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The activation of several types of carbon—fluorine bonds
in alkanes, arenes and olefins, using the early transition
metal complex Cp*,ZrH,, are described. Fluoroalkanes
are reduced to alkanes. Alkyl and and even aryl adducts
containing p-fluorines undergo p-fluorine elimination.
Evidence is presented that o-fluorine elimination is
also possible, and occurs in Cp*,Zr(CF;)H. The studies
include mechanistic investigations, which show evidence
for a variety of pathways depending on the specific
substrate.

Introduction

Carbon-fluorine bonds are among the strongest sigma bonds
known, and their inertness towards chemical reaction has made
them useful in a variety of applications from frying pan coat-
ings to artificial blood. This chemical inertness also makes the
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chemistry of fluorocarbons a specialized field, and new routes
to transform these bonds are the subject of many investi-
gations.! Transition metal complexes have been found to pos-
sess a unique ability to react with C—F bonds, although reports
have focussed mainly on aromatic C-F cleavage.

Several examples of intermolecular C-F cleavage from the
past three years are shown in Scheme 1. Here, the activation of
the aromatic C—F bond is seen to occur with nickel,> osmium,?
and ruthenium.* Aromatic and olefinic C-F bonds are shown to
be active, although there is one report of aliphatic activation
using Yb(ir) complexes as reducing agents.’
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Scheme 1 Recent carbon—fluorine bond cleavage reactions.

Earlier studies have provided many examples of poly-
fluoroarene reactions with a variety of metal hydrides to
give reduction products. These include Cp*Rh(PMe;)H,,°
Ru(dmpe),H,,” and, HRh(PMe;),.® Oxidative addition of C-F
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bonds to low oxidation state transition metal fragments are also
known, such as with [Cp*Rh(PMe;,)],’ [(Bu',PC,H,PBu‘,)Ni],"
and [(PEt;),Ni]."! Examples of aliphatic C-F activation are
quite rare, as exemplified by the reduction of perfluorodecalin
by [CpFe(CO),]” to give metal-substituted perfluoronaphthal-
enes '? and the use of Cp,TiF, or Cp,ZrCl,/Mg or Al/HgCl, to
reduce perfluorodecalin to perfluoronaphthalene.”® Reactions
of fluoroolefins with metal hydride complexes are also quite
rare, with examples that include CpM(CO);H (M = Mo, W),"
Mn(CO);H," Ru(dmpe),H,,'"* and HRh(PEt,),."”

In this report, we summarize several examples of C-F cleav-
age found in our laboratory using the reactive early metal com-
plex Cp*,ZrH,. These studies stand in contrast to much of the
earlier work in the wide variety of types of C—F bonds that can
be cleaved. The formation of the strong Zr—F bond provides the
driving force for these reactions, and the mechanisms to achieve
this thermodynamic result are varied, We also present evidence
for a new cleavage pathway of a-C—F bonds.

Results and discussion

Reactions of Cp*,ZrH, with fluoroalkanes

The hydrocarbon soluble dihydride Cp*,ZrH, (1) reacts with
1-fluorohexane in cyclohexane solution over the course of sev-
eral days at RT to give hexane and Cp*,ZrHF (2). Complex 2
reacts with additional 1-fluorohexane but only slowly at
elevated temperatures (120 °C). Secondary C-F bonds also
react with difficulty. Fluorocyclohexane is converted to cyclo-
hexane by 1 at 120 °C over 4 days. Under these conditions, 1 is
unstable towards dihydrogen loss and dimerization, and an
atmosphere of H, is employed to prevent this undesirable, but
reversible, side reaction. Even tertiary C-F bonds will react,
as shown by the reaction of 1 with 1-fluoroadamantane at
120 °C (25% complete in 1 week). Scheme 2 summarizes this
reactivity.'®

primary C-F: ]
CeDi2, Hz
NN e H
2d,25°C
secondary C-F:
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Scheme 2 Reactions of fluoroalkanes with Cp*,ZrH,.

