen the experiment was repeated as a means
of determining the'amount of HEPOBF present, 7.27 g. of the
reaction product gave 1.8 g. of the ammonium sslt, which is
equivalent to about 18 or 19% HEPQBF present as an impurity.
Identical results were obtained when the diammonium salt was

precipitated by neutralizing the reaction product directly

with concentrated ammonium hydroxide.
Attempts to prepare brucine and strychnine salts

gave only fluorine-free salts assumed to be those of monoethyl
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orthophosvhoric acld.

Attemnpts to prepare the silver and lead salts gave
only small amount of mixtures of salts of HEPOZF’ HBPOh’ and
(02H5)H2P04.

When 0.95 g. of the crude acid ester was neutralized
with KOH and an excess of concentrated nitron acetate solutlon
was added, 0.6 g. of pink salt was obtained. It contained

7.9% F, whereas the nitron salt of EPO,F, contains 9.2% F and

2
that of (CpHS)HPO3F should contain 4.3% F. Probably the
precipitated nitron salt was a mlxture of these two.

Attempte to Purify the Ethyl Monofluorophosphoric Acid

by Distillation.

In the next reaction of hylrogen fluoride with the
metaphosnhate, 7.85 g. of HF was reacted with U0.9 g. of the
ester, and the product was found to contain only 12.33% F,
which is equivalent to an 83% splitting of the metaphosphate
with HF. Y%hen 40 g. of the resulting liquid was tsken for
distillation (Fig. 2, vage 82), 2.5 g. of volatile material
was trapped, by wmeans of dry lce, at a bath temperature of
up to 530 C. and a pressure of 0.03 mm. of mercury as dry
alr was allowed to bubble through a capillary into the dis-
tilling flask. The trapoed liguid conteined 23.5% F.
Distillation of the remaining 37.5 g. in a short-path still
(Fig. 3, ovage 83) gave 20 g. of distillate containing 15.8% F
and 13 to 14 g. of residue containing 3.5% F. Redlstillation
of 19 g. of the distillate gsve about 15.5 g. of liquld below
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Figure c

A small still

used for conventional type vacuum dlstillatlon

- 32 .
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Short-path Still

- 83 -
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a jacket temperature of 887 C. abt a pressure of 0.1 mm. of

mercury. Analysis of this distillate gave the following
results:

0.0657 g. ¢ 3.95 to L.00 ml. of 0.128 U Th(NOB e

0.2053% g. + 14,77 ml. of 0.102 ¥ NaOH.

Calculated for (CoHp)HPOZF ¢ 14.84% F; M.V. 128.05.

Found 14.7 to 14.9% F; M.W. 135-6.

The barium salt of this acld was prepared by
neutralizing it with an aqueous suspensgion of Ba(OH)E'%HEO,
filtering, and evaporating the filtrate over concentrated
Ho80y in e vacuum desiceator. After drying finally over
phosphoric anhydride, analysis of the barium salt geve 3.28% F,
whereas %a(02H5P03F)2 should contain $.7% F.
Another rezction of HF with ethyl metaphosphate was

undertaken in which care was teken to have a slight excess
of HF in the reaction product. When 75 g. of the resulting
liguid was subjected to conventional vacuum distillation
Treatment, there was found to be less than 2 g. of volatile
material below 60° C. 4 distillate of 22 g. (16.5% F) was
caught, along with 1% g. of trapped vapors, at a bath temperas
ture of &0 to 1050 C. and & pressure of 0.07 mm. of Hg over a
period of 3 hours. HRedlstillation gave 16.5 g. of liquid
containing 15.7 to 16.1% F and s molecular welght of 13&.
Indications were that the high temversztures required in the
conventionsl tyoe of diestillation (Fig. 2) caused some de-

composlition. However, this dilstillste wes used in preparing
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emmon ium, sodium, end potessium salte of the acld ester by
neutralization with acveous solutions of the corresponding
bages and evaporating over HpS0y in a vacuum desiccator. The
experimental results of the fluorine enalyses, along with the
calculated values in parentheses, are as follows:

NH) CoH-PO3F, 13.8% F (13.1); NalaHgPO4F, 12.3% F (12.7); and
KCpHgPO3P, 11.6% F (11.4).

The next resction of ethyl metaphosgphate with
hydrogen fluoride was undertaken with the idea of distilling
the reaction product in z short-path still at a pressure low
enough to avoid appreclable decomposition during the distille-
tion. Accordingly, 76 g. of a crude ethyl monofluorophosphorie
acid containing 15.6% F was subjected to & pressure of 0.05 mmn.
in the siort-path still. Practically no liguid asppeared in

“the dry-ice trap until the Jecket temperature of the distilling
flask had climbed to about 909 C., hence showing that no
appreciable amount of HPO,F,, (CEH5)2P03F, 02H5P02F2, or
CEH5OH was present in the original product from the reactlon
of HF with the metaphosphate. As the Jacket temperature was
increased from 90 to 120° C., however, 10 to 15 g. of liquid
appeared in the dry-ice trap as 1 to 2 g. of licuid was
distilling.

The Use of a Hercury Diffusion Pump in sn Attempt to

Obtain Minimum Decomposition during Short-path Distillation.

Only &n oil pump hed been used to produce the vacuum

in previous experimente, but fron the above results, a mercury
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diffusion pump appeared to be necesgery in order to avoid
decomposition., In the next experiment, short-path distlllation
was undertaken with such a pump in the system, and Ug g. of a
reaction product gave 17.2 g. of liquid (16.8% F) at 60 to

‘900 C. and & pressure of less than one micron. Heating at

90 to 120° G. gave an additional distillste of 9.5 g. (12.4% F).
The residue of 12. g. of viscous licuid contained 5.2% F and
had 2 molecular weight (neutrslization equivalent) of about
100 with about an eaquimolar distikibution of mono- and dibasic
aclids. More of the original resction product was distilled

in the same manner, and the combined fractions were redls-
tilled, giving 32 g. of liguid (15.9 to 16.0% F) at a Jacket
temperature of 53 to 7U® C. in the short-path still at a
precsure of lese than one micron. A second redistillation
gave 3.5 g. (19.7% F) at 35 to 4&° C., 12 g. (16.1%'F) at

48 to 50° C., and 9 g. (1L.4% F, M.¥W. 137) also at 4& to 50° C.
The middle fresction was redistilled, and & g. of dlstillate
containing 14.9% F was obtalned at a Jacket temperature below
37°

with adueous KOH, and after evaporation over Hgsou and drying

C. in the short-path still. This fraction was neutralized

over ?205, analysls of the resulting potassium salt gave the
following results:

0.1110 g. ¢ 5.22 ml, of 0.1290 N Th(EO3)&.

