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SUMMARY

Vanadium pentafluoride reacts with polyfluorinated and
polychlorinated olefins, alkadienes, cycloalkenes and cyclo-

dienes in CFCl., or without a solvent at ~25° to 100°C, forming

3
products of addition of two fluorine atoms across the C=C bond.

INTRODUCTION

Earlier we have reported fluorination of hexafluorobenze-
ne, decafluorodiphenyl, octafluoronaphthalene (1], penta—-
fluoropyridine, 3-chlorotetrafluoropyridine, perfluorcanthra-
cene {2] and pentafluorobenzene derivatives 06F5x (Xx= H, D,
Alk, OAlk, OH, CN, N02) {1-4] by vanadium pentafluoride. This
paper presents the resulis of our studies on the reactions of
vanadium pentafluoride with polyhalogenated olefins, dienes,
oycloalkenes and oyclohexadienes.
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RESULTS AND DISCUSSION

Polvhalogenated alkenes and cycloalkenes

Fluorination of terminal fluoroolefins by vanadium penta-—
fluoride proceeds readily at -30 to -20°C 1n CFCl3 solu-
tion. The only reaction products are the respective poly-
fluoroalkanes (Table 1) formed in high yields.

CFCl3
CF2=CXRF + VFS —_— CFB—CFEF
"1 " . "3" — VF4 "2 " N “4"
X = 01, RF = 02F5 ("1","2")
X =P, RF = (CF2)4CFCICF201 ("3%,%4")

The reactivity of tetrachloroethylene "5" towards VF5
does not differ from that of terminal fluoroolefins.It reacts
with VF5 at -20°C to give 1,2-difluorotetrachloroethane "6".
No chlorine exchange for fluorine is observed.

Perfluoromethylvinyl ether "7" is more stable against
vanadium pentarluoride than alkenes "1%, "3 and "5". Its
transformation to perfluoroethylmethyl ether "8" takes place
only at 40°C, but even at that temperature the reaction rate
is low.

CF2=CF—OCF3 + VFS —_— CFBCFZOCF

"7 " "8“

3

This 18 in agreement with the data on the electrophilic
fluoromercuration of perfluoropropylene and ether "7" by
mercury difluoride in HF. The addition of HgF2 to perfluoro-
propylene proceeds at 75°C (24 h) [5], whereas with compound
“T" HgF, reacts only at 150°C (20 h) [6]. At the same time,
the radiocal fluorination of polyhaloolefins by fluorine 1is
known to give rise to a large amount of fluorodimerization
products [7]. In the fluorinations of unsaturated compounds by
vanadium pentafluoride, however, not a single product of this
type has been found.

Internal fluoroolefins react with vanadium pentafluoride
at higher temperatures than the terminal ones. The reactivity
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Fluorination of polyhaloalkenes and -cycloalkenes

Compound VF5 CF013 Temperature Time Method Alkene Products
mmol mmol ml %¢ min conversion yield
% %
nyn 23 49 17 -20 30 A g0 w2 g1
"3 23 82 20 -20 30 A 100 vagn 83
"5" 8.4 22.0 2 -20 30 A 48 "6 T2
" T 27 2 40 180 c 50 "gn 4
"gr 5.7 17.0 - 60 240 C 50 "10"94
“{1"7.7 28.0 - 150 240 C 9 "10"86
"2"6.5 27.0 - 100 300 C 100 "2r 46
"13v6.9 13.0 4 -20 15 A 42 "14"66
*15"9.3 20.5 - 25 60 C 56 "16"32
"15%6.2 25.0 - 60 180 c T4 "16"59
"MTvz2.2 13.7 - 60 120 B 68 "18"62
"19"1 .4 4.8 - 25 120 B 81 "20"60
"{gn2.5 8.2 - 60 120 B 90 "20"T4
"21"13.9 42.5 - 25 120 B 87 ols-"23"16
trans-"23"56
"22"6.8 19.0 - 25 120 B 64 "24"89
"22"10.1 48.0 - 60 180 B 94 "24"95
"25%5.6 18.0 - 150 240 B 0
"25"1.5 6.8 - 250 180 B 65 "27"91
"26"2.6 8.3 - 250 420 B 0
»2g8"0.8 1.6 0.6 25 30 B 29 "2g9ng2
"30"35
"31"6.9 6.9 10 -20 20 A 20 "33"96
"31"34 171 40 ~20 20 A 85 "33%36
"34"32
"35"19
»32v6.8 6.8 10 -20 20 A 22 "33"g93
34" 2.2
35" 0.8

