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Abstract

Several new polyfluoroalkyl hypochlorites and fluoroxy compounds containing Cl, H and
Br in the alkyl group have been prepared and characterized by !°F NMR, 'H NMR and
IR spectroscopies and by their reactions with fluoroalkenes to produce new polyfluoroethers.
The novel compounds are prepared by the CsF-catalyzed addition of F, or CIF to the
C=0 bond in CF3;C(0)CF,Cl, CICF,C(O)CF,Cl, and their derivatives HCF,C(O)CF3 and
HCF,C(O)CF,Cl. Compounds containing an a-CF; group exhibit enhanced thermal stability.

New fluoroxy compounds and hypochlorites have also been prepared from the acid
fluorides CF;—CFX-C(O)F (X=Cl, Br), which are obtained by the ring-opening reaction
of hexafluoropropene oxide with (CH;);SiCl, LiBr and (C,H;);SiBr. These -OX compounds
behave similarly to previously known materials with two a-F atoms, decomposing quickly
at room temperature to COF, and haloalkanes.

Introduction

Highly fluorinated alkylhypochlorites and fluoroxy compounds R 0X
(X=Cl, F) have been known for many years and continue to be of synthetic
value in the preparation of many fluorine-containing compounds {1-6]. Of
these, CF;0X (X=F, Cl) are two of the most extensively studied compounds
with respect to their preparation and chemistry. For compounds other than
CF30X, very much less is known about their reactivity. One reason for this
is the fact that nearly all other polyfluoroalkyl derivatives of this type have
a lower thermal stability than CF3OX, and in most cases this instability is
not easily defined or predictable.

In other investigations directed towards elucidating some of the factors
affecting the stability of compounds of this type, we carried out the preparation
of a variety of functionalized compounds according to eqn. (1) [7-9]:

R.C(O)F + XF —%» R,CF,0X(X=F, Cl) )
(1a—k)
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R;=CICF,, X=F (a), X=Cl (b); R,=HCF;, X=F (c¢), X=Cl (d); R;=
CICF,—CFCl, X=F (e), X=Cl (f); R;=BrCF,~CFBr, X=F (g); R=FSO,CF,,
X=F (h), X=ClI (); Re=FSO,C(F)CF;, X=F (§) X=C; (k)

The fluoroxy compounds 1 (X=F) show differing degrees of stability.
For example, a, e and j can be handled at room temperature without extensive
decomposition, but g and h readily decompose at —60 °C and 22 °C,
respectively, and ¢ exploded when attempts were made to purify it [10].
The hypochlorite derivatives b, d, f are all unstable at 22 °C, decomposing
within minutes to COF, and the corresponding R,Cl compounds [7—9], whereas
i and k are stable at 22 °C. If the hypochlorites are maintained below their
decomposition temperature, they readily react with fluoroalkenes to give the
respective ethers. The corresponding fluoroxy derivatives often undergo
decomposition and only j gives good yields of the addition products. The
apparent stabilizing effect of a CFy— group « to the —OX function [7, 11],
led us to attempt the preparation of new derivatives according to eqn. (2):

R~C(O)-R;' +XF -, R,CF(R,)OX (X=F, CD) 2
(2a—h)

R;=CF;, R =CF,Cl, X=F (a), X=Cl (b); R;=CF3, R/ =CF,H, X=F (c),
X=Cl (d); R;=R{ =CICF,, X=F (e), X=ClI (f); R;=CICF,, R =HCF,, X=F
(8, X=Cl (h)

In addition, it was also desirable to compare the stability of compounds
2 with the isomeric unbranched compounds 3. Some of these compounds
were prepared according to eqn. (3):

R,~COF + XF — R ~CF,0X (X=F, CI) 3)
(3a—-d)

R,=CF3CFCl, X=F (a), X=Cl (b); R,=CF;CFBr, X=F (¢), X=Cl (d)

The required acid fluorides for the reaction depicted in egn. (3) can be
prepared from hexafluoropropene oxide (HFPQO) and either (CH3);SiCl [12]
or LiBr [13]. An improved preparation of CF;CFBrCOF from HFPO and
(C,H;);SiBr is described herein.

Experimental

General methods

Volatile compounds were handled in a glass and/or stainless-steel vacuum
system equipped with glass/Teflon or stainless-steel valves. Pressures were
measured with a Wallace and Tiernan series 1500 differential pressure gauge.
The addition reactions with alkenes were carried out in 50 or 100 ml! glass
bulbs fitted with glass/Teflon valves. Separation of volatile compounds was
accomplished by vacuum distillation through a series of cold traps.

Infrared spectra were recorded in the gas phase using 10 cm cells fitted
with KCl or AgCl windows. NMR spectra were obtained at 188.313 MHz for
9F and 200.132 for 'H. '°F and 'H chemical shifts are reported relative to
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internal CFCl; and TMS or residual hydrogen in deuterated solvents, re-
spectively. The deuterated solvents CDCl,, acetone-dg and benzene-d, were
used as lock solvents in most cases. The low stability of the hypochlorites
and some hypofluorites necessitated the use of special handling techniques
for NMR sample preparation. We prepared the NMR samples as solutions
in pure CFCl; at concentrations of c. 3 mol% as follows. A 5 mm NMR tube
was joined to the bottom of a glass U-trap and the trap was immersed in
a cold bath of appropriate temperature in order to trap the hypohalite. The
hypohalite was then collected in the trap under dynamic vacuum as the
sample container was allowed to warm in the air from — 196 °C. After
collecting an appropriate amount of compound, the trap was closed and the
cold bath slowly lowered to allow the compound to flow into the NMR tube.
The CFCl; was then added by vacuum transfer to the cold NMR tube and
the tube sealed with a torch and stored at — 111 °C until analysis was carried
out.

Mass spectra were recorded in the EI (70 eV) and CI (CH,) modes
using direct insertion techniques.

Reagents

Chloropentafluoroacetone and 1,3-dichlorotetrafluoroacetone were ob-
tained from commercial sources and used as received. Triethylphosphite was
purchased from Aldrich Chemical Co. and distilled immediately prior to use.
Activated charcoal was obtained from Aldrich Chemical Co. and used as
received.

Fluorine was obtained from Air Products and was passed through an
NaF scrubber before use. Chlorine monofluoride was prepared by heating
equimolar amounts of Cl, and F, at 220 °C in a 150 ml Monel bomb. Cesium
fluoride was activated by melting in a platinum crucible, followed by powdering
in a ball mill under very anhydrous conditions. The fluoroalkenes were
purchased from PCR, Inc. and used as received after passing through a —80
°C trap. LiBr was dried under vacuum at 80 °C for 24 h. Diglyme was distilled
from CaH, before use.

Preparation of HCF,C(O)CF}

Only slight modifications were made from literature methods [14, 15].
Chloropentafluoroacetone (14.6 mmol) was condensed into a 250 ml three-
necked round-bottom flask fitted with a dropping funnel, gas inlet and reflux
condensor. Freshly distilled P(OC,H;); (2.42 g, 14.6 mmol) was added
dropwise to the CICF,C(O)CF5 at — 30 °C, allowing the effluent gas to bubble
slowly through a mineral oil trap. After the addition, the reaction mixture
was allowed to warm slowly to room temperature while stirring. At this time,
25 ml of 10% (vol.) H;SO, was added and the mixture then heated to reflux
for 20 h.

Into a three-necked round-bottom flask, fitted with an addition funnel
and two gas inlet/outlet valves, was placed 65.0 g (229 mmol) P,O,,.
Concentrated H,SO, (96%, 50 ml) was added slowly and this mixture was
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heated to 110 °C. The reaction mixture obtained above was then added
dropwise to the P,0,,/H,SO, mixture and the effluent gases trapped at — 111
°C. The contents of this trap were then distilled in a vacuum line through
—111°Cand —196 °C traps. The —111 °C trap contained pure CF;C(0O)CF,H
in 60% yield.

Preparation of HCF,C(O)CF,Cl

Only slight modifications from the literature method were employed [14].
In an essentially identical manner as above, 8.5 g (43 mmol) of (CICF,),C=0
gave HCF,C(O)CF,Cl (36.5 mmol, 86%) upon collection of the effluent gases
in a —65 °C trap, followed by vacuum distillation into a —80 °C trap.