Geminal difluoroalkanes also react with 1 to give alkanes.
1,1-Difluoroethane produces ethane after 1 day at 150 °C in the
presence of 1 under an atmosphere of H,. 1,1,1-Trifluoro-
propane is vitually unreactive, giving small amounts of 2 after
several weeks at 150 °C.

CFCs have proven to be reactive towards 1 to give alkanes as
shown in Scheme 3. The reaction of CFCI,H with an excess of 1

25°C, 5 min.
CFCl)H ———————> CHsF —— CHy
1 day

25°C, 5 min. 120°C
CF,Cl, CF,H, CH,
slow

x Cp*pZrH; +

x=3,4 25°C, 5 min. 120°C
CF,CH CFoH, CH,
slow

Scheme 3 Reactions of CFCs with Cp*,ZrH,.
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immediately gives CH;F, which then goes on to produce
methane. CF,Cl, and CF,CIH react immediately with 1 to
give CF,H,, which then reacts at elevated temperatures to give
methane.

Mechanistic studies were undertaken of these reactions. The
mechanism proposed is a radical chain pathway, as shown in
Scheme 4. While the reactivity pattern 1° > 2° > 3° argues
against a radical mechanism, a number of other observations
indicate that a radical chain is operative in these reductions.
First, it was observed that freshly recrystallized batches of 1
react more slowly with fluoroalkanes than ‘aged’ batches of 1.
Second, it was found that sodium naphthalenide dramatically
accelerated the reaction of 1 with 1-fluorohexane.

Cp*,ZrH, + In+ ——> Cp%Z"H + In-H

initiation
Cp*,z'"H + RF——> Cp%ZrHF + R

" propagation
Cp*yZrH, + R- —»CpZZr H + R-H

Scheme 4 Radical chain mechanism for fluoroalkane reduction.

Third, both radical inhibitors 9,10-dihydroanthracene and
triphenylmethane showed 5-6-fold inhibition of the rate of
reaction. The fourth and most definitive piece of evidence
favoring a radical pathway is the reaction of 1 with cyclo-
propylcarbinyl fluoride. This reaction gives Cp*,Zr(n-Bu)H
plus 2 rather than methylcyclopropane. The intermediate cyclo-
propylcarbinyl radical ring opens to give a butenyl radical,
which then produces butene that inserts into the Zr-H bond to
give Cp*,Zr(n-Bu)H (Scheme 5). The increased reactivity of
primary over secondary and tertiary C-F bonds can be
explained in terms of a rate determining step in which Zr™
abstracts a fluorine from the fluorocarbon. The steric bulk of 1
could make less-hindered substrates more reactive.'

F H
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Cp*yZrH, + [>—/ —» Cp 22!'\/\/ + Cp*pZrHF
H A
d | Cp*pZrH;
/\/- _____ > NH:|
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Scheme 5 Reaction of 1 with cyclopropylcarbinylfluoride.

Reactions of Cp*,ZrH, with fluoroolefins

Cp*,ZrH, also reacts rapidly with certain fluorinated olefins.
For example, 1 (3 equiv.) and 1,1-difluoroethylene react at
—80 °C to give Cp*,Zr(C,H5)H and Cp*,ZrHF. No intermedi-
ates are observed, and attempts to use limiting quantities of 1
result in smaller conversions to the same products. This reac-
tion can be explained by two reasonable mechanisms: (1) olefin
insertion/B-fluoride elimination, or (2) hydride attack/fluoride
metathesis as shown in Scheme 6. Olefin insertion is well known
for this zirconium hydride, and regioselective insertion to attach
hydride to the more electropositive carbon would give the
proper isomer for B-fluoride elimination. The hydride attack
mechanism would predict an unfavorable buildup of negative
charge on the B-carbon during the metathesis.?