(continued)
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TABLE 1 (oont.)

"32"10 40 10 -20 20 A 98 "33"66
“34"20
I|35 "11
“36"0.65 2.0 2 ~20 15 A 100 "38"85
"3912.2 9.6 - 25 60 B 69 "40"35
"41 "55

of fluoroclefins with two perfluoroalkyl groups at the C=C
bond is higher than that of fluoroolefins with three or four
perfluoroalkyl groups. Thus at 60°C, alkene "9" undergoes 50%
oonversion to perfluoro-2-methylpentane "10" during 4 h
whereas the conversion of its isomer "11" even at 150°C during
the same time does not exoeed 9%.

60°C
(CF3)20F0F=CFCF3
ngn converslion 50% VF5
o
150°C ————— (CFB)ECFCFECFECF3
(CF3 )20=CF02F5 4 h nq0"
nyqw conversion 9%

To complete fluorination of alkene "9", the reaction should be
conducted at 150-170°C.

Substitution of vinyl fluorines by chlorine raises the
fluorination rate of polyhaloalkenes. Thies is readily evident
in the oaBe of the reaction of "12" and "13" with VFg. The former
is fluorinated at 100°C while the latter reacts quickly at a
temperature as low -20°C.

= —_—
CF3001 CFCF3 + VF5 S CF30F01CF20F3
”12“ 100 C' 5 h "2“

CP,CC1=CC1CP, + VP, ——— CP,CFCICFCICP,
"y3n -20%, 0.5 n nygn

The reactivity of polyfluorinated oycloalkenes is similar
to that of intermal olefins and seems to be slightly dependent
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on coycle Bize. Perfluorocyclobutene "15" reaots with VFS at
20—22°C, though after 1 h conversion of this cycloalkene is
50%. At 50-60°C the fluorination is more efficient. At the
same time, 4-bromononafluoroocyclohexene "17" does not react
with VF5 at 25°C, but 1s fluorinated at 50-60°C, giving bromo-
undecafluorooyclohexane in 62% yleld.

+ VF5 e

u15u u16n
Br Br
O
"17“ nign

All unmarked bonds to fluorine.

Substitution of vinyl fluorines by ohlorine inoreases the
fluorination rate of C=C bonds in oyolcalkenes. For example,
in contrast to cycloalkene "17", chlorononafluorocyclohexene "19"
is easily fluorinated at 25°C, forming chloroundecafluorocyclo-
hexane "20". Agltating vanadium pentafluoride with 1,2-dichlo-
roootafluorocyoclohexene "“22% or 1,2-dichlorohexafluorocyclo-
pentene "21" at 25°C leads to the formation of 1,2-dichloro-
perfluorocycloalkanes. At 50—60°C the oconversion of oyoclohe-~
zenes "19" and "22" is 90-94%, whereas for oyclohexene "17" it
is only 68%. The reaction mixtures contained no products of
chlorine substitution by fluorine or dbromine substitution by
fluorine.

