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Fluoro-olefin Chemistry. Part 15.1 Thermal Reaction of Hexafluoro- 
propene with Hydrocarbon Olefins 

By Robert N. Haszeldine,* Clive M. Raynor, and Anthony E. Tipping,* Chemistry Department, University of 

The thermal reaction of hexafluoropropene with hydrocarbon olefins can give three different types of product, 
1,1,2-triflu~ro-2-triflu~romethylcyclobutanes, hexaflumoalkenes of the type R1 R2C=CR3*CH2*CHF*CF2*CF3, and 
1,1,2-trifluoro-2-triflu~romethylcyclopentanes. The cyclobutanes are formed via diradical intermediates and the 
cyclopentanes via intermediate allyl-radical attack on the fluoro-olefin, while the hexafluoroalkenes arise via either 
of these rzdical intermediates or by the ' ene ' reaction. With olefins of the type CH,=CHR (R = Me or Et), cyclo- 
butanes are formed exclusively, while those such as CH,=CMeR (R = Et or Pr') give both cyclobutanes and 
hexafluoroalkenes. However, the olefins CH2=CMe,, CHMe=CMe2, and CMe2=CMe, afford all three types of 
product, but only with the alkene CHMe=CMe2 is cyclopentane-formation a major reaction (29% at 270 "C and 
35% at 220 "C). Certain of the reactions are complicated by hydrocarbon-olefin isomerisation. 

Manchester Institute of Science and Technology, Manchester M60 1 QD 

THE thermal cyclodimerisation of tetrafluoroethylene 
was first reported in 1946 and co-dimerisation with 
many hydrocarbon alkenes was soon investigated. 
However, it was not until 1966,* after confused earlier 
r e p o r t ~ , ~  that the structures of the thermal cyclodimers 
of hexafluoropropene were established. Since then 
several cyclodimerisation reactions between hexafluoro- 
propene and hydrocarbon olefins, e.g. CH,=CH2,6 CH,= 
CHMe,' and CH,=CMe,,8 have been investigated; it was 
observed that the rate of cyclodimer formation was 
slower than that from tetrafluoroethylene and the same 
olefins under analogous conditions. 
and cyclohe~ene,~ 1 : 1 adducts arising from insertion into 
allylic C-H bonds, i.e. (1) (9%) and (2) (63%), were also 
observed (Scheme 1 ) .  

With isobutene 

380 'C 
CF3.CF=CF2 + CH,=CMe2 - CH2=CMe.CH2.CF2.CHF.CF, 

(1 1 

( 2 )  
SCHEME 1 

Insertion of hexafluoropropene into C-H bonds, e.g. 
in alkanes,l09 l1 alkylbenzenes,12 ha loge no alkane^,^- l3 and 
dialkyl sulphides l4 under comparable conditions, has 
been observed. A radical chain mechanism initiated by 
thermally excited hexafluoropropene was proposed, i.e. 

K' + CF,=CFC1;3 - 
KCF2eFCF3 + RCF(CF,)CF,' 

J-"" J-"" 
li' -+- KCF2CHFCI', KCF(CF3)CHF2 + R* 

In the present work, the thermal reactions of hexa- 
fluoropropene with the hydrocarbon olefins CH,=CHMe, 
CH,=CMe,, CH,=CHEt, CH,=CMeEt, Me,C=CHMe, CH,= 
CMePr' , Me,C=CMe,, and CH,=CH-CH,Ph have been 

(3a) R=Me 
(7a) R = Et 

(19a) R = CH2Ph 

CF. CF3 
F2C' 'CH, 

I 1  
H X  -CHMe L 

(5 )  

(3b) R = Me 

(7b) R = Et 

(19b) R = CH2Ph 

C F2- C F. C F3 

(6) 

F2 C -C F. C F3 
I I  

H$-CMC~ 

(4) 

F,C -CF.CF3 
I I  

MeHC-CMe2 

(8a) c is  

(8b) t r a n s  

,CF3 
F2C- C 1 1 1 1 1  F 

H,C-C+,, 
I l / R 1  

'4 R2 

(90) R1=Et,R2=Me 
(9b) R1= Me, R2= Et 
(12a) R1= Pri, R2= Me 

(12b) R1= Me, R2+ Pr 

carried out and certain reactions have been investigated 
under varying conditions. The results obtained are shown 
in Table 1. 

Mechanisms of Prodmt Formation.-The major pro- 
ducts are of three types, i.e. cyclobutanes, hexafluoro- 
alkenes, and cyclopentanes and, in certain cases, a 
number of the products arose via isomerisation of the 
reactant alkenes. (a) Cyclobutanes. I t  is generally 
accepted that the formation of cyclobutanes from 
fluoro-olefins under thermal conditions involves short- 
lived singlet diradical intermediates in which bond ro- 
tation competes with cyclisation. The major, and often 
exclusive product, is formed via the most stable di- 
radical intermediate. 

In previously reported thermal cyclisations in which 
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cis- and trans-1,2-disubstituted cyclobutanes were formed formed in each case is that in which the CF, group and the 
(e.g. with the alkene CF,=CFCl) la the isomers were ob- 3-substituent (methyl) are trans. The importance of 
tained in a ca. 1 : 1 ratio. This was explained on the 1,3-interactions in cyclobutane formation involving 
basis of free rotation in the diradical intermediates giving Auoro-olefins has not been reported previously. 
an equal probability for closure to cis- or tram-structures. In all cases the cyclobutanes arose via the predicted 
In the present work the cis- and trans-cyclobutanes, most stable diradical, and the olefin reactivity order 
formed by reaction between hexafluoropropene and CH,=CMe, > CHMezCMe, > CMe,=CMe, is as expected 

