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Organofluorine compounds containing the groups O-Hal and O-O-Hal are surveyed. Methods of preparation, physical and
chemical properties, structure, and possibilities of practical application are examined. A list of 247 references is included.
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I. INTRODUCTION

A major achievement of organofluorine chemistry, based on
the use of elementary fluorine, has been the discovery and
study of new classes of compounds. Several of them contain
functional groups that are essentially strong oxidants, which
makes preparation of their hydrocarbon analogues almost
impossible. Examples of such compounds are, in particular,
many known organofluorine hypohalites and related 0-halo-
genoperoxides.

These two groups of compounds owe their existence and
relative stability to the alkyl fluorine atoms. This stabilising
effect comprises (i) shielding of the carbon skeleton by the
fluorine atoms and (ii) the inductive effect of fluoroalkyl
groups, which strengthens the oxygen—halogen bond. Among
the hypohalites the hypofluorites are more common than the
corresponding hypochlorites. The less common peroxides are
roughly equally represented by both halogens.

The first results on the synthesis and isolation of organo-
fluorine hypohalites appeared in 1948, when trifluoromethyl
hypofluorite CF3OF was identified1; the hypochlorite
CF3OC1 was first described in 1968;2 and the O-halogeno-
peroxides have been characterised quite recently. Methods
of preparation and individual properties of hypofluorites
have been surveyed in several general3"5 and specialised6"8

reviews.
The present Review summarises the vast amount of pub-

lished information on the preparation and properties of
organofluorine hypofluorites and on the related hypochlorites
and O-halogenoperoxides. It covers publications that had
appeared by the end of 1977 inclusive. Perfluoroacyl hypo-
fluorites8 are not considered.

I I . METHODS OF PREPARATION

Existing methods for the directed preparation of organo-
fluorine hypohalites and O-halogenoperoxides can be arbit-
rarily divided into catalytic and non-catalytic. Each group
includes various modifications, determined essentially by the
type of initial organofluorine or other compound, the type of
catalyst, and the experimental conditions. Carbonyl-contain-
ing compounds have been most widely used as starting mater-
ials for the preparations of organofluorine hypohalites. Reac-
tants for production of the O—Hal group are elementary
fluorine to obtain hypofluorites and chlorine monofluoride for
hypochlorites. The same reactants are employed in the
preparation of organofluorine O-halogenoperoxides.

1. Hypofluorites

The chief method for the preparation of organofluorine
hypofluorites is the catalysed action of fluorine on perfluoro-
acyl fluorides9"19:

+ Fa RFCF2OF .

Fluorides of sodium, potassium, rubidium, caesium, magne-
sium, calcium, strontium, barium, lanthanum, iron, copper,
nickel, and silver as well as mixed compounds of the type
CsHF2 or KAgF4 can be used as fluorination catalysts9.
Caesium fluoride possesses extremely high catalytic activity:
in its presence hypofluorites can be obtained not only from
carbonyl difluoride or fluorides of mono- and per-fluorinated
dicarboxylic acids10"16 but also from the unstable peroxy-
compounds (FCOO)2,

15 CF3OOCOF,17 and (SF5OO)2COF.18

The preparation of hypofluorites in the presence of caesium
fluoride is distinguished by simplicity and nearly quantitative
yields of the end-products. Fluorine and the acyl fluoride
are mixed in a vessel containing the catalyst, evaucated and
cooled to -196 °C, which is then warmed to room temperature11.
A disadvantage is the low ouput due to the need to use static
conditions and small quantities of reactants.

Fluorides of alkaline-earth and transition metals are weaker
catalysts than caesium fluoride, and require higher reaction
temperatures (25—100 °C). Their catalytic activity has been
examined in detail only in the conversion of carbonyl difluo-
ride into trifluoromethyl hypofluorite. The reaction can be
conducted in a flow system1.

In general the formation of hypofluorites from acyl fluo-
rides consists essentially in the addition of fluorine at the
carbonyl multiple bond. The reaction mechanism has not been
finally established: two possible alternatives, determined by
the nature of the catalyst, are postulated. In the case of
alkali-metal fluorides, especially caesium fluoride, it is
assumed20'21 that an alkoxide (I) is formed, which then reacts
with fluorine:

p \ F

(I) + F,

+ CsF RFCF,5Cs

(I)
RFCF,OF-t-CsF .

The second stage is classified22 as nucleophilic substitution
Sfl2 at the fluorine atom. However, it is more correct to
regard it as a one-electron transfer process, as e.g. in the
fluorination of the trinitromethyl anion by perchloryl fluo-
ride23.
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In the case of fluorides of metals of variable valency (silver,
copper, nickel) the role of the catalyst is essentially21 to
generate fluorine atoms, which initiate a radical process. A
mechanism suggested21 for the fluorination of carbonyl difluo-
ride is

_ cat.
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F + COFa

CF36 + F

2CF,6 ->- CF3OOCF:

2F

CF36

CF.OF

The chief arguments in favour of such a mechanism are the
formation of trifluoromethyl peroxide and the inability of
catalysts of this type to form alkoxides with perfluoroacyl
fluorides. A heterogeneous mechanism has also been sug-
gested21*, with formation of trifluoromethyl peroxide involving
chemisorption processes:

Ag (OCF3)2 + F2

Ag(OCF3)2

[Fa • Ag (OCF3)2] - AgF2 + CF3OOCF3 .

None of the schemes is entirely satisfactory. The true mech-
anism of formation of trifluoromethyl hypofluorite and perox-
ide is probably catalytic, as indicated in particular by results
for the activated adsorption of fluorine25 and the dipole
moment of carbonyl difluoride (0.95 D).1*

Acyl fluorides can be converted catalytically into hypofluo-
rites not only heterogeneously but also homogeneously. Thus
at -20 °C carbonyl difluoride and fluorine do not interact,
but in the presence of even small quantities of nitrosyl fluo-
ride under the same conditions nearly quantitative yields of
trifluoromethyl hypofluorite are formed10. The catalytic
action of nitrosyl fluoride is attributed to the ease of its
addition to the carbonyl bond:

COF2 + NOF tt CF3ONO

CF3ONO + F2 ->- CF3OF + NOF .

Because the addition of fluorine at the carbonyl bond is so
strongly exothermic, catalysis by fluorides of metals of vari-
able valency is in effect limited to the preparation of tri-
fluoromethyl hypofluorite. Since this product has high ther-
mal stability, it can be prepared not only from carbonyl
difluoride but also from such compounds as carbon monoxide
21*'26, carbon dioxide26'27, carbonyl dichloride, and methanolt
11)26. In all the above cases silver fluoride deposited on
copper catalyses the formation of both intermediate and final
products:

cat.
CO + F2

COF2 + F2

COF2

- CFoOF

Caesium fluoride, which is incapable of sorbing fluorine and
carbon monoxide, plays no part at the stage of formation of
carbonyl difluoride21*. Copper fluoride has a weak catalytic
effect on both stages. The fluorination of carbon dioxide to
trifluoromethyl hypofluorite in the presence of silver fluoride
(or difluoride) is a complicated degradative process accom-
panied by the evolution of oxygen and other products. In
the presence of the more active caesium fluoride, however,
carbon dioxide is smoothly converted into difluoromethylene
bishypofluorite11'28"30:

The high yield of this product and the possibility of obtain-
ing it from fluoroformyl hypofluorite13

FG*
OF

• CF2(OF)2

suggest that the activation of carbon dioxide by the catalyst
is analogous to that of an acyl fluoride or hexafluoroacetone12:

O=C=O + CsF tt [O=CFOCs] -4 FCr + CsF

(CF3)2 C = O + CsF ;± (CF3)2 CFOCs -4- (CF3)2 CFOF + CsF .

Despite unsuccessful attempts to isolate the intermediate
fluoroformyl hypofluorite, it is difficult to imagine a different
reaction path for carbon dioxide and fluorine in the presence
of caesium fluoride.

