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Chapter 11
A GUIDE TO MODERN ORGANOFLUORINE CHEMISTRY'
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New vistas in organic chemistry

Promises

Fluorine forms the strongest known single bond to carbon,? and, as a
substituent, exerts but modest spatial demands, especially when compared
with the other halogens.? Only in the case of fluorine, therefore, can com-
plete replacement of hydrogen by halogen be envisaged in any hydrocarbon
or functionalised derivative thereof to produce a halogenocarbon analogue.
A novel and completely man-made branch of organic chemistry — fluoro-
carbon chemistry — is thereby perceived, in which the fundamental tenets
of the parent subject hold, yet exciting new vistas appear in terms of mecha-
nism, synthetic methodology and commercial applications. Since stepwise
conversion of hydrocarbon material to fluorocarbon is notionally allowed,
eg.

CH3CH3 CH2 FCHzF —_— CH2FCHF2 I CHF2CHF2
|

l S e \ \

CH3CH2F — CH3CHF2 I CH3CF3 — CH2 FCF3 — CHF2CF3

CF,CF,

CH3COzH —> CH2FCOzH — > CHFzCOZH — CF3CO2H

1See Appendix 11.1, p. 285, for information on the nomenclature used here for
fluorocarbons and their derivatives.

2The average dissociation energy of the C—F bond is 485 kJ mol™! (116 keal mol 1)
[¢f. C—H, 413 (98.8); C—O, 358 (85.5); C—C, 346 (82.6); C—Cl, 339 (81); C—Br, 284.5
(68); C—1, 213 kJ mol ™! (51 keal mol™1)].

3‘Recommended’ values of van der Waals’ radii (rw) for volume calculations (see ref.
118) of bound halogen atoms in n-alkyl halides: F, 1.40;Cl, 1.73; Br, 1.84;1, 2.01 A lef

rw(Catiphatic) 1.70 A; ryy(Hatiphatic) 1.20 Al
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considerably more organofluorine compounds are theoretically capable of
synthesis than there are organic substances known today; this further in-
creases the probability of discovering materials of commercial value. Much is
to be gained from an academic viewpoint too: since fluorine is the most
electronegative element, traversal of structural continua between hydro-
carbon compounds and their fluorocarbon analogues would be expected to
result not only in gradual changes in physical properuies and rates of reaction
but also to encounters with cross-over points in the mechanisms of some
processes. Clearly, fluorocarbon chemistry itself ought to prove not only a
testing ground for mechanisms and principles currently accepted in the
hydrocarbon field, but a source of new concepts and theories, and perhaps
even novel structural types.

Incentives

The above paragraph is an imaginary gambit for a 1940s application for
research funding in the organofluorine area with some benefit of hindsight.
It appears to reflect the thoughts of Joe Simons [1], and possibly of others,

whan tha 1Hnanma af hia warlr with Rlaalr an tha Aivant fhiavinatinn of
Wileli tné ouilcome o1 nis WOrKk witni Hiu0CK O ©fi€ QireCt niuorinavion oOi

carbon was contemplated (see p. 91). Certainly the tremendous and un-
paralleled opportunities available to chemists in academia and industry were
speiled out cleariy by McBee {2] and Simons {1]j in the much-read March
1947 issue of Industrial and Engineering Chemistry dealing with the Man-
hattan District development of fluorine chemistry. In the same issue [3],
Grosse and Cady threw down a sizeable gauntlet to pundits in synthetic
organic chemistry by pointing out that some 10'? fluoro-organic chemicals
could be patterned structurally on the then known organic compounds; and
McBee offered the incentive remark “Peacetime products containing fluorine

are expected to include new and useful dyes, plastics, pharmaceuticals,
lubricants tanning agents, metal fluxes. fumigants insecticides, fungicides,

ARV allve, valllllill agtiive, LCLAl LINACS, 1WIpallvs, LNsCULIUINTS, LRipilites

germicides, fire extmgulshers, solvents, fireproofing compounds, heat trans-
fer media, and other products of benefit to society” [2].

Simons’ fluorocarbon aeroplane

Simons campaigned vigorously for the funding of a research and
development thrust in the fluorocarbon area, where materials would differ
maximally from their hydrocarbon counterparts and major commercial
prizes could be foreseen to await discovery. For example [4], using argu-
ments hinging on the outstanding chemical inertness and high thermal
stability of saturated fluorocarbons, and taking into account their unique
physical properties, he described an imaginary aeroplane in which fire
hazards were minimised through the use of plastics, elastomers, paints,
lubricants, hydraulic oils and turbine working fluids of the fluorocarbon

olaca 7 o maatawiala §m whioh tha T hand anntant ha ha o imigad
Liano, €. liaduCllais ui wiiiCii ol o r 00l COIweriv uau oeen maximnmiised

consistent with the required service properties.
Progress along such lines was seen to demand expenditure of con-
siderabie effort to deveiop general methods of preparation for a host of
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fluorocarbon derivatives, i.e. compounds containing the familiar functional
groups of ‘normal’ (hydrocarbon) organic and of organoelemental chemistry.
Naturally, saturated fluorocarbons, being so unreactive, were not viewed as
likely to play important roles as synthetic intermediates. By contrast, the
utility of chlorofluorocarbons as precursors of fluorocarbon systems had
already been firmly established [56] by building on the pioneering studies
summarised in Chapter 4, e.g.

HF, SbCls A
CHCl; — CHF,Cl — CF,=CF, [6]

EtONa,
EtOH
F2 F2 Av
EtOCF,CHF, [8]
171

CF;CO,H 9

]\ KMnO4
SbF;, SbF;Cl,
CCl,=CCICC]l=CCl, —— > CF;CCl=CCICF;

l PbO,, HF
Z
CF,CF=CFCF, «————— CF,CFCICFCICF,
[10]
Cl
a ! Sbfs KM og F2 COzH (11
Ci CO2H
Cl 2
0}
(i)NH3 Hp /PtO2

(1) EIOH/H'S, £10,C(CFy), CO,E e NEC(CFUCEN 202 5 HyNCHY(CF), CHoNHy (1]

F,SbCH z A_F zn_ For—F
ol 225, crycicrey e cry=crCl —an DFC( > D]F (7,12]
2 2

This entrée to the domain of fluorocarbon chemistry provided by
Swarts—~Henne methodology has been the major factor responsible for the
development of the subject in both commercial and academic circles ever
since. Also of immense importance to the development of fluorocarbon
chemistry has been the commercialisation of an HF-based electrochemical
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fluorination method (ECF) invented by Simons during World War II but not
advertised until 1949 (see p. 269).

By comparison with synthetic methods based ultimately on halogen
exchange or ECF, those relying on elemental fluorine fall into a minority
class. Nonetheless, important work has been done with fluorine itself, and
with reagents made from it; hence usage of the element in organic chemistry
has increased considerably during the past 15 years.

Current position

Writing in 1970 on fluorine compounds as teaching aids in organic
theory, Young asserted that “By and large, an instructor can now substitute
a perfluoro analog for a conventional organic compound with the assurance
that he is talking about a real compound rather than a hypothetical one”
[13). Shortly afterwards (1974), the famous Russian fluorine chemist
I. L. Knunyants (see Appendix 11.4) pointed out that since World War II
organofluorine chemistry had grown into a new and exciting field, charac-
terised by orderliness and systematisation, and, in many respects, was even
then a richer field of knowledge than hydrocarbon chemistry [14]. Such
statements testify to the great advances achieved by fluorocarbon chemists
during the 1950s and 1960s, advances which in no small measure were made
possible by the introduction of techniques now absolutely indispensable
in this area of chemistr;’, namely gas chromatography* and !°F nuclear
magnetic resonance spectroscopy.’ Routine, reliable methods of elemental
analysis for fluorocarbons and their derivatives had been available for some
time.®

During the past 15 years, the fluorocarbon field has become even more
sophisticated, especially where synthesis is concerned, and of much wider
international appeal. Joining the U.S.A., Great Britain and the U.S.S.R. —
countries traditionally very active in fluorocarbon chemistry — have been
France, Germany, Japan and Italy, whilst ever-increasing participation by
Chinese groups is noticeable [251].

Interest in partially fluorinated organic compounds has also reached
an all-time record, particularly through the continuing search for new

4 Analytical gas—liquid chromatography was adapted for preparative work in fluoro-
carbon chemistry by the authors [15] in the early 1950s, using home-made equipment.
The first successful commercial gas chromatograph (Model 154) in the U.S.A. was intro-
duced by the Perkin—Elmer Corporation in May 1955 [16].

5See Appendix 11.2 for a summary of the application of NMR spectroscopy to
organofluorine chemistry. Infrared spectroscopic analysis of fluorocarbon-type com-
pounds has also been of great value; for reviews see refs. 17 and 18; the former contains a
set of actual spectra. Standard instrumentation and sampling methods are employed, gas
sampling being popular owing to the high volatilities associated with perfluorinated
materials. Ref. 19 is a review of mass spectrometric analysis of fluorinated compounds,
another important source of structural information,

6 See Appendix 11.3.
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biologically-active molecules containing C—F bonds and recent develop-
ments in medical diagnostics.” Such work has created an enormous demand
for reagents capable of effecting efficient introduction of a single fluorine
substituent, or a CF, or CF; group, at specific sites in all manner of molec-
ular structures.

Specific fluorinating agents

Not only have ‘old’ reagents (see Chapters 4 and 5) — including ele-
mental fluorine — been scrutinised with a view to improvement, but over the
years a range of completely new synthetic tools has been introduced for the
construction of C—F bonds at specific molecular sites (see ref. 20 and
Chapter 14). Of considerable and lasting importance was the addition of
sulphur tetrafluoride [21] to the list of fluorinating agents in 1960 through
research carried out by the powerful Du Pont fluorine team; its chief value
is its ability to effect the functional group conversions C=0 — CF, and
CO,H — COF — CF,. Sulphur tetrafluoride — a toxic gas — has been sup-
plemented recently by its liquid derivative diethylaminosulphur trifluoride
(DAST) [Et,NSiMe; + SF, ~ Et,NSF; + FSiMe; (ref. 22)], a reagent?® prized
for its ability to replace hydroxyl and carbonyl oxygen by fluorine under
mild conditions [23]. Treatment of sulphur tetrafluoride with an excess of a
(dialkylamino)trimethylsilane provides access to so-called TAS reagents
[26]. The most popular one at present, tris(dimethylamino)sulphonium
difluorotrimethylsiliconate [SF, + 3 Me,NSiMe; »> (Me,N);8* Me;SiF,]
[27], and the analogous bifluoride it yields on controlled hydrolysis [28] —
known as TASF and TASHF,, respectively — are the latest reagents not only
in a long line of specific fluorinating agents (e.g. see Scheme 11.1) but of
fluorine-containing reagents valuable in general organic synthesis [28, 30].°

Organofluorine reagents

Polar effects
Most fluorine-containing reagents of value to non-fluorine chemists fall
into the organofluorine class. Instances of synthetic, analytical, mechanistic

7See Chapter 13.

8 With respect to explosive hazards associated with the synthesis and utilisation of
DAST [24], Middleton [25] is of the opinion that no violent decompositions seem
likely to occur when the reagent is handled in solution, or when the temperature of neat
samples is kept below 50 °C — as during distillation at 10 mmHg pressure or below for
isolation purposes (b.p. 46 - 47 °C at 10 mmHg pressure [22]).

9 Notably as initiators (especially the bifluoride, (Me,N);S* HF,™) for use in Du
Pont’s novel GTP (group-transfer polymerisation) process for acrylic monomers de-
veloped recently [28]. For some examples of the use of (Me;N);S* Me;SiF, or its
tris(diethylamino) analogue in non-polymer synthesis, see ref. 30. Examples of pre-
parative applications for several inorganic fluorine-containing reagents can be found in
Chapter 14. For reviews of the use of fluoride ion in organic synthesis, see refs. 31 and
32.
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Scheme 11.1. Rapid synthesis of a deoxyfluoro sugar using tris(dimethylamino)sulphonium
difluorotrimethylsiliconate (TASF) and trifluoromethanesulphonic anhydride (triflic
anhydride) [29]. This is a modern analogue of the very first synthesis of a C—F bond (in
CH;F) by Dumas and Péligot (1835;see p. 72).

and separative applications for compounds containing C—F bonds have in
fact reached astronomical figures, mainly owing to the commercial availabili-
ty of two fluorocarbon acids — CF;CO,H and CF;SO;H (pp. 252,269). These
compounds are much stronger proton donors than their hydrocarbon ana-
logues because of the polar effect universally associated with a perfluoroalky!l
group, namely powerful electron withdrawal via through-bond (o-inductive
effect, —1I,) and through-space (field effect) mechanisms. Indeed trifluoro-
methanesulphonic acid, CF3;SO3;H (triflic acid), is classed as a Bre¢nsted
superacid!® (H,=—14 [33]) and acclaimed as the strongest monoprotonic
organic acid; accordingly, the trifluoromethanesulphonate (triflate, TfO™)
anion, CF350,07, is a super leaving group, its nucleofugality being about
10%-10° times higher than that of the familiar p-toluenesulphonate entity
(tosylate, TsO™).!! Graduate chemists nowadays cannot fail to have heard
about applications of these fluorinated acids and derived compounds.

They will surely be aware also of the use of the classical Sanger reagent
(2,4-dinitrofluorobenzene) for the determination of N-terminal amino-acid
residues in peptide chains. This utilises the very ready replacement of fluo-
rine from particular C—F bonds activated by the presence nearby in the
molecule of powerful electron-attracting groups. Nucelophilic displacement
of fluorine from aromatic carbon will be mentioned again later, but note
that the order of halogen mobility usually observed for anionic attack on
aryl systems is F > Cl> Br > I. The effect is utilised!? in the manufacture of
I.C.I.’s important new high-performance thermoplastic Victrex® PEEK [34],
a ‘polyetheretherketone’ +OArOArC(O)Art, (Ar=1,4-C¢H,), which is
derived from 4,4'-difluorobenzophenone, a monomer obtainable via large-
scale application of Balz—Schiemann methodology, and hydroquinone.

10 A Brénsted acid is accorded superacid status if its acidity exceeds that of 100%
sulphuric acid (Ho = —12) [33].

11 Note that the reactivity of the triflate leaving group is utilised in the synthesis
shown in Scheme 11.1.

12 Directly extending the pioneering work with aryl fluorides recorded in Chapter 4,
this application even relates back to the ‘mistake’ in the very first paper on fluoroaro-
matic compounds (see p. 75), which has proved to be of much more lasting significance
than the planned experiment!
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The perfluoroalkyl effect

A more sophisticated example of the synthesis of a hydrocarbon
polymer from a fluorinated starting material concerns the recent improved
method of production of ‘Durham poly(acetylene)’ from cyclo-octatetraene

and hexafluorobut-2-yne [35], a potent dienophile of the fluorocarbon class
which yields a thermal 1,4-adduct even with benzene [36]. The method

21 arrhatits nta +n gtahilicn
hinges on the remarkable tendency of perfluoroalkyl substituents to stabilise

small-ring compounds — the so-called perfluoroalkyl! effect [37],'* a phe-
nomenon which allows the bis(trifluoromethyl)pentacyclodecene 2 to be
isolated (see Scheme 11.2). The striking thermal stability of perfluoro-
alkylated strained rings, which is thought to be a kinetic phenomenon [39],
has enabled a number of compound types either unknown in hydrocarbon
chemistry (e.g. 3 - 6) or rarely isolable (e.g. 7, 8) to be obtained.!*

G2fs
th—C CF CF.
0 y=—
Cst/ /H\ /// CFy ==y CF3 —\"3
CF3—CF 0 5| 5' 3 SN 3
GFg Bl
(3 4] (4) {42] &) [43]
oy = roC
CoFg CoFe
ey, 3 s
CF.
C,Fe CoFs { 3’2:7 32 ca@ s
Cofs : v
(6) [44] (7) [45) (8) [46] %

[2 + 2] Cycloaddition reactions

Fluorinated four-membered carbocycles are particularly easy t to prepare
because of the propensity shown by alkenes containing a CF,= C\ group to
participate in thermal homo- and co-cyclodimerisation reactions. The chloro-
fluoro-olefins CF,=CFCl and CF,=CCl, are exceptionally reactive in this

13 Not to be confused with spectroscopic perfluoro effects [38], a term introduced by
Brundle et al. who showed through systematic studies in photoelectron spectroscopy that
substitution of fluorine for hydrogen in a planar molecule has a much larger stabilising
effect on the 0-MOs (typically 2 - 4 eV) than on the 7-MOs (often an order of magnitude
smaller).

14 For other examples, see ref. 40.

15See ref. 47 for details of the generation and trapping (not isolation) of an unstable

bicyclic Dewar furan of the hydrocarbon class.
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Scheme 11.2. An improved synthesis of poly(acetylene) via ring-opening metathesis
polymerisation of 3,6-bis(trifluoromethyl)pentacyclo[6.2.0.0%4.03-6,0% 7] dec-9-ene (2)
[35].

sense, and even when given the chance to undergo a [4 + 2] reaction (Diels—
Alder) often prefer to take a [2 + 2] route. In addition to providing a vast
array of fluorinated cyclo-butanes and -butenes [48], this phenomenon —
which distinguishes fluoroalkenes from their hydrocarbon counterparts —
has been harnessed for the synthesis of non-fluorinated compounds, as
exemplified in Scheme 11.3. One of the sequences shown there is the famous
accidental synthesis of squaric acid (9) by Park’s group [49], an event which
triggered modern work in the oxocarbon field [51].

The related questions why and by what mechanism do fluoroalkenes
participate in thermal [2 + 2] cycloaddition have been pondered by physical
organic chemists ever since the phenomenon was discovered in the 1940s
through work on the thermal depolymerisation of poly(tetrafluoroethylene)

CFy=CFCl CF—CF F. FCl F o't 0 OH
LA e || E
+ — —— ———

F, Foy 2-EtOH, KOH ) o6t . o

CFy=CFCl CFy—CFCI
(ca 11 cis:trans) (9) (49 50]
CFy=CFCl F ECL 0 0]
+ —_—
CHZCPh Ph Ph

Scheme 11.3. Synthesis of squaric acid (9) and phenyleyclobutene-3,4-dione from
chlorotrifluoroethylene.
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Bartlett’s first set of results, published in 1964 [57], were used by Woodward
and Hoffmann in one of their three 1965 benchmark communications on the
conservation of orbital symmetry to support the conclusion that cyclo-
additions which do occur in cases prohibited by their selection rules for
concerted reactions must proceed through multistep mechanisms [58].

Mechanistic aspects

Radical attack on fluoro-olefins

Conventional free-radical attack on the double bonds of olefins of the
fluorocarbon class generally proceeds smoothly — a feature which has been
utilised ad infinitum for the synthe51s of fluorinated compounds, including
commercial po;yme‘rs The factors which control the rate and orientation of
radical attack on fluorinated olefins have received considerable attention,
notably in research groups directed by R. N. Haszeldine and by J. M. Tedder;
the results — which have greatly enriched the field of radical chemistry — do
not offer a simple qualitative theory but show that a complex interplay of
polar, steric and bond-strength factors is involved [59]. That polarity is an
important factor is nicely illustrated by the relative rates of addition of the
radicals CH;-, CH,F-, CHF,- and CF;- to ethylene and tetrafluoroethylene:
values for k¢ r /Rc n, at 164 °C decrease along this series (9.5 > 3.4 > 1.1 >
0.1). This conforms with the expected increase in electrophilicity of the

methyl radical as hydrogen is progressively replaced by fluorine, and with

the known susceptibility of tetrafluoroethylene to nuc leophilic attack.
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Electrophilic attack on fluoro-olefins

That fluorocarbon olefins are much more susceptible to attack by
nucleophiles than by electrophiles is in complete contrast to the familiar
situation for hydrocarbon olefins, and stems from the powerful inductive
(—I) effects associated with fluorine and perfluoroalkyl substituents in
ground-state species. Thus, F-for-H substitution in the simplest (C,) case

16 L,ow-pressure pyrolysis (600 - 700 °C at <5 mmHg) of commercial PTFE forms a
convenient laboratory source of TFE in near-quantitative yieid {53 j. Care must be taken
over the reaction conditions otherwise perfluoroisobutene, (CF3),C=CF,, a highly toxic
gas, may be formed (e.g. ref. 54). See ref. 55 for data on the toxicities of fluoroalkenes.
The ranking of perfluorinated olefins towards nucleophilic attack, e.g. (CF3),C=CF, >
CF3CF=CF, > CF,=CF,, is identical with the order of comparative toxicities [LCsg
(ppm) (4-h exposure) 0.76, 3000 and 40 000 respectively] [55].

17See ref. 56 for arguments proposed recently in favour of a symmetry-allowed

concerted [25 + 2, ] reaction mechanism.



236

slows electrophilic attack but encourages addition of nucleophiles; for ex-
ample, the ready electrophilic nitrofluorination of CF,=CH, with HNO,/HF
(=NO,*F™) at —60 °C occurs six times faster than that of CF,=CHF under
the same conditions, and much higher temperatures (10 - 20 °C) are needed
to achieve a satisfactory rate of addition in the case of C,F, [60].

The directions of addition, namely CF,=CH,— CF;CH,NO, and
CF,=CHF - CF,CHFNOQ,, are rationalised by invoking a resonance effect
(+R) stimulated by the attacking electrophile (electromeric effect, +E)
and written as a mesomeric effect (+M) in the fully-developed cation
C ~F < >C= F:). Thus fluorine directly attached to a carbenium site
(- fluorine substltuent) exhibits two opposing electronic effects: polar
(electron withdrawal, —I, and field) and resonance (w-electron donation).
Although inductive electron withdrawal decreases with increasing atomic
number in the halogen family, so does the conjugative (resonance) effect
owing to decrease of the effectiveness of p-orbital overlap (the 2p-orbitals of
fluorine are roughly the same size as carbon 2p-orbitals, unlike the outer
orbitals of the heavier halogens).

In solution, the outcome is that a-halogens stabilise a carbocation in
the order F > Cl > Br > 1, and fluorine is usually found to be a net stabiliser
compared with hydrogen. This is exemplified, for example, by the rate ratios
kcHFCXMe/kCHZ:CHMe for the addition of trifluoroacetic acid to propenes: 71
(X=F), 0.35 (Cl), 0.082 (Br) [61, 62]. The cation formed via protonation
of 2-fluoropropene (Me,CF) was the first long-lived alkylfluorocarbenium
ton to be observed in solution by NMR spectroscopy [63, 64].

Electrophilic substitution in fluoroaromatics

Considerable attention has been paid to the effect of ring fluorine on
the rate and orientation of electrophilic aromatic substitution [65]. In short,
despite being the most electronegative element (and thereby displaying the
most powerful —I effect), fluorine is an ortho—para director (like the other
halogens) and frequently a net activator; thus, partial rate factors for electro-
philic substitution at the para position in fluorobenzene range from 0.68 to
2.98, and for a specified reagent the value runs in the decreasing order
PhF > PhCl > PhBr ~ Phl {65]. These facts can be rationalised in terms of
the old accepted order of the +R effect (+M and +E) for halogens (F > Cl >
Br >1) [66] (A < B, using a o-complex as a model for a late transition state;
see Scheme 11.4). This is really a measure of the sum of the +I, effect
[repulsion between a halogen’s p-electrons and the w-electron cloud] and the
+M effect [67 - 70].

E Ve E +
oo £ @H" F: = etc.

Scheme 11.4. Classical +M effect (‘back-donation’) in a fully developed 0-complex
generated via attack of electrophile E* on fluorobenzene.
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Scheme 11.5. (Top) Mesomeric effect, +M; (bottom) I, repulsion (7-inductive effect).
P

Like the +M effect (C < D), halogen I, repulsion (E; Scheme 11.5)
induces w-charge at the ortho and para positions of a halogenobenzene and
decreases in magnitude as the halogen’s size increases. In ground-state
situations, the combined electron-donating situation (+I, and +M) only
partly neutralises the o-inductive effect (—1I), so fluorine in fluorobenzene,
for example, is always electron-rich compared with hydrogen. Following
Burdon’s important paper [71], the m-inductive effect of fluorine (+I,) has
been used to explain orientational phenomena in a wealth of nucleophilic
substitution reactions involving polyfluoroaryl systems. As expected, hexa-
fluorobenzene and related aromatic fluorocarbons resist electrophilic substi-
tution since this would require the elimination of fluorine as a cation, F*;
proton loss from pentafluorobenzene, for example, can be effected under
forcing conditions, e.g. C¢FsH — (with Br,/AlBr;/fuming H,SO, at 60 -
65 °C) C4F;Br [72].

«- versus 3-Fluorine substituent effects; aromatic species

Unlike a-fluorine (see above), a §-fluorine substituent exerts a strong
destabilising influence on a carbocation [40, 61, 62]. In contrast to other
-halogenocarbenium ions,* f-fluoro ions do not appear to participate in
‘bridging’, and the cation CH,FCH} has been calculated to be less stable than
CH,;CHF* by 76.6 kJ mol™! [40]. An «-CF; group (three B-fluorines) in a
carbenium ion is enormously destabilising relative to «a-methyl (three
B-hydrogens); thus 3,3,3-trifluoropropene prefers to ionise to the difluoro-
allyl cation [CF,=~~CH==CH,]"* rather than undergo protonation when treated
with the superacid FSO;H [73]. Other fluorinated cations which enjoy
stabilisation by resonance features other than the +M effect of fluorine are
known [40], including the aromatic-type species (10) [74] and (11) [75]
(see Scheme 11.6).