TABLE 1 
Reaction of hexafluoropropene with hydrocarbon olefins 

CH,=CMe, 
CHa=CMel 
CH,=CMea 
CH,=CHE t 

CHa=CMeEt 

CHa=CMeEt 

Ratio 
C,F, : 

hydroalkene 
1 : 3  

1 : 3  
1 : l  
1 : l  

1:l 
1 : l  
1 : l  
1 : 3  

1:l 

1 : l  

1 : l  

1 : l  

1 : l  

1 : l  

1 : l  

CaF, Hydroalkene 
Temo, Time recovered recovered 
coci 
270 

270 
270 
360 

220 
180 
270 
270 

270 

220 

2 70 

220 

270 

2 70 

260 

(dl 
3 

3 
3 
0.6 

14 
28 
3 
3 

3 

14 

3 

14 

3 

3 

3 

(%I (%I 
4 68 

8 48 
19 19 
4 2 

78 78 
93 93 
23 
6 68 

34 34 

78 78 f 

62 62 0 

97 97 

46 47 j 

71 72 

68 3 

Cyclobutane 
(3a) 48 
(3b) 48 
(4) 78 
(4) 81 
(4) 59 

Cyclopentane Others 
Eight 2 

Four 1 
Four 4 
(6) 6 
Fourteen 6 
SiF, 
Five 3 
Six c 1 
Six 6 4, (6) 3 
Fifteen C 11 

Five 3 

Five 1 

Five 3 

0 Based on C,F, consumed. Autoclave experiment. Number of minor unidentified products (g.1.c.). Isobutene dimers 
f Consisting of 

Ih Mixture of nine isomers. 
Consisting of CHa=CMePri (7%) and Me,C=CMe, (40%). Including 

Four isomers (76 : 9 : 7 : 9). n The compounds PhMe (lye), PhPrn (19yo), (2)-PhCH=CHMe 

CH,=CMeCH,*CMe, and Me,C=CH*CMea also formed. 
CH,=CMeEt (65%) and Me,C--HMe (23%). 

two unidentified adducts (6 and 2%). 
(3%), and (E)-PhCH=CHMe (7%) also formed (yields based on hydroalkene consumed). 

Consisting of CH,=CMeEt (2%) and Me,C=CHMe (32%). 
IJ Consisting of CHa=CMeEt (2%) and Me,C=CHMe (60%). 

Consisting of CH,=CMePri (10%) and Me,C=CMe, (62%) 

terminal alkenes (such as CH,=CH*CH,R (R = H, Me, Ph) 
and CH,=CMeR (R = Et, Pr*), were also obtained in a ca. 
1 : 1 ratio despite the increasing bulk of the R group in 
the two series. Thus, steric factors are apparently un- 
important in the formation of these cis- and trans-1,2- 
disubstituted cyclobut anes. 

With non-terminal olefins, however, there were 
noticeable deviations from the ca. 1 : 1 ratio, i.e. with 
MeCHgMe, the ratio of (8a) : (8b) was 1 : 3, and with 
PhCH=CHMe (formed by isomerisation of PhCH,*CH= 
CH,), four cyclobutanes were obtained (75 : 9 : 7 : 9) and 
the major adduct was assigned the structure (18a). 
These results indicate that 1'3-steric interactions in the 
diradical are important in determining the amounts of 
individual cyclobutane isomers formed ; the major isomer 

on the basis of increasing steric hindrance to initial bond 
formation involving CH,, CHMe, and CMe,, respectively. 

In 1966 it was reported * that 
the reaction of hexafluoropropene with isobutene (1 : 1 
molar) at 380 "C (10 h) gave products (4) (28%) and (1) 
(9%). Details of product characterisation were not 
given and it was suggested that compound (1) was formed 
by the ' ene ' reaction. Apart from the one-step ' ene ' 
reaction, two other mechanisms need to be considered. 
These are (i) rearrangement of the diradical precursor 
(20) to the cyclobutane (4) (a two-step ' ene ' reaction) 
(Scheme 2) and (ii) a chain mechanism initiated by allyl- 
ic hydrogen abstraction analogous to that proposed pre- 
viously for insertion of hexafluoropropene into C-H 
bonds in saturated compounds, Le. 

(b )  HexaJEztoroalkenes. 
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CH,=CMe, + [C3Fs]* -+ C,HF,' + CH,=CMe*tH, 
(21) 
I C8F6 

222 1 

CH,=CMe, t 
(21) + (1) CH,=CMe*CH,*CF2*~F*CF3 . .  

J. 
etc . 

The react ion involving 2-methylbut-1 -ene could give 
compounds (10) and (11) via the ' ene ' mechanism, and 
compounds (lo), (ll), and (23) via a radical mechanism, 

CH2=CR.CH2.CF2CHF.CF3 MeHC = CMe.CH2.CF2.CHF.CF3 

(10) R = E t  

(13) R =  P r i  

(l la) cis 

( 11 b) trans 

Me2C = CMe . C H, . CF, . CH F. C F3 F, C - C F . C F3 

I I  
(14) Me2C-CMeZ 

(15) 

CF.CF3 
/ \  

I I  
F2C CMe2 

I I 

H,C- CHMe Me,C-CHMe 

(16) 

F2C - CF.CF, F2C- C;IIII F 

H &  I L P h  
.!c - c+,,, 

Me$- H 

I I  
MeHC- C H P h  

(18 1 (18a) 

while 2,3-dimethylbut-l-ene could give compounds (13) 
and (14) via the ' ene ' mechanism, and compounds (13), 
(la), and (24) via a radical mechanism; compounds (23) 
and (24) were not detected in the products. 

CH,=CMe*CHMe*CF,*CHF*CF, 

C H,=C Me*C Me,-C F,*C H F*C F, 

Intermediate radicals such as (22) are considered to be 
precursors to the cyclopentanes (see later) and, although 
cyclopentanes derived from radical (25) were observed in 
the 2-methylbut-2-ene reaction products, the alkene (26) 
was not detected. 
Me,C=CHCH,CF,cFCF8 Me,C=C H CH,CF,CHFCF, 

Furthermore, in the isobutene reaction, as the tempera- 
ture was lowered the yield of alkene (1) increased at the 
expense of the cyclopentane (5). It is difficult to explain 
why cyclisation of the radical (22), via a five-centre 
transition state involving attack on the terminal olefinic 
double-bond, should not be favourable at the lower 
temperature relative to hydrogen abstraction. 

(23) 

(24) 

(25) (26) 

On balance therefore it is more probable that the hexa- 
fluoroalkenes axe formed via the concerted ' ene ' or di- 
radical mechanisms. 