Examination of a different olefin helps differentiate these
pathways. Reaction of 1 with 1,1-difluoromethylenecyclo-
hexane only occurs slowly upon heating to 80 °C. One observes
both the monofluoro and the difluoro reduction products, as
shown in eqn. (1). This observation is inconsistent with the H/F
metathesis pathway described above, which should proceed at a
similar rate. An insertion/B-fluoride elimination pathway would
be expected to be more difficult, since a tertiary Zr—C bond
would be formed prior to B-F elimination. Tertiary alkyl-
zirconium complexes, such as Cp,Zr(CMe;)Cl, have not been
accessible for characterization even as intermediates.?!
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Scheme 6 Mechanisms for reduction of CH,=CF, by 1.
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As support for the above, Caulton and co-workers showed
that Cp,ZrHCI reacts with fluoroethylene to give Cp,ZrFCl,
Cp,Zr(CH,CH,)Cl and Cp,ZrF,.* Again, no intermediates
were observed in this reaction, but DFT calculations suggested
that a metathesis mechanism was energetically disfavored over
an insertion/elimination pathway. The calculations also pre-
dicted a transition state leading to the insertion product rather
than an n*olefin complex as a stable intermediate.

Another substrate that requires insertion to give a tertiary
Zr—C bond is 3,3,3-trifluoro-2-(trifluoromethyl)propene. The
only products seen in this reaction are 2 and CF,=C(CF,)(CHj).
The reaction occurs rapidly at —85 °C, and is consistent with an
insertion/B-fluoride elimination. The rapidity of the reaction
compared to that of 1,1-difluoromethylenecyclohexane can be
associated with the presence of two electron withdrawing CF,
groups on the carbon that attaches to zirconium. Negative
hyperconjugation over two CF; groups could also help to
account for the increase in rate (Scheme 7).
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Scheme 7 Hyperconjugation effects in insertion/B-F elimination.

3.,3,3-Trifluoropropene also reacts stoichiometrically with 1
to give 2, CF,=CHCH,, Cp*,Zr(n-Pr)H, Cp*,ZrF, and
CF,CH,CH; in a ratio of 23 : 12 : 4 : 2 : 1. With excess 1, only
Cp*,Zr(n-Pr)H, 2 and Cp*,ZrF, are seen in an 18 : 5 : 1 ratio.
At room temperature, complete defluorination and formation
of Cp*,Zr(n-Pr)H is seen without any intermediate olefins
being observed. At —90 °C, however, 1 and 3,3,3-trifluoro-
propene give a 2.4 : 1 mixture of two insertion products, 3a and
3b, as shown in Scheme 8. Complex 3a Decomposes at —70 °C
via B-fluoride elimination to give the olefin CF,=CHCH,; and 2.
Complex 3b is more stable, however, and only decomposes at
—10 °C to give CF;CH,CH; and unidentified Zr-containing
products. While the preference for formation of the isopropyl
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Scheme 8 Reaction of 1 with 3,3,3-trifluoropropene.

over the n-propyl insertion product seems unusual in terms of
steric effects, consideration of negative hyperconjugation favors
hydride addition to the terminal methylene group.'®

A related olefin, perfluoropropene, also reacts rapidly with 1
to give reduction products. With excess 1, complete defluorin-
ation to give 2 and Cp*,Zr(n-Pr)H is seen after only 15 min at
room temperature. With only 1 equiv. of 1, the olefin (E)-CHF=
CFCEF; is observed (95%) along with a trace of the Z isomer
(~5%). Addition of more 1 results in the complete conversion to
2 and n-propyl hydride complex without any intermediates
being observed. The formation of primarily (E)-CHF=CFCF,
is quite unusual, as this implies that an insertion/B-fluoride
elimination pathway must proceed through a specific rotamer
(Scheme 9).!® Further mechanistic studies are in progress.
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Scheme 9 Reaction of 1 with perfluoropropene.

