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SUMMARY

The fluorination of butane over cobalt trifluoride has given a complex
mixture of partially fluorinated compounds: 51 of these have been
identified, comprising over 99% of the products. Most were polyfluoro-
butanes but 1-2% were polyfluoro-2-methylpropanes. The reaction has no
synthetic utility. There was some selectivity in the fluorination:
secondary C-H was converted into C-F more easily then primary, and the
ease of replacement of a particular H was reduced by geminal and vicinal
fluorines. A computer model of the fluorination was only partially
successful, perhaps because the fluorination proceeded in part by simple F
for H replacement and in part via alkenes: the model only allowed for

the former.

INTRODUCTION

Although there is a reasonably satisfactory mechanism for the
fluorination of aromatic substrates [1] over high-valency transition metal
fluorides (CoF3, MnF3, etc), the fluorination of aliphatic compounds is
neither so well studied nor so well understood. In the aromatic area,
the positions of residual hydrogens and double bonds can be rationalized
{1], but in the aliphatic there is not much data to go on. The only

well-studied cases are those of ethane [2], ethene [2], and

*
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2-methylpropane [3): the distribution of hyvdrogens in the partially
fluorinated products was almost random in the first two cases. and in the
last tertiary H was replaced by F about 10 times faster than primary H
was . More recently {4]. it has become clear that extensive skeletal
rearrangements can occur during the fluorination of saturated aliphatics:
for example, octane over cobalt trifluoride gave only about 50% of
straight-chain perfluoro-octane. the rest being perfluorinated
branched-chain Cg-isomers or Cg-cyclic compounds.

In the hope of developing a usable mechanism for the fluorination of
aliphatics we have investigated the partial fluorination of butane over
cobalt trifluoride. This case is potentially more complex than that of
2-methylpropane because the number of possible partially fluorinated
butanes is much greater (88 as compared to 40, counting optical pairs as
one). This turned out to be the case: we have identified about 40
partially fluorinated butanes in the cobalt trifluoride product as
compared with only 20 partially fluorinated 2-methylpropanes [3].

RESULTS

The crude fluorination mixture was separated by fractional distillation
into 16 fractions (Table 6). The major peaks from many of these
fractions were then separated by preparative-scale glc and were then
identified (many were still mixtures - see Table 7) by a straightforward
combination of spectroscopic and chemical methods. In addition, careful
examination of 19F and 1H nmr spectra of each fraction enabled meny minor
components to be identified. This is summarized in Table 1, where the
approximate percentage of each compound in the reaction mixture, and an
assessment of the confidence with which its structure can be claimed (see
later) are also presented. The overall composition was calculated from
the compositions of the individual distillation fractions as determined by
nmr (fractions D-P) or glc (fractions A-C): 1t should only be regarded as
approximate and in any case would change if a different temperature of
fluorination were employed.

The major problem in identification is the great complexity of the
reaction mixture. Even those components which were single peaks on glc

normally contained at best very small amounts of minor components, amounts



TABLE 1

Compounds Identified in the CoF3/butane Reaction
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Compound Compound Distillation How Identification % in
No. fraction? in Identified?® category® reaction

which present mixtured

in greatest

amount
CF3CFaCFpCF3 1 A Sep(A) a 0.2
CF3CF2CF2CF2H 2 A Sep(B) b 4.8
CF3CF2CFHCF3 3 A j% b 3.1
CF3CFCF2CFH2 4 c Sep(C) a 1.7
CF3CFpCFHCFoH 5 c Sep(C) a 3.0
CF3CFHCF 2CF2H 6 E Sep(D) a 11.4
CF2HCF 2CF2CF2H 7 G Sep(G) a 5.6
CF3CF2CHaCF3 8 B Sep(C) a 1.0
CF3CFHCFHCF3(m) 9 B Synth(C) b 2.0
CF3CFHCFHCF3 (%) 10 E Synth(E) e 1.8
CF3CF2CFHCFH) 11 F F t 0.2
CF3CFHCF 2CFHp 12 F G b 3.4
CFoHCF oCFoCFH2 13 J Sep(I) a 5.5
CF3CFHCFHCF2H-A® 14 H Sep(H) c 2.4
CF3CFHCFHCFoH-BE 15 H Sep(H) c 2.5
CF2HCF2CFHCF oH 16 1 Synth(I) a 14.0
CF3CHaCF,CF 2l 17 F G c 1.9
CF3CFHCH2CF3 18 C Sep(C) c 0.7
CF2HCF 2CFoCH3 19 F F e 1.7
CF3CFHCFHCFH2 20 M M g 0.2
CF2HCF2CFHCFH2 21 M Sep(L) e 1.2
CF3CH2CF2CFH2 22 H H f 0.4
CP2HCFHCF oCFH2 23 M Sep(L) b 6.6
CFH2CF 2CF2CFH2 24 M M d 3.0
CF2HCF 2CH2CF oH 25 K J f 0.7
CF3CH2CFHCF 2H 26 1 I f 0.5
CFoHCFHCFHCFQH-A® 27 L Sep(L) b 4.6
CFoHCFHCFHCFoH-BE 28 N Sep(N) a 3.9
CF2HCFHCF 2CH3 29 K J g 0.4

(continued overleaf)
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TABLE 1 (cont.)

CFH2CF2CF2CH3 30 G G d 2.1
CFgHCFHCFHCFH2-A® 31 P }Sep(P) b 1.3
CFoHCFHCFHCFH-B® 32 P b 1.3
CFH3CF »CFHCFH2 33 0 Sep(0) b 2.5
CFoHCH,CF 2CFHy 34 0 0 e 0.8
CFoHCFHCHCF oH 35 P 0 £ 0.5
CFHCFHCFHCFH2-A€ 36 P ) sep(P) b 0.4
CFHoCFHCFHCFHo-B® 37 P } b 0.4
CH3CF 2CFHCHg 38 F F £ 0.6
(CF3)3CF s9(1)f A Sep(A) g% tr
CF3CF(CF2H) 2 40(7) D D f 0.1
CF3CF(CFaH)CFHy 41(8) P £ 0.3
(CF3) 2CHCFH 42(8a) F F g tr
(CFoH)3CF 43(12a) H 1 £ 0.4
CF3CH(CFgH) o 44(13) H H £ 0.1
CF3CH{CFoH)CFHy 45(14a) J J £ tr
(CF2H) oCFCFHp  46(12) I I £ 0.4
CF3CF(CH3)CFHy  47(8b) F F g tr.
CFaHCF(CFHp)p  48(16) M M 3 0.1
CFgHCF(CFH2)CHz 49(14) K L f 0.1

h 50(17/18) © 0 £ 0.1

h 51(17/18) 0 0 £ 0.1

a4 See Table 6. b Sep = Separated by prep-scale glc from the distillation
fraction in parenthesis and then identified either by comparison of its ir
spectrum with that of an authentic specimen or by nmr analysis. Synth =
synthesised and then identified in the fraction in parehthesis either by
ir or nmr. A single letter (F,G, etc) indicates that the compound was
identified in that distillation fraction by picking out and analysing its
nmr signals from the nmr signals of the whole fraction. C a = compound
-isolated in >90% purity: b = compound present as 40-90% of some mixture
(either a distillation fraction or a glc cut of a distillation fraction):
compound then identified by picking out its nmr signals from those of the
mixture: c¢ = as b, but 30-40%: d = as b, but 20-30%; e = as b, but
10-20%: f = as b, but <10%: g = as f, but either only one nmr peak

(CF3 or CH3) visible (20,29) or signals very weak (42,47) (In cases b-f.
some signals were usually obscured by those of other compounds - see Table

4). d Obtained from the compositions of the individual fractions: these
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TABLE 1 (footnotes cont.)

were analysed either by glc (A,B.C) or nmr (the remainder). € See text
for A.B. f The numbers in parentheses (1,8a.etc.) refer to the compound
numbers given to polyfluoro-2-methylpropanes in ref. 3. € Identified in

a mixture with compound 1 solely on the basis of the ir peak at 1000 cm~1
{5]. h these two compounds were identical to compounds 17 and 18 of ref.
3: they were not there identified but are undoubtedly
polyfluoro-2-methylpropanes.

which were insufficient to affect elemental analyses (for example,

a small amount of 19, CFHCF2CF2CH3, was revealed when an apparently pure
sample of 6, CF3CFHCFaCF2H, which is a major product, was
dehydrofluorinated): at worst some single peaks contained several major
components in addition to minor ones (Table 7).