011[: . VP cl
(cr,) B (CF,)
1 2'n 5 o1 2/n

1 w2in 23" (ocis:trans=1:3.5)
2 wa2v w24"

Substitution of vinyl fluorines by perfluorocalkyl groups
sharply slows down fluorination of the double bond. This
tendency olearly shows itself on passing from bromocyclohexene
17" to 4(5)-bromoperfluoro-i-methyloyclohexene "25" and to
perfluoro(4,4,0]lbicyclodecene "26". Cyclohexene "25" 1is

n
n



390

fluorinated at 250°C. whereas compound "26" 1s stable to VFS
at this temperature.

150°C, 4 h
N
A\ W
JI::}—BT + VB, —f 250%, 3 h J::;}—Br
F3C > FsC
nogn no "
250°C, 7 h
OO0 +m —x—

|026n

The reaction of vanadium pentafluoride with 1-methylnona-
fluorooyclohexene "28" prooceeds in a more complex way, via
fluorination of the double bond and substitution of one
hydrogen by fluorine.

25

O m 2= 0 D
H.C H3C FHZC

3

l028" "29" "30"

It is worthwhile to note here that the reaction of 2,3,4,5,6-pen-
tafluorotoluene with vanadium pentafluoride also leads to the
formation of pentafluorobenzyl fluoride, along with the
producte of fluorination of thelr aromatic ring (4).

It is interesting to compare the reactlvity of the per-
fluorinated C=C bond and the aromatic ring. For that purpose
we studied the reaotion of VF5 wilth perfluoro-3-propenylben-—
zene "31" and perfluoro-1i-propenylbenzene "32". With a deficiency of
VF5. both fluorinations proceed with a high regioselectivity,
almost the only product being perfluoropropylbenzene "33". In
an excess of VPS, the products of further fluorination "34"
and "35" are formed.
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VP,
CgPcCP,CR,CF; —> /[]:j] + /@
"33" PI. Pr
C F.CP=CFCP F F
65" 3

"32" l|34" ll35"

06F50F20F=CF2
n3qn

As shown above, the internal perfluoroalkenes are fluorinated
by VF5 at a higher temperature than the terminal ones. Hence,
easy fluorination of C=C bond of compound "32" seems to be due
to conjugation of the olefinic fragment with the aromatic
ring. This is in agreement with the results of fluorinations
of isomeric perfluoro-1,2- and 1,4-dihydronaphthalenes "36"
and *37". The former 1s transformed exolusively to perfluoro-

tetralin "38", whereas fluorine addition to the olefinio
fragment of the latter prooceeds oconourrently with fluorination
of the aromatic ring {1].

@i)—-@)

v|36n n38u
O — 00 0O
n3n

At the same time, the reaotion of VF5 with perfluoro-1-phenyl-
oyolochexene "39" ocours only at the aromatio ring. This is
explained by the absenoe of conjugation of the C=C bond of the
oyolohexenyl fragment with the CSFS group beocause of their
non-ocoplanarity. The negative induotive effect of the penta-
fluorophenyl group also leads to inoreased deactivation of the
olefinic fragment in compound "39" as compared with that in
compounds "32%, "36" and "37" (of. the relative reactivity of
cyclohexenes "17" and "25").



392

A0 =00 + OO

" 39 " " 40 " " 41 "

Polyhalogenated aliphatic dienes and cyclohexadienes

In view of our results on the reactions of VF5 with poly-
halogenated alkenes and oycloalkenes, it seems rsasonabls to
suggest that the fluorination rate of the C=C bond in non-
conjugated aliphatic or oyclic dienes is chiefly governed by
the nature and number of substituents at the spa—hybrid carbon
atoms and does not depend on mutual disposition of olefinie
Iragments. To oonfirm this supposition, we have studied
fluorination of polyfluorinated oyclohexadienes by vanadium
pentafluoride.

Treatment of the CFCl3 solution of perfluoro-1,4-oyoclo-
hexadiene "42" with 4 equivalents of VF5 at -25°C leads to the
formation of perfluorocyclohexsne "43" (Table 2).