Preparation of CF;CFCIC(O)F

The literature method of Heinrich [12] was used with some simple
modifications. A 100 ml reactor containing an Ace threaded connection and
Teflon stopcock was charged with 3.1 g of activated charcoal. The inner
sleeve of the threaded connection was plugged with glass wool to prevent
the charcoal from being pulled into the vacuum line. After evacuation, 2.0
mmol each of (CHj);SiCl and hexafluoropropene oxide (HFPO) were condensed
into the reactor at —196 °C. The reactor was then allowed to warm slowly
to room temperature. After 8 h at room temperature, the reactor was cooled
to —196 °C and the contents distilled through traps at —111 °C and — 196
°C. The —111 °C trap contained (CHj3)3SiF, while the desired CF;CFCIC(O)F
collected in the — 196 °C trap (1.6 mmol, 80% yield). IR (cm™1): 1877 (vs);
1293 (s); 1241 (vs); 1230 (vs); 1137 (vs); 964 (s); 910 (m); 853 (m); 761
(w); 700 (m). °F NMR (CDCl,) 8: CF;A~CFMCI-C(O)F*: A= — 79.4 (d-t, 3F)
ppm, Jay=Jax=7.3Hz; M= —132.7 (d—q, 1F) ppm, Jxy=16.83 Hz; X= +22.4
(d-d—q, 1F) ppm.

Preparation of CF;CFBrC(O)F

A very brief report of this reaction has appeared [13]. Using a three-
necked 250 ml flask, a solution of 1.39 g (16 mmol) of LiBr in 20 ml
diglyme was prepared under dry N,. The flask was fitted with a gas dispersion
tube and a gas outlet valve. By means of the dispersion tube, HFPO was
slowly bubbled into the solution at room temperature, and effluent gases
were trapped at —26 °C. After 1 h, the trap was disconnected from the
system, cooled to — 196 °C and the contents distilled into the vacuum line
through traps at —105 °C and — 196 °C. The — 105 °C trap contained 7.1
mmol (46% yield) of CF;CFBrC(O)F. The —196 °C trap contained some
residual HFPO. IR (cm™!): 1871 (vs); 1290 (vs); 1260 (vs); 1241 (vs); 1220
(vs); 1133 (vs); 1019 (w); 983 (m); 964 (s); 917 (s); 7569 (w); 692 (m).
19F NMR (C¢Dg) 8: CF;*~CFMBr—C(O)F*: A= —78.2 (d—d, 3F) ppm, J,y=9.9
Hz, Ju;x="7.7 Hz; M=137.5 (d—q, 1F) ppm, Jyx=21.1 Hz; X=+21.1 (d—q,
1F) ppm.

An improved method for the preparation of CF;CFBrC(O)F is as follows.
A 250 ml flask fitted with an Ace threaded connection and Teflon/glass
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stopcock was charged with 3.2 g of activated charcoal. The flask was cooled
to —196 °C and 5 mmol HFPO was condensed in, followed by a slight
excess (0.2 mmol) of (C;H;);SiBr. The reaction mixture was allowed to warm
slowly to room temperature, then cooled to —196 °C and the contents
distilled into the vacuum line through traps at —60 °C and — 196 °C. The
(C,H:),SiF was trapped in the —60 °C trap, leaving pure CF3CFBrC(O)F
(4.7 mmol, 94%) in the —196 °C trap.

Preparation of fluoroxy compounds and hypochlorites

Preparation of CF;CF(CF,Cl)OF (2a)

Into a 75 ml stainless-steel bomb, passivated with 0.5 atm F,, was
charged 1.17 g CsF in a dry box. After attachment to the vacuum line,
evacuation and cooling to — 196 °C, 1.93 mmol CF;C(O)CF,Cl was condensed
in, followed by 3.0 mmol of F,. The vessel was removed from the line and
placed into a CF,Cl, bath at — 145 °C and allowed to warm slowly to —40
°C, whereupon the CF,Cl, bath was replaced with a CFCl; bath (F-11) at
— 40 °C and allowed to warm to — 10 °C. At this time, the bomb was cooled
to —196 °C and attached to the vacuum line. The excess F, was removed
by vacuum and the bomb was allowed to warm slowly to room temperature
while the contents distilled through a —111 °C trap into a —196 °C trap.
Pure CF;CF(CF,CD)OF was trapped at —111 °C (1.54 mmol, 80% yield),
while the —196 °C trap contained CF3C(O)F and CF3;Cl (decomposition
products). IR (em™1): 1308 (s); 1257 (vs); 1220 (s); 1156 (vs); 1116 (vs);
1079 (s); 1050 (w); 976 (s); 915 (s); 865 (s); 778 (m); 752 (m); 686 (m);
640 (m); 458 (w). °F NMR (CDCly) &: CICF,*BCF¥(CF3;¥)OF%: typical AB
pattern, A= — 62.0 ppm, B= —63.9 ppm, J,p=181 Hz, J,u=10 Hz, Jp\y =10
Hz; M= —133.1 (t—d, 1F) ppm, Jyz= 11 Hz; X= —73.7 (m, 3F) ppm, Jx; =21
Hz, Jxa=Jxg=10 Hz; Z= +153.8 (mm, 1F) ppm.

Preparation of CICF,CF(CF;)OCL (2b)

Similar to 2a, 2.0 mmol CICF,C(0O)CF; was allowed to react with 3.0
mmol of CIF over 1.62 g CsF from —120 °C to —28 °C over 12 h. After
cooling to — 196 °C and distilling the products through traps at —111 °C
and — 196 °C, the desired CICF,CF(CF3)OCI collected in the —111 °C trap.
The — 196 °C trap contained unreacted CIF, as well as the decomposition
products CICF,C(O)F, CF5Cl, CF;C(O)F and CF,Cl,. The IR spectrum agreed
well with the literature data [16]. The literature also reports the '°’F NMR
spectrum as unresolved signals at —68.1, —79.5 and —139 ppm in the
ratio 2:2.9:1. We report the following 'F NMR data (CFCl;, unlocked) &:
CICF,AB—CFM(CF;*)OCl: AB= —63.4 ppm, —64.9 ppm (AB pattern, 2F),
Jap=179 Hz; M=—133.3 ppm (d—q, 1F), Jux<1.2 Hz, Jys=10.8 Hz;
X=—75.1 (Im, 3F) ppm, Jax or Jgx=9.8 Hz, Jyy=1.2 Hz.

Preparation of HCF,CF(CF;)OF (2c¢)
As in 2a, 1.8 mmol HCF,C(O)CF;, 2 mmol F, and 1.51 g CsF were
reacted from — 140 °C to —41 °C over 12 h. The bomb was then cooled
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to —196 °C, excess F, (trace) was removed and the contents were distilled
through a —111 °C trap into a — 196 °C trap. The product HCF,CF(CF;)OF
was stopped in the —111 °C trap. Due to the explosiveness of 2¢, only
NMR characterization was possible. '°F NMR (CFCl,) 8: HCF,*2CFC(CF;")OF*:
AB= —135 (complex m, 2F) ppm, 2J;4+=51.8 Hz, J,5=50 Hz; C= —136.8
(d—m, 1F) ppm, 3Jm;=24.7 Hz; M= —75.3 (d-t, 3F) ppm, Jux=15.9 Hz,
Jya Or Jyp=28.3 Hz; X= +143.8 (complex m, 1F) ppm.

Preparation of HCF,CF(CF;)OC!l (2d)

The method used in preparing 2b was followed. Using 2.0 mmol Cl-
CF,C(O)CF; and 3.0 mol CIF over 1.1 g CsF, the mixture was allowed to
react from - 140 °C to — 75 °C over 6 h, held there for 2 h and then cooled
to —196 °C and distilled through traps at —111 °C and — 196 °C. The —111
°C trap contained HCF,CF(CF3)OCI (c. 90% yield) while the — 196 °C trap
contained excess CIF and small amounts of HCF,COF, CF;COF, HCF,Cl and
CF3ClL IR (5 Torr) {cm™1): 1465 (m); 1393 (w); 1357 (w); 1131 (m); 1235
(vs); 1193 (m); 1139 (s); 1115 (s); 1096 (m); 1033 (m); 825 (m); 757 (w);
640 (m); 630 (m); 522 (w). 'F NMR (CFCly) §: HCF,**—CFM(CF,;X)OCI:
AB= —134.9 (complex m, 2F) ppm, 2Jur=49.0 Hz, J,u=28.7 Hz, Jzu=9.0
Hz, J,c=3.2 Hz, Jyc=4.5 Hz; M= —137.6 (br, m, 1F) ppm; X= —77.4 (t—t,
3F) ppm.

