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A B S T R A C T

Cp*2ZrH2 (1) (Cp*: pentamethylcyclopentadienyl) reacts with cyclic perfluorinated olefins to give

Cp*2ZrHF (2) and hydrodefluorinated products under very mild conditions. Initial C–F bond activation

occurs selectively at the vinylic positions of the cycloolefin to exchange fluorine for hydrogen. Several

mechanisms are discussed for this H/F exchange: (a) olefin insertion/b-fluoride elimination, (b) olefin

insertion/a-fluoride elimination, and (c) hydride/fluoride s-bond metathesis. Following H/F s-bond

metathesis exchange of both vinylic C–F bonds of perfluorocyclobutene, 1 then reacts with allylic C–F

bonds by insertion/b-fluoride elimination. A similar sequence is observed with perfluorocyclopentene.

Cp*2ZrHF reacts selectively with vinylic C–F bonds of perfluorocyclobutene to give 3,3,4,4-

tetrafluorocyclobutene and Cp*2ZrF2 without further hydrodefluorination occurring. In the presence

of excess 1 and H2, perfluorocyclobutene and perfluorocyclopentene are reduced to cyclobutane and

cyclopentane in 46% and 16% yield, respectively. DFT calculations exclude the pathway by way of the

olefin insertion/a-fluoride elimination and suggest that the pathway by way of hydride/fluoride s-bond

metathesis is preferred.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The activation of carbon–fluorine bonds remains a challeng-
ing goal due to the high strength of these bonds and the small
size and high electronegativity of the fluorine atom [1]. Fluorine
has found important applications in materials ranging from
Teflon and refrigerants to pharmaceuticals and agrochemicals.
The use of transition metal complexes to break C–F bonds in
highly fluorinated organic molecules has been targeted as a
means of selectively introducing partial fluorination in a product
[2].

The activation of aromatic sp2 C–F bonds has been seen with
many transition metal complexes, and a variety of mechanisms
have been proposed. For example, Ru(dmpe)2H2 reacts with C6F6 to
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give HF and Ru(dmpe)2(C6F5)H by way of initial electron transfer
from ruthenium to hexafluorobenzene [3]. Pt(PCy3)2H2 behaves
similarly [4]. In contrast, Cp*Rh(PMe3)H2 reacts with C6F6 by way
of an SNAr2 attack by its conjugate base to give
Cp*Rh(PMe3)(C6F5)H and fluoride ion, resulting in an autocatalytic
reaction [5]. Cp*Ir(CO)2 is also proposed to react with C6F6 via an
SNAr2 mechanism [6]. Ni(PEt3)4 reacts with hexafluorobenzene via
oxidative addition to give Ni(PEt3)2(C6F5)F [7]. Photochemically
induced C–F activation occurs in the complex Cp*Rh(PMe3)(h2-
C6F6) to give Cp*Rh(PMe3)(C6F5)F [8].

Examples of sp2 C–F activations of perfluorinated alkenes by
transition metal complexes are more rare. The metal carbonyl
anions [(h5-C5R5)M(CO)2]�(M = Fe, R = H; M = Fe, R = CH3; M = Ru,
R = H) react with octafluorocyclooctatetraene (OFCOT) to afford
monosubstitution products via nucleophilic displacement of
fluoride ion, which then undergo an intramolecular cyclization
(Eq. (1)) [9]. Me3Sn–Mn(CO)5 reacts with CF255CFH upon photoly-
sis to produce CHF55CFMn(CO)5 and Me3SnF. A mechanism
involving olefin insertion to give Me3SnCFHCF2Mn(CO)5

followed by fluoride migration was proposed to give the observed

http://dx.doi.org/10.1016/j.jfluchem.2010.05.003
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[(Scheme_1)TD$FIG]

Scheme 1. Reaction of Cp*2ZrH2 with trifluoropropene (from Ref. [21], used with

permission).

[(Scheme_2)TD$FIG]

Scheme 2. Stepwise defluorination of perfluorocyclobutene by Cp*2ZrH2.
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products [10].

(1)

Cr(h6-C6H6)2 has been shown to oligomerize perfluoropropene
to give a mixture of perfluorodimers and trimers following loss of a
C6H6 ligand (Eq. (2)) [11]. Many other reports of perfluoroolefin
oligomerization or isomerization involve generation of a perfluor-
ocarbanion using a source of fluoride ion [12].

