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The main reaction pathways which lead to the breaking of 
C-F bonds in perfluoroalkanes and -arenes are discussed. 

Emphasis is placed on recent developments and on the 
mechanistic patterns that emerge. 

Fluoroorganic compounds continue to attract interest 
both for their unusual chemistry and for their many techno- 
logical applications"]. Such compounds can in principle be 
made from functionalization of the corresponding per- 
fluoroalkanes and this goal has led to an increasing interest 
in the chemistry of C-F bonds in the last few years. This 
area shares certain aspects with the related but older prob- 
lem of C-H bond activationL21 in hydrocarbons, but an im- 
portant difference is that the enhanced value on going from 
the perfluorocarbon to the corresponding perfluorinated 
functional derivative is often much greater than is the case 
for hydrocarbons and so makes it practical to use more 
sophisticated reagents. 

Fluorocarbons are highly resistant to oxidative degra- 
dation, a property that makes them indispensable for many 
applications but carries with it the disadvantage that the 
atmospheric lifetimes of these species can exceed 2000 
yearsL31 (see Table 1). 

Fluoroalkanes are global-warming gasesI41 and chloro- 
fluorocarbons (CFCs) have both global-warming and 
ozone-depletion potential. Some of the interest in C-F 
chemistry has been prompted by the need to convert CFCs 
into disposable solid products or to hydrogenated deriva- 
tives with lower ozone-depletion potential. 

This review covers the title area with emphasis on devel- 
opments since the last major review by Richmond et al.[5a]. 
A number of earlier related reviews are also available[sb-dl. 

Properties of Fluorocarbons 

Aliphatics 

Fluorine is unique in that it is the only element that can 
completely replace hydrogen wherever it occurs in hydro- 
carbons. Many physical properties of the resulting per- 
fluorocarbons differ significantly from those of the corre- 
sponding hydrocarbons. In the case of boiling points, the 

The picture shows the authors at their weekly lunch discussion. Juan Burdeniuc (left) ,  a graduate student in Dr Crabtree's 
group, has discovered a number of new CF activation reactions, including a CFC disposal method using 

sodium oxalate. He previously worked with David 
Milstein. Brigitte Jedlicka. a postdoctoral fellow 
from Vienna in Dr Crabtree's group, has discovered 
some unusual CF activation chemistry over semicon- 
ductor materials. Formerly she worked on enantiose- 
lective catalysis with platinum metal complexes. 
Robert H. Crabtree, Professor of Chemistry at 
Yale, previously studied CH activation, halocarbon 
and H2 complexes and is now working on fluorocarbon 
chemistry and outer sphere interactions in metal com- 
plexes. 
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Table 1. The atomospheric lifetimes of some fluorocarbons and 
CFCs, after Warren et al.cd] 

Compound Atmospheric half life (years) 

>5.0 X 104 
>i.o x 104 

3.2 x 103 
>2.6 x 103 

4.1 x 103 
3.1 x 103 
2.9 x 103 

1.7 x 103 
640 

300 
3.2 X lo3 

La] The major pathways considered were photolysis (Lyman a band: 
121.6 nm) and reaction with 0 (ID). 

normal expectation would be that the fluorocarbon, having 
the higher MW, should also gave the higher b.p. This is not 
the case, however, because the increase in MW is offset by 
a decrease in the attractive intermolecular forces, the fluoro- 
carbon having a much lower polarizability than the corre- 
sponding hydrocarbon, and induced dipole forces are less 
strongL61. Partial substitution by fluorine leads to a increase 
in b.p. because of the high polarity of partial substitution 
products such as CHF3. As the fluorine content progres- 
sively increases in the fluoromethanes, the energy of the 
C-F bonds increases and the bond lengths shorten as 
shown in Table 2['1. Pauling proposed a double bond-no 
bond resonance structure to explain the bond shortening 
but in the alternative m.0. picture, the C-F (r* orbital acts 
as acceptor for the lone pairs of the other F groups[8]. An 
alternative rationalization that has gained popularity in re- 
cent years is the Coulombic contribution to the C-F bond 
energy which also increases on increasing F substitution; 
extensive calculations have been offered in the literat~re[~]. 
Complete substitution of H by F also affects other physical 
properties: densities and viscosities increase, while refractive 
indexes and surfaces tensions decrease[l01. 