Celeulated for KGO HgPOZF i 11.42% F.

Found: 11.5% F.

This indicates that there 1s no water of crystallization in

the potassium salt.
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2. Dlethyl Diacld Pyrophosphate.

The diethyl diacid pyrophosphate used in the in-
vestigation of this reaction was a commerclesl product obtalned
from Vietor Chemical Vorks. They had produced it according
to the féllowing reactlion:

(11) Pg0g + 2CpHg0H = (C pHg) pHoP 0. 2
The determinstion of the neutralizatlon eculvalent, or hence
the equivalent welzht se an acid, of thils viscous, amber ligquild
gave the following Pesulte:

0.2%04 g. ¢ 4,40 ml. of O0.L84 N NaOH.

Calculated for (CEH5)2H2P207 : E.¥W. 117.

Found: | E.W. 120.

In the first reaction of this pyrophosphate with
anhydrous hydrogen fluoride, 113.3 g. of the ester was added
in small portions to 11.3 g. of HF in a platinum bottle.
Analysis showed the resulting licuid to contain &.25% F, while
& stoichiometric value of 7.4&8% F was calculated for the
following reaction ecuation:

(12) (G Hg) H P04 + HF = (CHp)H PO + (CpHy)HPOSF
Dry alr was bubbled through the liguid for &€ or 10 hours, but,

a8 result, the fluorine content dropped only to &.20% F.

®

When 1.87 g. of this reaction product was neutralized and
then treated with excess nitron acetate solution, 0.2 g. of
salt precipitated. This is ecuivalent to 2.6% HPOoFo as
an lmpurlity. When 1.2 g. of the same reaction product was

neutralized and solid silver nitrate was added, some yellow-
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silver orthophosphate precipitated along with & conslderable
amount of the expected AgE(CQH5)P03F.

Approximately 60 g. of the sbove product from the
reaction of HF with the pyrophosphate was used in an attempted
distilletion at a pressure of 2 mm. of mercury in a conventional
tyove still. A beth temperature of less than 160° C. did not
cause the apvearance of any ligquid in the dry-ice trap, thus
showing thet no impurities ss volstile as dlethyl monofluoro-
phosphate or difluorophosphoric acid were present in appreclable
amounts, The distillation of ethyl monofluorophosphorle acid,
however, was accomplished only with great diffieculty and with
noticeable decompogition.

Short-path dietillstion was more sstisfactory,
however, 1l1.8 g. of the seme reaction product gave 4 g. of
water-white dlstillete (12.34% ®, M.w. 1%2) at a jacket
temperature of 105 %o 1120 C. and a pressgure of 0.01 to 0.10
mm. of mercury. An additionazl 1.5 g. of liguid (10.6% F,

M.W, 120-12L.5) distilled at 110 to 1370 C., and 5 g. of
vigcous, amber liguid (1.5% F) remained as a residue.

A second reaction of diethyl diacid pyrophosphate
with hydrogen fluoride wae carried out so that the short-path
distillation could be repeated. In this experiment 113 g. of
the pyrophosphate was reacted in the usual manner with 11.0 g.
of anhydrous hydrogen fluoride, and analysis then showed the
liguid product to contain £.2% F, which represents about 10%

excesg fluorlde. Lessg than 2 g. of volatile matter could be
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removed from 120 g. of the reasction product, indicating little
contamination with (CgHg)gPG}F, HPOoF5, or unreacted HF. A
mercury diffusion pump was used to produce a pressure of less
than 0.001 mun. of mercury in the short-path still used in
distillation of 63 g. of the above liguld. At a Jacket tem-
perature of &0 to 100° C., 10 g. of liguid (15.0% F) was
distilled. 10.5 g. (1%.1% F) distilled at 100 to 120° ¢., and
another 10.5 g. (10.83% F) was obtained at 120 to 135° C. The
residue of 28.%5 g. contained only 0.94% F, and the 3.5 g. of
liquid which appeared in the trap during distillation was

not analyzed. The decrecasing fluorine contents were the
result of increasing amounts of monoethyl nhosphoric acid 1n
the dlgtilletes. From the regults of this distillation, about
42 to U6% of the reaction product was accounted for as ethyl
monofluorophosphoric acid, and this is equivalent to a yleld
of 85 to 91% of theory, which is qguite satisfactory for a
resction involving a commercial grade of the pyrophosphate.

" Redistillation of the first two fractions gave & fraction of
2.5 g. at 25 to 40° C. with a refractive index (nﬁo'5) of
1.3632, and another fraction at 40 to 52° C. giving the
following enalyticel results:

0.0761 g. ¢ 4,64 ml., of 0.129 W Th(NOB)u.

1 0.2106 g. ¢ 14,17 ml. of 0.115&8 N NaOH

Calculated for (CEHB)HPOBF : 1k.844 F; M.W. 128.05.
Found: 14,92 P; M.W. 128-129;

n§°~2 1.3650.
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Potagsium Ethyl Monofluorophogphate.

The letter fraction (L0 to 52° C.) was neutralized
with concentrated, aqueous KOH, and the galt solution was
evaporated to drynessg over HESO& in a vscuum desliceator. The
dry salt was dissolved in the minimum amount of absolute
ethyl aslcohol, the solution was filtered to remove any undis-
solved KF, dry ether weé added to the filtrate, and the

preciplitated potascium salt was dried over PEDB' Analysis

of the salt gave the following results:
0.104% g. ¢+ 5.0k ml. of 0.129 W Th(NOi)u.
S

0.2002

..

L3

0.1338 g. of lig,Po04.

g

0.2008 g. : 0.1338 g. of,ﬁgEPEO7.

Calculated for KCoHZPO3F : 11.44% 7; 12.65% P.

Found : 11.8% F; 18.60, 18.55% P.