Literature [5] infrared spectra sufficed for the identification of
several compounds present as virtually pure single glc peaks (compounds 1
and 7) or as simple mixtures (2,3). Re-synthesis of 27 and 28 [6]
enabled 28 to be identified by ir [it is the main (>90%) component of glc
peak XIII (Table 7)] and 27 by finding most of its nmr peaks in a mixture
with 21 and 23 (glc peak XII). 9, 10, and 16 have been synthesised

unambiguously:

LiAlH
CF3CC2=CC2CF3 —C9F3.4 CF3CFC2CFCICF3 — 4 CF3CFHCFHCF3

(9 and 10)
LiAlH4
CFoHCFaCF=CFp; —Lf2/hv 5 CFoHCFRCFC2CFCe ———+ CFoHCF2CFHCFoH
(16)

9 and 16 were major components of single glc peaks (V and XI) and 10
was identified by picking out all its 19¢ jnr signals in distillation
fraction E. 9 was distinguished from 10 by dehydrofluorination with
KOH: it reacted about 2-3 times slower, and assuming trans-periplanar

elimation it is therefore most plausibly the meso-isomer:
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F F F
CFy H H F CF,
PIEESRREE. g
——
H CF; H Cry H 5
F CF; H
more stable less stable
(unreactive) {(—> alkene)
9 10

The 1H and 19F spectra of compound 4 are described in the literature
[7): glc peak IV contained a spectrum with essentially the same
parameters. Compound 8 1s recorded in the literature [8] and the
chemical shifts are included in Table 4. There are also mentions [9] of
compounds 6, 9 or 10, 11 and 12, but without physical properties or
spectral details. One of 9 or 10 has been reported [10]: the nmr
chemical shifts (no couplings given) agree best with those given here for
10, although there is clearly something amiss with the proton shift.
Compounds 22 and 26 have also been synthesised [11]; there is good
agreement between our parameters and those reported. Compound 38 has
also been detected [12] as a minor component in a complex reaction
mixture; no physical or spectral properties were given.

The remaining compounds (with the exception of the
polyfluoro-2-methylpropanes - see later) are completely new. All were
identified by nmr spectrocopy; this usually necessitated picking out the
relevant nmr signals from those presented by a mixture. This was not a
problem when all the signals were visible. However, with the minor
components some signals were commonly obscured by those of major
components: this was almost invariably true of 1y signals from CHF, CHpF
and CHF2 because their chemical shift range is so narrow. The essence of
the problem is apparent from Table 4 where some minor components have
several signals unrecorded. The two worst examples are compounds 20
(CP3CFHCFHCFH2) and 29 (CF2HCFHCF2CHg) and we have recorded these to make
the point that even in such cases all is not lost. With 20 the CF3
signal is the only one visible. It is in the correct place (Table 2)
(76.7) for CF3-CFH: it is split into a doublet (J-1.5Hz) of doublet (6Hz)
of triplets (10Hz), and these couplings are typical (Table 2) of CF3 with
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an F on 4, CF3 with an K on 2, and CF3 with Fs on 2 and 3, respectively.

ifficult to suggest

ou

We do not pretend that this 1s conclusive - but it is
what else the compound might be. There is, of course, the question of

threo or erythro - but that is beyond speculation with the evidence

available.

The second example of a very speculative assignment is compound 29
(CF2HCFHCF3CHg) where only the CH3z signal was observed: this was in the
expected position for a CH3CF2. There was a small doublet {J = 2.9Hz)
coupling in addition to the larger CH3CF2 triplet (19.5Hz): the doublet
must be a Jg H-F coupling. There are no unassigned CF3 or CFHp peaks in
the spectrum of fraction J and we have given the structure as 29 even
though the CFgH signal is not visible: in fraction J the CF2H region

) S, tha MO
e or

o
£

3 I
CFHz regions did not, thus making it most probable that the missing signal

was indeed a CF2H.

Having given some details of the two most speculative structural
assignments just to show what can be done, we leave the remaining unknowns
(~5 - each in <0.1% in the reaction mixture) unassigned, even though it is
possible to write down structures for them as with 20 and 29. and with

similar confidence.

The reassuring feature of structural determination of polyfluorobutanes
by nmr is the consistancy of the parameters (Table 2): literature data
are also in complete accord with our values. The most useful group for
identification purposes is the CF3: the parameter ranges are relatively
narrow, there is no overlap with other types of signal {as there is
between C-CF2-C and C-CF2H), and no second-order coupling (these can
vary from simple AB cases - any CFp in the same molecule as a CFH can
present as an AB - to more complex situations). CH3 and CHp are also
very valuable because they are relatively uncommon. The least useful are
rom other compounds

is almost certain when mixtures are involved.

Two unusual structures (30 -~ CFHapCF2CF2CH3 - and 38 - CH3CFCFHCH3)
have been firmly established by homo- and hetero-nuclear decoupling

studies.

6]
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TABLE 2

Chemical Shift (19F and 1H) and Coupling Constant Ranges in

Polyfluorobutanes

Group 19 ghift range? 1§ shift range ()
CF3-CFg 81.5-83.9 -
CF3-CFH 74.9-81.2 -
CF3-CHy 62.0-65.2 -
CFH~CFg 134.2-144.2b
CFoH-CFH 130.6-134.1 3.97-4.26
CFoH-CHp 114.5-117.9

CFHy-CFp 235.0-244.1 5.17-5.5
CFH,~CFH 233.8-237.6 5.1
~CF2- 105.4-132.4% -
~CFH- 189.5-220.54 5.05-5.6
CH3_CFp - 8.26-8.30
CH3-CFH - 8.64
~CHp- - 7.18-7.8

a4 In ppm upfield from CFClg

b 1f centres of AB spectra are taken

instead of chemical shifts of individual fluorines, the range is

136.8-139.2. € The lowest field signals occur when there is a

neighbouring CHz or CH3z: without these groups, the range is

121.9-132.4. d As for c: range would be 203.2-220.5.
System Coupling range® Coupling range®
(Hz) (Hz)
CFoH(gem) 51.0-55.3 CFoH-C-C-CF 0-2.8
CFHz (gem) 45.7-47.4 14.0-15.0
CFH(gem) 44.3-45.5 20.4-24.8

(continued overleaf)
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CF3-CF2
CF3-CFH
CF3-CFH
CF3-CHg
CF3-C-CF
CF3-C-C~CF
CF2H-CF2
CF2H-CFH
CEoH-~CFH
CF2H-CH2
CFaH~C-CFH
CFoH-C-CF2

~0
.9-10.6
.6-6.5
.4-10.4
.4-11.1f
0-2.6
<4-5.7¢
8-12.6
10-12.6
15.7-16.3
<4-10.28
5.8-9.5

©w W «a ©

CFH2-CFH 11.3-15.8
CFHo-C-CF 4.5-5.7
CFH-C~C-CF 1.2-2.8
CFHo~C-CH 1.8-2.1
CH3-CFg 18.9-19.5
CH3-CFH 24.1
CH3~CFH 6.3
CH3-C-CF 0-2.9
CH3-C~-C-CF 0-1.5
CHoF-CF 2.8-12.8
CHF2-cF 2.8-8.4
CHF2-CH 3.6-4.6

€ Scme couplings were unobtainable and some of those given are probably

composite values rather the simple couplings implied;

in both cases this

is due to second-order effects, particularly with couplings involving CF3H

and ~CFg-.

coupling.

second-order effects.

f Compounds 18 and 26 had 7.4Hz and 7.3Hz for this

€ Bottom of range may be zero - not clear because of

Some dehydrofluorinations helped to confirm a few of the structural

assignments.

