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The Synthesis and Properties of Aliphatic Fluoronitroso-compounds
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The methods of synthesis and properties of aliphatic fluoronitroso-compounds are described systematically and the mechanisms
of their reactions are discussed. A section is devoted to a survey of the properties and applications of copolymers of fluoro-

nitroso-compounds.
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1. INTRODUCTION

Compared with their non-fluorinated analogues, fluoro-
nitroso-compounds are more electrophilic and the dissociation
energy of their C—N bond is low, which led to the discovery
of new reactions of both theoretical and practical importance—
in particular the ready copolymerisation of fluoronitroso-
alkanes with fluoro-olefins which leads to the formation of
fluoronitroso-rubbers with unique properties.

This review includes data up to 1981 inclusive.

Il. THE SYNTHESIS OF ALIPHATIC FLUORONITROSO-
COMPOUNDS

The first representative of perfluoronitrosoalkanes, namely
trifluoronitrosomethane, was obtained accidentally in 1936.
Ruff and Giese® obtained trifluoronitrosomethane in a low
yield by treating silver cyanide, containing an admixture of
silver nitrate, with elemental fluorine. Interest in substances
of this class was not renewed until the beginning of the
1950s when the chemistry of organofluorine substances
began to develop vigorously. A series of general and special
methods of synthesis, which have rendered available many
aliphatic fluoronitroso-compounds, were also developed at
that time.

1. Radical Reactions with Participation of Nitric Oxide

The first method of synthesis of trifluoronitrosomethane
from trifluoroiodomethane and nitric oxide was proposed by
Haszeldine®. Subsequently, this method was extended to a
series of homologues of trifluoronitrosomethane®~%, It is
based on the photochemical reaction of perfluoroalkyl iodides
with nitric oxide in the presence of mercury as the acceptor
of the evolved iodine:

[ fon N
Re—I Ry + I, Rp 2 Rp—NO »
ot 8 Hgl, .

It is of interest that, when higher perfluoroalkyl iodides
are used in this method in the absence of mercury, nitroso-
compounds with a shorter fluorocarbon chain are formed in

addition to the corresponding fluoronitroso-compounds®:”:

. 0 hv
CF;3CF,CF, —]i» CF3CFCF,—NO; 2NO —> NOg + /3N,

CF(CFACF— 22> CFCF,CFy—ONO o CFyCFCFa—0 —p=gr
. CFyCFs ~22s CF,CF,—ONO T:‘:-» CFyCF—0 —5=gr;—~ CFs .
I no | o
CF4CF;—NO CF;—NO

The purpose of mercury therefore consists not only in bind-
ing the iodine evolved but also in binding nitrogen dioxide,
which appears on disproportionation of nitric oxide’. The
yields of fluoronitrosoalkanes synthesised by this method are
fairly high but the degree of conversion is low. It has also
been shown that this reaction can occur on thermal initiation®
but with a low yield.

Perfluoroalkyl bromides can also be introduced into this
reaction®, Unsaturated fluoronitroso-compounds have like-
wise been obtained in this way!®?!!:

CF;=CF~I CFy=CF—NO
+NO 2 (9%)
CFy=CX—CF;—NO ;
X=F (24.5%); X=H (34%) .

CFy=CX—CF,—I

Fluorodinitrosoalkanes can be synthesised by the radical
reaction of fluoro-olefins with nitric oxides393:%%*;

CF,=‘CF + 2NO 2™ ON—CF,—CF—NO ;
|
X X
X=F, Cl, CF,

Several other methods, based on a different procedure for
the generation of fluoroalkyl radicals and nitric oxide, were

proposed later!?-16;
b
CF4COOH + Cl—NO (o BINO) — gz ppmse > CFs—NO 3
i it
CE4—CF; (orCF,Cl) £ NO ———c“ef‘;———~’;"‘{‘2’ BSI_, CF;—NO ;

(CFa); C=0 + 2NO ™ 2cF,—NO ;
CFy—H -+ CI—NO =22 cF,—NO .

However, the need to work in the gas phase in a closed space
in apparatus transparent to ultraviolet light lowers the value
of this method for the synthesis of fluoronitroso-compounds
in large amounts.

2. Decarboxylation of Perfluoroacyl Nitrites
Yet another method of synthesis of fluoronitrosoalkanes,

based on the thermochemical and photochemical decarboxyla-
tion of perfluoroacyl nitrites, was proposed at the beginning
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of the 1950s:
R.—C—0—NO —3{52— R,—NO .

Several methods have been put forward for the thermal
decomposition of perfluoroacyl nitrites. Direct heating 1722
or contact with a high-boiling inert solvent?*-2° have been
proposed to reduce the risk of explosion in the process.

A version of the decarboxylation of perfluoroacyl nitrites
is their photochemical decomposition?¢~3?, In certain cases

perfluoroacyl nitrites decompose at the instant of formation®!:

o o)
I

> (CF3)aC—C—ONO s (CF3);C—NO .

|
(CF3)sG— C—F + Na—ONO ——

3. The Addition of Nitrosyl Fluoride to Fluoro-olefins

A method of synthesis of perfluoronitroso-compounds by
the addition of nitrosyl fluoride to fluoro-olefins was
developed in the 1960s. It was shown that, on passing from
tetrafluoroethylene derivatives to higher fluoro-olefins, the
mechanism of the addition of nitrosyl fluoride undergoes
inversion®?, Nitrosyl fluoride readily adds to tetrafluoro-
ethylene via an electrophilic mechanism in the presence of

boron trifluoride®®33:

F—NO + BF; — BF] + NO* ;

BF,
CFa=CFX — 2> &F,—CFX—NO —zpk— CF,—CFX—NO ;

X=F, Cl .

When X = F, the nitroso-compound cannot be isolated,
since it immediately gives rise to an oxazetidine on reaction
with a second tetrafluoroethylene molecule:

BF, CFy=CF,

CF,=CF, + F—NO > CF;—CF3—N=0 —~ CF;—CF;—N—0
L

I
CF3—CFy

Fluoronitrosyl compounds are formed via the same mech-
anism from alkyl perfluorovinyl ethers and nitrosyl fluo-

ride3373S.
RO—CX=CF; —>2—» RO—&X—CF,—NO 5 RO—CXF—CF,—NO ;
X=F, CL, Rg .

Nitrosyl fluorides add to higher fluoro-olefins via a nucleo-
philic mechanism in the presence of fluoride ions®%36:37;

CF;—C=CF, &> c&—lﬁ—cp, TNO ., (CFy)e C-x0 ;
|
X X X

X=F, CF;

The possibility of a radical interaction of nitrosyl fluoride
with tetrafluoroethylene to form difluorocarbene when the
reaction is initiated by ultraviolet radiation has been postu-
lated"’:

F—NO -+ CF,=CF, %% CF<—5F, + CFa—N—CI) + CF3—CF,—N—O

|
o CF, C‘F,—CF, CFy—CFy
(1) (1n (V)

CF,=CF, 23 2CF; 3
&Py + F—NO % CFy + RO —— CFyNO —Fa=Cfx
- CFy—N—O ;
€ |, ¢, + N—O— Cl,F,—‘CF,
Srytr, (m

CF,=CF, + F—NO'X3 F—?l—([)
CF3—CF,
CFy=CF, + CF, » CFy—CF, .

! R/

CF,
(n
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The following facts have been adduced in support of the
mechanism. In the absence of ultraviolet radiation, only
compound (IV) is formed:

CFy=CF; -+ F—NO — CF3—CF,—NO — =1

— CF3—CF3—N—2O .
& —tr,
(V)
When a mixture of compound (I), (II), and (IV) is irradiated,
compound (III) is produced in a low yield.

There have been a number of other studies in which
it was shown that nitrosyl fluoride adds to fluoro-olefins also
in the absence of a catalyst but at temperatures above 100 °C,
which lowers the yield of fluoronitroalkanes due to side reac-
tions.

Nitrosyl fluoride adds not only to fluoro-olefins but also to
other compounds with a double bond"*"*3:

36,37,41

F—NO,
CF,==C(CF3}—COF —— CFa—?(CFJ)—COF
NO

F
I F—NO, & <0 N
F ] —">‘ F ~—> &F;—CFy—CF;—COF %

— ON—CFz—'CFR—CFf—COF .

4. The Addition of Nitrosyl Chloride to Fluoro-Olefins

The first attempt to add nitrosyl chloride to fluoro-olefins*™*
led only to the formation of nitroso-compounds. However,
subsequently, using Lewis acids as catalysts, it was possible
to obtain chlorofluoronitroso-compounds in both liquid*’
(without irradiation) and gaseous*®™5° (with and without
irradiation) phases:

AlCl,

CFy=CFy + Cl=NO o Thase .
e — Cl—CF;—CF3—NO £5Cs__ NO 4 CFy=CFy ;
Fv,FeCly gas phase
CF,=CFy + Cl——NOgasp—T;—
o
FeCh, FeClNO —22

NO —NO
FeCl NO 2 FeCI;NO — FeClgNO 4 CI—N
ol . ? —» FeCI;NO + 2C1—NO

— M. CF,—S—CF—CFCl .
|

CF;—S—CF=CF, + CI—NO gas phase

NO

Nitrosyl chloride adds smoothly to fluoro-olefins in the
presence of potassium fluoride®®:77:

X—CF=C(CFy)y — 480 o X CFg—C (CE)y—NO

X=F, CgFs .

Fluoronitrosoalkanes can be obtained by the reaction of
nitrosyl chloride with organofluorine derivatives of mercury !
and also with 1-hydro-1-fluorosulphonyltetrafluoroethane’®:

(CF;—CXY), Hg + CI—NO — 2CF3—CXY—NO ;

-HgCly

FSO, idine  FSOs i FSO,

\CFH Pyt \—C—F Cl N? \CF—NO .
cFy” ¥ CFy = CFy”

5. The Interaction of Nitrogen Oxides with Fluoro-olefins

It has been observed®%®*® that tetrafluoroethylene readily
combines with nitrogen dioxide. Apart from a dinitroalkane
and a nitronitrite, a small amount of a nitronitrosoalkane is
formed under these conditions®3:

CFy=CF; 4 NjO, = OyN—CF,CF3—NQ; + OgN—CFyCF3—ONO + OgN—CF,CF3—NO

When nitric oxide is used, the yield of the nitronitroso-
alkane is higher®* ™%, As a consequence of its low reactivity,
pure nitric oxide does not react with fluoro-olefins in the
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dark®®. However, on irradiation nitric oxide disproportion-
ates with formation of nitrogen dioxide and trioxide, which
initiate the subsequent radical processes.

The addition of nitric oxide to fluoro-olefins can be initi-
ated also by adding chlorine, bromine®®, and oxygen®’. When
nitrogen oxides interact with fluoro-olefins, the N02 radical,
which initiates the process, attacks specifically the least
sterically hindered difluoromethylene group®’~%¢, Whereas
the interaction of perfluoropropene with nitrogen oxides®®
65:86 pesults in the formation of a small amount of a dinitro-
alkane in addition to the nitronitrosoalkane and the nitro-
nitrite, in the case of perfluoroisobutene a dinitroalkane is
not formed®%©3:

60,

CFy—CF=CFy —22 > CF,—CF—CF3—NO, -+ cn-'a—clx:—-crr,-woz +
|

NO ONO
+ CFy—CF—CF;—NO; ;
No,
(CF5)a C=CFy —='= (CF3)s C—CF;~NO, + (CFy); C—CF,—ONO .
ONO éwo

The interaction of perfluoroisobutene with nitrogen
tetroxide in the presence of potassium fiuoride leads to the
formation of perfluoronitroso-t-butane alone??:%®.