Non-catalytic methods for the preparation of hypofluorites
can be divided into gas-phase, liquid-phase, and solid-phase
according to the state of aggregation of the substances to be
fluorinated. The first group has been used primarily to
obtain trifluoromethyl hypofluorite by the fluorination of
carbon monoxide, carbon dioxide, or carbonyl difluoride. The
other two groups are suitable with certain limitations for
obtaining higher perfluoroalkyl hypofluorites.

In the absence of a catalyst carbon monoxide and fluorine
react smoothly at 300-400 °C.31 A good yield of trifluoro-
methyl hypofluorite is achieved by the use of two reaction
vessels connected in series, the first of which serves for the
formation of carbonyl difluoride.

Carbon dioxide reacts with fluorine at 200-300 °C:32

CO2 + F2 ->- CF3OF + VaOa

The reaction is autocatalytic, presumably with regeneration
of the fluorooxy-radical OF. Above 350 °C oxygen is accom-
panied by other products, which have not been identified. In
the photochemically initiated reaction detailed investigation33"35

has revealed the formation of the primary active radicals
O : C(OF) and O : CF.6. The same radicals probably occur
as intermediates in the thermal process.

Ultraviolet irradiation of a mixture of carbonyl difluoride
and fluorine gives an approximately 80% yield of trifluoro-
methyl hypofluorite3 6:

Fa + ftv -*• 2F
F + COF2 ->- CF36

2CF36^CF3OOCF3 •

The mechanism of this reaction has recently been reinter-
preted37

F2 + h\ -» 2F
F + COF2 ->- CF2OF

2CF2OF ->- (CF2OF)*

(CF2OF)2

(CF2OF)*2

conversion
wall;

' (CF2OF)2

CF3OF + COF2

(CF2OF)*2 + COF2 - (CF3O)2 + COF2

(CF2OF)2 + F2 -+ 2CF3OF
_ walls . , . _

CF2 (OF),

t The fluorination of methanol probably involves intermedi-
ate formation of carbonyl difluoride.

but this is not convincing. In contrast to the photoprocess
the thermally initiated reaction is reversible, with equilibrium
displaced towards formation of trifluoromethyl hypofluorite
below 250 °C.38

Among the above methods the fluorination of carbon mon-
oxide has the greatest preparative value. Its advantages con-
sist in comparatively simple apparatus, high purity of the
final product (especially in the presence of caesium fluoride),
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and the ready availability of carbon monoxide. Among other
gas-phase reactions, in which trifluoromethyl hypofluorite
has been isolated as a by-product, we may note the ultra-
violet-initiated fluorination of hexafluoroacetone39 and the
interaction of chlorotrifluoroethylene with nitrogen fluoride
oxide1*0, tetrafluoroethylene with dioxygen difluoride1*1, and
tetrafluoromethane with oxygen under the influence of
y-rays1*2. The formation of trifluoromethyl hypofluorite from
methane or fluoroform and oxygen difluoride**3 is of some
interest.

In the liquid-phase and solid-phase fluorination of organic
compounds hypofluorites have been obtained by treating the
starting material with fluorine in a static or flow-type reac-
tion vessel at temperatures between 20° and -78 °C. The
fluorine should be diluted with an inert gas; its concentra-
tion must be raised from 5—10% at the start of the experiment
to 20—50% at the end. The interest taken by research work-
ers in these methods is indicated by examples in which hypo-
fluorites have been obtained from trichloro- and trifluoro-
ethanol, hexafluoroacetone hydrate, trichloronitropropan-2-
ol, perfluoro-t-butyl alcohol'*'*"''8, trichloroacetic esters'*9,
higher polyfluorinated alcohols, salts of trifluoroacetic,
oxalic, and higher perfluorinated acids1*6'1*8'5 °~52, trifluoro-
acetyl nitrate1*5'1*6, and other compounds53'51*. Nevertheless,
they are ineffective as methods of preparation.

The chief defects of these methods are lack of selectivity
and low yields. For example, the sodium salt of hexafluoro-
acetone hydrate gives four different hypofluorites1*5:

/OH F
(CF3)2 C( —i

xONa
(CF3)2 CFOF + (CF3), C (OF), + CF,CF (OF), + C,F6OF .

Three hypofluorites are formed from sodium trifluoroacetate50:

F,,N,
CFa (OF), + C,F,OF + CF3CF (OF),

Hexafluoroacetone hydrate, in contrast to the sodium salt,
gives heptafluoroisopropyl hypofluorite and a large number
of by-products1*1*:

F..N,
(CF3),C(OH), (CF3), CFOF + CF3COF + CF4 + CJF, + COF, + CO,

Trifluoroethanol and trifluoroacetyl nitrite are converted into
pentafluoroethyl hypofluorite in at most 20% yield. Under
mild conditions sodium oxalate gives difluoromethylene bis-
hypofluorite55, but with rise in temperature trifluoromethyl
hypofluorite and peroxide are obtained51:

(COONa)2

— - CF3OF + CF3OOCF3

Highly selective fluorination occurs only with perfluoro-t-
butyl alcohol, which it is advisable to use in the form of an
alkoxide1*7:

(CF3)3CONa (CF3)3COF .

Attempts have been made to use oxygen difluoride to intro-
duce a fluorooxy-group into an organofluorine molecule. On
ultraviolet irradiation, a mixture of dichlorotetrafluoroacetone
and the difluoride gives mainly chlorodifluoromethyl hypo-
fluorite56. When perfluoroalkenes are treated with the difluo-
ride to obtain the oxides57, trifluoromethyl and other hypo-
fluorites are formed as by-products.

It has recently been shown that it is fundamentally possible
to prepare trifluoromethyl hypofluorite by the electrochemical
fluorination of carbon monoxide, carbonyl dichloride and
difluoride58"60, and more complicated compounds61, but the
yields are appreciably inferior to those of chemical fluorina-
tion.

2. Hypochlorites

Initial compounds investigated for the catalytic preparation
of organofluorine hypofluorites have been carbonyl difluo-
ride2 '62"69 , perfluoroacyl fluorides65 '69"73, and perfluoro-
ketones69"73, with as catalysts potassium, rubidium, and
caesium fluorides2 '67 '69 '70 '72, hydrofluoric acid and Lewis
acids [boron(III), arsenic(III), arsenic (V), and antimony(V)
fluorides]65 '66 '71 '73 , nitrosyl fluoride10 '66 '71, magnesium fluo-
ride, and fluorinated aluminium oxide62'68'71*. The first three
types of catalysts possess a wide spectrum of action; magne-
sium fluoride and alumina have been tested only in the
chlorofluorination of carbonyl difluoride.

The reaction of carbonyl difluoride with chlorine monofluo-
ride yields trifluoromethyl hypochlorite:

COF2 + CIF -—-• CF3OC1 .

Perfluorinated acyl fluorides and ketones give higher per-
fluoroalkyl hypochlorites:

RFCOF — ' - RFCF,OC1

( R F ) 2 C O — ^ (RF)2CFOC1 .

Catalysis by alkali-metal fluorides is essentially the same as
in the preparation of hypofluorites73. Owing to the polarity
of chlorine monofluoride75, however, the second stage—attack
on the anionoid centre of the alkoxide—is considerably
facilitated in comparison with fluorine:

RF-0
+ 1.

F5
• RPOCI + CsF

This is confirmed by the great selectivity, the mild condi-
tions , and the nearly theoretical yields of hypochlorites.

The effect of polarisation of chlorine monofluoride in the
ground state is clearly illustrated by the absence of reaction
with carbon dioxide70:

CO2 + 2CIF CF, (OC1)2

A possible reason for the negative result is that the mono-
fluoride (dipole moment 0.88 D) is removed from the reaction
zone, by forming with the catalyst a complex—caesium
difluorochlorate Cs+C1~F2—that is inert towards carbon
dioxide76.