Perfluorinated carbenium ions
No definite evidence in support of the generation of perfluorinated
alkyl or cycloalkyl cations in normal chemical systems appears to exist

*In organofluorine chemistry the general terms halogen (halogeno) and halide refer
only to chlorine, bromine or iodine and their anions, respectively.
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Scheme 11.6. Synthesis of perfluorocyclopropenium hexafluoroantimonate (10) [74]
and of the !°F NMR-observable perfluorotropylium ion (11) [75].

[64].'® The simplest cation of this class, CF}, can be generated in a mass
spectrometer [19] and by matrix photo-ionisation of trifluoromethyl halides
(CF;3X; X =Cl, Br, I) or fluoroform (Ar, 15 K); the latter method has al-
lowed the infrared spectrum of the cation to be analysed, and the results are
consistent with extensive m(p—p) bonding (F—CF, < *F=CF,) [76, 77].
Examination of the gas-phase ion chemistry of the fluoromethanes CH,_ ,F,
(n =1 - 4) by ion cyclotron resonance techniques has established the decreas-
ing order of carbocation stability CHF} > CH,F* > CF% > CH} [78].

Fluorocarbenes

Not unexpectedly, m(p—p) bonding in a-fluorocarbenium ions finds an
analogy in carbene chemistry. Here, predominant back-donation from lone-
pair electrons on fluorine into a singlet carbene’s vacant 2p-orbital is invoked
to explain the electrophilicity orders CH,> CI,> CBr, > CCl, > CF, and
CH, > CHF > CF, for singlet species, and to rationalise the fact that CF,
and CHF are ground-state singlets whereas CH, is triplet stable [79]. Ther-
mal ejection of singlet difluorocarbene from perfluoro(methylcyclopropane)
to the apparent exclusion of fluoro(trifluoromethyl)carbene attests to the
stabilising influence of the a-fluorine +M effect [F—CX < *F=CX (X = F or
CF,)] [80].

Fluorinated anions

From the early days of fluorocarbon chemistry, it was recognised that
attack on unsaturated functions (C=C and C=0) by nucleophiles of many
types proceeded very readily [81]. Not surprisingly, therefore, fluorocarbon
chemistry is very much more richly endowed with reactions proceeding via
anionic mechanisms than with processes involving cations; the subject
absolutely abounds with opportunities to generate carbanions, nitranions,
oxy anions, etc. All aspiring devotees of the subject must quickly learn to

18 Attempts to generate CF} via ionisation of trifluoromethy! halides in SbFs/SOFCl1
at —78 °C yielded only CF,. Possibly this conversion did proceed via CF} SbFX (X =
Cl, Br, I), but the cation was not observed by NMR spectroscopic techniques [64].
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Addition
—~ ~ — E*
F~ CF,=C{ = [CF;~C{] — CF;—C<E

A-
H*“CH=C<{ = [CH,~&7 ] = CH,;—C<A
Substitution with rearrangement

F
F~ CF2=”6\'—4|:— = CF3—(]3=C< +F-

H* @:IC—{JID_ — CH3—-(IJ=C< +H*

Scheme 11.7. Schematic representation of the corresponding roles played by fluoride ion
and proton in unsaturated fluorocarbon and hydrocarbon systems, respectively [82].

‘think negative’ — the reverse of the training situation in hydrocarbon
chemistry — and the first lesson to be learnt is that the fluoride ion occupies
a unique position as a nucleophile in fluorocarbon chemistry, analogous to
that of a proton in hydrocarbon chemistry (see Scheme 11.7). Enunciated
clearly by W. T. Miller in a benchmark paper 26 years ago with J. H. Fried and
H. Goldwhite [82a], this concept underpins the vast amounts of synthetic
work carried out worldwide since then.

Fluorocarbanions can be generated from polyfluoroalkenes and ionic
fluorides under anhydrous conditions using aprotic solvents. They can then
react with a whole range of nucleophile acceptors, as exemplified in Scheme
11.8. Noteworthy also is the development of the nucleophilic equivalent of
the familiar Friedel-Crafts alkylation of arenes (Ry + ArgF = RpArg + F~;

1 2
04 F4(CF,),COH «— CF,=CF, — C,F;CO,H
3 4
(CF,),CFCOF «— CF,CF=CF, — (CF5),CFCOCF,CF,CF;
5 6
[(CF3)3C],Hg < (CF;),C=CF, — (CF;);CCH,CH,CN

Reagents (followed by suitable work-up)

1 CsF/diglyme then CF;COCF;; 2 KF/acetonitrile then CO,;

3 CsF/acetonitrile then COF,; 4 KHF,/acetonitrile then n-C,F,COF;
5 HgF,/dimethylformamide; 6 KF/glyme then CH,=CHCN.

Scheme 11.8. Some syntheses involving fluorocarbanions generated in situ from perflu-
oroalkenes.
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. CF(CF3)y CF(CF3),
FrX\\F  CRCFCR, FrXyF F X F
F l N/ F (from KF+ CF3CF=CF, F | IE ' F | =
in sulpholane; 120 °C) N N Ry,
(~90%) (~5°%)

Scheme 11.9. Reaction reported in the first publication describing a fluorocarbon ana-
logue of Friedel-Crafts alkylation of aromatics [83]. The most recent adaptation of this
reaction involves the synthesis of perfluoro-[4-(thiomethoxy)pyridine] from pentafluoro-
pyridine and CF,=S + CsF (- CF3S ™ in situ) [84].

cf. R* + ArH = RAr + H*) some 20 years ago by W. K. R. Musgrave and his
co-worker R. D. Chambers [83] (see Scheme 11.9). Chambers has made a
tremendous contribution to knowledge of perfluorocarbanion chemistry
since then. One of his group’s latest achievements is the direct observa-
tion by '3C and 'F NMR spectroscopy of the carbanions (CF;);C~ and
CF5(C,F;),C generated from caesium fluoride and appropriate perfluoro-
alkenes [CF,=C(CF3), and CF3;CF=C(CF;)C,F;, respectively] in tetraglyme
at ambient temperature [85].

Similarly, NMR-observable nitranions can be generated for use in
synthesis via fluoride ion attack on C=N bonds in fluorocarbon systems
[86], and perfluoroalkoxides can be procured in an analogous manner, as
exemplified in Scheme 11.10. These are useful synthetic methodologies

F

i Loy
RyC=0 = RzCF,0 CF—CF, — R;CF,0CF(CF,)CF,0" Cs*
CstF™ Cs* CF, i
(in diglyme) RyCF,0CF(CF;)CF=0 + Cs*F~

Na,CO; l A
_ fo
RrCF, OCF=CF, «— RFCFQO?(F/—C\O Na
A

[Re = F(CF,),, x=0,1,2, 3, etc.] P

Scheme 11.10, Example of in situ generation of a perfluoroalkoxide [87].

because — as a result of polar effects — not only are perfluorinated alcohols
and primary or secondary (tertiary, too) amines containing «-fluorines
essentially non-nucleophilic, they easily eliminate hydrogen fluoride
(CF—XH - HF + C=X; X = 0, N). The last phenomenon is responsible for
the fact that, quite unlike their hydrocarbon counterparts, fluorocarbon
amines and alcohols of the above types are rare; in fact successful isola-
tion and characterisation of the simplest members of their classes, tri-
fluoromethylamine and trifluoromethanol, was not reported until 1977!:
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CF;NCl, + 3 HC1 - (at —78 °C) 2 Cl, + CF3;NH,-HCI - (with Me3;N at —30
°C) CF;NH,; CF;0CI + HCl = (at —100 °C) CF;0H + Cl, [88]. In the con-
densed phase, both CF3;NH, and CF;0H decompose in the temperature
range —30 °C to 0 °C; however, their gas-phase half-lives at ca. 10 mmHg
pressure are at least 5 min, which has allowed IR spectra to be recorded.

Tertiary perfluorinated alcohols and alkylamines, e.g. (CF3);COH and
(C4F)3N, are stable, easily isolable compounds. In contrast to their hydro-
carbon counterparts, the former are considerably more acidic and the latter
virtually non-basic — features which stem from the powerful combined
inductive effects (—I) of the fluorocarbon groups present. In practice,
perfluoro-t-butanol [pK, 5.2 (11,0, 25 °C)] is almost as strong an acid as
acetic acid (pK, 4.8), and readily forms an ammonium salt.

Perfluorinated C—H acids

A carbon-hydrogen bond in a fluorohydrocarbon becomes more
acidic (polarised) as increased numbers of perfluoroalkyl groups are carried
at the C-H sites [89]. Thus the relative rates of isotope (H/D) exchange
catalysed by sodium methoxide are (approximately): CF3;H, 1; n-C,F ;CF,H,
10; (CF;),CFH, 10%; (CF;);CH, 10, Tris(trifluoromethyl)methane is a
carbon acid (pK, ~ 21) nearly 50 orders of magnitude more acidic than
methane (pK, ~69), and it will take up deuterium from D,O even in a
neutral medium [89, 90]. This and other hydrofluorocarbons have featured
prominently in a long-standing [89] and still hotly debated controversy
[40, 90,91] concerning whether the stabilising influence of a fluorine
substituent sited adjacent (f) to a carbanionic centre stems solely from polar
(inductive) effects or involves also a resonance component of the no-bond
type (Scheme 11.11). This is not the place to detail the pros and cons of

_ /F F~
(CFg)zC—C—\_F > (CF3)ZC=C<F «—> etc.
F F
(nine equivalent canonical forms)

Valence-bond representation of negative (anionic) hyperconjugation,
using the perfluoro-t-butyl anion to illustrate this possible phenomenon
(89, 90].

= F - Fo

2 2
F
F >

2 F2 F2 F2

F F
The perfluoronorborn-1-yl anion cannot benefit from such hypercon-
jugation, because of the geometry at the bridgehead. 1H-Undecafluoro-

norbomane is a weaker carbon acid than is tris(trifluoromethyl)methane

[90].

Scheme 11.11. Negative hyperconjugation (no-bond resonance).
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such ‘fluorine hyperconjugation’, but note that a strong recent argument in
support of the significance of this phenomenon involves the molecular
parameters for the perfluoroalkoxide (Me,N);S* CF;0~ as determined by
X-ray methods [92]. This TAS salt was prepared from TASF (see p. 231)
and carbonyl fluoride — yet another example of the synthetic utility of
fluoride addition to a multiple-bond system.

No ambiguity exists regarding the effect of a S-fluorine (or -perfluoro-
alkyl) substituent on the stability of a carbanionic site: whether fluorine
negative hyperconjugation intervenes or not, stabilisation always occurs and
increases as the number of 3-fluorines increases at the expense of hydrogen.
Not so with an a-fluorine. Here, the effect can vary from modest stabilisa-
tion (compared with the standard substituent, H) to strong destabilisation,
depending on the geometrical situation: the more planar the carbanion, the
greater the destabilising influence. This interesting phenomenon arises through
conflict between a stabilising —I, effect and a destabilising w-inductive
effect, +I;, (see Scheme 11.12). The latter stems from repulsive interaction

_ Y
C—F (STABILISING) C—F: (DESTABILISING)

-/ f]n:

[¢]
;?_‘_90}'; /@)70920'
O N

sp2 geometry sp3 geometry
S =
1Tt REPULSION DECREASES

Scheme 11.12. Electronic effects of a-fluorine.

between filled p-orbitals on the halogen and the filled outer orbital on the
attached carbon; like the related inductive interaction between fluorine and
a m-system (see p. 237), it is classified as a +I; effect [71, 93, 94].

Since I, repulsion is maximised in planar systems (Scheme 11.12),
simple a-fluorinated carbanions prefer to adopt pyramidal forms. This seems
to be the situation with the trifluoromethyl anion, CF3, the conjugate acid
of which (CHF;, pK, 30.5) is about 10% times more acidic than methane.!®
The situation is quite different in o-fluorinated carbanions constrained to

9 Note that fluoroform is less acidic than chloroform. Acidity data for halo-
forms (pKgscua values: CHF;, 30.5; CHCl;, 24.4; CHBr3, 22.7; CHI3, 22.5 [95]) and
the related trifluoromethyl-ethanes and -propanes CF3;CHX, and (CF;3),CHX (X =F, Cl,
Br or I) have been discussed in terms of the stabilities and geometries of the conjugate
bases (carbanions) involved [96]. It seems that carbanion stability is determined primarily
by the degree of I repulsion involved, the magnitude of which for a fixed geometry
decreases in the order F > Cl > Br > L.
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adopt planar conformations or encouraged to do so in order to take full
advantage of stabilising conjugative effects. For example, NaOMe-catalysed
hydrogen isotope (H/D, H/T) exchange in fluorene is reduced by a factor of
eight through the introduction of a 9-fluorine substituent, whereas 9-chloro-
and 9-bromo-fluorene are 4 X 10? and 7 X 10? more reactive, respectively,
than the parent hydrocarbon [97]. Amongst numerous other examples,
maximisation of fluorine I, repulsion in planar systems accounts for the
classical observation that p-fluorophenol is less acidic than phenol {98], and
for the deactivating influence of para-fluorines in aromatic substrates under-
going nucleophilic substitution [99]. Examples of systems not constrained
structurally to planarity, but with stabilising aids maximised by such geom-
etry, include ethyl fluoroacetates {pK, values (polarographic): CH,FCO,Et,
21; CH;CO,Me, 24; CHF,CO,Et, 25 [100]} and nitromethanes {pK, (H,O,
25 °C) values: CH,FNO,, 9.55; CH;NO,, 10.22 [100, 101]}.

Comparison of the acidities of 1,2,3,4,5-pentafluorocyclopentadiene
(12) [102] and the corresponding pentakis(trifluoromethyl) compound (13)
[103] provides an illuminating example of the relative effects of «- and
B-fluorine substituents on carbanion stabilities (see Scheme 11.13): the

a F F b
F—F CF3CH,OH

—_—

HF S

(12)

F3CCF3 1,0 Pty _ [ 4
[ ———
F3C©CF3 Hy0* F3CCF3
H CF3
CFy
(13)

#More acidic than cyclopentadiene (pK, 15.5) but less so than
2,2, 2-trifluoroethanol (12.8). ®Stabilised by electron withdrawal
(C—-F), but destabilised by electron repulsion (C—F:). ©At least
10!® times more acidic than cyclopentadiene. 4Stabilised by
electron withdrawal (C——CFj).

Scheme 11.13. Acidities of fluorocyclopentadienes.

former diene appears to be not much more acidic than cyclopentadiene
itself, whereas the latter has pK, < —2, making it a stronger acid than nitric
acid and freely soluble in water!

Nucleophilic attack on perfluoro-olefins

Very many synthetic sequences have utilised interactions of poly-
fluoro-olefins with nucleophilic reagents of various types. The intermediate
carbanions can react 1n several ways, as exemplified in Scheme 11.14, The
product can either be saturated if it arises via a two-stage addition process,
or, if the pathway follows an addition-elimination sequence, an alkene
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Nu—" YCF,=CF—CF,Ry
NuCF,—CF—CF,R¢

+E* J—— F- —F~

NuCFz—(lJF—CFng NuCF=CF—CF,Ry NuCF,—CF=CFR
E

Addition: where E = H, Addition-elimination Addition—elimination
this is the main type of (the complete reaction  with double bond shift
product with many is substitution of an (the complete reaction
nucleophiles and the originally vinylic is substitution of an
simplest polyfluoro- fluorine): this is the originally allylic
alkenes, e.g. C,F,, main type of product fluorine): these are
C3F¢, except when with polyfluorocyclo-  usually minor
using very strongly basic alkenes, and longer products.
conditions. chain fluoroalkenes.

Scheme 11.14. Nucleophilic attack on fluoroalkenes.

results by loss of fluorine as fluoride. The observed orientations of these
nucleophilic attacks can be rationalised by invoking the o- and $-fluorine
effects considered in the earlier sections. Schemes 11.8 and 11.9 exemplify
the trapping of fluorocarbanions by electrophilic species. Wiley [104] was
one of the first to demonstrate that the treatment of perfluoroalkenes with
nucleophiles yields trappable carbanions [MeONa + CF,=CF, + MeOCO,Me
in THF — (via MeOCF,CF3) MeOCF,CF,CO,Me + (MeOCF,CF,),CO], and
one of the latest examples of the utility of this procedure in synthesis
involves the preparation of methyl 3-azido-2,2,3,3-tetrafluoropropionate
by Krespan’s group [NaNj;+ CF,=CF,+ CO,—~ N3;CF,CF,CO,Na (not
isolated) — (with Me,S0O,4) N;CF,CF,CO,Me] [105].

Miller’s group showed how to effect HF addition across the C=C bond
of a fluorocarbon olefin via a nucleophilic mechanism (CF;CF=CF, + KF in
HCONH, - CF;CHFCF;) [82a]. Russian groups led by Knunyants (see
Appendix 11.4, p. 296) have made extensive studies of the reactions of
perfluoroisobutene and of the perfluoro-t-butyl anion derived from it by the
action of caesium or potassium fluoride, e.g. (CF;),C=CF, + MF + PhN} Cl~
(in DMF) = (CF;3);CN=NPh [1086]. Perfluoroisobutene, a highly toxic gas
(b.p., 7 °C) [55], is extremely susceptible to nucleophilic attack and com-
bines with water at room temperature to yield a precursor of bis(triftuoro-
methyl)ketene: (CF;),C=CF,+ H,0 in THF — [(CF;),CHCF,0OH -~ (—HF;
rapid!) (CF;),CHCOF] — (CF3),CHCO,H — (with hot P,0;) (CF;),C=C=0
[107].



245

A most important nucleophilic reaction of perfluoro-olefins is that
which occurs with hydroperoxide or hypochlorite ion to give fluoro-
carbon oxiranes (epoxides), e.g. XO~ + CF,=CFCF; > XOCF,CFCF,;~> X +
OCF,CFCF; (14); hexafluoropropene oxide (14) is the most important
compound of this class, and, as illustrated by a recent review, is a ‘key
compound’ in organofluorine synthesis [108].

In the absence of traps, most perfluorinated carbanions will eject a
B-fluorine as fluoride and collapse to alkenyl compounds (see Scheme 11.14),
e.g. NaN;+ CF,=CFCF; in DMF - N;CF,CFCF;~> F~ + N;CF=CFCF,
[109]. Such B-elimination of fluoride occurs during fluoride-initiated oligo-
merisation of perfluoro-olefins [110]}, which is the negative equivalent of
the commercially important electrophilic oligomerisation of hydrocarbon
alkenes [111]. Anionic oligomerisation is involved in the synthesis of the
perfluoropropene trimers [(CF;),CF],C=CFCF; and (CF,),C=C(CF,CF;)-
CF(CF3), involved in the discovery of Scherer’s radical (see Appendix 11.5).
From tetrafluoroethylene, a series of oligomers with highly branched chains
can be made [112] as shown in Scheme 11.15. The major hexamer isomer is
hydrolysed readily to a stable and isolable fluoroketene CF3(C,Fs),C-
(=C=0)CF(C,F5)CF4, which with NaOClI affords the o-lactone 3 (p. 233).
Analogous oligomers arise from hexafluoropropene (for a summary see ref.
130b).

Perfluorinated aza-olefins

Compounds such as CF3;N=CF, and CF,(CF,);CF=N are highly
susceptible to nucleophilic attack, the latter, for example, having been
converted into numerous 2-substituted octafluoro-1-azacyclohexenes:
CF4(CF;)sCF=N + Nu™ = CF,(CF,);CNu=N + F~ (or HF) [Nu = (CF;),CF,
(CF3),NO, C¢Cl150, N3, etc. [113a]]. These conversions are presumed to
occur via addition-elimination sequences involving nitranions, such a species
derived from fluoride ion attack having been trapped with chlorine and
methyl iodide: CF,(CF,;);CF=N + CsF - CF,(CF,);CF,N~ Cs* (observable
by F NMR spectroscopy [86]) = (with XY; X =Y =Clor X=Me, Y =1)
CF4(CF,);CF,NX [86, 113b].

Syntheses from perfluorinated C—H acids

In principle, fluorocarbanions should be generated by the ‘ionisation’
of C—H acids, but in practice most of these eliminate HF to give fluoro-
alkenes (apparently by means of concerted processes [114a]), so that
fluorocarbanions cannot be trapped. However, if the hydrofluorocarbon
structure is such that elimination of HF gives rise to a highly strained un-
saturated product, then fluorocarbanions useful in synthesis can be gener-
ated. This applies with 1H-nonafluorocyclohexene [114b], and with the
bridgehead compounds 1H-undecafluoronorbornane [114¢] and 1H-trideca-
fluorobicyclo-octane [114d] (see Scheme 11.16). Under forcing conditions,
the fluorocarbanions from the bicyclic compounds decompose to give
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TN ]
F CF,=CF, ————— CF,CF, CF,=CF,

[CF,CF,CF=CF,] «—————— CF,CF,CF,CF,

-
CF,CF,CFCF; ——————— CF;CF=CFCF; DIMER
C,Fy
CF,CFCFCF, CF,
- >C:CFCF3 TRIMER
CZFS C2F4 and CZFS
rearrangemews
CF,C—CFCF, \ CFy  CiFs
- >c:c\ ) TETRAMER
cis and trans
FsCy GoFs CF;CF,CF,CF, CoFs CF,
/Cst
n-C,Fy C,Fs CF;C(C,Fs),
= >C=CFCF, PENTAMER
CF3C—?CF3 CF3C|)(Y“CF3 CF,
FsC, C,Fs F;C, C,F;s %Pﬂ;
CF,C(C,F5), CF;C(C,F5),CF;
| %> >e=0<
CF;CCFCF; CF, C,Fq
C,F;
n-C,F CF,C(C,Fy),
_~C—CFCF,
CFac\CzF5 CF, HEXAMER
_~C=CFCF; C,Fs
CF,
A minor isomer A major isomer

Scheme 11.15. Oligomerisation of tetrafluoroethylene. (Reproduced, with permission,
fromref. 121.)

Fq Fi Fia

Reaction with base
X=H X= DI COoH; CH,yOH ete.
Followed by addition of
the appropriate
nucleophile acceptor

Scheme 11.16. Syntheses directly from hydrofluorocarbons (perfluorinated C—H acids).

strained (bridgehead) olefins as transient intermediates — these species
‘violate’ Bredt’s rule, and that from the norbornane was the first of its type
to be detected in organic chemistry [114c, d; 121].
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Fluorinated radicals

Note that +I, repulsion occurs not only in carbanions containing
o-fluorine but also in radicals. This and other fluorine-substituent effects
considered to be operative in radical systems are covered in Smart’s excel-
lent review of recent developments in fluorocarbon chemistry [40]. Here we
wish to point out that the very slight deviation from non-planarity shown by
methyl radical increases markedly as hydrogen is progressively substituted
by fluorine, and the computed equilibrium FCF angle in CF; is 112°
[115a], a geometrical adjustment which minimises repulsion between lone-
pair electrons on fluorine and the non-bonded electron on carbon; calcula-
tions based on ESR data reveal that the unpaired electron in CF;- and
CHF,- occupies an orbital with 21% and 10% s-character, respectively
[115b]. ESR and theoretical evidence in support of a planar geometry for
the ao-difluorobenzyl radical has been advanced [115¢], so the complete
series C¢HsCF%, where * =+ (planar, with stabilising back-donation from
fluorine), — (‘pyramidal’, to avoid maximisation of the destabilising +I,
effect), and - (planar — unlike the carbanionic case) has been studied. Since
non-conjugated radicals of type RCF,+ adopt ‘pyramidal’ configurations, the
phenyl group in C4HsCF,- must provide sufficient conjugative stabilisation
to offset fluorine-induced preference for non-planarity.

Steric effects

The persistence of Scherer’s tertiary radical C,F;(i-C;F,),C- (see
Appendix 11.5, p. 299) [116] is a kinetic effect stemming from shielding of
the trivalent carbon by the sheer bulk of the perfluoroalky! substituents.
Numerous other examples can be found of phenomena ascribed to steric
effects associated with perfluoroalkyl and related groups. One of the more
interesting is that the low energy barrier to syn = anti isomerisation of the
hexafluoroacetone imine (CF;),C=NCF(CF3), has been interpreted in terms
of steric hindrance rather than fluorine no-bond resonance (negative hyper-
conjugation); the (CF3),CF group was suggested to be comparable in size to
t-Bu [117], with CF; being on a level with i-Pr, according to Taft Eg values.

Saturated fluorocarbons

The existence of stable chains and rings composed of CF, units is made
possible by the relatively small size of the fluorine atom (van der Waals’
radius 1.47 A in perfluoroalkanes [118]; cf. hydrogen, 1.20 A, chlorine in
polychloroalkanes, 1.77 A) and the high strength of the C—F bond (see
Table 11.1). However, as illustrated above the ‘size’ of a fluorine substituent
is certainly not negligible.

A potential energy barrier of 18.2 kd mol™! (4.35 kcal mol™!) hinders
mutual rotation of the CF, groups in hexafluoroethane compared with a
barrier of 12.6 kJ mol ! (3.0 kcal mol™!) to free rotation around the C—C
bond in ethane; furthermore, repulsive forces between fluorines on alternate
carbon atoms (1,3 F-F interactions) in perfluoro-n-alkanes act to lessen the
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TABLE 11.1

Some estimated bond dissociation energies/kJ mol ! (kcal mol™!) {120]

CF—F 519 (124) CCl,—Cl 314 (75)
C,Fs—F 515 (123) CH;—H 423 (101)
(CF3),CF—F 460 (110) CH;—F 452 (108)2
(CF3);C—F 414 (99) CH,F—F 481 (115)
CHF,—F 502 (120)

2These values, which should be compared with D(CF3—F), are included to illustrate the
strengthening of the C—F bond with increasing fluorine content of the molecules. This
effect, and the accompanying marked contraction in C—F bond length {r(C—F)/A=
1.385, 1.358, 1.332 and 1.317 for CH3F, CH,F,, CHF; and CFy, respectively [119]} can
be rationalised in terms of double-bond no-bond resonance, e.g.