Increase of temperature from -25 to 25°C raises conversion of
diene "42" from 26 to 100%, but the only product of fluorina-
tion remains oyolohexene "43". Substitution of one of vinyl
fluorines in compound "42" by hydrogen or ochlorine leads to
inoreased fluorination rate of this olefinic fragment as
compared with the CF=CF fragment. 1-H-Heptafluoro-1,4-oyoclo-
hexadiene "44" is fluorinated at -25°C to form predominantly
4-H-nonafluorocyclohexene *“45". Fluorination of 1-chlorohepta-
fluoro-1, 4-oyclohexadiene "46" proceeds in a similar way. With
vinyl fluorine in diene "42" substituted by the trifluoro-
methyl group, fluorination occurs only at 20-25°C to glve
exclusively perfluoro-1-methyloyolohexene "50".
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Fluorination of polyhalo-1,3-butadienes and poly-
fluorooyolohexadienes

Compound VP, mmol Temperature,®C Method Products,
mmol (CF013,m1) (Time, min) {Alkane yleld, %
oonvereion,%®)
"42" 3.0 12.1 (5) -25 (15) A (26) "43" 87
42" 4.8 19.2 (6) 25 (25) B (100) 43" 9N
“44 1.0 2.1 (56) ~25 (20) 4 (39) "45"75,"4T" 4
46 1.7 6.2 (5) -25 (15) A (45) "19"27,*48"59
"46" 3.8 15.2 (6) 25 (20) B (100) "20"38,"48"57
"49" 1.5 6.8 (6) 25 (20) B (70) "50" 92
"51" 1.6 5.5 (6) 25 (20) B (100) "52153,129"11
"30"29
“53" 1.3 5.5 (5) -25 (15) A (29) "43" 83
54" 21 62 (7) -20 (20) A (81) cis-"12" 20
trans-"12"36,%2" 8
"55n 20 96 (30) -20 (20) A (97) "56"34,%57"30
"55" 40 205 (50) -20(180) 4 (100) “56"37,"5T"31
o — X
+ VR + [::H
-20°%
Yield, %

X = F "42" "43" 87 —_

H “44" " 45 " 75 " 47 " 4

cl “ 46 " "48" 59 N1 9 " 27

CPB " 49 (1] —_ “50" 92

At 25°C the products of fluorination of diene "46" in excess
V?s are oyclohexene "48" and ohloroundecafluorooyclohexane
20" which 18 formed in these conditions from 1-chloronona-

fluorocyclohexene (see above).

1-Methylheptafluoro-1,4-oyoclohexadiene

“51 "

does not
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reaot with VF; at -25°C, and at 20-25°C it 1s transformed to
a mnixture of 4-methylnonafluorcoyolohexene, methylundeoa-
fluorocyclohexane and 1-fluoromethylnonafluorocyoclohexene.

CH CH CH CH,F
o™ m— O™ O - 7
"51 " "52 " "29" 0!30"

The two latter compounds are the products of fluorination
of 1-methylnonafluorocyclohexene "28".

Thus the relative rate of fluorination of the formally
independent non-equivalent olefinic fragments of 1,4-cyoclohe-
xadiene derivatives actually depende on the donating or
accepting ability of a substituent at the C=C bond. However it
should be borme in mind that 1-X-heptafluoro-1,4-oyclohexa-
dienes react with VFS at a 1lower temperature than the
respective 1-X-nonafluorocyclohexenes. Por example, fluorina-
tion of the CF=CCl1 bond in oyclohexadiene "46" ococure at
-25°¢, and in oyclohexene "19" at +256°C. Simultanecusly the
CF=CF bond 18 fluorinated, though to a 1less extent, whereas
fluorine addition to thie fragment in polyfluorocyolohexenes
is observed only at 50-60°C.

Fluorination of perfluoro-1,3-oyclohexadiene "53" at
-25°C leads to perfluorocyclohexene. Other polyfluorinated
1,3-oyclohexadiene derivativee are ourrently not readily
available, and their reaotions with VF5 have not been Btudied.