On passing from alkali-metal fluorides to acids the action of
the catalyst is directed at chlorine monofluoride. With catal-
ysis by hydrogen fluoride as example it is assumed73 that
activation increases the positive charge on the chlorine atom
by protonation:

«+ 6- + _
Cl—F +H—F-*-Cl— F • • H - . - F .

This is followed by electrophilic attack on the carbonyl
oxygen and stabilisation of the carbocation:

r +
C=O + Cl—F—H---F

HF2-
\

CFQC1 + HF

In the case of catalysis by boron, arsenic, and especially
antimony fluorides the reaction velocity is increased by their
tendency to give onium complexes with donors of the fluoride
ion, e.g. chloronium hexafluoroantimonate Cl+SbFg.77

Nitrosyl fluoride is a homogeneous catalyst in the formation
of hypochlorites. As noted above it forms covalent adducts
(nitrites) with carbonyl compounds. The ability of such
nitrites to be converted into hypochlorite derivatives under
the influence of chlorine monofluoride is shown by the
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example of perfluoroisopropyl nitrite10:

(CF3)2CONO + C1F -» (CF3)j CFOC1 + NOF .

It is significant that nitrosyl fluoride not only has a direct
catalytic effect but also confers catalytic properties on the
surfaces of the reaction vessels: trifluoromethyl hypo-
chlorite is formed no less smoothly in stainless-steel
and polychlorotrifluoroethylene reaction vessels that have
been treated with nitrosyl fluoride and then evacuated
than in the presence of nitrosyl fluoride as catalyst10 '71. The
nature of the activation is unknown, although it is undoubt-
edly connected with the high sorbability of nitrosyl fluoride.

"Fluorinated aluminium oxide" is a catalyst distinguished
by a highly developed specific surface. It is prepared by
treating y-alumina with chlorine trifluoride62'68'71*. In its
presence trifluoromethyl hypochlorite can be obtained from
carbonyl difluoride and chlorine trifluoride, although the
product is contaminated with tetrafluoromethane and chloryl
fluoride7"'78:

COF, + C1F3 — - * - [CF3OC1F2] - ^ ^ CF3OC1 + CF4 + FC10a .

Non-catalytic methods for obtaining hypochlorites use
hydroxy-compounds—alcohols and ketone hydrates—as
starting materials72 »79"82. O-Chlorination is characterised by
great selectivity, which enables hydrogen, alkyl, and aryl
derivatives to be employed:

X (CF3)2C-OH -9Z-* X (CF3),C-OC1

X = H , CH3, Ar, CF3 .

A bishypochlorite can be obtained from hexafluoroacetone
hydrate72:

(CF3)2C(OH)2 - ^ - * (CF3)2C(OC1)2 .

However, an attempt to apply the reaction to perfluoropinacol
was unsuccessful79:

(CF3)2 C—C (CF3)2 —S

OH OH

(CF3)2C—C(CF3)2

OCI OC1

3. Organofluorine Halogenoperoxides

As with the hypohalites, catalytic methods are of the great-
est interest for obtaining organofluorine halogenoperoxides.
In the presence of caesium fluoride carbonyl and oxygen
difluorides readily interact to give a good yield of trifluoro-
methyl fluoroperoxide83'8"*:

CsF
COF2 + OF2 CF,OOF

The mechanism is similar to that discussed above for the
hypohalites85.

The mechanism of the formation of trifluoromethyl fluoro-
peroxide from the hydroperoxide

CsF.F,
CF3OOH CFoOOF

is not entirely clear86. Possibly caesium fluoride activates
the hydroperoxide by forming the hydrogen bond
CF3OOH.. .F~Cs + , which facilitates subsequent attack by the
halogen. This view is suggested by the ease with which the
same hydroperoxide is converted into the CIO-derivative by
chlorine monofluoride in the presence of sodium fluoride87:
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Other methods are the reaction of fluoroalkenes with dioxy-
gen difluoride, demonstrated with hexafluoropropene as
example90'91, and the fluorination of salts of perfluoro-acids,
in particular sodium trifluoroacetate52:

CF3CF=CF2 + O2F2

#0

OOF

CF3CFCF3 + CF3CF2CF2OOF
(75%) (25%)

CF:l C \ ,ONa
+ F2 -* CF3OOF + CjFaOOF

Because of possible ambiguity in the results very little
preparative value attaches to these reaction.

I I I . PHYSICAL PROPERTIES AND STRUCTURE

Under ordinary conditions the great majority of hypofluo-
rites obtained hitherto are gases having the characteristic
odour of fluorine. In relation to physical properties, spectra,
and structure the most fully studied of this group is t r i -
fluoromethyl hypofluorite. At -95 °C it condenses into a
colourless liquid of density 1.9 g cm"3. The heat of evapora-
tion , the standard heat of formation from the elements, and
the Trouton constant are respectively 3710 cal mole"1, -181.5
kcal mole"1, and 20.8." The energy of the oxygen-fluorine
bond has been estimated as 43.5 ± 0.5 kcal mole"1,92 and its
refraction is 3.89.93 Components of the dipole moment have
been found from data on the rotational spectrum91*. This
compound does not solidify at —215 °C.

The boiling point rises as fluorine atoms in the trifluoro-
methyl group are replaced by other atoms or groups. For
example, chlorodifluoromethyl56 and dichlorofluoromethyl
hypofluorites boil at -25 and 0 °C respectively.

Difluoromethylene bishypofluorite boils at —64 °C. When
placed in liquid nitrogen, it is converted into a transparent
vitreous material28#. The heat of evaporation is 4445 cal
mole"1, and the standard heat of formation -130.5 kcal mole"1.
The vapour pressure curve can be calculated by means of the
equation55 §

lgp = 7.530—971.6/1 .

The energy of the oxygen—fluorine bond has not been accu-
rately determined, but is most probably less than in tr i -
fluoromethyl hypofluorite.

Among perfluoroalkyl hypochlorites only the first two—tri-
fluoromethyl and pentafluoroethyl—are gaseous under
ordinary conditions. The higher hypochlorites are colourless
or slightly yellowish liquids. Trifluoromethyl hypochlorite
boils at -45.8 G9 or -47 °C,70 and solidifies at -164 °C.70 The
heat of vaporisation is 4684 70 or 5090 69 cal mole"1, and the
Trouton constant 20.7 70 or 22.4.69 The temperature depen-
dence of the vapour pressure between -131 and -54 °C is
given by the equation70

\gp = 7.413—1025/71 .

The corresponding physical constants for pentafluoroethyl
and heptafluoroisopropyl hypochlorites will be found in Refs.
69 and 70.

Some idea of the physical properties of the halogenoper-
oxides is given by published data on trifluoromethyl fluoro-
peroxide86 and chloroperoxide87. The former condenses at

_110oc» CFjOOCl + NaF • HF

According to patent claims88'89 this is a general method for
the production of organofluorine chloroperoxides.

# Another worker30 obtained a viscous liquid.

§ Here and subsequently p represents pressure in mmHg,
and T K is the temperature.
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-69.4 °C to a colourless transparent liquid of density 1.65
g cm"3. The heat of vaporisation is 4360 cal mol"1, and the
vapour density equation between -117 and -70 °C is

1 gp = 6.8764—673,9/7"—28442/P.
This peroxide does not solidify in liquid nitrogen. Trifluoro-
methyl chloroperoxide boils at -22 °C , and its melting point
is -132 °C. Other constants for this compound can be found
in Ref.87.

The infrared spectrum of trifluoromethyl hypofluorite con-
tains 12 fundamental absorption bands, among which that in
the region of 945 cm"1 corresponds to oxygen—fluorine
stretching vibrations95"97. The molecule has Cs symmetry
and is a somewhat distorted tetrahedron. Bond lengths and
angles are

C—F l,319±0,003 A; C—O 1.395±Oj0O6 A; O—F 1.421 ±0.006 A;

ZFCF 109.4±l°; ^COF 104.8±0,6°98-".
For analysis of the infrared spectra in terms of absorption by
carbon—fluorine bonds see Ref.100. The infrared spectrum
of difluoromethylene bishypofluorite contains 15 main bands,
2 of which in the region of 916 and 933 cm"1 have been
assigned to absorption by the hypofluorite group (stretching
vibrations)101. This molecule has C2V symmetry.