Table 2. Bond strengths of some fluorocarbons 

Compound Bond dissoc. energy (kcal/mol) d(C-F) (A) 
109.0 
122.0 
128.0 
129.7 

1.385 
1.358 
1.332 
1.317 

Perfluoroalkanes and perfluoroalkyl derivatives are ex- 
ceptionally good solvents for 0 2  and they have been used 
as blood substitutes. In certain circumstances["] the entire 
blood of a mammal can be replaced by a fluorocarbon 
emulsion without ill effcct; the normal blood regenerates 
over several days and the perfluoro derivative is lost by 
evaporation[121. The blood substitute produced by 3M 
Corp. contains 12% of FC-47@, composed mainly of per- 
fluoro-tri-n-butylamine, and Pluronic F-68@'. a polyethylene 
oxide/polypropylene oxide block polymer as surfactant. 
The high solubility of nonpolar solutes is associated with 

the very low intermolecular forces in fluorocarbons, as are 
the nonstick properties or polymers such as teflon@[l31. 

The solubility of perfluorocarbons in common organic 
solvents is often much lower than that of the corresponding 
hydrocarbons and very often two-phase systems are formed 
which can homogenize with increasing temperature[l41. This 
property has been used to good effect in homogeneous ca- 
talysis by Horvath. In one application a fluorocarbon-sol- 
uble catalyst is dissolved in perfluoromethylcyclohexane 
and a hydrocarbon substrate for a catalytic reaction is dis- 
solved in toluene. On heating to reaction temperature, the 
two phases become miscible, the catalytic reaction occurs, 
and on cooling the reaction mixture spontaneously sepa- 
rates into hydrocarbon and fluorocarbon phases, leading to 
facile separation of the catalyst from the substrate[' 5]. 

Perfluoroalkanes and perfluoroalkyl species are ex- 
tremely inert. One important factor in the stability of these 
compounds is the high C-F bond energy, which is typically 
120-125 kcallmol for sp' C-F bonds[lhl. Another factor is 
the apparent inability of the CF3X fragment to undergo 
SN2 nucleophilic attack at carbon. This may be connected 
with the steric size of the F groups disfavoring attainment 
of the required Nu-CF3-X transition state, and the shield- 
ing of the carbon by the nonbonding electron pairs on flu- 
orine[l71. 

In the case of Rf-I, (where Rf is a perfluoroalkyl group), 
the polarity of the C-I bond is reversed relative to the situ- 
ation in R-I, leading to nucleophilic attack taking place at 
the I rather than at carbon. Rf-I is therefore not a source 
of RfT[181. Other observations suggest that Rf-I can also 
undergo attack via electron transfer (ETj processes, and 
Rf-I is known to form charge-transfer complexes which 
could be precursors to the ET reaction[l91. Perfluorocar- 
bons have electron affinities that are high enough for elec- 
tron transfer to take place from good reducing 

They are very poor Lewis bases, having even less 
tendency than alkanes to undergo protonation or bind to a 
transition metal. The other halocarbons are all better do- 
nors and can form isolable complexes; a review of halocar- 
bon complexation to transition metals is 

Arenes 

Perfluoroarenes are more reactive than their saturated 
analogues and can both undergo nucleophilic attack and 
more readily accept an electron from a reductant[221. Part 
of the driving force for conversion of fluoroalkenes and ar- 
enes to the corresponding saturated derivatives comes from 
the repulsion between the F lone pairs of F atoms directly 
bound to sp2 carbons and the TC electrons of the unsaturated 

This accounts for the large exothermicity of 
C2F4 polymerization. 

Conversely, perfluoroalkyl and -aryl groups form un- 
usually strong bonds to x-donor metal fragments in com- 
plexes of the type L,M(CF3) and L,M(C6F,j. Partial M-C 
double bonding is often proposed as a result of electron 
donation from the M d, orbitals into the C-F (r* of an 
alkyl group or the n* of an aryl group, but the presence of 
large Coulombic effects has been suggested as an alternative 
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rati~nalization[*~]. Complexes of the type L,M(q6-C6F6) are 
rather rare, although this may be because of lack of syn- 
thetic efforts rather than any instability. 