Reactions of Cp*,ZrH, with fluoroarenes

Cp*,ZrH, reacts cleanly with an excess of hexafluorobenzene at
85 °C in cyclohexane-d;, to give a mixture of 2, Cp*,Zr(C¢Fs)H
and C;FsH in a 2 : 1 : 1 ratio. Traces of Cp*,ZrF, are seen
(<5%). These species are produced together as the reaction pro-
ceeds, in the same ratio. The ratio of products was unaffected
whether one equivalent or neat C,F¢ was employed. Penta-
fluorobenzene also reacts with 1 under similar conditions, giv-
ing 2, Cp*,Zr(C4Fs)H, Cp*,Zr(0-C(F ,H)H and C,F H, (1.3 : 1;
o:p)ina3:2:1:1ratio. Perfluoronaphthalene and 1 react at
85 °C to give 2, heptafluoronaphthalene and Cp*,Zr(C,,F,)H in
a 3:2.5: 1 ratio. The simultaneous formation of a mixture of
both metallated fluoroarenes and fluoroarene reduction prod-
ucts is consistent with parallel reactions leading to each type of
product. The reduction pathway is consistent with bimolecular
attack of hydride 1 on the fluoroarene via an SyAr2 mechanism
(eqn. (2)). The formation of the metallated fluoroarene could
occur via the known initial migration of a hydride ligand to the
Cp* ring, attack of the Zr™ on the arene ring to eliminate HF,
followed by reaction of HF with 1 to produce 2 (eqn. (3)).?
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The simple monofluoroarene fluorobenzene reacts with 1 at
85 °C over a month to give a 1 : 1 : 0.75 mixture of 2, benzene
and Cp*,Zr(C¢Hs)F. 1-Fluoronaphthalene reacts under the
same conditions over 4 days to give only naphthalene and 2

(eqn. (4)).

F

4

One of the more novel reactions observed with fluoroaryl
ligands is that of Cp*,Zr(C¢Fs)H, prepared from 1 and
Hg(C¢F5),. Heating to 100 °C under an atmosphere of hydrogen
leads to the rearrangement to the isomeric Cp*,Zr(o-C¢F,H)F.
Heating in the absence of hydrogen, however, leads to hydrogen
loss and formation of a tetramethylfulvene complex, which
then rearranges via B-fluoride elimination to give a tetrafluoro-
benzyne intermediate that goes on to form an insertion product
(Scheme 10).>* This mechanism appears to be general, in that
in the reaction of 1 with C{HSF also appears to generate
Cp*,Zr(0-C¢H,F)H as an intermediate, which then rearranges
(via a benzyne complex) to give the observed product,
Cp*,Zr(C¢H,)F.

CeD12
——>  Cp*ZrHF
85 °C

F
Cp* H Cp* | H E Cp* H
\_ wH 2 NI . F
/Zr'.\C F EE A /Zr' F
Cp* 6F5 / \ E cp* r
F
F F
Hy | 85°C

: @
F

Scheme 10 Rearrangement of fluoroaryl complex.

Olefin insertion/a-fluoride elimination

One possible mechanism to explain vinylic C-F activation
products that has not been considered is olefin insertion into
the Zr—H bond followed by a-fluoride elimination to give 2 and
a fluorocarbene (eqn. (5)). The fluorocarbene could then
quickly insert into the adjacent C—H bond to give the observed
H/F substitution at the vinylic carbon.