CF3CF2CF2CF2H (2)
+
CP3CF,CFHCF3  (3)

CF3CF2CFHCFaH (5)

CF3CFHCFCFoH (6)

CF3CF2CF2CF2H
+
CF3CF=CFCFg

(Z)-CF3CFCF=CFH

(Z)-CF3CF=CFCFaH
+
(E)-CF3CP=CFCF 2H
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CFoHCF2CF2CFHy (13) KOH (z)—CF2HCFZCF=CFH
{Z)~CFH=CFCF2CFH3
CFoHCFHCF2CFHy (23) +
+ KOH CFoHCF=CFCFH2

CFHCFHCFHCFH (27) +
{Z)—CFgHCH=CFCF oH

The nmr spectra of the polvfluorobutenes are recorded in Table 5:

are
the
the

in accord with expectation.

large Jyp of a trans-CH=CF (~30Hz) [14].
This leaves compounds 39-51.
all

All are polyfluoro-
had been obtained previously [3] from a (CH3)3CH/CoF3 reaction.

all

Z and E isomers were distinguished by

typically large (~120Hz) Jpp-coupling shown by a trans-CF=CF group or

2-methylpropanes and
They

were identified in the present work by comparison of 19¢ nppr signals:

since these are quite complex, they serve as reasconable fingerprints.

Nevertheless such identifications, while certain in some cases, must be

regarded as tentative in others.

Four pairs of compounds (14,15; 27,28; 31,32; 36,37) have been

designated 'A' or 'B' in Table 1.
have not attempted to distinguish them.

Table 1 gives an assessment of the certainty with
has been established. This is based on the argument
amount of a substance there is in a mixture, the less
the identity of the compound has been established.

In summary, we have identified 51 compounds, with
certainty, in the butane/CoF3 reaction mixture:
it.

they
About five compounds remain unidentified (their
from otherwise unattributed CF3. CFHz, or CHg signals
distillation fractions): none are present in greater

the reaction mixture. It is extremely unlikely that

All are pairs of stereoisomers and we

which a structure
that the smaller the
likely it is that

varying degrees of
comprise over 99% of
presence is clear

in several

amount than 0.1% of

we have missed any

significant component because this would require all of its peaks to be

obscured by those of other components without distorting any of them.

DISCUSSION

It is surely obvious that the fluorination of butane over cobalt

trifluoride is virtually valueless for preparative purposes.

In
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extremis, a case might be made for CF3CFHCF2CF2H (6), CFaHCF2CFoCFgH (7).
and CFgHCF2CFHCF2H (16) but the need would have to be very great (6 and 7
have. in fact., been tested as anaesthetics [15] and were prepared for that
purpose by the fluorination route described in this paper. The same
point arose in the fluorination of 2-methylpropane [3] and even with
ethane [2], although the production of CFH2CFHz from the latter might just
be viable.

With higher aliphatics, the preparative utility of cobalt trifluoride
fluorination for partially fluorinated compounds is likely to be even

less, since substantial skeletal rearrangements can occur as well [4].

This contrasts with aromatic fluorination: with benzene, for example.
cobalt trifluoride provides a viable route to CgFiiH and to some of the
CeF10H2 and CgFgH3 isomers [16].

Any interest in the butane fluorination therefore lies in the
information it provides on the mechanism of CoFg/aliphatics
fluorination. Two points will be addressed in this paper:
(1) is the replacement of hydrogen by fluorine random?
(2) Why is the butane ¢« 3 2-methylpropane skeletal rearrangement so
insignificant (~1%)?

The first point requires some discussion of 'random’. It could mean:

(i) is every hydrogen in every molecule from C4Hjg to C4FgH equally likely
to be replaced by fluorine? (ii) Are all hydrogens in all molecules with
the same number of fluorines (e.g. all the H's in all the C4Fs5Hs isomers)
equally reactive? (1ii) Are all hydrogens in the same molecule (e.g. the
three types of H in CF2HCF2CFHCF2H) equally reactive? (iv) Are hydrogens
in all CFpH groups, say, equally reactive, irrespective of the number of
fluorines in the rest of the molecule? Random fluorination as defined by
(i) clearly does not occur, since if it did significant amounts of
compounds containing one or two fluorines would be present, and none are:
even compounds with three or four fluorines only comprise 1.4% of the
reaction mixture. Cases (ii)-(iv) are related and, while random
fluorination according to these definitions also does not occur, as will

be shown later, accepting them is not badly wrong.

We have written a computer program (see Appendix) which can model a
fluorination pattern in which H's are replaced one at a time by F's

without the intervention of alkenes.
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That is :-
[ J
Cqlip-1Fp
C4HpFn —_——3 or ——> CgqHp-1Fn+1
CqHy-1Fn”
{n=10-m)

The model contains five disposable parameters:

(i) the reactivity ratio between a single H in a CHy to a single H in
a CHjz:
(ii) the amount by which the reactivity of an H in a CHz (or CHg) is

reduced (or increased) by introducing a geminal F (e.g. the
reactivity of one H in a CHp as compared with the H in a CHF);
(iii) the amount by which the reactivity of an H is reduced (or
increased) by the introduction of a vicinal F (e.g. the
reactivity of CH3CHp as compared with CH3CHF);
(iv) and (v) two parameters to allow for the ease with which a compound
might be released from the surface of the cobalt trifluoride and

so appear in the products.

TABLE 3

Comparison between Observed and Calculated® Isomer Distributions in

Partially Fluorinated Butanes

Compoundb %C CompoundE %C
Observed Calc. Observed Calc.
Nonafluorobutanes
2 60 50 3 40 50
Octafluorobutanes
4 4 3 7 21 23
S 11 16 8 4
6 43 47 9+10 14 8
Heptafluorobutanes
CF3CFoCFoCH3 d 0 14+15 16 17

(continued overleaf)




TABLE 3 (cont.)

11 1
12 11
13 18
CF3CF2CHaCF2H d
Hexafluorobutanes
CF3CF2CFHCH3 d
CF3CFHCF2CH3 d
19 7
CF3CF2CH2CFHy d
20 1
21 ]
22 2
Pentafluorobutanes
29 4
30 24
31+32 30
e
Tetrafluorobutanes
36+37 100
CF2HCHpCFCH3 d
CF2HCH2CFHCFHp d
Trifluorobutanes
38 100
CF2HCHpCFHCH3 d
CFH2CH2CF2CH3 d

11
10

[y
U= B O O = O

40

44

18

16
17
18

23
24
CF3CFHCHoCF 2H
25
26
27+28
CF3CHoCH2CF 3

33
34
35

CFH2CF2CHoCHQF
CFHaCF2CFHCH3
f

CFHCFHCFHCH3
CFHpCPHCHCFHy

4

46

36
11

28

30

51

35

29

24
18

10
10

34
36

2 See Appendix.

c The figures are %,

(e.g.: the sum of all the C4F7H3 isomers = 100;
d Not detected.
f as e, but none >4%.

C4FgHa isomers = 100: etc).
and none predicted to occur to >2%.

isomers detected or predicted.

b See Table 1 for identities of numbered compounds.

295

with each set of isomers being treated separately
the sum of all the

€ No other isomer detected
€ No other
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The best set of parameters gives the results shown in Table 3. With
notable exceptions (to be discussed later), the fit between the observed
data and the calculated is quite reasonable given the likely errors
involved. Since some of these sets of isomers only comprise a small
amount of the reaction mixture (e.g. the C4FsHs at 8.9%), and since even
the major isomer of a set may occur to only a small extent (e.g. the major
C4FsHs (33) at 2.5%), then expressing the results in the way we have -
that is each set of isomers at 100% (footnote ¢ of Table 3) - magnifies
any errors. Add to this the difficulty of measuring the many small
quantities accurately, then apparently large differences between
‘calculated' and 'observed' can be quite acceptable as a test of the model.