The salt wasfund to sinter a2t 71 to 73° C., hence

apperently undergoing a transition below its melting polnt.
The resulting modification melted at 166 to 167.5° C. ‘hen
0.9166 g. of the salt was heated at 170 to 200° C. in a
closed platinum erucible, no loss of weight whetsoever was
detected after cooling. A concentrated agueous solution
of 2 portion of the resulting melt gave no precipitate on
adding o large crystal of AgNOB, showing that decomposition

o

P

to salts of HyPO3F, (CoHE)HpPOY, etc. did not oceur. X
- polarizing microscope fitted with a heating stage was avail-

able for viewing the transition, and so an attempt was made
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to observe a difference in crystal structure after chilling a
melt of the salt. However the original potassium gsalt and

the chilled melt both appeasred under the polarizing microscope
as lesdtropic crystals with no well-defined crystal pattern and
no displey of colors. Hence the 2llotropic transition, if
that is what actually occurred, was not sble to be observed
satisfactorily.

A hydrolysis sgtudy of potassium ethyl monofluoro-
phosphate was carried out vith 0.3564 g; of the preclpitated
salt. An aqueous solution of the salt was allowed to reflux
while stondard N/10 sodium hydroxide was added from time to
time to keep the solution slightly slkaline to phenolphthalein.
After 10 houre ot 100° C., hydrolysis of the P-F bond was
calculated to/g;proximately 7% couplete; during the following
& hours the average hydrolysis rate was 0.08% per hour.

Thig hydrolysls study was repeated, using a polas—
sium salt (11.5% F) orepared in experiments in which ethyl
metaphosphate had been usged as a starting material. Hydroly-
sis was only 2.6% complete after 3& hours at 100° C. in this
case, and the rate was aporoximately 0.02% per hour after the
first 16 hours,

A sanmple of the potessium salt mentloned in the
preceding paragraph was dissolved in N/10 HCl and allowed to
stand for two days at room temperature. Titration of the

resulting solution with stendard sodium hydroxide solution

showed that the increasse in acidity on stending was equivalent
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to 11.6% hydrolysis. The rate of hydrolysis of KCOpHgPO3F in
the acid solutlon was therefore less than 0.25% per hour.

Analytical Date for Pure Ethyl Monofluorophosphoric Acid.

In order to obtein a larger supply of ethyl mono-
fluorovhosnhoric acid for sccurate density determinastions and
to increase the suopply of the potassgium salt, a third
reaction with diethyl diacid opyrophosphate was performed. On
the seGond short-path redistiliation, a fraction of about
28 g. of water-white lioquid distilled at 55 to 58° C.

0.0829 g. : 5,00 ml. of 0.129 N Th(NOB)u.

0.2095 g. : 0.1842 g. of Mg29207. |

7.12%1 g. (20.0° C.) : 73%.1177 ¢. of Hg(24,9° ¢.)
Calculated for (02H5)H903F ;14,849 P; 24.19% P.

Found: 14,82 F; o4.L7% P;
ngo 1.3668; dﬁo 1.3185,

The density determination was made with a pycnometer cali-
brated with distilled mercury, and all weighings were
corrected for buoyency of alr.

%. Hexaethyl Tetraphosphate.

In the investigation of the solvolytic splitting of
hexaethyl tetraphosphate by hydrogen fluoride, a 3:1 molsar
ratio of ecid to ester was used in all experiments. The ester
was a commerclal grade produced by Monsanto Chemical Coupany
under the name "100% Hexaethyl Tetraphosphate.

The flrst reactlon was carried out in a stainless-

steel container. 100 g. of hexaethyl tetraphosphate was
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welghed into the reactor, znd 11.9 g. of anhydrous HF, which
had been condensed in a paraffin-lined glass flask, was poured
in gulckly, resulting in & noticeatle liberation of heat.

The steel container was sealed and then heated 20 hours at

60 to 68° C. over a period of three days. After a 3-hour
vacuum trestment, the liguid product wes found fto contain

only 7.83% F, as compered with the desired value of 10.07% F.
Although splitting had therefore not been complete, because

of loss of HF by volatilization before reaction, 60 g. of the
licuid was transferred to a conventional type still and
subjected to distillation at 3 mm. of mercury. 8 g. of water-
white liquid (11.3% F) distilled at 36 to 56° C. as the bath
temperature wes increcased to 136° C., snd 26 g. (2.9% F)
distilled with some decomposition at 57 to 119° C. as the
bath temperature climbed to 2130 C. The first fraction was
predominantly diethyl monofluworonhosphate (12.17% F).

When the experiment . was repeated, a platinum
bottle was used, and an effort was msde to see that a slight
excess of hydrogen fluoride wss present to allow'compléte
.splitting of the polyphosphate. Consecuently. 7.3 g. of
anhydrous HF was condensed in a 100-md. platinum bottle, and
F3 g. of hexaethyl tetravhosphate was added in smell portions
with sgltatlon and cooling. After dry alr was passed through
the liculd for about one hour, analysis showed the reactlion
product to conﬁain 10.5% F, whereas the value calculated for

a 3:1 ratio of acid to ester is 10.07% F. VWhen 2 g. was
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neutralized with concentreted WalH and & large crystal of
silver nitrete was added, 0.2% g. of eilver sa2lt waes precipil-
tated. Another 0.12 g. was obtained on adding alcohol. The
total welght of silver salt wes therefore equivalent to about
6.5% (CpHg) oHPOY  in the original reaction product.. Likewise,

0.%42 g. of a nitron salt was obtained on adding an excess of

Ao

nitron acetste solution to a neutralized solution of 1.9 g.
of the reaction product, indlcating that as much as &,2%
- HPO,F, may hove been present as another impurity.

Vacuum distillation of 30 g., using a short,
vacked column, gave no distinct fractions but, instead, slow
distlllation with some decomposition. It appeared that the
use of o fractlionating column required bath temperatures high
enough\to cause decomposition to occur, and, because of the
presence of decomposition vapors, 1t was qulite diffilicult to
maintain the required low pressures in the system.

When 22 g. of the same reaction product was dis-
tilled by means of a short-path still, sbout 3.2 g. of vapor
was trapped as a liquild in the dry-ice trap before actual

distillation began. A Jacket temperature of 70 to 126° C.
yielded 2.5 g. of water-white liguid (16.3% F, M.W. 132.4)
and an equal weight of recidue (6.9% F).