2t (CFy)3 C=N=0 + NO; .

(CF3)y C=CF; = (CFy)s C

Nitrogen dioxide adds to alkyl perfluorovinyl ethers®’ with
formation of fluoronitrosonitrates:

e
_ .4_/ ( -'-*RF_CI:F_?F—OR
O=N ’W /0 0=N  ONO,
o

Rp— —R

Fluoronitrosoalkanes can also be formed by the reaction of
phosphorylated imines with nitrogen trioxide®®

N=0

i 1e8 f
N,0
(CoH50);P—N==C(CF,), ——> (Cgﬂso)zl) /c(c1~3)2 % (CoH0);P —0—G(CFy),

Q
NO

0

6. The Synthesis of Fluoronitro-compounds from Fluorine-
containing Oximes

After the development of methods of synthesis of fluoro-
oximes, fluoronitrosoalkanes were obtained by the Pilotti
reaction®%7%:

Rp—CF= - [RF—CFﬁN—OHJ i~ Re—CFCI—NO .

! |
Ccl

Perfluoro-2-nitrosopropane has been obtained by oxidising
hexafluoroacetone oxime in anhydrous hydrogen fluoride”

Cry 0.

(CFy)a C=N—OH —Z53E— (CFy)y CF—NO .

7. The Addition of Nitrosyl Fluoride and Alky! Nitrites to
Ketens

Derivatives of carboxylic fluoro-a-nitrosoacids can be
obtained by the addition of nitrosyl fluoride and alkyl
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nitrites to ketens’2775;

ON—F, |
(CFg)eC=C==0 3 (CFy)yC—C—F 3

N=0
X
AN
c=c=0 00, C—C—0C;H;
CFy cry o
o] Q
X X X.
AN ON—OCF(CF5) N ” N “
C==C=0 N0ty Co—C—0 — C—C—F ;
CF cFy4 4 - S—q = (oralo=0 " /|
i NO  FA—C(CFg)y N=0

X =CFgy C(O)OR .

8. Other Methods of Synthesis of Fluoronitroso-compounds

When trifluoroacetohydroxamic acid was heated in vacuo,
trifluoronitrosomethane was obtained’®. The following reac-
tion mechanism is possible:

0 n
i ﬁ ('.F,-—-—E:N*‘

c
CFy—C—NH—OH ~ L= CFy—C—NH T —>
=

+f ) + ~OH =t
HO—C==N—CF; s HO—C=N~~CF; ~— HO—C=N—CF; —>»
H
HO-—CH=N-—CF; —> 0’-‘—'CH“"‘N—CF3 -_— CF3 NO + CHy==0 .

o H+

Difluoronitroacetic acid is converted into chlorodiftuoro-
nitrosomethane via several stages in a hydrochloric acid
medium®®

N7 s ING

OyN—CFy—COOH —> C=N C==N=0 | —— Cl—CFy—N=0 .

W T Non M | p
ol (
Cl

When tetrafluoro-a-hydronitroethane was allowed to react
with hydrogen chloride, the corresponding nitroso-compound
was obtained®!:

CF3—CFH—NO, T CFy—CF=N—0H % cp,—cr&:o —

(T[
—> CF,~CFCI—NO.

Derivatives of hexafluoro-2-nitrosoisobutyric acid can be
obtained by the substitution of the hydrogen atom in the
corresponding C—H acid by the nitroso-group on treatment
with trifluoroacetyl nitrite’®

_jedde |

(CFy),CX + CFB—-ﬁ—ONO
0

| c——CF3
H v
i
~—> (CFg),C—N=0 + CF3—C—OH ;
X =CN; OCoHg -
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Trifluoroacetyl nitrite can also be used to synthesise fluoro-
nitrosoalkanes from fluoro-olefins”®
o

ON~O>(quF.

(CF3)3 C= CF, (CFa )3 C™ — (CF3)3 C—NO .

111, THE PROPERTIES OF ALIPHATIC FLUORONITROSO-
COMPOUNDS

1. Characteristic Features of the Chemical Properties of
Fluoronitrosoalkanes

A tendency towards dimerisation is a characteristic feature
of non-fluorinated aliphatic nitroso-compounds®®®® and most
of them can exist in a monomeric form only in the melt, in
solution, or in the gas phase®

—R —R —>R— \Q\—R.,—‘_t R—N=%—n == R—N=N—R ,

Il (Il Il) I“) | ¥

o Lo 0d0- 0- 0 0 0

As a consequence of the decrease of the basicity of the
nitrogen atom in fluoronitroso-compounds, the latter do not
dimerise and they all exist exclusively in the monomeric
form®*. However, fluoronitrosoalkanes are also capable of
forming dimers on irradiation but with a different structure®:

CF
2CF,—NO % 3>N—o—No .
CFy

The inductive effect of the perfluoroalkyl group increases
the electrophilicity of fluoronitrosoalkanes and decreases the
C—N bond strength. Compared with their non-fluorinated
analogues, fluoronitroso-compounds are therefore more
readily reduced, are oxidised with greater difficulty, and
typically undergo reactions with nucleophiles and reactions
involving the dissociation of the C—N bond. In cycloaddition
reactions fluoronitroso-compounds behave as active dieno-
philes.

2. Oxidation of Fluoronitroso-compounds

Trifluoronitrosomethane is a strong electrophile and is
resistant to the action of oxidants (HNO,;, HMnO,, H,Cr,0,,
and Halz).as”87 The oxidation of perfluoronitrosoalkanes at
65—130 °C with hydrogen peroxide®”®® and higher metal
oxides""% has been described. In the presence of Hopealite
trifluoronitrosomethane is oxidised only at 150-200 °C; 8¢
nitroxy-radicals are also capable of oxidising trifluoronitroso-
methane®%1%9;

CF3—NO -+ O—N (CF3); — CF3—NO; .

CrNO

CFng\IJ—CF,CF,—N—CFa — CFa—I\ll—CF,—CF,—III-—CF, .
|

o) Q 0—N—-0 0o
J ) l )
CFy
/CFI_‘CFt\
s CF3—N—CF;CF;—N—CF; - CF;—N N—CFy
~CF,NO, 3 | N .
o N/

O

The most convenient method involves oxidation by liquid
nitrogen tetroxide. Secondary fluoronitroso-compounds are
then oxidised preferentially to nitro-compounds’®29792,

557

Tertiary fluoronitroso-compounds are oxidised by nitrogen
tetroxide and other oxidants only to nitrites®®:39:42:62:30,93,

(CFs); C—NO 9! (CFg); c—0—NO .

The formation of nitrites can be explained by the ready
radical dissociation of the C—N bond in tertiary fluoro-
nitroso-compounds.

3. Disproportionation of Fluoronitroso-compounds

Fluoronitrosoalkanes, including trifluoronitrosomethane,
undergo oxidative-reductive disproportionation over activated
charcoal (at 100 °C) to perfluoronitroalkanes and perfluoro-
azoxyalkanes’»88%%;

A
SRp—NO — ool

— Rp—NO; + RF—T=N—RF .
o}
In aqueous alkalis trifluoronitrosomethane disproportionates

at room temperature with formation of analogous products
7588594,

(8 TFRNO 1
CFy—N=0 —> CF3—I\II—O' LSy P _T_OETQ —> CF;—NO, +
C;H OH OH CFjy

NO
+ CFz—N—oﬂ RUEA OFy— mQ o CE N0
‘ Flu b, CF,

Higher homologues then decompose with formation of
carboxylic acids’-%%.%7;

‘ ~
cF,—cr,—crz—N—o — cFacF,-—CIlFﬁ«-—o 7 CF3CFg—CF==N—»0
“0H

b el
H,0

‘[:cpscf‘,— F——}»{-—»o:l—_ﬁ» CFa—CF=CF—N0]——> GFS—CF—?F—NO ==
] H

- CFa—ﬁ—CFH-—NO —»ch—cl—-OH + H—cm—m]—»co +F~ + NOj .

The radical-ion mechanism has also been proposed for the
alkaline disproportionation of trifluoronitrosomethane®’ on the
basis of EPR data:

CFy —N—0O- —11|1 —— 0 2 CFs—NO + OH
oH OH , SH_, CF,NO; -+ H,0
CFy—N=0 —% CF;—N—0- 0 CEy-N—N—CFy —oe s

| 4 ~oH

o~ 0
- CFS——N=III—-CF;,

(@)

Hexafluoroazoxymethane is also formed when trifluoro-
nitrosomethane reacts with iron pentacarbonyl®®:

CF3NO 4- Fe{CO)s — CF,—III:N——CF,, =+ CFg—N=N—CF; - decomposition products.
(o]

The preferential formation (90%) of hexafluoroazoxymethane
in the presence of reducing agents (sodium hypophosphite—
NaHPO3;) and the preferential formation (90%) of trifluoro-
nitromethane in the presence of oxidising agents (sodium
hypochlorite—NaOC1) °® can be explained by means of a
mechanism based on the hypothesis that charge-transfer
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complexes are formed®7:
o o 0 0"

CF g—N—N—CF;

i~
cwa-Nﬂ N—ClFy —>

“OH

—> OH + CFy—N—N—CF,
ot

A

nt {
A oF;—N=N—CF; ;
-OH

—NO “M5 Cry—N—0" _ﬁo':—l> CFy—N—0 > CFy—NO,

H 114

According to the authors, the reducing agent (NaHPO,)
binds hydroxy-radicals and prevents the formation of tri-
fluoronitromethane, while the oxidising agent NaOCl gener-
ates hydroxy-radicals and promotes the preferential forma-
tion of trifluoronitromethane:

NaHPO; - 20H — NagHPO, + H;0
NaOCl - HgO — NaCl -+ 20H .

.

Tetrafluoro-2-nitro-1-nitrosoethane®® hydrolyses to
difluoronitroacetic acid in the presence of alkali:

O;NCF3CF3—NO —it2:~ OgN—CF,—COOH .

It is believed®® that difluoronitroacetic acid is also formed
in an aqueous medium on ultraviolet irradiation or on heating,
via the intermediate formation of an azoxy-compound:

OH
~0

~L-N=N~—CF,CF,NO,

UVora
0,NCF,CF;—NO ——> [ 0,NCFy—CF

—
1,0 -F~

¥ (o)

Y . ; ("‘
0,NCF ;—CF=N—N—CFyCF;NO, T OzVCbg—i‘I— ———li—crrzcx?z—ivo? —_—
-0H 0 0 0

-OH

0,NCF,—C—OH + [:ﬁ——fli—-CFZCF;!—NOZJ ,—\,r TO—CF—CFNOy | =

P

(o]

H,0
O==CF—CFjNO; ~—==> HOOC—CF,NO,

4. Reduction of Fluoronitroso-compounds

Trifluoronitrosomethane is reduced by ethanethiol and
hydrogen iodide® to trifluorohydroxylamine, which is stable
in the form of the etherate:

HSC,H,

CF3NO + H—SCyHy — CF3—N—SCyH;
!

OH
CF;—NO -+ 2HI — CF3—NH—OH -+ I, .