F F F

l _
F—(ll——F > F
F

=IJ:1 «—> F——C=I+?‘ <—> etc. (12 ionic canonical forms in total).

|
F

H—Q—

stabilities of these compounds and facilitate conformational isomerism
[120]. Thus, although it is possible to pack all the fluorines necessary to
produce a saturated fluorocarbon structure around any carbon chain without
significant overcrowding (an analogous situation is not possible with any
other halogen), the zig-zag chain twists to relieve 1,3 F—F interactions
(see refs. 120, 121). Space-filling molecular models illustrating this con-
formational situation (see Fig. 11.1) also reveal that the fluorine atoms in a
saturated fluorocarbon form an almost impenetrable sheath, bristling with
tightly held electrons, which clearly must provide the carbon backbone with
excellent protection from chemical attack. As Simons put it: “The compact
fluorine atom envelope in the (saturated) fluorocarbons forms such a protec-
tive coating that the rate of reaction is greatly reduced even under conditions
where reactions are allowed or favoured by thermodynamics.2® Thus it can

20 As pointed out by Sharpe [122] many years ago, calculations based on thermo-
dynamic factors predict that carbon tetrafluoride, for example, should be hydrolytically
unstable mainly because the C—F bond is considerably weaker than the H—F link [570
kd mol™! (186 kcal mol™1)]: CF(g) + 2 H,0(lig) = COy(aq) + 4 HF(aq) [AH® —180 kJ
mol ™! (—43 kcal mol™!), AG® —222 kJ mol~! (—53 kecal mol™!)]. In practice, saturated
fluorocarbons do not suffer hydrolysis below 500 °C. Nucleophilic attack of any descrip-
tion on saturated carbon in polyfluorinated systems is rare [40] because of steric effects
and the repulsion of attacking entities by fluorine lone-pair electrons; note, however, that
SET processes (single-electron transfer) can operate (ref. 40; see also Chapter 12). Sn2
Displacements on fluorine seem prohibited, but not on other halogens; the classical
example here is the reaction of trifluorociodomethane with acetonic or alcoholic potas-
sium hydroxide at room temperature to yield fluoroform [123]:

_8+ &~ _ solvent
HO \,I—\(’JF3 — HOI + CF; —— CF;3;H

Note the direction of polarisation of the carbon-iodine bond compared with that in

. 8+  6—
methyl iodide (CH3—1).
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Fig. 11.1. Space-filling molecular models (Catalin) of segments of a poly(ethylene) chain
(left; planar zig-zag conformation) and a poly(tetrafluoroethylene) chain (right; twisted
zig-zag). The helical conformation (360° twist per 26 CF, groups below 19 °C) adopted
by the fluorocarbon to relieve non-bonded interactions between fluorines on alternate
chain carbons is clearly visible.

be truly stated that fluorocarbons have hearts of diamond and skins of
rhinoceros hide” [124].

The molecular geometries of saturated fluorocarbons, coupled with the
polarity of the C—F bonds, also act to endow saturated fluorocarbons with a
most unusual set of physical properties. These give every evidence of extremely
low intermolecular attraction — as expected if the fluorines carry a fairly
high negative charge. Sanderson has suggested that the stabilities of the
molecules are also related to these charges [125].

Saturated fluorocarbons are colourless, dense, apparently non-toxic?!
substances characterised by a seemingly abnormal set of physical properties

21 One of the earliest reliable reports on the physiological activity of saturated fluoro-
carbons was written by A. J. Rudge [126], a leading I.C.I. expert in fluorine chemistry
who pioneered the production of UFg in 1940 for the so-called “Tube Alloy Project’ —
the British counterpart of the ‘Manhattan Project’ [127]. He refers to experiments with
C,F 4 vapour in mice which revealed that this fluorocarbon is non-toxic ard virtually
devoid of narcotic activity. Note that an acute problem in this type of research centres
on obtaining absolutely pure specimens of fluorocarbons free from unsaturated material
or hydrofluorocarbons, which tend to be toxic. The advent of gas-liquid chromatography
helped matters considerably.
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when compared with their hydrocarbon analogues [128]. In short, they
possess relatively low boiling points which belie their molecular weight
values [¢f. n-CsF;, (M.W. 288), b.p. 29.3 °C; and n-CsH;, (M.W. 72), b.p.
36.2 °C], low critical temperatures and pressures, high liquid densities
(1.6-2.0gcm™3 at 25°C) and coefficients of expansion, extremely low
surface tensions (9 - 18 mN m™! at 25 °C, hence liquid fluorocarbons wet any
solid, including PTFE) and refractive indices (often below 1.3, i.e. lower
than those for any other organic compound). Compressibilities are higher
than for most other liquids, hence acoustic velocities are very low — typi-
cally in the range 500 to 700 m s™!, compared with 1000 to 1500 m s™! for
most other organic liquids. Finally, their electrical properties (high dielectric
strengths, high resistivities, low dielectric constants and very low dielectric
losses) make them excellent insulators.

Among the most striking of the physical properties of saturated fluoro-
carbons are their unusual solubility characteristics, which are of great value
to physical chemists working on theories of solution. Qualitatively, a fluoro-
carbon is generally a poor solvent, except for other substances with low
internal pressures, e.g. other fluorocarbons, fluorocarbon derivatives and
some volatile inorganic fluorides (WF,, for example). Saturated fluoro-
carbons are practically insoluble in water, hydrogen fluoride and alcohols,
slightly soluble in hydrocarbons, more soluble in ether and chlorocarbons,
and miscible with some partially fluorinated hydrocarbons, e.g. benzotri-
fluoride, and chlorofluorocarbons, e.g. CF,CICCl;.

Happily, from a utilitarian viewpoint, these physical properties are
coupled with outstanding chemical and thermal stabilities — the feature of
saturated fluorocarbon systems which was responsible for the massive
synthetic effort in this area as part of the Manhattan District Project
(Chapter 5). In short, perfluoro-alkanes and -cycloalkanes generally are
unaffected by boiling concentrated acids and alkalis, and by oxidising and
reducing agents under normal conditions. They react with glass or silica at
temperatures above 500 °C to yield carbon dioxide and silicon tetrafluoride,
and with molten alkali metals to give carbon and the appropriate metal
fluorides — reactions which have been adapted for analytical purposes (see
Appendix 11.3). Other active metals will strip fluorine from fluorocarbons at
high temperatures — a phenomenon which provided the basis for the first
commercially-operated route to polyfluorinated aromatic compounds nearly
30 years ago [129] (see later).

Saturated fluorocarbons are far more thermally stable than their
hydrocarbon or chlorocarbon analogues (the latter are few in number), and
their stability decreases with increasing chain length or, most noticeably,
chain branching [120, 121]. Carbon tetrafluoride is the most stable fluoro-
carbon since it does not suffer the disadvantage of having a C—C bond; thus
it decomposes only slowly at carbon arc temperatures (>2000 °C to give
C,F¢ and C,F,) and does not react with copper, nickel, tungsten or molyb-
denum at 900 °C. The thermal stabilities of all other saturated fluorocarbons
are limited by the strengths of their C—C bonds, which are considerably
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weaker than C—F linkages, even in molecules not subject to strain neces-
sarily imposed by stereochemical factors [e.g. D(RyCF,—CF,Ry) ~360 kJ
mol~! (86 kcal mol™')]. Thus, homolysis of C—C bonds in C,F4 and C;Fg is
easy to observe only at temperatures above 1000 °C in platinum, and the
maximum recommended working temperatures of Flutec® fluids (see
p. 344) in nickel-based apparatus lie in the range 400 - 450 °C [128]. In
contrast, the strained fluorocarbon perfluorocyclopropane ejects difluoro-
carbene when heated to about 170 °C. Systems containing bonds between
tertiary carbon atoms undergo homolysis at temperatures not much above
300 °C, whilst for quaternary—tertiary C—C bonds, cleavage temperatures are
even lower [120, 121].

The general properties of fluorocarbons are very often associated
with fluorocarbon moieties in ‘mixed’ compounds, e.g. when carried on a
hydrocarbon-type backbone. In many cases, this enables the advantageous
properties of the fluorocarbon family to be conferred on materials without
the need for full fluorination. The fluorinated part can be put where it is
really needed.

Synthesis of organofluorine compounds

Though necessarily brief and hence extremely selective,?? the foregoing
survey of effects associated with the presence of fluorine in organic mole-
cules should have convinced readers not conversant with the field that a
massive body of knowledge concerning the synthesis and reactions of
organofluorine compounds has been assembled. It should be interpolated
here that very many organoelemental compounds of the fluorocarbon class
have been made — an area developed right through the Periodic Table [130].
Where metallic and metalloidal derivatives are concerned, much is owed to
the pioneering work of Emeléus and Haszeldine initiated at Cambridge
University pre-1950%% (see Appendix 11.7).

Even if one neglected compounds of relatively low fluorine content
and concentrated solely on highly fluorinated materials (per- and poly-
fluorinated) a properly coordinated, multi.-volume work would be required

22See ref. 40 for a much more extensive and detailed account. This also includes large
sections on structure-and-bonding and the reactions of saturated, unsaturated and aro-
matic polyfluoro compounds.

2 The first organometallic compounds of the fluorocarbon class to be prepared were
trifluoromethylmercuric iodide and its pentafluorocethyl analogue [131]:

heat or
———y
UV light

Where transition metals are concerned, the initial success involved the following reactions
[132]:

Ryl + Hg RypHgl (R = CF3, C,F5)

NaMn(CO)s heat
CF;COCl —————— CF3COMn(C0O)s; ——> CF3;Mn(CO)s
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to do justice to the present situation in a comprehensive manner. The
production of such an item, though badly needed, seems unlikely to occur in
the foreseeable future because of financial considerations. However, a
variety of useful literature is available for consultation (see Appendix 11.6),
and those at the forefront of research and development are fortunate to have
available CA Selects®: Organofluorine Chemistry (published fortnightly) and
the Journal of Fluorine Chemistry (published monthly).

Routes to organofluorine compounds fall into two classes. One involves
the construction of synthetic targets from less complex fluorinated pre-
cursors readily available commercially; such precursors are usually made via
halogen-exchange methodology or electrochemical fluorination (see p. 269).
In this, the ‘tailor-made’ approach, there need be no late fluorination stage.
The second class involves C—F bond synthesis. In this chapter, attention is
focused primarily?* on applications of elemental fluorine, particularly for the
conversion of hydrocarbon to fluorocarbon material. Personal success in this
area would surely have given Moissan much satisfaction.

The ‘tailor-made’ approach

Note that since relatively few saturated fluorocarbons containing
functional groups can be prepared by exhaustive fluorination procedures,
and replacement of fluorine in perfluoro-alkanes or -cycloalkanes by other
atoms or groups is not feasible, great importance attaches to the availability
of simple chlorofluorocarbons as precursors of fluorocarbon systems. This
point has already been illustrated (see p. 229) by a small (but important)
selection from the great number of examples available. Without doubt,
fluorocarbon chemistry owes a great deal to Swarts—Henne halogen-exchange
methodology, and although much richer for the availability of fluorine,
could have been developed quite extensively without it. Key compounds
where synthesis is concerned have been perfluoro-olefins (notably perfluoro-
ethene, -propene and -isobutene — all derived from chloroform?’ and per-
fluoroalkanecarboxylic acids (notably trifluoroacetic acid?®), whose availabil-
ity allows access inter alia to vital perfluoroalkyl iodides [e.g. trifluoroiodo-
methane and the telomer iodides C,F(CF,CF,),1?’] (see Appendix 11.7,
p. 310). Some simple conversions involving heptafluorobutyric acid (a

?*See comments made earlier about fluorinating agents (p. 230); note also that
Chapters 4, 5, 12, 13 and 14 contain much information on fluorination procedures.

25CHCI; ~ (with HF, SbCl; at 60 °C) CHF,Cl— (at 700 °C) CF,=CF, - (at 850 °C)
CF;CF=CF; > (at 750 °C) (CF;),C=CF,.

26From Simons’ electrochemical fluorination of CH3COF (see p. 269), oxidation
of CF3;CCI=CCICF; (see p. 229) or hydrolysis of CF3CCl; — [C,Clg (with HF/cat.)
CF,CICFCl; = (with AICI;) CF;CCl;] [133].

27CF3C0,Ag + I, = (100 °C) CF;I (> 90%) + CO, + Agl (a Hunsdiecker reaction,
introduced independently by Henne and Finnegan and by Haszeldine in 1950 [134]);
CF,=CF,; > (with 21, +IF5/A) C,FsI [135]—> (with CF,=CF,, peroxide/A) C,Fs-
(CF,CF,),I [186]; CF3CF=CF, — (with 2 I, + IF5/A) CF3CFICF; [135].
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typical perfluoroalkanecarboxylic acid) and per- and poly-fluoroalkyl
iodides are displayed in Schemes 11.17 and 11.18. The traditional synthetic
roles of perfluoroalkyl iodides as sources of fluorocarbon radicals or anions
exemplified in the latter scheme have been extended recently by Umemoto
et al. by the development of perfluoroalkyl(aryl)iodonium trifluoromethane-
sulphonate (FITS) reagents, Rp(Ar)I* CF;S03, which deliver ‘R{’ to nu-
cleophilic substrates {e.g. n-CgF,I + H,0, (60%)/(CF;C0O),0/CF;CO.H ~
n-CgF,1(0COCF;}, > (with CF3SO3;H + PhH in CF,CICFCl,) n-CgF,,IPh
OS0,CF; [137]; i-C3F,1 + F,/He ~ i-C3F,IF, = (with CF3S8O3H + C¢HsF in

C,F,CHN, C,F,CH,NH, C4F,CN
5
10
C,F.X C,F,CO.Et C,F,CONH,
4 9
13 5
CF,COAg C,F,CO,H (C,F,CO),0
1 6
15
C,F,CHO C,F,COCI C,F,CO,NO
1]or 15 2 7
C,F,CH,OH C,F,CON, 16 C,F,NO
3 8
4
C,F,NHCO,Et C,F,NCO C4F,NO,
REAGENTS
1 PCls 5 P,Os 9 EtOH/H,SO, 13 Ag.CO,
2 NaN, 6 N,O, 10 NH, 14 X,(X=C|,Br or )a
3 A/toluene 7 A 11 LiAIH, 15 H,/Pd-C
4 EtOH 8 O./n 12 NaNQ,/HClag 16 Me,SiN;

Scheme 11,17. Conversions involving heptafluoro-n-butyric acid. (Reproduced by cour
tesy of Dr, M. J. Stevenson, FluoroChem Ltd., UK.}
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(RelPla,
R MgBr R,OCIO,
4
ReCu 3 5 R, SMe
\ 6
] 7
ArR; Rl R Fe(CO),l
8
9 14 ]’
R ;CH,CH,CN R pCH,CH,! [R {CH,)SCINAL),
=
llO l15

R CH,CH,COH 1 13 R CH,CH,SH

12

R :CH,CH,OH R ;CH,CH,Mg!
+®
RFCHZCHz—N\ /
-
REAGENTS

1 Arl/Cu 4 P/A 7 Fe(CO)s/a 10 H,SO, 13 Mg/THF
2 Cu/DMF 5 Cl,0, 8 C,Hy/initiator 11 SO, then H,SO, 14 (NH,},CS
3 PhMgBr 6 Me,S,/uv. 9 NaCMN 12 CHN 15 NH,OHaq

Scheme 11,18, Some of the many synthetic applications of per- and poly-fluoroalkyl
iodides. (Reproduced by courtesy of Dr. M. J. Stevenson, FluoroChem Ltd., U.K.)

— + -
CFCly) — i-C3F7Jf(4-FC(,H4) 0SO,CF; [137]; n-C4F;IPh OSO,CF; with
n-C,H,5SH + pyridine/CH,Cl, > n-CgF,,SC,,H,5, and with furan or benzene
= 2-(n-CgF;)C,H3;0 and n-CgF;,Ph, respectively [138,139]}. Polymer-
supported FITS reagents can be prepared by using Nafion® perfluoro-
sulphonic acid resin (see below) in place of triflic acid in recipes of the type
shown above [140].

The important family of fluorocarbon epoxides arises from fluoro-
olefins. Note the commercial use of hexafluoropropene oxide (HFPO) for
the synthesis (i) of the important monomer perfluoro(methyl vinyl ether)
(Scheme 11.10, Ry=F); (ii) of perfluoropolyether fluids {Fomblin®,
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Galden® [Montefluos (see Appendix 11.8)], Freon E®, Krytox® (Du Pont):
F~ + HFPO -~ CF,CF,CF,0™ = (with n + 1 HFPO) CF;CF,CF,OFCF(CF j)-
CF,0%.CF(CF;3)COF — (with F,, AlF; or SbFs) CF,;CF,CF,0FCF(CF)-
CF,0%:CF,CF;}; (iii) of perfluorinated ion-selective membrane materials
{e.g. CF,=CF,+ 805~ CF,CF,S0,0 - (with F~) FSO,CF,COF ~> (with
F7) FSO.,.CF,CF,0” — (with HFPO) FSO,CF,CF,0+fCF(CF;)CF,0%,CF-
(CF3)COF — (with hot Na,CO;) FSO,CF,CF,0+CF(CF;)CF,0%,CF=CF, >
(with CF,=CF,/radical initiator) ~~(CF,CF},),,(CF,CFF+OCF,CF(CF,)3};-
OCF,CF,50,F)~ — (with NaOH, then HNO;) the corresponding sulphonic
acid resin [Nafion® (Du Pont)]} [108, 141a]. Japanese companies have
made similar types of membrane materials carrying pendant CO,H groups
[141b]. Treatment of HFPO with Lewis acids (e.g. SbFs, Al,03) causes its
rearrangement to hexafluoroacetone [108], thus providing an alternative to
the commercial production of this interesting [120] perfluoroketone via the
halogen-exchange route CC1;COCCIl; + HF/CrO,F,.

Aromatics

Perfluoro-benzene and -toluene were first reported in 1947 by McBee
[142a], though it transpired later that the former had been synthesised in
the 1930s by Désirant (a pupil of Swarts) by pyrolysis of CFBr; [142Db].
Rapid progress was made in the area from the late 1950s onwards by groups
in the UK. [143] and U.S.A. [144]. One of the former synthesised fluoro-
arenes by exhaustive fluorination of aromatic hydrocarbons using CoF;
(see p. 267) followed by recreation of aromatic unsaturation via dehydro-
fluorination or defluorination [129], whilst the latter used the Désirant reac-
tion. Pentafluoropyridine and related compounds were made available soon
after [145]. Large numbers of compounds containing many functional groups
were synthesised by Sy Ar-type reactions (see Scheme 11.19). The pattern
of directional effects in nucleophilic substitution reactions of polyfluoro-
aromatic and -heterocyclic compounds was then established [120, 121, 143,
145]. Electrophilic replacements of isolated hydrogens and free-radical
reactions have also been used, and a whole vast field of polyfluoroarene
chemistry has been built up.?®

A special feature of highly fluorinated arenes and heteroarenes is their
ability to undergo photochemical valence-bond isomerisation, hexafluoro-
benzene yielding one of the first products of this type [147], which had a
para-bonded ‘Dewar-benzene’ structure. Other (more complex) products are
also formed [130b], the range from hexakis(trifluoromethyl)benzene being
indicated in Scheme 11.20. This is another case where organofluorine chem-
istry has made a great confribution to progress in general organic chemistry.

28 A very significant contribution in this area has been made by G. G. Yakobson and
his co-workers at the Institute of Organic Chemistry, Novosibirsk, U.S.S.R. [146]. They
have had particular interests in nucleophilic substitutions and also in pyrolytic reactions
with polyfluoro-aryl and -heteroaryl systems.
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Me OMe
F F 7 F F
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F F
H NHNH, Nj
F F n F F 12 F F
F F F F F F
F F F
REAGENTS
1 PhLi 4 NaSH 7 N,HH,O 10 CF,CO,H
2 Na+[7-CsHsFe(CO),)- 5 KOH 8 Meli 11 CuSO4aq
3 NH, 6 NaOMe 9 HCO,H 12 NaNO,/HClag

Scheme 11.19. Synthesis of pentafluorophenyl derivatives via nucleophilic attack on
hexafluorobenzene. (Reproduced by courtesy of Dr. M. J. Stevenson, FluoroChem Ltd.,
UK.)

The initial commercialisation of per- and poly-fluoroaromatic chemistry
relied on the CoF; process, but halogen-exchange methodology has taken
over [148]. Now made commercially by heating hexachlorobenzene and
pentafluoropyridine respectively with potassium fluoride (no solvent) at
450 - 500 °C, hexafluorobenzene and pentafluoropyridine have become
readily available. Note that the characteristic susceptibility of perfluoro-
arenes to nucleophilic attack forms the basis of the recently demonstrated
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Scheme 11.20. Structures of valence-bond isomers arising from perfluoroarenes.

use of octafluorotoluene or pentafluoropyridine as novel reagents for the
selective protection of phenolic and alcoholic functions in steroids [149a].
Pentafluorophenol can be usefully employed to protect carboxyl functions
as pentafluorophenyl esters during the synthesis of peptides [149b].

Exchange of nuclear chlorine for fluorine in aromatic substrates acti-
vated towards Sy Ar reactions (using KF in hot sulpholane, for example) or
of side-chain chlorine in benzotrichloride or its derivatives (using Swarts-
type reagents) is used extensively on a commercial scale to produce inter-
mediates of low fluorine content for the production of pesticides, pharma-
ceuticals and dyestuffs [150]. The manufacture of diflubenzuron (15)
(insecticide) and the important herbicide trifluralin (16), for example,
involve respectively the conversion of 2,6-dichlorobenzonitrile to its difluoro
analogue with potassium fluoride and nitration of p-chlorobenzotrifluoride
procured from p-chlorobenzotrichloride and HF/SbF;Cl,. As a class, BTF
(benzotrifluoride) derivatives have proved enormously successful as pesti-
cides, and this has stimulated a recent search for unique agrochemicals of the
(trifluoromethyl)pyridine class [151]; the herbicide fluazifop-butyl (17) is
one of the fruits of this search. The most recent advance where fluorinated
agrochemicals are concerned involves the organosilicon fungicide DPX-
H6573 (18), which is now undergoing extensive field trials [152].

"ProN
F
OyN NO,
CONHCONHCgH, Cl-p
F
CFq
(15) diflubenzuron (16) trifluralin

— . , /=N
F3C N/ 0] OCHMeCO, Bu F ZSlMe‘CHZN\N/J
N

(17) fluazifop~ butyt (18) DPX-H6573
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Both diazofluorination of aromatic amines in AHF [153a] and the
Balz—Schiemann fluoroborate route to nuclear fluoroaromatics (see Chapter
4) have been developed commercially, the latter on an impressive scale
recently for the production of the diarylmethane precursor of the PEEK
monomer (4-FC,H,),CO (see p. 232) via the isolation and subsequent
pyrolysis of the bis-tetrafluoroborate CH,(C¢H4N3-4 BF;), [153b].

Classification of fluorinating agents for C—F bond synthesis

Broadly speaking, fluorinating agents can be divided into two classes,
according to their activities and hence the degree of control which can
readily be exercised over them:

Class I is based on hydrogen fluoride, and compounds like KF, SbF;
and SF,, derived from it. There are now many sophisticated variants of
reagents in this class.

Class II comprises elemental fluorine, and compounds made by the use
of it, such as halogen fluorides (e.g. CIF;, BrF3) and certain high-valency
metal fluorides (e.g. CoF;, AgF,).

Class I comprises the so-called mild fluorinating agents. These allow
fluorine to be introduced at specific sites in organic molecules, and are
categorised as means for achieving partial fluorination. As indicated previ-
ously (see p. 231), this class has received the lion’s share of attention during
the past 30 years, and there is no shortage of review literature covering
developments in this important area [20]. Even Class II reagents have been
re-examined from this point of view, with the result that the potential of
elemental fluorine as a specific fluorinating agent under appropriate cir-
cumstances has now been recognised. Furthermore, xenon difluoride and
reagents containing O—F or N—F bonds which require elemental fluorine
for their production have achieved importance for specific substitutions. In
this way fluorine has become involved with both Class I and Class II fluo-
rinating agents. Such developments have been discussed lately by Haas and
Lieb [154].

It is beyond the scope of this chapter to discuss all the various reagents
of Class I (but see footnote 24 on p. 252) and only developments using
fluorine itself will be covered.

Class Il consists of so-called vigorous fluorinating agents which are
capable of substituting all hydrogen and functional groups in an organic
molecule by fluorine and saturating all multiple C—C bonds or aromatic
systems. It is to this class, therefore, that one looks for reagents suitable for
converting hydrocarbons to saturated fluorocarbons. With care, it is possible
in certain cases to restrict the amount of fluorine introduced by these
reagents and thus obtain polyfluorinated products containing some hydrogen
(hydrofluorocarbons) or a functional group. However, the most important
direct method for the conversion of hydrocarbon derivatives to a func-
tionalised fluorocarbon system is the Simons process — an electrochemical
technique based on AHF, but which is best grouped with Class II reagents.
These are categorised as means for achieving exhaustive fluorination. Com-
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mercial interest in exhaustive fluorination of organic substrates via the use
of elemental fluorine, cobalt trifluoride or the Simons’ electrochemical
procedure has now reached a record level and continues to heighten.