Preparation of (CICF,),CFOF (2e)

The procedure for 2a was followed. A mixture of 1.0 mmol (CICF,),C=0
and F; (2.0 mmol) over 1.41 g CsF was allowed to warm slowly from — 151
°C to —30 °C over 12h, then at —30 °C for 2 h. The bomb was then cooled
to —196 °C, excess F, was removed and the volatile materials distilled
through a —111 °C trap into a —196 °C trap. The product (CICF,),CFOF
collected in the — 111 °C trap, while the decomposition products CICF,C(O)F
and CF3Cl collected in the —196 °C trap. No IR data were obtained due to
the instability of this compound at room temperature in the gas phase. '°F
NMR (CFClz, —50 °C) & (CICF,*®),CFMOF*: (although there was no asym-
metric carbon present, the CICF,— fluorines exhibited a typical AB pattern)
AB=-594 ppm, —62.1 ppm (m, 4F); M= —128.3 (d-t, 5 lines, 1F),
Jux=19.5 Hz, Jyys =11.1 Hz; X = + 149.6 (6-line m, 1F) ppm, Jyx=Jpx=10.2
Hz.

Preparation of (CICF,),CFOCL (2f)

Following the procedure for the preparation of 2b, 2.4 mmol (CICF,)C=0
were reacted with 2.5 mmol CIF from —140 °C to —65 °C over 6 h. The
mixture was then held at —65 °C for 4 h, followed by cooling to —196 °C
and separation through —70 °C and — 196 °C traps. The product (CICF,),-
CFOC] stopped in the —70 °C trap (¢. 80% yield). The —196 °C trap
contained some CIF and CICF,C(O)F and CF,Cl,. No IR data were obtained
due to the instability of this material at 22 °C. 'F NMR (CFCl,; —40 °C)
8: (CICF3*®),CF*OCl: (there is some nonequivalence of the CICF,— fluorines
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as evidenced (as in 2e) by the AB pattern) AB= —60.7 ppm, —62.3 ppm
(m, 4F), J,5=171 Hz; X=—128.4 (t, 1F) ppm, Jaxx or Jgx=10.7 Hz. The
NMR spectrum also showed the presence of CICF,C(O)F {+10.2 (s, 1F)
ppm, —65.1 (s, 2F) ppm] and CFyCl; (—6.9 ppm, s), indicating that

(CICF,),CFOCI is unstable at —40 °C since neither ClCFZC(O)F nor CF,Cl,
will stop in a —70 °C trap.

Preparation of HCF,CF(CF,Cl)OF (2q)

The procedure for 2a was followed, allowing 1.0 mmol HCF,C(O)CF,Cl
to react with 1.5 mmol F; over 1.45 g CsF from — 150 °C to —40 °C over
6 h. The mixture was held at —40 °C for an additional 1 h, followed by
cooling to — 196 °C and distillation of the volatile material through traps
at —105 °C and — 196 °C. The product HCF,CF(CF,Cl)OF collected in the
— 105 °C trap, while the —196 °C trap contained 1.0 mmol of CICF,C(O)F
and HCF,, which were easily identified by their IR spectra. No IR data was
obtained for HCF,CF(CF,CI)OF due to its instability at 22 °C. !°F NMR
(CFCls, —40 °C) &: CICF,*B—CFM(CF,*YH)OF%: AB= —61.5 ppm, —62.3 ppm
(m, 9m T“_17QQ Hz: =~132.0 (m overlans YV\ ppm; XY= —131.9

..... 234, 2 ALY ciidps AL paily, X AL

ppm, ~134 2 ppm (d-m, 2F), 2JHF—56 5 Hz; Z= +1933 (m, 1F) ppm.

r‘:‘epa‘:‘mzon aj HCcmF (UF2 CUOCl (21&}

Following the above procedure for 2b, 1.0 mmol HCF,C(O)CF,Cl was
reacted with 1.2 mmol of CIF over 1.2 g CsF from —145 °C to —35 °C
over 12 h. After 1 h at —35 °C, the bomb was cooled to —196 °C and the
volatile material was distilled through traps at —80 °C and — 196 °C. The
product HCF,CF(CF;C1)OCI stopped in the —80 °C trap, whereas the — 196
°C trap contained traces of CIF and the decomposition products CICF,(0O)F,
HCF,C(O)F, CL,CF,; and HCF,Cl, which were identified by IR spectroscopy.
No IR data were taken for HCF,CF(CF,CD)OCI due to its instability at 22
°C. !°F NMR (CFCl;, —40 °C) &: CICF,A-CF?(CF*H)OCl: A= —68.3 (t, 2F)
ppm; J,x=6.7 Hz; B=—65.6 (s, 1F) ppm; X=—-127.8 (d-t, 2F) ppm,

27..=52.1 Hz J..=6.7 Hz. 'H NMR & 6.37 (t) npm. J=52.0 Hz. For
JF = 4. 1 Hz, Jxa NV L) PP, 240 HZ, Por

comparison, !°F NMR &: CICF,*C(O)CF,XH showed A= —67.1 (t) ppm, J=8.8
Hz; X= —134.0 (d—t) ppm, %Ji;z=54.0 Hz. 'H NMR &: 6.1 (t) ppm, %Jur=54.0

Y.

I1Z.

Preparation of CF;CFCICF,OF (3a)

Following the procedure for 2a, 2.0 mmol of CF;CFCIC(O)F was reacted
with 3.0 mmol F, over 1.3 g CsF from —145 °C to —70 °C over 6 h. The
bomb was then cooled to —196 °C and the volatile material was distilled
through —130 °C and —196 °C traps. The —196 °C trap contained 0.9
mmol COF, and CF;CF,Cl, whereas the —130 °C trap contained
CF3CFCICF,0OF. This compound was so unstable that it could only be
characterized by its decomposition products, COF, and CF;CF,Cl, which
were formed in all attempts to obtain NMR spectroscopic samples or addition

nroducte to alkenes
PIroGullsS WO auxChics.
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Preparation of CF;CFCICF,0Cl (8b)

Using the procedure for 2b, 1.3 mmol of CF;CFCIC(O)F was reacted
with 3.0 mmol CIF over 1.26 g CsF from — 140 °C to —70 °C over 6 h.
The bomb was then cooled to — 196 °C and the volatile material was distilled
through traps at — 1256 °C and — 196 °C. The — 196 °C trap contained excess
CIF, with no decomposition product observed in the IR spectrum. Upon

i 1 m tr1am ta ha tal f tha firet ivns Tarr of the
eXpanSiOn tO allc""’ an pPoNy Spechr‘dlll ‘JO Ue u?u(en 01 hlle A1 020 AVO 1uUll UL ullo

— 125 °C trap material, the appearance of CF;CFCl, and COF, was observed,
and all of the bands could be assigned to these species. Essentially complete
decomposition occurred within minutes. Hence 3b could only be characterized
by its addition to alkenes.

Preparation of CF;CFBrCF,0OF (3c¢)

The method of 3a was followed, using 2.0 mmol CF;CFBrC(O)F and
2.4 mmol F, over 1.46 g CsF from —140 °C to —70 °C. After reaching
—70 °C, the bomb was cooled to — 196 °C and the volatile material distilled
under vacuum through traps at —111 °C and —196 °C. The —196 °C trap
contained 2.7 mmol COF,; and CF;CF,Br, as determined by the IR spectrum.
The — 111 °C trap contained CF;CFBrCF,0F, and because of its low stability
it could only be characterized by its addition to alkenes and its decomposition

P W R ONTY 6 O OTD Dae
pluuuuua, VUlg dllud uil'guligbl.

Preparation of CF;CFBrCF,0Cl (8d)

Following the method for 3b, 2.0 mmol CF;CFBrC(O)F was aliowed to
react with 2.4 mmol CIF over 1.32 g CsF from —140 °C to —70 °C over
6 h. The bomb was then cooled to — 196 °C and the volatile materials were
distilled through traps at —111 °C and — 196 °C. The — 196 °C trap contained
COF,, some CIF and smaller amounts of CF;CFBrCl. The —111 °C trap
contained CF;CFBrCl and CF;CFBrCF;0Cl, and the hypochlorite could only
be characterized further by its addition to alkenes.