CF3—NH—OH + 8 (CoHs)y

On reduction to hydroxylamine, a~chloroperfluoronitroso-
alkanes®>%? split off hydrogen halide with formation of the
fluorides of perfluorohydroxamic acids:

RF—C'F—NO 2, [RF-CF—T—OH —gi~ Rp—CF=N—OH .
a a H

Fluoronitrosoalkanes can be reduced also by other meth-
ods—by treating a solution of a nitrosoalkane and phenol in
ether with bromine and by catalytic hydrogenation. In the
former case the reducing agent is the bromide ion formed

when bromine interacts with phenol®®:

CF3—CFCI—NO + Br~.

. H+ .

—— CFs—CFCI—N—0~ CFy—CFCl—N-—OH —»
= ) )
—H%_, H¥ 4 Bf 4+ CF;~CF—N—OH

-
c

T CF3—CF=N—OH .
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In the catalytic hydrogenation of secondary and tertiary

fluoronitrosoalkanes the reduction leads to hydroxylamines®’1%;

{1},
{CF3)3C—NO ——> (CF3),C—NH—OH ;

N=0 [, pe N—OF .
] S

The attempts to reduce perfluoronitroso-t-butane to
perfluoro-t-butylamine by hydrogenation over Raney nickel
led only to the formation of perfluoromonohydro-t-butane—
the product of the hydrogenolysis of the initial nitroso-com-
pound. This finding confirms yet again the low energy of
the C—N bond in tertiary fluoronitroso-compounds.

Perfluoro-t-butylhydroxylamine has been obtained in the
form of the etherate by treating perfluoronitroso-t-butane
with tin dichloride’®!.

5. Pyrolysis and Photolysis of Fluoronitroso-compounds

The pyrolysis and photolysis of fluoronitroso-compounds
proceed with dissociation of the C—N bond whose strength
in trifluoronitrosomethane corresponds to 31-50 kcal mole™*
102-106

It has been suggested that in the photolysis of trifluoro-
nitrosomethane the trifluoromethyl radical attacks the oxygen
atom of the molecule of the nitroso-compound with [subse-
quent] formation of an N-nitroso-compound whose structure
proved to be erroneous!’’:

CF,—NO M R, + No ;
—N—OCF; —2 > CFy—N—OCF,
T
NO

CFy—

CFy-NO
—CF,

A mechanism involving the attack of the nitrogen atom by
the trifluoromethyl radical with formation of an N-nitrite,
whose structure was demonstrated, was proposed later!?8710%,

s CF—N—0 —X2 CE,—N—ONO

CF3—NO
|
CF; CF3
CFy~NO
—ery
Masson'®® suggested that another primary step is also

possible, in which the trifluoronitrosomethane molecule
passes to an excited triplet state:

—C'F"—gq—» CF—N—0 —°_, CF,—N—ONO .
|
CF, CFs

CF3—N=0 "% [CF,—N—0]

Since N, N-difluoro(trifluoromethyl)amine (CF,NF,) was not
found among the products obtained on irradiation of tri-
fluoronitrosomethane in the presence of tetrafluorohydrazine
(N,F,), it was also concluded that there is no primary photo-
dissociation of the C—N bond!!®,

Thermal decomposition of trifluoronitrosomethane results in
the formation of only trifluoronitromethane and low-molecular-
weight decomposition products!?!. The following mechanism
has been proposed to explain this:

4CF;—NO 25 4CF; + 4 No

CF

CFa—-No—ﬁ& |; I‘D —> CFy—N=N—0NO, | —>-CF, + N, +,

ASAN

. CF, . Si0, .
+ ofio o> No,—>  CFy—NOy, CFy ——3 CO, 1 SiFy ;
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or overall:
4CF,—NO 5> 2CF,—NO, - Ny + 2CF; (in the form of COy + SiFy) .
Apart from trifluoronitromethane, tris(trifluoromethyl)-
hydroxylamine and a polymeric product (—CF,~NF-), were
isolated from the products of the pyrolysis of trifluoro-
nitrosomethane at 250—300 °C:1?
CF,NO

———— NO + CF, - CF3—N—0 —2— CF,—N—OCF;
| |

CF,—NOZ CF3 CF,

__CRNO | CF;—NO; + [CF3—N] — CF;=NF — (—CFy—NF—), .

On pyrolysis, higher homologues of trifluoronitrosomethane
give rise to fluoroazomethines together with nitroalkanes"?>%
112,113 Two mechanisms have been proposed to account for
this finding"*'112: .

a) Ry—CF,—NO > RpCF, + NO

FCF2
ReCF,—NO —— > R.CF,— I\]I—CFSRF - Ru—CF=N—CFRp +
&
. RpCF,NO . . RCR,
4+ OF —22 > R.CF,—NO, + F ~ Re—CFy
(b) (CFy); CF--NO 2> (CFy), CF L NO
(CFy),CF No
(CF3)g CF—NO ——2"—— (CF;); CF—N—CF (CF3); —> (CF3),CF—N—CF (CF4); —
|
o ONO
- (CFa); CF—N—CF (CFy); + ONO - KO,
~RF|R UCF.CF UCFcr

(CFa)a C=N—CF (CFs);  (CFa)s CF—ONO (CF;); CF—NO,

v
(CF3),C=0 + F—NO ;

R=iso- CgFy, NO, NO, .

The first mechanism!!? gives rise to major doubts. It was
shown later that trifluoronitrosomethane can produce on
pyrolysis not only fluoroazomethines, like its higher homo-
logues, but also hexafluoroazomethane":

20K N0 =3 CFy—N—ONO —> CF—N==CI, + F—NO,

Cry
S0
2 N0y b sivs
. o
o CE=N—0 ,cp o CFy—N--0—N—0
20F j=NO —3= R | L —
Cry—N—0 CFy—N~=0—N—0
i
Gy

—>  CFy—N=N—CF,y 4 2 CFNOg5

ano CFy— 0
cry—No 225 |7—| —> CFy—N=N—O0NO,
\’W A

> CFy—N=N 5 CI'yN==NCFj.
—ON
On the basis of these data, it was concluded that trifluoro-

nitrosomethane can be pyrolysed via the "diazonium
nitrate", ! via the dimer (CF,),N—ONO, °® and via the
Andreades mechanism*'. On thermal decomposition of
a-chlorofluoronitroso-compounds“®’1*5, the products of the
substitution of the nitroso-group by a chlorine atom were
isolated together with nitroso-compounds:

CICF,—CFCI—NO -5 CICF,—CFCl 4- KO
CICF,—CFCI—NO 22 CICF,—CFCI—NO, + Y3 N;
CICF,—CF—NO —S&Fa=CFCl_, 1R, ¢F—NOJ] - CICF,—CECl, .
1
cl
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A study has been published recently*!® in which the com-
positions of the pyrolysis and photolysis products of per-
fluoronitrosopropane were compared. Photolysis results in a
more complex mixture of decomposition products:

CsF,—NO ; CoF3—N=CF—C;Fs + CoF;—NO; + (CqFy)y N—OC.F, ;
(72%) (11% (7%)
CsF,—NO 3 (C4F7); N—ONO (G4 7)2N OC,F; .
18 (30%) + (< 30%)
(CsF7)s N—NO, (CsF7)a N—C,F;
(< 309

(CsFa)a N—N (CgF,)q
(<< 30%)
In the catalytic fluorination of trifluoronitrosomethane!’
there is also a possibility of radical decomposition processes:

F;—NO 5 CEy—N—OCF; + CFy—N—OCF; .
| |
CF, F

An increase of the decomposition temperature of trifluoro-
nitrosomethane from 30° to 170 °C in the presence of silver
difluoride and of silver difluoride with a simultaneous supply
of fluorine increases the yield of tris(trifluoromethyl)-
hydroxylamine from 0 to 15% in the former case and reduces
the yield from 55 to 7% in the latter case'®:

_MFy P Asz *

CF3—NO ———— (CF;), N—OCF,

CF;—NO

6. Interaction of Fluoronitroso-compounds with Radicals

(a) Interaction with Nitric Oxide

Trifluoronitrosomethane reacts with liquid nitric oxide!!!
even at —100 °C with formation of trifluoronitromethane,
N-bis(trifluoromethyl)ammonium nitrite, and nitrogen. In
the gas phase the same products are formed much more
slowly. A mechanism has been proposed with the inter-
mediate formation of "diazonium nitrate": 1!

N0 CFy—

N0
CFy—NO ——>- l«J i‘) —> CF;—N=N—0X0, | —>

N
—  cF;+ N+ N0, X2 N0, 5

cFy + N0,—> CF;—NO,;

Cr R
CF N0 —3= (CF),N—0 —» (CF,),N—ONO;

or overall:

3CF,NO+3NO—CF,NO.+ (CF,),N—ONO+NO,+N..

Later it was possible to detect the intermediate adduct of
two nitric oxide molecules with a trifluoronitrosomethane
molecule!®:
100° -30°

CF;—NO + 2NO — CF3—N—0 —~ CF; 4+ N, + ONO, ;-
"
N N
CH,ONa ;7 _ZHNCHY,
| o o |
i I
CFs—ETIAOx\‘a + CH0—NO  CF;—N—OH - HN (CH;): + ON—N (GiH;)s |

I
N N
& 7

o o
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Ginsburg et al.!'? claim reasonably that nitric oxide cannot
attack trifluoronitrosomethane via a radical mechanism, since
radical species were not detected by EPR at temperatures
corresponding to the formation of the colourless adduct. A
different pathway leading to the formation of this adduct was
therefore proposed—via a complex of the trifluoronitroso-
methane molecule with two nitric oxide molecules, which is
stabilised as a result of electron transfer within the complex
without the liberation of free radicals:

CF3—N=0 CF3—N—0~ CF;—N—0—N=0
i - |+ -
O=N--.-..N=0 0=N—N=0 0=N

Apart from the dinitro-compound, an a-nitroketone is
formed on interaction of 1-nitro-2-nitrosoperfluoropropane
with nitric oxide®®

0,NCF;—CF (CF;)—NO O,NCF,~CF (CF3)—N=N—ONO, —
- O,NCF, CF (CF3) + N; + (‘,\No2 N9 2NO, 2 20NO

O,NCI‘,-CF (CF3)—ONO + O4NCF;—CF (CF3)—NOg
~ON

O,NCF,—CF (CF;)—0 OyNCF,—C (CF3)=0

————— >
-F (in the form of SiFy)

(b) Interaction with Fluoroalkyl and Other Radicals

When trifluoronitrosomethane reacted with the trifluoro-
methyl radical, generated photochemically from trifluoroiodo-
methane?%2!, N-bis(trifluoromethyl)ammonium nitrite and
tris(trifluoromethyl)hydroxylamine were obtained. The ratio
of the initial reactants does not influence the ratio of the
reaction products:

CF3—NO + CF3—I m, (CF3)y N—O—CF, + (CF5); N—ONO .

(1:1) (48%) (9%)
(2:1) (18%) (42%)
(1:2) (90%) (3%)

The following compounds were isolated in small amounts
from the mixture of products of this reaction'?!:

(CF3), N—?I—NO, (CF3)s N-rlq—Nog, (CF3)s N—zlq—o—cn .
CFs CF; CFs

In order to explain their formation, the mechanism

CFsNO

CF,—NO ™ (CF3)e N—ONO 2> K0, + (CFa) N
‘NO CF3

= (CF3)s N—III—O—CFa oo (CFiN—N “~—Zo ‘(CF,,),N—II!—ONO

CFg CF; CF3
(CFg)aN—N—NO <N0_| NO, (CFs)a N—?I—NO.
1
CF3 CFs

Analogous reactions lead to both homogen-
113,122,

was put forward.
eous and mixed hydroxylamines

’ hv R;“ 4 .
Re—NO + 2Rp—1 5 RF>N—O—RF ;
(I) Rg=Rp

(M) Rp +Rp .