Class I: specific fluorinations involving elemental fluorine; delivery of

cF+a

Some examples of the types of specific C—F bond synthesis which can
be achieved with elemental fluorine and reagents derived directly from it are
shown in Schemes 11.21 and 11.22; others can be found in Chapter 13,
notably the synthesis of the important anti-cancer agent 5-fluorouracil
(Scheme 13.1). Note the ability of each of the reagents displayed in Scheme
11.21, and of fluorine itself under appropriate conditions (Scheme 11.22),
to behave as electrophilic fluorinating agents. The mechanism by which
‘positive fluorine’ is delivered provides a subject of on-going controversy
[184] and experimentation [185]; it is touched on in a recent review [163]
of specific fluorination, which indicates that perchloryl fluoride (FClO;),?°
xenon difluoride, trifluoromethyl hypofluorite (fluoroxytrifluoromethane,
CF;0F) and fluorine itself are the most important commercially-available
electrophilic fluorinating agents. Naturally, nobody believes that even
solvated fluoronium ions are present in any of the systems so far encoun-
tered: Sharpe [122] pointed out this improbability years ago when he com-
pared the value of 420 kcal mol™! (1760 kd mol™!) for the molar enthalpy
of formation of gaseous F* with the values for the other halogens [Cl*, 327;
Br*, 301;1* 268 kcal mol ! (1370, 1260 and 1120 kJ mol ! respectively)].

Class II: exhaustive (per-) fluorination

Currently, the most important methods for converting hydrocarbon
entities directly into fluorocarbon materials are treatment with elemental
fluorine or cobalt trifluoride and Simons’ electrochemical fluorination
(ECF). Safe techniques for manipulating anhydrous hydrogen fluoride (for
ECF) and fluorine (for direct use or for the generation of CoF;) are very well
documented nowadays [186, 187], so apart from the expense, there is no
reason why any skilful practitioner of preparative chemistry should not be
able to undertake exhaustive fluorinations.

Unlike the pioneers who blazed (an appropriate verb!) the trails of
direct fluorination methodology (Chapter 4), modern researchers do not
have to spend most of their time dealing with temperamental fluorine cells:
they simply purchase steel cylinders containing neat fluorine or fluorine—
nitrogen blends [187], or use reliable, trouble-free, medium-temperature
cells like those developed by Imperial Chemical Industries [127, 188].

29 A hazardous gas (b.p., —46.7 °C) capable of being manufactured via electrolysis of
sodium perchlorate dissolved in AHF or treatment of potassium perchlorate with fluoro-
sulphuric acid [166]. For reviews of its application as a specific fluorinating agent, see
refs. 20, 154 and 166, the last of which emphasises the danger associated with this
compound.
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1 PhOMe in MeCN [156, 158] 10 EtOH/conc. HC1 [170]
2 Ph,C=CH, in CH,Cl, [159] 11 PhC(CO,Et), Na* [from PhCH-
3 CH,(CH;)3CH=COCOMe in CH,Cl, [159] (CO,Et); + NaH in THF ] [171]
4 PhNHCOCF; in CH,Cl1,/CFCl;3 [162] 12 The anion derived from the correspond-
5 The corresponding sodium enolate [163] ing benzodiazepinone N*-oxide and KH
6 PhHgOAc in AcOH [164] in THF [171]
7 syn-(Methyl hydro)bimane in CHCl,/ 13 Indene in CH,Cl, [173]
MeNO; [165] 14 CH;COCH,COCHj in CH,Cl, [174]
8 Oestrone methy!l ether or oestrone 15 Naphthalene in CH,Cl, [175]
acetate in CFCl; [169] 16 C¢H;OCHj; in CH,Cl, [176]

9 4-CF3C¢HsNHAc in HOAc [170]

Scheme 11.21. Some electrophilic fluorinations with reagents prepared directly from
elemental fluorine.

AThis ionic hypofluorite (caesium fluoroxysulphate, Cs* FOSOj;) can be prepared
by passing a fluorine—nitrogen mixture (20% F,) into a cold (—5 °C to 0 °C) aqueous
(2M) solution of caesium sulphate [155]. The dry salt must be handled carefully: it
detonates when heated to ca. 100 °C [155], when compressed [156] and when touched
with a metal spatula [155, 156]. It is said to be ‘stable’ when stored at 0 °C in dry poly-
ethylene containers [156, 157].

BAcetyl hypofluorite, an unpredictably explosive pale-yellow liquid (extrapolated b.p.,
5316 °C [160]), has been used extensively as an electrophilic fluorinating agent —
without isolation — since its introduction as a synthetic tool in 1981 by Rozen and
Lerman [161]. Usually generated via passage of nitrogen-diluted F, through NaOAc or
NH,0Ac in HOAc or CFCI3/HOAc, or through a bed of KOAc-2HOAc, acetyl hypo-
fluorite is particularly useful for the synthesis of !®F-labelled compounds for positron-
emission tomography (see Chapter 13).

(continued)
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Scheme 11.22. A few of the many specific ‘electrophilic’ fluorinations achieved with
elemental fluorine.

2Direct liquid-phase fluorination of organic substrates dissolved in water was pioneered
by Grakauskas some 25 years ago, following his discovery that the passage of fluorine
into aqueous urea gives N, N-difluoro-urea, NF,CONH, [182]. A whole range of N-fluoro
compounds has been made in this manner, including N, N-difluoroalkylamines, e.g.
cyclohexylamine in NaHCO3(aq)/CFCl; at ca. 0 °C > ¢-C¢HNF, (66%) [183].

Either way, of course, a strict protocol must be established for carrying out
the work, and carefully designed apparatus built from metal, fluoropolymer
and — where appropriate — glass or silica components is required.

Exhaustive fluorination requires mainly all-metal equipment. Most of
the common constructional metals (except tin or lead and their alloys) are
satisfactory for use with fluorine at temperatures and pressures not greatly

CTriﬂuoromethyl hypofluorite is a hazardous gas (b.p., —95 °C) which must be mani-
pulated with great care [166]. Obtainable via reaction of elemental fluorine with carbon
monoxide or carbonyl fluoride, its use as an electrophilic fluorinating agent was pioneered
in Barton’s group [167]. For information on long-chain perfluorinated fluoroxy com-
pounds see ref. 168.

Dprepared by bubbling a fluorine~nitrogen mixture (1 - 5% F,) through a solution of
p-MeC¢H480,NHR in CFCl3/CHCl; at —78 °C [171].

EThe use of xenon difluoride (see Chapter 7) as a specific fluorinating agent in organic
chemistry owes much to the pioneering studies of Hyman, Shaw and Filler [172].
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above ambient; and copper tubing is widely used to make connections
between fluorine sources and laboratory reactors. As the operating tempera-
ture is raised, freedom of choice becomes much more restricted. Mild and
stainless steels perform well at temperatures up to 200 °C with HF-free
fluorine, and nickel [or its alloy with copper (mainly), Monel] gives excel-
lent service up to 450 °C [189]. Sintered alumina can be used up to at least
800 °C. Platinum, once considered to be the metal for use with fluorine, is
quite unusable at 400 °C. Note, however, that the corrosion resistance of all
materials depends upon careful passivation of the system with fluorine once
all grease, dirt or other foreign materials which could ignite on contact
with the halogen have been removed by conventional means. Pickling of a
nominally clean apparatus with fluorine—nitrogen mixtures, and finally
neat fluorine, removes the last traces of any contaminant and produces an
impervious fluoride film on metal surfaces [187]. In the laboratory, small
quantities of fluorine (e.g. in exit gases from reactors) can be destroyed by
passage through scrubbers containing granular alumina, calcium oxide or
soda-lime [187], or sodium iodide (2 Nal + F, > 2 NaF + I,) if the amount
needs to be determined. Burning with fuel gas or charcoal and scrubbing
with caustic solutions are practiced on an industrial scale, care being taken
with the last method to ensure complete destruction of oxygen difluoride
produced [187].

Direct fluorination of hydrocarbon material

Successful direct fluorination of organic molecules depends on the
control of the rate at which conversion of material is allowed to proceed and
efficient dissipation of the large amounts of heat generated, particularly
during the conversion }CH +F, - =CF + HF, which is exothermic enough
overall to cause scission of C—C bonds. This has been well known since the
work of Bockemiiller in the 1930s (see Chapter 4).

Gaseous fluorine reacts readily with hydrocarbons, progressively
replacing hydrogen atoms and saturating multiple bonds present via chain
reactions, as illustrated in Scheme 11.23 for hydrogen replacement in an
alkane [190]. These are very efficient because the postulated molecule-
molecule initiation step (b) and the propagation steps [(¢) and (d)] have
negative free-energy changes; hence the reactions can occur spontaneously
even in cooled systems, despite the negligible dissociation of molecular
fluorine under such conditions (F, at 1 atm pressure is only 1% dissociated
into atoms at 765 °C). Naturally at elevated temperatures — created pur-
posely or inadvertently in reaction ‘hot spots’ — the importance of initiation
involving homolysis of molecular fluorine increases. Note that initially,
local fluorine concentrations must be kept very low (by the use of nitro-
gen or helium as a diluent), not only to avoid flame and explosion, but
also to minimise the occurrence of termination step (e) because this is the
only individual process that liberates enough energy to break a C—C single
bond [strengths range from 350 to 370 kJ mol™' (84 - 88 kcal mol !)]. This
important factor, and others, relating to the successful control of direct
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Initiation AGZ‘)BK/kJ mol™! AH298 K/kJ mol !
nitiation

(a) F,—/2F- 124 158
(b) F,+ RH—> R- +HF + F- —24 16
Propagation

(c) RH+F- —> R- + HF —151 —141
(d) R-+F,—> RF +F-: —285 —289
Termination

(¢) R+ +F- —> RF —408 —447
(f) R-+R-—R, —294 —351

Overall change
F,+ RH— RF + HF —435 430

Scheme 11.23. Some thermodynamic data (based on values for methane) for steps in-
volved in the radical fluorination of an alkane [190]. To convert kJ mol ™! to kcal mol 7},
divide by 4.184.

exhaustive fluorination of hydrocarbons have been discussed in detail by
Lagow and Margrave [190], who, in 1970 [192], rejuvenated interest in the
method and introduced the now well-known technique known as LaMar
fluorination. This cryogenic method, together with aerosol, jet and porous-
tube fluorination are the most important direct methods now available.
Each one is defined briefly below, and the first two form the subjects of
Appendices 11.9 and 11.10, respectively.

LaMar fluorination [190]

A sample of a liquid or gaseous hydrocarbon material to be fluorinated
is injected into the front compartment of a multi-zone, cryogenic, tubular,
nickel reactor packed with copper filings or turnings, which not only act as a
heat sink but ensure that a thin film of solidified organic material is exposed
to the (initially very dilute) fluorine. As the replacement of hydrogen by
fluorine proceeds, the temperatures of the zones are increased and the
dilution of the fluorine is decreased; the more highly fluorinated the sample
of organic material becomes, the more rapidly it moves through the reactor
because of the increase in volatility. The technique is best illustrated by
reference to the latest report [193], which concerns the direct fluorination
of branched-chain ethers. A four-zone reactor was used and 1 cm?® (0.72 g) of

30 Fluorine homolysis induced by molecular collisions of type (b) has an olefinic
counterpart, namely >C=C + F, > >CF—C<+ F. [AH ~—5.4 kdmol™ ! (—1.2 kcal
mol1)], proposed by Miller and Dittman in 1956 [191] to account for results achieved
in studies on the low-temperature fluorine-sensitised oxidation of tri- and tetra-chloro-
ethene. The deleterious effect of oxygen present in impure fluorine {or adventitiously
admitted as air) upon reactions of the halogen with organic compounds — even at low
temperature — was thereby established. The absolute validity of the Miller initiation
mechanism has not been established yet.
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di-isopropyl ether, for example, was injected. Fluorine (0.25 cm® min™')
diluted with helium (25 cm?® min~!) was passed into the reactor for 1 d with
zones 1 and 4 cooled to —78 °C, and zones 2 and 3 held at —90 °C. The F,/He
ratio was increased every 24 h, until by day 8 neat halogen was being em-
ployed at a flow rate of 2.0 cm® min~!; on that day, the zone temperatures
were ambient (1), ambient (2), —78 °C (3) and —78 °C (4). The temperature
of zone 2 was increased from —90 °C to —78 °C on day 3, and from thence
to ambient after day 7; zone 3 was warmed from —90 °C to —78 °C on day
7. Fractionation of the product provided 1.22 g of crude perfluoro(di-
isopropyl ether), (CF;),CFOCF(CF3),, which required purification by GLC.

Solid substrates — including polymers — are ground to a fine powder
(<100 mesh), placed in nickel boats, and fluorinated in open tubular reac-
tors. In this way, tetraphenylmethane (0.26 g) has been converted to its
perfluoro analogue (c-C¢F1)4C in 96% yield during 9.5 d, with the reactor
held at —80 °C for the first 2.5 d, room temperature for the next 4 d and
50 °C for the last 3 d [194]. Also, numerous high-molecular-weight polymers
have been subjected to LaMar fluorination — complete, or almost complete,
fluorination of finely powdered (<100 mesh) poly(ethylene), poly(pro-
pylene), poly(ethylene—co-propylene), poly(iscbutylene), poly(acrylonitrile),
poly(styrene), etc. having been achieved at room temperature [195].

Lagow is confident that the LaMar method, hitherto described only in
small-scale terms, can and will be commercialised (see Appendix 11.9). Many
will be sceptical of this assertion,

Aerosol fluorination [196]

Adcock, who helped develop the LTG (low-temperature gradient)
version of the LaMar slow-batch process, has invented a flow version which
enables high degrees of fluorination to be achieved over a much more reason-
able time scale. The technique, described in Appendix 11.10, has enabled —
for example — 1.39 g (22% yield) of perfluoro(methoxycyclopentane) to be
obtained from 2.05 g methoxycyclopentane fed continuously to the reactor
during 5.5 h [197].

Adcock seems convinced that his method can be scaled up.

Porous-tube fluorination

Recent patents [198] describe the successful direct fluorination of
volatile organic materials on a laboratory scale in a concentric-tube, vapour-
phase reactor comprising a porous metal [Inconel (Ni—Cr—Fe alloy), nickel,
or copper] or fused alumina (alundum) tubular probe, closed at one end
and shrouded by an impervious, open-ended, stainless-steel jacket (annular
space 0.95 cm). Pressurised fluorine, usually diluted with sulphur hexa-
fluoride, helium or nitrogen, is fed into the porous insert and diffuses
through the walls to meet gaseous or vaporised organic material (also diluted,
if necessary) flowing through the outer tube at rates in the range 0.05 - 0.5
mol h™!. The temperature of the outer surface of the porous tube rises
rapidly as reaction commences, and a gradient becomes established along the
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tube. Good results have been claimed for the conversion of acetone to
perfluoroacetone, and of propane or propene (and perfluoropropene) to
perfluoropropane.

Jet fluorination

Of the four methods under discussion here, this is the oldest and stems
from the on-going efforts of Bigelow’s group after World War II to develop
satisfactory vapour-phase flow fluorinators. This work, which has been
reviewed by Tedder [199], led to the abandonment of packed reactors (see
Chapter 5) and the introduction by Tyczkowski [200] of a novel open-tube
apparatus in which nitrogen-diluted hydrocarbon could be introduced via a
jet-action device into an atmosphere of fluorine, itself diluted with reactor
gases circulated by jet-pump action. Later, an advanced triple-jet fluorinator
was described in which both the organic sample and the fluorine were
admitted to the reaction zone through turbulent jets [201].

det fluorination seems to be the method of choice for the conversion of
low-molecular-weight hydrocarbons to their fluorocarbon counterparts. It
is used by Tyczkowski (see Fig. 11.2) on a semi-technical scale to convert
propene into perfluoropropane, a gaseous fluorocarbon (b.p., —38 °C) valued
as a dry (plasma) etchant in the microelectronics industry (see ref. 202 and
Appendix 11.11),

Surface fluorination of polymers

As mentioned above, hydrocarbon polymers can be converted slowly to
fluorocarbon analogues by treating them with fluorine heavily diluted with
nitrogen or helium, followed by gradient changes in fluorine concentration,
i.e. by a LaMar procedure. With substrate sizes greater than 100 mesh a
hydrocarbon core is retained, and fabricated items such as poly(ethylene)
bottles can be given a ‘fluorocarbon skin’ of at least 0.1 mm thickness [203].
Elastomeric items have also been surface-fluorinated e.g. surgical gloves
(inner surfaces, to remove the need for talcum powder), O-rings and gaskets
for corrosive environments, and blades for windscreen wipers (rendering
them sunlight-and-ozone resistant) [203, 204]. A most remarkable example
of the commercialisation (see Appendix 11.9) of such postpolymerisation
fluorination of hydrocarbon monomers is the blow-moulding of poly-
ethylene (HDPE) containers with F,/N, blends (1% fluorine) at 60 psi, to
provide — in just a few seconds at the fabrication temperature — containers
with outstanding resistance to non-polar solvents [205]. A bright future
seems assured for such surface-fluorinated bottles (for paint and paint thin-
ners, lighter fluid, polishes, cleaning solvents, cosmetics, toiletries, etc.),
shipping containers (for solvents, industrial adhesives, etc.) and vehicle
fuel tanks produced within nominally conventional plastics processing
equipment,.

On an historical note, controlled surface fluorination of polymeric
materials has been practised since the 1930s (see Ch. 4, p. 91) by workers
wishing to passivate rubber gaskets, etc. to attack by elemental fluorine
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Fig. 11.2. Dr. Edward A. Tyczkowski (President, Armageddon Chemical Company,
Durham, NC 27703, U.S.A.) with his jet fluorination reactor: @ organic feedstock inlet
jet @ fluorine inlet (behind) @ product exit line @ fluoropolymer (Halar®) observation
window @ venturi tube @ PTFE (Teflon®) manometer filled with chlorofluorocarbon
oil C’/), @ PTFE rupture disc and vent, respectively @ to main reaction zone and heat-
exchanger @ from heat-exchanger and blower.

[206]; and Rudge [207] invented a process in the early 1950s for converting
thin (0.0076 cm) sheets of poly(ethylene) to perfluorinated material via treat-
ment with fluorine, while Joffre [208] worked on the surface fluorination
of film and bottles made from poly(ethylene).

Fluorination of carbon: commercial production of carbon tetrafluoride and
graphite fluoride

The direct fluorination of carbon, first described by Moissan (see
Chapter 4), has achieved commercial importance in two quite different
directions: production of the simplest and most volatile fluorocarbon, CF,
(see Appendix 11.11), and of graphite fluoride — a solid, layered, non-
stoichiometric fluorocarbon of empirical formula CF,, where 0 <x <ca.
1.25 {209].

Fluorine combines with graphite to yield three solid compounds, often
referred to simply as carbon monofluoride, dicarbon monofluoride and
tetracarbon monofluoride; the best known of these is the first, accurately
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named as poly(carbon monofluoride), [CF],, and produced by direct
fluorination of graphite or other forms of carbon (e.g. petroleum coke,
carbon black) under controlled conditions at temperatures in the range
400 - 600 °C. Material of composition CF-, is called superstoichiometric
graphite fluoride and is snow-white in colour. Other grades vary from black
(x = 0.25), through grey (x=0.9) to ivory (x = 1.0). Full details of the
history, preparation, properties, structures and commercial uses of graphite
fluorides can be gained from a recent review [209]. The materials first
became available in a recognisably commercial manner in 1970 when Meshri
and White of the Ozark-Mahoning Company (U.S.A.) produced the first
Fluorographite® polymers, composition CF, ,4; the range now comprises
materials of composition CFy,3 up to superstoichiometric [210]. Later,
other companies in America and Japan (see Appendix 11.12) commenced
production, and the current global use, mainly in CF,/Li dry batteries and
lubricants, is estimated to lie in the region of 150 000 1b per annum [210].

Defluorination of carbon monofluoride with powdered magnesium at
700 °C and 20000 atm pressure yields a mixture of diamonds and fluo-
rinated diamonds [211]. Moissan would have approved.

Fluorination using halogen fluorides

Usually, both halogens are introduced into the products [212] when
these react with organic matter. Some are extremely reactive, and have
been proposed as components of rocket fuels, propellants, efc. An interest-
ing report has appeared of the rates of explosive reactions that can occur
between chlorine trifluoride and organic substrates, even fluorocarbons
[213].

Fluorination by high-valency metal fluorides

This technique was evolved during the Manhattan Project (see Chapter
5). As most often used, with cobalt(IIl) fluoride as the fluorinating agent, it
is still the method of choice for synthesising fluorocarbons of medium
molecular weights on large laboratory [214] or small industrial scales. As
usually run, the organic feedstock is passed in vapour form over the solid
fluorinating agent which is held in a simple stirred tubular reactor at tem-
peratures around 350 °C. The spent fluorinating agent is then regenerated by
elemental fluorine in a separate stage. The hydrocarbon feedstock meets
progressively more depleted fluorinating agent as the run proceeds, so that
conditions are not constant throughout:

F, organic
———CoFy, ——=2 350 °C CoFy ———&—> fluoro-organic product + CoF, ———

In the industrial process however (see Appendix 11.13), fluorine and the
organic feedstock are introduced simultaneously, and the bed of cobalt
fluorides is fluidised so that much more uniform conditions are achieved
[215].
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The process has been employed for much fluorocarbon synthesis, but it
has also been possible to run it at lower temperatures, so that some reactive
centres remain in the fluorinated products. With hydrocarbon feedstocks,
including arenes, very little unsaturated material is normally found amongst
the products, which are largely polyfluorides, with a few hydrogens remain-
ing. Benzene gave a mixture of polyfluorocyclohexanes, and the most
significant reaction of these was with agqueous potash, loss of HF occurring
to generate C=C bonds. Many polyfluorocyclohexanes and thence per- and
poly-fluorocyclo-hexenes and -dienes were made thus [121, 216]. When the
fluorocyclohexanes had 3 or 4 hydrogen substituents, hexa- and penta-
fluorobenzene, respectively, were formed, which permitted systematic
investigation [121, 143] of the highly fluorinated arene series (see p. 455).

Per- and poly-fluorocyclopentadienes were made analogously [217]. The
first synthesis of perfluorocyclopentadiene was from the perchloro analogue,
by fluorine addition to the double bonds using CoF;, followed by dechlori-
nation with zinc [218]; extensive studies of the diene in reactions of the
Diels-Alder type followed [219]. Fluorinations of bicyclic hydrocarbons
gave good yields of the corresponding 1H-perfluorides, the hydrogens at the
bridgehead positions resisting replacement; these products were of general
synthetic value (see p. 445). Following the fluorination of cycloheptane
by CoF;, trideca- and dodeca-fluorocycloheptanes were isolated, and
converted into undecafluorocycloheptene and decafluorocyclohepta-
1,3- and -1, 4-diene [220]. Synthetic sequences on the last two prod-
ucts allowed the first preparation [221] of perfluorocycloheptatriene
CF=CF—CF=CF—CF=CF—CF,. Although CF, groups are normally very
stable, the one present in this compound is so activated by the conjugated
unsaturation that hydrolysis occurs, even by water alone or in moist air, to
give [221] perfluorotropone CF=CF—CF=CF—CF=CF—C=0.

The furan skeleton was preserved on fluorination by CoFj, a range of
polyfluoro-oxolans being obtained, from which per- and poly-fluorofurans
were made by dehydrofluorination [222].

It has been found that complex fluorides based on CoF;, e.g. KCoF,
[223], offer useful variants in fluorinating activity. In particular, many more
unsaturated products are formed; indeed using CsCoF,4, hexafluorobenzene
was made directly from benzene [224]. The thiophene nucleus was degraded
by CoF3;, but by use of KCoF,, followed by dehydrofluorination, perfluoro-
thiophen was isolated [225]. Nitriles and nitro compounds may be fluori-
nated by these reagents, with retention of the functional groups in the highly
fluorinated products [226].

Fluorinations of diethyl and of ethyl methyl ethers at low temperatures
gave families of polyfluoroethers [227], some of which had anaesthetic
activities. Free-radical adducts of ethers to perfluoro-olefins have been
fluorinated by CoF; at temperatures up to 400 °C; in many cases good yields
of the corresponding perfluoroethers were obtained [228].

It has been suggested that the reaction mechanisms for all of these
fluorinations by high-valency metal fluorides involve the initial oxidation of
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the substrate by the metal to give an intermediate radical-cation, which is
then quenched by fluorine; the process is then repeated until high levels of
fluorination are reached [229]. The fluorinating powers of the reagents
seem to follow the oxidation potentials of the metal ions concerned, and the
ease of oxidation of an organic substrate is related to its behaviour on
fluorination. A similar mechanism can be applied to electrochemical fluori-
nation (see p. 271).

Electrochemical fluorination (ECF)

This technique was the second great contribution®' to organofluorine
chemistry made by J. H. Simons. In principle, it is very simple; very many
organic compounds dissolve readily in anhydrous HF, and the solutions will
conduct electricity (if necessary, an additive can be used to increase conduc-
tivity). When current is passed at 4 - 8 V (usually 4.5 - 6 V), free fluorine is
not evolved at the anode; however, hydrogen is given off at the cathode, and
the organic substrate is per-fluorinated. First devised by Simons in 1941,
publication was delayed until 1949 [231].

The process is usually run at 0 °C in a metal vessel fitted with a pack of
metal plates as electrodes, alternately connected as anodes and cathodes;
nickel is the preferred anode material (Fig. 11.5). Higher-boiling perfluori-
nated products are often immiscible with AHF, and can be run off from the
bottom of the cell. The process has been described in Simons’ own book
[232], in others [94, 120] and in detail in reviews [127, 133, 233] where
much of the earlier literature is cited.

