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Fluorocarbons are noted for their chemical inertness, which
is a manifestation of the great strength of the C-F bond and
the weak nature of metal fluorocarbon interactions. These same
thermodynamic and kinetic considerations which tend to disfavor
C-F activation have also been exploited in useful technological
and medical applications of fluorocarbons.1 A recent example
is the development of the “fluorous biphase system” by Horva´th
and Rábai at Exxon2 in which the low hydrocarbon solubility
of catalysts decorated with perfluoroalkyl chains allows for facile
separation of products from catalysts under homogeneous
conditions.
Activation and functionalization of C-F bonds provides a

chemical challenge akin to that of C-H activation in analogous
hydrocarbon compounds. Although it is well known that strong
reducing agents such as sodium in liquid ammonia can
completely destroy fluorocarbons to afford carbon and fluoride
ions,3 the crucial problem is one ofselectiVeactivation of C-F
bonds rather than complete defluorination. In the past decade,
numerous examples of C-F bond activation using organome-
tallic complexes have been reported,4 but only recently has
homogeneous catalytic hydrogenation of a C-F bond been
noted.5 Like nearly all examples of C-F activation, this latter
work utilizes hexafluorobenzene as a substrate. Homogeneous
reaction chemistry of saturated perfluorocarbons is limited to
complete defluorination using aryl thiolates,6 substoichiometric
reactions with [CpFe(CO)2]-,7 Cp2Co,8 or alkali metal organic
radical anions,9 and radical-based hydrogen for fluorine ex-
change using Cp3UCMe3.10 Most recently, Crabtree and co-
workers11 have combined NH3 with Hg photosensitization to
reduce and functionalize saturated perfluorocarbons. We report
here the first examples of transition metal-catalyzed synthesis
of perfluoroaromatic compounds by room temperature reductive
defluorination of saturated perfluorocarbons. In addition, a mild
hydrogenation of aromatic carbon-fluorine bonds is reported.

The key feature of this work is the use of early transition
metallocenes to mediate electron transfer from readily available
terminal reductants such as magnesium and aluminum metals.
Zirconocene complexes have become firmly entrenched in

the application of organometallic reagents in organic synthesis;12

however, examples of their chemistry with fluorocarbons are
rare.4 This can be attributed to the great strength of the early
transition metal-fluoride bond which is thought to preclude
catalytic chemistry. Thus, the key challenge in early transition
metal organometallic fluorocarbon chemistry is not merely
breaking a C-F bond but developing a system in which catalytic
turnover is possible.13

As depicted in eq 1, reaction of 6.2 mmol of perfluorodecalin
(1) with 0.026 mmol of Cp2TiF2 in the presence of excess Al
(87 mmol)/HgCl2 (0.19 mmol) as the terminal reductant in THF
solution at room temperature results incatalyticproduction of
octafluoronaphthalene(2) (3.2 mmol, 12 turnovers).14 Over 120

fluorides are removed per titanium metal center, and Cp2TiF2
can be recovered from the reaction mixture. It is important to
note that initial activation of the fluorocarbon appears to be the
slow step in this reaction because unreacted starting material
can be recovered with subsequent defluorination and formation
of the aromatic products as rapid events. Control experiments
demonstrate that the metallocene fragment is necessary for the
observed chemistry since the activated aluminum does not
exhibit any reactivity with perfluorodecalin or perfluoronaph-
thalene at room temperature. The Cp2TiF2-mediated chemistry
can be extended to other ring systems such as perfluoro-
(tetradecahydrophenanthrene) (3) to afford decafluorophenan-
threne (4) (eq 2). Our studies also show that Cp2ZrCl2 and

Cp2ZrF2 (in the presence of Mg/HgCl2) are equally effective in
mediating the tranformation depicted in eq 1.15 However, these
reactions tend to be rather exothermic, and so great care should
be exercised when the chemistry is performed on large scales.
The important observation that Cp2TiF2 and Cp2ZrF2 can
mediate these transformations provides evidence that early
transition metal fluoride complexes donot preclude catalytic
chemistry.
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Several additional experiments support the notion that a
nascent low-valent metallocene species is mediating the ob-
served reductive defluorination chemistry. Treatment of1with
“Cp2Zr” (generated from 1 equiv of Cp2ZrCl2 and 2 equiv of
n-BuLi) affords 2.16 Independent generation of “Cp2Zr” and
“Cp2Ti” (photochemically via reductive elimination of biphenyl
from Cp2ZrPh2 and Cp2TiPh2, respectively17) in the presence
of 1 similarly affords2, thus confirming that the low-valent
zirconocene and titanocene reagents are stoichiometrically
competent to carry out intermolecular C-F bond activation of
the saturated perfluorocarbon.
Interestingly, the zirconocene system (Cp2ZrCl2 + Mg/HgCl2)

is also active for the stepwise hydrogenation of aromatic C-F
bonds at room temperature. For instance, a THF solution of
2.9 mmol of perfluorodecalin and 3.5 mmol of Cp2ZrCl2 with
12 mmol of magnesium turnings (3.8 mmol of HgCl2) was
prepared at room temperature, and a19F NMR spectrum
recorded after 2 h showed that all of the perfluorodecalin (1)
had reacted and that octafluoronaphthalene (2) and 1,3,4,5,6,7,8-
heptafluoronaphthalene (5, identified and quantified by19F NMR
spectroscopy18 and GC/MS) were the principal organic products
in 55% and 35% yields, respectively. After the solution was
mixed for 14 h at room temperature, the dominant organic
product was 1,3,4,5,7,8-hexafluoronaphthalene (6) (Chart 1).
Deuterium incorporation in5 and6 from THF-d8 demonstrates
that the solvent is the proton source. In contrast to the high
temperatures and pressures typically required for C-F hydro-

genation reactions, it is remarkable that these selective hydro-
genations can be performed under such mild conditions.19

This chemistry is not limited to substrates with tertiary C-F
centers. Stirring Cp2ZrCl2 (or Cp2TiCl2) with 5 equiv of
perfluorocyclohexane (7) in the presence of activated magnesium
in THF solution for 24 h affords unreacted perfluorocyclohexane
and 1,2,4,5-tetrafluorobenzene (8) in ∼35% yield based upon
zirconium as determined using19F NMR spectroscopy20 and
confirmed by comparison with commercial samples (eq 3).

Under identical reaction conditions, hexafluorobenzene also
affords 1,2,4,5-tetrafluorobenzene. The quantitative generation
of pentafluorobenzene is observed prior to the formation of
1,2,4,5-tetrafluorobenzene.21 As above, deuterium incorporation
was observed in THF-d8. Unlike the more reactive substrates
that contain tertiary C-F bonds, perfluorocyclohexane and
hexafluorobenzene do not exhibit any reactivity with activated
magnesium in the absence of metallocene.
The above results suggest that an electron-transfer mechanism

is operative whereby the metallocene fragment serves as an
“electron shuttle” in transferring electrons from the terminal
reductant to organic fluorinated substrates. Burk and co-workers
proposed an electron-transfer mechanism for fluoride abstraction
from tetrakis(trifluoromethyl)cyclopentadienone by a bis(cy-
clopentadienyl)titanacyclobutane complex.22 It is unclear whether
MII or MIII (M ) Ti, Zr) species are involved in this chemistry;
however, reversible III/IV couples are well known for titanocene
and zirconocene complexes.12a Mechanistic studies on these
intriguing transformations are currently in progress.
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