In order to obtain enough material to repeat the
short-path distillation, a third reaction of HF with hexaethyl
tetraphosphate was necessary. In this experiment 9.5 g. of

HF was reacted with 76.3 g. of the ester, and the resulting
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liquid conteined 10.3% F, which indicated that a very slight
excess of HF had been used. &4 g. of this 1iquid was sub-
jected to vacuum dietillation, &nd about & g. of liquid (12.9% F)
appeared in the dry-ice trep as the bath temperature was

raised to 45° C. at o pressure of 0.0l to 0.1 mm. of mercury.
Then U5 g. of the residue wes transferred to a short-path

st11l, and distillation wes carried out at z2bout 0,001 mm. of
mércury. A Jacket temverature of 50 to 700 C. gave 2 g. of
distillate, 70 to &6° C. geve 16 g. water-white liguid (13.2% F),
86 to 125° C. gave 22 g. (7.6% F), and a residue of 2 to 3 g.
remained. Also, 3.5 g. was cauvght in the dry-ice trap during
the distillation; it wes insoluble in water, end apparently

was mostly diebthyl monofluorophosohate., After two redistilla~
tlons of the 1lb-gram fraction, a fraction boiling at 38 to

Lo ¢, wee obtained which had a density (dﬁo) of 1.313 and a
refractive index (n%o) of 1.367.

From the results of the above distillations, it was
calculated that the reaction of hydrogen fluoride with hexaethyl
tetraphosphate gave a product of the following approximaté
composition:

Lg-50% (CEHE)HPOBF.

31-33% (CoHg) oHPOy (including any distillable, unreacted
2"p’2 . :
ethyl polyphosphates).

lo-14% (62H5)2PO3F (including possibly some HPOFj).
5-6% nondlstillable liquid.
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L, Pentaethyl Triphosphate.

The greatest problem involved in this study was the
preparation of a relatively pure pentaethyl triphosphate. Its
preparation was necessary because the pure ester has not been-
reported in literature, and not even experimental samples of
the crude ester were avallable from the most likely sources.

Attenptes to Prepare Pentaethyl Triphosphate.

In the first attempt to make the pentaethyl ester,
pure Na5P3010'6H20 wag used as a starting material; 1its
purity had been sscertained by means of x-ray analysis. 30.4 g.
of the sodium salt was dissolved in one liter of distilled
water at room temperature, and about 150 ml. of 28% AgMOB
solution was added slowly from & buret. The preciplitated
silver salt was separated by filtration, washing thoroughly
with cold water. The salt was dried for several days in &
vacuum deslccator, and the welght of the dry silver salt
amounted to 50.5 g., whereas the welght eguivalent to 30.L g.

of the sodium salt is 50.6 g. It was found by analysis to

e

contain 66.5% Ag as compared to the theoretlcal value of

68.08% Ag calculated for AgEPBOlO.
To 49.5 g. of the silver salt in 70 g. of dlethyl
ether was added U6.5 g. of ethyl iodide,r%2 and the reactants

were stirred for 5 hours at 20 to 500 C. and 1 hour at 50 to
6U° ¢. The g0lid metter was removed by suction filtration,
washing the residue several times with dry ether. The solvent

was evaporated at reduced pressure, and an evaporation residue
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of 11 g. of slightly yellow liguid remained. Thils weight was
equivalent to & 43.5% yield of the ethyl ester. ‘hen the

residue was subjected to high-vacuum short-path distillation,
(see Figure 4), however, the following results were obftalined

on heating to a Jacket temperature of 110° ¢.:

o859 C.
Fraction Welght D
in dry-ice trap 1.0 g. 1.4043 (24,8)
distillate 6.2 g. 1.4150 (24.6)
resldue 3.8 g. 1.4268 (24.8)

Comparison of these results with Table I would
indicate that the orthophosphate, pyrophosphate, and a
mixture of triphosphate and metaphosphate made up the respective

fractions obtained on distilliation.

Teble I
Polyphosphate Refractive index (n§5) _ZP
(CoHg) 3P0Y 1.4039 17.0
(GoHs5) P07 1.118 21.35
(CoHg) 5P3010 1. Lok 23.4
(CoHp) gP073 1. ka5 2k.5
(CoHgPO3) 1.h3gw 28.7

* values for commercisl grades prepared from P205 and

(0pttg) 3P0y 2
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That the distillate wes prédominantly tetraethyl pyrophos-
phate was confirmed by a phosphorus analysis; the experimental
value was 20.8% P.

The experiment was repeated, starting with 56 g. of
pure NagP3010°6Ho0. The dry eilver selt derived from 1if
welghed 91 g., which again wee nearly the stolchlometric
value. The following analytical results were obtained:

0.2997 g. + 0.2672 g. of AgCl.

0.3%017 g. ¢ 0.1%13 g. of ﬁggP207.

0.3004 g. : 0.1290 g. of MgpPo07.

Calculated for AgrP3010 t 68.08% Ag; 11.73% P.

Found : 67.1% Ag; 11.95, 12.1% P.

when &7 g. of the silver salt was reacted with

82 g. of ethyl lodide, the temperature of the mixture was kept
at room temperature for one day after a spontaneous rise
to nearly Lo® ¢. for 2 or % hours. The reactlon product was
flltered, washing well with dry ether. Removal of the golvent
by evaporation gave a nonvolatile liquid residue of 30 g.,
which could be calculeted in terms of pentaethyl triphosphate
as a yleld of 0% of theory. It contained 22.9% P, as com-
pared with the calculated value of 23.4% P (see Table I).
When & small smount of the licuid was subjected to short-path
distillation, however, approximstely one-helf of it distilled
in the form of tetraethyl pyro-hosphate, which weas identifled

by its refractive index (ng5'0'1.417%).
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Reactlion with Anhydrousg Hydrogen Fluoride.

As the triphosphate was not able to be purified by
distillation, it was used as such in a reaction with anhydrous
hydrogen fluoride, which would be expected to proceed in
accordance with the following ecuation:

(1) (CpHg)xP3010 + 2HF = (CpHg)gHPOL + (CpHg)HPOsF
+(02H5)QPO3F.