Part of the main path (but see later) of fluorination then becomes

(the steps shown before compounds 36 + 37 are speculative and are not part

of the model):

co3+ -H* .
CHaCHpCHaCH —————> [CH3CH3CHaCH3]t ——————> CH3CH,CHCH
(—o) 3CHaCHp 2 3

Co3+ F- repeat
‘—-_(:;T__> CH3CHoCH*CH3 ~———=——> CHg3CHaCFHCH3 - >

CFHoCFHCFHCFHy (36 + 37) ———> CFoHCFHCFHCFHp (31 + 32)
—> 23, 27, 28 —> etc.

Scheme 1

There are, of course, other compounds on the full main path (or CHa groups
would not appear in any products), and it is quite possible that,
particularly in the later stages of the fluorination, radicals could go
directly to fluoro-compounds (R + CoF3 —> RF + CoFz) without the
intervention of carbocations.

However. there are a set of compounds for which the model fails very
badly.

They are:
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Observed Calc.
CH3CFaCFHCH3  (38) 100 3
CFHoCFaCF2CH3  (30) 24 1
CFoHCF2CF2CH3  (19) 7 0
CFHaCFoCFoCFHy (24) 11 3
These compounds are clearly structurally related. Other compounds which

share the same structural pattern are CFHpCFCFHCFHy (33; observed 30,
predicted 24) and CFH2CFaCFaoCFgH (13, 18 vs 10) but since these are
predicted to occur in quite significant amounts, it is not obvious, given
the crudity of the model, that they are present in anomalously large
amounts. It is also just possible that CH3CFHCF CFH_, which could' be a

2 2
member of the anomalous set, occurs in Fraction H (there are CH_, and CFH

signals at the expected positions showing the expected couplings)? if this
were so, then the compound would also be present in anomalously large
amount - about 20% compared to the calculated 10%.

One can only speculate why this set of compounds is present. Perhaps

early in the fluorination alkenes might form:

—H+
CH3CHaCH*CH3 ——H—+ CH3CH-CHCHg

{See Scheme 1)

Cofs CH FHCH
oF) 3CFHC 3

-HF

HE o+ CHycH=CFCHy —o2F3

TiF,) — > CHaCFHCFaCHz  (38)

Simple F for
H replacement

33.30,etc.

Scheme 2

This sequence cannot be the only one - compounds with CHy groups are
quite common (~6.5% of the total reaction product): furthermore, starting
the model calculations with 38 gives predictions for the amounts of many
of the more highly fluorinated products which are very far from those
observed, whatever the choice of parameters in the model. If the

anomalously large amounts of the compounds which could be formed by



298

g'oeT g6t €£LeT [L)'avT

gs = 2Ir L'TET €0'%F  2°8€I al HCA2%40% A0HZ 3D
g2l
0'¢s = L9¢ :0'1g
= LSp tgog = 9Sr tgo°gp = €2
tgrg = €Ip g1 = PIr = 2lp 6T°'F 6°TPT ©'96T 20T 0'€ T1°912 6°VL 9 He402a0HII% 40
w'svee 1
L€S = 49¢ tg'y = LSr ig-9
= LVp tg'gp = S¥p tz-p = 9€p
‘1721 = S8rtgrgr = Ve g6 =
92p 14°¢ = S2%r tg'g = Ver :ye62
= €82¢ tyr = Ol tro1r = VIp G0°'F P'08T 9°C 0°8IZ 9°0sT 9°¥2T 9°¢8 g HCJOHI0C 0840
L9svheet
(9-9v)0°9b
= by t(0'zr)0'2T = 96 (L'2) €€°C  £°2ve L'€2T L'L2T 018 (L] 3r1
9'2 =Vlp t(y'6 "217)8'6 = Elip g2°g p S'%21 ¥°82T SIS ¥y 2Rd0240240C 40
SV € 2 1
9(2ZH) sjuelsuo) L 9 S 14 € 2 T ‘ON
Burrdno) ,nmuu TYS 1ROTWIYD punodwo) punodwo)

S2URINQDIONTJATO JO gBIIVAAS HWN Hp PUB dgy

v 31avl



m (FeaTI8AC ponUTIUGD)

‘g T = 9Sr = 9% !ggz =

€y = €2 172

€lp tg-o1 = SIp

oy = L9p
= 9Tp :¢°g
vip - 2l
g2 9v = L9r

ve2= €2 iz = OTp :r-o1

s3urrdnod (zHo'9) 3IaTQnop

pue (zH¥'6) 319Tdral jusdedde
smoys Teudis g°LL 9yl
t9'g = Vrig-ge =

‘ST
_x<h,

= XXp
L 3

= XVp yyim umryoads-qns ,XX,VV

ue swdoj usw3das -HJIDHAD- oyl

+s8urdnod (ZHT'9) 3Ia[qnop pue

(ZHP'6) 19[d1a) juagedde

Teudrs 1-8L ayg

‘18

g'6

ver tz°91 = €2p 10

sMmoys

u

ger

vepr
€Ip

¥

3

8'66c 9-°get

2'Lee ¥

VeIt

9°802

3

1°1e1

sy
82°¢

€476

Ly L

¥'Sre e2°sL
T°6eT 6°¢8
€'122 9°GL
§'022 8°LL
v'ite 1°8L
8'¢IT €798

P p

143

|94

for) 311
ot

a6

(81311
8

2HADZA0RA0E A0
L9 g'vee 1

CHADAAOTADEAD
L9 gy g2l

*)
€ IOHIIHADE IO
£2 1

(osaur)

€ JOHIOHIOE 2D
€2 1

€492 40840
¥ ¢ 2 1



g'gg = S¥p tgrg = S8r pgr =

€2p g1 = PIp 1y = CIp = 2Ip 92°'v 8°98T 2°9IT 8T°L 0729 LT Hea02 30%H0E 4D
$v £ 2 1
2g = 8Lp
9'¢v = 98 6 = LSp = SPp :g-gg
= 88p tgrgg = Elp tp1g = Cip 0'F L'0ST 2°S 6°6I2 0°0ET 1'% ZVPT 2 ¥EI 91 HCIOHAOCA0HSID

8 L9 ¥eTl

9'gg = 49¢ tgror = 9Sr

= 9Vp = 92p gz = 9p ‘g 11 {a)
= Vip tg'g = €Ip tg'6 = 2Ir o'V 9°sel s~ ¢-ogz g~  ¢'022 L Lk et HEIOHAOHA0E 40
Leshez 1
1°pg = L9p igy = SPp = €Cp (v)
t9'g = €Ip fgro1 = PIp = CIp o'V LISt s~  prere g~ 8912 T'LL 21 HCAOH4OHAOEID
Lo sree 1
0'9v = 9Sr

p'21 = 9 t0o°g1 = SVp i1 =
Sep tg'g = €2p tg'g = Slp ‘1@

= ¥Ip t4°¢ = 8Ip :ggg = Slp I€°¢  §'€PZ 2°G2T P'2ET ¥0'v 27861 et 2ya02a0%40u%40
9¢ ¥ £21

300

(*3uod) § FIEYL



S (FeeTisA0O penurjucd)

o
9% = 8Lr i) = 8Sp ig9'py = LSp=
SYp = S€r :9°g = Yer :p'g = €2p
g = 9 = SIp = €Ip :ggg = CIp 9¥°'S  8'662 S'¥2T S 6IT J 6'LI2 66°€ € 0¢T g2 CHADCIOHIONZ 4D
8L 9'sve 2 1
(¢"Lv)Gg 9y = SPr :g-z = S€pr
o vl = VEr t(2)1'2 = ¥or f(e1) S 80T
v ¥l = €2r tg g = YIg !(y°6) 0°'9 €2 -4°90T S'L L°29 [r1] 311
9'6 = €Ip (6 "3TT)2'0T = CIp J 0°'S€2 ¢°LOT 8T'L 6°29 22 2Ra32%43%1H0% 30
¥ € 2 1
$s = €2p = €Ip :grg = CIp b L€2 I €°602 oel 3 € IVl € LeT 12 CHADHIOCADHSAD