Addition reac tv'v.vs of th»e Sluoroxy compounds

Reaction of 2a with CF,=CFCl

All of the addltlon reactions described below were undertaken in a similar
manner. In those cases where the thermal stability of the fluoroxy compound
was a problem, the following modification was made. During the separation
of the fluoroxy compound from the other reaction product(s) by distillation
through a — 111 °C trap, the contents thus stopped were vacuum-transferred
to the glass reactor containing the alkene held at — 196 °C without allowing
the pressure to build up as the —111 °C trap warmed in the air. In this
fashion, the partial pressure of the fluoroxy compound was kept at a very
low level, thus inhibiting decomposition. A Pyrex vessel of 50—~100 ml capacity,
fitted with a glass/Teflon stopcock and a ground glass joint, was attached
to the vacuum line and evacuated while heating with a soft flame. After
cooling to 22 °C, followed by immersion in liquid nitrogen, 2.0 mmol CF,=CFCl

was condensed into the reactor, followed by 2.5 mmol CFCl, as the solvent.

SO0 220 LI 1ICaCLOL, 100WeL Y 4.2 2T LI Uis A3 LT SO
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The mixture was allowed to warm to room temperature then cooled to — 196
°C, whereupon 2.0 mmol CF3;CF(CF,CD)OF was added as noted above. The
vessel was then placed in a CFCl; bath at —111 °C and allowed to warm
up slowly to —35 °C over a period of 6-12 h.

At this temperature, the bath was replaced with a Dewar flask precooled
to —196 °C and the vessel allowed to warm slowly to room temperature.
The reactor was then cooled to —196 °C and the contents were distilled
through traps at —80 °C and —196 °C. The addition products collected in
the —80 °C trap (1.5 mmol, 80% yield). The —196 °C trap contained
unreacted CF,=CFCl, CICF,C(O)F and CF3Cl (by IR spectroscopy). The
addition products were examined by IR and 'F NMR spectroscopy and by
mass spectrometry. The spectral data agree very well with those acquired
previously [8]. The yield of 80% for the addition product represents an
increase from 40% for the original preparation. This is probably due to the
low pressure transfer of the CICF,CF(CF;)OF for addition to the alkene.

Reaction of 2a with CF,=CH,

CICF,CF(CF3)OF and CF,=CH, (1.0 mmol of each) were allowed to
react from —140 °C to 22 °C in a CF,Cl, bath, using 3.0 mmol CFCl; as
the solvent. Distillation of the reaction contents through traps at — 78, —111
and —196 °C gave the addition product as a mixture of regio isomers in
the —78 °C trap (1.4 mmol, 70%). The —111 °C trap contained CFCl; and
the —196 °C trap contained unreacted CF,=CH,, CF;C(O)F and CF;ClL
IR (ecm™1): 2977 (w); 1459 (w); 1422 (w); 1322 (s); 1302 (s); 1294 (s);
1273 (s); 1224 (vs); 1173 (vs); 1133 (vs); 1043 (s); 969 (m); 931 (m);
874 (m); 765 (w); 721 (w); 636 (w); 617 (vw). F NMR (C¢Dg) &:
CICF,ACF®(CF3)°OCH,CF,° (major isomer, 57%): A= —67.3 (m, 2F) ppm;
B=—139.5 (m, 9 lines, 1F) ppm; C= —75.1 (t-d, 3F) ppm, J,c=9.0 Hz,
Jsc=3.0 Hz; D= —77.6 (t-d, 3F) ppm, %J;z=9.8 Hz, Jgp=1.0 Hz. ‘H NMR
5: 3.6 (m) ppm. °F NMR (C¢Dg) 6: CICF,2CFB(CF3)°OCF;"CHF*: A= —68.4
(m, 2F) ppm; B= —140.8 (m, 1F) ppm; C= —78.3 (d-t, 3F) ppm, Jzc=11.2
Hz, J,c=5.0 Hz; D= —75.74 (d-t, 2F) ppm, Jpg=16.8 Hz, %J,;z=8.4 Hz;
E=—235.4 (t-t, 1F) ppm, Jpz=16.8 Hz, 2Jyz=45.8 Hz. '"H NMR &: 3.6
(t—t) ppm, 2Jyur=45.8 Hz, 3Jyr= 8.4 Hz. MS (CI) (m/e): 265 (M+H)* 100%;
249 [((M+H)* —HCl]* 45%; 199 (CF(CF3)OCF,;CH,F)* 21%. MS (ED) (m/
e): 199 (CF(CF3;)OCF,CH,F)* 19%; 185 (CF(CF;)CF,CD™ 11%; 83
(CF,CH,FH* 100%; 69 (CF3)* 23%.

Reaction of 2¢ with CF,=CFC(Cl

CF;CF(CF,H)OF (2.3 mmol) was combined with 2.8 mmol of CF,=CFCl
in 3 mmol CFCl; from — 135 °C to —40 °C over 12 h. Distillation through
traps at —80, —111 and — 196 °C gave the addition product(s) in the —80
°C trap (1.0 mmol, 35% yield), whereas the —111 °C trap contained CFCl;
and the — 196 °C trap contained 2.6 mmol of CF;=CFCl, HCF; and CF;COF
(as determined by IR spectroscopy). IR (cra™"): 1379 (m); 1332 (m); 1312
(m); 1281 (s); 1231 (vs); 1189 (vs); 1147 (vs); 1043 (m); 1020 (m); 973
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(vs); 889 (m); 861 (s); 805 (m); 739 (w); 705 (w); 665 (w); 636 (w). '°F
NMR (acetone-dg) & HCF,ACF®(CF;°)OCF,PCF,CIf: A= — 135.9 (m, 2F) ppm,
2Jur=51 Hz, J,p=4.3 Hz, J,c=4.4 Hz; B= —137.6 (t, 1F) ppm; C= —80.2
(t—d (4 lines), 3F) ppm, Jcg=4.0 Hz; D= —83.7 (m, 2F) ppm; E= —73.6
(t, 2F) ppm, J=2.2 Hz. '"H NMR §: 6.9 (t—d—q) ppm, 2Jur=51.0 Hz, 3J;p = 3.7
Hz, “Jyr=1.0 Hz. The other regio isomer was observed in only trace amounts.

Reaction of 2¢ with CF,=CH,

As above, the reaction mixture was distilled through traps at —78 °C
and —196 °C. The addition products collected in the —78 °C trap, while
unreacted CF,=CH, and CFCl; collected in the — 196 °C trap. An isolated
vield of 25% was observed based on the starting amount of ketone. IR
(cm™1): 2978 (w); 1813 (w); 1458 (w); 1423 (w); 1395 (w); 1362 w);
1305 (w); 1282 (s); 1234 (vs); 1211 (vs); 1183 (vs); 1132 (vs); 1068 (s);
1019 (m); 968 (m); 861 (w); 818 (w); 744 (w); 630 (w); 525 (w). 'H NMR
(acetone-dg) 6: H*CF,CF(CF3)OCF,—CH,"F (23%): A=6.60 (t—-d—q, 1H) ppm,
2Jur=51.48 Hz, *Jur=3.79 Hz, 5%J3;==0.92 Hz; B=4.80 (t-t, 2H) ppm,
2Jur=45.23 Hz, 3Jyz=9.09 Hz. HACF,CF(CF,)OCH,P~CH, (76%): A=5.97
(t—d, 2H) ppm, *Jur=53.89 Hz, 3J,;x=0.78 Hz; B=4.69 (q, 2H) ppm,
3Jur=8.21 Hz.

Reaction of 2e with CF,=CFCIl

CF,=CFC(l (2.0 mmol) and (CICF,),CFOF (2e) (1.5 mmol) were allowed
to react in 5 mmol of CFCl; from — 140 °C to 22 °C over 8 h. Distillation
through traps at — 78, —111 and — 196 °C showed some unreacted CF,=CFCl
in the —196 °C trap as well as smaller amounts of CICF; and CICF,C(O)F.
The —111 °C trap contained CFCl; and the —78 °C trap contained the
addition products (0.8 mmol, 563%). IR (cm™!): 1332 (m); 1273 (m); 1229
(s); 1192 (vs); 1024 (m); 972 (s); 841 (m); 802 (w); 757 (w); 619 (w).
9F NMR (acetone-dg) 6: (CICF,*),CFBOCF,°~CF,PCl (65%): A= —65.4 (m,
4F) ppm; B= —135.4 (t—t, 1F) ppm, J,z =21.7 Hz, Jsc=4.5 Hz; C= —83.0
(d—m, 2F) ppm, Jop=2.5 Hz; D= —73.5 (t, 2F) ppm. (CICF,*),CF2OCF¢Cl—
CF3" (35%): A= —68.3 (m, 4F) ppm, J,z=4.6 Hz; B= —140.1 (m, 1F) ppm,
Jpc=8.7 Hz; C= —134.2 (m, 1F) ppm; D= —83.5 (m, 3F) ppm, Jp:=2.5
Hz.