In this reaction, 29.3 g. of the ester was added to 3.7 g. of

HF. Dietillstion of the reaction product and fluorine znaly-

8ls of the various fractions allowed the following approxi-

mations regarding the composition of the resction product:
43.4% (CpHg)HPOSF

36.5% (GgH5)2HP04, including probably some triethyl
orthophosphate.

17.8% (Cplig) PO5F

2.3% nonvolatile material.
An equimoler mixture of the three esters would have been
expeected from pure pentaethyl triphosPﬁate.

5. Tetraethyl Pyrophosphate.

Two experimente were carried out in the investige-
tion of this reactlon, which was expected to proceed asccording
to the followling equation:

(13)  (CHp)yP04 + HF = (CpHg)pHPOY + (CpHg) pPOF.

The tetraethyl pyrophosphate used in the first
experlment was a water-white liquid of aporoximately 95%
purlty. It was obtained from the research laboratories of

the Victor Chemical Works, where 1t was prepared by a method
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which has not yet been published. UL.5 g. of this ester was
added in small portions to 3.2 g. of anhydrous hydrogen
fluoride, 2nd the resulting liquid contained 5.8% F by analysis,
which 1le epproximately 9% per cent of the stoichiometric value.
When 22.2 g. of this liquid was transferred to a smell con-
ventional type still, 10.3 g. of liculd was trapped with dry
ice as the dletillation flask was hested to &5° C. at a
presgure of 0.003% mm. of mercury. Anslysls of the licuid
gave the following resulte:

0.0757 g. ¢+ 3.70 ml, of 0.129 N Th(NGB)H'

0.3270 g. ¢+ 0.70 ml. of 0.1011 I NaOH.

Calculated for (CpHg)pPOzF : 12.17% F.

Found: 12.0 % F; acildity equivalent
to 0.4Z% HF.

The residue (11.9 g.) was subjected to short-path distillation
at a pressure of 0.01 mm. of mercury. Distillation begen at
about 500 C., but most of the liguid distilled at & Jacket
temperature of 1050 C., Only a trace of residue remained, and
2-3 drops of 1licuid, most of which was diethyl monofluoro-
phOSphate,kwas found in the dry-ice trap. Analysis of the
second fraction (10.7 g.) gave the following results:

0.17%0 g. : 1.0 ml. of 0.129 N Th(N03)y.

0.1220 g. : &.10 ml. of 0.1011 ¥ NaOH (Methyl Red);
g.15 ml. of 0.1007 N NaOH (Phenolphthalein).

Colculated for (CoHg)pHPOY : 0% F, M.W. 151.
Found: 1.4% F, M.¥. 149,

Consequently, it appears thet the reaction of hydrogen fluoride
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with tetraethyl pyrophosphate was as nearly cuantltative as
thehpurity of the original ester and the relative weights of
reactants could allow.

The second experiment was‘carried out with an inpure
grade of tetrasethyl pyrophosphate produced gt room temperature
according to the reaction
(14) Q"(G2H5)3PO¥'~ + P205 = E(CEHE)U‘PEOT’
which is included in a patent of the Vietor Chemical Wox'ks.ﬂL
To produce the crude tetraethyl pyrophosphate, 20.7 g. of P205
was added to a solution of 106.0 g. of pure triethyl ortho-
phosphste in 127 g. of dry chloroform a2t room temperature.
After a2 few hours, most of the solvent was distilled off at
atmospheric pressure, and the residue, calculated to contain
1%.6% undistilled chloroform, was used s such for #eactlon
with hydrogen fluoride. Accordingly, 105.5 g. of the crude
ester wos added to 6.5 g. of HF, and 79 g. of the reaction
product was used for distillation., Hearly 20 g. of distillate
wag caught at a pressure of 15 to 20 mm. of mercury and a
bath temperature of 60 to 90° C., while several grams of
chloroform appeared in the dry-ice trap. The pressure vas
decreaced to about % mm., and 10 or 15 g. of triethyl ortho-
phosphate distilled before the distillation was discontinued,
Redistillation of the low-bolling fraction 2t atmospheric
pressure gave about 2 g. of dlstillate below 170° C., 7.8 g.
at 170 to 171° C., and a\resiaue of 4.5 g., which represented

the hold-up of the fractionatlion column. Analysis of the
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middle fraction geve the following results:
0.1234 g. : 5.22 ml. of 0.129 N Th(NOj)g,
0.2062 g. : 0.1425 g. of NgyP507. '
Calculated for (OpHg)pPOsF 3 12.17% F, 19.85% P.
Reported by Lange and Krueger:l 12.30% F, 19.62% P,
| n§4'2‘1.3729, afe-? 1.1k,
Found: 11.6% F, 19.25% P,
5’  1.3734, af° 1.1456.
In the light of these results, further purification of the
dilethyl monofluorophosphate was felt to be unnecessary for
identification. Analysis of a mixture of the low- and high-
boiling fractions gave e value of &.3% F, and hence it was
calculated that the totel yileld of the overall reactlon,
starting with phosphoric anhydride and triethyl phosphate and
then adding hydrogen fluoride, amounted to aporoximately
35% of theory. The low oversll yield apparently came as a
result of the poor reaction of (ﬁ2H5}3POu with PoOg, since
the splitting of tetraethyl pyrophosovhate with HF was shown

in the previous experiment to be nearly quantitative.

p. Other lMethods Investigated for the Preparation of Diethyl

Honofluoronhosphate.

1., The Reactlon of Triethyl Orthophosphate with Antlmony

Trifluoride.

This reaction was investigated as a possible method
for the preparation of the neutrsl and scld esters of HEPOBF

according to the equation
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(15) (CoHg)3POy + HPOF, = (CgHp)oPO3F + (CoHg)HPO3F.

Two experlments were carried out in the investigation, one at
atmospheric pressure and the other at 2 pressure of 200 pounds
per gquare inch.

In the first experiment 195 g. (1.07 moles) of tri-
ethyl orthophosphate was reacted with 109 g. (1.07 moles) of
difluorophosohoric acid by merely mixing at atmospheric

fpressuré in a steinless-eteel vessel. The mixing resulted in
the evolution of a considersble amount of hest, but neutrali-
zatlon of the resulting homogeneous 1liguld with aqueous KOH
vielded no observed Iinsoluble diethyl monofluorophosphate and
likewlse no typicsal odor of that ester.