Detailed analysis of the infrared spectra of hypofluorites
has established that electron-accepting substituents (difluo-
roamino, nitro, trifluoromethyl)8 shift the band due absorp-
tion by FO-groups to lower wavenumbers, in the limit to
882 cm"1. It is interesting that in the Raman spectrum of
trifluoromethyl hypofluorite the v(O—F) band is more intense
than the v(C—O) band, whereas the opposite relation applies
in the infrared spectrum102. This was attributed102 to the
more covalent character of the oxygen—fluorine than of the
carbon—oxygen bond.

The many papers on the fluorine-19 magnetic resonance
spectra of hypofluorites10'11'28'29''*''''*5'55'101-105 have estab-
lished the most important fact of a considerable down-field
shift in the fluorine lines due to FO-groups (140—160 ppm
relative to the standard fluorochloroform), which indicates
a decrease in electron density on the fluorine atom. This
should tend to increase the energy of the carbon—oxygen
bond in hypofluorites. Indeed, mass-spectrometric measure-
ments of the ionisation of trifluoromethyl hypofluorite106 and
calorimetric determinations on difluoromethylene bishypofluo-
rite107 show that the energy of this bond exceeds on the
average by 10—15 kcal mole""1 those in hydrocarbon deriva-
tives of similar structure (alcohol, ethers). Further support
is provided by PPDP/2 quantum-chemical calculations on the
trifluoromethyl hypofluorite molecule108.

Investigations have been published69'70'86'87 on the infrared
and nuclear magnetic resonance spectra of organofluorine
hypochlorites and halogenoperoxides.

IV. CHEMICAL PROPERTIES

The reactivity of organofluorine hypohalites and halogeno-
peroxides is determined by the tendency to rupture of the
oxygen-halogen bond, the weakest in the molecule. Because
of the relatively low energy of rupture of this bond, radical
processes are most typical of these two groups of compounds.
However, in conformity with the diminished electron density
on the halogen atom, the hypofluorites also undergo hetero-
lytic reactions, in which they act as electrophiles.

The highly exothermic character of processes involving
these two groups of compounds often leads to the formation of
a relatively large number of by-products from direct decom-
position of these compounds, interaction of the substrate with

the decomposition products, rearrangements, etc. The fol-
lowing discussion of thermolysis and photolysis reveals
several views on such reactions.

1. Thermolysis

Trifluoromethyl hypofluorite and difluoromethylene bis-
hypofluorite are thermally the most stable among organo-
fluorine hypofluorites. In an enclosed space the former
begins to decompose at -200 °C, and the rate becomes appre-
ciable above 250 °C. In an already passivated nickel reaction
vessel reversible decomposition takes place109:

CF3OF ^ COF2 + F, .

Furthermore, small quantities of trifluoromethyl peroxide are
formed. Above 400 °C decomposition becomes irreversible
owing to interaction of fluorine with the material of the vessel.
Degradation of trifluoromethyl hypofluorite in a cold-glow
electrical discharge (quartz vessel) yields tetrafluoromethane,
carbon dioxide, oxygen, and silicon tetrafluoride, whereas in
a metal vessel the first two products are accompanied by car-
bony 1 difluoride and fluorine109. Degradation is retarded by
additions of carbonyl difluoride to the hypofluorite.

Difluoromethylene bishypofluorite does not decompose at
150 °C for several hours; at 250 °C after 3 h it is possible
to recover 40% of the initial compound. Such slow thermal
decomposition is described by the equation55

CF2 (OF), 4 COF2 + V A + F2 .

Under explosive conditions107 a more complicated mixture is
formed:

CF2 (OF), COF2 + CF3OF + CF3OOCF3 + CF3OOF + CF4 .

Another stable member of this group is tetrafluoroethylidene
bishypofluorite, which at 150 °C is only 5% decomposed after
6.5 h:1*5

CFaCF (OF),
—>• CF4 + COF 2 +VA

—'->• CO 2 +VA+ 3 / jS iF 4 .

Higher perfluoroalkyl hypofluorites are less stable. The
decomposition products depend on the structure of the alkyl
group: primary derivatives give alkanes and carbonyl difluo-
ride , secondary yield alkanes and acyl fluorides, and tertiary
form alkanes and ketones1*1*—e.g.

CF3CF2OF ~> GF4 + COF2

(CF3)2 CFOF 4 ( \ F

(GF3)3 COF 4 CF4 + (CF3)2 CO .

The tendency to form alkanes is due to stabilisation of inter-
mediate alkoxy-radicals by homolytic fission of a carbon-
carbon bond:

CF3CF2OF 4 CF3CF26 + F

CF3CF26 -*• CF3 + COF2

CF3CF2OF + CF3 -*• CF4 + CF3CF26 etc.

Thermal breakdown of higher perfluoroalkyl hypofluorites is
evidently a chain process, in which the presence of traces of
hydrocarbons, e.g. methane, may have a similar effect to
heating1*1*:

CF3CF2OF + CH4 -> HF + CH3 + CF3CF,6

CF3CF26 - • CF3 + COF2 etc.

This indicates that hypofluorites are potentially explosive,
and requires that appropriate precautions should be observed
when working with them.
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Perfluoroalkyl hypochlorites are considerably inferior to
the corresponding hypofluorites in thermal stability. For
example, trifluoromethyl hypochlorite decomposes completely
when heated to 165 °C:69

CF3OC1 4 - CF36 + ci

CF3OC1 + Cl -*• Cl2 + CF36

2CF36-^CF3OOCF3

C F 3 6 - » C O F 2 + F .

Produc t s of the thermal breakdown of pentaf luoroethyl hypo-
chlorite unde r still milder conditions are carbonyl difluoride,
tr i f luoroacetyl f luoride, chlorotr if luoromethane, chlor ine , and
chlorine monofluoride. The thermal stabili ty of the hypo-
chlori tes diminishes in the sequence

CF3OC1>C2F5OC1 > (CF3)sCOCl3* (CF,),CFOC1.

Hydrogen- and alkyl-containing hypochlori tes a re stable only
at room or slightly h igher t empera tu re s . Their thermal
decomposition yields polyfluorinated der iva t ives : e . g .

-• CF3COCH3 + CF3CI
CH3C(CF3)2OC1 y

, + CH3Cl .

The relatively high stability of organofluorine halogeno-
peroxides is somewhat unexpected: trifluoromethyl fluoro-
peroxide and chloroperoxide can be kept at room temperature
for a long time86'87. Heating the halogenoperoxide vapours to
100 °C is accompanied by decomposition:

CF3OOF X CF4 + O2

CFoOOCI COF2 -f CO2 + SiF4

2. Photolysis

The character of the breakdown products resulting from
the ultraviolet irradiation of organofluorine hypohalites and
halogenoperoxides depends on the conditions. Gaseous tri-
fluoromethyl hypofluorite gives a low yield of trifluoromethyl
peroxide36. Photolysis in an argon matrix110 (with A < 400 nm
at 8 K, followed by infrared analysis of the products) yields
only carbonyl difluoride. Monitoring photolysis of the hypo-
fluorite by electron spin resonance (e.s.r .) (at -196 °C,
mixed with nitrogen trifluoride or carbon tetrafluoride)
revealed the peroxy-radical CF3OO\ whose formation was
attributed to the presence of traces of oxygen111. Inter-
mediate formation of the radical CF3OOO' has been explained112

by photosensitised oxidation of carbon monoxide to the
dioxide on ultraviolet exposure of a mixture of the hypofluo-
rite with the monoxide and oxygen. The quantum yield of
carbon dioxide is -101* molecules.