Reaction of 2e with CF,=CH,

As above, the reaction mixture was distilled through traps at —80, —111
and —196 °C. The addition products (0.6 mmol, 30% yield) coliected at
—80 °C, whereas the —111 °C trap contained CFCl; and the — 196 °C trap
contained unreacted CF;=CH, and the decomposition products CF,;Cl and
CICF,C(O)F. '°F NMR (CDCl;) §: (CICF,*),CFPOCH,CF,C (75%): A= —64.7
(m, 4F) ppm; B= —135.7 (m, 1F) ppm; C= —75.2 (t-d, 3F) ppm, *Juyr="7.6
Hz, Jpc=2.9 Hz. 'H NMR (CDCly) & 4.34 (q@) ppm, *Jur="7.7 Hz. (Cl-
CF,*),CFPOCF,°—~CH,F® (25%): A= —65.7 (m, 4F) ppm; B= —136.5 (m,
1F) ppm; C= —77.6 (m, 2F) ppm; D= —235.9 (t—t, 1F) ppm, 2Jur=45.71
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Hz, Jop=16.1 Hz. '"H NMR (CDCl,) & 4.71 (d—t) ppm, 2J,p=45.71 Hz,
SJHF=8.5 Hz.

Reaction of 2g with CF,=CFCl
As above, the product mixture was distilled through traps at —78, —111
and —196 °C. The —111 °C trap contained CFCl; and the —196 °C trap
contained unreacted CF,=CFCl, HCF; and CICF.C(O)F. The —78 °C trap

contained 0.71 mmol (42% yield) of the addition product
HCF,CF(CF,Cl)OCF,CF,Cl. No evidence of the other regio isomer was found.

TR (o~ 1N 92000 (w\r 1200 (= 12929 (Y 1972 (xaNe 1T1QD (o) 11AR ()
i \CIi 7 j. dogod \(W), 109U \W), 1004 Uliy, 14i0 (\IMij; 1104 \V3), 1140 (3,

972 (s); 896 (w); 804 (w); 602 (w). '"H NMR (acetone-ds) &: 6.87 (t—d)
ppm, 2Jyr =51.1 Hz, ?Jzz = 3.81 Hz. ' FNMR (acetone-dg) 8: HCF,*CFB(CF,°Cl)-
OCF,°CF.ECl: A= —134.0 ppm, —134.8 ppm (AB pattern, 2F), J.z =306
Hz; B= —140.1 (m, 1F) ppm; C=—68.2 (m, 2F) ppm; D= —83.5 (m, 2F)
ppm; E= —73.5 (t, 2F) ppm, Jp.=2.2 Hz. Other coupling constants could
not be readily determined.

Reaction of 2g with CF,=CH,

As in the previous reaction, the —111 °C trap contained CFCl;, the
— 196 °C trap contained unreacted CF,=CH, as well as the decomposition
products HCF,COF, (“l(‘F‘.‘ H(“FL and (“l(‘F‘n(“ﬂF‘ in smaller guantities. The

addition products stopped in the —78 °C trap (0.89 mmol, 44% yield). IR
(em™1): 3002 (w), 2976 (w); 1458 (w); 1424 (w); 1390 (w); 1355 (w);
1300 (S) 1278 (S) 1236 (S) 1182 ('V'S), 1133 L'V'S) 1043 (i"‘u), 568 (m),
939 (m); 888 (m); 834 (w); 806 (w); 734 (w); 614 (w); b61 (W).

The assignments of the regio isomers could be made on the basis of
the H NMR spectra alone. 'H NMR (CDCl,;) 8: HA*CF,CF(CF,C)OCH,?CF,
(66%): A=6.12 (t—d, 1H) ppm, %Jur=52.67 Hz, *Jyr=3.93 Hz; B=4.34 (q,
2H) ppm, 3Jyu-="7.88 Hz. HCCFZCF(CFZCI)OCFZCHZDF (33%): C=6.19 (t—d,
1H) ppm, 2Jyz=52.46 Hz, 3Jy;p=2.86 Hz; D= 4.6 (t—t, 2H) ppm, 2Jyr=45.32
Hz, 3Jyr=8.73 Haz.

The 1°F NMR spectrum of the mixture was complex and second order
except for the —CH,F signal and the —CH,CF; signal. The —CH,F signal was
found at —237.0 (t—t) ppm, %Jur=45.3 Hz, 3J;z=8.73 Hz; —-CH,CF;= —75.5

() nnm T._._7n Hz
) ppm, “Jur Hz.

Reaction of 8a with CF,=CFCIl

A sy ol AR Py L Y 5 7 rﬂ'ﬁ
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(3a) with either CF,=CFCl or CF,=CH; was found under a variety of
conditions. Only unreacted alkenes, and the decomposition products COF,
and CF;CF,Cl, were found as identified by IR and NMR spectroscopy.

Reaction of 8¢ with CF,=CFCl

The reaction mixture was distilled through taps at —80 °C and -~ 196
°C. The single addition product (0.2 mmol, 10% yield) stopped in the —80
°C trap, while the — 196 °C trap contained unreacted CF,=CFCl, CFCl; and
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the decomposition products of 8¢, COF, and CF;CF,Br. IR (em™!):
1488 (w); 1380 (w); 1279 (m); 1241 (s); 1187 (m); 1145 (m); 1026 (m);
974 (m); 928 (w); 890 (w); 861 (w). '"F NMR (acetone-dg) &:
CF;*CFPBrCF,“OCFPCICF:E: A= —75.8 (q, 3F) ppm, Jag=J,c=9.3, 8.8 Hz;
B=-144.3 (m, 1F) ppm; C=—-80.2 (m, 2F) ppm; D= —-136.0 (m, 1F)
ppm; E=—-75.4 (d, 3F) ppm, Jpr=9.0 Hz. The other regio isomer,
CF;CFRrCF.OCF,CF.Cl was present in only a very small amount (< 10).

N A AL ciiL 1 o )L

Reaction of 8¢ with CF,= CH2
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The reaction mixture was distilled through t pS s 1 and
— 196 °C. The addition product CF;CFBrCF,OCH,CF; collected in the —7
°C trap (0.4 mmol, 20%). Ir (ecm™'): 2979 (vw); 1423 (w); 1303 (s); 1289
(s); 1235 (vs); 1183 (vs); 1132 (m); 1066 (m); 1043 (w); 968 (m); 947
(m); 923 (m); 846 (w). 'H NMR (CDCl,) &: 4.34 (q) ppm, 2Jur="7.73 Hz.
°F NMR (CDCl;) 8: CF*CF®BrCFr,*?OCH,CF;%: A= —76.8 (q, 3F) ppm,
Jap=Jdac=Jdp=9.3, 8.6 Hz; B=—142.3 (sextet, 1F) ppm, J,3=9.3 Hz,
Jec=Jpp=10.2 Hz; CD= —81.8 ppm, —83.6 ppm (m, AB pattern, 2F),
Jop=137.5 Hz; E= —74.9 (t, 3F) ppm, *>J4r="7.7 Hz. The other regio isomer,
CF;CFBrCF,OCF,CH,F, was present only in very small amounts (<19%).
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All of the addltlon reactions of the hypochlorites, prepared as described
above, were carried out in a similar fashion to those of the fluoroxy compounds.
Using 2 mmol of each reactant, the reactions were carried out from —111

°C to 22 °C over 12 h, followed by vacuum distillation through traps at
—78, —111 and —196 °C.