A number of studies have been devoted to the interaction
of trifluoronitrosomethane with the trifluoromethyl radical,
generated in different ways—by the pyrolysis of trifluoro-
acetyl nitrite!?®, by the photolysis of hexaﬂuoroazomethane
and by the photolysis of hexafluoroacetone'®

> (CFa)N—N—0 55

Russian Chemical Reviews, 52 (6), 1983

Trifluoronitrosomethane reacts also with other substances
which are readily converted into radicals!?51%7;

CF3—NO - FSO,0—0SO,F — FSO;0—NO + FSO,0—CF; ;
CF3—NO + SyFyy — CF3—N~—O—SF;
|

SFs
. - RO OR

RO—NO ’2; RO _CR-NO \N <
CF3 CFs

(¢) Fluoronitroso-compounds as Radical-trapping Agents

On interaction with radicals, certain fluoronitrosoalkanes
form relatively long-lived nitroxy-radicals which can be
detected by EPR: 12812?

CF,—(IZF—N—CF—CF3, (CF4)s C—N—C (CFy); -
|
FO,S O SOF 0

By virtue of this property, perfluoronitroso-t-butane has
found applications?°~1%2 as a spin-trapping agent for long-
lived radicals:

(CF3)5 C--NO + R — (CFy); C—hlJ—R .
0

(d) Interaction With Carbenes

On interaction with bis(trifluoromethyl)azomethane, tri-
fluoronitrosomethane gives rise to a cyclic product!?®:

9CF3—NO -+ 2(CF3); CNy — %) CF;—N—C (CFj),
— O\ [¢] 4N, .
CFy—NO - (GE3)a CNs -+ (CFy)s C=0 9% c o

The authors suggested that hexafluoroacetone is formed as
an intermediate, because the yield of the dioxazolidine
increases by a factor of two when hexafluoroacetone is added
to a mixture of trifluoronitrosomethane and bis(trifluoro-
methyl)diazomethane.

Later, other workers-** confirmed this hypothesis also by
the observation that the interaction of trifluoronitrosomethane
with diphenyl- and dimethyl-diazomethanes results in the
formation of a dialkyl ketone:

134

2Rz—NO + R,CN; — le—r\i=1\142F + R,C=0 + N; ;
0
Rp=CF;, CsF;. R'=CgHs, CH; .

The following mechanism of the reaction between trifluoro-
nitrosomethane and bis(trifluoromethyl)diazomethane has
been suggested:

N—-0—C (CFa)u]

CEyNO

— (CFg); C=0 + CF;;—T:N——CF‘R .

CF3-—NO + (CFg)s CNy ——x;~ [CFs—

CFG_T=C (CF5)a w0

(0]

)
CFy—N—C(CF;)y 0
pd N
(CFg):C=0_, O (o]
N, /.
C (CFs)2

The authors believe that, when other diazoalkanes [Ph,CN,,
(CH3),CN,] are used in this reaction, a nitrone is not formed
and suggest a mechanism with charge transfer (at low tem-
peratures in the condensed phase):

0o O
o , P4
Rp—N----N—Rp —> |Rg—N—N—Rp —> RF—N—-—N—R —>
1 R,C—N)
R,CNy C—N
[¢]

—> Reg—N=N—R; + R,C==0 + Ny .
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Mixed fluoroazoxyalkanes were obtained in the same study!3*:

CF3—NO + CgH;—NO -+ RyCNy — CFy—N=N—C;F; -+ CF;—N=N—C,F, .
| {
o) )

On reaction with diphenyldiazomethane, perfluoronitroso-t-
butane gives rise to oxaziridine'®®, while other fluoronitroso-
alkanes react with diazoalkanes to form copolymers'®®137;

(CFg)s C—N=0 4 PhyCN; — (CF3)s C—N—0 + N, ;
N
CPhy
Rg—NO + X—CHN, — (——II\I—O——?H——),, +N;
R: X
Rp=CF,, CsF;; X=H, CF, .

Methylisonitrile deoxygenates trifluoronitrosomethane with
formation of a carbodi-imide®®®:

CF4—NO + E=N—CH; ~——gcmfegm, — [CFe—N] —— 0t

(e) Substitution of the Nitroso-Group

Substitution of the nitroso-group by a halogen. The low
energy of the C—N bond in fluoronitroso-compounds promotes
easy substitution of the nitroso-group. This was first
observed!!® in the thermal decomposition of 1,2-dichlorotri-
fluoronitrosoethane (see above). The nitroso-group is
readily substituted on interaction of secondary and tertiary
fluoronitrosoalkanes with halogens’®1*:

CF CF,
Ner—no 23 *NCF—Br -+ BrNO ;

FSO,” Fs0,” !
(CFs)s C—NO X% (CFp),C—X + X—NO 3
X=Cl, Br, I

1t is of interest that the substitution of the nitroso-group
in 2-chloro-trifluoro-1-nitro-2-nitrosoethane occurs only on
treatment with chlorine, while treatment with bromine and
iodine results in the formation of a dichloro-compound, which
is a disproportionation product of the initial nitrosoalkane:

Cl
0gN—CF;—CFCI—NO =% OyN—CF,—CFCl; - CI—NO

The formal substitution of the nitroso-group by a hydrogen
atom takes place on hydrolysis and alcoholysis of alkyl
hexafluoro- 2-nitrosobutyrates’**! and (hexafluoroisopropyl-
2-nitroso)diethyl phosphate®® and on interaction of perfluoro-
nitroso-t-butane with N,N-dimethylaniline, aniline, or
ethanol**?:

HyO(C,HIOH) |

X. X
Nc—C (0)OR NC—C(O)OR ;
SO De—c(0)

3 CF3
N=0 H
X=CFj; C{(O)OR
(CgH50)g P—O—C (CFy), —FaQGHOR, (¢ H,0), p—o_c' (CFs)s 3
| | I

o N=0 o H

H—7 " )—NX, —
N’/ ) O=N——<

(CF3); C—H +
| H-0GH, | O=N—0CsHs

X=H; CHs.

>_Nxt 5

|

o

T

(CF3)s C—N=0—

Interaction with tetrafluorohydrazine. On interaction with
tetrafluorohydrazine, the nitroso-group is substituted only
in tertiary fluoronitroso-compounds!*?~*** in which the dis-
sociation energy of the C—N bond is lowest:

CFa NF, | o CF,
CF;—C—NO ~ CF3—C—NF,; + CFs—C—N=NF .
R/ R/ R’ é

— CF3—N=C=N—-CH; .
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Primary and secondary fluoronitroso-compounds?®*2-145,146

form only fluoroazoxy-compounds via a radical mechanism®’:

Bp—NO 4 NpF, —> | CF—N—0:"NF; | > cy3—$=NF ;
’ 3
[¢]

Rg=CFj3, 0;NCF,CFy, C,HO—CFX (X=F, Cl, CFy)

Apart from fluoroazoxy-compounds, hydroxylamines and
N-nitriles were later isolated from the products of these
reactions!*’:

0sN—CFyCF;—NO —F¢, O,NCF,CF,—R\U:NF + (OaNCF,CFy)s N—O—CFyCF3NOy +
0
+ (O;NCF3CF3)g N—ONO + CFs—CF,—I\i=NF .

Q

A radical-ion mechanism was proposed in the same study
on the basis of EPR data for trifluoronitrosomethane®*”:

(o] [¢] (o} ?‘

Ii Il t .
Rp—Neooreeene N—Rg — | Re—N—N—Rg | = Rg—N—-0"

FaN—NFy FyN+—NF,

o
|
+ | Re—N—NF,—NF, —oRF——i\I=NF+ NF; .
o

(f) Radical Reactions with Trialkyl- and Trihalogeno-silanes

In the photochemical reactions of trifluoronitrosomethane
with trimethylsilane’*® and trihalogenosilanes®*?, the silyl
radical attacks the trifluoronitrosomethane molecule at the
oxygen atom, in contrast to all other radicals:

CFe—NO 4 Ry$i ™ CF;—-N—0SiR, —2¥» CF, N—OSiR, + Rs$i ;

|
H

R=CH,, CI, F .

This reaction is also catalysed by platinum*®:
. (CHW{SIH CF,NO
(CHg)s SiH + Pt 2 (CHg)s SiPtH ———=> [(CHy)s Si]s PtH, ———
- CF,«NH—O—-IIH [Si (CHs)s] ~ CFx—?T—O—Si (CHyg)s + (CHy)s SiPtH

H H
7. Reactions with Nucleophiles

(a) Interaction with Amines

The bulk of studies in this field have been devoted to tri-
fluoronitrosomethane. In these reactions the nitroso-group
resembles the carbonyl group. Trifluoronitrosomethane
reacts with primary alkylamines and cycloalkvlamines to form
azo-compounds®7>150:151;

~
CF;—N=0 —> CFS_T_NHQR—) CF;—N—NHR —r—)'HO CEy—N=N—R .
. o- OH :

H,NR

With decrease of basicity, the reactivity of the amines
falls'®®. The reactivity of various fluoronitroso-compounds
increases with increasing electrophilicity!>?.

a-Chlorofluoronitroso-compounds react with primary

amines’*® to form unstable hydroxylamines, which readily
eliminate hydrogen chloride:

Re—CFCI—NO -+ HyNR ~55~ RF—(‘ZF—IIIﬂNHR =T RF-CleIJ—NHR .
Cl OH o
The reaction of trifluoronitrosomethane with tertiary amines®®
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results in the formation of hexafluoroazoxymethane:

CFyNO

CFs—N:—;O ~ CFa—N=N—CF; + [(CHy)s NH] + CHy=0

N (CH)s o

The reaction of trifluoronitrosomethane with ammonia?®®°

leads to an unstable azo-compound, whose formation has
been demonstrated by chemical transformations:

CF;—NO + HNH —25(b0

Tf,‘c-l_ﬁ CF3—Cl + N,

-> [CF3—N==NH]— .fgj:? — CF3—NO 4 N,

. — [CFy=Ny] P&, CF,—P (Ph); .

The interaction of trifluoronitrosomethane with hydroxyl-
amine in an alcoholic medium leads to the formation of alkyl
trifluoromethyl! ether, while the product in an alcoholic
alkaline medium is difluoronitromethane®®’:

CF;—NO + HN—OH —22— [CFy—N=N—OH] ~*

CF4—NO - H,N—OH —2 0,

> CF;—OR + H;0 + N,
[CFFN 7Nufou} —g— [CFa=N—NH—OH] -

|
HO

— NHg + N3 -+ [CFy=N—OH] — CF;H~NO,
i
e]
Tetrafluoro-1-nitro-2-nitrosoethane is decomposed by

hydroxylamine to difluoronitroacetic acid*®?, while in an
alcoholic medium the alkyl ester of the acid is formed:

OuNCF,CF,—NO + H;N—OH —i5~ [0:NCF,CF;—N=N—CH] —
o)
N él B0 o NCE .
;> [0NCFyCFy—OH] ~—g~ | O,;NCF—C~F ] = OuNCF;—COOH ;
H
OsN—CF3CF3—NO -+ HyN—OH —22— O,NCF,CF;—OR —

NOH (5 NCF;—COOR + Ny

The reactions of trifluoronitrosomethane with O-alkyl-
hydroxylamines®®® result in the formation of azo-compounds,
while the reactions with N-alkylhydroxylamines® yield
azoxy-compounds:

CF3—NO + HeN—OR ~—p5~ CF;—N =N-—OR ;

CFy—NO -+ HO—NHR —=5* CF3-‘T:N7R .
¢
Hydrazine reacts with trifluoronitrosomethane®*%1%% to
form an unstable azo-compound, which decomposes under
the influence of chlorine to trifluoromethyl azide:

. Cls
CF3~NO - HyN—NH, —y5~ [CF5—N==N—NH,] —=~ CFN; + 2HCI .