The fluorination of hydrocarbons is not particularly easy, and the true
value of electrochemical fluorination is that when certain functional groups
are present in the starting materials, then they (or related reactive centres)
can be retained in the perfluoro products. Some important examples are as
follows: ethers — perfluoroethers; RCOF (or other carboxyl derivatives) =
RrCOF (long-chain acids also give cyclic perfluoroethers by ring-closures);
RSO,F =~ RgSO,F;RNH, »> RgNF,;R(R)NH = Rx(R'p)NF; R3N —> (Rg);N.
Various oxygen- and nitrogen-containing heterocyclic compounds (also
some containing both) are converted to their perfluoro analogues and C—S
bonds can be preserved in organosulphides. The process provided the first
practicable routes by direct fluorination to fluorocarbon derivatives posses-
sing functional groups, on which synthetic chemistry could be performed. Its
early successes included the production in good yields of trifluoroacetyl

318ee Chapter 4, p. 91 for the report on J. H. Simons’ original fluorocarbon synthe-
sis. Most of his researches into fluorine chemistry were done at Pennsylvania State Uni-
versity and at the University of Florida (Figs. 11.3 and 11.4). Appreciations by Dresdner
[230] of his life (1897 - 1983) and work have just been published in a Memorial Issue of
J. Fluorine Chem., together with the address (‘““The Seven Ages of Fluorine Chemistry’’)
that he gave on 19 July, 1973, when he received the Award of the Fluorine Division of
the American Chemical Society for Creative Work in Fluorine Chemistry, sponsored by
PCR Inc. Also included in the Issue are original papers on later developments in his
process.
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Fig.11.3. Simons’ ECF cells in the Fluorine Laboratories at Pennsylvania State University.

fluoride, and of trifluoromethanesulphony! fluoride. The corresponding
acids were thus made readily available, and they and their derivatives have
found extensive use, not only in organofluorine chemistry, but also as
reagents in general organic chemistry. Acid derivatives with longer chains are
produced in lower yields, which however cannot usually be bettered by
other routes. For laboratory work, the reaction is still run in much the same
way; it is still utilised mainly to make perfluorinated compounds of the
types indicated above. There have been few reports of its use for partial
fluorination.

A later variant of the process [234] used an electrolyte of composition
KF-2HF (approx.) and the electrolysis was conducted within the confines of
a porous carbon anode; hydrocarbons and chlorohydrocarbons were fluori-
nated in this way. Papers in the Simons Memorial issue of J. Fluorine Chem.
describe the use of porous or foam nickel anodes, and a close study of
reaction variables, in the fluorinations of propene and octanoyl chloride (to
give a mixture of C,F,;COF, OCF,CF,CF,CF,CFC;F,, OCF,CF,CF,CFC,F,
and C,F4) [235]; construction of cells based on advanced design criteria
and controlled by microprocessors, their use being exemplified by the
synthesis of CF,(SO,F), [236]; synthesis of a large range of perfluorinated
aminoalkyl ethers as candidate inert fluids [237].




Fig. 11.4. Joe Simons at the University of Florida in the 1950s.

The mechanism of the electrochemical fluorination reaction has been
the subject of much speculation (cf. refs. 127, 233). Evidence was recently
adduced [238] in favour of a pathway of the radical-cation type. This was
originally proposed for fluorinations by high-valency metal fluorides and
extended to the electrochemical process [229]; such a mechanism seems to
be the most favoured possibility at present [237].

Parallel with the establishment of the Simons process as a research tool,
the 3M Company of St. Paul, Minnesota, carried out a vast programme of
research and developmental work to create markets for the new fluori-
nated products. A fascinating account of this project has been provided by
Pearlson [239]. The result is an impressive list of fluorine-containing prod-
ucts supplied by the company — around 250 now — the majority of which
depend for their utility on the presence of a perfluoroaliphatic residue
arising from the Simons electrofluorination process.

The major areas of application are as follows: (i) in surface treatments
for fabrics, paper, leather, carpets, etc. to give resistance to oil, to water and
to soiling (Fig. 11.6); (ii) in Light Water® foams used as fire-fighting chemi-
cals; (iil) surfactant materials to reduce surface tension and create foam in
aqueous and non-agqueous systems (one important example is in electro-
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Fig. 11.5. U.M.L.S.T. one-litre all-nickel ECF cell.

plating baths); (iv) inert liquids for many uses, particularly testing media for
electronic components, coolants in high-performance electronic systems and
working fluids for vapour-phase soldering. A 3M fluid is one of the com-
ponents of the artificial blood substitute Fluosol-DA (see Chapter 13).

In the earlier industrialisations of organofluorides (chlorofluorocarbons,
the Manhattan Project), new materials were needed and compounds were
found to satisfy the requirements. The commercialisation of these products
by the 3M Company was different. Materials with entirely new properties
were being made; it was necessary to go out and find markets where they
could be exploited.

Commercial applications of organofluorine chemicals — some further obser-
vations

Adressing the 7th European Symposium on Fluorine Chemistry in
Venice during September 1980, Lombardo [240] of Montedison’s Industrial
Products Division congratulated post-war fluorine chemists and technologists
for having created “‘an industrial chemical activity which has withstood the
oil crisis, inflation, and the chemical industry’s loss of leadership. Few
fluorine products have been in decline during the last five years”. However
losses on the organic side of the fluorochemicals industry had been fairly
serious at one stage. This was due to the impact on chlorofluorocarbon
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Fig. 11.6. Fluids resistance of fluorinated fabrics. (Photograph reproduced by permission
of the Commercial Chemicals Division/3M, St. Paul, Minnesota, U.S.A.)

production of the much-publicised Rowland-Molina ozone-depletion
hypothesis, advanced in 1974, and an on-going subject of discussion and
concern [241] (see also Chapter 12). The measured ozone levels are not
yet as seriously affected as the most alarmist predictions foretold how-
ever. Despite the enforced cutback in chlorofluorocarbon usage in aerosol
propellants (mainly CFCl; and CF,Cl,), compounds of this class are finding
increasing use [242] as refrigerants, solvents, foam-blowing agents and fire
extinguishants (brominated compounds, e.g. CF,CIBr, CF,BrCF,Br), etc.
An ever-expanding market exists also for fluoropolymers and other entities
based on olefins stemming from chlorofluorocarbons (e.g. CHF,Cl— C,Fy;
CH,CF,Cl »> CH,=CF,). Overall, in fact, the prospects for the organofluorine
chemicals industry appear bright. Current research thrusts are particularly in
the areas of agriculture, medicine and energy. Uses covered in recent reviews
[241] include fluorinated dyes, surfactants, textile chemicals, plastics, elasto-
mers, graphite, pesticides, drugs, anaesthetics, blood substitutes, X-ray
contrast agents, fluids for the electronics and power industries, atmospheric
tracers and explosives taggants, fire extinguishants, refrigerants, aerosol
propellants and solvents.

Poly(tetrafluoroethylene) (PTFE), the first fluorocarbon to be com-
mercialised (see Chapter 4), is still the main contributor to the growing
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QOuter fabric

Fig. 11.7. (For caption see opposite.)
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fluoropolymers market, which in 1985 was valued worldwide at $1000
million per annum [243]. In general, fluoropolymers possess the now
expected but still unique combinations of high thermal stability, chemical
inertness, unusual surface properties, low dielectric constants and dissipation
factors, low water absorptivities, excellent weatherability and low flam-
mabilities. Therefore despite their relatively high costs (e.g. granular PTFE
£7.45 per kg in 1985; ¢f. HDPE ca. £600 per tonne in mid-1985 [244],
they often proved the cheapest method of carrying out a job. As mainte-
nance costs rise, and equipment and control systems become more complex,
the need to avoid down-time and malfunctions becomes more acute; safety
and environmental factors, too, enter the costings. Clearly, the usage of
speciality fluoropolymers — plastics, elastomers, greases and oils — which do
not deteriorate, becomes increasingly justified by real economics.

Simons lived to see fluoropolymers make important contributions not
only to conventional aviation but also to aerospace activities [245 - 249]; his
particular concern about fire hazards (see p. 228) must certainly have caused
him to note the use of PVF [poly(vinyl fluoride)] in the cabin furnishings
area of civil aircraft [246, 248]. PTFE, of course, touches people’s everyday
lives in numerous ways, for example in the kitchen as non-stick linings for
cooking pots and pans, in motor cars as gaskets and brake components, in
the hospital as life-saving artificial body-part replacements, and in countless
electrical appliances as insulators. Architects and engineers use glass fabric
coated with the Du Pont ‘Teflon’ fluorocarbon resin as an architectural
fabric. The coated glass fabric withstands the elements, meets modern
building codes, is flame resistant and translucent. The Pontiac Silverdome,
home of the NFL’s Detroit Lions, is a 10-acre glass fabric dome roof covered
with ‘Teflon’. A further use is in weatherproof footwear and clothing (Fig.
11.7).

PTFE and other fluorinated polymers are also used to protect from
moisture optical fibres fabricated from fluoride glasses (e.g. BZLA made

Fig. 11.7. Women’s fashion boots incorporating Gore-Tex® fabric as a waterproof barrier
(teft) (® registered trademark of W. L. Gore & Associates, Inc., Maryland, U.S.A.). In-
troduced commercially in 1976, Gore-Tex® fabrics are made by laminating an expanded
poly(tetrafiuoroethylene) film to a nylon or other fabric base (right); they keep out rain
and chilling wind, yet allow body perspiration to escape.

A Gore-Tex® membrane (centre, magnification 5000x) has 9 billion tiny pores per
square inch, each being 700 times larger than a water molecule but thousands of times
smaller than a drop of liquid water; hence it is both waterproof and ‘breathes’. Since the
membrane’s pores are so small and are also misaligned, Gore-Tex® fabric is windproof,
keeping wearers much warmer than conventional fabrics can. Rainwear, ski clothes,
running suits, shoes and other outdoor apparel incorporating Gore-Tex® fabrics are well
known nowadays; military applications are growing, particularly following the use of
foulweather gear by British troops in the 1982 Falklands campaign. Amongst a myriad
of other uses, Gore-Tex® expanded PTFE finds important medical uses in the form of an
assortment of body implant devices; natural tissue grows into the open pores and thereby
prevents rejection by the immune system. (Photographs reproduced by permission of
W. L. Gore & Associates, Inc.)
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from BaF,, ZrF,, LaF; and AlF;), which are potentially a hundred times
more transparent than oxide glasses. Still in the research and development
stage, such fibres — when available to telecommunications engineers — will
provide a choice for global communications between radio links via satellite
and optical links via cable [250].

Fluorine chemistry — both organic and inorganic, academic and indus-
trial — continues to enjoy a growth situation. May the next 100-year period
be as fruitful as the first one.
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Appendix 11.1

Fluorocarbon nomenclature

Fluorinated organic compounds, in general, are treated as hydrocarbon
derivatives for the purposes of nomenclature (IUPAC and CAS). In the
case of fluorocarbons and their derivatives, however, the use of Greek or
Latin numeral roots to indicate the number of fluorines present [e.g. octa-
fluoropropane (C;Fg); dodecafluorocyclohexane (c-C¢F,;); pentadeca-
fluoro-octanoic acid (n-C,F;;CO,H)] often results in cumbersome names
and, more importantly, does not immediately reveal that the compounds
are fluorocarbon in nature. Therefore, the use of the prefix perfluoro in
conjunction with standard hydrocarbon nomenclature is often preferred
(e.g. perfluoropropane; perfluorocyclohexane; perfluoro-octanoic acid).
Full details regarding use of ‘perfluoro nomenclature’, introduced in 1952,
can be found in ref. 120 listed at the end of the main text above. Sadly the
rules are not always followed to the letter, particularly the all-important
one that the term perfluoro denotes substitution of all hydrogen atoms
attached to carbon atoms only, except when that would change the iden-
tity of a functional group [e.g. perfluorobutyraldehyde is C3F,CHO not
C3F,COF (an acyl fluoride); perfluoropropionic acid is C,FsCO,H not
C,FsC(O)OF (an acyl hyprofluorite); perfluorodimethylamine is (CF;),NH
not (CH,),NF (perfluoro-N-fluorodimethylamine)]. Hydrogen attached to
carbon in an otherwise perfluorinated group is indicated by a prefix con-
sisting of a numerical locant and the symbol H; for example, CF,CHFCHF,
is 1H,2H-hexafluoropropane and CHF,CF,CF,CF,CO,H is 5H-octafluoro-
pentanoic acid.

Twelve years ago an alternative system was authorised by the American
Chemical Society (see J. A. Young, J. Chem. Doc., 14 (1974) 98) whereby
the symbol F conveys the sense of perfluoro. This system has not been
widely used yet, hence in this book we have followed the fairly common
practice of standardising on neither TUPAC nor perfluoro nomenclature,
but used them interchangeably. According to ‘F-nomenclature’, C;F,CHO
is F-butyraldehyde, C,FsCO,H is F-propionic acid and (CF3),NH is di(F-
methyl)amine. The prefix hydryl is used to denote replacement of fluorine
by hydrogen in a fluorocarbon system; for example CF;CHFCF; is 2-hydryl-
F-propane.

Interestingly, Simons disliked perfluoro terminology and unsuccess-
fully advocated [1] the adoption of a separate and distinct nomenclature
for the field of fluorocarbon chemistry based on placement of the syllable
for before the final syllable in an otherwise standard name, e.g. methforane
(CF,), ethforene (C,F,). Grosse and Cady [2] proposed the forerunner
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of the F-system described above but used the Greek letter phi (e.g. ¢-
heptane, C,F,¢) instead of the Latin F.

The use of a small subscript F (or f) in conjunction with the conven-
tional symbols R and Ar to represent general cases of monovalent perflu-
oroalkyl (Rg) or perfluoroaryl (Arg) groups is very well established. Also
common is the placement of a large F in the centre of ring structures to
symbolise that all substituents not shown are fluorine, e.g.

perfluorocyclobutane pentafluorobenzoic acid

COmH

Finally, the practice has arisen lately of referring to fluorocarbons as
perfluorocarbons to make clear that they are composed of only carbon
and fluorine. This has come about through mis-use of the former term —
a situation we find regrettable but inevitable.

References
1 J. H. Simons, Fluorine Chem., I (1950) 404.
2 A.V.Grosse and G. H. Cady, Ind. Eng. Chem., 39 (1947) 367.
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Appendix 11.2
Nuclear magnetic resonance

R. FIELDS

Department of Chemistry, The University of Manchester Institute of Science and Tech-
nology, Manchester M60 1QD (U.K.)

With 100% natural abundance, high magnetogyric ratio and spin num-
ber (I) of %, '°F is only some 20% less sensitive than 'H, and resonates at
a radiofrequency 94% of that of 'H. It is therefore not surprising that
applications in inorganic, organic and organometallic chemistry have been
widespread since the early days of NMR spectroscopy.

The fluorines in different chemical environments in, for example, a
polyfluoroaromatic compound were reported by Gutowsky and Hoffmann
[1] to show different chemically shifted signals as early as 1950, i.e. before
the well-known report of different 'H chemical shifts in ethanol and other
alcohols by Arnold, Dharmatti and Packard [2]. !°F NMR spectroscopy
has a substantial advantage over 'H NMR spectroscopy in that the range
of chemical shifts is much larger — over 400 ppm for organofluorine com-
pounds and some 700 ppm if inorganic compounds are included (Fig. 2.1).
The ranges of !°F chemical shifts for individual structural types can also
be large (see Fig. 2.1), but can be further subdivided according to substi-
tuents, just as, for example, the 'H shift for CH;X depends on the nature
of the substituent X. By 1951, °F chemical shifts for substituted fluoro-
benzenes had been related to Hammett substituent constants, and the cor-
relation of shifts with these and other substituent constants has been of
continuing interest ever since [3]. Also in 1951, field-independent splitting

CF;COH
CFCl; ! CeFs
Fa NF; SFs CF. BF:,L
_l 1 1 [
+500 +400 +300 +200 +100 0 -100 -200 8
ArF
_—
F Fc-c
C, —
2, CF, CFH,
. CF, CEH CFH
- “N-= — CF ,
’ CFCl; CF,COH CeFs CFH,
C r . - L L —l—
+150 +100 +50 0 -50 ~100 -150 -200 ~250 -300 8

Fig. 2.1. 1F chemical shifts in parts per million.
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of signals by indirect spin—spin coupling involving !°F was noted in NaSbF
(albeit in the '?'Sb and !?3Sb spectra) by Proctor and Yu [4], and in the
19F and 3'P spectra of compounds such as POFCI, and POF,Cl by Gutowsky
and McCall [5]. Spin—spin coupling, both between magnetically distinct
fluorine sets and from fluorine to hydrogen is commonly stronger than
between magnetically different hydrogen sets (Table 2.1) and the coupling
can be observed not only through more bonds but also through space, given
favourable geometries. This often leads to highly complicated spectra which
nevertheless yield to first-order analysis. Although the coupling constants
are large, they are still, in many cases, only a small fraction of the chemical
shifts involved, and the analysis to obtain the coupling constants then rests
mainly on measurement of the line spacings and intensities, intuition and
persistence (Fig. 2.2). Spin—spin decoupling has been much less used than
in 'H NMR spectroscopy to simplify complicated spectra, largely because
of instrumental limitations. Higher order spectra can, of course, be analysed
by use of iterative computer programmes (e.g. LAOCOON 3, LAME) in
the same way as 'H spectra.

Experimental methods
Instruments capable of !°F spectroscopic observations have been
commercially available since the late 1950s but even where only a dedicated

TABLE 2.1

Some fluorine-fluorine and fluorine—hydrogen coupling constant ranges

F
N /F‘ F\ N F\ 3 /F Y,
C\ C=C c=C C—C\
7 NF N\F F
40 - 370 Hz 100 - 150 Hz 0-60 Hz 0-110 Hz
F F F H F
>C< ~c=c Se=¢” c=c{
H “H H
40 - 80 Hz 10 - 50 Hz 0 -20 Hz 70 - 90 Hz
CFX,CFY, CFX,CZ,CFY, CFX,CZ.CQ,CFY,
0 -40 Hz 6 -14 Hz 0-18 Hz
F
i X X Jpx/Hz X Jpx/Hz X Jrx/Hz
ortho-F 18 - 35 meta-F 0-15 para-F 4-16

ortho-H 7-12 meta-H 4-8 para-H 0-3
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Fig. 2.2. The !°F resonance spectrum of the single fluorine in (CF3),PCH,CH,F at 56.46
MHz. The resonance is a 46.9 Hz triplet of 31.4 Hz doublets of 23.2 Hz triplets of 3.9 Hz
septets. The splitting diagram shows the six triplets (a - f), each band of which is further
split in the spectrum into 3.9 Hz septets.

'H instrument is available, useful information about the fluorine environ-
ments can be obtained from any 'H-'F couplings visible in the 'H spec-
trum. Experimentally, 5 mm diameter sample tubes are commonly used,
as for 'H NMR spectroscopy, but the high volatility of many fluorine com-
pounds often makes it desirable to have the sample sealed in glass. In such
cases, a sealed 4 mm tube which fits loosely inside a standard 5 mm NMR
sample tube, or even a sealed melting point capillary tube can be used to
avoid sealing the more expensive sample tube. With locking solvent or
external reference in the annulus there is usually no need to support the
capillary centrally unless the highest resolution is needed. Acceptable spectra
can be obtained in this way with neat liquids or reasonably concentrated
solutions even with a 2.1 Tesla CW instrument. For more dilute solutions
the use of a Fourier Transform spectrometer is desirable. A useful reference
compound for F NMR spectroscopy, introduced by Filipovitch and Tiers
[6], is trichlorofluoromethane as an internal standard, but where the vol-
atility of this compound is inconvenient, hexafluorobenzene (as either
internal or external reference) or trifluoroacetic acid (as external reference)
are often used.

Shifts to high field of internal trichlorofluoromethane were originally
accompanied by the symbol ¢* (phi starred; positive values) or, if extrap-
olated to infinite dilution, by the symbol ¢ [6]; this has now given way to
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the & scale, on which shifts to low field (i.e. to high frequency) of the
reference are assigned positive values. Unfortunately, some authors omit
to specify either the reference compound used or the sign convention,
or both, leaving the chemical shifts quoted in their publications subject to
considerable uncertainty which cannot always be resolved by consulting
lists of firmly established data.

Structural identification of the components of mixtures by °F NMR
spectroscopy is often easier than the corresponding problem in 'H NMR
spectroscopy, simply because the wider range of chemical shifts allows
more ready separation of the signals. Integration of the separate '°F signals
then allows quantitative analysis of the composition, just as in a favourable
'H analysis.

Carbon-13 NMR spectroscopy

Since the early 1970s, !3C NMR spectrometers have become widely
available, !3C resonances are usually observed with simultaneous broad-
band 'H decoupling, which both collapses the spin—spin multiplets that
would otherwise arise from coupling of the individual '3C nuclei to the
several sets of hydrogens up to three or more bonds away, and also in-
creases the intensity of the !3C signals by the nuclear Overhauser effect
(nOe). Under these conditions, the signals of carbons carrying fluorine
but no hydrogen not only lack Overhauser enhancement, but are also split
by spin—spin coupling to the fluorine, and may require prolonged accumula-
tion for observation.

For fluorocarbon compounds, use of broad-band !°F decoupling
instead of 'H decoupling appears an obvious solution, and is possible, but
often time-consuming. The large chemical shift range for '°F and the large
13C-1°F couplings are in this respect an embarrassment, since the power
required for broad-band decoupling, even at a modest 1.9 Tesla (80 MHz
for 'H, 75.3 MHz for F, 20.1 MHz for 13C) is of the order of tens of
watts, compared with 1 -3 W for hydrogen decoupling. A waiting period
of five to ten times the duration of the high-power decoupling is thus neces-
sary between pulses to prevent an unacceptable temperature rise, not only
of the sample but of the probe itself. Triple resonance experiments, in
which both 'H and '°F are simultaneously decoupled whilst 13C is observed,
have been reported [7], but the facilities are not routinely available, and
the usual way of obtaining !'3C information on a compound containing
both hydrocarbon and fluorocarbon (or hydrofluorocarbon) groups is to
run two spectra, one with 'H and the other with !°F decoupling.

The higher sensitivity and dispersion available for '3C with modern
spectrometers using superconducting magnets and high-sensitivity probes
makes the use of broad-band !°F decoupling less necessary than with low-
field systems, but caution is needed in analysis of the fully coupled spectra,
since line spacings may not correspond simply to coupling constants by
reason of close-coupling of the fluorines in the isotopic species under ob-
servation.
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Few reports have so far appeared of the application of modern pulse

sequences for spectrum enhancement and editing, or of 2-D spectroscopy

to

organofluorine compounds [8]. Practical problems of decoupler power

and heating effects will clearly be important where several chemically
shifted fluorines are present in a sample, and may limit the use of these
techniques, e.g. to the enhancement of the !3C signal of a single CF; group
in a large molecule.

Some major reviews of NMR spectroscopy in fluorine chemistry, and

useful compilations of data, are listed below [9 - 15].
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Appendix 11.3
Elemental analysis of organofluorine compounds

R.PERRY

Department of Chemistry, The University of Manchester Institute of Science and Tech-
nology, Manchester M60 1QD (U.K.)

This short article is based on experience gained during the past 30
years by the analytical staff of the Chemistry Department at UM.I.S.T.
through dealing with vast numbers of new compounds of many types syn-
thesised by members of the Manchester fluorine school. Readers seeking
more information are advised to consult initially refs. 1 and 2 below. These
give good background information on the various working procedures for
fluorine analysis.

Determination of fluorine content

Quantitative analysis for covalently-bound fluorine comprises two
operations: (a) destruction of all C—F, N—F, S—F, etc. bonds to produce
fluoride ions; and (b) determination of the amount of fluoride produced.
Because of the great strength of the C—F bond, organic compounds con-
taining fluorine are sometimes difficult to decompose completely (‘miner-
alise’); this is particularly true for fluorocarbon-type compounds, especially
nitrogen derivatives. The main methods of decomposition are (i) alkali-
metal fusion (Na or K), (ii) peroxide bomb (Ni or Parr bomb), (iii) tube
combustion (pyrohydrolysis) or (iv) oxygen flask (Schoniger).

Owing to attack of sodium or potassium on silica at elevated tem-
peratures, the alkali-metal fusion procedure is traditionally carried out in
a nickel tube or bomb [3], and involves reaction of 30 - 40 mg of alkali
metal with 3 -5 mg of a fluorinated compound at 600 °C. However, recent
work [4] has shown that complete decomposition can be achieved in glass
ampoules at much lower temperatures (280 °C). Production of cyanide
and sulphide should nitrogen or sulphur be present is always a nuisance,
however. Although the oxidative fusion technique (employing sodium
peroxide [H]) overcomes these problems, it too involves the final produc-
tion of a solution of fairly high ionic strength, which may present diffi-
culties in the subsequent fluoride determination. Most types of fluorinated
material can be decomposed satisfactorily by the peroxide bomb method.

The tube-combustion technique involves heating the sample in moist
air [6] or O,, and passing the combustion products over platinised silica
held in a silica tube at 1100 °C. Very effective decomposition of fluoro-
carbons (including gaseous or highly-volatile compounds) occurs, and the
HF formed is swept into an absorbent — usually water. Only if the sample
being analysed contains boron are problems encountered, and the peroxide-
bomb method is the best for such samples [7].
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The oxygen-flask combustion procedure [8] in which the sample,
wrapped in filter paper, is burned in oxygen in a silica conical flask, is now
very popular owing to its low cost and simplicity. It can give problems,
however, with highly-fluorinated materials which release gaseous low-
molecular-weight fluorocarbon species during combustion.

In our experience, the tube-combustion decomposition procedure is
the best of these four methods because (a) it allows some variation of
combustion conditions to cope with different sample types (chemically
and physically) and (b) it yields a fluoride solution of low ionic strength.
Once set up, it is easy to use and less hazardous than the peroxide-bomb
method. The oxygen-flask procedure is satisfactory for most fluorine-
containing materials providing they undergo complete combustion within
the inherent short ignition period.