Reaction of 2b with CF,=CFCl

The addition product CICF,CF(CF3)OCF,—CFCl, (1.4 mmol, 70% yield)
was the only isomer found in the — 78 °C trap. The —111 °C trap contained
CFClg, and the —196 °C trap contained unreacted CF,=CFCl and small
amounts of CICF,COF, CF,COF, CF;Cl and CF,Cl,, which are known de-
composition products of CICF,CF(CF;)OCI [40]. IR (cm™%): 1328 (s); 1286

(vs); 1237 (vs); 1118 (vs); 1152 (vs); 1131 (s); 1047 (s); 934 (vs); 920
(vs); 892 (s); 864 (s); 791 (m); 745 (m); 702 (m); 688 (m); 646 (w); 632

'y O 7y OV LRSS ¢ 4 X< (4 U4 iy, OO 4y, Ua0 oL

(w) 19 NMR (CGDG) 8 CICFZACFB(CFHC)OCFZDECFFCIZ. A= —64.5 (m 2F)
ppm; B= —141.0 (t—m, 1F) ppm, J,z=21.4 Hz; C= — 78.3 (q—m, 3F) ppm,
Jac=dpc=10.0 Hz; DE= —82.0 ppm, —82.8 ppm (imn, AB pattern, 2F),
Jpg=148.0 Hz; F=—76.1 (t, 1F) ppm, Jg==7.5 Hz. MS (ED) (m/e): 69
(CFy)* 100%; 85 (CF,CD ™ 79%; 101 (CFCl,* 35%; 151 (CF,—CFCl,)* 32%;
185 (CF(CF3)CF,CI)™ 44%. MS (CI) (m/e): 333 {(M+H)* —HF]*™ 50%; 317
[(M+H)*—HCI]*" 53%; 185 (CF(CF5;)CF,CD* 100%.

Reaction of 2b with CF,=CH,
The single addition product CICF,CF(CF3)OCF,CH,Cl (1.4 mmol, 70%
yield) stopped at —78 °C. The —111 °C trap contained CFCl,;, whereas the
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—196 °C trap contained unreacted CF,=CH, and traces of decomposition
products. IR (cm™1): 2980 (w); 1433 (w); 1320 (m); 1242 (vs); 1170 (s);
1138 (vs); 1112 (s); 1082 (s); 1042 (m); 934 (m); 865 (m); 804 (w); 744
wW); 722 (w). 'H NMR (C¢Dg) 8: CICF,*BCFC(CF;?)OCF.ECH,Cl: 2.75 (t)
ppm, %Jyr=9.0 Hz. '°F NMR &: AB= —71.7 ppm, —72.6 ppm (in—m, 2F),
Jap=143.5 Hz, J,c=19.6 Hz, J5c=19.1 Hz, J,p=Jpp=11.3 Hz; C= —141.1
(t-m, 1F) ppm; D= -78.2 (q, 3F) ppm; E= —80.2 (t, 2F) ppm, *J;7z=9.0
Hz. MS (EI) (m/e): 251 (CICF,CF(CF3;)OCF,)* 15%; 185 (CF(CF;)CF,CD™
30%; 99 (CF,—CH,CD)*™ 100%; 85 (CF,CD)* 47%; 69 (CF3)* (82%); 49
(CH.,CDH* 20%. MS (CI) (m/e): 281 [(M+H)*-HF]"™ 100%; 283
[(M+H)* —HCI]* 70%.

Reaction of 2d with CF,=CFCl

The single addition product HCF,CF(CF3)OCF,CFCl, stopped at —78
°C (0.8 mmol, 40% yield). The —111 °C trap contained CFCl,;, and the
—196 °C contained unreacted CF,=CFCl along with small amounts of the
decomposition products HCF,COF, CF;COF, HCF,Cl and CF;Cl. IR (ecm™!):
2997 (w); 1449 (w); 1397 (w); 1318 (m); 1279 (s); 1239 (vs); 1221 (vs);
1185 (s); 1139 (vs); 1103 (s); 1063 (s); 1020 (m); 914 (s); 845 (m); 791
(w); 739 (w). 'H NMR (acetone-dy) &: 6.91 (t—d) ppm, 2Jgr=51.1 Hz,
SJar=3.5 Hz. 'F NMR (acetone-ds) 8: HCF,*PCF¢(CF3)°?OCF,E-CFCl,:
AB=—135.6 (m, 2F) ppm, %Jgr=51.1 Hz, J,z not readily determined;
C=—144.4 (t—-m, 1F) ppm, J,;=20.6 Hz, J5zc=18.2 Hz; D= —80.1 (m, 3F)
ppm, Jyp=Jpp=8.3 Hz; E= —-82.0 (m, 2F) ppm; F=—-75.7 (t, 1F) ppm,
Jer="7.4 Hz. MS (CI) (m/e): 101 (CFCly)* 16%; 151 (CF,—CFCl,)* and
(CF(CFy)CF.H)* 81%; 283 [(M+H)* —HC1]* 91%; 299 [M+H)* —HF]"*
100%. MS (EI) (m/e): 283 [M*™—Cl]* 7%; 151 (CF,CFCl,)* and
(CF(CF3)CF,H)* 85%; 101 (CFCl,)* 26%; 69 (CF3)* 100%; 51 (CF,H)™*
18%.

Reaction of 2d with CF,=CH,

The addition products (0.6 mmol, 27%) collected in the —78 °C trap.
The —111 °C trap contained CFCl;, and the —196 °C trap stopped the
unreacted CF,=CH, as well as the decomposition products HCF,Cl, CF;0F,
HCF,COF and CF4Cl. IR (ecm™1): 2982 (w); 1435 (w); 1396 (w); 1331 (m);
1238 (vs); 1211 (s); 1129 (vs); 1105 (s); 1019 (m); 899 (w); 842 (w); 807
(w); 740 (w); 695 (vw); 668 (vw); 634 (vw). 'H NMR (acetone-dg) &:
HACF,—CF(CF5)OCF,—CH,2Cl (35%): A=6.76 (t—q, 1H) ppm, %J,;z=51.27
Hz, 3Jy=1.14 Hz; B=432 (t, 2H) ppm, °3r=9.52 Hz
HACF,CF(CF3)OCH,P-CF,Cl (65%): A=6.82 (t-m, 1H) ppm, 2J;;»=51.09
Hz; B=6.85 (t, 2H) ppm, 3Jgr=5.19 Hz. '*F NMR (acetone-dg) &:
HCF,*~CF?(CF;%)OCF,"—CH,Cl: A= —135.0 ppm (complex AB pattern with
signals from both isomers overlapping); B= —143.6 (m, 1F) ppm; C= —-79.8
ppm (m complex, signals for both isomers overlap); D= —77.1 (m, 2F) ppm.
HCF,*CFB(CF;)OCH,~CF,°Cl: B= —142.0 (t~-m, 1F) ppm, %J,5=19.4 Hz;
D=—-71.6 (m, 2F) ppm.



Reaction of 2f with CF,=CFCl

The reaction mixture was distilled through traps at —50, —111 and
—196 °C. The — 111 °C trap contained CFCl;, and the — 196 °C trap contained
unreacted CF,=CFCl and the decomposition products CICF,COF and CF,(Cl,.
The —50 °C trap contained the single addition product (CICF;), CFOCF;CFCl,
in 10% yield. IR (cm™!): 3570 (vw); 1288 (m); 1261 (m); 1192 (vs); 1163
(s); 1144 (s); 1105 (m); 1061 (m); 1023 (m); 984 (m); 914 (m); 839 (w);
789 (vw); 758 (vw); 695 (vw); 620 (vw). F NMR (CgDg) &: (Cl-

CFZA)chBOCFZCCFDCIZ = —65.6 (m, 4F) ppm; B= —136.2 (t—pent 1F)
—921 2 3> [T =R 2 Ho (= - R1T E7A_A3 + 9T nnm — 7 & .
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D=—"75.7 (t, 1F) ppm. MS (CD) (m/e): 349 [(M+H)* —HF]* 6%; 201
(CF(CF,CD,)* 100%; 151 (CF,~CFCl,)* 69%; 101 (CFCL)* 80%. MS (ED

(mje): 201 (CF(CF,Cl),)* 11%; 151 (CF,—CFCl,)* 100%; 101 (CFCly)* 39%;
85 (CF,CD* 83%.

Reaction of 2f with CF,=CH,

The reaction mixture (no solvent) was distilled through traps at —78
°C and — 196 °C. The addition products stopped in the —78 °C trap (0.1
mmol, 5% yield), whereas the — 196 °C trap contained the decomposition
products CICF,C(O)F, Cl,CF, and unreacted CF,=CH.. IR (cm™!): 2970 (w);
1245 (m); 1191 (8); 1121 (8); 969 (m); 877 (m); 774 (m). 'H NMR (acetone-

dg) &: (CICFZA)ZCFBOCFZ —CH201 4. 30 (t) ppm, 3J3-=9.2 Hz. 'F NMR
(acetone dg) 8: A= —64.9 (I, 4F) ppm; B= —136.2 (m, lF) ppm C=-794

(v BT or ragin icorner (O1OT N OO0 wWas Precent
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in trace amounts (< 1%).