(2)

A few organometallic hydrides have been reported to react with
perfluoroalkenes, leading to C–F activated products. CpM(CO)3H
(M = Mo, W) reacts with CF255CF2 to afford insertion products
CpM(CO)3(CF2CF2H) in about 70% yield, but no b-fluoride
elimination occurs [13]. In contrast, Mn(CO)5H reacts similarly
to give Mn(CO)5(CF2CF2H), but decomposes upon heating at 150 8C
to release CF255CFH, CF255CH2, and CO [14]. Surprisingly, olefin
insertion only occurred with CF255CF2 and not with olefins such as
CF255CH2, CF255CHCl, CF255CF–CF3, or (Z)-CF3CF55CFCF3. Braun has
observed the reaction of perfluoropropene with RhH(PEt3)3 and
base to yield Rh(CF55CFCF3)(PEt3)3 in 80% yield [15]. Whittlesey has
seen multiple hydride/fluoride exchanges between Ru(dmpe)2H2

and perfluoropropene or (CF3)2C55C(F)CF2CF3 [16]. Recently, Lentz
reported the use of Cp2TiF2 as a catalyst for H/F exchange between
perfluoropropene and silanes [17].

Our group has been interested in the reactions of Cp*2ZrH2 (1)
with a wide variety of fluorocarbon substrates. Cp*2ZrH2 reacts
with C6F6 to give a 1:1 mixture of Cp*2Zr(C6F5)H and C6F5H, along
with a stoichiometric quantity of Cp*2ZrHF (2) [18]. Aliphatic
fluorocarbons react to form Cp*2ZrHF and alkane by a radical chain
mechanism [19]. Fluorobenzene reacts with Cp*2ZrH2 to form
benzene, Cp*2ZrHF, and Cp*2Zr(C6H5)F via competing dual
mechanisms involving (1) hydride/fluoride s-bond metathesis
and (2) initial ortho C–H activation, b-F elimination to give an
intermediate benzyne complex, and insertion of the coordinated
benzyne into the Zr–H bond [19b,20]. Non-fluorinated alkenes
containing perfluoroalkyl substituents such as 3,3,3-trifluoropro-
pene or CH255CHCF2CF2CF2CF3 react by olefin insertion into the Zr–
H bond (both regioisomers) followed by reductive elimination to
give a fluoroalkane or b-fluoride elimination to give fluoroolefins
(Scheme 1) [21].

Cp*2ZrH2 has been found to hydrodefluorinate perfluorinated
alkenes to afford Cp*2ZrHF and hydrodefluorinated organic
products [22]. Unlike 3,3,3-trifluoropropene no intermediates
were observed at low temperature. The mechanism for these
reactions was established to involve olefin insertion/b-fluoride
elimination by DFT calculations using Cp as a model for Cp*. As
shown in Eq. (3), reaction of 1 equiv. of Cp*2ZrH2 (1) with
perfluoropropene yields primarily (E)-CF3CF55CHF and Cp*2ZrHF
(2). Subsequent addition of additional equivalents of 1 produced
Cp*2Zr(CH2CH2CH3)H, which eliminated propane. Cp*2ZrHF was
also found to react selectively with perfluoropropene to give (E)-
CFH55CFCF3 and Cp*2ZrF2, but further hydrodefluorination was not
observed. A summary of the various mechanisms for C–F cleavage
by Cp*2ZrH2 has been reported [23].

(3)

Here, we report related reactions of Cp*2ZrH2 with two
perfluorocycloolefins, perfluorocyclobutene and perfluorocyclo-
pentene. Perfluoroolefins are unique in that they are extremely
susceptible to attack by nucleophiles [24]. Careful examination of
the course of the reaction reveals vinylic hydrodefluorination



[(Scheme_3)TD$FIG]

Scheme 3. Stepwise defluorination of perfluorocyclopentene by Cp*2ZrH2.

[(Fig._1)TD$FIG]

Fig. 1. ORTEP drawing of Cp*2Zr(c-C5F5H2)Cl, J, showing 50% probability ellipsoids.
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products that cannot be accommodated by an olefin insertion/b-
fluoride elimination pathway. Once the olefinic fluorines are
replaced by hydrogen to generate non-fluorinated olefins, howev-
er, further reaction does proceed by olefin insertion/b-fluoride
elimination.