All of the isolated hexafluoroalkenes were derived from 
the 2-methylalk-1-enes CH,=CMeR (R = Me, Et, or Pr') 

(1 1 
SCHEME 2 

( 2 0 )  

even when internal olefins were the reactants. If the 
concerted ' ene ' mechanism is operative, this observ- 
ation can be explained on the basis of increased steric 
hindrance with the non-terminal olefins which renders 
the ' ene ' reaction unfavourable relative to cyclobutane 
and cyclopentane formation. 

(c)  Cyclopentanes. The original report on the reac- 
tion of hexafluoropropene with isobutene did not men- 
tion the formation of the cyclopentane (6). In the pres- 
ent work, however, compound (5) was isolated as a mix- 
ture of the cis- and tram-isomers (2% at 270 "C and 8% at 
360 "C; 1 : 1 molar ratio of reactants), It is proposed 
that the compound arises via cyclisation of radical (22) 
(Scheme 3). 

j y * y 2  
CF2 - 'QF2 C H 2 = C M c L  

Hzc)F\ CF / F CFJ F CF3 
I 
CF3 

( 2 2 )  
SCHEME 3 

In the other terminal alkene reactions cyclopentanes 
were not observed, but they were formed in the reactions 
with non-terminal olefins; in these cyclobutane formation 
occurred at a slower rate because of steric hindrance. 
Only with 2-methylbut-2-ene were cyclopentanes ob- 
tained in reasonable yields (36% at 270 "C and 29% at 
220 "C) at the expense of other 1 :  1 adducts. Ten 
cyclopentanes are possible with this alkene, i.e. four 
isomers of structure (27), four isomers of structure (28) 
(formed via the ally1 radical CH,CMe=CHMe - CH,= 
CMe-CHMe), and compounds (29) and (30) (formed via 

M e  

F3C 
(30) 
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the ally1 radical tH,*CH=CMe, - CH,=CH*CMe,). 
Nine isomers were detected and they were separated into 
the following: a mixture of four isomers, a mixture 
of two isomers, and three individual isomers. Identi- 
fication of individual isomers was not possible because 
the n.m.r. spectra were complex, but the isomers were 
shown to be cyclopentanes by the magnitude of the 
geminal F-F coupling (ca. 250 Hz). Thus allylic hydro- 
gen abstraction occurs from both the CHMe and CMe, 
groups in the alkene. In the reaction involving 2,3- 
dimethylbut-2-ene, all four isomers of structures (16) 
and (17) were formed in low yield (2:/,). 

Thus it is probable that three distinct mechanisms can 
operate for the reactions of hexafluoropropene with hydro- 
carbon olefins, and the products obtained were dependent 
on the olefin used. With olefins of the type CH,=CH* 
CH,R (R = H, Me, or Ph) cyclobutane formation occurred 
to the exclusion of other 1 : 1 adducts, while with those 
such as CH,=CRMe (R=Me,  Et, or Pr') hexafluoro- 
alkene formation became increasingly competitive with 
cyclobutane formation along the series. For the non- 
terminal olefins Me,C=CHMe and Me,C=CMe,, the form- 
ations of cyclobutane and hexafluoroalkene were rela- 
tively slow, thus allowing cyclopentane formation via 
allylic hydrogen abstraction to be competitive; this last- 
named mechanism was also more competitive with iso- 
butene at  a higher temperature. 

The reactant olefin isomerisations observed were prob- 
ably acid-catalysed, involving the walls of the Pyrex 
(fluorosilicate) reaction ampoules. 

Attempted dehydrofluorination of the cyclobutane (4) 
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with an excess of powdered potassium hydroxide at  
200 "C (72 h) gave unchanged starting material (66% 
recovered) and 2,3-difluoro-4,4-dimethyl-3-trifluoro- 
methylcyclobutene (31) in very low yield (<l%). 

StructuraZ A ssignments.-These were made mainly on 
the basis of 19F n.m.r. and mass spectral evidence, 
although g.1.c. retention times (in general cyclopentanes 
> hexafluoroalkenes > cyclobutanes) and the absence 
or presence of vinylic protons (as shown by lH n.m.r. 
and i.r. spectra) were also helpful. 

F3 C - FC - C F 

I II 
Me$ - CH 

(31) 

CycZobutanes.-(a) 19F N.m.r .  spectra. The major 
features observed in the spectra are shown in Table 2. 
All the spectra, except for those of compounds (18b-d) 
[obtained for a mixture containing (Ma) as the major 
component] and (12b), showed a geminal F-F coupling 
in the range 209-220 Hz as expected for cyclobutanes 
(reported range 195-240 Hz). The cis- and trans- 
assignments for compounds derived from terminal olefins, 
which contain an alkyl group on the carbon (C-2) 
adjacent to the CF*CF, group, were made on the basis 
that (i) a CF, group cis to the hydrogen on C-2 absorbs at  
higher field than a CF, group cis to  alkyl, and (ii) the 
fluoromethine fluorine atom (Fcl; see Table 2) cis to 
hydrogen on C-2 absorbs at lower field than if it is cis to 
alkyl [ c - .  compounds (29) and (4)]. The compounds 

TABLE 2 

lBF n.m.r. data for cyclobutanes 

Compound 

R' 
H 
H 
Me 
Me 
H 
Et 
Me 
Et 
Me 
Me 
Me 
Pr' 
Me 
H 
BZ 
P h  
P h  
H 

R2 

H 
Me 
H 
Me 
Et 
H 
Et 
Me 
Me 
Me 
Pr' 
Me 
Me 
Bz 
H 
H 
H 
P h  

R3 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
H 
H 
Me 
H 
H 
H 
Me 
Me 

R4' 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
H 
H 
H 
Me 
H 
H 
Me 
H 
H 

Chemical shifts (p.p.m.) 
A r \ J W )  

F a  F b  F C  Fd b-c + 3.6 
+3.2 
-1.7 
- 2.8 
+3.2 
-2.4 
-3.6 
-3.0 
-2.6 
-3.8 
- 4.4 
-3.9 
-4.0 + 1.9 
-2.7 
- 3.3 
- 0.5 
+2.1 or + 1.0 
+ l . O  or 
+2.1 