Determination of fluoride ion

There are four main methods for determining fluoride ions in solution:
(1) acidimetric titration (of HF); (ii) colorimetric determination (titration,
bleaching, direct colour); (iii) fluoride ion-selective electrode (potentio-
metry, La3* titration); and (iv) ion chromatography.

Providing no other acidic species are present and water has been used
as the absorption medium, the acid—base titration of HF is the simplest
and easiest method for fluoride determination. This is particularly applicable
to the oxygen-flask or tube-combustion methods of decomposition. Un-
fortunately other acidic species are often present. In the case of the sodium
fusion and peroxide-bomb methods of decomposition, which provide highly
alkaline solutions, colorimetric methods are often applicable based on the
capacity of fluoride ion to bleach coloured complexes derived from Zr, Th,
Ti or Fe. If the fluoride ion can be isolated from the sample, titrimetric
procedures employing the salts of Al, Th, Zr or Ce can be followed [5].
The most popular colorimetric procedure, and the one we have used success-
fully for many years, is that employing the Ce—alizarin complexone [9],
which changes from wine red to bluish-purple in the presence of fluoride
ion. A sulphonated Ce—alizarin complex [10] is reported to be even more
sensitive to fluoride ion, and more stable in solution than its parent com-
plex, but it is less readily available.

The arrival of the fluoride ion-selective electrode greatly assisted
fluoride ion determination, especially after sample destruction by either
the oxygen-flask or tube-combustion method. Fluoride ion has been deter-
mined either by direct potentiometry [11] or potentiometric titration with
Th** or La3', using the electrode as an end-point indicator. Much work
has gone into perfecting the La3* versus F~ titration involving Gran plot
modifications to improve the rather sluggish end-point detection [8]. Ion
chromatography is the very latest technique to be applied to fluoride ion
determination [4], again following either a tube-combustion [12] or an
oxygen-flask decomposition [12]. It is both very sensitive (to ppb levels
of F~ in the sample solution) and rapid, and will quantify other anions as
well — which makes it valuable for mixed halogen determinations.
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The Ce-—alizarin colorimetric method is likely to be the most precise
and cheapest means of determining fluoride ion concentrations, but it is
rather time-consuming except when used in conjunction with flow-injection
techniques. The commercially-available fluoride ion-selective electrode
is easy to use but can suffer from drift problems when used in direct poten-
tiometry. Ion chromatography is excellent if the equipment is available,
and is best suited to low levels of fluoride determination.

Carbon, hydrogen and nitrogen analysis

All the modern automatic CHN elemental analysers will cope satisfac-
torily with the vast majority of fluorine-containing compounds. Very highly
fluorinated materials sometimes need combustion aids and extended com-
bustion times to ensure complete decomposition.
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Appendix 11.4

The work of I. L. Knunyants and the school of organofluorine chemistry at
the Institute of Organoelemental Compounds, Moscow (U.S.S.R.)

The distinguished Russian fluorine chemist Ivan Lyudvigovich Knu-
nyants was born in 1906, and after World War II he created the very large
school of organofluorine chemistry at the Institute of Organoelemental
Compounds of the U.S.S.R. Academy of Sciences. With a host of collab-
orators, he has published over 1000 papers, very many of them on organo-
fluorine chemistry, though he has also worked in general organic chemistry
on drug synthesis (this includes 5-fluorouracil) and on caprolactam. He is
still publishing in fluorocarbon chemistry. The range of his major interests
(and the names of some of his senior colleagues) are indicated in refs. 14,
60 and 107 in the main text, and in the following selection of his other
review articles.

I. L. Knunyants

1 ‘Reactions of the carbonyl group in fluorinated ketones’, with N. P.
Gambaryan, E. M. Rokhlin, Yu. V. Zeifman and Ching-Yun Chen,
Angew. Chem., Int. Ed. Eng., 5 (1966) 947.

2 ‘Some aspects of the reactivity of fluoro-olefins’, with B. L. Dyatkin,
Zh. Vses. Khim. Ova., 15 (1970) 5.

3 ‘Mesomeric carbanions of fluorine-containing monocarbonyl compounds’,
with E. M. Rokhlin and Yu. A. Cheburkov, Zh. Vses. Khim. Ova., 15
(1970) 15,

4 ‘Perfluorovinyl derivatives of certain elements’, with R. N. Sterlin and
B. L. Isaev, Zh. Vses. Khim. Ova., 15 (1970) 25.

5 ‘Fluorinated 3-sultones’, with G. A. Sokolskii, Angew. Chem., Int. Ed.
Eng., 11 (1972) 583.
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6 ‘Advances in synthesis and study of organofluorine compounds’, with
V. R. Polishchuk, Usp. Khim., 44 (1975) 685.
7 ‘New Data on reactions of organofluorine compounds’, with V. R.
Polishchuk, Usp. Khim., 45 (1976) 1139.
8 ‘Present state and prospects of the development of the most important
fluorine-containing materials’, with I. L. Serushkin, Yu. A. Panshin and
S. V. Sokolov, Zh. Vses. Khim. Ova., 25 (1980) 552.
9 ‘Fluorine-containing halomethylene phosphoranes’, with V. V. Tyuleneva
and E. M. Rokhlin, Usp. Khim., 50 (1981) 522,
10 ‘Fluorine-containing phosphorus ylids’, with V. V. Tyuleneva and E. M.
Rokhlin, Usp. Khim., 51 (1982) 3.
11 ‘The synthesis and properties of aliphatic fluoronitroso-compounds’,
with Yu. A. Sizov and O. V. Ukharov, Usp. Khim., 52 (1983) 976.
12 ‘The chemistry of perfluoroisobutene’, with Yu. V. Zeifman, E. G.
Ter-Gabrielyan and N. P. Gambaryan, Usp. Khim., 53 (1984) 431.
English translations of the journal Uspekhi Khimii are available as Russian
Chemical Reviews.
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Appendix 11.5
Discovery of a fluorine-stable perfluoroalkyl radical

KIRBY V. SCHERER, JR.

Department of Chemistry, University of Southern Californie, Los Angeles, CA 90089-
1062 (U.S.A.)*

Since its first appearance in Moissan’s laboratory, fluorine has held a
well-deserved reputation as the most reactive of the elements, so it was not
expected that a relatively simple alkyl free radical could be prepared in bulk
by the reaction of undiluted fluorine with a perfluoroalkene. My co-workers
and I were privileged to make this surprising discovery [1] and I will describe
here how the discovery came about and speculate somewhat on the lesson
it provides about elemental fluorine chemistry.

Koh Yamanouchi and I had just set up a fluorine line in early 1980
and were preparing to test a scheme for direct fluorination in solution, an
essential feature of which was the use of undiluted fluorine [2]. Neither
of us had worked with F, in any concentration before, so we decided to
gain experience with this feared substance by repeating some published
work on the fluorination of the hexafluoropropene trimers 1 and 2 by von
Halasz, Kluge and Martini [3]. This paper had already caught our attention
because of the authors’ proposal of an unusual rearrangement when the
reaction was carried out above 100 °C: an intramolecular 1,2-alkyl shift in
a postulated intermediate free radical, 3 = 5, giving finally the isolated
product 6 (Scheme 5.1). We knew that such rearrangements in free radicals
are rare and thought to occur only by dissociation—recombination processes
[4], which seemed impossible in the presence of elemental fluorine. So we
considered that the German workers might have misassigned structure 6.

S g

7 l”
= A

2 5 6
Scheme 5.1.2

2Skeletal or stick formulae are used here for clarity, with the fluorine substituents omitted.
All the molecules are perfluorinated; thus, for example, trimer 1 is

*Address inquiries to the author at Polymer Products Department, E. I. Du Pont de
Nemours & Co., Experimental Station, Wilmington, DE 19898 (U.S.A.).
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But when we repeated their work we completely confirmed the reported
results and, despite bringing to bear some more modern spectroscopic tech-
niques, could find no basis for changing the original structural assignments.

Because we used a simple apparatus, absorption of fluorine at room
temperature was slower than expected; and unsure that the GC columns
we had on hand would separate the components of the reaction mixture,
we chose to follow reaction progress using 'F NMR spectroscopy. To our
surprise, the sharp peaks of the starting trimers disappeared after the in-
troduction of much less than 1 equiv of fluorine; deciding that we must have
miscalculated the amount of fluorine passed, we proceeded to work up
the mixture, using as one step a wash with diethylamine. When the amine
wash was performed, much heat was evolved, and upon re-taking the '°F
NMR spectrum of the mixture, we found it to consist almost entirely of
starting material! Only on repeating the fluorination for a much longer
reaction time did we succeed in preparing the saturated perfluoroalkane 4.
(We now know that radical 3 is a strong oxidant and is destroyed by mild
reducing agents, via single-electron transfer followed by loss of fluoride
ion.)

Koh and I moved on to other work from these puzzling observations,
but did consider the possibility that some paramagnetic species, i.e. a free
radical, was responsible for the NMR line broadening. We were aware that
Krusic, Chen, Meakin and Kochi [5] as well as Malatesta, Forrest and Ingold
[6] had observed some long-lived fluorinated alkyl radicals which seemed to
be much more persistant than their nearest nonfluorinated relatives [7],
but we were still not prepared to believe that we might have made radicals
in more than spectroscopic concentrations. Only some months later, after
a visit to U.S.C. by Harold Goldwhite, did we decide to have a look at
the mixture by ESR spectroscopy in the former’s laboratory. When we
did, what we found was astonishing: not only were radicals present in our
mixture in unusually high concentrations, judging from the multiple dilu-
tions required before exchange-broadening began to diminish, but we found
that the samples could be diluted in the open air and dissolved in good
hydrogen donors like toluene, or heated to 100 °C, without destroying the
ESR signals. A partial analysis of the ESR spectrum showed it to be con-
sistent with a radical of structure 3.

Soon after these observations, Taizo Ono arrived in my laboratory and
began seriously to study this unusual radical. Using Evans’ method [8], he
followed the increase in paramagnetism with fluorination time and showed
that the concentration of the radicals reached about 35% by weight, starting
with a 1:2 mixture of trimers 1 and 2. Having no prejudice to the contrary,
he even showed that the radical build-up could be followed by GC if the
injector and detector temperatures were set to 100 °C or lower, and his
GC analyses agreed well with the magnetic measurements. GC analyses also
allowed him to show that 1 is consumed faster than 2 but both give 3;
since 3 reacts very slowly with fluorine to give 4, it followed that the yield
of 3 would be higher if we could start with pure 1. Rick Fernandez then
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did a tedious distillation* to obtain some pure 1 and found that the maxi-
mum radical concentration during fluorination at room temperature reached
88%!

Since the reaction of fluorine with 1 to give 3 cannot occur by a chain
process, we have a rare opportunity to study in isolation the initiation step
in a fluorination. Preliminary data indicate that the reaction is first-order
in alkene, unlike the termolecular initiation step in the iodine—styrene
reaction studied by Fraenkel and Bartlett. If that is so, then presumably
a fluorine atom is formed simultaneously with 3, and even the F atom must
react with high selectivity with the less-hindered end of the double bond
in another molecule of 1

/

Iy
.

Fig. 56.1. Computer-generated space-filling picture of radical 3, based on standard bond
lengths and van der Waals’ radii; the unpaired electron is shown in black. This view is of
the less-hindered face.

Steric hindrance (Figure 5.17) is undoubtedly responsible for the
remarkably sluggish reaction of 3 with fluorine and for its stability towards
oxygen. We may ask just how much steric crowding is needed to stabilize
a perfluoroalkyl radical with respect to dimerization: it now appears that
the secondary perfluoro(2,4-dimethylpent-3-yl) radical is indefinitely stable
to dimerization while its lower homologue perfluoro(2-methylpent-3-yi),
though detectable for many hours in the absence of oxygen, does dimerize
slowly. In surprising contrast, the tertiary perfluoro(2-methylpent-2-yl)
radical appears much less persistent.

Further work supports our proposal [1] that the rearrangement prod-
uct 6, correctly identified by von Halasz et al. [3], does in fact arise by an
efficient intermolecular trifluoromethyl migration, the more remarkable
because the CF; radical must make its way through a solution saturated
with fluorine. We were first led to this hypothesis by lack of a better al-
ternative, but have since found support in an earlier paper by Vedeneev,
Teitel’boim and Shoikhet, who showed that trifluoromethyl radical reacts

*The trimers 1 and 2 boil at 110 °C and 114 °C, respectively [9].
FProvided by A. J. Arduengo using the CHEMGRAF program.
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selectively with triplet oxygen in the presence of an excess of fluorine,
the extrapolated selectivity factor being 23 at 104 °C [10].

The most gratifying aspect of our discovery is that it reveals new
subtleties in the chemistry of elemental fluorine, a substance still to be
respected for its great reactivity but no longer to be feared as uncontrollable
or dismissed as unselective.
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Appendix 11.6
Bibliography of organofluorine chemistry

M. HUDLICKY

Department of Chemistry, Virginia Polytechnic Institute and State University, Blacks-
burg, VA 24061 (U.S.A.)

The first monograph on fluorine chemistry, Moissan’s Le Fluor et ses
Composés, published in 1900 [1], not only records the exploits of the
‘Father of Fluorine Chemistry’ but also contains a complete list of the
literature on fluorine and its compounds available at the time (some 565
references, ordered both alphabetically and chronologically are quoted).
It was 20 years before a second book, Otto Ruff’s manual [2a] for the
preparation of inorganic fluorides, appeared. The first specialist book on
organic fluorine compounds was written by Bockemiiller, and became
available in 1936 [2b]. The commercialization of chlorofluoromethanes
as refrigerants in the early 1930s, followed by the use of fluorinated com-
pounds in connection with the atomic energy industry (Manhattan Project),
triggered much interest in fluorine chemistry. This resulted in the publica-
tion of several reviews. The March 1947 issue of Industrial Engineering
Chemistry [3], for example, was devoted totally to wartime developments;
and an even fuller account of work carried out as part of the atomic bomb
project appeared in a monograph edited by Slesser and Schram [4].

Systematic coverage of all aspects of fluorine chemistry did not start
until three series of monographs began to be published: Simons’ Fluorine
Chemistry (five volumes [5]), Stacey, Tatlow and Sharpe’s Advances in
Fluorine Chemistry (seven volumes [6, 7]) and Tarrant’s Fluorine Chemistry
Reviews (eight volumes [8]). A fourth series, Fluorocarbons and Related
Chemistry, designed to provide systematic coverage of accomplishments
specifically in organic and organo-elemental fluorine chemistry over two-
year periods, was initiated by Banks and Barlow [9]; unfortunately, publi-
cation of this most useful collection of information had to be abandoned
for financial reasons after the appearance of three volumes covering the
years 1969 - 74 inclusive [9, 10]. In parallel with early volumes of Fluorine
Chemistry and Advances in Fluorine Chemistry, important aids to practicing
organofluorine chemists appeared in the form of the immensely useful and
exhaustive treatises Aliphatic Fluorine Compounds, by Lovelace, Rausch
and Postelnek [11] and Aromatic Fluorine Compounds, by Pavlath and
Leffler [12]. Unfortunately, it is now beyond human capability to assemble
such structured catalogs of data for all fluorinated compounds, of which
there are some 440000 according to a recent census conducted by the
American Chemical Abstracts Service (August 2, 1985). Hopefully, critical
monographs and reviews will cover the ever-increasing primary literature
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(currently about 6 000 papers and patents a year) on theoretical, prepara-
tive and applied aspects of fluorine compounds. Three such monographs
already available can be labeled as textbooks as well: Sheppard and Sharts’
Organic Fluorine Chemistry [13], Chambers’ Fluorine in Organic Chemistry
[14], and Hudlicky’s Chemistry of Organic Fluorine Compounds [15].
The last (903 pp.) emphasizes laboratory aspects, and contains selected
procedures of preparative and analytical natures. Preparative chemistry
has been thoroughly covered by Forche, Hahn and Stroh in the first half
(500 pages) of Vol. V/3 of Houben-Weyl’s Methoden der Organischen
Chemie [16] (actual laboratory procedures are described). More specialized
laboratory applications are described in several reviews in Organic Reactions
(see ‘Aliphatic Fluorine Compounds’ by Henne [17], and ‘The Schiemann
Reaction’ by Roe [18]), Vol. 21 [19] of which is totally devoted to syn-
thetic applications of sulfur tetrafluoride (by Boswell et al.) and to selective
methods for the preparation of monofluoroaliphatic compounds (by Sharts
and Sheppard). A similar treatment of aminofluorosulfuranes (e.g. DAST,
Et,NSF3) as fluorinating agents will appear in the same series in the near fu-
ture. A two-volume Russian laboratory manual which covers more than 500
preparative procedures is available (Sintezy Ftororganicheskih Soedinenii,
edited by Knunyants and Yakobson), and a collection of the most inter-
esting of these (dealing mainly with per- and poly-fluorinated compounds)
has been published in English recently [20]. A very thorough survey in
German of the chemistry and applications of cyclic organofluorine com-
pounds is to be found in Chemie und Technologie Cyclischer Fluorverbin-
dungen by Schiemann and Cornils [21]. The utmost importance of °F
NMR spectroscopy to the practising fluorine chemist is reflected in the
compilations of data available (see p. 291) [22 - 25].

A few monographs are highly specialized, dealing with fairly narrow
topics: Rudge’s The Manufacture and Use of Fluorine and its Compounds
[26], Wall’s Fluoropolymers [27], Stephen and Little’s Halothane (Fluo-
thane) [dealing with the most widely-used inhalation anesthetic (see p.
364)] [28]. Emeléus’ Fluorine and its Compounds [29), Banks’ Fluorocar-
bons and their Derivatives [ 30], Scherer’s Technische Organische Fluorchemie
[31], Osteroth’s Chemie und Technologie Aliphatischer Fluororganischen
Verbindungen [32], Saunder’s Phosphorus and Fluorine [33] and Pattison’s
Toxic Aliphatic Fluorine Compounds [34].

For keeping up-to-date on applied organic fluorine chemistry readers
should consult two recent books edited by Banks: Organofluorine Chemicals
and their Industrial Applications [35] and Preparation, Properties, and
Industrial Applications of Organofiluorine Compounds [36]. The ever
increasing role of organofluorine compounds in medicine and pharmacology
is revealed not only in these two volumes, but in Biochemistry Involving
Carbon—Fluorine Bonds [37] and Biomedical Aspects of Fluorine Chemistry
[38] edited by Filler, and by Filler and Kobayashi, respectively.

In addition to monographs and articles in Organic Reactions [17 - 19]
countless reviews of interest to the organofluorine chemist exist. A critical
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selection was assembled by Sheppard and Sharts [13] and since then many
more than can be mentioned here have been published in numerous lan-
guages.

A recent ‘Patai’ contains an update on the synthesis of organofluorine
compounds by Hudlicky and Hudlicky [39a], a review on fluorinations
with xenon fluorides by Zupan [39b] and a chapter on fluorocarbons by
Smart [39c]. Aliphatic fluorine compounds have been reviewed by Wood-
fine [40] and by Liebig and Ulm [41]. Synthesis of polyfluoroaromatic
compounds formed the subject of a review by Yakobson and Vlasov [42]
and the chemistry of polyfluoroheteroaromatics one by Chambers and
Sargent [43]. Syntheses of !®F-containing compounds, which are of in-
creasing interest (see p. 371), have been described by Palmer, Clark and
Goulding [44], and by Tewson [45]. Of a more specialized nature are
reviews by Rozen and Filler [46] on a-fluorinated carbonyl compounds,
by Stang et al. on the chemistry of trifluoromethanesulfonic acid and its
derivatives [47 - 50], by Kobayashi and Kumadaki on valence bond isomers
of aromatic trifluoromethyl compounds [51], and by Stock and Wasielewski
on carbon-fluorine hyperconjugation [52].

A very good source of review articles on many aspects of fluorine
chemistry is the Russian journal Uspekhi Khimii (translated into English
as Russian Chemical Reviews). Examples include reviews on perfluoro-
methacrylic acid derivatives by Rokhlin et al. [53a], on the perfluoro-t-
butyl anion by Dyatkin et al. [53b], on fluorinated ketenimines by Gam-
baryan [53c], on N-fluoroimides by Fokin et al. [53d], on fluorinated
g-diketones by Pashkevich et al. [53e], on fluorinated halomethylene phos-
phoranes and ylides by Tyuleneva et al. [53f], on aliphatic nitroso com-
pounds by Knunyants et al. [53g], on fluorinated dyes by Yagupolsky et
al. [53h} and on perfluoroisobutylene by Zeifman et al. [53i].
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Appendix 11.7
Perfluoroalkyl iodides

R. N. HASZELDINE
Copt Howe, Great Langdale, Cumbria LA22 9JR (U.K.)

Scientific effort in the early 1940s was concentrated on the prepara-
tion of fluorocarbons, and the possibility of making fluorocarbon deriva-
tives RgX, where the Ry is a perfluoroalkyl group and X a functional group
such as CO,H or SO;H, by the techniques then available was remote.

The synthesis of the first perfluoroalkyl iodide, CF;l, in Cambridge,
England in 1948 by the route

IFs
CI,—> CF,I

provided a compound with a reactive functional group and a key to the
locked scientific door. The scientific discoveries that lay beyond that door
have been rich indeed, and a vast range of fluorocarbon derivatives and
perfluoroalkyl organometallics and organometalloids of industrial as well
as academic importance have ensued.

The original route to CF;I was difficult and dangerous and is no longer
used, but it provided sufficient material to enable the basic chemistry to
be explored. The carbon—-iodine bond in CF;l can be broken homolytically
by heat (200 °C) or light of wavelength <3000 A, and examples of early
syntheses are:

H
——— CF,Hgl — Hg(CF5),
P
> (CF3)3P, (CF3),PI, CF,;PI,

CF3I - S
E— CF3SSCF3

NO
L —— CF,NO

Of special importance was the discovery that CF,l reacted by addition with
olefinic or acetylenic compounds, e.g.,

C,H,4
CF;CH,CH,I
C,Fq4
CF,[CF,CF,],I
CF;l CF,=CFCl

—> CF4[CF,CFCI], I

CF,CH,CHICH,0H

CyH,

CF,CH=CHI
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by the free-radical pathway known as telomerisation, e.g.

C,F, C,F, C,F,
CF,I CF;- CF;CF,CF,- ——> CF;CF,CF,CF,CF,- ——— etc.
l CF5l l CF,l
CF;CF,CF,I CF4(CF,)l

An olefin such as ethylene which does not readily undergo free-radical
polymerisation at room temperature gives an almost quantitative yield of
the 1:1 adduct CF3;CH,CH,I, whereas with C,F,, an olefin which poly-
merises readily, choice of reactant ratios and temperature provide the
main control for the value of n in the telomer CF;[{CF,CF,],I. The long-
chain fluorocarbon iodides provided a fluorocarbon chain with a func-
tional end-group which reacts chemically like CF;l itself. The synthesis of
a wide array of fluorocarbon derivatives became possible, e.g.

—HI
CF,CH,CH,I —— CF,CH=CH,

C,H
CF;[CF,CF,],] —— CF,[CF,CF,],CH,CH,I — CF5[CF,CF,],,CH=CH,
1 oxidation

CF;[CF,CF,],,CO,H
SO
CF5CF,CF,] — C,F.CO,H

(i) H,0

s
(ii) oxidation

CF,PI, CF5PO(OH),

Cl
CF;8SCF, — CF;SCl — CF;S0;H

Two important alternative routes to polyfluoroalkyl iodides soon followed
from further work at Cambridge and later Manchester, e.g.,

Route (a)
IC1

02F4—) CcmICle
L CaFq

C2F4 B Clechl —_— I[CFzCF2]nI
IFs

CzF4 N CF3CF2I

ICl
CF,=CFCl — CF,CICFClI
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Compounds with a carbon—iodine bond are readily cleaved homolytically.
Thus, commercially available tetrafluoroethylene gave C,F;I, while hexa-
fluoropropene gave (CF;),CFI, now the perfluoroalkyl iodides of choice
for industrial processes.

Route (b)

electrochem.

CH,(CH,),COF CF4(CF,),COF

fluorination

I
CF4(CF,),,CO,H — CF3(CF,),,CO,Ag —ﬁ;—* CF;(CF,),l
(anhydrous)

Development of the unique and important method of electrochemical
fluorination by J. H. Simons and the 3M Corp. has enabled a number of
fluorocarbon acids to be prepared on a laboratory or industrial scale.

Electrochemical fluorination provides one major route to the perfluoro-
alkane carboxylic and sulphonic acids from which industrially relevant
surfactants, fire-extinguishing chemicals, textile treatment formulations,
etc. stem. An equally important industrial route to the precursors of such
materials uses tetrafluoroethylene to build up the chain.

C,F
C2:F4"—> CF3CF21 '“ZL) C2F5[CF20F2]nI —_— C2F5[CF20F2]HCH20H2X

where, for example, n = 3 when X = OH, CO,H, SO;H, NR,.
Many new organofluorine compounds have arisen from the fluoro-
carbon iodides, e.g.,

C,H, —HI
CF3;1 —— CF;CH=CHI —— CF3;C=CH

CH2=C:CH2
CF,] —>——2 CF,CH,CI=CH, — CF,CH=C=CH,

CH,=CF
CF,l + CF,=CFCl —> CF ;CF,CFClIl —>—>+ CF,CF,CFCICH,CF,I

/
CF,CF,CF=C=CF,

Z
CF,=CFCl — CF,CICFCl '(‘;3:—&5’ CF,CICFCICFCICF,Cl
J CyHy J Zn (dechlorinate)

|

CF,=CFCH=CH,
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RFI + CF3CECCF3 e

high temp.