Reaction of 2h with CF,=CFCI

The reaction products (no solvent) were distilled through traps held at
—78 °C and — 196 °C. The —78 °C trap stopped 0.11 mmol. (10% yield)
of addition products, and the — 196 °C trap contained unreacted CF,=CFCl
and the decomposition products CICF,COF, HCF,Cl, HCF,COF and CF,Cl,.
The major isomer was HCF,CF(CF,COCF,CFCl, (> 95%). IR (ecm™!): 2999
(w); 1398 (w); 1355 (w); 1286 (m); 1266 (m); 1190 (vs); 1139 (s); 1048
(m); 963 (m); 914 (m); 789 (w); 602 (w). 1H NMR (acetone-dg) 6:
HCFACFB(CF,°CDOCF,PCFEClL,: 6.95 (t—d) ppm, 4Jur=50.9 Hz, 3J;+=3.6

Hz. l9F NMR (acetone-dg) 6: A= —133. 9 ppm, —134.3 ppm (complex ABX);
B=-140.1 (m, 1F) ppm; C= —68.1 (m, 2F) ppm; D= —81.5 (m, 2F) ppm;
E=-75.5 (t, 1F) ppm, J=7.5 Hz. MS {CI) (m/e): 315 [M+H)* —HF]*
95%; 299 [(M+H)" —HCI]"™ 80%; 167 (CF(CF,CDH)CF.,H)* 100%; 151
(CF,CFCl,) 33%.

Reaction of 2h with CF,=CH,

The reaction products were separated by distillation through traps held
at —60 °C and — 196 °C. The addition product stopped in the —60 °C trap
(0.22 mmol, 11%) and the — 196 °C trap contained unreacted CF,=CH, as
well as HCF,C(O)F, CF,Cl,, CICF,COF and HCF,Cl. In this case, significant
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amounts of both regio isomers were formed. IR (em™!): 2990 (w); 1433
(w); 1331 (m); 1248 (m); 1173 (s); 1144 (s); 1114 (s); 963 (m); 848 (w);
797 (m); 602 (w). 'H NMR (benzene-d;) 6: H*CF,CF(CF,Cl)OCF,—CH,EC1
(40%): A=5.31 (t—d, 1H) ppm, Z2Jgr=54.21 Hz, 3Jgr=0.40 Hz; B=2.84 (t,
2H) ppm, 3Jyr=9.14 Hz. '°F NMR (CDC]l,) 8: HCF,ACFB(CF,°Cl)OCF,PCH,Cl:
A=-134.2 (t-t, 2F) ppm, 2Jyr=54.3 Hz, 3J,.=7.8 Hz; B= —138.4 (m,
1F) ppm; C=-67.8 (m, 2F) ppm; D=-72.0 (m, 2F) ppm.
HACF,CF(CF,ChHOCH,?-CF,Cl (60%): A=5.41 (t—d—q, 1H) ppm, 2J;r=51.51
Hz, 3Jyr=2.66 Hz, %Jy-=0.5 Hz; B=6.8 (t-m, 2H) ppm, *Jyr="7.8 Hz. °F
NMR &: HCF,ACFB(CF,°CHOCH,CF,°Cl: A= —132.7 ppm (overlapping AB
pattern); B=—127.9 (im, 1F) ppm; C= —65.29 (m, 2F) ppm; D= —68.4 (t,
2F) ppm, 3Jyr="7.8 Hz. MS (CI) (mm/e): 263 [M+H)* —HF]* 100%; 247
[M+H)* —HC1]*20%. MS (ED) (m/e): 99 (CF,—CH,CI)* or (CH,—CR,CDH™*
100%; 85 (CF,CD)* 50%; 69 (CF3)* 17%; 49 (CH,CI)* 8%.

Reaction of 8b with CF,=CFCl

The products (no solvent) were distilled through traps at —70 °C and
— 196 °C. The — 70 °C trap held 0.41 mmol (22% yield) of a single addition
product, and the —196 °C trap contained COF,, CF;CFCl, and unreacted
CF,=CFCl IR (em™%): 1499 (w); 1295 (vs); 1242 (vs); 1185 (vs); 1130
(vs); 1031 (vs); 970 (vs); 917 (m); 867 (m); 852 (m); 770 (w); 733 (m);
633 (w). 'F NMR (CDCly) 8: CF3*CF2CICF,°POCFECI-CF,"¢Cl: A= —78.3
(d-t, 3F) ppm, J,g="7.0 Hz, Jy,c=J,p=9 Hz; B= —140.6 (g—m, 1F) ppm,
Jpc="7.3 Hz, Jgp=7.3 Hz; CD=—80.9 ppm, —82.5 ppm (AB pattern),
Jep=140.1 Hz, Jpg=22.9 Hz, Joz=0 Hz; E=-775 (d-m, 1F) ppm;
FG=-71.0 (m, 2F) ppm, Jrg=17.9 Hz, Jgz=4.5 Hz, Jgc=7.1 Hz.

Reaction of 8b with CF,=CH,

The products (no solvent) were distilled through traps held at —70 °C
and —196 °C. The addition products stopped in the — 70 °C trap (0.6 mmol,
31% yield). The —196 °C trap contained unreacted CF,=CH. as well as
COF, and CF;CFCl,. CFACFECICF,“OCF,°CH,Cl was the major isomer
(>99%). IR (ecm™!): 2981 (w); 1432 (w); 1338 (m); 1296 (s); 1262 (s);
1233 (vs); 1181 (s); 1137 (s8); 1117 (s); 1086 (s); 1027 (m); 970 (s); 896
(w); 848 (w); 736 (m). 'H NMR (CDCly) 8: 3.86 (t) ppm, °Jyp=9.2 Hz. '°F
NMR (CDCly) 8: A= —-78.3 (d-t, 3F) ppm, J,z=7.3 Hz, J,c=9.2 Hz;
B= —140.3 (m, 1F) ppm, Jgc=6.8 Hz; C= —81.5 (m, 2F) ppm; D= —75.1
(m, 2F) ppm.

Reaction of 8d with CF,=CFCl

The products were separated by distilling through traps at —65, —111
and —196 °C. The —65 °C trap stopped the single addition product (0.57
mmol, 28% yield). The — 111 °C trap contained CFCl; used as the solvent,
and the — 196 °C trap contained unreacted CF,=CFCl and the decomposition
products COF, and CF;CFBrCl. IR (cm™'): 1287 (s); 1237 (s); 1188 (s);
1148 (s); 1121 (s); 1029 (m); 956 (m); 927 (m); 700 (w); 602 (w). '°F



144

NMR (CDCly) 8: CF3*~CFPBr—CF,°—0O—CFPCl-CF,*Cl: A= —75.81 (d-t, 3F)
ppm, J,5=9.0 Hz, J,c=8.9 Hz; B= —144.1 (m, 1F) ppm; C= —78.6 ppm,
—79.5 ppm (AB pattern, 2F); D= —76.9 (m, 1F) ppm; E= —70.7 (d—d, 2F)
ppmy; Jpe="7.1 Hz, Jx(?) =4.7 Hz.

Reaction of 3d with CF,=CH,

The —111 °C trap contained only CFCl; used as the solvent (6 mmol),
the —196 °C trap contained COF,, CF;CFBrCl and unreacted CF,=CH,. The
single addition product collected in the — 78 °C trap (0.15 mumol, 8% yield).
IR (cm™%): 2981 (w); 1433 (w); 1337 (s); 1289 (vs); 1261 (vs); 1234 (vs);
1177 (s); 1157 (s); 1136 (vs); 1115 (s); 1084 (vs); 1026 (m); 964 (m);
931 (s); 899 (w); 846 (w); 803 (w); 733 (m). 'H NMR (acetone-dg) 6: 4.37
®) ppm, 3Jy=9.6 Hz. !F NMR (acetone-ds) 6: CF;*~CF®Br—CF,°—0O—
CF,P—CH,Cl: A= —75.8 (q, 3F) ppm, Jag=Jsc=9.5 Hz; B= —143.5 (q, 1F)
ppm; C=—78.3 ppm, —79.4 ppm (AB pattern); D= —74.2 (m, 2F) ppm.