Like primary amines, alkyl- and acyl-hydrazines form
aminoazo-compounds:
CF3—NO + HyN—NHX ~—g;5> CFs—N=N—NHX ;
X =R, C{O)OR

Trifluoronitrosomethane reacts with diamines*® to form
bisazo-compounds;

CFy—NO-+HyN—(CH,),—NH; 55,5~ CFa—N = N—(CH,),—N=N—CF; .

The reactions of primary aromatic amines and diamines with
trifluoronitrosomethane!®” also yield azo- and bisazo-com-
pounds respectively. 2-Aminopyridine and 3-aminopyridine'*®
react with trifluoronitrosomethane to give azo-derivatives,
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while 4-aminopyridine does not react with trifluoronitroso-
methane:

LN _H/ \l s CF,,—-N=N—-"/ AN
W \N)
CF;—NO +
HN—¢"\ CFS—NzN—H/ \,
N W

Electron-accepting groups in the a-position with respect
to the amino-group [(H,N),C=0, H,NCOOH] lower the
nucleophilicity of such amines and prevent their reaction with
trifluoronitrosomethane'®?,

Electron-accepting groups in the B-position with respect
to the amino-group (H2N—-CR1R2—COOR) do not prevent the
formation of the azo-compound®®®%1l, p-Aminobenzoic acid
also enters into this reaction!®?.

Carboxylic a,w-fluoronitrosoacids*'®® react with amines and
diamines to form azo- and bisazo-compounds respectively:

163

H;N—R —— HOOC—(CF,),~N=N—R
HOOC—(CFy);—NO -} — —
(CFa), - H,N7</; >7<=>\———NH,~1[HOOC~(CF,)4‘-N=N_< >_}
Radical-ions, formed via a charge-transfer complex, have
been detected by EPR in the interaction of trifluoronitroso-
methane with amines at low temperatures ®%:165;

2,

o} 0 - o o
! i
CEy—N--ooee N-—CF; -
1

0 0~
o
CFy—N—N—CF,

! i
H,NR . HeN'R _ H,NR

| |
> CF3—N- N-—CF, .

On this basis, the following mechanism of the interaction of
amines with trifluoronitrosomethane has been proposed®®:

— o o- —

T
CF3—N—N—CF,
|
HN'R

5 CFs—N=N—R + CF;—NO .
1y

The suggested mechanism for the reaction of trifluoronitroso-
methane with ammonia is

- 00 o~ - o -
2CF3—NO - NHy—> | CF, 71\:1—1\'1 ~CFy | CFWTJJ-CF,, -
o oNwH, _ NH _
T Z§:>N*OH .

(b) Interaction with Phosphorous Acid Esters and Phos-
pholans

The analogy between the nitroso-group and the carbonyl
group is manifested strikingly also in the reactions of
nitrosoalkanes with phosphorus acid esters. The Perkow
reaction between a-halogenocarbonyl compounds and trialkyl
phosphites is widely known?!®6-168;

o
I
x—c:—c‘:o + P (OR)s— >C=(|:——O—P (OR);+RX .

Allen®® showed that geminal halogenonitro- and halogeno-
nitroso-alkanes react analogously, forming the phosphates of
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the corresponding oximes:

(¢}

1
=0 - 2P (OR)g —>>C=N—-O—P (OR)g +RX + O =P (OR); ;

o (0]

Lo i
X— C|~N -+ P(OR), —>>C:N~OfP (OR); 4+-RX

[¢)
[
X—Cl—N

The first fluoronitroso-compound investigated in the reac-
tion with phosphites was trifluoronitrosomethane®®

2CF, —RO - P (OR); — CFs—III=N—CFs+ O=P (OR)s
o]
Several years later!’? the same workers proposed a radical-
ion mechanism for this reaction on the basis of an EPR study:
0 0 o 0 o

0
Il

CFy3—N----N—CF3 —= CFB'_N‘_PLTCFE > CF;~N—N=CF, | —>

$om), (RO ¥ (RO)gll’F
0

—_ ?;1=CF2 + CF—N —> CF;—N=N—CF, + O=P(OR),

(RO);P¥ g

By analogy with hexafluoroacetone!”

another version has been suggested!**:

, the possibility of

CF3—N=0 C¥y—N—0_ .-
+ P(OR); —>
CF y—N=0 Cly—R=<0 hS

A number of general features have been established in
studies of the interaction of fluoronitroso-compounds with
phosphite esters'’?~17%, The first step in the reaction is
attack by the phosphorus atom on the nitrogen atom. Neutral
phosphites react with tertiary fluoronitrosoalkanes to form
phosphazo-compounds:

P{OG), AN
—C~—N==P(OR); .

>L— (\"o —>>r—-\'—+von) —_—
h P(OR), e ‘| PIOR), -0=P(OR), _~

/ Cll .

The interaction of fluoro-o-halogenonitrosoalkanes involves
the intermediate formation of the O-anion of a hydroxylamine,
whose subsequent fate depends on the nature of the halogen
X:

ve +
(R0)3P/\v N—%n, — (Ro)gpﬁf—cnzx

|
g b

When X = Cl, the alkyl chloride is split off with formation of
the products of the Allen reaction:

(RO)»P )

o
o
% U | ven 4 ne
}L —> (RO),P—O0—N==CR, + RCl
CR
{\/ 2
ct
When X = F, the fluoro-oxime group acquires "pseudo-
halogen" properties as a result of the high strength of the
P-F bond and is split off with the alkyl group:

RQT
/N i
07 “F(OR), —> RC=N—OR + F—P(OR), .

<&~

as!

P(OR); —> CFa——i:N—CFB-{'- O=P{OR);.
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Trifluoronitrosomethane and perfluoronitroso-t-butane
react with acid phosphites to form phosphorylated hydroxyl-
amines (similarly to compounds with a carbonyl group!”%176):

>(:—1\ pﬁ(OR)Z >c-—N—;g(OR)Q———>—\—c —N—P(OR), .
ad | VAN . Y
) OH o (o HO ©
¢ Y

The interaction of fluoro-a-halogenonitrosoalkanes with
acid phosphites results in the formation of the O-anion of a
hydroxylamine, which splits off hydrogen chloride in the
presence of a chlorine in the a-position and an oxime in the
presence of a fluorine atom:

(Bo)ﬁ f\()
0
) <>] ——-—)-(RO)gﬁ——O—N=CB2+ HCL ;
(\/ CR, I
d
RyC—F
ZI \’

Q

X=F :—0/ \;(OR)Z —» R,C==N—0H -+ F—*ﬁ(OR)g

0

Similar reactions have been achieved with various a-chloro-
nitrosoalkanes and halogenoalkyl phosphites®’’. In this
case the products of the Allen reaction are also formed:

R’ —CFCl-—NO 4 X—P (OR); - R'—CF=N—0 P/ +Rc1 ;

—CFCI—NO +- X,POR —~ R’—CF:N—O—-PXz +RAl .
il
[}

It has likewise been established that, when the alkyl halide
is split off in the Allen reaction, the alkyl group is
abstracted only from the alkoxy-group and not the thio-
alkoxy-group:

RS O—N=CXY
\.P—CI+O:N—CXYCI—> \p/ +RC
o’ o/ !

et

N RS\
/P——OR —+ O = N—CXYCl —» /P—-O—-NZCXY —+RCl .
RS RS” 4

In subsequent studies®’®1%) it was shown that phospholans

containing at least one oxygen atom at the phosphorus atom
can also enter into the Allen reaction with o-chlorofluoro-
nitroso-compounds:

R— —O _/O—N=CFCI
P—Y -+ O=N—CFCl —» Y—P
R— | —x/ \X—CHR—CHR—CI ;
X=0, S, N—CHj; Y=0R, Cl, F, N{(CaH;), -

Having surveyed the available experimental data, Maleikin
et al.’®? proposed a mechanism for the Allen reaction which
we believe to be unlikely; it involves initial attack by the
unshared electron pair of the phosphorus atom on the posi-

tively polarised chlorine atom (cf.Dyatkin et al.!”*):

-+

. 3+ vy Ch Ci
—P + ClI—CFCI—N=0 —> >'§ (\CFCI — -\—p/
/ v
(0):1\1 O—N=CFCl.
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(c) Interaction with Other Nucleophiles
Like carbonyl compounds!®®, trifluoronitrosomethane com-
bines with sodium bisulphite®®*:

0 o
(\“/ Pbo,
CF3—N ¥ 5 o CF3-—-I]I—5020Na —2 CFS-—III—SO.ZONA .

C(J)' \ONa 0- 0

4

When nitrosoperfluoroalkanes were allowed to react with
Grignard reagents*®® and a-diketones?®®, the products of
the attack by the carbanion on the nitrogen atom of the
nitroso-compound were obtained:

5~ 8+ (H,0)
(CF3)yC—NO 4 R—MgX 3bip (CFS)EC*T‘R N
OH
R=CHj, GHs
0} 0
rR—c{ R'—c{) emo F—L rR—cd
R_C7CH - _)({:7(:"—————" R )é7C~—N—O' =" R_)é7C—]}I——O;
No No No CFs o CFs
X=H, CH, .

It has been reported®’ that carbanions can attack also the
oxygen atom in 2-nitrosoperfluoropropane:

R™ + O=N—CF(CFy, —>|R& + 6-—&1?@1?3)2:] —> RO—N==C(CFy); ;
F

R™= (CFy)4C, CeH; »

It may be that such interaction also takes places with other
carbanions'®®:

N C(CFy),

. /é(cmz
=N Rg—N, \)_ q ‘(/
G(CHy), —E=M0> K‘N\ —(CF),c=0
CH, (CF3 € C(CHZ),
Ry—N, CH,

N+

N==N,

(CF3)4C.

C(CHy),
CH,

(CFy,C

Rp=CF3, C3F7
8. Reactions with Unsaturated Compounds

(a) Interaction with Fluoro-olefins

The development of the chemistry of fluoronitroso-com-
pounds is perhaps most closely related to the discovery of
the reaction of fluoronitrosoalkanes with fluoro-olefins from
whose products copolymers with unique properties were
isolated. The interaction of trifluoronitrosomethane with
tetrafluoroethylene was first investigated by Barr and
Haszeldine'®® in 1955:

CF3—NO - CF3=CF; - CFg-—N—0 + (—N—~0—CF;—CF,—),,

|
CF;—CF; CF;

Later it was established that other fluoronitroso-compounds
(0,NCF,CF,NO, 51%° C,F.NO, and CICF,NO “¢) and fluoro-
olefins (CF, = CFH, }*!™1%% CF,=CFCL,*** CF,=CF-CFCl~
CF,CL,'® and CF,=CF—COF %) react analogously.