8L 95 Vv £2°'1

S T
= 9Tp 9 = 8Ip :01 = ¥Ip = 2Ip bt I 3 3 3 3 L 9L 02 CHAJHAOHAO® A0
L9 gv g2 1
6T =
SPp t2'1 = S :g'g = €21 :g9-y
= ¥Ip :9'¢ = 8Ip :g-1g = Sip 92'8 0°80T €261 80°'F O°LET 6T E€Ho2 392 40K 4D
¢S v 21

0°01 = SPr :p'y = Ser

b = €¢r tg'g = €Ip t9-07 = Clp 2°69 svL I 8°002 218 8T €302HOHIDEID
g vz I



302

261 = Shr o1 = S8 g1 =
V€r tgr21 = €¢r 1 = SIp g%
= VIp ‘197 = €T 29y = Sl

9€

g'6T = 95r 62

gy = PEp tgg = Cl¢

1$ = 980+VEp tgg « CIp

(8%)9° €S

= 98¢ :(g-egr)9'er = SPr = SEr
tgt4 = ®Ip (11T "3rmEUor = lIp
8%

= 9¥p :g'g = S8 :g-gr = Shp

= ¥¢p i1 = SIp tprgg = 2l

82°8 ¢80T
€°'8 3 3
€°S
ge’S
vvet

9'v ‘prIel 9°§
3 g8Eel 3

3 STPIT 9¥°L

€62l

8912

v-o0¢ee

0° 202
€102

¢ SIT

L°SeT

Le'v

yo'v

L0y

T°¥ve

Lrzet

6°1¢1

0°'s9
1°69

g 9¢eT

6 ¢gve

62

82

EYA4

[rr]-3r1

9e

<2

a¥ve

€% 202 49%HAD
¢ v g 2t

S€HOCOHIOHCID
9 svezarl

{4)

HeAOHAOHAOHSID
veert

(v}

HCZOHIOHIOHTAD
¥e 2 1

HCJOHIO%HOE 4D
9s¥e 2 I

HCJICHOCAoHZ 4D
9¢ v g21

CHI02 302 402HAD
g 2T

(*3u02) ¥y FTEVL



303

(3eSTISA0 penuT3luUocD)

€65 = 49r
(1> auo Jayjyo) ¢y = LSp

‘Svr *S€p jo omy :g-9r = 9Sp 3 6 LIT 8L b £°502 b I'2et Gg HCA0CHOHAIHC 4D
L9 gve eI

oF = 95 g1 = S€pr :g9'p = €23p

tLgr = Ve = €I t7-pg = 2Ip LTS ov2 8°L0T 9¥'L LB'E 91T ve 2Ha0% 30CHOHC 1D
9 ¥ €21

b = 8Lp tg° 11
= L9 ty-0z = LSp 1 = 9Sp
'g'y1 = 8%r = SV :gg2 = VEr

0L = P2p 401 = 9€p = S€p -

€2r :2'91 = VIp = €Ip 9y = 2Ip §°¢ G'982 LS'S €'902 T1'S2T 6°8IT I'S L O¥2 €e 2HAOHAOT402HAD
8L 95 v'e 2I
¥'Ly = Blr :per (qa)
= L9 :g'gz = LSp t9'gg = CIr  g'g~ gLEZ &~ g'g02 S~ 2'LIZ b~  L'bEl 12€ SHAJHAOHAONC D
sL9s e 2l
2 9v
= 8Lp :g-gT = L9p = ASp g 1T
= 8Sr = S¥p = S€¢ :gp = 9Sr = (v)

¥er o1 = PIr

€lr '9'gs = 8Ir  g'g~ g'¥e2 ¢~ g'IrZ G- 2612 b~ 0'2El 1€ ZHAOHAIHAONTD
8L 95 ¥E T T



304

‘paingraije
£13021400 usaq saeYy STRUSTS aY] UTBIJIAD A[4ITIUS JOU 3JI0JaIay3 ST 3| :sjunowe [enba jsoule uy juasard agam

pue (lejusawraadxy ass) oTqexedssur asom spunodwod oM} 3saY] T *8ur1dnodsp Jearonu-oIalay pue -owoy Jjo pye ay3
Y3Im pasATeue wngjyoadg q ‘paandsqo jiey Jamol ‘unijdoads gy jo Jrey aaddp 3 ‘Teudys 3urdderdaso 10 Jadaeyl Aq
paanasqo TeUSIS 3 ' 18pJo-puodas A[payJeu AJ8a uniidads 4 ‘paInseaw joN p ‘duny paajosai-Ajejardwoduy ‘proaq

e s3wodaq 1T jey) [euldrs e uy juasaid age s3uridnod Auew os (TII) pue :3uadsald ST JapJo-puodas Buodals (T1T) !syeudis
durdderdano Jo 133uoa3is Aq PaInIsqo aJe STRUBTS JUBAS[AJ 9yl () USaYM pa3lTWo usaq 8ABY AdY} :048Z A[jIessSasdau
10U 8JB sanjea-{ pPayITwo "J3pJI0 31SJITJ 8J48M A3Y)} JT Se pasATeue US9Q aAeY [[B SSA[aYIJIaAdU :puoq D-J [RIJUSD aY)
jnoqe [eOTJ)awWwAs aJe YdTym spunodwod jo ssoyl Arsernoriged ‘(uoyjeniys gy I7dwrs ayjl puohaq) painieaj JapJo-puodas
suwos Moys BI30ads Auel , ‘€§504D Teudajuy woday prayydn wdd uy s3JTys dgyp 2ae §38JN3TJ Buyurewsal !a[eds L ayy uo
$1JTUS Hy @J4e 01> san3rg q ‘001X 9Y3 uo 3Ino paraged agsm sjuswigadxe Buridnodsag -suoranfos Vyy) Jo spunoduod

3eau uo [(dgy)T°96 10 (H{)ZHWOOT] 001X uerdep e Jo [(dgp)ZHWP 9 d0 (Hy)ZHWO9 1] d2TY JAWTF-UTNIAd B UO UNY

€9 =9S¢ 1'yz = 9 ig'g
= S8p tg'g = V€ 1 = 98p = 92p
9'¢ = S2p 9y = ¥ep :ggz = €Cp

‘p°2 = Vir 691 = €Ip = 2lp v9°8 b €'68T 6°L0T 6°20T T1¥'8 y8¢ EHIHAITA0EHD
9ch ezt
0s-g¥ = Ve np1 (g)
= ¥Ip t470z = &l tg'9y = Clp I'6~ 2'802 §'S~ 9°LEe Le CHADHAOHIOZHAD
ve 21
os-gv = Ye€r tz-o1 (v)
= ¥ g pe = €I gy = CIr 1°¢~ 9'902 ¢S~ 8°¢€£2 9g CHIOHIOHIOCHAD
ve 21

("3u0d) ¢ FATAVL



w0
o
m

(FeaTI2A0 PSNUTIUOD)

€6 = 99r t0°gT = €2 'g'g = €Ir !z'69 = CIr  y88'V €'BET 8°PZL 2'8ST (88'E O°LST JHZ30%4040=HAD-(Z)
9¢ ve 2l
e'sg = 98¢ t0'g = 9 :gg
= S¥r = S€¢ 591 = VEpr ig'g = Ser :g'9z = Ver
‘g'9TT = $2r !p'g = VIr f0'6g = €Fr fe'gg = CIr  09'p  e'uET T°82T I'TPL 1°80T 9°I6 FH40%4040=240
9¢ ¥¢& 271
6T = ¥E&r ‘g'gr = €2r i9oL = CIr 0°68 L'€2T G'2ST LG°'€ 0°9ST a€4924040=H40-(2)
s ve 21
(zn) 9 S 4 € 2 T
g53uRlIsSuUo) 3uridno) qS33Tus [ROT®aY) punodwo)

sauajnqoaonyjArod jJo peI3dads YWN

S 314vVL



306

‘jeaN g ‘uoringos 9499 ;  -woeringos ¥yoo 4

*0Jaz ATTJeSSaaU J0U ade san{eA pajifuQ ,

'SHL TeuIalxy y

‘v 919el SV p ‘q 'e

QLY = 96 ‘g'12 = ¢ g7 = €2 {y2g = Clp

1}

2% = 980 i) = 9p =

SVp ¢ ze = V8pr iy = €2p ip97 = €lp tg-zg = CIp

#

g'9% = 98¢ ‘g 11 = 9 g6l
=S8bp tp17 = 98p gz = S8p ip01 = VEp T =
Ver tprgr = €20 1 = VIp tg-y = €Ip g9 = CIp