2. Results and discussion

2.1. Reaction of perfluorocyclobutene and Cp*2ZrH2

Reaction of perfluorocyclobutene (1 equiv.) with Cp*2ZrH2 (1)
at room temperature forms a mixture of vinylic C–F activated
products, 1,3,3,4,4-pentafluorocyclobutene (A) and 3,3,4,4-tetra-
fluorocyclobutene (B) in 3.6:1 ratio. Both Cp*2ZrHF (2) and
Cp*2ZrF2 (3) are observed in approximately 1:2 ratio (Scheme
2). Independent experiments demonstrate that Cp*2ZrF2 is formed
by secondary reaction of Cp*2ZrHF with perfluorocyclobutene. The
reaction with 1 in toluene-d8 was found to occur below�70 8C and
no intermediates could be observed using low temperature NMR
spectroscopy. Addition of a subsequent equivalent of 1 to the
mixture of A and B produced 2, a trace of Cp*2ZrF2, and a 1.9:1
mixture of B and 1,4,4-trifluorocyclobutene (C), the allylic C–F
activated product of B. Addition of a third equivalent of Cp*2ZrH2

resulted in formation of C, Cp*2Zr(c-C4F3H2)H (D), and cyclobutane
in 17:4:1 ratio plus 2 and H2. All fluoroolefin products were
characterized by 1H, 19F, 1H COSY, 19F COSY NMR spectroscopy, and
GC/MS. Complex D was characterized by 1H, 19F, and 19F COSY NMR
only, as this complex was elusive to separation and independent
preparation. Addition of anhydrous HCl to the reaction mixture
containing D produced Cp*2Zr(c-C4F3H2)Cl and H2. Heating
Cp*2Zr(c-C4F3H2)Cl at 80 8C with excess HCl produced Cp*2ZrCl2

and olefin C. In a separate experiment employing an internal
standard, reaction of excess 1 with perfluorocyclobutene in the
presence of 1.3 atm H2 ultimately afforded a 46% yield (NMR) of
cyclobutane.

Reaction of 1 equiv Cp*2ZrHF (2) with perfluorocyclobutene
produced a mixture of olefin A, B and Cp*2ZrF2 (3) within 2 h at
room temperature. In the presence of an additional equivalent of 2,
olefin B and 3 are formed quantitatively (Eq. (4)). In the presence of
excess 2, no further hydrodefluorination was observed, even with
heating at 85 8C for 3 h.

(4)

2.2. Reaction of perfluorocyclopentene and Cp*2ZrH2

Reaction of perfluorocyclopentene (1 equiv.) with 1 at room
temperature forms a mixture of the vinylic and aliphatic C–F
activated products, 1,3,3,4,4,5,5-heptafluorocyclopentene (E) and
1,2,3,3,4,5,5-heptafluorocyclopentene (F) in 2.6:1 ratio along with
2 and 3 (Scheme 3). Independent experiments show that 2 reacts
with perfluorocyclopentene over �1 day at room temperature to
give a mixture of olefin E, 3,3,4,4,5,5-hexafluorocyclopentene (G),
and 3 with no formation of olefin F.

Monitoring the reaction with 1 by NMR spectroscopy at low
temperature, E and F were formed at �50 8C and no intermediates
could be detected. A slight improvement in selectivity was
observed under these conditions, producing E and F in 4:1 ratio.
When 3 additional equivalents of 1 were added to the mixture of E
and F, both olefin G and 1,4,4,5,5-pentafluorocyclopentene (H)
were observed (1:16) in addition to unreacted E and F. Addition of
excess 1 to this mixture forms primarily olefin H, and traces of a
few other unidentified volatile fluorinated species. Olefin H reacts
with 1 at room temperature to give Cp*2Zr(c-C5F5H2)H (I) with
�10% increase in 2. Complex I was isolated cleanly in 42% yield
(based on perfluorocyclopentene) and has been fully characterized
by 1H, 19F, 19F COSY NMR spectroscopy, and elemental analysis. I
reacts quantitatively with 1 equiv of anhydrous HCl at room
temperature to form Cp*2Zr(c-C5F5H2)Cl (J) and H2. The X-ray
structure of J is shown in Fig. 1.