Strategies in C-F Activation 
Electron Transfer Pathways: Reactions of C-F bonds 

often proceed by initial electron transfer from a reductant, 
followed by scission of the C-F bond to give a carbon rad- 
ical and a fluoride ion. The process is assisted by the use of 
a polar medium and by provision of an electrophile to ac- 
cept the newly formed fluoride ion. 

R,€F2-F + e- = R,CF; + F- (1) 
Electrophilic Pathways: Powerful Lewis acids can remove 

F- from perfluoroalkanes, but other electrophilic reagents 
are thought to react by a radical mechanism. A good ex- 
ample, involving Pr+ (Pr = Praseodymium), is recognized 
in the gas 

Homolytic Pathways: Even when the process is exother- 
mic, F-atom abstraction from perfluorocarbons seems to be 
very slow. For example, in studies on perfluoromethylcyclo- 
hexane, no HF formation was observed on reaction with 
Hg/H2/hv, a copious source of H atoms. 

C-F + H' 'c'+ H-F (2)  

The H-F bond strength (136 kcal/mol) substantially ex- 
ceeds the C-F bond strength (120 kcallmol) in this case, 
indicating that the reaction has a substantial driving force. 
This means that H F  abstraction from fluorocarbons has a 
very much higher barrier than the well-recognized H2 ab- 
straction from alkanes: this does not seem to have been ad- 
equately explained since polar effects would normally be 
expccted to favor H F  abstraction. 

Oxidative Addition: This reaction, the insertion of a 
metal into a C-F bond, is often observed, especially with 
perfluoroarenes. However, it is not yet clear whether it is 
truly concerted or is initiated by electron transfer or electro- 
philic steps. The metal fragments capable of bringing about 
the reaction are all highly reducing, so an initial electron 
transfer cannot yet be excluded. Initial binding of the metal 
to the msystem of the arene is also a plausible initial step 
as is often the case for the hydrocarbon analogues[49]. 

Nucleophilic Pathways: Perfluoroarenes preferentially un- 
dergo nucleophilic attack in contrast to pcrhydroarenes 
which tend to undergo electrophilic attack. This is an ex- 
ample of the inversion of reactivity often seen between 
fluorocarbons and hydrocarbons. A large number of poly- 
fluorinated arenes have been prepared by this route 
(Scheme l)L5"]. 

Scheme 1. Reactions of hexafluorobenzene with nucleophiles 

very slow 

not observed 

KOH NH40H 

c @ s o c H 2 c H 2 0 H ~ \  C6FSOMe MeONa /--: Me2NH C6F5NHMe 

* C6FSNMe2 
C&Me MeLi > 

C P 5 W  CaF5OH 

/ NH,NH,HzO 
C.&NHNHt 

C6FsBu :z yCaF6F :t: C6FSSH 

C6F5SC6F5 

C d s H  

CGFSPh 
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Displacement of fluorine occurs by a two-step mechan- 
ism with the nucleophilic attack being rate determining[51]. 
Formation of charge-transfer (CT) complexes may be in- 
volved in the reaction pathway, but their formation is very 
rapid and not rate determining. 

Activation of Aliphatic C-F Bonds 
Perfluoroalkanes 

Reactions of perfluoroalkanes are still relatively rare. 
Several long-known examples require forcing conditions 
and tend to be unselective. Alkali metals react, but only 
at 40O-50O0C, to give the alkali fluoride and carbon; this 
reaction has practical use in the determination of the fluo- 
rine content of analytical samples[52]. Na/NH3 reacts at 
room temperature, although only very and this 
is the method currently used c~mmerc ia l ly[~~~l  for the dis- 
posal of CFCS['~I. Above 600 "C, reaction occurs with silica 
according to eq. 3[541. 

CzF6 + 1.5 Si02  = CO + C02 + 1.5 SiF, (3) 

On reaction of higher fluorocarbons with F2, cracking of 
the molecule takes place via C-C bond cleavage to give 
lower fluoro~arbons[~~1. A similar reaction occurs with H2 

at 700-900°C or with C12 or Br2 at 900"C, the products 
being hydrofluorocarbons such as CHF3 and C2F5H[56] or 
chloro- or bromoflu~rocarbons[~~~].  Teflon can also be 
cracked to C2F4 at 600 DC[57b1. Since unsaturated fluorocar- 
bons are often much more reactive than their saturated 
counterparts, any practical method for the preparation of 
olefins or arenes requires an efficient method for product 
protection, for example by rapidly removing products from 
the reaction zone. This problem is similar to that found in 
the partial oxidation of alkanes, where overoxidation has to 
be avoided[58]. 