» | The second experlment was carrled out by welghing
189.5 g. of the orthophosphate and 107.7 g. of the acid into
2 steel autoclave, and then buillding up the pressure of the
autoclave by means of compressed nitrogen. The reactants
were heated 12 hours a2t 2 temperature of 80° C. snd a pressure
of 90 to 120 p.s.i. The reaction produect, however, gave no
evidence of the presence of dlethyl monofluorophosphate upon
neutralization with agueous KOH. Extractlion of the neutral
solution with ether and subseguent evaporation confirmed the
ebsence of the neutral dlethyl monofluorophosphaté, and so
the investigation wes éiscontinued.

2. The Reaction of Triethyl Orthophosphate with Antimony

Trifluoride.

In the hope that this resction would proceed
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according to the ecuation
(16) 3(CpHg)3POy + 8bFz = 3(CpHg)oPO3F + Sb(0CoHE) %,
it was investigated as anotner method of wvroducing dlethyl
monofluorophosphate .
In the first experiments, equimolar mixtures of

the reactants were hested st about 200° C. for 1 or 2 hours,

3
N

»1lyvet for the reaction. In each case the

~
¢

using £oCl. as a cat
5

cooled reaction product wee a gray, sollid mese from which

very little of the desired monofluorophosphate could be
recovered by treatments with water, alcohol, or ether.

To avoid the inconvenience of the solld matter, 1t
was deglded to attempt to digtill the ester directly from the
reaction product, as this type of procedure had been used
successfully by Peppard et al.bg In the preparation of ethyl
fluorosilicate from ethyl silicete and antimony fluoride.
Consequently, 93.6 g. (0.514 moles) of (02H5)3POQ, 62.9 g.
(0.351 moles) of Sb¥z, end 1.1 gz. of SB615 were heated to-
gether in a2 500-ml. distilling/flask. At a bath temperature
of 210 to 257° C. epproxzimately 23 g. of liquid distilled,
even though the reszction mixture had become completely solid
at o bath temperature of 230° C. The dlstillate contained
8.2 to 8.4% F, whereas the v-lue calculated for (GEHELPOBF is
12.17% F. This represents a 19% recovery of the desilred
diethyl monofluorophosphate. Redistillation through a short
fractionstion column yielded 11 g. of liquid at 168 to 1748° C.

containing 11.9% F. The amount of diethyl monofluorophosphate
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recovered in a reasonsble degree of ourity was therefore about
14 per cent of theory. ‘

The experiment was repeated, using a smaller excess
of antimony trifiuoride. Accordingly, 97 g. (0.532 moles) of
(CoHg) 2P0L, 32.7 g. (0.18% moles) of EbF3, and 3 g. of b0l
were heated together, and the distillate which was caught at
& bath tempersture of 225 to .254° C. was refractionated through
a short column at atwospheric pressure. About 22 g. of licuid
(9.7% F) distilled at 169 to 201° C., and 30 g. of distillate,
mostly unreacted triethyl‘orthophosphate, was caught at 201
to 216° C. The 22égram freaction represented 2 21% recovery
of dilethyl monofluorophosphate.

These resulte show that only emall yields of the
Glethyl ester can be prepared in this manner, but the pro-
cedure is’so gsimple that the method may be consldered useful.

3. The Reaction of Ethylene with Monofluorophosnhoric

Acid.

This reactlon, which wes expected to prdceed accord-
ing to the equation ‘
(17) HpPO3F + 20pHY = (CpHg) pPO3F,
wasg investigeted first 2t atmospheric pressure and later at
superatmospheric pressures, but no diethyl monofluorophOSphafe
was lsolated, regardless of the reaction conditions imposed.

In the first experiment, 3 g. of Hgs0y in 15 ml. of
concentrated sulfuric acid was added to 100 ml. of anhydrous

monofluorophosphorlc acid in a gas washing bottle, and the
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mixture was allowed to stand et room tempersture as dry
ethylene was bubbled through it at atmbspheric pressure for
17 hours. Ethylene was then passed through the reaction
mixture for 40 hours at 40° C. before the product was neutra-
lized by nouring slowly into KOH solution with good stirring
and cooling. WNo linsoluble dlethyl monofluorophosphate was
observed, however, and only a very falnt ester-like odor
could be detected.

The experiment was repeated, using 3 g. AgpSOL in
place of HgSO&. Identical results were obtained.

A third experiment wae carried out at 140 to 145° ¢.,
but the acid mixture was\decomposed quickly at that tempera-
ture.

Two experiments were undertaken to study the effect
of adding dioxsne to the reaction mixture as a means of in-
creasing'the‘solubility of ethylene in the monofluorophosphoric
acld. 1In one of the experiments, 0.3 g. of Hgo80y, 5 ml. of
conceﬁtrated sulfuric acld, and 5 g. of dioxene were added to
4o g. of monofluorophosphoric acid, while in the second
experiment HgSOy was used in place of HgpS0y. In bofh cases,
ethylene was passed through the acid mixture for over 100 hours
at room temperature. Neutralization with agueous KCH required
nearly the amount of =lkall calculated to neutrallize the acid
mixture before treatment with ethylene, in@iéating little, if
any, reaction. No insoluble diethyl monofluorophosphate could

e lsolated from the neutral solution, but the cdor of the
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ester could be detected.

Acetic acid anhydride was used in the next experl-
ment as a catelyst for the esterificatlion reaction. A@pfoki;
mately 19 to 20 moles of dry ethylene was passed through a
solution of 204 g. of HpPOzF and 19 ml. (20 to 21 g.) of
acetlic anhydride over a period of 73 hours, including 53 hours
at a temperatube of 95 to 120° C. The reaction product was
neutralized with aqueous KOH, but extracﬁion of the resulting
solution with ether and subsequent evaporation of the solvent
vielded no diethyl monofluorophosphate.

Since the reaction was not successful at atmospheric
pressure, the next experiment was carried out in a stalnless-
steel autoclave under & pressure of sbout 200 pounds per square
inch., 223 g. of HyPO3F and 18 g. of 100% HoSOLy were welghed
into the sutoclave, and ethylene was forced in. from a pressure
cylinder. The sutoclave was shaken for 10 hours at room
temperature and % hours at 950 C., but 1little, if any, ethylene
appeared to be reacting, as there was no great drop in the
pressure in the reactor.