The ability of the copolymers and the oxazetidines formed
simultaneously to produce on pyrolysis fluoroazomethines
(in particular perfluoro-2-azapropane), with unusual chemical
properties and high reactivity, whose chemistry is still being
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investigated, constitutes a very important property:

CF3 " 550° (vac.) . cF .
o=y CFNOR
CF, 1CF,
400° (vac.)
(—IT-@-CF, CF, T-@—ct‘,@—), omer > CFy—N=CF, .
2
CF; CFy

Trifluoronitrosoethylene has very interesting properties,
which are a combination of those of a nitroscalkane and a
fluoro-olefin®1%%:197 Thijs fluoronitrosoalkene reacts with
both fluoro-olefins and with itself, forming oxazetidines,
polymers, and bicyclic compounds:

CF;=CF—NO + CF,=CFX -%>

CFy=CI—N——0 + {(—N—0-—CF;—CFX—), ;
CFy—CFX CF==CFy
CFy/=CF—NO —%3 CFy=CF—N—0 + CF,=C(l—N—=0

O=N—CF-—CF, CF —CF—N==0

QF/I————CF
+CF2/ S+ A /‘

N Cr,

0 CFy
i
0
CFy=CF~-NO —3 (—N—CF—N—CF—), %F—» (—N=CF—N=CF—),
R ol Zo=cF,
0~—CF,

The interactions of fluoronitrosoalkanes with fluoro-olefins
have a number of characteristic features.

1. At room temperature and below, a copolymer is formed
preferentially, while on raising the temperature to 100 °C,
the main product becomes an oxazetidine"®>5»58,189,191,194,196

2. The interaction of fluoronitroso-compounds with asym-
metric fluoro-olefins involves different modes of addition!!!.
When an oxazetidine is formed, the difluoromethylene group
of the olefin adds to the nitrogen atom, while on formation of
a copolymer it adds to the oxygen atom:

2 1
CF3;—NO + CF,=CXY —3> CFB—-!IJ—(’) + (—N—O0—CF,—CXY)n .

CF,—CXY CFy
3 4

3. Steric factors exert a significant influence on the forma-
tion of the oxazetidine"!»!'', The branching of the alkyl
group of the fluoronitrosoalkane hinders the formation of the
oxazetidine to a lesser extent than the branching in the
fluoro-olefin. If only one of the reactants in the interaction
of a fluoronitrosoalkane with a fluoro-olefin is branched in
the fluorocarbon chain, an oxazetidine with a substituent
predominantly in the 4-position is formed*»®%11  If both
reactants are branched, an oxazetidine is not formed. Only
in one instance has it been possible to obtain a cyclic product
in the reaction of a branched fluoronitrosoalkane with a sub-
stituted fluoroethylene®®®:

o}
. /
(CF;).CF—N:-O—{-?ClF:CF,—a(CFs),CF——ITl ) ICF—CF, .
CF, CFy CFy
CF—CF,
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It is of interest that non-fluorinated nitroso-t-alkanes give
rise to copolymers with both unsubstituted and substituted

fluoro-olefins%%:200;
R N R
R'—C--N=O+  C=CF;— (—N—O—CF,—CRR¢—), ;
Rz/ RY/
R—C—R?

1
R, R*, R? = alkyl, aryl, cyclozﬁkyl; R3,R*=F,CLH .

The introduction of hydrogen atoms into the tetrafluoro-
ethylene molecule diminishes the reactivity with respect to
trifluoronitrosomethane and prevents the formation of an
oxazetidinel®?,

When trifluoronitrosomethane reacts with tetrafluoro-
ethylene in the presence of phosphorus trichloride, cyclic
and linear derivatives of phosphoric acid are formed, while
in the presence of nitrosyl chloride or nitrogen trioxide the

products are N-nitrites and N-nitro-compounds??,291-203,
CFy~CFay
2CF;—N=0 + CF3=CF, + PCl, - CF;—N N—CF, ;
| |
o} 0
AN /s
Npct”
2CF3—N=0 - CFy=CFX + PCl3 — CF3—~N—CF;—CF=N—CF, ;
|

0—PCly
|

CF3—N==0 + CF3=CFX + Y--NO — CF3—N--CF;-—CFXY - CF;—N—CF,—CFXY ,
! |
ONO NO,

A unanimous view on the mechanism of the reactions of
fluoronitrosoalkanes with fluoro-olefins has not yet been
established. An jonic mechanism was proposed initially!®®

3+ 8- + - . CF3NO
CFS—N‘—"Oq CF.ZQGFQ —> CFg—N——O—CFZ—Cl‘Q e
CFy—N—0
CF,—CF,

+ - - )
> N—O0—CF,CF;—N—0 —> (N 0—CF—CF ),
!

CF3 , CF3 ' CFy

Later the same workers replaced it by a radical mechanism’:

R—NO—2 R 4 RO
NeO—F s R N—O _SE= s, R N—OCF,CF, - (—N—O0—CFy—CFa—),
|

!
I\QF Re Rp R
Rp—N=0 A R.—N—0 GG, R.—N—0
by ok,

The following facts have been adduced in favour of the
radical mechanisin., Irradiation of the reaction mass with
ultraviolet light or addition of t-butyl peroxide doubles the
polymer : oxazetidine ratio. The addition of hydroquinone
lowers by a factor of 2 the rate of reaction and diminishes
by a factor of 8 the polymer: oxazetidine ratio.

Crawford and co-workers!®3~2%" also reject the ionic mech-
anism on the grounds that the copolymerisation takes place
in an aqueous medium in the presence of classical deactivators
of carbanions such as CO,, BF; etherate, and TICl, and that
the presence of radical chain-transfer agents diminishes the
molecular weight of the copolymer. However, they claim that
the radical process is not initiated with homolytic dissocia-
tion of the C—N bond but takes place with formation of radi-
cals arising on interaction of the fluoro-olefin with the
fluoronitrosoalkane, which passes to the triplet state at the
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copolymerisation temperature:

- (—N—O0—CF;—CF;—),

L =CFy . .
Re—N=0 2 Ry—N—0-T=Fs 0o cF,ch—| R,
|
CFy > CF3—N—0 .
|
CFy—CFs

The study of mixtures of trifluoronitrosomethane with various
fluoro-olefins?°*"2°7 by EPR led to the detection of paramag-
netic species, which were assumed to be of the radical-ion
type. Having failed to detect biradical species, whose exis-
tence had been predicted by Haszeldine and Crawford (see
above), Ginsburg et al.?°® rejected the radical mechanism and
proposed a radical-ion mechanism according to which a mole-
cule of trifluoronitrosomethane, enriched by an electron
donor (the OH™ species present in solution, metal ions, or
the nuclophilic solvent), attacks the positively polarised
difluoromethylene group of the fluoro-olefin with formation
of a radical-ion, which enters into further reactions:

CFy==CFX CF, Lerx P
2—C

CFa—ﬁ- 1--N—CF; —> CFs—ﬁ~~ + N—CF; —> CF;—N—N—CF,| —»

ng &y) gé—n*'

0
i £y
(v)
CF,—CFX CF,—CFX
ot | CF3NO
—>D + CP‘3—$—T—CF3 —> CF,—NO + CFa—rlq
o 9 “vo 9
. CF,=CFX ' X
— (J—T—cp2—c1-x—1r'—-o‘ (—N—0—CF;—CFX—), *
-
CFy CF, ' CF,
CFy—N—0 —=> CF3—N—0
CF,—CFX CFy—CFX

It was established by low-temperature thermography2°” that
the formation of associated species (V) on reaction with the
electron-donating medium occurs at temperatures between
-130 © and -80 °C with evolution of heat. The radical-ions
(VI) are produced at higher temperatures. An electron-
donating medium promotes the appearance of paramagnetic
species at lower temperatures than in perfluorinated solvents
or in the absence of solvents.

The size of the substituent in the fluoro-olefin does not
influence significantly the ease of the above reactions. Nor
is there a clear-cut correlation between the inductive influ-
ence of the substituent and the temperature at which the
radical-ion is formed?°”.

A detailed study of the kinetics of the copolymerisation of
trifluoronitrosomethane and tetrafluoroethylene?°® again con-
firmed the hypothesis of the radical mechanism of the copoly-
merisation reaction. It was shown that the rate of formation
of the copolymer obeys the equation

9 [Cl/ot = K1 [CF3—NOJ'’* [CFy = CF,]

This equation is also valid for the gas phase and for a homo-
geneous solution in fluorocarbon solvents at temperatures
between -36° and -80 °C with different ratios of the initial
reactants. On the basis of this equation, the possibility of a
1:1 complex of the monomers is rejected, since the rate of
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formation of the copolymer would then have been proportional
to [CF3N0]1/2, and the following mechanism is proposed:

3CF3—NO — R1 4 R?
R? + CF, = CF, -> Ri— CF,CF,, R? - CFy==CF, — R:—CF,CF, ;

for chain initiation,

R—CFyCF, + r|\1:o - R—CFgCF,——I\II——(') ~CFa=CFs |, R—CF,CF,—N—O—CF,CF, .
|
CFs CF, CF;

for chain propagation, and

2 (R1—N—0) — copolymer
|
CF.

for chain termination. This mechanism requires a steady-
state concentration of the radicals proportional to [CFsNO1%/2,
which agrees with experiment. It has been suggested that
the chain propagation proceeds via the interaction of
R'-N-0 with tetrafluoroethylene. The presence of this

CF3
radical has been confirmed rigorously by EPR. The radical
R!-N-0-CF,~CF, evidently reacts very rapidly with tri-

|

CF,
fluoronitrosomethane, since it has not been detected in the
EPR spectra even in a mixture of trifluoronitrosomethane
with an excess of tetrafluoroethylene. The radical-ions
mentioned above?’” were not detected in the above study
and chain propagation via an ionic mechanism is thought to
be unlikely.

In the proposed mechanism?’® the structures of the radicals
R! and R? were not established but their concentration is
proportional to [CP,NO1*% which clearly confirms the three-
step initiation mechanism. The rate of formation of these
radicals depends greatly on the nature of the solvent, which
does not agree with earlier ideas concerning the initiation of
the process in the homolysis of the C—N bond in trifluoro-
nitrosomethane. It is also emphasised that the usual radical
process initiators do not accelerate the copolymerisation in
this instance. However, it has been established that the
bis (trifluoromethyl)nitroxy-radical initiates specifically the
copolymerisation of trifluoronitrosomethane and tetrafluoro-
ethylene.

Kinetic studies?%®:2°% of the formation of oxazetidine showed
that the rate of its formation obeys the equation

910)/6¢ = K,{CF,NO][CF,=CF,]

The authors concluded that this is not a radical-chain pro-
cess, since the kinetic data are consistent with a four-centre
transition state but do not enable one to distinguish between
a concerted mechanism and an ionic transition state.