+24.2 
+28.7 + 25.0 + 25.0 
+29.3 
1-24.8 
+25.9 
+23.6 
+23.9 
+26.9 + 29.1 
+21.4 
+40.7 
t 2 7 . 6  
+23.7 
4-25.2 

$37.6 
+31.8 
+42.4 
+34.2 
+32.2 + 42.1 
+31.5 
+32.7 + 50.1 
+49.2 + 29.1 
+33.1 
+43.3 + 29.9 + 39.9 + 54.4 

+99.2 
+119.7 + 98.0 + 109.2 + 121.2 + 97.2 + 108.9 + 104.4 + 108.0 + 109.2 + 110.6 + 102.3 + 106.4 + 115.0 

+93.6 
+91.1 

214 
218 
219 
219 
220 
216 
220 
220 
220 
209 

216 
216 
214 
212 
2 10 

a Shifts t o  low field of reference (CF,CO,H) are negative. 
ca. 16 Hz, respectively. 

The coupling constants Jab, Jed, and Jcd were ca. 8. ca.  8, and 
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which contain two alkyl groups on C-2 were designated 
cis and traits by the relative dispositions of the CF, and 
bulkier alkyl group, and were differentiated by (i) the fact 
that the CF, group cis to the smaller alkyl group absorbs 
at  lower field than the CF, group cis to the bulkier alkyl 
group, and (ii) atom Fd cis to the smaller alkyl group 
absorbs at lower field than when it is cis to the bulkier 
alkyl group. \I'ith the cyclobiitanes (8a and b) and 
( lsa) ,  the disposition of the methyl group on C-3 was 
assigned by its effect on the chemical shifts of the 
fluorines F,, and FC [a cis-methyl group causes a high-field 
shift relative to  a cis-hydrogen atom, cj. compounds (29) 
and (4)l. 

All the spectra showed a parent-ion 
peak and tht. most typical mass spectral breakdown 
observed in\rolired cross-ring cleavage, as indicated, with 
major cleavagt~ occurring by either path A or B depending 
on the particular cyclobutane : e.g. cornpound (3b), mle 
64 (72%, CF,CH,') and 128 (70%, CF,CFCHMe+) via 
path A, and nz/e 42 (87% CH,CHMe+) via path B;  com- 
pound (4), m,'e 64 (160/,) and 142 (78%, CF,CFCMe,*) 
via path A, and ntje 56 (98:/,, CH,CMe,+) via path €3. 

All of the six 
compounds prepared contained tlie CH2CF2CHFCF, 
grouping, and the relevant chemical shifts and coupling 
constants observed in the spectra are as follows: C(H,),* 

(H,)), ca. +30 (FAFB), +133 & 1 (FJ, and -2.4 + 0.3 
(Fd) p.p.m.; Jhu 264 & 4 Hz, Jbc 43--44 Hz. These 
chemical shifts and coupling constants are in the expected 
ranges as the CH, group is also allylic. Vinylic protons 
and allylic methyl groups also absorbed in the expected 
regions, 7 5.15 

Relatively strong parent-ion peaks 
were present in all the spectra, and major breakdown was 
observed in\wlving cleavage of the RCH2-CF, bond to 
give the KCH, i- ion as the base peak. 

All the alkenes, except compound 
(14), showed an absorption between 6.00 and 6.20 pni 
(C=C stretch) in their i.r. spectra. 

CycZope.l.ttanes. -These compounds showed the absence 
of a CHF group and the presence of a tertiary fluorine 
(85-117 p.1l.m.) in their 19F n.m.r. spectra; the cyclo- 
pentane ring was confirmed by the magnitude of the 
geminal F-F coupling (246-254 Hz). The lH n.1n.r. 
spectra showed only the presence of methine, methylene, 
and methyl hydrogens (no absorptions at  lower field than 
T 7 . 7 ) .  Howe\.er, the spectra were complex and, in a 
number of cases, mixtures of isomers were present, so it 
was not possible to assign definite structures except in 
the case of the isobutene adducts (5); for these the 
low-field fluoromethine absorption (92.8 p.p.m.) was 
assigned to the cis-isomer (F and H cis) and the high- 
field absorption (104.5 p.p.m.) was assigned to tlie 
trans-isomer (F and H t r a m ) .  

The mass spectra were of little help in structural 
assignment although parent ions were always present. 
The isobutene atlduct showed a base peak in its spectrum 
;?t wz/e 91 [ ( M  - C,I;,Me) +, i.e. C,H,F,+], while the 

(b)  Illuss spectra. 

HexaJI.uoroalkeites.-(a) N.m.r .  spectra. 

C~*CFHCH,,l',.*C(Fd)3; T 7.60 & 0.1 (Ha), 5.68 0.6 

0.35 and T 8.65 & 0.05, respectively. 
( b )  M a s s  spectru. 

( c )  1.r. spectra. 

spectra of all the 2-methylbut-2-ene adducts and the 
mixture of 2,3-dimethylbut-2-ene adducts showed a base 
peak due to the ion ( M  - C,HF,)+ at  m/e 69 (C,H,+) and 
83 (C,H1,+), respectively. 

EXPERIMENTAL 

Reactants and products were manipulated in a vacuum 
system, where possible, to avoid contamination with air or 
moisture. Tube and autoclave reactions were carried out 
i12 vaczto in Pyrex tubes (ca. 300 cm3) and Hastelloy auto- 
claves (ca. 500 cm3), respectively. Products were partially 
separated by fractional condensation in  vucuo and indi- 
vidual components were separated from the fractions ob- 
tained by preparative scale g.1.c. [Perkin-Elmer F 21 
instrument ; columns of trixylyl phosphate (TXP), Apiezon 
I, grease (i\PL), polyethyleneglycol adipate (PEGA), or 
Silicone SE 30 oil (15-25yo on Celite)]. They were ex- 
amined by i.r. spectroscopy (Perkin-Elmer 257 spectro- 
photometer with sodium chloride optics), n.m.r. spectro- 
scopy (Perkin-Elmer R 10 spectrometer operating a t  60.0 
MHz for lH and 56.46 MHz for lsF, or a Varian HA-100 
spectrometer operating a t  100.0 MHz for 1H and 94.1 MHz 
for lSF, with external tetramethylsilane and external tri- 
Auoroacetic acid as the respective references), and mass 
spectrometry (A.E.I. MS 902 spectrometer). The mass 
spectra of individual components of mixtures were obtained 
by coupled g.1.c.-mass spectrometry. B.p.s were deter- 
mined by Siwoloboff's method. 