Cp*yZiH, H Cp'ZZ:HF
* / H\ /F fast
R F —cpazl st — >=< 5
>: \/c\/ CFs c/ \CF ®)
RF FF 1 3
F

As a precedent for a-elimination, CpMo(CO),(COCF;) was
shown to decompose photochemically to form the difluoro-

3994

Dalton Trans., 2003, 3991-3995 |

carbene complex, CpMo(CO),(=CF,)F, through a pathway
involving initial dissociation of CO, trifluoromethyl group
migration, another CO dissociation, and finally a-fluoride elim-
ination.” The o-F elimination process occurred very rapidly
and could only be observed using frozen matrix isolation tech-
niques. There is some precedence that a-F elimination processes
by zirconocene complexes are also quite facile. Morrison has
shown that Cp*,ZrCl, reacts with Cd(CF;),-DME at —25°C to
give Cp*,ZrF, in 91% isolated yield. An intermediate
Cp*,Zr(CF,), species was proposed, but was evidenced only by
a small transient peak in the F NMR spectrum.?

In further pursuit of the possibility of an a-fluoride elimin-
ation process and fluorocarbene formation, 1 was reacted with
Hg(CF,;),.*” Elemental mercury was observed, and H,,
Cp*,ZrHF, Cp*,ZrF, and trace amounts of CH;F, CH, and
CH,;CH, were detected by 'H and F NMR spectroscopy. A
few transient resonances were observed in the ’F NMR spec-
trum at —70 °C, but could not be assigned to a Cp*,Zr(CF;)H
species. The reaction was repeated in the presence of excess
tetramethylethylene, a carbene trap.?® The same products along
with 1-fluoro-2,2,3,3-tetramethylcyclopropane were observed
(eqn. (6)).”” The difluorocarbene adduct, 1,1-difluoro-2,2,3,3-
tetramethylcyclopropane, was not observed.

+ 2 + Cp*zZiF, + CHy (6)
+ CHsCH; + Hy + Hg®

1+05 Hg(CFg,)z

+ 10
Cp*pZrH; + Hg(CF3),

'

_H
Cp* ZZr\

LCp ZZr CFZ ’—T

Scheme 11 Carbene mechanism for C-F activation

Cp* 2Zf\ :CFH

7/

Cp*, ZZr CFH

One possible explanation is indicated in Scheme 11. Once the
CF; group is transferred by Hg(CF;),, an a-F elimination
would generate a carbene species, Cp*,ZrHF(=CF,), which
could then insert into the Zr—H bond to give Cp*,Zr(CF,H)F.
A subsequent a-F elimination would lead to a carbene complex,
Cp*,ZrF,(=CFH), or Cp*,ZrF, and free :CFH, which could
then be trapped to form the observed monofluorinated cyclo-
propane product.

Although not well established, an a-F elimination to generate
fluorocarbenes may be possible, and might account for the
hydrodefluorinated olefins observed. Multiple a-C-F elimin-
ations would be favored by maximizing the number of Zr-F
bonds formed. However, in an attempt to trap a fluorocarbene
in the reactions of 1 with perfluoropropene in tetramethyl-
ethylene solvent, no carbene-tetramethylethylene adduct was
observed, so the possibility of this pathway remains open to
debate. Theory is currently being used to attempt to sort out
different reaction pathways.

Conclusions and outlook

At least three different mechanisms have been identified for
carbon-fluorine bond activation by Cp*,ZrH,. Aliphatic
fluorocarbons undergo a radical chain reaction via Zr™ to give
alkane products. Fluorinated aromatics are susceptible to
SyAr2 attack to give either reduced fluoroaromatics or new
zirconium-aryl products. Olefins undergo insertion followed by
B-fluoride elimination to give new reduced olefins. Evidence
is provided that fluoroalkyl groups on zirconium containing
a-fluorines can undergo o-fluoride elimination to generate a
free carbene. In all cases, formation of a strong zirconium-—
fluoride bond provides the driving force for the reaction.



Future developments in this chemistry are likely to arise from
extension to other types of fluorocarbon substrates. Per-
fluoroolefins and cyclic olefins are currently under investi-
gation. While the strong Zr—F bond is favorable for enhanced
reactivity, it also presents a barrier to the development of cata-
lytic processes. One challenge that remains is to find a sink for
the fluoride other than zirconium, so that the system can be
recycled in a catalytic fashion.
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