A version of radical initiation was proposed?!® on the basis
of the electronic spectra of copolymers of trifluoronitroso-
methane and fluoro-olefins and the results of calculations by
the INDO SCFMO method. It involves thermal excitation of
the trifluoronitrosomethane molecule to the triplet state with
subsequent addition of a fluoro-olefin molecule to the nitrogen
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or oxygen atom:

CF,—N=0-> CF,—N—0 ;3
r N—O—CF,—CF; (A)
. |
CF3—N—O 4 CF,=CF, —| CF,
— O—N—CF,—CF, (B) >
|

CF,
CF, CF,
| |
N—O—CF,—CF, a=NO_, N—O—CF,CF,0—N  (C)

CF, CF,
| |
: N—O—CFyCF;~N—0 (D)

C’Fa (A) ‘

CFy—N=0 -

O—N—CFy—CF, SEs=NO _, 5_N—CF,CF,—N—0 (E)
| | I
CF; (B) CF, CFy

The excitation energy of the trifluoronitrosomethane was
estimated as 28 kcal mol™?, which is sufficient for the opera-
tion of the proposed mechanism. A regularity was observed
in the spectra of the copolymers (~N—O—CF,—CFX),, indi-

|
CF,
cating that, apart from the radical D (which is the main one),
there is a possibility of the formation also of other radicals
(C and E).

Simultaneously with the studies of Crabtree and co-work-
ers?%%:2%% gngd Clark et al.?!?, a report was published in 1972
21! concerning the interaction of trifluoronitrosomethane with
fluoro-olefins in a condensed phase in the presence of halo-
gens and sulphur dichloride as copolymerisation initiators:

XX’

CF,—NO - CF,==CFR > X—CFy—CFR—(—N-—0--CF—CFR—),—X' }

|
CF,
XX'=Cly, Bry, I, SCl,

A radical mechanism has been proposed for this reaction.
On the basis of the analysis of the EPR spectra, it is claimed
that the reaction is initiated by the trifluoromethyl radical
arising from a charge-transfer complex in which the halogen
molecule functions as the donor.

However, the authors?®!! claim that this is a special case
and that in general the copolymerisation of trifluoronitroso-
methane with fluoro-olefins takes place via an ionic and not a
radical mechanism and the latter is possible only under
special conditions (for example, in the presence of halogens).
Thus the problem of the mechanism of the interaction of
fluoronitrosoalkanes with fluoro-olefins has still not been
ultimately resolved at the present time but one should note
that the evidence for radical copolymerisation is fairly
convineing.

(b) Interaction with Perfluoro-olefins

Between 1962 and 1974, experimental data were accumulated
on the interaction of trifluoronitrosomethane with various
alkenes!38:205:212=21% 1t wag found that non-fluorinated
olefins have only partially the same properties as their fluo-
rinated analogues in relation to fluoronitrosoalkanes. Among
all the alkenes investigated, only styrene!®®, vinyl acetate?’®,
and methyl acrylate®!* react with trifluoronitrosomethane to
form oxazetidines, while only ethylene'®? forms a copolymer
by reaction with trifluoronitrosomethane with a yield of 75%
in 22 months at 20 °C.
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All other olefins form alkenyltrifluoromethylhydroxylamines
on reaction with trifluoronitrosomethane:

CF3—N=0 + CH;=CH—CH,R — CF;—»I}J—CH,—CH:CH*R .
OH

A mechanism postulating the intermediate formation of donor—
acceptor charge-transfer complexes was proposed for these
reactions®'S:

o o} - o -

I I 1 +

CFy—N-ev--- N—CF; - | CF;—N—CH;—CH—CHR |—
i |
CH;=CH—CH;R |_ CF;—N—0~

—o CFs—T—CH,—éH—CH,R = CFa—N—CH,—CH=CHR .
o OH

Haszeldine and co-workers?'? proposed a mechanism for
the interaction of trifluoronitrosomethane with isobutene
involving nucleophilic attack by a carbon atom in the unsatu-
rated bond on the nitrogen atom of the fluoronitrosoalkane:

PR 4
“2C‘Q /\} — crs—-rlz—m,z'—j:cﬂz
¢——CHy OH H,
CH,

Subsequently they developed this mechanism in greater
detail. It was shown in relation to 20 alkenes that in these
reactions the C(1) carbon atom attacks the nitrogen atom of
trifluoronitrosomethane and that hydrogen is transferred from
C(2) to the oxygen atom?'®+:

—N_‘O
D‘@

—> CFy;—N—CHD —CH=CH, ;
OH

1 2 1 2
CFy;—N=—0 -+ HyC=CH—CH;—CHy —> GF3—N—CH2——CH=CH— CHy
H

Allyl hydrogen is transferred from the least substituted
carbon atom:

1 2
H—CH==CH, ;
HO CH(CHy),

Fq—N=0 + (CHy),CH—CH=CH—CH; —3 CF;—N
1

(2) () | 2
CF;—N=0 + CHy—CHy—CH==CH—CH; ——3 CFy—N—CH—CH=CH, +
o © HO CH,CH,
+ CFg—N-~CH—CH=CH—CH; .
HO CH,

The least substituted carbon atom in the unsaturated bond
attacks the nitrogen atom:

CF—N=0 + cn3—cn—c

"'* CFQ_E_Ena \Cﬂa

Attack on the nitrogen atom of trifluoronitrosomethane by the
methylene group of isopropenyl acetate leads to the formation

+ The numeral 1 designates the carbon atom attacking the
nitrogen atom. The numeral 2 designates the carbon atom
from which the hydrogen atom migrates.
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of two products:

CFs——Nz\O7
HQCQ > } —> CF,—N—CH,—C—0—C—CHj ;
G——CH, H CH,
CI)——C—-CH3
g
H3c\ C{a
C—+O0 0 ¢=0
HQC§ b\gzcﬂa —> HyC,
nZLo¥ \N——O—CLCH:;
(|:F3 F3

(c¢) Interaction with Dienes

Trifluoronitrosomethane is one of the most reactive dieno-
philes in Diels—Alder reactions?!’. This was first observed
when the [2 + 4] cyclic adduct of trifluoronitrosomethane
with spiro-di-o-xylylene was obtained?!®:

CJJ(D + CF—N=0 —

or

Later it was shown?!® that a copolymer is also formed under
these conditions.

Trifluoronitrosomethane readily reacts with butadiene at
—-78 °C and an oxazine is formed in 97% yield:

N—CF;

A similar reaction takes place also with B-butadienylpyri-
dine??;

I s -

I/ \rrcu:cu»-cuzcn, + CFy—N=0 -
NSNS

On the other hand, nitroso-t-butane does not react with
dienes at all, while its perfluoro-analogue forms oxazines on
reaction with butadiene and its derivatives!®® at room tem-
perature:

N . '
(CFC—N+ R foom_ (cpy e TR
o J)-r

NS

Apart from the oxazine, a copolymer is also formed in this
reaction??!, The ratio of the cyclic product to the copolymer
increases as the reaction temperature is reduced, while in
the interaction of fluoronitroso-compounds with fluoro-olefins
the opposite behaviour is observed (see above).
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Cyclic conjugated dienes also enter into the Diels—Alder
reaction with trifluoronitrosomethane?!6:222;

N—CF; ;
<> e O
0
© + ﬂ«'—-CFa —
0
C\ . CriNO T—(kz D
0

Non-conjugated cyclic dienes form hydroxylamines on
reaction with trifluoronitrosomethane?'® as a result of the
attack of the carbon atoms of the double bond on the nitro-
gen atom and the migration of the allyl hydrogen atom to the
oxygen atom:

N—CF;
+ N—CF; —> |
1] OH
o]
N—CF,
N—CF; | cF,NO N—CF,
+ N—CF; —> | —_ N
ﬁ OH OH
o} 0]

Trifluoronitrosomethane is capable of functioning as the
dienophile also in relation to conjugated fluorine-containing
aliphatic!®:223,22% gnd cyeclic dienes?25-288;

//\J

xﬁc‘u (L T zCA_CFs

X,X —H,Cl,F

1II—CF3 ;

CF,

1 X1
X

F wt T N—CF, CF:,NO
FX + N—CF; —> H
F Il F 100° i
o
CF £
2
F Fy —CF; .
2 + N—CF, —> |
F, It Fy o
CF, o ¥y !

Hexafluorobutadiene reacts with various fluoronitroso-
compounds more slowly than butadiene?”’. The reaction with
trifluoronitrosomethane is slower by a factor of 40 and that
with tetrafluoro-1-nitro-2-nitrosoethane by a factor of 600.

A radical-ion mechanism of the interaction of trifluoro-
nitrosomethane with polyfluorinated and non-fluorinated
dienes has been put forward on the basis of EPR spectra???
(analogously to the mechanism described above).

An unusual [2 + 3] eycloaddition takes place on interaction
of trifluoronitrosomethane with hexafluoroacetone fluoro-
sulphenylimine???:

1 i
sy $
7\
N, N—CF; —> F. N—CF;
QA S
7N\ Fgc/
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(d) Interaction with Cumulenes

The interaction of fluoronitroso-compounds with cumulenes
has been investigated only in relation to trifluoronitroso-
methane. Like other unsaturated compounds, cumulenes are
capable of forming oxazetidines and polymers on reaction
with trifluoronitrosomethane.

Diphenyl ketone reacts with trifluoronitrosomethane to form
an oxazetidine, which can be pyrolysed via two pathways!3®:

CF;—N—0
CFg—N=0-+0=C=C(Phy)~ __ [‘| -

0=C—C (CsHy)s

~ CFy—N—C=0 +0=C (GyH)a
— CF3NO + O=C=C (CsHs)z .

Tetrafluoroallene reacts with trifluoronitrosomethane to
form a complex mixture of substances?*°, from which poly-
mers, oxazetidines, oxazines, and spiro-compounds were
isolated:

CF3—N=0 -+ CFy=C=CF, » (—N—o—ﬁ—ca—)n + (~-N—O—CF3~C—),, -+

CF, CF,
F, AN
7 N CF, 4 CFa— \/CFS
AN
F,, N—CF,

F,

CFy—N—0 - CFy—N—O + :
Lo

CFy=C—CFy CFy—C=N—CF; Fy___

/
(VID) (VIII) Fp

o—

Fa\/

The formation of compound (VII) is explained by the follow-
ing mechanisms:

CF,—N—O

D] Tomg CFe—N=C=CF; ——% cF,_ N—0
—C— [
CFR=C - CF, CFa—C(:Il;J)—CFg .
: v
CF3—N—0 ¢ CF;—N—0
3 _CRNO | M3 B TACF; - CF;—N—0
CFy=C—CFy CF;—C-CF, |
pTeh CFy—C=N—CF,
CF3—N—0* (vin

Compound (VIII) is formed from the tetrafluoroallene dimer
as described by Banks et al.?2?8:

CF, CF, Fy
7 7 Far "\

CFy=C CF—C N—CF; N—CF,
! I+ s . “ |

CF,=C CF—C 0 .
N\ N\ T N\

CFa . CFa Fp (VD).

The following mechanism has been postulated to account
for the formation of spiro-compounds:

C/}:F, - CFy /F,\ O—N-_CFs
s 2
o= 5 (EF'_? CFNO_ CF’;C‘ I\|I—CF3 cryNo_ CFy— 7 N\N—CF,,
CF=C CFy—C CF=C O B
Nep. | N Ch=\©
s CF,_| Fa Ty

N, N-Bis(trifluoromethyl)aminoallenes react with trifluoro-
nitrosomethane to form only oxazetidines?3%*2*2 whose pyroly-
sis yields bis(trifluoromethyl)formamide and cumulated



Russian Chemical Reviews, 52 (6), 1983

(CF3)gN—CH=C=CH,

CF,—NO + (CF4);N—CH==C=CH—N (CFy), R
N (CFa ~ CRIN-CH-C=C( |
(CFa)iN—CH=C=C - 2
N (CFyly " N—CFs

(IX)

° R
B (CFy)a N—CH=0 4 CFy—N=C=C{

\R?
(CF3)eN
.y New %
CFy—N=-0 C=C=CH -
: < " (CFaaN AN
X)

For reasons which are obscure?®?, compound (X) does not
enter into this reaction, while its close structural analogue
(IX) reacts with trifluoronitrosomethane to form an oxazeti-
dine.