Thermal Reactions of Hexafluoropropene with Hydro- 
carbon AZkenes.-(a) With propene. A mixture of hexa- 
fluoropropene (2.25 g, 15.0 mmol) and propene (1.89 g, 45.0 
mmol) was sealed in  vacuo in a Pyrex ampoule and heated at 
270 "C (3d) to give (i) a mixture (1.37 g, 31.2 mmol; M, 44) 
of unchanged hexafluoropropene (0.09 g, 0.6 mmol, 4% 
recovered) and unchanged propene (1.28 g, 30.6 mmol, 68% 
recovered) ; (ii) a mixture (2.71 g) of two major components 
(1 : 1 ratio) and eight minor components (ca. 2% of the 
fraction), which, on separation by g.1.c. (7-m SE 30 at 30 "C), 
afforded trans- 1,1,2-tri,fEuoro-3-rnethyZ-2-tr~~uoromethyZ- 
cyclobutane (3b) (1.33 g, 6.9 mmol, 48%) (Found: C, 37.5; 
H, 3.1; F, 58.9%; M+, 192. C,H,F, requires C, 37.5; H, 
3.2; F, 59.3%; M, 192), b.p. 85 "C, and cis-1,1,2-trifluoro-3- 
methyl-2-trifluoromethylcycZobutane (3a) (1.33 g, 6.9 mmol, 
48%) (Found: C, 37.6; H, 3.3; F, 59.1%; M +  192), b.p. 
91 "C; and (iii) a small amount of charred material which 
remained in the tube and was not examined further. 

(b)  With isobutene. A mixture of hexafluoropropene 
(2.25 g, 15.0 mmol) and isobutene (2.52 g, 45.0 mmol) was 
sealed in vacuo in a Pyrex ampoule and heated at 270 "C 
(3d) to give (i) a mixture (1.39 g, 22.9 mmol; M ,  61) of 
unchanged hexafluoropropene (0.18 g, 1.2 mmol, 8% re- 
covered) and unchanged isobutene (1.21 g, 21.7 mmol, 48% 
recovered); (ii) a liquid mixture (3.19 g), shown by g.1.c. 
(3-rn SE 30 a t  45 "C) to contain four major components 
(SO : 3 : 11 : 6) and four minor components (ca. 1% of 
fraction) ; and (iii) a small amount of charred material which 
remained in the tube and was not examined further. The 
four major components of the liquid mixture were separated 
by g.1.c. (7-m SE 30 a t  65 "C), but the first component was 
shown to be a mixture of two further components (87 : 13) 
and was re-separated (7-m TXP a t  85 "C) to give 1,1,2- 
trifluoro-3,3-dimethyl-2-trifluoromethylcyclobutane (4) 
(2.21 g, 10.7 mmol, 78%) (Found: C, 40.9; H, 4.1; F, 
55.1%; Mf ,  206. Calc. for C,H,F,: C, 40.8; H, 3.9; F, 
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55.3%; M ,  206), b.p. 102 "C (lit.,8 99 "C), and 4,4,5,6,6,6- 
hexafluoro-2-methylhex-l-~ne (1) (0.33 g, 1.6 mmol, 12%) 
(Found: C, 41.0; H, 4.0; F, 55.7%; M+, 206), b.p. 98 "C 
(lit.,8 95 "C). The remaining components were found to be 
1,1,2-trz~uoro-4-methyl-2-t~~~uo~omethyZcycZopentane ( 5 )  (0.10 
g, 0.5mmo1, 4%) (Found: C, 41.0; H, 4.0; F, 54.8%; Mf, 
206) as a mixture of the cis- and trans-isomers in the ratio 
1 : 1, b.p. 121 "C; 2,4,4-trimethylpent-l-ene (0.35 g, 3.1 
mmol, 270/;, based on isobutene) identified by a comparison 
of its i.r., n.m.r., and mass spectra with those of an authentic 
sample; and a mixture (0.18 g, 1.6 mmol, 14% based on 
isobutene) of 2,4,4-trimethylpent-2-ene and two other, 
unidentified octenes (ratio 64 : 27 : 9) with the major olefin 
identified by a comparison of its i.r., n.ni.r., and mass spectra 
with those of an authentic sample. 

Further experiments using a 1 : 1 molar ratio of reactants 
(30.0 nimol of each) a t  (i) 270 "C (3  d),  (ii) 360 "C (12 h),  (iii) 
220 "C (14 d),  and (iv) 180 "C (28 d)  in Pyrex tubes, and an 
autoclave experiment (1 : 1 ratio of reactants, 0.30 mol of 
each) a t  270 "C (3 d) were also carried out; the results are 
given in Table 1. 

A mixture of hexafluoropropene (2.25 
g, 15.0 mmol) and but-l-ene (2.25 g, 45.0 mmol) was sealed 
i n  vucuo in a Pyrex ampoule and heated a t  270 "C (3d) to 
give (i) a mixture (1.83 g, 31.4 mmol; M ,  59) of unchanged 
hexafluoropropene (0.12 g, 0.8 mmol, 5 yo recovered) and 
unchanged but-l-ene (1.71 g, 30.6 mniol, 68% recovered); 
(ii) a liquid fraction (2.76 g), which was shown by g.1.c. 
(3-m T X P  a t  65 "C) to contain two major components (1 : 1) 
and fifteen minor components (1 1 % of fraction) with 
different retention times to those of the major components; 
and (iii) a small amount of charred residue which remained 
in the tube and was not examined further. The two major 
components of the liquid fraction were separated by g.1.c. 
(7-m T X P  a t  85 "C) and identified as trans-3-ethyZ-1,1,2- 
trifluoro-2-trifluoromethylcyclobutane (7b) (1.24 g, 6.0 mmol, 
42%) (Found: C, 41.2; H, 4.1; F, 54.8%; Mf, 206. 
C,H8F, requires C, 40.8; H, 3.9; F, 55.3%; M ,  206), b.p. 
104 "C, and cis-3-ethyl- 1,1,2-tri$uoro-2-tri$uoromethylcyclo- 
butane (7a) (1.21 g, 6.0 mmol, 42%) (Found: C, 41.0; H, 
4.1 ; F, 54.9% ; hlf, 206), b.p. 108 "C. 