Photodecomposition of trifluoromethyl hypochlorite at room
temperature gives a high yield (91%) of trifluoromethyl per-
oxide, and has been proposed as a method of preparation of
the latter69:

2CF3OC1 2*- CF3OOCF3 + C!a .

In an argon matrix (X < 280 nm), however, breakdown of the
hypochlorite is more complicated110:

GF3OC1 CF3OOCF3 + CF3OF +'COF, -f COFC1 .

In relation to the photodecomposition of organofluorine
halogenoperoxides it is known that they serve as sources of
perfluoroalkylperoxy-radicals, the products of whose
further breakdown depend on the nature of the initial com-
pound87'113:

CF,OOF5X CF,O6 + F ->• CF4 + O2

CFSOOC1 % CF,QOCFS + CIO, + O, •

3. Reactions with Inorganic Compounds

Perfluoroalkyl hypofluorites display both fluorinating and
oxidising properties towards inorganic compounds. Their
fluorinating power is somewhat weaker than that of elementary
fluorine; nevertheless, they can replace the latter in many
reactions.

Water hydrolyses hypofluorites considerably more slowly
than perfluoroacyl fluorides6. They react with aqueous
alkalis to form perfluorocarboxylates and oxygen11'1*'*''*5; a
.gem-bishypofluorite yields the carbonate55:

RFCF,OF + 4NaOH -+ RFCOONa + 3NaF + 2H2O + V A

CF, (OF), + 6NaOH -> NajCO3 + 4NaF + 3H2O + O2 .

Very dilute aqueous alkalis resemble water in their hydrolytic
action. Recommendations92 for the purification of trifluoro-
methylhypofluorite from traces of carbonyl difluoride are
based on this property.

Like elementary fluorine, hypofluorites readily react with
dry alkali-metal halides on being heated, with evolution of
the corresponding halogens :

The redox reaction with aqueous potassium iodide

CF3CF2OF + 2KI + H2O -* CF3COOK + I, + KHF2

has been proposed6'1*1*'1*5 for the detection and determination
of fluorooxy-groups.

Hypofluorites withstand the action of strong inorganic
acids. For example, perfluoro-t-butyl hypofluorite is only
5% decomposed after contact with 98% sulphuric acid for 2 h.1*1*

Dry quartz and Pyrex glass do not react with trifluoro-
methyl hypofluorite at room temperature6. Copper, nickel,
and stainless steel begin to react only when strongly heated6.
Alkali metals and mercury interact with hypofluorites on
simple contact111*. In the presence of mercury decomposition
is a radical process1*1*:

(CF3)3 COF + Hg -- (CF3)3 CO + V»HgF,
(CF3)3C6^(CF3)2CO + CF3

(CF3)3 COF + CF3 -»(CF3)3 CO + CF4 etc.

Interaction with ferrocene occurs similarly. Because of the
change in colour this reaction can be used to detect fluoro-
oxy-groups :

CF3CF2OF + 2Fe(C5HB)2

(orange)
CF3COF + 2FFe (CSH6)2

(dark blue)

In the absence of impurities trifluoromethyl hypofluorite
does not react with hydrogen at room tempera tu re , but a
reaction giving carbonyl difluoride and hydrogen fluoride
can be initiated by copper powder 6 . The most significant
example of the great fluorinating power of this hypofluorite
is i ts reaction with xenon to form the difluoride1 1 5 :

2CF3OF + Xe • XeF2 + CF3OOCF3

The reactions of trifluoromethyl hypofluorite with sulphur
and nitrogen derivatives are important. At 0 °C elementary
sulphur forms mainly the tetrafluoride, disulphur difluoride,
and carbonyl difluoride, presumably contaminated with the
unstable trifluoromethyl fluorothiosulphite and bistrifluoro-
methyl thiosulphite116. Addition at the carbon—sulphur mul-
tiple bond is observed with thiocarbonyl dichloride116, when
one of the addition products could not be isolated in the free
state:

CljC S jgo Q

» CljCF—S—OCF3

[ c l 2 C _ S F ,

OCF3

SF4 + COF2 + CF3OCFC12
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The less reactive carbonyl sulphide reacts with trifluoro-
methyl hypofluorite to form bistrifluoromethyl sulphite and
carbonate together with trifluoromethyl fluoroformate116.
Electron spin resonance has established117 that the radicals
(CF3O)2S'COOCF3 and (CF3O)2S*COF are formed as active
intermediate species.

Radical reactions include also those of trifluoromethyl
hypofluorite with sulphur dioxide and tridoxide and with
sulphur tetrafluoride. When heated to 175—185 °C sulphur
dioxide is converted into a complicated mixture in which
trifluoromethyl fluorosulphate and fluoropyrosulphate have
been identified together with bistrifluoromethyl sulphate and
pyrosulphate118.

The reaction with sulphur trioxide is more unambiguous:
CF3OF + SO 3 -^ CF3OOSO2F .

Even in this case, however, trifluoromethyl and fluoro-
sulphonyl peroxides have been isolated among the by-products.
Detailed investigations indicate92 that the reaction mechanism
involves the primary stages

CF3OF ;± CF36 + F

SO3 + F -* SO3F

2SO3F j± FSO2OOSO2F

CF36 + SO3F -* CF3OOSO2F

2CF36 -> CF3OOCF3 .

Reaction with sulphur tetrafluoride involves intermediate
formation119'120 of the radical CF3OS"F^, which under thermal
conditions121 abstracts a fluorine atom from the hypofluorite:

CF3OSF4 + CF3OF -^ CF3OSF6 + CF3O .

Ultraviolet exposure produces also bistrifluoromethyl tetra-
fluorodioxosulphate, in 10% yield122. It is significant that the
reaction with sulphur tetrafluoride depends appreciably on
the presence of particular impurities. For example, dis-
solved oxygen may be responsible for the formation of per-
oxy-compounds, and tetrafluorohydrazine for NN-difluoro-
amidosulphates123:

CF3OSF4 -f O, -> CF3OSF400 C F ' O S F < ^ CF:,OSF4OOSF4OCF3

CF3OSF4 + N2F4 -» CF3OSF4NF2 -f NF2 .

As a consequence of the ease of fission of the nitrogen-
nitrogen bond tetrafluorohydrazine causes decomposition of
trifluoromethyl hypofluorite even in the dark at room tem-
perature 12k:

I > COF2 + NF3

CF3OF + NF2

N2F4 ' -NOF + NF3 + CF4 .

For a similar reason the hypofluorite breaks down in the
presence of nitrogen dioxide125:

fission in the absence of a solvent and radiation, to give a
hydrazinium salt as a crystalline adduct:

CF3OF + NO2 -
IT

N2O4

> FONO + CF36

CF36 + NO2 -* FONO + COF2; FONO -*• FNO, .

However, ultraviolet initiation yields NN-difluoro-O-trifluoro-
methylhydroxylamine121*'126"128:

CF3OF + N,F4 ^ CF3ONF2 + NF3 •

Formation of similar derivatives from difluoroamine and
difluoromethylene bishypofluorite129 is a heterogeneous pro-
cess involving an alkali-metal fluoride:

CF2 (OF), + HNFa S - CF2 (ONF2) OF + CFa (ONFj), .

Perf luoro- t -butyl hypofluorite reac ts with te t raf luoro-
hydrazine in perfluoropentane on ultraviolet irradiation to
form a peroxide and ni t rogen trifluoride by homolysis of the
oxygen-f luor ine bond 1 3 0 :

2 (CF3)3 COF + N2F4 ^ j £ c + (CF3)3 COOC (CF3)3 + NF3 .