The terminal polyhalo-1,3-alkadienes react with vanadium
pentafluoride in the same conditions as terminal alkenes. The
reaction of VF5 with 2-chloropentafluoro-1,3-butadiene "54"
prooceeds ochiefly by fluorine 1,4-addition (formation of alkene
*12"). A polyfluorcalkane "2" 1is formed from "12" under more
drastic conditions (see above), 1t Beems to be here the
product of Bequential 1,2-addition of fluorine.

CF2=CCI—CF=CF2 + VF5 —_— CF3001=CFCF3 + CFBCCIFCFZCF3
1154" ||12" II2N
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Treatment of perchloro-1,3-butadiene "55" with VF5 at
-25°C leads to the formation of 1,2,3,4-tetrafluorohexachloro-
butane "56% and 1,1,2,4-tetrafluorohexachlorobutane "57" in
about equal yields. A speoial experiment has shown that there
is no mutual oconversion of ocompounds *56", "57" under the
reaction oonditions. This indicates the parallel routes of
their formation though the mechanism of their formation is
still unclear.

As a result of studies on the reactions of vanadium
pentafluoride with polyhalogenated compounds, we can build the
following series of C=C bond reactivity variation depending on
substituents :

CF2=CFRP > RFCP=CFRT > (RF)20=CPRP > (RF)2C=C(RF)2

o

>C=C<x : X=H2>2C1l> CH3 >F > Rp 2 ORF

It is readily evident that the relative reactivity of
polyhalogenated unsaturated compounds with VP5 olearly indica-
tes the eleotrophilioc nature of this fluoride. However 1t
seems untimely to Judge about the fluorination mechanism.

EXPERIMENTAT

The NMR spectra were recorded on a Varian A56/60A (1H at
60 MHz, '9F at 56.4 MHz) and WP 200 SY instruments (%P at
188,31 MHz). The internal standard is TMS ('H) and CgF¢ (F'9).
The IR spectra were recorded on a Specord IR 75 instrument in
CCl4 solutions; mass-speotra, on a Finnigan MAT-2800 instru-
ment.

Vanadium pentafluoride was syntheslized by treatment of
vanadium with fluorine in a flow system in a nickel reactor.
Before use VF5 wag distilled [ref.].



396

TABLE 3
NMR spectral data

Compound  'JF chemical shifts (ppm) Coupling
constants (Hz)

npn 85.0(3F),83.4(17%),42.2(2P%),  J(2,3)= 10
24.3(1F?)

"4 (n.c.) 99.5(2F1),82.0(3F°),48.5(2F"),
44.2(0Fg),41.0(2cF2),36.6(2F3).
31.8(1F)

w2gn [812  43.5(2F2A 64y 39 1 (2p3A54), J(4B) ~ 280
38.3(17*),26.3 (2p2B16B)
23.6(2P3B+9B) 21, 0(174B)

30" (n.c.)51.1(2F%),42.1(283),39.9(192),  J(B-F,gem)= 47
28.9 (4F413),-60.1 (17%)

34" (n.c.) 83.8(3F7),60.8(2F°),53.1 (2F%,1F2),
49.6(2F>),36.9(2FP),11.2(17°), 4.4 (1F%)

“35%(n.0.) 81.6(3F7),56.0(1F2),53.8(2F%,2F%),
41.8(2F>),36.6(2FP),27.8(2F4,29°)