A mixture of hexafluoropro- 
pene (4.50 g, 30.0 mmol) and 2-methylbut-l-ene (2.10 g, 
30.0 mmol) was sealed in vucuo in a Pyrex ampoule and 
heated a t  270 "C (3 d) to give (i) unchanged hexafluoropro- 
pene (1.53 g, 10.2 mmol, 34% recovered); (ii) a mixture 
(0.71 g, 10.2 mmol; M ,  70) of unchanged 2-niethylbut-l- 
ene (0.04 g, 0.6 mmol. 2% recovered) and 2-methylbut-2- 
ene (0.67 g, 9.6 mmol, 32% on initial alkene), as shown by 
their g.1.c. (2-m SE 30 a t  25 "C) retention times and i.r. and 
mass spectral data ; (iii) a higher-boiling liquid fraction 
(3.94 g) which was shown by g.1.c. (2-m PEGA a t  60 "C) to 
contain four major components (5 : 73 : 10 : 12) and five 
minor components (ca. 3% of fraction); and (iv) a small 
amount of charred material (0.4 g) which remained in the 
tube and was not examined further. The major components 
of the liquid fraction were separated by g.1.c. (6-111 PEGA at 
90 "C) and identified as: a mixture of cis- and trans-1,1,2- 
tr~fEuoro-3,3,4-trimethyl-2-trifEuo~o~ethylcyclobutane (8 )  (0.1 7 
g, 0.8mmo1, 4%) (Found: C, 43.8; H, 4.8; I;, 51.7%; Mi, 
220. C8HloF, requires C, 43.6; H, 4.6; F, 51.8%; 111, 
220), b.p. 120 "C, present in the ratio 1 : 3 (19F n.m.r. 
spectroscopy) ; a mixture of cis- and trans-3-ethyl- 1,1,2- 
trijluoro-3-methyl-2-trifluoromethylcycZobutane (9) (2.83 g,  
12.9 nimol, 650;,) (Found: C, 43.8; H, 4.6; F, 51.77:; Mf, 

(c) With but-l-ene. 

( d )  With 2-methylbut-l-ene. 

220), b.p. 124 "C, present in the ratio 1 : 1 ('H and 19F n.m.r. 
spectroscopy) ; 2-ethyl-4,4,5,6,6,6-hexafluorohex- 1 -ene ( 10) 
(0.37 g, 1.7 mmol, 9%) (Found: C, 43.4; H, 4.6; F,  51.6%; 
M', 220), b.p. 119 "C; A,,,,,. 6.05m pm (C=C str.); and a. 
mixture of cis- and trans-5,5,6,7,7,7-hexa$uoro-3-methyZ- 
hept-2-ene (11) (0.47 g, 2.1 mmol, 11%) (Found: C, 43.6; H, 
4.6; F, 51.5%; M + ,  220), b.p. 123 "C; A,, 6 . 1 6 ~  and 
6 . 2 5 ~  pm (C=C stretch), present in the ratio 1 : 1 (1H and 
19F n.ni.r. spectroscopy). 

A second reaction using the same quantities of reactants 
and carried out a t  220 "C (14 d) gave the results shown in 
Table 1. 

( e )  With 2-methylbut-2-ene. A mixture of hexafluoro- 
propene (4.50 g, 30.0 mniol) and 2-methylbut-2-ene (2.10 g, 
30.0 mniol) was sealed in VUGUO in a Pyrex tube and heated 
at  270 "C (3 d) to give (i) unchanged hexafluoropropene (2.34 
g, 15.6 mniol, 52% recovered); (ii) a mixture (1.09 g, 15.6 
mmol ; M ,  70) of unchanged 2-methylbut-2-ene (1.05 g, 
15.0 mmol, 50% recovered) and 2-methylbut-l-ene (0.04 g, 
0.6 nimol, 2% on initial alkene), as shown by g.1.c. (2-m SE 
30 a t  25 "C); (iii) a higher-boiling liquid fraction (2.42 g) 
which was shown by g.1.c. (3-m T X P  a t  80 "C) to contain 
nine major components (36 : 19 : 6 : 6 : 18 : 4 : 4 : 4 : 3) and 
five minor components (ca. 3% of the fraction) ; and (iv) a 
charred residue (0.7 g) which remained in the reaction tube 
and was not examined further. The major components of 
this liquid fraction were separated by g.1.c. (7-m T X P  at 
110 "C) to give (a) a mixture of the cis- and trans-cyclo- 
butanes (8 )  (0.84 g, 3.8 mmol, 26%) in the ratio 1 : 3 (19F 