It has been s ta ted 1 3 1 that the bond undergoes heterolytic

( C F 3 ) 3 (CF3)3 CON2F6

However, this has proved incorrect21*7.
Perfluoroalkyl hypochlorites also exhibit strong polarisation

of the oxygen—halogen bond and a tendency to undergo
electrophilic processes. For example, they are very readily
hydrolysed by water, with the rate of hydrolysis decreasing
in the sequence79

(CF3)SCOC1>CHSC(CP,),OC1>(CF,)2CHOC1>
>CF,CH2OC1>(CH3)3COC1 .

Hypochlorites react smoothly with sulphur dioxide to form the
corresponding alkyl chlorosulphates in theoretical yield132'133:

RFOC1 + SO2 -z

The reactions of hypochlorites with compounds containing
negatively polarised halogen (boron trichloride, phosphorus
chlorotetrafluoride, and hydrogen chloride) are probably of
ionic type131*"136:

BCl,

RFOCI

RFOPF4 + C12

(RFO)3

PC1F,

Among these the reaction of trifluoromethyl hypochlorite with
hydrogen chloride is especially interesting, yielding tri-
fluoromethanol (m.p. -82 °C), which was stable up to
-20 °C:136

CF3OC1 + HCI _120o c - ^ CF3OH + Cl2

I »• COFa + HF .

From general considerations it may be suggested that in all
three cases positive polarisation of the halogen in the hypo-
chlorite and a deficit of electrons in the other reactant result
in a cyclic transition state:

Cl-----Cl

E1 = H, ^ B , ^ P

ElORp + Cl2

The reactions of hypochlorites with fluorine on heating and
with tetrafluorohydrazine on ultraviolet irradiation are of
radical type69:

F,

CF,OC1

Ji^CFfiNFt + a,

In contrast to certain organofluorine hypohalites, the
halogenoperoxides react only by a radical mechanism. With
trifluoromethyl fluoroperoxide products resulting from
cleavage at oxygen—fluorine and oxygen—oxygen bonds could
be isolated depending on the nature of the substrate. The
former bond is broken when the fluoroperoxide is treated
with nitrogen dioxide137:

-CF3OONO, + FNO, .

The reactions with sulphur dioxide and tetrafluoride involve
fission of the peroxy-bond138:

CF3OOF + SO2 -*• CF3OSO2F + CF3OSO2OSO2F

CF3OOF + SF4 -*• CF3OSF4OCFS + CF3OSF5 •

Attempts to bring trifluoromethyl chloroperoxide into reaction
with sulphur dioxide87 and the hypochlorite into reaction with
ozone139 have been unsuccessful.
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4. Reactions with Organic Compounds

The considerable literature on the reactions of organo-
fluorine hypohalites and halogenoperoxides with organic
derivatives covers addition at the multiple bonds C : O,
C : N, and C : C, as well as the fluorination of various satu-
rated compounds.

Among carbonyl derivatives the fullest information has been
obtained for the action of the difluoride on trifluoromethyl
hypofluorite, leading to formation of trifluoromethyl per-
oxide1 1*°-11*6:

CF3OF + COF2 j= CF3OOCF3 .

The reactants are heated in a static reaction vessel11*2'11*3 or
in the presence of a catalyst in a flow21*'11*3. The optimum
temperature of the uncatalysed preparation lies in the range
220-275 °C: up to 250 °C the equilibrium is displaced
towards formation of the peroxide, and at higher tempera-
tures slow decomposition of the latter begins. As could be
expected, the yield is increased by raising the pressure in
the system: thus with 100 atm at 275 °C the yield of the
peroxide reaches 91%.lh2

Detailed kinetic investigations have been made11*0'1"*5"11*8 on
these processes. The rate-determining stage is breakdown
of the hypofluorite with cleavage of the oxygen-fluorine
bond:
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CF3OF -* CF3O + F slow

F + C O F 2 + C F 3 6

2CF,6->-CF,OOCF
rapid

The possibility of the catalytic preparation of trifluoro-
methyl peroxide was discovered when the hypofluorite con-
terminated with carbonyl difluoride was stored in a steel vessel
for a year11*3. Further investigations showed that the reac-
tion is accelerated by the presence of fluorides of silver,
copper, nickel, mercury, cobalt, iron1"*3'11*1*, and caesium21*.
The fact that the peroxide is formed under mild conditions
(at room temperature) casts doubt on the suggested21 radical
initiation of the process. In the presence of the most active
catalyst (caesium fluoride) the reaction is probably analogous
to the formation of trifluoromethyl hypofluorite from carbonyl
difluoride and fluorine:

COF, + CsF ->- CF3OCs

CF3O^s + CF3OF -*• CF3OOCF3 + CsF .

Activation of carbonyl difluoride by the remaining catalysts
is probably not a chemisorption process. According to a
patent11*9 the peroxide can be obtained by the action of
chlorine trifluoride on carbonyl difluoride in the presence of
a fluoride of an alkali-earth metal, which is a modification of
the method based on the action of fluorine on carbonyl difluo-
r ide 1 " .

Difluoromethylene bishypofluorite, unlike trifluoromethyl
hypofluorite, does not give normal addition products at the
carbonyl bond150"153. As a consequence of degradation the
main products are bistrifluoromethyl trioxide and trifluoro-
methyl f luoroperformate:

CF2 (OF)a + COFa CF3OOOCF3

The latter compound on cautious hydrolysis gives the hydro-
peroxide151*:

CFoOOC
H,O

CF.OOH .

The reaction of trifluoromethyl hypofluorite with difluoro-
carbamoyl fluoride is also anomalous, with formation of
NN-difluoro-O-trifluoromethylhydroxylamine instead of the

expected peroxide155:

NF2COF + CF3OF—

• NF2OCF3

- NF,CF2OOCF3

The fluorination of perfluoroglutaryl difluoride yields per-
fluorofuran, whose precursor is assumed to be an unstable
fluorocarbonylperfluoroalkyl hypofluorite10:

I
CF2—CF2 .

The action of fluorine in cyclising copper and nickel hexa-
fluoroacetylacetonates into cyclic peroxides is probably of the
same type53.

Under conditions of thermal and photochemical initiation
trifluoromethyl hypofluorite reacts with carbon monoxide to
form the fluoroformic and oxalic esters156"159. The mecha-
nisms of photolysis and thermolysis differ in the first stage,
which serves as source of trifluoromethoxy-radicals:

CF3OF ^X- CF36 + F

CF3OF + CO A CF36 - COF

CF36 + CO -» CF3OCO

CF3OCO + CF3OF -» CF3OC^ -f CF3O

2CF3OCO ->- CF3OC(O)C(O)OCF3 .

At room temperature in the dark no reaction takes place159.
As a consequence of degradation, photolysis of a mixture of
the hypofluorite with hexafluoroacetone forms small quantities
of bistrifluoromethyl carbonate160:

(CF3)S CO + CF3OF ^ (CF3O), CO .

The reaction with carbon monoxide, like that discussed
above with sulphur dioxide, provides additional evidence of
the differing reactivities of fluorooxy- and chlorooxy-deriva-
tives. Carbon monoxide reacts with the more active hypo-
chlorites under mild conditions to give nearly quantitative
yields of perfluoroalkyl chloroformates61'69'79"81'159'161-163:

RFOC1 + CO ->- RFOCOC1 .

A kinetic scheme has been suggested161* for the photochemical
process, analogous to the formation of trifluoromethyl fluoro-
formate; with a pressure of 100 mmHg at 30 °C the quantum
yield is 101* molecules of the hypochlorite. In the dark, reac-
tion between carbon monoxide and trifluoromethyl hypochlo-
rite probably begins with bimolecular initiation, which is
secured by the relatively low energy of the oxygen—chlorine
bond (~38 kcal mole"1):165

CF3OCI + CO-.-CF3b + COCl .

