Selective room temperature hydrogenolysis of aromatic fluorocarbons
mediated by a low-valent zirconium complex
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Treatment of fluorinated aromatic compounds with
(CsHs),ZrCl,, HgCl,, Mg or (CsHs),ZrCl,, PMes, Mg
results in selective room temperature hydrogenolysis of
aromatic C—F bonds.

The selective functionalization of highly fluorinated organic
molecules is challenging because of the great strength of the
carbon—fluorine bond. The lack of chemical reactivity exhibited
by fluorocarbons has frequently been exploited in useful
technological and medical applications.! Unfortunately, this
chemical inertness also translates into environmental persist-
ence since these compounds are quite difficult to degrade.!

We have been interested in the development of transition
metal catalysts for the activation and functionalization of C-F
bonds.2 Whereas several reports from our group and others have
demonstrated that a variety of organometallic complexes are
capable of promoting stoichiometric C—F bond activation under
mild conditions,? only recently has homogeneous catalytic C—F
bond activation in saturated perfluorocarbons been noted. In
this latter chemistry, low-valent titanocene and zirconocene
complexes serve as catalysts in the synthesis of octafluoro-
naphthalene 2 from perfluorodecalin 1 in the presence of
amalgamated aluminum or magnesium which serve as the
terminal reductant [eqn. (1)].4
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Hydrogenolysis of a C—F bond may prove useful in the
synthesis of CFC alternatives (HCFCs) which have shorter
atmospheric lifetimes but retain useful physicochemical proper-
ties.! Aizenberg and Milstein have reported a (PMe3);RhCgFs-
catalysed hydrogenolysis of Cg¢Fs and CgFsH at 100 °C.
Heterogeneously catalysed hydrogenolysis of aromatic carbon—
fluorine bonds is known; however, these reactions require very
high temperatures and are not selective.® Here we report that the
Group IV metallocene systems are effective for F-H exchange
in aromatic fluorocarbons. This work provides the first
examples of selective room temperature hydrogenolysis of
strong aromatic C-F bonds by a soluble transition metal
complex.

As depicted in eqn. 2, reaction of 0.66 mmol octafluoro-
naphthalene 2 with 0.46 mmol (CsHs),ZrCl, with Mg (9.47
mmol)-HgCl; (0.48 mmol) as the terminal reductant in THF at
room temperature for 2 h affords 1,3,4,5,6,7,8-heptafluoro-
naphthalene 3 in 97% yield (0.44 mmol).t Deuterium in-
corporation in 3 from [2Hg] THF indicates that the solvent is the
proton source. Control experiments demonstrate that 2 does not
exhibit any reactivity with activated magnesium in the absence
of the metallocene. Interestingly, compound 2 was found
to react with excess sodium benzophenone radical anion,
but complete defluorination to carbon and fluoride ions
occurred.$

(CsHs)2ZrCly

F H
L @
F F

Mg, HgCl>
THF, room temp.

Prolonged reaction times (13 h) result in multiple F-H
exchanges to generate 1,3,4,5,7,8-hexafluoronaphthalene 47 as
the only observable product as illustrated below in eqn. 3. The
formation of compound 4 suggests that the hydrogenolysis
process is highly regioselective although a small amount (less
than 5%) of the 1,3,4,5,6,8-hexafluoronaphthalene isomer is
observed. Similar selectivities are observed in classical nucleo-
philic displacement reactions of polyfluoroaromatic com-
pounds.” The facile scission of the C-F linkage in preference to
the C-H bond in 3 is interesting. However, this selectivity might
be rationalized if one considers the known fluorophilicity of
early transition metal complexes.
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This chemistry is also useful for the functionalization of
polyfluorobenzene compounds. For example, reaction of 5
(0.69 mmol) with 0.47 mmol (CsHs),ZrCl, in the presence of
Mg (9.63 mmol), HgCl, (0.49 mmol) as the terminal reductant
for 2 h at room temperature quantitatively affords pentafluo-
robenzene 6 in 93% yield (0.44 mmol) as determined using '9F
NMR spectroscopy® and confirmed by comparison with a
commercial sample [eqn. (4)]. As above, deuterium incorpor-
ation was observed in [2Hg]THF. Moreover, extended reaction
times (24 h) result in the production of 1,2,4,5-tetrafluoro-
benzene.® Importantly, hexafluorobenzene does not exhibit any
reactivity with activated magnesium in the absence of metal-
locene and Na—Ph,CO does not react with this substrate.

H
F F F F
Mg, HgCl>
+ (C5H5)2ZFC|2 —_— (4)
E F THF, room temp. 2 h E E
F
5 6

Although the above chemistry clearly demonstrates the
crucial role of the metallocene in the hydrogenolysis reaction
we were concerned about environmental complications
prompted by the presence of mercury in the reaction mixture.
Thus, it is significant that the transformations illustrated in eqns.
2-4 can also be accomplished by treatment of the fluoroaro-
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matic compounds with (CsHs),ZrCl, in the presence of
magnesium and excess trimethylphosphine. Rausch and co-
workers!9 have shown that (CsHs),Zr(PMes),, generated from
the reduction of (CsHs),ZrCl, with magnesium in THF in the
presence of PMes, serves as a versatile source of ‘(CsHs),Zr.’
Importantly, the aromatic fluorocarbons do not exhibit any
reaction chemistry with magnesium and/or trimethylphosphine
in the absence of the metallocene.

Although an electron-transfer pathway cannot be ruled out,
an attractive mechanistic rationale consistent with the above
results would involve the formal oxidative addition of the
aromatic carbon-fluorine bond at a low-valent ‘(CsHs),Zr’
followed by rapid homolytic cleavage of the Zr—C bond (in the
presence of added reductant) and abstraction of H from the THF
solvent by the resulting pentafluorophenyl radical. The oxida-
tive addition of 2-haloalkenes to ‘(CsHs),Zr’ has recently been
demonstrated.!! Radical-based hydrogen fluorine exchange
using (CsHs);UCMe; has been noted by Andersen and
Bergman.!? Consistent with this mechanism is the important
observation that the related pentafluorophenyl titanium com-
plexes (CsHs),Ti(CeF5)F and (CsHs),Ti(CeFs),, afford penta-
fluorobenzene upon treatment with Mg, HgCl,.

We have shown that low-valent zirconocene species can
mediate the hydrogenolysis of strong aromatic C-F bonds at
room temperature. Coupled with our group’s existing deflu-
orination chemistry, this hydrogenolysis process should allow
for the development of metal-based catalysts capable of
effecting the hydrogenation of halocarbons.
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Footnote

T All new compounds exhibited satisfactory GC/MS and NMR data in
accord with their assigned structures. Known compounds were identified by
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comparison of their 19F NMR spectra to commercial samples. Yields were
determined by 'F NMR using added C¢HsF as an internal standard with
CFCl; as the external reference at 6 0.00.
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