n.ni.r.), (b) a mixture of three components as shown by 
g.1.c. (2-m PEGA a t  65 "C) in the ratio 64: 10: 26, which 
was re-separated by g.1.c. (6-m PEGA a t  80 "C) into its 
Components; these were identified as a mixture of the cis- 
and trans-cyclobutanes (9) (0.38 g, 1.7 mmol, 12%) in the 
ratio 1 : 1 (19F n.m.r.), a mixture of hexafluoro-octenes (0.06 
g, 0.3 mmol, 2%), and a mixture of hexafluoro-octenes (0.13 
g, 0.6mmo1, 4%) (Found: C, 43.8; H, 4.6; F, 52.2%; M + ,  
220. Calc. for C,HloF,: C, 43.6; H, 4.6; F, 51.8%; M ,  
220), (c) a mixture of four unidentified trifluorodimethyl- 
trifluoromethylcyclopentanes (A-D) (0.56 g, 2.5 mmol, 
17%) (Found: C, 43.6; H, 4.7; F,  52.2%; M', 220), b.p. 
134 "C, present in the ratio 30 : 9 : 4 : 7 (l9F n.m.r.), (d) an 
unidentified trifluorodimethyltrifluoromethylcyclopentane 
(E) (0.09 g, 0.4 mmol, 3%) (Found: C, 43.3; H, 4.6; F,  
51.3%; M+, 220), b.p. 136 "C, (e) a mixture of two uni- 
dentified trifluorodimethyltrifluoromethylcyclopentanes 
(F and G) (0.10 g, 0.4 mmol, 3%) (Found: C, 43.9; H, 
4.7; F, 51.5%; Mt,  220), b.p. 138 "C, in the ratio 31: 19 
(1*F n.m.r.), (f)  an unidentified trifluorodimethyltrifluoro- 
niethylcyclopentane (H) (0.10 g, 0.4 mmol, 3%) (Found : 
C, 43.8; H, 4.6; F, 51.8%; M + ,  220), b.p. 140 "C, and (g) 
an unidentified trifluorodimethyltrifluoromethylcyclo- 
pentane (I) (0.08 g, 0.4 mniol, 30/,) (Found: C, 43.7; H, 
4.7; F, 51.3%; M f ,  220), b.p. 142 "C. 

A second reaction (1 : 1 molar ratio) carried out a t  220 "C 
( 14 d) gave the results shown in Table 1. 

(f) With 2,3-DimethyZbut-l-ene. PL mixture of hexafluoro- 
propene (4.50 g, 30.0 mmol) and 2,3-dimethylbut-l-ene 
(2.52 g, 30.0 mmol) was sealed in vucuo in a Pyrex ampoule 
and heated a t  270 "C (3 d) to give (i) unchanged hexafluoro- 
propene (2.07 g, 13.8 mmol, 46% recovered), (ii) a mixture of 
cis- and trans-1,2-bis(trifluoromethyl)liexafluorocyclobu- 
tane (6) (0.09 g, 0 . 3  mmol, 20,b), (iii) a mixture (1.18 g, 14.1 
mmol; -21, 84) of unchanged 2,:3-dimethylbut-l-ene (0.18 g, 
2.1 niinol, 7y0 recovered) and 2,3-dimethylbut-2-ene (1.00 g, 
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12.0 mmol, 40% based on initial alkene) as shown by their 
g.1.c. (3-ni T X P  a t  60 "C) retention times and i.r. spectra, 
(iv) a higher-boiling liquid fraction (2.62 g) which was shown 
by g.1.c. (3-111 T X P  a t  90 "C) to contain three major coni- 
ponents (14 : 73 : 13) and five minor components (ca. 6% of 
fraction), and (v) a charred residue (ca. 1.0 g) which was not 
examined further. The three major components of the 
liquid fraction were separated by g.1.c. (7-m T X P  at 125 "C) 
and were identified as 4,4,5,6,6,6-hexajluoro- 2-isopropy Zhex- 
l-ene (13) (0.35 g,1.5 mmol, 9%) (Found: C, 46.1; H, 5.1; 
F ,  48.7%; ATf, 234. CgH12F, requires C, 46.2; H, 5.2; F ,  
48.7% ; M ,  234), b.p.  135 "C; A,, 6.06, pm (C=C stretch) 
a mixture of cis- and trans- 1,1,2-trijluor0-3-isopropyZ-3- 
nzetlzyZ-2-trijluoromethyZcyclobutane (12) (1.78 g, 7.6 mmol, 
47%) (Found: C, 46.2; H ,  5.2; I;, 48.5%; iV+, 234), b.p. 
144 "C, present in the ratio 1 : 1 (19F n.m.r.) and 5,5,6,7,7,7- 
hexa$uoro-2,3-diniethyZhept-2-ene (14) (0.32 g, 1.4 nimol, 
97,) (Found: C, 46.2; H, 4.9; F,  48.5o/b; M+,  234), b.p. 
143 "C. 

A mixture of hexafluoro- 
propene (4.50 Q ,  30.0 mmol) and 2,3-diniethylbut-2-ene (2.52 
g, 30.0 mniol) was sealed in uac2to in a Pyrex ampoule and 
heated a t  270 "C (3 d) to give (i) unchanged hexafluoropro- 
pene (3.20 g, 21.3 mmol, 7176 recovered), (ii) compound (6) 
(0.09 g, 0.3 nimol, 20/;), (iii) a mixture (1.81 g, 21.6 mniol; 
M ,  84) of unchanged 2,3-dirnethylbut-Z-ene (1.56 g, 18.6 
mmol, 62% recovered) and 2,3-dimethylbut-l-ene (0.25 g, 
3.0 mmol, 10% based on initial alkene), as shown by g.1.c. 
(3-m T X P  a t  60 "C) and i.r. spectroscopy, (iv) a higher- 
boiling liquid fraction (0.72 g) which was shown by g.1.c. 
(3-m T X P  a t  90 "C) to contain seven major components 
(J--P) (8  : 6 : 12 : 50 : 5 : 15 : 4) and five minor components 
(ca. 2o/b of the fraction), and (v) a charred residue (1.2 g) 
which was not examined further, The seven major com- 
ponents of the liquid fraction were separated by g.1.c. 
(7-m T X P  a t  130 "C) into four fractions; a mixture (0.18 g, 
0.8  mmol, 10%) of components (J-L), 1,1,2-trifluoro-3,3,4,- 
4-tetramethyl-2-trifluoroniethylcyclobutane ( 15) (0.06 g, 
0.2 mniol, 3%), the alkene (13) (0.04 g, 0.2 mmol, 2%) and 
an unidentified adduct (0.08 g, 0.4 mmol, 5y0) ; a mixture of 
components (M and N) ,  cis- and trans-cyclobutanes (12) 
(0.35 g, 1.5 mmol, 18%) in the ratio 1 : 1 (l9F n.m.r.), and an 
unidentified adduct (0.04 g, 0.2 mmol, 2%); component 
(0), the alkene (14) (0.11 g, 0.5 mmol, 6%); and component 
(P), a mixture (0.03 g, 0.1 niniol, 2%) (Found: C, 46.5; H, 
5.3; F, 48.416; ill+, 234. Calc. for C,H12F,: C, 46.2; H ,  
5.2; F ,  48.70; ; M ,  234), b.p. 155 "C, of cis- and trans-1,1,2- 
trifluoro-3,3,4-trimethyl-2-trifl~iorometliylcyclopentane ( 16) 
and cis- and trans- 1,2,2-trifluor0-3,3,4-trimethyl- l-trifluoro- 
methylcyclopentane (17) in the ratio 31 : 31 : 22 : 16 (19F 
n.m.r.). 