521 (n.0.)%7.8(1F4),54.6 (1774), 43.1 (1F54), 5 (AB) ~ 275-285
35,8(1F7B),25.8(1¥%B),9.7 (1F2),
7.6(1F),-8.4(1F%)

w56 (LD 102.4(1F1,17%),53.5(172,183)  J(2,3)=-10,

or meso)d J(1,2)=(3,4)=-17.6
J(1,4)=-19.0

"56" (meso 103.5(1F1,1P%),52.5(1F%,1F%)  J(1,2)=(3,4)=-15.2

or L,0)% I(1,3)=(2,4)=12.8
J(1,4)=-21.2
J(2,3)=—10.7

57" (n.0.)410.4(1714),106.2 (1¥'E), J(AB)=160,

103.2(17*%),58.7 (1#?) J(1B,2)=-13

J(14,4)=-28,
J(1B,4)=-25,
J(2,4)=16
J(14,2)=-10

35(H) 1.61, P5(H) 5.24, °5(H) 1.98, %The 9P NMR speotrum
has been interpreted by M.V.Galakhov.
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Fluorination with Vanadium Pentafluoride

Method A. An unesaturated compound and CFCl3 were placed into a
polychlorotrifluorcethylene reactor provided with a Teflon
stirrer and Teflon-coated thermocouple, and the mizxture was
cooled to -25 to ~20°C. Then a solution of VF5 in an equal amount
of CFCl3 was added portionwise, during stirring, at such a
rate as to keep the temperature down at -20°C. The mixture was
then agitated and poured onto ice. The organic layer was sepa-
rated, washed with ocold water, dried over MgSO4 or Caolz, and
the sBolvent was distilled off. Known compounds were identified
by using NMR and GILC analysis with addition of authentic
samples: in all cases, identical values were recorded. New com-
pounds were isolated by preparative GLC.
Method B. Into a 10 ml nickel tube, vanadium pentafluoride was
placed, cooled to -20 to - 10°C, and a fluorinated umsaturated
compound (or its CPCl3 Bolution) was added. The tube was her—
metically oclosed and shaken at the above temperature. The tube
was cooled to -20 to -10°C and the reaction mixture poured onto
ice. Then the mixture was treated as desoribed above.
Method C. The reaction was carried out as descoribed under
Method B (without a soclvent), but after having been kept
for some time, the reaotion products were distilled off from
the tube to the trap (-78°C). Then they were treated with
water, dried and analysed.

Tables 3, 4 and 5 show the IR and NMR speotra and the
analytical data of new compounds.

REFERENCES

1 V.V.Bardin, A.A.Avramenko, G.G.Purin, G.G.Yakobson,
V.A.Krasilnikov, P.P.Tushin and A.I.Karelin, J.Fluorine
Chem., 28 (1985) 37.

2 G.G.FPurin, V.V.Bardin and A.A.Avramenko, The 5th Regular
Neettng of Sovtet-Japanese Fluorine Chemists. 25-26 JAN.
1988, Tokyo, Japan, IV-1.

3 A.A.Avramenko, V.V.Bardin, A.I.Karelin, V.A.Krasilnikov,
P.P.Tushin, G.G.Purin and G.G.Yakobson, Zh.Org.khim.,

21 (1985) 822;Chem.Abstr.,103 (1985) 141551.



400

4 A.A.Avramenko, V.V.Bardin, A.I.Karelin, V.A.Krasilnikov,
P.P.Tushin, G.G.Furin and G.G.Yakobson, Zh.Org.EKhim.,
22 (1986) 2584; Chem. Abstr., 107 (1987) 217151.

5 W.T.Miller, M.B.FPreedman, J.H.Fied and H.G.Koch, J.4m.
Chem.Soc., 83 (1961) 4105.

6 E.P.Lurie, B.L.Dyatkin and I.L.Knunyants, Zh.Org.kKnim.,
7 (1971) 1835, Chem. Abstr., 76 (1972) 13451.

7 W.T.Miller, J.0.Stoffer, G.Fuller and A.C.Cirrie,
J.Am.Chem.Soc., 86 (1964) 51.

8 Methylundecafluorocyolohexane has been desocribed in ref.
[9) {(m.p., b.p., elemental analysis, R NMR), but no IR
and '9F NMR spectra have been given.

9 D.R. Sayers, R.Stephens and J.C.Tatlow, J.Chem.Soc., (1964)
3035.