The capacity for addition at the carbonyl bond in organo-
fluorine hypochlorites parallels their stability. For example,
the very unstable O-chlorinated perfluoropinacol obtained in
situ has only a weak chlorinating and oxidising action on
benzaldehyde166:

(CF3)2C (CF3)2( C F 3 ) 2 C — C ( C F 3 ) 2 - C P L , S

ONa ONa [ OCI OCI
•* PhCOOH + PhCOCl + (CF3)2 CC1CC1 (CF3)a

The direction of addition of organofluorine hypohalites to
compounds containing multiple carbon—nitrogen bonds is
consistent with the electrophilic character of the former and
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the donor power of the nitrogen atom. Because of the insta-
bility of the initial adducts the reaction is usually accom-
panied by degradation with formation of the corresponding
N-fluoroamines or fluorination of the carbon—nitrogen bond.
It has been shown for Schiff bases as example167"170 that
fluorination occurs mostly when the methine group is unsub-
stituted, but degradation occurs when alkyl or alkoxyl is
attached to the carbon atom:

R!N=CHR2
RFOF

II
F X

RFOF
- R ] N=CR 2 »• R*N—CFR2

X F A
RpCF

ROT, + R2CHX2 + - ^ l l _ [RiNF2-CHR2] - ^ U R>X + F2NCHR2

X X
Rl = Ar, Aialk, Cycloalk; R2 = H, Alk; X = RFO, F

Compounds in which the substituent X =CF3O are rarely met
among the products. If the reaction is conducted in an inert
solvent (e.g. fluorochloroform), derivatives with X = F are
obtained. If alcohols are added to the reaction mixture,
ethers and acetals (X=AlkO) are formed.

Because of the good yields of difluoroamines it has been
proposed to use the reaction between hypofluorites and
Schiff bases as a method of preparation169. Hypofluorites
prove quite useful also for obtaining azoalkanes171:

RC=N—NHR + CF3OF -

C!

[RCF—NF—NHR] —TH

CI

RCF—N=NR

CI

Perfluoroaza-alkenes react with organofluorine hypohalites
under more severe conditions:

CF2=NC2F6 + HalORF^HaI-N(CF3)C2FsHal=Cl,F; RF=CF3 .

Nevertheless, even this is characterised by a difference in
reactivity: hypochlorites do not require heating, whereas
fluorooxy-derivatives have a fluorinating effect at high tem-
peratures. This has been regarded172 as indicating a transi-
tion from an ionic to a radical mechanism.

A radical mechanism obviously operates in the reaction
between perfluoroguanidine and difluoromethylene bishypo-
fluorite173'171*, from which a large number of products have
been isolated. The only case in which a stable N-trifluoro-
methoxy-derivative has been obtained (in 30% yield) is the
photochemical reaction between fluorosulphonyl isocyanate
and trifluoromethyl hypofluorite175:

hv / C 0 F

FSO2N=C=O + CF3OF - » FSO2N^

The reaction between trifluoromethyl hypochlorite and cyano-
gen chloride reveals the strong chlorofluorinating effect of
the former on nitriles72 '176:

2CF3OCI + C1CN ->- CICFjNClj ( > 90%) .

Discussion of the reactivity of organofluorine hypohalites
and halogenoperoxides towards compounds containing an
ethylenic bond have some bearing on the problem of anomalous
electrophilic substitution, which has recently been widely
discussed177. Since detailed examined in relation to the
present compounds would be a major task outside the scope of
the present Review, we shall consider only the most impor-
tant points.

It must first be noted that the main criterion in assessing
the nature of processes involving the ethylenic bond is the
state of aggregation of the reactants. Reactions between
gases usually take place by a free-radical mechanism. In the
liquid phase organofluorine hypohalites and halogenoper-
oxides often exhibit electrophilic properties at the initiation
stage, attacking the substrate at the site of maximum electron
density.

One of the earliest studies of the chemistry of hypofluo-
rites had shown178 that ethylene and tetrafluoroethylene react
explosively with trifluoromethyl hypofluorite. Only great
dilution with nitrogen and ultraviolet irradiation enabled the
ethylene addition product to be isolated:

CF3OF + CH2=CH2 -* CF3OCH2CH2F .

It was later possible to subject tetrafluoroethylene41 and
other compounds179 to an analogous reaction (at a low tem-
perature in the absence of radiation):

CF3OF + CF 2 =CF 2 —rj

CHCI=CHC1 -£*&*h-

CF3OCF2CF3

-CF2(OCF2CF3)!!

• CF2 (OCHCICHC1F)2

The stabilisation of polymeric materials by trifluoromethyl
hypofluorite is a radical process180 '181:

nCF,OF
' —' 1—•̂ r^rv.r&j?

CF3 CFa CF3

CF-OCF,

— [—CF2CF=CFCF2NOCF2CFNO—]„-, -

CF, CFCFa

—CF2CFCF2CF2NOCF2CF-NO—] —I . . . "
OCF,

CF,

Fluoroperoxides add to alkenes:

CF3OOF + ^>C=C / - CF3OOC—CF .

Reaction of the hypofluorite with symmetrical dichlorodi-
fluoroethylene occurs similarly183.

Under poorly controlled temperature conditions hypofluo-
rites and unsaturated compounds form a large number of
products, as in radical reactions of elementary fluorine. A
similar result can be obtained in the case of intermediate
radicals showing little tendency to attack a multiple bond.
For example, the photochemical reaction of perfluoro-t-butyl
hypofluorite with a perfluorocycloalkene gives a complicated
mixture of peroxides, ethers, cycloalkanes, their dimers,
hexafluoroacetone, and tetrafluoromethane181*:

F OC (CF3)3

\ /

F2

F2

+

+ (CF3)3COF — r r

F,

+ 1 I " +
Fa\ JF,

F,

+ (CF3)3 COOC (CF3)3 + (CF3)2 CO + CF4

Fa F ^ ^ F ,
Fa

In the absence of ultraviolet radiation at 0 °C only decom-
position of the hypofluorite is observed. On the other hand,
with trifluoromethyl hypofluorite (ultraviolet exposure at
-60 °C) the reaction is highly selective, as is indicated by
the theoretical yield of perfluoromethoxycyclohexane.

The change in character of the reactions of organofluorine
hypohalites and halogenoperoxides with alkenes from radical
to electrophilic largely depends on the nature of the oxygen-
halogen and ethylenic bonds. As in certain reactions with
inorganic substances, such a change occurs primarily with
hypochlorites. It is apparent in intermediate addition of the
positively polarised halogen atom to the carbon atom possess-
ing the greatest electron density.

Trifluoromethyl hypochlorite reacts with vinylidene difluo-
ride to form in effect a single isomer185:

CF3OCI CF3OCF2—CH2C1 (96%)
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Similar orientation occurs with vinyl chloride185H

CF3OC1 + CH2=CH—Cl CF3OCHC1—CH2Cl

Trifluoromethyl chloroperoxide reacts similarly186:

CF2=CC!2 + CF,OOC1

CH2=CF2 + CF3OOCI -

» CF3OOCF2CC13 ( > 50%)

CF3OOCF2CH,C1 ( > 50%)

with formation of 2,2,2-trichloro-l,l-difluoroethyl trifluoro-
methyl ether and 2-chloro-l,l-difluoroethyl trifluoromethyl
ether (<10%) as by-products. Sometimes both isomers are
formed, but with the "normal" addition product predominat-
j 185,187,188.

CF3OCI CF3OCF2CFC1CF3 + CF3OCFCF,,C1

(70%)
CF3

(30%)

This is consistent with views on a radical-ion reaction
mechanism, in which polar effects play a leading part.

The occurrence of electrophilic attack at the site of great-
est electron density in the double bond is confirmed no less
convincingly by many reactions involving perfluoroalkyl
hypofluorites1*7'189"223. This property has not only theoretical
applications but also wide synthetic use for introducing
fluorine into biologically active compounds-nracil and cyto-
sine derivatives19^200, steroids201"211, sugars212"220, and
aromatic compounds189-193.