With Ni or, better, Fe at 400-600°C, cyclic perfluorocar- 
bons can be aromatized (Scheme 2), where the volatility of 
the arene allows it to be rapidly removed from the reaction 
zone. This reaction constitutes a general method for the 
preparation of aromatic products and is practiced on a 
commercial scale[59]. 

Scheme 2 

Fe or Ni 

45O-50O0C 

CF3 7F3 

500°C 

Other reactions with perfluorocarbons, known at lower 
temperatures, give either full or partial defluorination, but 
more sophisticated reagents are needed. Sodium arenethiol- 
ates slowly react with cyclic perfluorocarbons that have a 
tertiary carbon center to give complete defluorination and 
aromatization (Scheme 3). Perfluorocarbons with tertiary 
C-F bonds are relatively more reactive towards electron 
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transfer than those with primary or secondary bonds, due 
to their lower C-F (T* As mentioned above, 
perfluorocarbons are used as artificial blood substitutes but 
the presence of thiols and other nucleophiles in biological 
fluids means that perfluorocarbons may not in fact be as 
completely inert in biological systems as has been assumed, 
given their potential for reaction with nucleophiles. 

Scheme 3 

Conversion of polytetrafluoroethylene (PTFE) into poly- 
ethylene (PE) has been reported using lithium in liquid am- 
monia[6i]. When lithium is the limiting reagent, formation 
of elemental carbon is also observed. However, when lith- 
ium is in excess, conversion of PTFE into PE occurs in 
90% yield. 

Selective partial reduction of perfluorocarbons was ob- 
tained by using the sodium benzophenone radical anion in 
THE 

Scheme 4 

4@@ M[PhzCO] 

-MF 

(M = Li, Na) 

i) Li[PhzCO] F@F F 
F 

OD 
('low yield) 

ii) DzO 

Perfluoronaphthalene and perfluorophenanthrene are 
obtained by reaction of their saturated analogues with so- 
dium benzophenone, with yields of 62% and 22% respec- 
tively after hydrolysis. Perfluorocarbons with no tertiary 
carbon, such as perfluorocyclohexane, also react to give 
1,2,4,5-tetrafluoropheaol in low yield (Scheme 4). Linear 
perfluorocarbons, such as n-C8F18, also react to give NaF 
and carbon, 

Richmond has shown that cobaltocene reacts stoichio- 
metrically with perfluorodecalin in the presence of 
Li03SCF3 to give perfluoronaphthalene (Scheme 5) .  When 
the reaction is carried out with an excess of perfluorodeca- 
lin in toluene, and in the absence of Li03SCF3. a greenish 
precipitate of [Cp2Co]F is obtained which can be used as 
a source of nucleophilic fluoride ions["]. The fate of the 
perfluoroalkane was not determined. 

Scheme 5 

CpZColLiOTf m e m  
Very recently, stoichiometric and catalytic C-F bond ac- 

tivation was achieved by using early transition metallocenes. 
The active species were generated from Cp2ZrC12 and Mg/ 
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HgC12; Cp2TiC12 and Al/HgClz or Cp2TiC12 and MglHgClz 
are used as catalysts for the aromatization of cyclic per- 
fluorocarbons at room temperature (Scheme 6). The low- 
valent zirconocene complex "ZrCp2", generated either pho- 
tochemically [via reductive elimination of biphenyl from 
ZrCp2(Ph)2] or from Cp2ZrC12/Z BuLi, can effectively deflu- 
orinate perfluorodecalin to perfluoronaphthalene, and has 
therefore been considered as a possible intermediate in the 
catalytic cycle. The chemistry is not limited to substrates 
with tertiary centers since perfluorocyclohexane can also re- 
act to give 1,2,4,5-tetrafl~orobenzene[~~]. 
Scheme 6 a 

:pzTiClz/A1/HgC12 

THFIRT124 h. 
- 

DMF, 10 d. F 
H 60-70" 

(M = Ti, Zr) 