CF
RF RF 3 RF
>C:C=CF2 \/c=c~é=c<
F4C FC b,  CF
NO C,Fs
CF;l — CF,NO ——— N—O——CFZ——CFzT
low temp.
F3 n
-CF, C,F, nitroso rubber
100 °C
(CF3),NO- |
3 0
stable purple CF3N"—O ———~—> CF;N=CF, + COF,
radical ‘
CFZ—CFz / \Hng
an oxazetidine
(CF3),NH [(CFa)lezHg
Cl,
CHF=CF,
(CF;3),NCF=CF,«——(CF3),NCHFCF,Cl «—— (CF3),NCl
MeSiHCl,

CF4l — CF,CH=CH, ———— CF,;CH,CH,SiMeCl,

H,0

fluorosilicone polymer

C
C,F. I + Arl —> ArC,F,

I F ..
CF,;I — CF;Hgl CF,” — CF,

difluorocarbene

It was soon appreciated that nucleophilic attack on a perfluoroalkyl iodide
usually occurs on iodine rather than carbon:

solvent

OH
RFI — RF_ E— RFH



and this can be utilised in a route to perfluoroalkanesulphonic acids:

MeS™ _
RFI —_— RF (+ MeSI Im— M6282 + 12)
Me282

Ryl
RySMe + MeS™ — etc.

oxidation

RySO;H
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The possibility of synthesising an organometallic compound via ionic
or radical-ionic reactions of a solution of a perfluoroalkyl iodide with a
metal was a natural counterpart to the synthesis of an organometalloidal
compound by a gas phase (probably free radical), thermal or photochemical
route, Early attempts were only moderately successful, and whilst a Grignard

compound is slowly formed it readily undergoes a-elimination,

THF e
CF,l + Mg CF,

slow

CF Mgl

CHF;, CF;CO,H

as do lithium or magnesium compounds prepared by exchange reactions.

Et,0
n-C;F-1 + BuLi —W n-C,F,Li —— C;F

RCHO
C,F.CH(OH)R
—178 °C
n'C3F7I + PhMgBr — C3F7MgBr I C3F6
C,FsI + Me,SnCl, —‘——> (C,F5),SnMe,

THF

Mg SiCl, .
CF,=CF1l Et_? CF,=CFMgl — Si(CF=CF,),
2
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Perfluoroalkyl magnesium and lithium compounds are thus best generated
in the presence of a reactant such as RCHO or RCOCI, but even this ap-
proach gives only modest yields, and alternative routes to the desired final
product without use of organometallic intermediates derived from electro-
positive metals are almost always available and are to be preferred. Yields
are much better when more covalent organometallic compounds are in-
volved, e.g.

CF,I + Gel,— CF,Gel + (CF3),Gel,
C3F7I + ME3SHSHME3 —_—> C3F7SnMe3
02F5I + PbMe4 - C2F5PbM83

DMF Arl
C7F151 +Cu—— [C7F]Scu] _— C7F15Ar

CF,=CFI + C4F;Cu i?ﬁ—cﬁ C¢F;CF=CF,
I(CF,)41 + Cu + Phl —— Ph(CF,),Ph
CF;I + CpCo(CO), —— CpCo(CO)(CF;)I
CF;l + cis-PtMe, L, —— PtMe,L,(CF3)1

(L = ligand)
CF;l + SiF, — CF;SiF,l

The chemistry of the perfluoroalkyl iodides is now vast, and many
research schools and industrial laboratories have contributed to its devel-
opment in recent years. Detailed information about these versatile materials
can be found in the several standard textbooks and reviews on organo-
fluorine chemistry.

When a young research worker, the writer was inspired by the enthu-
siasm of Harry Emeléus and by the earlier work of two men. The elegant
and accurate work of Fred Swarts, who prepared the first fluorocarbon
derivative, CF;CO,H, amply demonstrated that organic fluorine chemistry
had a potential at least as great as that of inorganic fluorine chemistry.
Vision and mastery of technique was shown by Otto Ruff who made many
new inorganic compounds. In their era the organic chemistry of fluorine
was centred on compounds with one or sometimes two carbon atoms. The
early work of Joe Simons and the subsequent work on direct and cobalt fluo-
ride fluorination techniques showed that chains and rings of CF, groups
could exist. The fluorocarbon iodides contributed much to the next stage
of the developing saga — the preparation and use of fluorocarbon deriv-
atives.
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Appendix 11.8
Perfluoropolyether fluids: properties and applications

G. CAPORICCIO
Montefluos S.p.A., R. & D. Centre, 20138 Milan (Italy)

Perfluoropolyethers (PFPE) are a well-known class of fluids, in which
the presence of the most electronegative atoms (O, F) bonded to C—C
groups along the molecular chain assure high chemical and thermal stabil-
ity and excellent physical properties (Table 8.1). Consequently PFPE fluids
offer an unique combination of performances as lubricants which are highly
reliable under very severe conditions.

TABLE 8.1
Properties shown by PFPE fluids

Chemical inertness Non-flammability

Thermal resistance Biological inertness

Resistance to oxidation Good dielectric properties

Resistance to radiation Good lubricating properties

High specific gravity Low volatility

Low surface tension Compatibility with plastics, elastomers and metals
Good viscostaticity Solubility in perfluorinated organic solvents only

Low pour point

Processes and products
Two processes are used to build, in one step, a PFPE chain:

(1) Anionic polymerisation of a perfluoro-olefin epoxide. The only process
of this type used on an industrial scale utilises hexafluoropropene oxide
as the feedstock [1].

(2) Direct perfluoro-olefin photo-oxidation. This more flexible process has
been developed commercially by Montefluos to obtain several PFPE
series with different structures and properties. Hexafluoropropene
(HFP) and tetrafluoroethylene (TFE) have been the two main fluoro-
olefins converted by photo-oxidation to PFPE chains {2, 3], but other
compounds have been used successfully with this process (e.g. perfluoro-
butadiene [4]). Moreover, this process is the only one that can be ori-
ented to obtain bifunctional PFPE derivatives [5]. Some information
about the mechanisms and kinetics of the photo-oxidation process have
been reported [6].

Both processes produce PFPE chains terminated, at one or both ends, with
reactive groups, such as —C(O)F (acyl fluoride). The raw acidic materials
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are transformed into stable neutral oils in different ways, the most conve-
nient procedure for obtaining oils with extreme chemical inertness being
fluorination.

The proprietary fluorination technology owned by Montefluos allows
neutral oils to be obtained in which hydrogen is not detectable (NMR
spectroscopic sensitivity 0.1 ppm); this is by far the lowest level in com-
parison with other commercial PFPEs. In particular, by photo-oxidation
of HFP and TFE, respectively, two PFPE families, namely Fomblin Y® and
Fomblin Z® have been obtained (® = registered Trade Mark of Montedison):

CF3O(C3F6O)p(CF20)qCF3 Fomblin' Y
CF30(CQF40)m(CF20)nCF3 Fomblin Z

The difluoromethylene groups are randomly sequenced in the chains. In
the Fomblin Y chain the ratio g/p can vary between zero and 0.1, while
in Fomblin Z the ratio m/n lies in the range 0.6 - 1.5; the average M.W. of
a PFPE can be regulated between ca. 1000 and 40 000.

Properties and applications of Fomblin oils

A lot of work has been carried out in order to tailor suitable fractions
for several applications. Table 8.2 shows typical physical properties of some
Fomblin Y and Z fractions having different average molecular weights;
a Fomblin Z possesses a higher average M.W. and viscosity index, and a
lower vapour pressure and pour point than a Fomblin Y having the same
viscosity. The data in Table 8.3 show that PFPE oils are resistant to a wide
range of inorganic reagents and organic solvents; additionally, they are

TABLE 8.2

Physical properties of Fomblins

HFP-PFPE TFE-PFPE

Y04 Y25 YR Z03 Z15 Z 25
Average M.W. (VPO) 1500 2800 6000 4000 8500 10000
Kinematic viscosity/cSt at 20 °C 35 250 1500 35 150 250
Viscosity index 55 110 135 335 345 3565
Specific gravity/g cm ™3 at 20 °C 1.87 1.90 1.91 1.83 1.84 1.85
Pour point/°C —-70 —35 —25 —90 —75 —70
Volatility/% weight loss (ASTM D 971
24 h at 150 °C; flow N, =21h™!) 60 7 1 13.3 4 0.025
Vapour pressure at 20 °C/Torr 2x1073 2x107¢% 2x10712
Surface tension/dyn cm™! 19 20 21 22 23 24
Self ignition temp. (ASTM D 2155) none none none none none none
Electrical properties:
Resistivity /2 cm 1013 4 x 1013
Dielectric strength/kV (100 mils) 40 35
Dielectric constant at 20 °C (10? - 105 Hz) 2.15 2.01

Dissipation loss at 20 °C (10? - 105 Hz) 4x107% 5x107%
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TABLE 8.3

Compatibility of PFPE with chemical agents, vulcanised rubbers and resins?

Agents Conditions Results

Temperature Notes

Hydrogen halides

HF, HCIl, HBr 200 °C 11h! unchanged®
Halogens

Cl,, Br,, F, 200 °C 11h! unchanged
Non-metal halides

BCl3, ShCl; 80 °C 5% (w/w) unchanged
PBrj, PCl; 150 °C 5% (w/w) unchanged
SiCl,, SiHCl, 150 °C 11h7! unchanged
Sulphur anhydrides

SO,, SO; 200 °C 11h! unchanged
Acid agents

H,S04 (98%) 70 °C 50% (w/w) unchanged
Aqueous oxidisers

KMnOQ4 (6% w/w); K,Cr,04 70 °C 50% (w/w) unchanged
(10% w/w)

Organic solvents

Hydrocarbons, alcohols, ethers, 20 °C 50% (w/w) insoluble

esters, amides, ketones, acids

Vulcanised rubbers

Natural rubber, SBR, NBR 70 °C ASTM D 471 retained tensile

neoprene, EPDM 166 h strength/elongation
95 -105%

Plastomers

PPO, PET, PBT, PST, PVC 70 °C idem retained tensile

PEMD, PP, PPMA 1000 h strength 100%

Nylon 66, polycarbonate

4Tests carried out on Y 25, Z 25,
b No significant change in acidity; viscosity change less than 5%.

compatible with commercial plastomers and elastomers. PFPE oils are
thermally resistant up to about 270 - 300 °C, and the presence of oxygen
does not affect this limit. The presence of catalysts or inhibitors can alter
both ceiling temperature and rate of decomposition. Moreover, with metal
catalysts the decomposition is affected by oxygen. Specific proprietary
inhibitors have been developed to improve thermo-oxidative resistance of
PFPE up to 320 °C, also in the presence of metals.

The data listed in Table 8.4 reveal the anti-wear properties of two
Fomblin fluids of different classes, as measured with several test machines.
The fluids show low values of wear and friction coefficient, but high me-
chanical resistance of the lubricant surface film. Consequently, Fomblins
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TABLE 8.4
Anti-wear properties of PFPE

Fomblin Z 25 Fomblin Y 25
Shell 4 ball wear
ASTM D 2266 - 67
1460 rpm, 40 kg, 1 h, 70 °C
Average scar diam./mm 0.5 0.6
4 Ball E.P.
ILP. 239
1460 rpm, 10 s
Welding load/kg 500 400
Reichert ring speed 1.7 m s™!
1.5 kg, 1 min.
Average scar area/mm? 4.0 4.1
Denison T 67 pin-on-disc
static friction coeff.
Stainless steel, speed/
5x10 % ms!at20°C 0.16 0.16
5XxX107*ms ! at 200 °C 0.11 0.32
Dynamic friction coeff.
2x1072ms ! at 20 °C 0.15 0.13
2Xx1072ms ! at 200 °C 0.11 0.15
0.2ms ! at20°C 0.08 0.10
0.2ms ! at 200°C 0.08 0.13

also provide good lubrication at boundary conditions in systems where the
moving mechanical parts of any materials are exposed to aggressive chemical
environments and high temperatures. Long aging resistance can be assured;
consequently the reliability of systems and maintenance costs are improved.

The PFPE fractions listed in Table 8.2 have conveniently large M.W.
distributions. Many other grades have been produced via sophisticated
fractionating operations in order to provide fractions with restricted M.W.
distributions to use as working fluids in vacuum pumps and other systems
(Fomblin Y-VAC; Table 8.5). The physical properties and chemical resis-
tance of Fomblin Y VAC fluids allow them to be used as pump working
fluids for vacuum systems where lack of contamination by fluid back-
streaming, or the resistance to polymerisation or carbonisation, is absolutely
essential, as in the production of high-quality materials for the electronics
industry.

Special greases for use at extreme temperatures have been formulated
by thickening several Fomblin fractions with PTFE and other agents or
additives. In general, Fomblin greases show a good balance of anti-wear,
physical properties and chemical inertness; moreover, they are not washed
out by any solvent. They can be used over a very wide temperature range
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(—70°C to 220 °C, depending on their formulation) as sealants and lubri-
cants (permanent also under high vacuum and temperature) for valves,
packing glands, O-rings, bearings or gears and other systems with moving
mechanical parts which come into contact with oxygen, other oxidising or
aggressive gases, or hydrocarbon vapours. Their use provides protection
from wear and corrosion, safety from explosion when using oxidisers and
freedom from forward contamination.

Fields of application for Fomblin fluids and greases

Their high stability and good anti-wear properties make PFPE fluids
and related greases suitable long-life lubricants for hostile environments.
A general list of fields of application follows. The success of Fomblin fluids
in so many different fields results from their unusual balance of properties
that not only make them the solution to difficult technological problems
but also minimise maintainance costs and assure long-life reliability.

Chemical industry

PFPE fluids are used as the working fluids for vacuum pumps (rotary,
turbomolecular, vapour diffusion) and as lubricants for compressors and
valves when aggressive gases are involved (e.g. liquid and gaseous oxygen,
halogens, hydrogen halides, non-metal halides, sulphur dioxide).

Electronics industry

PFPE fluids are suitable as lubricants for mechanical vacuum pumps
used in the manufacture of semiconductors by techniques such as plasma
etching, LPCVD and ion implantation.

Electro-mechanical applications

PFPEs are successfully used to lubricate contactors, push-button
switches and sliding electrical contacts where good lubrication and arc
resistance are required.

Engineering fields

PFPEs are suitable for lubrication of high-temperature and chemically-
resistant porous metal bearings, conveyor belts, paper and textile machinery.
Plastic bearings show improved anti-wear behaviour when lubricated with
PFPE.

Nuclear industries

PFPEs are the only fluids that have been approved as lubricant for
ultracentrifuge bearings in UF enrichment plants, where chemical resistance
to UF¢ up to 130 °C and other stringent requirements, such as the absence
of moisture and dust and very low vapour pressures, are necessary.

Aerospace projects
The combination of high viscostaticity, extremely low vapour pressure,
low pour point and good E.P. lubricant properties without additives make
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the PFPE fluids particularly suitable for the aerospace industry — as lubri-

cants for jet engines, space-exposed mechanisms and oxygen systems [4].

Magnetic recording media

Their low frictional coefficients, low volatilities and dielectric prop-
erties make PFPEs highly suitable for use with magnetic recording media,

discs and tapes.
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Appendix 11.9
High-yield reactions of elemental fluorine

R.J. LAGOW
Department of Chemistry, The University of Texas at Austin, TX 78712 (U.S8.A.)

During the 18 years since breakthroughs were made by Lagow and
Margrave [1, 2] in the laboratory use of elemental fluorine for organic
direct fluorination, a very high and perhaps even surprising rate of progress
has been maintained. As late as 1968 [3] it was written ‘“use of fluorine
for these reactions (addition to carbon—carbon double bonds and substitu-
tion of hydrogen) cannot be considered to be a useful general method.
Fluorination by fluorine is unlikely to be used in normal laboratory organic
syntheses”. During the intervening years, however, not only have controlled
reactions of elemental fluorine been applied to a very broad array of organic,
inorganic and polymeric materials to produce fluorocarbons and fluorine
compounds in the laboratory with yields often exceeding 90%, but work
is currently underway on the scale-up of reactions. Although it is not widely
known that this is the case, at least four major industrial firms in the United
States and about the same number in Japan have under development pilot
plants and projects designed to bring to the market complex organic and
polymeric products based on controlled reactions of elemental fluorine.

Considering alternative exhaustive fluorination procedures, it should
be remembered that the cobalt trifluoride process, which has been estab-
lished for years industrially, requires elemental fluorine as a feedstock. It
is also a high-temperature process which has associated with it the possi-
bility of molecular rearrangements and serious limitations stemming from
the fact that reactants must be vaporized at 200 - 300 °C in a reaction bed.
While one might predict with confidence that elemental fluorination tech-
nology will render obsolete the cobalt trifluoride process over the next
five years, it is certain that this broad technology will never supplant con-
ventional C—F bond syntheses and telomerization of monomers, as prac-
ticed by industrial firms such as Du Pont and Montedison.

With production-scale yields often exceeding 90% and relatively little
product purification required, elemental fluorination has a very good chance
of competing favorably with the important Simons electrochemical fluorina-
tion process. From a basic point of view, the electrochemical process has
little if any economic advantage since the cells are run at 6 - 7 V, and cells
generating elemental fluorine from the same raw materials require similar
voltages. Both processes, when reactions of hydrocarbons are involved,
must generate 2 mol of fluorine atoms to incorporate one in the final prod-
uct (half of the activated fluorine in each case ends up as hydrogen fluoride,
which must be reactivated or recycled).
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Laboratory achievements

In the laboratory (see Fig. 9.1), the aforementioned breakthrough
concerning the solution of basic thermodynamic and kinetic problems
associated with the extremely exothermic (potentially explosive) reactions
of elemental fluorine has led to the generation of effective moderating
techniques. Hence direct fluorination has at last become a generally appli-
cable synthetic route in organic and organoelemental fluorine chemistry.
That is not to say that there are not many fluorinated compounds made
industrially at lower cost, but that for new synthetic targets, not already
articles of commerce, the direct fluorination method may well be the one
of choice, especially on the laboratory scale. A skilled chemist can usually
deliver 5-10 g of an unknown perfluoro compound one to two months
after it has been selected for synthesis, given the apparatus, of course.

The technique has developed to the point where one may now preserve
‘30 kcal bonds’ (note, for example, the successful fluorination of alkyls
such as hexamethyltungsten or tetramethylgermanium) or differentiate
between, for example, six-coordinate sulfur or four-coordinate sulfur, or
for that matter, five-coordinate phosphorus or three-coordinate phosphorus,
by varying and carefully controlling the reaction conditions [4, 5].

Recently, high-yield syntheses of the first three perfluoro crown ethers
(18-crown-6, 15-crown-5 and 12-crown-4) have been achieved [6]. These
are thought to be important new biomaterials. Almost any hydrocarbon

Fig. 9.1. Fluorine-handling apparatus and reactor systems.
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species, even of the most unusual structure, can be converted easily to its
fluorocarbon analog; for example, the fluorination of adamantane, nor-
bornane, cyclo-octane, neopentane and many others have been demonstrated
in yields that now exceed 90% [7]. Inorganic compounds are handled
equally well; examples include carboranes, borazine, boron hydrides and
many classes of organometallics. Soon to be reported are successful fluorina-
tions of multiple metal-metal bonded compounds.

The best known aspect, and the first one to find commercialization
in the direct fluorination area, was the fluorination of polymer surfaces
and also complete conversion of hydrocarbon to fluorocarbon polymers
[8]. This Lagow—Margrave invention, trademarked ‘Fluorokote’, involved
many types of polymeric material in various forms — poly(ethylene) bottles,
poly(propylene) objects, rubber gloves, etc. Poly(ethylene) bottles are
easily given fluorocarbon surfaces (>>0.1 mm), and this has been commer-
cialized. Air Products have at least 20 licensees for what is known as their
‘Airo Pak process’ and Union Carbide has a ‘Linde fluorination’ process as
well. Applications in chemical storage, pharmaceutical storage and cosmetic
storage are widespread, and this process will soon enter the food industry.
Complete fluorination of numerous polymers has been studied in the au-
thor’s research program. Work on perfluoropolyethers and two categories
of fluorocarbon elastomers is nearing commercialization. In the simple
cases of poly(ethylene), poly(propylene) and poly(styrene), conversion
into fluorocarbon analogs occurs if the powder size is kept below 100 mesh.

The first successful fluorination in high yield of oxygen-containing hydro-
carbon substrates of numerous types (ethers, esters, acids, etc.) were reported
in the early 1970s [9, 10]. One of the most successful aspects of this work
has been the extension to the.synthesis of perfluoropolyethers. Perfluoro-
polyethers which were first marketed by Du Pont under the name ‘Krytox’
and later by Montedison under the name ‘Fomblin Z’ are materials of prime
importance in high-technology areas (e.g. aerospace developments, satellites
and military space weapon systems). These companies start from perfluoro-
olefins, but we have found it possible to fluorinate preformed polyethers
directly; the simplest example is the perfluorination of poly(ethylene oxide)
to give materials with excellent properties:

F
{CH,—CH,04}. > {CF,—CF,03, n = > 20 000, high-performance
lubricants

n=1-3 X 10%, high-performance
elastomers

The established commercial products sell in the range of $100 to $400 per
pound. The long liquid range of the Montedison material makes it essential
for U.S. military and space efforts in lubrication applications where the
Du Pont material fails. The Lagow laboratory and Exfluor Research Cor-
poration have produced several materials with the excellent temperature—
viscosity properties required. The fluorination reaction is so complete
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that one cannot observe protons with Fourier transform infrared or NMR
spectroscopy. Not only have solid versions of at least 40 structures been

prepared, but oils of many structures are available via the Lagow synthesis
as well f" 1-1 A]

A new technlque has recently been developed in the author’s laboratory
involving perfluorination of linear polyesters, followed by treatment of the
pu(y‘i‘ﬂel‘u, pi‘OuuLb with bul[ul Leti‘altuUI iue the second step converts back-
bone carbonyl groups to CF,, thus prov1d1ng a perfluoropolyether [15].
This also has important ramifications where fluorocarbon surfactant produc-
tion is concerned. The high-molecular-weight materials are novel elastomers,
and the flexibility of the ether linkage (it acts like a hinge), which imparts
the unusual lubricant properties, should confer excellent low-temperature
properties. Cross-linking techniques will need to be developed.

In addition to the conversion of hydrocarbons to fluorocarbons with
fluorine, there have been very interesting and potentially important develop-
ments in selective fluorination recently. This approach has been explored
by a number of investigators (notably Merritt, Grakauskas, Ruppert, Barton,

Hesse and Rosen) I'16 - 381,

Hesse and Rosen) [16 - 38]

Other interesting and important applications of reactions involving
elemental fluorine are in the fluorocarbon/biomedical area. Progress is being
made not only in the oxygen carrier area but also in the field of very inert,
implantable, prosthetic devices and materials [39 - 43]. In the fluorocarbon
membrane area, elemental fluorine chemistry may also prove to have im-
portant applications [44 - 46]. A potentially important development in-
volving highly-selective gas-separation membranes will be described in the
literature in the near future [47].
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Appendix 11.10

Aerosol direct fluorination: a developing synthesis technology and an entry
level mechanistic tool

J. L. ADCOCK

Department of Chemistry, The University of Tennessee-Knoxuville, Knoxville, TN 37996-
1600 (U.S.A.)

The aerosol direct fluorination process is unique in that a hetero-
geneous reaction is carried out under gas-like conditions [1 - 4]. Reac-
tant molecules adsorbed onto airborne particles of sodium fluoride are
subjected to attack by gaseous elemental fluorine under conditions such
that the temperature and fluorine concentration in the reactor are con-
tinuously changed as the particles traverse the length of the reactor. This
results in optimum rates of reaction with minimal fragmentation of reac-
tant structures. Initial reaction-limiting conditions necessary to control
the high exothermicity of elemental fluorinations are gradually changed so
as to provide the final, forcing conditions necessary to achieve perfluorina-
tion. Mechanistic interpretations of product distributions under controlled
stoichiometric conditions are possible because of the unusually clean reac-
tions.

Aerosol direct fluorination is a valuable approach from both the fun-
damental and the applied chemical points of view. From the applied view-
point it provides a flow process which can be scaled up using presently
available technology. It is both fluorine-efficient and capable of producing
high yields of single products, especially perfluorinated products. The
purities of many products collected directly from the reactor are as high
as 98%. From the fundamental viewpoint the versatility of the process,
the high degree of control of reaction parameters and the control of condi-
tions at the molecular level in a solvent-less reaction medium permit a
controlled, mechanistically significant, observation of the process called
‘direct fluorination’.

Conceptually, the aerosol direct fluorination process is simplicity
itself (see Fig. 10.1). A hydrocarbon vapor is adsorbed or condensed onto
the surface of a large number of microscopic (17 A) [2] sodium fluoride
pre-aerosol nucleating particles in a helium (or nitrogen) carrier gas at low
(—196 °C) temperatures. The particles are then carried into a low tem-
perature (—78 °C to —40 °C) region of a tubular microporous walled (2 um)
reactor in which fluorine diffuses through the porous walls into the reactor
stream. As the adsorbed molecules are fluorinated they are simultaneously
carried down the tubular reactor into regions of higher fluorine concentra-
tion and higher temperatures, where they undergo higher degrees of flu-
orination. The fluorine concentration in a typical reaction reaches 2 - 5%
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Fig. 10.1. Aerosol fluorinator.

by volume, which is usually calculated to be about twice the stoichiometri-
cally required quantity. Molecules leaving the sub-ambient temperature
region of the reactor are usually 40 - 60% fluorinated and are then intro-
duced into a specially designed photochemical reactor. The photochemical
reaction completes the fluorination by removing the very unreactive residual
hydrogens through dissociation of molecular fluorine and producing, pre-
sumably by atomic fluorine attack, radicals which scavenge available molec-
ular fluorine [3, 4]. Both phenomena result in virtually 100% perfluorina-
tion with minimal fragmentation of the carbon skeletons. The alternative
to ‘photo-chemical finishing’ is to greatly increase the concentration of
fluorine, which results in enormous (50X) stoichiometric excesses and
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greatly reduced efficiency of fluorine utilization if the fluorine is not re-
cycled. For example, at 30% fluorine ( a 48X stoichiometric excess) up to
90% fluorination with 10% perfluorination can be achieved in the sub-
ambient reactor. The entire fluorination process typically requires 0.5 -
1.5 min for a given unit particle to traverse the reactor.