Because of the strong negative inductive effect of the
perfluoro-t-butyl group electrophilic properties are most
characteristically developed in the corresponding hypofluo-
rite. The latter reacts with hexafluoropropene and with per-
fluoroalkoxyethylenes1*7 to give predominantly the straight-
chain isomers:

CF3CF=CF2 + (CF3)3 COF -> CF3CF2CFSOC (CF3)3

R F OCF=CF 2 + (CF3)3 COF - RFOCFSCF2OC (CF,)a

the yield of "anomalous" addition products not exceeding 5%.
Hexafluorobenzene gives a substituted cyclohexa-l,4-diene189:

F OC(CF3)3

The 1,2-isomer is not formed, although in the case of tr i-
fluoromethyl hypofluorite both isomers have been isolated:

r \ / \ / :

+ CF3OF-

F

OCF3

(1 :2)

Addition of the latter hypofluorite to octafluorotoluene
requires more severe conditions.

These results and the reaction with hexafluoropropene
have suggested189 that the action of hypofluorites on unsatu-
rated compounds can be regarded as "electrophilic addition
involving a fluoronium ion". It must be emphasised that this
hypothesis applies only to the primary step—attack on the
substrate by a polarised halogen atom—whereas the overall
process obviously involves electron transfer. This is indi-
cated in particular by the appearance of dimeric products in

11 Trifluoromethyl hypochlorite has been subjected to reac-
tion also with ethylene and with tetrafluoroethylene.
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the reaction of hexafluorobenzene with perfluoro-t-butyl
hypofluorite. It is also possible that the formation of iso-
meric cyclohexadienes from hexafluorobenzene and trifluoro-
methyl hypofluorite is a result of a cage process177.

Trifluoromethyl hypofluorite adds at a double bond on
reaction with steroids190'202'20"'210-211, anhydro-sugars21"'216 '
217,219-22^ diphenylacetylene1 9 0 '2 0" '2 0 6 , s t i lbene 2 2 3 , and uracil
derivatives if an inert solvent (fluorochloroform, dichloro-
methane) is used. In several cases the corresponding difluo-
rides are formed also, as a consequence of the fluorinating
power of the hypofluorite:

PtC=CPh _^ao).» PhCF,CF(OCF3)Ph

PhCU=CIIPli -^5>- PhCH(OCF3)CllF

Trifluoromethoxy-derivatives are usually unstable, and pass
into hydroxy-derivatives on subsequent treatment (heating)
of the reaction mixtures. Treatment of such derivatives
with basic reagents leads to elimination of the trifluorometh-
oxy-group. It is assumed200 that an unstable alkoxide is
formed, e.g. +NH1|O~CF3 in the production of Fluorafur, an
effective antitumour preparation:

HN
I + [NH4OCF3]

R =

Unstable intermediate products are formed also when unsub-
stituted uracil is treated with trifluoromethyl hypofluorite in
trifluoroacetic acid containing water195:

TMH

CF.OF HN

NH/\O H

Y
I

If hydroxyl, alkoxyl, or acetoxyl is present as substituent
adjacent to the multiple bond, decomposition terminates in
ketonisation201-20"'210'211:

B =CH3, COCH3
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If the fluorinating effect of trifluoromethyl hypofluorite is
applied in the presence of methanol, the multiple bond under-
goes fluoromethoxylation199'201:

F X=H, Br, F
H

This extremely important experimental fact, together with
other observations, led several authors to consider reactions
between hypofluorites and activated unsaturated compounds
to be ionic199'201'203'210'216'217. The first stage is regarded199'
210,217 a s involving formation of a carbocation, whose subse-
quent reactions depend on the experimental conditions and
the nature of the substituents. In inert solvents the carbo-
cation is stabilised by capture of a trifluoromethoxide anion.
Electron-donor solvents (e.g. ether), which tend to stabilise
the carbocation, displace the reaction towards formation of
the difluoride:

F OCF,

*wu\c-c._ \
OCR

Electron-don' r substituents in- the unsaturated compound
have a similar effect. As the stronger base, methanol when
present adds to the carbocation.

A detailed investigation of the stereochemistry of the pro-
cesses, made on stilbene223, showed cis addition indepen-
dently of the nature of the products.

In the fluorination of aromatic compounds the electrophilic
properties of hypofluorites are evident as ortho and (more
rarely) para orientation when substituents such as hydroxy,
alkoxy, and acylamino are present in the ring190"193'221*:

OH

I
OH

I
OH
1

/X

1
F

This case of "anomalous electrophilic substitution" has been
reviewed177 in terms of cage and free-radical processes.

Under special conditions (ultraviolet irradiation) hypo-
fluorites react with aromatic compounds probably by a rad-
ical mechanism. Thus toluene is fluorinated in the ring and
in the side-chain225:

CH,
I

CF.OF.hv
-T8»C ~

CH2F

/X
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of the antibacterial B-fhioro-a-alanine232"235:

CHaCHjNH,, H*p'^7
Fff->- FCHaCHaNH2

hv CF OF
CH3CH (NK2) COOH — H F -'B°C* FCH2CH (NH2) COOH .

The high fluorinating power of hypofluorites is illustrated
by their reactions with amines and amides to give N-fluorin-
ated products236"238:

CF.OF
RNHX- •RNFX- RNF2+XOCF3 X=COR',

Amides in which the basicity of the nitrogen atom has been
diminished constitute an exception. Thus the relatively
inactive N-trifluoroacetyladamantylamine is fluorinated by
trifluoromethyl hypofluorite at position 3 of the ring sys-
tem239.

Organic compounds containing sulphur react variously with
hypofluorites. Disulphides and thiols undergo degradation2h°'

CF3SSCF:

HSC'v
>C (SH) CH2COOH

CF3SF3 +CF3SCF3 + CF4 + COF2

H3CX
>C=CHCOOH .

H X /

F OF

fe—

Aliphatic and cyclic sulphides form fluorothio-derivatives21*2'21*3:

H2C

H2C

CH
2 CF.OF H2C CH2

H2C CH2

Hypofluorites react very readily with compounds containing
labile functional groups, e.g. with diazo-ketones21*1*:

RC (O) CHN2 + CF3OF -*• RC (O) CHF2 + RC (O) CHFOCF3 R=C8H6,CH2C6H6

V. POSSIBILITIES OF PRACTICAL APPLICATION

A survey of published information on the chemistry of
organofluorine hypohalites enables us to recommend certain
reactions for practical use.

Thus various trifluoromethyl ethers possessing an anaes-
thetic action can be obtained by addition to halogenated
alkenes. Dehalogenation or dehydrohalogenation of such
ethers is of interest for the preparation of fluorinated alkyl
vinyl ethers. Perfluoromethoxyethylene was first obtained
in this way183.

Hypofluorites, being less active fluorinating agents than
elementary fluorine, can be used to obtain biologically
active preparations—5-fluorouracil195, fluorobarbituric acid201,
fluorinated cytosine bases199, Fluorafur200, etc.

Organofluorine hypohalites themselves are effective insec-
ticides , fungicides, and brightening agents for paper and
textiles 62~61*. Hypofluorites have been recommended for the
surface sterilisation of materials that cannot readily be sub-
jected to heat21'5. An important field of application of the
hypohalites is the initiation of polymerisation62"61*'21*6.

However, the high toxicity of organofluorine hypohalites
and their reactivity towards non-fluorinated organic com-
pounds make their use potentially dangerous. The precau-
tionary measures usual in work with elementary fluorine
must be taken when these compounds are used.

Photofluorination has enabled fluorine to be introduced into
the ring and the side-chain of other aromatic hydrocarbons
226-229̂  a n d m a n y aliphatic compounds to be fluorinated,
including such polymeric materials as polycaprolactam and
polyethylene230'231. The most suitable solvent for photo-
fluorination is liquid hydrogen fluoride, in which the process
occurs highly selectively, e.g. without affecting the amino-
group231. This property has been utilised in the preparation
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