Low-temperature activation of C-F bonds in perfluoro- 
alkylethers has been reported with an atomically clean iron 
surface under ultra-high-vacuum conditions. The defluori- 
nation process yields iron fluoride, and dissociation of the 
unsaturated product from the surface follows. No mechan- 
istic explanation for this unusual reaction has been given, 
but the low temperature at which it occurs (1 55 K) suggests 
an ET pathway. Presumably. the driving force for this reac- 
tion is the formation of strong Fe-F bonds. Similarly, acti- 
vation of CH2F2 occurs at 156 K on an Fe(ll0) surface, via 
selective abstraction of the fluorides, to form FeF2 and 

Most defluorination processes involve the use of reducing 
agents, and mechanisms involving electron transfer have 
been proposed for most of them. Therefore, these reactions 
are strongly dependent on the electron afinities of reagents 
and products. Since the reported electron affinities of per- 
fluoroarenes are smaller than those of perfluoroalkanes[2"J, 
isolation of perfluoroarenes is then in principle possible. 
Perfluoroalkyl carbanions are likely intermediates in the re- 
action process. They are sufficiently stable to be studied 
spectroscopically and isolated. Methods for their prep- 
aration have also been describedLh6J. 

A new thermal method for the aromatization of cyclic 
perfluorocarbons, from our group, uses an inexpensive and 
noncorrosive compound, sodium oxalate, as reducing agent 
(Scheme 7). By passing a stream of inert gas, such as N2 or 
Ar, saturated with the perfluoroalkane through a packed 
bed of the heated salt, solid aromatic products can be col- 
lected in an air-cooled condenser. Under certain conditions 

: CC12[65'. 
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perfluorotetralin can be the major product from perfluoro- 
naphthalene. The reaction can also be used for the min- 
eralization of CFCs by converting these environmentally 
hazardous materials into easily handed solids: carbon, so- 
dium fluoride and sodium chloride[67]. The oxalatc is 
thought to act as a le donor to the halocarbon: some C2C& 
is formed from CC14, suggesting that CC13 is an intermedi- 
ate. The crystal surface is considered to be a polar medium, 
analogous to a polar solvent in the condensed phase. Elec- 
trophilic assistance for the loss of a fluoride ion from the 
fluorocarbon is in principle available in the form of an 
anion vacancy on the crystal surface. 

Scheme 7 

Na2C204, A 

-NaF, -COz 

CF3 qF3 

NazCz04, A 

-NaF, -COz 

In a recent report we describe a partial reduction of per- 
fluoroalkanes and PTFE by ammonia with mercury photo- 
sensitization (Scheme 8). In Hg photosensitization, which 
has previously been used for the activation of C-H bonds 
on a preparative scale, the 3P1 mercury excited state can 
induce homolytic cleavage of C-H bonds to give carbon 
radicals which recombine or give other reactions with un- 
usually high selectivity. This approach has been successful 
for the preparation of a number of hydrocarbon derivatives 
directly from the alkane[68]. 

Although perfluorocarbons are inert to attack by radicals 
under mild conditions, perfluorocarbons react with NH? 
under Hg photosensitization to give amine, imine and cy- 
ano-derivatives, depending on the structure of the alkane. 
The reaction seems to occur by electron transfer from an 
exciplex such as [Hg*(NH&] whose calculated 1P is very 
low and comparable to that of Cs. However, other inter- 
mediates could not be eliminated. The final products in 
these reactions are believed to be formed from an inter- 
mediate alkene that rapidly reacts with ammonia by ther- 
mal pathways to give the final products (Scheme 9)[691. 

Besides perfluoroarenes, perfluoroalkenes are also valu- 
able compounds, and methods to obtain them from the 
readily available perfluoroalkanes are of great interest. 
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CF3 CN 
0% zc 9 2  

Scheme 9 

Since they readily react with nucleophiles, nonnucleophilic 
reducing agents must be used. A new stoichiometric and 
catalytic reaction has recently been reported from our 
group in which decamethylferrocene (FeCpz) can react with 
perfluoroalkanes with tertiary centers to give perfluoroal- 
kenes under UV irradiation and in the presence of a fluor- 
ide acceptor salt such as Li03SCF3, when FeCp2 is oxidized 
to FeCpg+ (Scheme lo). The starting ferrocene can be re- 
generated using Zn(O), making the process catalytic 
(Scheme 11). In order to obtain the perfluoroalkenes, an 
excess of saturated perfluorocarbon is used because overre- 
duction starts to occur if the conversion is pushed too far. 
The alkene product is not easily separated from the excess 
of alkane, however, and so it is used in situ for further reac- 
tions and the final product is 