€21 = Q¥p g = S€p ig'T = V€ 1 = Vep :0-91=
€2r (g% = STp tprgy = VIp :g-g1 = €1¢ :0g = 2I¢

g'¢ = ¥er tg-gr = €3r !gr1g = 2p

19738 4

26°¢

6€°S

‘AR 291

€°¢92

6° LS

p P
€e'v 07921
8°LIT &°9StT

€°1ST ¢£°6v1

yeo' v

9v°€

ot-¢

ys6°'e

yoo' ¥

p

v-9zt

S°84T

Lozt

(2 30 7)
3%HADAD=J0HEAD
sy g21

aHZAOHI=40H2 40~ (Z)
9¢bv 21

a%HII%I049=HID-(Z)
9¢ v e el

3€4040=40H% 30~ (2)
SP g21

3€4040=40H240~-(3)
sy g21

(*3uod) § FIEYL



307

Scheme 2 are added then about 10-25% of the fluorination could have

proceeded down this path. This estimate only refers to compounds with
three or more hydrogens, since those with less could be formed by either
the Scheme 1 or the Scheme 2 route.

Alkenes could alternatively be formed in the early stages in the
fluorination by HF elimination, either thermally or by fluoride ion
catalysed elimination:

CH3CHaCHFCH3 ——>  CH3CH=CHCH3

Alkene-forming processes could only occur early in a fluorination,
since it is known [17] that highly fluorinated compounds do not give
alkenes over cobalt trifluoride (but they can do over KCoF4).

It is quite possible that alkene formation is, in fact, dominant at early

stages in the fluorination. By invoking but-l-ene as well as but-2-ene,
CH3CH2CF2CFHp and CH3CHpCFHCF2H could form in a way similar to compound 38
(see Schemes 1 and 2). Indeed, starting with a judiciously chosen

mixture of 38, CH3CHCF2CFH2, CH3CH2CFHCF2H, and CH3CFHCFHCFHy, and using
the parameters of our single-F-for-H model, the final composition of the

fluorination mixture can be simulated quite well.

There are a few compounds where the amount predicted is much greater
than the amount observed. Most of these (20,22,25,34) are present in
only small quantities and so the observed figures are particularly
susceptible to error. Only two, compounds 31 and 32, are present in
substantial amount (Taken together, 2.6% of mixture. Calc. for 31+32;
40% of C H _F_ isomers; obs. 30%). However, if the anomalous compound

455
30(CH3CF2CFoCFHp) is omitted from the C H_F_ set then the 'observed’

figure for 31 and 32 rises to 39%. If4t31§ correction is made to all the
pentafluoro-isomers the amount of 33 (CFHpCF2CFHCFH3) also rises to 39%
compared to the observed 24%; if, as discussed above, some of 33 arises
from the “anomalous” route (i.e. from 38, CH3CFoCFHCH3), then this fits in

rather well.

Table 3 also lists predicted values for some compounds which have not
been isolated. With the hepta-, hexa, and penta-fluorobutanes, these are
all <2%. With the tetra- and tri-fluoro, the figures are higher; for the
tetrafluoro, the major isomer 'predicted but not isolated' is expected to

occur in less than half the amount of the isomers which were isolated.
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and since these only comprise 0.8%. then the lack of detection is not too
surprising. The only trifluoro-isomer detected is the anomalous one (38)
discussed previously.

The other point we wish to discuss is skeletal rearrangement. In the
butane case about 1-2% of the products are fluorinated 2-methylpropanes:

a similar amount of fluorinated butanes occurred [3] in the fluorination
of 2-methylpropane (in the original paper [3] we estimated that this
amount was about 5%, but a reassessment of the results suggests that 1-2%
is more accurate). Some of these 'rearrangement’ products must be due to
there being some 2-methylpropane in the butane feedstock, and vice-versa
(although both samples were purchased as >99.5% pure): the amount of true
rearrangement is therefore about 1%, starting with either C4-isomer.

Why is this amount so small? Lewis acid catalysed rearrangement of
either C4-hydrocarbon results in an equilibrium mixture of about 40%
butane and 60% 2-methylpropane at 200°C [18]. This is clearly not
happening over CoFg. However, if the rearrangements involve
carbocations, then for either C4-isomer to rearrange to the other, a
primary carbocation would have to form: since these are much higher in
energy than either secondary or tertiary ions, then rearrangements are
inevitably slow, so slow that they cannot, it seems, compete with

fluorination:

CH3CHpCHFCHg <——— CH3CHpCH'CHy ——> *’CHZ(‘ZHCH3
CHg

Primary carbocations can be avoided with longer chain alkanes than C4

by invoking protonated cyclopropanes, and extensive rearrangements do, in
fact, occur during fluorination (e.g. hexane ~25%; octane ~50% [4]).
The Cq4-isomers cannot avoid primary carbocations if they are to rearrange
- not even if protonated cyclopropanes are invoked. Lewis acid catalysed
isomerisation between butane and 2-methylpentane only occurs because there
is no other competing process - such as fluorination - and so the slow

reactions via primary carbocations take place.

EXPERIMENTAL

Fluorination of Butane

Butane (890 g) was fluorinated in 9 portions by passage over a stirred
bed of CoF3 (10 kg) in a reactor of the type described before [16] at
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140-230°C. Residual products were swept from the reactor with N2(20
dm3/h) for 2.5h through a trap containing NaF pellets (to remove HF) and
collected in a trap coocled in liquid air. The combined products (1921 g)
were dried over P05 and distilled through a vacuum-jacketed column (1.2 m
long) packed with Dixon-gauze nickel spirals; fractions taken are

recorded in Table 6.
TABLE 6

Summary of Fractional Distillation

Fraction we(g) b.range (°C) Compounds? in Fraction

A 57.6 <16.4 1, 2, 3, 9 (39)

B 101.4 16.4-24.6 2, 3,8, 9 (18)

c 104.2 24.6-32.2 (2),(3).4,5,6,8,9,18

D 50.0 32.2-33.6 4,5,6,(9),18, (40)

E 151.6 33.6-35.7 6,10,(18),(19)

F 128.9 35.7-42.8 6,7,10,(11),12,17,19,38,
(41), (42), (47)

G 149.6 42.8-46.6 7,(10),12,(14),(15),17,30,

(38),(41)

H 131.8 46.6-55.0 7,(12),13,14,15,16,22, (26),
30,(43)(44),(46)

I 162.8 55.0-57.2 13,(14),(15),16,(25),(26),(29),
(43), (44), (486)

J 112.6 57.2-57.9 18,16, (25),(26),27,(29), (43),

(45), (46)
K 43.8 57.9-64.0 13,16,23,25, (26),27,(29),(45),
(49)

L 96.9 64.0-66.7 21,23,24,(25).27, (29), (49)

M 245.0 66.7-69.2 (20),21,23,24,27,28, (48)

N 39.4 69.2-71.2 23,24,28,33,(34),(48),(50), (51)

0 70.8 71.2-75.0 24,28,33,34,35,(50),(51)

P 72.8 >75.0D 31,32,33,34,35,36,37, (50), (51)

2 See Table 1 for formulae corresponding to compound numbers. An

underlined compound is present to »20% in a particular fraction: a

compound in parenthesis is present to <3%. b pot residue.
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Separation of Distillation Fractions by G#c

Five columns were employed: unit 1 - 35 mm dia x 5.5 m, packed with
dinonyl phthalate on Celite (1 : 2); wunit 2 - as unit 1 but 75 mm dia.;
unit 3 - as unit 1 but packed with Kel-F o0il on Celite (1 : 4); wunit 4 -
15 mm dia x 2 m, packed as unit 1; wunit 5 - a Pye 104 instrument, column
1 cm dia x 2 m, packed as unit 1.