Tetramethylallene forms the corresponding hydroxylamine
on interaction with trifluoronitrosomethane?®®, The authors
suggest the possibility of a mechanism involving a biradical:

CH. CH. GH, CH. CH. H.
N AWa e
I i I
C LC CF, C.
Hac—i/—t— IﬁI—CF3 —_— Hsc—c/ \lil/—> H3C—(g/ \P('——-CF3
% [} (]:}1\2‘ Q H, OH
H H

(e) Interaction with Acetylenes

The reaction of fluoronitroso-compounds with acetylenes
has been studied in only one instance®**. The formation of
the products of the reaction of trifluoronitrosomethane with
bis(trifluoromethyl)aminoacetylenes has been explained by
the intermediate formation of oxazetidines:

CF,—N=0 + (CF;),N—C=C—R —>

CF3—N—-0 CFy—N—-0
— x| + |<~|
R—C==C—NI(CF,)y (CF )yN—C==C—R
(XIa) ' (Xila)
i |
CFy;—N=C—C—N{(CF gy CF4—N=C—C—R .,
R N(CF3)y
(X1) (X11)

When R = H, Br, or CF,, the main product is compound
(X1), evidently as a consequence of the preferential formation
of the less sterically hindered oxazetidine (IXa), whereas
for R = N(CFj;), only one reaction product is naturally
obtained.

IV. THE PROPERTIES AND APPLICATIONS OF COPOLYMERS
OF FLUORONITROSO-COMPOUNDS

Data on the copolymers of fluoronitrosoalkanes with fluoro-
olefins first appeared in 1955.1%%2%5 The copolymers immedi-
ately attracted much attention having shown a series of
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interesting and useful properties—resistance to concentrated
sulphuric acid, 50% potassium hydroxide solution, and hot
aqueous alkali’®®, thermal stability in air up to 200 °C. and
retention of elasticity at ~30 °C. 2%

Further studies yielded a large number of copolymers of
fluoronitrosoalkanes with various unsaturated compounds.
Whereas the number of studies on the chemical properties of
fluoronitrosoalkanes has decreased appreciably in recent
years, in the field of copolymers of fluoronitro-compounds
publications have continued to appear up to the present time
in which further new properties and applications of these
substances are described.

Several reviews have been devoted in recent years to the
synthesis and properties of the copolymers of fluoronitroso-
alkanes?®7" %42,

All the copolymers of fluoronitrosoalkanes can be divided
by convention into three large groups.

1. The copolymers of fluoronitrosomethane and tetrafluoro-
ethylene.

2. The copolymers of other fluoronitrosoalkanes and
various fluoro-olefins.

3. Ternary copolymers.

1. The Copolymers of Trifluoronitrosomethane and Tetra-
fluoroethylene

It was noted above that the preferential formation of the
copolymer relative to the oxazetidine in the interaction of tri-
fluoronitrosomethane with tetrafluoroethylene takes place at
0 °C and below. Depending on the copolymerisation condi-
tions, a liquid®®®:?®% or solid**®:>** copolymer can be obtained.
Usually efforts are made to obtain rubber-like copolymers
with a molecular weight in excess of 10°.

The copolymers of trifluoronitrosomethane with tetrafluoro-
ethylene (-N—-O—CF,—-CF,—)p are highly resistant to chemical

\

CF,
reagents and ozone-induced and natural ageing, are frost
resistant (the glass point of the copolymer with a molecular
weight in excess of 10° is -51 °C), and their properties
remain unchanged for a long time at 200 °C. The vulcanis-
ates are resistant to aromatic and aliphatic hydrocarbons,
alcohols, ethers, aldehydes, ketones, and concentrated acids,
do not ignite, and when placed in a flame evolve pyrolysis
products which quench the flame?**#*>, Such copolymers do
not ignite even in pure oxygen2*!. They are soluble only in
halogenoalkanes, cyclic perfluoro-ethers, and perfluorotri-
butylamine. In the presence of strong bases, for example,
triethylamine, the copolymer readily decomposes?*?. Difluoro-
phosgene and perfluoro-2-azapropene are formed on radioly-
sis and thermal and photochemical decomposition of the
copolymer?*¢,

The inadequate thermal and radiation stability limit the
applications of these copolymers. The usual vulcanising
agents, employed for hydrocarbon elastomers?*!, are unsuit-
able for them. However, it has been observed that tri-
ethylenetetramine and hexamethylenediamine form a network
structure in cured rubbers based on raw nitroso-rubbers?*7-248

Fillers are used to improve the strength of the copolymers.
The most effective is finely ground silica (in the case of
amine vulcanisation)?!,

Vulcanisation and addition of various filleps?4,247,249-252
resulted in elastic and thermoplastic copolymers virtually
without residual deformation, which are useful as protective
coatings and articles®%2% jypricants?®, and protective
low-temperature coatings resistant to highly corrosive oxi-
dants, for example, CIF,.?°%2%
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2. The Copolymers of Other Fluoronitrosoalkanes and
Different Fluoro-olefins
Thermostable?°%2% and elastic?®’ copolymers, which can be
used as lubricants and protective coatings for metals?®®, have
been obtained by the copolymerisation of various perfluoro-
nitrosoalkanes with fluoroethylenes.

Among fluorovinyl nitroso-compounds elastic and
thermostable polymers have been synthesised by copolymer-
isation and homopolymerisation:

259,260
’

nCF3=CX—NO + nCFy=CFY — (—N—O—CF,—CFY—), }
|
CX=CF,

0—CF,
sedeeee]o >400°
ACF3=CF—NO — (—N—CF—N—CF—), = (~-N=CF—N=CF—), .
aes]s . = ‘2

" O-CF,

Copolymers with satisfactory thermal and corrosion stabil-
ities, which can be used as films, protective coatings,
gaskets, and washers, have been synthesised from trifluoro-
nitrosomethane and diazoalkanes!3%1%7;

nR—N=0 - nX—CHN, - (—N--0—CH—),, -+ nN, ;
Lo
Rp=CF;, C;F;; X=H, CF,

The study of the thermal stabilities of raw fluoronitroso-
rubbers in vacuo and in oxygen?2®! established that the per-
fluoro-copolymers are more stable in oxygen.

The vuleanisation of certain raw fluoronitroso-rubbers
improves their resistance to solvents and halogen-containing
oxidants?2,

The introduction of various functional groups into the
copolymer chain also promotes the appearance of useful prop-
erties in the copolymers and improves their capacity for
vulcanisation. Both olefins with functions groups [CH,-C—

CH;,
COOCH,;, CH,=CH-CN, and CH,=CH—-CH;?** CF,=CF-
SO,F;2** CF,=C=CXY ;%2 CH,=CH-CH=CH,; %*’
CF,=CF(CF,;)n—COONa; ?*®* CF,=CF-OR ?%°] and fluoro-
nitrosoalkanes [0=N—CF,~COF;?’® O=N-CF,-~COOCH,; 2"
0=N—(CF,),—COOH 27?] are used in the copolymerisation
reaction.

Such copolymers have satifactory thermal and chemical sta-
bilities and can be used as lubricants, waxes, and elast-
omers?®572%8 Copolymers with improved resistance to
oxidants have been obtained?’%»27*, Some of them can be
used as cation-exchange membranes in the electrolysis of
alkali metal halides2”2.

3. Ternary Copolymers

Yet another effective and widely used method for the intro-
duction of functional groups into the polymer chain of raw
nitroso-rubbers involves the use in the copolymerisation,
apart from the fluoronitrosoalkane and the fluoro-olefin, of a
third monomer having an alkenyl or nitroso-group at one end
of the molecule and the required functional group at the
other. Such copolymers are referred to as ternary polymers
or terpolymers.

The most common "third" monomers are nitroso-compounds
with functional groups, which consist of carboxylic perfluoro-
nitrosoacids [0=N—(CF,),—COOH], 277252 methyl esters of
carboxylic fluoronitrosoacids [0=N—(CFX),—COOCH,]2*% 2"
aromatic fluoronitroso-compounds?®5288  aromatic non-fluorin-
ated nitroso-compounds?®®, nitrosoethers (0=N—CF,—CFCl—
0-C,H;), %" and 1-methyl-2-nitrosocarbaborane
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(CH;—CH-CH-N=0). 2%
N/

BioHyo

The following olefins with functional groups have been
used: acrylic acid?®»2°3, unsaturated carboxylic fluoroacids
and their esters, metal salts, amides, and nitriles [CF,=CF-
(CFy)p—A, where A = COOH, COOR, COOM, CONH,, or
CN),2** unsaturated polyether carboxylic fluoroacids and
their nitriles, fluorides, esters, metal salts, and dialkyl-
amides [CF,=CF—0—CF,—(CFX—0—CF,)m—(CFX)n—(CF,—O—
CFX);—A, where A = COOH, CN, COF, COOR, COOM, or
CONR,], ?°° unsaturated fluoroethers with a sulphonyl fluo-
ride group (CF,=CF-CF,—CF-QO-CF,~CF,—SO,F), 2%

CF,
CH=CH

=0). 2?7
o/

Such polymers can be vulcanised with metal oxides, metal
salts of organic and organofluorine acids (chromium trifluoro-
acetate), epoxy-compounds®*!, poly(butadiene)di-isocyanate
[0=C=N-(CH,~CH=CH—CH,),—N=C=0] ?°® and perfluoro-
2,5-diazahexane-2, 5-dioxy-biradical

(CF3—N*CF2‘—CF2—N— CF,). 299,300
! l

and eyclic unsaturated compounds (0=

0 0

The ternary copolymers of fluoronitrosoalkanes have per-
haps the widest range of useful properties among all the
copolymers of fluoronitroso-compounds. The unique prop-
erty of the nitroso-polymers—incombustibility in pure oxy-
gen—has led to their wide-scale employment in the Apollo
spaceship?*l.

The ternary copolymers have the following properties.

1. Satisfactory chemical and thermal stability?79:287-290,297
and suitability for use as lubricants, washers, and gaskets.

2. High elasticity and tensile strength?73:28%7286:288  gome
of them have a relative elongation ranging from 150 to 950%
with retention of a high tensile strength?8%:281,

3. Thermoplasticity and capacity for being moulde
At the same time they are resistant to oxidants such as
nitrogen tetroxide?”®.

4. The ability to "remember" their initial shape and to
recover it on heating?’®.

5. A modulus of hardness of 5-200 km em™2 (they are used
for the coating of artificial dentures)3°?,

6. Elasticity and resistance to the components of rocket
fuels (N,H,, N,0,, CIO,F, N,F,, and CIF;). They are there-
fore used in rocket engineering as shutters in the exhaust

chambers for the retention of the rocket fuel and oxidant2*%
274,277,285,302

d275,273

7. Properties permitting their use as binders for rocket
fuels and explosives?81,292:293

8. Properties permitting their employment as cation-
exchange membranes in the electrolysis of alkali metal
halides?°%2%9,

However, in planning the applications of such copolymers,
one must bear in mind that they evolve toxic gases on decom-
position—difluorophosgene, perfluoro-2-azapropene®*!, and
other fluoroazamethines.
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