Results and discussion

The '°F NMR spectra prove conclusively the existence of the fluoroxy
compounds at low temperature (< — 40 °C). The characteristic large downfield
shift of the —OF fluorine atoms is a general property of fluoroxy compounds
[4], and indicates the relative lack of electron density around the fluorine
atom. This is in accord with the electrophilic nature of —~OF compounds in
selected reactions [17]. All of the fluoroxy compounds described here have
—OF resonances in the range 140-155 ppm, typical for an —OF group bound
to a halogenated alkyl group.

For an —OF group bonded to an asymmetric carbon, the fluorine resonance
is greatly complicated by the different coupling constants. For example,
compounds 2a, 2¢ and 2g all exhibit complex patterns for the —OF fluorines.
In 2e, the —OF signal is also complex due to the apparent nonequivalence
of the —CFCl, groups. This is assumed to be a result of hindered rotation.
In most cases, an asymmetric carbon renders the neighboring —CF,— fluorines
diastereotopic and AB patterns of varying complexity result, complicating
the assignments. The AB coupling constants for these fluorines range from
17 Hz to 306 Hz, depending upon their type and location in the molecule.
Most of the CICF,— groups bound to an asymmetric carbon have 2/ values
in the 130 —180 Hz range.

The spectra for the analogous hypochlorites are somewhat simpler due
to the absence of coupling to the —OX group. However, AB patterns for
XCF,— groups are the general rule when an asymmetric carbon atom was
present in the molecule. An exception are the CICF,— fluorines in 2h. These
fluorines appear as a single triplet. The AB patterns for X=H exhibited
smaller 2Jgp values. The %/ coupling and /g values were both near 50
Hz for the HCF,— groups and the spectra are more properly considered as
ABX spin systems, but no detailed analysis was made.
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The majority of the NMR spectra were taken at low (< —40 °C) tem-
peratures. Compounds 2e—h and 3a—d are all very unstable at room tem-
perature, decomposing in minutes. Compounds 2a—d can be handled at room
temperature as long as the pressure is kept relatively low (<10 Torr). No
explosive decompositions were observed for these materials except for 2¢,
but rapid spontaneous decompositions of 2b,d were observed when the vapor
pressure of the compounds exceeded ~ 10 Torr.

The decomposition pathways for the hypochlorites and fluoroxy com-
pounds are easily predicted in most cases [7, 9, 16, 18-20]. In general, the
O-X bond is broken homolytically, producing X and R,O’ radicals in an
initiation step. If two a-F atoms are present, COF, is eliminated from R,O’,
and the resulting R, radical abstracts halogen from the hypohalite in a very
efficient process, as evidenced by the lack of any products resulting from
coupling of the two R, groups. When only one «-F atom is present, an acyl
fluoride is eliminated instead of COF, and the decomposition process is
similar. When the two R, groups in 2 are not equivalent, the elimination of
both types of R, radical from the intermediate R, (R, )CFO’ radical was
generally observed.

Reactions of the fluoroxy and hypochlorite compounds were carried out
in each case with CFy,=CFCl and CF3=CH, in order to compare their reac-
tivities and their potential as useful sources of halogenated ethers with a
variety of alkenes. These reactions also provided further verification of the
existence of the respective —OX derivatives. Of particular interest was the
effect of the substituents in compounds 2 and 3 on the yields in these
reactions and on the regiospecificity of the reactions with the unsymmetrical
alkenes.

The products of the addition reactions are summarized in Tables 1 and
2. The fluoroethers are very stable, inert, clear, colorless liquids at room
temperature. As indicated in the experimental section, NMR spectroscopy
allowed easy identification of the products and their ratios in the case of
regio isomers, in spite of the complexity of many of the observed spectra.
In the case of isomers in nonregiospecific reactions, these could not be
separated practically. Infrared spectra provided supportive evidence for the
addition products and mass spectra provided good evidence for the ethers.
The latter are interesting in the complete lack of parent ions in either the
EI or CI mass spectra. This seems to be quite general [8] for highly fluorinated
ethers and very intense ions were found for (M —X)*, especially in the CI
spectra. We assume that this results from protonation at oxygen in the ethers
to form an unstable oxonium ion, which immediately undergoes loss of HX
involving the adjacent a-fluorine or chlorine atoms.

It is interesting to compare the isolated yields of the fluoroethers produced
by these reactions. There seems to be no general trend for the reaction
yields in CF,=CFCl versus CF,=CH,, but in the cases of 2a, 2¢, 2d and
2e the yields in the reactions with CF,;=CFCl were significantly higher than
in those with CF,=CH,. For the other —OX derivatives, the yields were very
similar for X=Cl and F. The overall yields for the reactions of the fluoroxy
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derivatives were generally higher than those for the hypochlorites and in
general the yields parallel the thermal stabilities but not exclusively. In general,
carbon branching in fluoroxy compounds usually leads to a decrease in
stability, i.e. CF3;CF,CF,0OF > (C,F3),CFOF, but for hypochlorites the opposite
is usually true. The presence of substituents other than fluorine on carbon
lowers the stability of both the —OF and —OCI derivatives. Hydrogen has a
greater effect in this regard on fluoroxy compounds, chlorine is similar for
both —OF and -OCl and bromine is equally destabilizing for both. The
reactions leading to the highest isolated yields were those for Z2a and 2b,
which contain only one chlorine atom. Both were easily handled in the
vacuum line at room temperature without extensive decomposition, whereas
the analogs 2¢ and 2d containing hydrogen decomposed slowly over a period
of several hours at 22 °C. All of the other hypochlorites and fluoroxy compounds
prepared in this work decomposed within minutes at room temperature.

When one examines the distribution of regio isomers from the reaction
of fluoroxy compounds and hypochlorites with CF,=CFCl and CF;=CH,,
there is a pronounced tendency for the hypochlorite additions to show higher
regioselectivity than the respective fluoroxy additions. This result was expected
based on previous reports [4, 20]. In some cases, opposite regio isomers
predominated for —OCI versus —OF additions, i.e. 2a-b, 2e~f and 3c—d with
CF,=CH,. The fluoroalkenes used in this study were somewhat deactivated
towards electrophilic addition, CF,=CFCl more so than CF,=CH,. Trifluo-
romethyl hypochlorite is known to react very quickly with alkenes such as
CH3;—CH=CH,;, but much more slowly with halogenated alkenes such as
CF,=CFCl or CF,—CF=CF, [20]. Fluoroxytrifluoromethane was very reactive
with all the olefins and controlling the addition to activated alkenes such
as 2-butene was impossible {20]. The regiochemistry of the addition of
CF3;0Cl] and CF30OF, and other R{OX compounds, to alkenes is well established
[20, 21], and the addition products here are consistent with the previously
reported results.

We believe that these fluoroxy addition reactions probably proceed via
a free-radical-type pathway. Although several fluoroxy addition reactions
showed some selectivity, overall the selectivity was less than that for the
hypochlorite additions. The R{OCI derivatives probably react with olefins in
a rather concerted manner, giving rise to Markovnikov-like addition products
In most cases, although there were exceptions. For the latter, in the cases
where the anti-Markovnikov isomer predominated, there were significant
amounts of both isomers. In those which followed Markovnikov-like addition,
one isomer was usually present in 95% or greater abundance.

In conclusion, it is apparent from this and other work that many different
types of functionalized hypohalites can be prepared and characterized spec-
troscopically, but the stability of these compounds is not easily predicted.
The presence of a CF; group a to the —OX function seems to enhance the
stability, whereas other « groups such as HCF,— or —CICF, do not. Two a-
F atoms give low thermal stability in many of these materials, with two
exceptions being CICF,CF,0F [8, 10] and CICF,CFCICF,OF [8], which can
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be handled easily at ambient temperature. The corresponding —OCI derivatives
are unstable. The presence of a CF; group vy to the —OX function (i.e.
CF;CFYCF,0X, y=Cl, Br) offers no enhancement of stability, with these
compounds showing decomposition products even at —70 °C. In addition,
CF;CFCICF,0OF showed no addition products when attempts were made to
react it with CF,=CFCl and CF,=CH,. All others could be reacted with
fluoroalkenes to give the corresponding ethers, although the yields in many
cases were low. For enhanced yields of the ethers, the reaction of the R—0X
compounds, immediately after preparation, with alkenes in a flow system
seems to provide a better alternative [22]. This method also allowed larger
scale preparations upon which industrial applications could be based.
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