All were used with Nz carrier gas and katharometer detection. With
each separation, the unit no., the N flow-rate (dms/h) (units 1-4) or
inlet pressure (psi) (unit 5), and the temp. (°C) are stated, in that

order.

Fraction A (13.0 g) was separated (1;9.25;58) into (i) perfluorobutane
(6.35 g), containing a little (<10%) perfluoro-2-methylpropane as
evidenced by an ir peak at 1000 cm~ 1, identified by ir [5] and (ii) a

mixture of nonafluorobutanes (0.4 g).

Fraction B The three main peaks of B (25.9 g) were separated (2;40;
57); the first and third (4.75 g) were rejected and the second (18.2 g)
was shown by ir {5] to be an approximately 3:2 mixture of 1H- and
2H-nonafluorobutanes (2,3).

Fraction C (32.0 g) was separated (2;45;52) into (i) 2H,
2H-octafluoropropane (8, 0.7 g) b.p. 18°C (bp [20] 18°C); (ii) 1H,
1H-octafluorobutane (4, 5.2 g) b.p. 27-289C; a mixture (6.3 g, ca. 2:1)
of 2H, 3H-octafluorobutane (9) and 2H,2H,3H-heptafluorobutane (18),
identified by ir (see later) and nar; (iv) 1H,2H-octafluorobutane nc (5,

8.6 g), b.p. 30-319C, ms peaks at (m/e) 183(M*-19) and 83 (CF2HCFH*), but
no peak at 101 (CF3CFH,*); (v) 1H,3H-octafluorobutane nc (6, 2.7 g), b.p.
34-34.5%°C, ms peaks at (m/e) 183(M*-19), 101 (CF3CFH' or CF2HCF2*) and 95
(CaFgH*).
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TABLE 7

Compositions of G2c Peaks 2

Peak No Main Peak No Main
Components P ¢ Components b €
I 1 X 14(E),15(E), 13(L)
11 2,3 XI 16(E),24(L)
III 8 XII 27(E),21(L),23(L)
v 4 XIII 28
vd 9(E),18(L) XIV 33
VI 5 XV 35
VII 6(E),19(L) VI Ve 31,32
VIII 10(E),12,17,30(L) XVII 3
194 7 XVIII} e 36,37
XIX

a As displayed on a Pye 104 instrument (5 mm dia x 3.5m column packed
with dinonyl phthalate on Celite (1:5), Np pressure 15 psi, temp. 60°C).

b Only major components are listed. See text for minor ones. C Where
more than one compound is listed beside a peak number, all had
approximately the same retention time; 'E' indicates a compound
concentrated mainly in the relatively lower-boiling distillation fractions
in which it occurs, and 'L' one concentrated in the relatively higher.

q A peak appeared between V and VI in some fractions: it was butane.

€ Although displayed as distinct peaks, these compounds were not

separated.

Praction G (35.0 g) gave (2;68;52) two main peaks: (i) a mixture (9.7
g) of four (nmr analysis) components (10,12,17,30); (ii) a mixture (3.7
g) of (i) and (iii); and (iii) 1H,4H-octafluorobutane (7, 11.9 g), b.p.
4490C (Lit. [19] 43°C), identified by ir {5].

Fraction H (41.0 g) separated (2;47;69) into (i) a mixture (ca 1:2:2,
6.8 g) of compounds 13, 14, and 15; and (ii) a mixture (25.5 g) of

several other compounds, 16 being the major.
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Fraction I contained two major peaks. Separation (2;47;69) of 80.0 g
gave (i) impure compound 13 {9.1 g): (ii) a mixture (16.3 g) of (i) and
(iii); and (iii) impure compound 16 (39.7 g). Re-separation of (i) gave
1H,1H,4H-heptafluorobutane (13) of ca. 90% purity, b.p. 53-540C;
re-separation of (iii) gave pure 1H,2H,4H-heptafluorobutane nc (16), b.p.

57-580C (Found: C,26.5; H,1.7. CgHaFy requires C,26.1; H,1.6%), ms peaks
at 165 (M*-19), 101(CFHCFo*), 95(C3HaF3*), and 83(CF2HCFH').

Fraction L This consisted mainly of one peak. This was separated
(2;42;68) from 30.0 g as a mixture (ca. 1:1, 26.8 g) of mainly
1H,2H,3H, 4H-hexafluorcobutane-A (27) and 1H,1H,3H,4H-hexafluorobutane (23),
(a small proportion of 1H,1H,2H,4H-hexafluorobutane (21} was detected by
nmr), b.p. 649C, with an ir spectrum consistent with the presence of 27
(synthesised as described in the literature [6}) (Found: C,29.1; H,2.4.
C4H4Fg requires C,28.9; H,2.4%).

Fraction N (23.7 g) separated (2;68;71) into (i) several small peaks
(9.1 g), and (ii) 1H,2H,3H,4H-hexafluorcbutane-B (28, 10.0 g) b.p.
71-729C, identified by ir.

Fraction O This contained two major peaks. Separation of a small
sample {ca. 0.5 g) (unit 4) gave (i) 1H,2H,3H,4H-hexafluorobutane-B (28),
and (ii) 1,2,2,3,4-pentafluorobutane (33) in about 80-90% purity.

Fraction P (28.4 g) was separated (2;69;103) into (i) several minor
peaks (4.5 g); (il) two peaks which were too close to be fully separated
{21.5 g, in 1:1 proportion) - they were the 1,1,2,3,4-pentafluorobutane
isomers 31 and 32 - b.p. 90°C (Found: C, 32.5; H,3.1. C4qH5F5 requires
C.32.4; H,3.4%), ms peaks at 129 (M*-19:v.small), 83(CpHaF3*), 65(CoHgF2*)
and 58(CgHgqF™).

A further separation (5,15 psi,95) of 3.50 g in seven portions gave:
(i) all peaks contained in (i) and (ii) above (2.44 g); and (ii) two
overlapping peaks which were isolated as a 1:1 mixture (0.12 g) of the
1,2,3,4-tetrafluorobutane isomers 36 and 37, b.p. 110°C, ms peaks at 111
(M*-19 : v.small), 65(CpH3Fa*) and 59(CgH4F*).
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2.3-Dichloro-octafluorobutane

2.3-Dichlorchexafluorobut-2-ene (80.7 g) was fluorinated in the usual
way over CoFg(6 kg) at 230-240°cC. The product (78.5 g) showed one main
peak on glc. Separation (unit 2) gave the mixed isomers of the title
compound (54.2).

Reduction of 2,3-Dichloro-octafluorobutane

The dichloro-compound (13.7 g) was added dropwise over 100 min to a
stirred suspension of lithium aluminjum hydride (4.2 g) in ether (50 cm3)
at 0°C. After 2h stirring, sulphuric acid (70%, 30 cm3) was added
dropwise. The most volatile contents of the reaction flask were
distilled into a cooled (-789C) receiver and were then separated by glc
(2;4.6;62) to give (in addition to the longer retained ether):

(i) meso-2H,3H-octafluorobutane nc (9, 2.8 g), b.p. 259C, top ms peak at
183(M*-19), and (ii) a mixture (1:1) of compound 10 and ether which was
re-separated (3;10;54) to yleld pure (2)-2H,3H-octafluorobutane nc (10,
2.8 g), b.p. 41°C, top ms peak at 183(M*-19).