(h)  With 3-phenylpropene. A mixture of hexafluoropro- 
pene (4.50 g, 30.0 nimol) and 3-phenylpropene (3.54 g, 30.0 
mmol) was sealed under reduced pressure in a Pyrex am- 
poule and heated a t  250 "C (3 d) t o  give (i) unchanged hexa- 
fluoropropene (2.61 g, 17.4 mmol, 58% recovered), (ii) 
cyclobutane (6) (0.09 g, 0.3 mmol, 2%), (iii) a high-boiling 
liquid (3.74 g) ,  and (iv) a charred residue (1.5 g) which was 
not examined further. The high-boiling liquid was frac- 
tionated on a spinning band column (2 m) into two fractions 
a mixture (1.06 g), b.p. (180 "C, and a mixture (2.68 g), 
b.p. >180 "C. The lower-boiling fraction was shown by 
g.1.c. (2-m PEGA a t  140 "C) to contain four components 
identified, by their g.1.c. retention times and g.1.c.-mass 
spectrometry, as toluene (0.04 g, 0.4 mniol, on alkene), 

( g )  With 2,3-di?nethyZbut-2-ene. 

n-propylbenzene (0.69 g, 5.7 mmol, 19yo), unchanged 3- 
phenylpropene (0.24 g, 2.0 mmol, 7% recovered), and (2)-1- 
phenylpropene (0.C9 g, 0 .8  mmol, 3%). The higher-boiling 
fraction was shown by g.1.c. (2- m PEGA a t  140 "C) to con- 
tain three major components (26 : 37 : 37) and five minor 
components (ca. 14% of fraction). The three major com- 
ponents were separated by g.1.c. (6-m PEGA at 140 "C) to 
give (a) a mixture (0.60 g) of two components in the ratio 
60 : 40 (lH n.m.r.) which was re-separated (6-m PEGA a t  
120 "C) to afford (E)-l-phenylpropene (0.25 g, 2.1 mmol, 7% 
based on reactant alkene), and 1,1,2-trijluoro-4-rnethyl-3- 
~henyZ-2-trij?uorornethyZ~ycZobutane (18) (0.35 g, 1,3 mmol, 
10% (Found: C, 54.1; H, 4.0; F, 41.9%; M + ,  268. 
C12Hl,F, requires C, 53.7 ; H, 3.8; F ,  42.5% ; M ,  268), b.p. 
198 "C, present as a mixture of four isomers in the ratio 
75 : 9 : 7 : 9 (19F n.1ii.r.) ; (b) trans-3-benzyZ-1,1,2-trijluoro-2- 
trij?uorornethyZcycZobutane (19b) (0.85 g, 3.2 mmol, 25%) 
(Found: C, 54.1; H, 3.7; F, 42.2%; M + ,  268), b.p. 210OC; 
and (c) cis-3-benzyl-l , 1,2-trijluoro-2-tri~uoromethyZcycZo- 
butane (19a) (0.85 g, 3.2 nimol, 25%) (Found: C, 53.9; H ,  
4.0; F, 42.8%; M+,  268), b.p. 215 "C. 

ThernioZysis of Reactant Hydrocarbon A Zkenes.-All reac- 
tions were carried out on a 15.0-mmol scale in Pyrex ani- 
poules (ca. 100 cm3) a t  270 "C (3 d) unless stated otherwise. 

(a) With isobutene. The products were the unchanged 
alkene (90%) and a mixture of octene isomers (10%). 

(b) With but-l-ene. The olefin was recovered quantita- 
tively. 

(c) With 2-methylbut-l-ene. The products were the un- 
changed alkene (16%) and 2-methylbut-2-ene (84o/b) ; a t  
220 "C (14 d) the same olefins (68 : 32) were obtained. 

(d)  With 2-methylbut-2-ene. This gave the unchanged 
alkene (94%) and 2-methylbut-l-ene (6%); a t  220 "C 
(14 d )  the alkene ratio was 98 : 2. 

(e) With 2,3-dirnethyZbut-l-ene. The products were the 
unchanged alkene (64%) and 2,3-dimethylbut-2-ene (36%) 
a t  250 "C (3 d) .  

(f) With 2,3-dirnethylbut-Z-ene. The products were the 
unchanged alkene (82%) and 2,3-dimethylbut-l-ene (18%). 

(g) With 3-phenylpropene. This gave benzene (trace), 
toluene (18%), ethylbenzene (3%), a methylethylbenzene 
(trace), n-propylbenzene (45y0), unchanged alkene (3% 
recovered), an unidentified compound of formula C,,H1, 
(trace), (2)-l-phenylpropene (2yo), (E)-l-phenylpropene 
(5y0), and a charred residue (27% by weight). 

A lternpted Dehydrojluorination of the CycZobutane (4) .- 
A mixture of the cyclobutane (1.28 g, 6.2 mmol) and pow- 
dered potassium hydroxide (1.85 g, 33.0 mmol) was sealed in 
a Pyrex ampoule (ca. 100 cm3) in vacuo and heated a t  200 "C 
(3 d) to give a mixture (0.87 g) which was shown by g.1.c. 
(3-m T X P  a t  65 "C) to  contain one major and four minor 
components (ca. 2% of fraction). The major component 
and one of the minor components were identified as un- 
changed cyclobutane (4) (0.85 g, 4.6 mmol, 66% recovered) 
and 2,3-difluoro-4,4-dimethyl- 3- trifluoromethylcy clobu tene 
(31) (<1%) (Found: M+, 186. Calc. for C,H,F, : M ,  186), 
respectively , by g .l. c. -mass spectrometry. 
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