Scheme 10 
' 7 3  

CF, 
\ FeCp*L 

2 hv Zn + 2Li[03SCF3] + CF-CF2 

/ \  
@3 mZ-m3 
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Scheme 1 1 .  Photocatalytic defluorination of pertluoromethylcyclo- 

hexane by FeCpf 

F 

Scheme 15. Proposed radical mexhanism involving charge transfer 
r 0 

Zn 2FeCp*z 
c 

I I 
FzC’ %F 

Activation of Aromatic and Vinylic C-F Bonds 

Highly fluorinated aromatic compounds can undergo nu- 
cleophilic aromatic substitutions and a large number of de- 
rivatives has been synthesized by this classical route 
(Scheme l)[so]. This pathway is favored because their elec- 
tron-withdrawing substituents stabilize the negative charge 
in the intermediate, and a good leaving group, the fluoride 
ion, is present. The generally accepted pathway for this re- 
action involves a two-step mechanism (Scheme 12)[711. 
Scheme 12 

Although aromatic hydrocarbons readily undergo elec- 
trophilic aromatic substitution, polyfluoroarenes tend to 
give nucleophilic aromatic substitutions. A nucleophilic 
equivalent of the Friedel-Crafts alkylation of perfluoroar- 
enes operates when an intermediate perfluoroalkyl carb- 
anion, formed by attack of a fluoride ion on a perfluoroal- 
kene, reacts with a perfluoroarene (Scheme 13j[721. 

Scheme 13 

F3C. XF3 

__t F3C-7 ,& N 7 #CF:85’) 
\ CsF 

sulfolane 
80°C 

CF3 CF3 

CF3 

Many reactions of perfluoroarenes with metal complexes 
have also been reported. One of the earliest examples was 
the reaction between C6Fs and the low-valent nickel metal 
complex Ni(PEt&(CODj to give tmns-Ni(PEt3j2(CsFs)(F), 
which is thought to occur by an SNA, Acti- 
vation of C-F bonds in fluoroaromatic compounds by 
metal centers can be carried out by electron-deficient or 
electron-rich metal complexes and transition-metal ions. 

Heterocyclic cleavage of C-F bonds by electron-deficient 
transition metals has also been observed, but this pathway 
is relatively uncommon[74]. The driving force for the reac- 
tion in these cases is the high fluorophilicity of the nietal 
center. Burk et al. showed that tetrakis(trifluoromethy1) 
cyclopentadienone reacts at -20 “C with bis(cyc1opentadi- 
enyl) titanacyclobutanes to affort a titanium fluoride com- 
plex (Scheme 14). 

Scheme 14 

The authors proposed an electron-trsnsfer mechanism to 
account for the observed products (Scheme 15)[”1. 

Both intra- and intermolecular activation of C- F bonds 
by electron-rich metal centers have been widely studied. In- 
tramolecular aromatic C-F bond activation by transition- 
metal centers such as W, Mo, Mn, Pt and Ni can occur 
under mild conditions. Some examples can be seen in 
Scheme 16[761. 

A recent example of intermolecular C-F activation by 
an electron-rich metal complex involves [R~(dmpe)~HZ], 
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Scheme 16 

NMez 

NI(COD)~ 

8% 10% 

which reacts with C6F6 at low temperature to give trans- 
[R~(drnpe)~(C~F,)(H)] (Scheme 1 7).  Interestingly, photoly- 
sis of the metal complex was not necessary for the reaction 
to occur. 
Scheme 17. Proposed mechanism for the reaction of cis-[Ru(dm- 

with fluoroarenes 
-HF 

L&UHz + C,.jF,.j - [L~RuHzI" [C@al'- - 
This complex also reacts with C6F5H and C6F4H2, and 

selective activation of C-F bonds was observed in all cases 
(Scheme 18). X-ray and spectroscopic studies indicated that 
a trans product Ar-Ru-H is obtained in all the cases stud- 
ied. Of the three possible mechanisms considered by the 
authors - nucleophilic substitution, oxidative addition and 
electron transfer - only the last seems likely. Nucleophilic 
substitution was discarded because of the very mild con- 
ditions and the low nucleophilicity of [R~(dmpe)~H,]. Oxi- 
dative addition seemed unlikely because: (a) this reaction 
pathway might be expected to give a cis product, and (b) 
[R~(dmpe)~],  thermally generated from [R~(dmpe)~(naph- 
thyl)H], did not react with C6F6 even at 70°C[771. 