Competitive Dehydrofluorination of the 2H,3H-octafluorobutane Isomers

A mixture (2:1 of 9 and 10, 0.45 g) was passed in a stream of Ny over
1h through molten KOH (26 g) at 225°C. The product (0.05 g), collected
at -1809C, consisted (glc) of the starting isomers, but in 5:1 ratio.
Isomer 9 therefore dehydrofluorinates about 2-3 times slower than isomer
10.
1,2-Dichloro-4H-heptafluorobutane

4H-Heptafluorobut-i-ene [21] (7.5 g) and chlorine (2.9 g) were
irradiated in a 30 cm sealed glass tube by two 20 watt fluorescent lamps
(20 cm distant) for 1.5h. Distillation of the product gave
1,2-dichloro-4H-heptafluorobutane nc (9.7 g), b.p. 80-82°C (Found : C,
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18.9; H,0.5; C#, 27.7; F,53.1. C4HC25F7 requires C€,19.0; H,0.4; C£.28.0;
F,52.6%). This compound is mentioned in a Russian patent [22], but
apparently without any properties being given.

The Reduction of 1,2-Dichloro-4H-heptafluorobutane

The dichloro-compound (2.5 g) in ether (20 cm3) was added dropwise
with stirring to a cooled (-659C) solution of lithium aluminium hydride
(0.75 g) in ether (50 cm3). After 2h at -65°C, the mixture was allowed
to warm to room temperature and sulphuric acid (60%, 20 cn3) was added.
The ether layer was separated, dried (MgSO4) and fractionally distilled
(15 cm column packed with glass helices) to remove the ether. The
residue (ca 0.5 cm3) was separated by glc (unit 4) to yield (i) ether and
(ii) a small amount (ca 0.1 g) of 1H,2H,4H-heptafluorobutane (16),
identical by ir with the substance separated from fraction I.

Attempts to carry out the reduction at higher temperature or in THF
lead to more complex products which could have arisen by initial alkene
formation and then reaction of this with LiAlHg.

Dehydrofluorination Experiments

(a) Mixture of 1H- and 2H-Nonafluorobutane (2 and 3)

The mixture (12.0 g) (from Fraction B), potassium hydroxide (22 g) and
water (24 cm3) were shaken together in a sealed tube for 23 days at room
temperature. The organic layer was separated (2;43:;62) into (i)
octafluorobut-2-ene (1.9 g) identified by ir, and (ii) 1H-nonafluorobutane
(2.2 g).

(b) 1H,2H-Octafluorobutane (5)

This compound (3.2 g) was passed through molten KOH (30 g) at 220°C
over 40 min and the products (1.6 g) collected at -180°C. Separation
(4;5.5;29) gave the major component, (Z)-1H-heptafluorobut-i-ene, ir peaks
at 3110 and 1734 cm~1.
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(c) 1H,3H-Octafluorobutane (6)

This (19.0 g) was treated as in (a), but for 10h at 100°C. Separation
(1;13;67) gave (i) unknown (0.8 g); (ii) (Z)-1H-heptafluorobutane (1.0 g),
ir peak at 1725 cm~1; (iii) (E)-1H-heptafluorobutane (1.3 g),ir peak at
1720 cm~!; and (iv) 1H,1H,1H,4H-hexafluorobutane (19, 0.2 g).

(d) 1H,1H,4H-Heptafluorobutane (13)

This butane (5.1 g) was treated as in (b) to give a product (4.2 g)
containing one major and one minor component. Separation (3;5.5.56) gave
(i) (Z)-1H,4H-hexafluorobut-1-ene (0.4 g), ir peaks at 3110, 2970, and
1734 cm~! ; and (ii) starting material (2.1 g).

(e) Mixture of 1H,2H,3H,4H-A-(27) and 1H,1H,3H,4H-(23)-Hexafluorobutanes

This mixture (10.1 g, ca 1:1 from Fraction L) was treated as in (a),
but for 44h. The product (7.2 g) was separated (1;13;57) into: (i)
unknown (0.2 g); (ii) (Z)-1H,4H,4H-pentafluorobut-l-ene (0.3 g),ir peaks
at 3120, 2950, and 1732 cm~!; (iii) (Z)-1H,2H,4H-pentafluorobut-2-ene (2.1
g), ir peak at 1720 em~ 1, ms peaks at 146(M*), 127(M-19), 95(CFCHCFzH* or
CHCFCFoH*), 82(CFHCF*), and 51(CFgH*); and (iv) Z or E
1H,1H,4H-pentafluorobut-2-ene (0.3 g), ir peak at 1725 em 1,

APPENDIX

A Computor Program for Modelling Fluorination

Each hydrogen in a fluorocarbon is given a reactivity of either 1 (each
H in a CH3 or a CFHp or a CFgH) or n (each H in a CHz or a CFH): this is
modified by multiplying by g for each geminal fluorine and v for each
vicinal. For example, each hydrogen in the CFHz group of a
CFHaCF2-moiety is assigned a reactivity of gv2.

In a molecule, the total reactivity is the sum of the individual
reactivities. For example, CFHpCFaCFHCFpH has reactivity 2gv2 + ngv? +
gzv. The amount of a compound found in the final product depends on the
amount formed and on the balance between its reactivity and the liklihood
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of its release from the cobalt trifluoride surface. We have modelled
release by assuming that it depends only on the number of fluorines in a
molecule and not on their distribution. In our notation, each fluorine
has the same Rf value, so that all pentafluorobutanes, for example, have
the same release factor, 5R2.

If an amount A(i) of a compound is formed, then this is distributed
between further fluorination and release from the cobalt trifluoride (and

hence appearance in the product):

Amt. of i in product = N-Rf x A(1)
[reactivity(i)]P + N.R#

where N = no. of fluorines in i, and p is a disposable parameter
(reactivity is taken to the power p) which helps to balance reactivity
against release. In the case of CFH2CF2CFHCF2H (23) for example:

Amt. of 23 in product = 5'R2 X Amt. of 23 formed
(2gv2 + ngv? + g?v)P + 5:R#

For CFoHCFHCFHCFH (27 and 28):

Amt. of 27 + 28 in = 5:R# X Amt. of 27 + 28 formed
product (2g2v + 2ngv2)P + 5-R#

So. even though the release factors are the same for 23 and for the
pair 27 and 28, the amounts in the product would not be equal, even if the
amounts formed were equal, because the reactivities differ.

The amount fluorinated to a given isomer is, in this model, obviously

given by (In the case of the CFHaCF2CFHCFoH(23)--->CFoHCF2CFHCFoH(16)
conversion):

Ant. of 16 formed = 2gve X Amt. of 23 formed
from 23 (2gv2 + ngv? + g2v)P + 5-Re

The amounts of each hexafluoro-isomer, for example, produced from all
possible pentafluoro-isomers and released into the product are then summed
and the result expressed as a percentage of the total amount of
hexafluoro-isomers released.
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The best fit was obtained by trial and error by adjusting n,g,v,R2, and
p: this gave n = 2; g = 0.25; v =0.4; R¢ = 1; and p = 3. The results

are given in Table 3. They are not very sensitive to R2 and p, and
variations of g and v between 0.2 and 0.7 do not produce large disparities
between "predicted” and "observed". They are more sensitive to n;
increasing it from 2 to 5, for example, gave ridiculous predictions.

A similar program has been constructed for the fluorination of
2-methylpropane [3]: best values here were n = 10; g = 0.5; v = 0.5; R¢ =
100; p = 3. Here again there was an anomalous compound: there was much
more CH3(CF2H)CFCFH2 (compound 14 of reference 3) than predicted, relative
to (CFHp)3CF (19 of ref. 3).

It is quite reasonable to argue that the probability of release of a
fluorohydrocarbon from the cobalt trifluoride surface should depend on the
types of fluorine (or hydrogen) in a molecule and not merely their
number; for example, a CF2H group should contribute a different factor
from two CFHg groups towards the probability of release. Nevertheless we
have not allowed for this in the model because we feel that five
disposable parameters are quite enough: more (one each for CHz, CHaF,
CHF3, CF3, CHa, CFH, and CF2) would be unreasonable.
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