A similar investigation was carried out at a
pressure of 350 to 400 p.s.i., using 95.5 g. of HoPOF, 19.3 g.
of 100% Ho80), and 5 to 6 g. of Hg80y. Ethylene was forced
in to bulld up the pressure of the system to about 350 pounds.
The autoclave was heated for %5 hours at %0 to 120° C. with
agitation, and the reaction product was neutralized at 3 to

10° ¢. with aqueous KDH. Extraction with ether and subsequent
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evaporation of the solvent gave no diethyl monofluorophosphate.
The neutral agueous solutlon was evapoﬁate? to dryness, and the
s0lid salt was crushed end heated with absolute alcohol, but
practically no alcohol-soluble salt was recovered. £ince the
sodium salt of monoethyl monofluorophosphoric acid would be
expected to be soluble in alcohol, the investigation showed
that neither mono- nor di-esterification occurred under the

reaction conditlions used.

E. The Germicidal and Toxicologlcal Evaluation of Sodium and

Potassium Ethyl MOHOleOPOQhOS@hatG.93

1. Toxicology.

An acute toxicity test was carried out with a 2.5%
solution of NaCQHB?OBF by administering 1% to rats intraperi-
toneally at a level of 250 mg. per kilogram of body welght.

A slight irritation, as menifest by the way the animals
gcratched their noses, was noticeable about 2.5 hours after
injection; however, thils irritation disappeared a short time
later. The anlmals were sacrificed after one week, but no
perticular abnormalitlies were observed.

Skin sensltivity tests gave negative results when
1% solutions of the sodium and potassium galts were painted

onto the shaved backs of rats, and likewise when the appli-
cations were repeated three days later,

2. Germicidal Activity.

Tables II and ITI show the results of germicidal

tests on bacteria and yeasts. The tests were carried out in
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nutrient media at pH 6.& in the absence of additional organlc
matter, and therefore the results represent the activity of
the sodium and potassium sslts uncer ideslized conditions.
5 ml. of aqueous salt solution was transferred aseptlically into
sterile test tubes, which vere then placed in. a constant-
temperature water bath at 379 C. After the tubes and contents
had teen sllowed to reach the temperature of the bath, they
wére seeded with 0.5 ml. of an 1% to 20-hour broth culture of
the test organism, After 15 minutes contact of the organism
with the sslt solution, one standerd inoculeting loopful
(0.01 ml.) of the mixture was removed from the contact tube
and subcultured into brothh. One ml. of the same mixture was
plated on 80lid medium for the estimation of the number of
surviving organilsms, ‘

Table II includes Stephylococcus aureus, Pseudomonas
aeruginosa, and a spore-forming organism isolated from powdered
glue as orgenisme representative of pathogenic, Intestinal,
and air- and dust-borne bacterile, reSpectively. Identical
results were obtained with the sodium and potassium salts.
No germicidal asctivity agalinet the three test organisms was
obgerved,

In Table III, it should be mentioned that the low
count reported for 8. faecaiis was a result of the difficulty

experienced in getting the organism to grow on poured plates.
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Teble II

15-#inute Contact of Organism with (1) 0.095% and (2) 0.95% of XCpHEPOZF or NalpHEPO3ZF.

(1) Total original inoculum

Total organisms after
contact

Total organisms after
contact and 1:1000
dilution (subculture)

(2) Total original inoculum

Total organisms after
contact

Total organisms zfter
contact and 1:1000
dilution (subculture)

S, aureus

>5 x 109

>100

growth

P, aseruginmosa

1.57 x 109

.
>10°

Spore~-forming aerobe

1,25 x 100

»10°

growth

p
2.5 x 10°

— —

>109
>109

growth

NN
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Table III

16-Minute Contact of Crganism with 0.95% KCEH5POEF or NaCEHgPQBF.

Organlsm

Lactobacillus
casel

Streptococcus
faecalis

Proteus
vulgaris

Torula
utilis

Baccharomyces
cerevisiae

Total
Initial

Inoculum

29, 250,000
&,750,000

78,500,000
144 000

119, 000

Total Organisms
after Contact

X Na
>10°  »10°
<107 2 x 107
>10®  >100
> 103 > l{)3
200 200

Totel Organisms
After Contact and
then 1:1000 Dilution
(subculture)

growth
growth
growth
growth

growth

a1l



113

Lactobacillus acidophilus, an organism found in the
mouth, is associated with dental caries by the production of
acid. Since fluorine compounds in general are of conslider-
able interest in orsl hyglene, it was desired to test the
effect of the sodium and potessium salts of ethyl monofluoro-
phosphoric acid on the acid production of the organism. The
experimental results, which are shown in Table IV, indlcated
that neither salt was effective in concentrations of 0.1%

even after a contact period of 96 hours.

Teble IV

Inhibition of acid production of Lactobacillus acldophilus

ag indicated by pH values.

Contact pH
time in  Culture medium 0.1% K salt 0.1% Na salt
hours (blank) in medium in medium
ol 5.39 5.70% 5.28
hg L.,&3, L.7e, 5.31 U.82, 4.8, 5.35% 4,94, 4.5, 4.9
72 6.1%, 5,2 6.50%, L 7 5.53, L.&2
96 k.58, 5.09 L.g8, U4.53 1,99, U.65

* contaminated
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The effect of the sodium and potassium salts on
mold growth on & solid medium and in liquid medla is shown in
Tables V and VI respectively. It 1s seen that there was no
effect on the organisms in liguld media, while on agsr the
Aspergillus molds were found to be quite sensitive. At very
low concentrstions the salts produced a temporary mutation
in A. niger, with a resulting losg in ite ebility to produce
aspergillin, the typlcal black pigment in the spores of the
organism (see Fig. 5, page 115). Color development returned

after the second ftransfer to fluoride-free medla.

Teble V

0.2 cc. of 0.1% solution of the F compound added to a cup cut

into the agar layer in a Petri plate.