The following process parameters can be varied semi-independently:
reactor temperatures (gradients), fluorine concentrations (gradients), reac-
tion or residence time, reaction stoichiometry, hydrocarbon throughputs
and type of finishing. Since the process is a flow process it can be main-
tained at a steady state for any preset group of reaction parameters. The
amounts of material produced thus depend on the reactor size (40 mmol
h™! for a 2.5-cm diameter reactor) and on the length of time the reactor is
in operation. The maximum scale of this reactor has not been definitively
established. At the present effluent density, the scale increases as the square
of the radius. Convective mixing of reagents in larger diameters due to the
reverse thermal gradient in the reactor should allow the density to increase
as much as tenfold. Industrial feasibility is thus quite probable, especially
for speciality chemicals if not commodities. Safety of operation — a major
consideration in any direct fluorination apparatus —is a major advantage
of the aerosol system. The reactor is a ‘non-critical’ system and cannot run
uncontrolled. A ‘runaway’ reaction and explosion are virtually impossible
if ‘failsafe’ devices are installed to shut off fluorine flow.

The aerosol fluorinator produces excellent yields of perfluorinated
alkanes, ethers, ketals, alkyl chlorides, acyl fluorides (from acyl chl-
orides and fluorides or esters) and moderate yields of perfluorinated esters
and ketones, including the highly-branched ketones CF;COC(CF;); and
(CF3),CFCF,COC(CF3),, as well as the orthoesters perfluoro-tetramethyl
and -ethylene orthocarbonate [1, 5 - 11].

The development of the aerosol fluorination device/process was the
result of an appreciation of the explosive reactivity of fine carbonaceous
dusts suspended in air. Materials of low reactivity such as flour/grain dusts
explode when mixed with air. The high mobility of the aerosol dusts made
it possible to design a flow reactor which has no moving parts except the
carrier gases and the reactants themselves. It was reasoned that since reac-
tions between fluorine and hydrocarbons have very low activation energies,
controlled reactions ought to result at low temperatures, which could be
finely controlled by fluorine-concentration/temperature programing. This
reasoning proved correct; good fortune and providence provided us with
many beneficial effects we had not anticipated but which on discovery we
took credit for.
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Appendix 11.11
The role of fluorocarbon gases in the microelectronics industry

A.J. WOYTEK
Air Products and Chemicals, Inc., P.O. Box 538, Allentown, PA 18105 (U.S.A.)

Fluorocarbons and their derivatives have played a major role in the
development of many of our modern technologies, making possible, for
example, the widespread use of safe and economical refrigeration and air-
conditioning systems, the development of corrosion- and wear-resistant
polymers and plastics, and the use of high-performance lubricants for criti-
cal aerospace applications. Today the microelectronics industry, with its
continuing advances to process more information on a given integrated
circuit, is dependent on fluorocarbon gases in the production of its most
advanced microchips. The hand-held programmable calculator, digital
watches and sophisticated computers we commonly use are made possible
by these tiny chips which are capable of processing millions of pieces of
information.

Integrated circuits (ICs) are composed of patterned layers of insulating,
semiconducting and conducting thin films precisely defined by chemical
etching processes to produce the desired electrical performance charac-
teristics. Since the mid-1970s, integrated circuits have progressed from the
4K (4000 information bits) chips to the 256K (256 000 information bits).
As the level of integration has increased, integrated circuit technology has
reduced the dimensions of various circuit patterns with line-width ap-
proaching 1 um, and in many cases equivalent to or less than the thin films.

For the earlier generation of microchips, with its line-widths of 10 um
or larger, ‘wet’ etching processes with liquid etchants such as hydrofluoric,
phosphoric or nitric acid were used. However, these materials etch iso-
tropically, i.e. equally in the vertical and lateral direction [Fig. 11.1(B)].

Since the layers that make up a complex IC have not decreased in
thickness as fast as lateral dimensions, advances in etching technology were
needed to proceed to finer line sizes. During the past decade, this problem
has been solved by the development of ‘dry’ etching processes using a
gaseous compound in the presence of an RF (radio frequency) glow dis-
charge plasma to generate reactive species, which react with the substrate
and form volatile etch products. For silicon integrated circuits, fluorine-
containing compounds have become the dominant plasma etchant gases.

A plasma is a partially ionized gas formed by supplying RF energy to
an etchant gas at reduced pressure (0.1 -1 Torr). The plasma produced in
such a ‘glow discharge’ is characterized by electron temperatures which
are greater than the gas temperature by factors of 10 to 100. This means
that chemical reactions which normally require elevated temperature to
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Fig. 11.1. Etching profiles for integrated circuits.

proceed at a significant rate, can be promoted by the use of a glow dis-
charge at room temperature. By control of electrical bias and other operating
parameters, the etching process can be made directional or anisotropic [Fig.
11.1(C)].

The most common of the gaseous fluorine-containing compounds
used to etch silicon type materials is carbon tetrafluoride (CF,). In a glow
discharge, a variety of species including electrons, positive ions, negative
ions, fluorine atoms, CF; radicals and neutral CF, molecules will be present.
The predominant etching species is the fluorine atom produced according
to the equation

CF,+e"——F-+CF;3-+e”

In this case, the fluorine atom reacts with the silicon substrate to produce
the volatile byproduct SiF,.

Carbon tetrafluoride was first produced by Moissan by the direct
fluorination of carbon following his discovery of fluorine in 1886. However,
he produced a mixture of fluorocarbons and was not able to isolate pure
CF,. It was not until 1930 that the French chemists Lebeau and Damiens
were able to isolate carbon tetrafluoride from the product formed by the
reaction of elemental fluorine with wood charcoal. Ruff repeated this work
in 1930 and fully characterized carbon tetrafluoride. Later, numerous
investigators studied the preparation of carbon tetrafluoride. The methods
of preparation which emerged can be categorized in four areas: (1) direct
fluorination of carbon; (2) halogen exchange using hydrogen fluoride; (3)
electrochemical fluorination using hydrocarbons; and (4) miscellaneous
techniques generally using metal fluorides. On a commercial scale, halogen
exchange became the most accepted process for the production of carbon
tetrafluoride, using carbon tetrachloride and hydrogen fluoride as starting
materials.

The development of plasma-etching technology using carbon tetra-
fluoride in the microelectronics industry placed new challenges on the
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fluorocarbon industry. Carbon tetrafluoride was produced as a minor by-
product in the production of the more common halocarbons — trichloro-
fluoromethane (CCl;F), dichlorodifluoromethane (CCl,F,) and chlorotri-
fluoromethane (CCIF;). However, purity was not critical and the carbon
tetrafluoride was available as a commercial grade of 98% purity, the con-
taminants being chlorofluorocarbons. With the critical requirements of the
electronics industry, demands for higher purity products from both the
chemical and particulate standpoint were required. This challenge has been
met, and today high purity CF, (99.99+%) is commercially available.

This demand for high-purity carbon tetrafluoride has led to the devel-
opment of new commercial processes. To eliminate totally any chlorine
contamination, a process based on the reaction of carbon with fluorine has
been commercialized, almost a century after Moissan performed his initial
experiments. Many of the problems which prevented the scale-up of direct
fluorination, such as reaction control polymerized products, corrosion and
the handling of fluorine at elevated temperatures have been addressed and

Fig. 11.2. Control room of a direct fluorination plant used to produce carbon tetra-
fluoride (CF,) for the electronics industry. (Photograph reproduced by courtesy of Air
Products and Chemicals, Inc.)
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solved (Fig. 11.2). This process specifically directed to making carbon tetra-
fluoride for the electronics industry uses high-purity raw materials to give the
fluorocarbon directly without any byproducts. Therefore, the processing
required to purify the carbon tetrafluoride is greatly simplified; removal of
the chlorofluorocarbon and hydrogen chloride byproducts is required in
the halogen-exchange process.

Although carbon tetrafluoride continues to be the workhorse of the
plasma-etching process in the electronic industry, a number of other fluoro-
carbon derivatives are used to etch a variety of silicon substrate films, such
as polysilicon, single-crystal silicon, silicon dioxide, silicon nitride and
tungsten silicides. In many cases, additives are used in conjunction with the
base fluorine-containing gas to tailor the etch profile. Other organic fluorine
compounds which find use in plasma etching include hexafluoroethane
(C,Fy), octafluoropropane (C;Fg) and trifluoromethane (CHF3); inorganic
fluorine compounds such as nitrogen trifluoride (NF';), sulfur hexafluoride
(SF,) and silicon tetrafluoride (SiF,) are used too.

The microelectronics industry has presented a new opportunity and
challenge for speciality fluorocarbons with its development of dry-etching
processes. Although the volume of gases used in these applications is small,
representing less than 1% of the total volume of the common halocarbons,
they represent a unique new opportunity in the organofluorine business
area.
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Appendix 11.12
Graphite fluoride

N. WATANABE

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Sakyo-
ku, Kyoto 606 (Japan)

Graphite fluoride is a gray-white solid prepared by the direct fluorina-
tion of a carbon material such as natural graphite or petroleum coke. The
color varies mainly depending on the fluorination temperature. At present
two crystal structures, (CF),, poly(carbon monofluoride) and (C,F),,
poly(dicarbon monofluoride) are known; (C,F), is obtained only by low-
temperature fluorination of a high-quality graphite. (CF), corresponds
to the first stage intercalation compound of graphite, and (C,F), to the
second stage. Both have a covalent bond between carbon and fluorine,
therefore they are electric insulators, having no aromatic nature. Graphite
fluoride is now being produced by several companies in Japan: Daikin
Kogyo Co., output 50 tonne per year; Nippon Carbon Co., output 1 tonne
per year; Central Glass Co., output 6 tonne per year.

Graphite fluoride is stable in a normal environment. The most impor-
tant property is that it has a high electrochemical activity under cathodic
polarization. This was discovered in 1970, and led to the development of

Graphite Fluoride-Lithium Batteries

-

Fig. 12.1. Types of graphite fluoride/lithium batteries available commercially.
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an Li/(CF), primary battery using an organic electrolyte. In Japan, Li/(CF),
batteries are now in production on the industrial scale by the Matsushita
Electric Co. They have many excellent characteristics, such as high voltage
and energy density, flat discharge potential, discharge capability over a
wide range of temperature, long shelf-life and consistent performance for
long periods, and high safety. Three types of batteries are available, as shown
in Fig. 12.1. Cylindrical batteries were the first to be commercialized and
find use in wireless transmitters, analytical instruments, etc. The pin and
coin types are employed as power sources for illuminated fishing floats,
electronic watches, and so on.

Other characteristics of graphite fluoride are a lower surface energy
than poly(tetrafluoroethylene) (PTFE) and excellent lubricity. These prop-
erties are utilized in adhesion-preventing agents and lubricants. The former
are produced as aerosols containing finely-powdered graphite fluoride
which allow the preparation of a thin film by spraying (Monolon Co.).
Examples of the latter are grease and lubricant oil containing graphite
fluoride produced by the Monolon Company, high-class gland packings
made by impregnating graphite fiber textile with PTFE and graphite flu-
oride (available from Nippon Carbon Ltd.), and a composite nickel plating
containing graphite fluoride developed by Uemura Kogyo Ltd.
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Appendix 11.13
Production and applications of Flutec® fluorocarbons

B. D. JOYNER
L8.C. Chemicals Ltd., St. Andrews Road, Avonmouth, Bristol BS11 9HP (U.K.)

The commercial-scale production of Flutec® fluorocarbons — saturated
compounds containing only carbon and fluorine atoms — by I.S.C.' Chem-
icals Limited at its Avonmouth works is the result of more than 30 years spent
on the technical development of the cobalt fluoride fluorination process.

Production

The need in America in the early 1940s for highly stable fluids for use
in plant handling uranium hexafluoride led Fowler to devise a process
whereby vaporised hydrocarbons were fluorinated by cobalt trifluoride
to give perfluorocarbon liquids (see Chapter 5). Professors Stacey and
Tatlow and their co-workers at Birmingham University developed the pro-
cess further [1], and Birmingham-type fluorination reactors were installed
at Avonmouth in the 1950s (Fig. 13.1). These were horizontal tubular
copper reactors, a few inches in diameter, with paddles ranged along a
central rotating nickel shaft to improve contact between the cobalt tri-
fluoride and the hydrocarbon vapour. The essential reaction is as follows:

2 CoF; + RH — RF + HF + 2 CoF,
1 o

F, (‘regeneration’)

It was not practical to effect complete depletion of the cobalt trifluoride
to the difluoride, and experience indicated the optimum time to discontinue
the hydrocarbon feed and flush out the residual hydrocarbon and under-
fluorinated product before passing fluorine gas in to regenerate the cobalt
trifluoride. Given the extremely vigorous nature of the reaction, and the
corrosive and abrasive properties of fluorine and cobalt fluoride, a run that
yielded a few kilogrammes of crude product mixture during several hours
was regarded as entirely satisfactory.

Since those early days, continual attention to the chemical engineering
aspects of the process have produced very significant improvements in the
continuity of operation of both fluorine cells and fluorination reactors,
and in the recovery and work-up of crude fluorocarbon products. Probably
the most substantial single improvement was the development of a me-
chanically-fluidised bed-fluorination reactor and the process control tech-
nology that allowed the simultaneous introduction of hydrocarbon and
fluorine into the cobalt fluoride bed. This was a major step forward in
that it turned a batch operation into a continuous process and also afforded
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Fig. 13.1. A pair of CoFj reactors used by the author and R. E. Banks in A. K. Barbour’s
group at Avonmouth during the period 1956 - 58,

much finer temperature control throughout the reaction zone. Fluorination
runs are now campaigns lasting many days and yielding tonnage quantities
of crude fluorocarbon products. A number of such reactors of varying
size, with a fluorine-generation facility (Fig. 13.2) that permits the simul-
taneous running of several reactors, gives 1.S.C. Chemicals a flexible, truly
commercial operation that underlines its worldwide reputation for the
production of inert fluorocarbon liquids.
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Fig. 13.2. Fluorine generation facility at Avonmouth.

The chemical and physical processes involved in the treatment of the
crude fluorocarbon product essentially consist of steam distillation, extrac-
tive distillation, chemical treatment, drying and filtration. In order to
achieve the unique stability properties expected of saturated fluorocarbons,
it is essential to eliminate all traces of hydrocarbons and hydrofluorocar-
bons; the various stages of the purification process are designed to achieve
this objective. A variety of analytical techniques are employed to ensure
final product quality, gas chromatography being the major process control
tool.

Properties
The physical and electrical properties of the current range of Flutec®
fluids are listed in Tables 13.1 and 13.2, respectively.
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TABLE 13.2
Electrical properties of Flutec® fluids

Property PP50 PP1 PP2 PP3 PP5 PP9 PP11
Dielectric strength/

kV mm™! at 50 Hz? 17 17 23 22 20 20 13
Resistivity /{2 m 1015 1015 1015 1018 1015 1015 1015
Permittivity

at 100 kHz (1.7)° 1.70 1.82 1.93 1.95 1.99 (2.0)P
Loss tangent (X10%)

at 100 kHz <1 <1 <1 <1 <1 <1 <1

2British Standard Specification 148/72.
bEstimated value.

Chemical and thermal stability

Flutec® fluorocarbons show exceptional thermal stability, with maxi-
mum working temperatures generally in excess of 400 °C. Extreme resistance
to chemical attack is demonstrated in that they are unaffected by boiling
concentrated acids and alkalis, and also by oxidising and reducing agents
under normal conditions. Virtually the only chemical reactions of Flutec®
fluids are with molten alkali metals, with glass or silica at temperatures
above 500 °C and with iron or nickel at ca. 500 °C when defluorination
occurs to yield aromatic fluorocarbons. In fact, this has been used as a
route to octafluorotoluene, but is hardly a commercially viable process:

F CF3 CF3
F2 Fa Fe,O F F
e
Fr Fr F F
Fo F
perfluoro(methylcyclohexane) octafluorotoluene
Flutec PP2
Electrical stability

High dielectric strengths, high resistivities, low permittivities and very
low dielectric losses combine to make Flutecs excellent insulants, They are
not affected by electrical or magnetic fields or by corona discharge. Ready
absorption of fast electrons (electron capture) gives exceptional arc-extinc-
tion properties, albeit sometimes accompanied by slight breakdown of
the fluorocarbon to produce CF, CF, and CF; fragments which then recom-
bine to give gaseous small molecules.

Heat-transfer properties

Flutecs have high fluid densities, low viscosities, high coefficients of
expansion and very low latent heats of vaporisation, properties which com-
bine to make them excellent heat-transfer media.
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Safety

On the basis of extensive toxicological studies, Flutec® fluorocarbons
are classified as ‘practically non-toxic’, the lowest rating on the toxicity
scale. In addition, they are totally non-flammable and non-explosive.

Areas of application

The varied applications for Flutec® liquids have been described in
detail in a recent publication [2]. The following brief treatment is intended
to indicate the variety of such applications and the properties that have
led to the selection of specific liquids for particular jobs. In tonnage terms,
electrical and electronic applications currently comprise the largest single
area of application, which involves (a) assembly processes, (b) device testing
and (c) operational coolants.

Assembly processes

Condensation soldering, also referred to as ‘vapour-phase soldering
or ‘vapour-phase solder reflow’ is a technique for producing high reliability
soldered joints in printed circuits quickly and easily. When large numbers
of soldered joints have to be made in close proximity to each other, as is
necessary with the increasing miniaturisation of electronics circuitry, hand
assembly becomes impractical.

A variety of automated techniques have been devised, but condensa-
tion soldering has emerged as one of the most attractive. Pre-soldered com-
ponents are positioned on the circuit board, which is then passed through
the vapour of a boiling fluorocarbon liquid. Choice of liquid is primarily
determined by the melting point of the solder, and Flutec PP11, b.p. 215 °C,
is most commonly used since the usual tin/lead solders melt about 20 °C
below this temperature. Fluorocarbon vapour condenses on the cold cir-
cuitry, raising the temperature rapidly and evenly until the solder melts
and flows. Thermal stress is minimised since no part of the assembly can
become overheated; complicated and three-dimensional assemblies are
readily treated, and the exclusion of oxygen prevents oxide formation on
the solder.

Since there are occasions when higher-melting solders are needed, one
aspect of the Flutec development programme is directed towards finding
fluids with higher boiling points while retaining all the safety and efficacy
features of Flutec PP11. It is probably no exaggeration to say that the
development of the condensation soldering process [3] was critically de-
pendent on the availability of inert fluorocarbon liquids having the right
combination of properties: inertness towards constructional materials,
high thermal stability, non-flammability, extremely low toxicity and rapid
‘clear’ evaporation rates (no residue).

b

Testing procedures
In order to ensure reliability and guarantee the performance of elec-
tronic devices under arduous service conditions, a variety of test procedures



343

have been devised, which include (i) leak testing, (ii) burn-in testing, (iii)
steady-state life testing, (iv) thermal shock testing and (v) hot-spot location.
Leak testing is applied to devices in which the circuitry is encapsulated in
a package of metal, ceramic or plastic. For maximum reliability, such pack-
ages should be hermetically sealed to prevent the entry of traces of moisture
or particulate matter. Pin holes in the encapsulating medium may be de-
tected by immersing the device in a fluid at an elevated temperature, against
an illuminated black background. The presence of a pin hole is indicated
by a fine stream of air bubbles issuing from it. Flutec PP9, b.p. 160 °C, is
commonly used, being one of the liquids approved for testing to U.S. Mili-
tary Standard 883a.

The advantages of fluorocarbon liquids for this type of test are the
absence of flammability, toxicity and corrosion hazards, plus the advantage
of not having to clean the device after testing because the fluorocarbon
drains off rapidly and completely. In addition, should traces of fluorocarbon
enter the device through an undetected leak, the chemical inertness and
electrical properties are such that subsequent electrical malfunction is very
unlikely. There is, in fact, a variant of the test in which a low boiling fluoro-
carbon such as Flutec PP1 (b.p. 57 °C) is forced into fine pin holes by
means of an evacuation/immersion technique. When such pre-treated devices
are subsequently put into the usual hot fluorocarbon bath (125 °C), vola-
tilisation of the low-boiling fluorocarbon generates far more vapour than
with just air alone, and the sensitivity of the test is increased by as much
as 1000-fold.

All the other forms of testing are designed to accelerate thermal or
electrical stress. Devices can be operated at extremes of temperature, typi-
cally —60 °C to 150 °C, with rapid transition from one temperature to the
other by moving the device from one liquid bath to another. They can also
be run at constant elevated temperatures for periods of up to 1000 h, which
enhances age-related deterioration of components. In all such tests an
inert liquid environment provides steady test conditions and excludes
extraneous factors. The choice of fluid or fluids is dictated by the desired
operating conditions.

Operational coolants

Inert fluorocarbon liquids were first proposed as dielectric coolants in
transformers and switchgear some 20 years ago. They are in many ways ideal
for such purposes but the relatively high cost prevented significant com-
mercialisation. The increasing miniaturisation of electronics assemblies,
sometimes coupled with arduous service conditions, has introduced a dif-
ferent scale of potential overheating problems. These are best solved by
total immersion of the equipment in a liquid coolant, but the need for an
inert electrical environment, the safety requirement and the wide variety of
materials encountered in such equipment makes selection of a suitable fluid
very difficult. Only an inert fluorocarbon liquid satisfies all requirements
and Flutec fluids find application in a variety of military and aerospace
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equipment. The significantly better cooling performance of fluorocarbons,
whether in convective cooling or in the pool-boiling mode, has been used
with - advantage in equipment such as klystron valves, travelling wave tubes,
transformers, thyristors and resistor stacks. Most of the Flutec range have
been employed at one time or another for cooling purposes, with Flutec PP3
(b.p. 102 °C) being possibly the most widely used.

Air mass movement,; explosives detection

Though totally different, these applications utilise the electron-attach-
ment properties of certain fluorocarbons, notably those having cyclic struc-
tures with substituent trifluoromethyl groups. By means of a gas chro-
matograph fitted with an electron capture detector [4] it is possible to
detect compounds such as perfluoro(methylcyclohexane) (Flutec PP2)
at levels as low as one part in 10!°. The major use of this technique at pres-
ent is in tracing the movement of exhaust gas emissions from power station
stacks. Environmental concern regarding possible effects on plant and
aquatic life (acid rain) is resulting in a significant programme of such inves-
tigations, both in Europe and North America.

Regarding detection of explosives, the growing problem of international
terrorism has led to a search for better methods of detecting explosives
concealed in, for example, aircraft baggage. Studies in the U.S.A. [5] showed
that microencapsulated fluorocarbons incorporated in explosives can readily
be detected by an EC/GC technique. Perfluoro(dimethylcyclohexane)
(Flutec® PP3) was selected as the best candidate overall on grounds of com-
mercial availability, safety, environmental acceptability and microencap-
sulation/permeation performance. Practical studies on airport baggage
handling facilities have demonstrated the feasibility of the technique [6]
on a continuous basis, but legal and operational restraints have held up
implementation to date.

Medical applications

It is now 20 years since medical researchers demonstrated that emul-
sions of fluorocarbons can be used to transport oxygen to organs of the
body, a development which is often referred to as ‘artificial blood’. The
key factor is the ability of fluorocarbons to dissolve substantial volumes
of gases, oxygen and carbon dioxide being the relevant gases in this context,
and the miscibility of fluorocarbon emulsions with whole blood. Several
extensive reviews [7 - 10] exist of the development of this concept from
the first isolated organ experiments to the present time, during which period
more than 1000 patients have received fluorocarbon emulsions during
clinical trials. Registration procedures are in progress in Japan and the
U.S.A.

Though the present emulsions are capable of improvement, in that
they have to be stored in the frozen state and thawed out shortly before use,
the fluorocarbon of choice to date is perfluorodecalin (Flutec® PP5). This
could, of course, change if one or other of the several active programmes
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on emulsion improvement should indicate that a different compound is
preferable. One additional drawback with present emulsions is that per-
fluorotripropylamine, used in conjunction with perfluorodecalin to im-
prove emulsion properties, appears to be retained in the body for extended
periods, whereas perfluorodecalin is completely lost from the body in a
matter of seven to ten days.

In addition to straightforward replacement of blood loss without the
need for blood-type matching, a number of other possible medical uses
have been proposed, and some of these are showing encouraging initial
results. Thus, the fine particle size of fluorocarbon emulsions, about one-
tenth the size of red blood cells, suggests the possibility of improving the
blood supply through partially-constricted blood vessels and hence providing
a technique for preventing or treating heart attacks or strokes. Encouraging
initial results have been reported for cancer therapy, where prior administra-
tion of a fluorocarbon emulsion appears to double the effectiveness of
radiation treatment, presumably by increasing the oxygen supply to tumour
tissue. Other possibilities include the prevention of anaerobic conditions
developing under dressings in burn treatment, use in the treatment of eye
disorders and applications in organ storage for transplant surgery and extra-
corporeal blood oxygenation, such as in the use of a heart/lung machine
during heart surgery.
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