Aizenberg and Milstein have used the oxidative addition 
pathway in the first catalytic activation of C-F bonds by 
transition-metal complexes under mild conditions. 
[Rh(PMe3)3(SiR3)] (R3 = Ph3 or PhMe,), synthesized from 
[Rh(PMe3),(C1)] and LiSiR3, catalyzes the reaction of C6F6 
with Ph3SiH or (EtO)?SiH at room temperature to give 
CnFsH. Some activation of the C-F bond also occurs with 

Scheme 18. Reaction of ci~-[Ru(dmpe)~H~] with fluoroarenes 

H 'QH H 

C6F5H, but C-H bond activation is preferred. The thermo- 
dynamic driving force of the reaction is clearly the forma- 
tion of a very strong Si-F bond (Scheme 19)[781. 

Scheme 19. Catalytic cycle for hydrogenation of hexafluoroben- 
zene with hydrosilanes 

FSiR3 ,, HSiR3 

CbFK JL3RhGF* i 
L3RhSiR3 

t 
CKFSH 

Catalytic substitution of F by H was also obtained on 
reaction of C6F6 and H2 with Rh(PMe3)3H (Scheme 20), if 
the HF formed was removed with t~-iethylamine[~~]. One of 
the key features of these catalytic reactions is the geometry 
of the ligands in the coordination sphere. The C6F5 group 
is located trans to either R3Si- or H-; their both being high 
trans-effect ligands may facilitate the C-H bond formation 
in the reductive elimination step. 
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Scheme 20. Catalytic cycle for hydrogenation of hexafluoroben- Scheme 22 

zene 
L4RhH 

Pr' + CH3F - PrF' + CH3- 

PrF' + FHC-CH, 

PrF2' + HzC=CH2 
CbF5H C6F6, base Pr' + F2HCCH3 

Pr'* + CF, - PrF' + CF3* base.HF 

I 

C6F5H 

Transition metal complex anions can also activate C-F 
bonds, and a mechanism involving nucleophilic displace- 
ment of fluoride to give a metal-arene or metal-vinyl com- 
plex has been proposed. In an early study by King and Bis- 
nette, hexafluorobenzene was found to react with 
CpFe(C0)T to give CpFe(C0)2(C6F5) by displacement of 
the fluoride Other carbonyl anion complexes, such 
as N~[M~I(CO)~],  Na[Re(CO)d, K[CpRu(CO)d, 
K[CPF~(CO)~], and K[CP*F~(CO)~], can also react with 
unsaturated fluorocarbons by the same mechanism 
(Scheme 21)[811. 
Scheme 21 

(L,,M- = CpFe(CO)2, Cp*Fe(CO)z, or CpRu(CO)2) 

Lanthanide complexes of the type LnCpZ (Ln = Eu, Sm, 
Yb) have been shown to activate C-F bonds homolyt- 
ically[821. An actinide complex, [(MC,H,)U(tBu)], has been 
shown to react with perfluoroalkanes by a radical mechan- 
ism[83]. Very recently, the praseodymium cation has been 
shown to react in the gas phase with fluorocarbons by an 
unexpected homolytic mechanism (Scheme 22)[48]. 

Conclusions and Future Prospects 

The principles governing the activation of C-F bonds 
are beginning to emerge from recent studies. New ways of 
making fluorinated derivatives may begin to have an impact 

(Pr = Praseodymium) 

on the fluorochemical industry. Some of these methods may 
also find important environmental applications in the de- 
struction of halocarbons. Just as in C-H activation chemis- 
try overoxidation can be a serious problem, in C-F acti- 
vation overreduction can prevent the formation of useful 
products. Only a few years ago it was thought that fluoroal- 
kanes would only react under forcing conditions; we now 
see that new mechanistic pathways can provide mild routes 
for reactions, which should allow higher selectivities to be 
achieved. Further developments along these lines and ad- 
vances in the conceptual framework are likely in the near 
future. 
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