Diameter of zone of inhibition (mm.) on Czapek-

Dox Agar
¥Mold X salt Na salt

Penicillium

notatum no zone no zone
Aspergillus

niger 15 (43 p)*, 14 (Lo P) 12 (45 P), 1o (47 P)
Aspergillus ‘

flavus 3% P, 35 P, 35 P, 31 P 31 P, 35 P, 33 P, 23 (42 P)

* (Values followed by P indilcate zcnes of partial inhibition,
resulting in the prevention of the formastion of pigment.

See Fig. EB.)

S
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Figure 5
The effect of traces of sodium and potassium
selte off(GBH5)HP03F on the nigment-producing
ability of A. niger (see Table V), showing a

smell dark zone oif dead or

white zone of orceniems nroducing colorless

spores, &nd, veyond that, a derk zone consigt-

o~

}.J«

ng of uwnaffected mold orsznlsms,
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Teble VI

0.099% of the F compound in Czapek-Dox broth.

Medium without

Mold F compound K salt Na galt
Peniclllium '
notatum ++++¥ ++++ ++++
Aspergillus
niger ++++ ++++ ++++
Aspergillus '
flavuse + + +

¥ degree of growth.

F. Isopropyl Monofluorophosphoric Acid.

Preliminary experiments on the preparation of iso-
propyi monofluorophosphoric acid and its potessium salt were
completed after the typlst had begun work on the first part
of this thesgis; therefore, only a limnited description can
be given et this time.

o isoprooyl polyphosphates were available for
reaction with hydrogen fluoride, and hence it was necessary
to prepare them by the reaction of triisopropyl orthophosg-
phate with phosphoric anhydride, in sccordance with the method
degserived for alkyl polyphosphates in the previously-discussed
patent of the Victor Chemicsl %iorl;s.BM As the orthophosphate
‘was not avalilable either, it was made by the following

method:lo3
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(18) 303H70H + POCLly + 30gHgN = (C3Hy)3P0y + 3CgHEN-HCL

When triisopropyl orthophosphate was reacted with
phosphoric anhydride a2t room temperature in the stolchilo-
metric ratic according to the equation
(19) 4(03Hy)3P0Y + P05 = 3(C3Hy)yPa07,
the reaction seems to have gone only as far azs the metephos-
phate stage, as shown in the following equation:

(20) (C3Hy)3POY + PgOs = 3C3H7PO3.

This was seen from the results of the splitting of the poly-
phosphate with anhydrous hydrogen fluoride. The reactlon
product was shown by distillation methods to contain almost .
nb diisopropyl monnfluorophosphete, which should have been
forumed on splitting tetralsopropyl pyrophosphate. Instead,
high-vacuum short-path distillation at 60 to 100° ¢. vielded
fractlons of unrescted orthophosphate containing as much as
72 per cent lsopropyl monefluorophosphoric acld, accordlng
to solubility experiments and fluorine analyses.

In esnother experimnent triilsopropyl orthophosphate
was reacted with phosohorle anhydride at room temperature
and then allowed to stend seversl days, during which time
the cloudy solution became clear. Subsecuent reaction with
hydrogen fluoride gave a liguld containing s mixture of
(C3H7)2POBF’ (§3H7)3P04, (CBHY)EHPOH’ and (GBH7)H?OBF, and
after partial purification of the desired lsopropyl mono-
fluorophosphoric acid by means of two short-path distillations,

1t was neutralized with potasgium hydroxide solution. The
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neutral solution was evaporated, and the residue was treated
with dry ether to remove any triisopropyl orthophosnhate.
After drying over P205, a hygroscoplc, white powder remalined.
Analysis gave 8.50% F, ss compared with ﬁﬁe theoretical
value of 10.55% F, thus indlcating a purity of 80%
(1—03H7)KP03F.

The potassium salt will be evaluated for 1its

germlcidel and toxicological properties.
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SUMARY

A method has been developed for the preparation of
diphenyl monofluorophosphate in yilelds approximeting seventy
per cent of theory according to the followlng ecuation:

2(CgHg)pPO3C1 + CaFp = 2(CgHg) oPOF + CaClo.

All attempts to prepare a monosulfonic acid of
diphenyl monofluorophosphate, however, resulted 1ln mixtures
of mono- and disulfonated esters. The monosulfonic acld,
which was desired for subsequent evaluation as a permanent
mothproofing agent for wool, could not ve 1lsolated from
these mixtures either as the acld or as a salt.

The stﬁdy of the reaction of hydrogen fluoride with
ethyl polyphosphates has indicated that the generel reaction

occurs according to the following mechanism:

OR + (n + 1)HF

0 0 0
f 4 !
P-0OH + n F-P-QH + F-P-0OR

SO

= RO~

Acéordingly, it was shown that tetraethyl pyrophosphate

(n = 0) of 95% vlirity was split by hydrogen fluoride to form
an equimolar mixture of diethyl phosphoric acid and diethyl
monofluorophosphate 1in nearly quantitative ylelds. This

reactlion represents g new and convenient method of preparing

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

dialkyl monofluorophosphates.

Commercial grades of the ethyl polyphosphates were
shown to be nixtures, in agreement with recent literature, amd
they were found to react with hydrogen fluorlde to give con-
siderable amounte of mono- and diethyl monofluorophosphates,
depending upon the relative amounts of the various poly-
phosphates meking up the mixtures. Ethyl metaphosphate,
hexaethyl tetraphosphate, diethyl discid pyrophosphate, and
pentaethyl triphosphate were all found to be satisfactory for
producing ethyl monofluorophosphoric acild, while tetraethyl
pyrophosphate was the moest satlsfactory for obtalining diethyl
monofluorophosphate.

Sodium and potassium salts of ethyl monofluorophos—
phoric acid, a néw compound, exhiblted an unexpected great
stablllity toward neutral, slightly alkaline, and even acildic
solutions. They showed no specific toxicity to memmals and
no germicldal asction toward bacteria and yeasts, with the
exception of Saccharomyces cerevisiae. The new compounds were
found to be quite effective germicides for molds. In minute
traces, i.e. 1n concentrations lower than the germlcldal dose,
the salts were found to produce a temporary mutation in
molds, whereby the plgment-producing ability of the molds
was inhibited temporarily. The poselbility of pharmacological
ugseg of these salts is indicated.

Isopropyl monofluorophosphoric acid and its

potassium salt have been prepered in impure form,
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