Thermolysis of J at 80 8C in the presence of excess HCl forms
Cp*2ZrCl2 and olefin H. H was characterized by 1H and 19F NMR
spectroscopy, GC/MS, and derivatization by hydrogenation to give
1,1,2,2,3-pentafluorocyclopentane. Thermolysis of I in the pres-
ence of excess 1 and 1.3 atm H2 forms 2, cyclopentane, and other
unidentified products. Cyclopentane was observed in only 16%
yield by NMR integration, based on perfluorocyclopentene.

Of all of the fluoroolefin products observed, olefin F is most
unexpected as it involves reduction of an isolated aliphatic C–F
bond. A radical abstraction of fluorine by Cp*2ZrIIIH seems likely for
the formation of olefin F as aliphatic C–F activation has been shown
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Scheme 4. Pathways for C–F activation.
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to occur by this mechanism, although more harsh conditions
would be expected [19]. In an attempt to hinder the formation of F
by a radical pathway, the reaction was repeated in the presence of
the radical inhibitor, triphenylmethane (10 equiv), but no change
was observed in the ratio of olefins E and F. It might be possible
that the opposing double bond directs the C–F activation in an as
yet unidentified fashion.

2.3. Exchange of vinylic C–F bonds: olefin insertion/b-fluoride

elimination

As mentioned earlier, C–F bond activation reactions with olefins
such as 3,3,3-trifluoropropene and 1,1-difluoroethylene have been
shown to produce Cp*2ZrHF and hydrodefluorinated organic
products by insertion/b-fluoride elimination [21]. This mechanism
is also conceivable in the initial reaction of 1 with perfluoropro-
pene at low temperature to give (E)-CFH55CF–CF3, via the isopropyl
hydride intermediate, Cp*2Zr[(CF(CF3)(CF2H))]H, prior to selective
[(Scheme_5)TD$FIG]

Scheme 5. a-Elimination pat
b-F elimination. However, the reactions with cyclic perfluorinated
olefins suggest that this mechanism is not possible for this vinylic
C–F activation reaction, as discussed below.

Insertion reactions by metal hydrides are well known to occur
via cis addition of the M–H bond across the double bond [25].
Insertion of a cyclic perfluorinated olefin with 1 would be expected
to therefore lead to a cyclobutyl hydride complex with only one
fluorine atom accessible for b-F elimination (Scheme 4). The cis
addition forces the other fluorine atoms on the b carbons to the
opposite face of the ring. b-fluoride elimination would also be
expected to occur by cis-elimination [26]. It is clear that b-F
elimination is not occurring in the vinylic H/F exchange reactions to
produce A and B as b-F elimination from this cyclobutyl hydride
intermediate would give the allylic C–F activated products A0 and
B0, but this is not observed experimentally. The formation of C,
however, can be explained via insertion/b-fluoride elimination. In
fact, earlier studies of non-cyclic non-perfluoroolefins showed
evidence for this exact pathway, as the alkyl hydride intermediates
with b-fluorines could be observed at low temperature [21].

2.4. Exchange of vinylic C–F bonds: olefin insertion/a-fluoride

elimination

Another possible mechanism to explain the vinylic C–F
activation products would be to still begin with olefin insertion,
but then follow with a-fluoride elimination from the cyclobutyl
hydride complex to give 2 and a fluorocarbene (Scheme 5). The
fluorocarbene could then quickly insert into the adjacent C–H bond
to give the observed H/F substitution at the vinylic carbon.

To examine the possibility of a-fluoride elimination, the
complex Cp*2ZrH2 was reacted with Hg(CF3)2 in an attempt to
make Cp*2ZrH(CF3) [27]. Evolution of a gas (H2) and formation of
Hg0 was observed. 1H and 19F NMR spectroscopy showed the
formation of 2, 3, and traces of CH3F, CH4, and C2H6. When the
reaction was repeated in the presence of tetramethylethylene, a
known carbene trap [28], 1-fluoro-2,2,3,3-tetramethylcyclopro-
pane was observed, but not 1,2-difluoro-2,2,3,3-tetramethylcy-
clopropane. This observation can be accommodated by the
sequence shown in Eq. (5). If a CF3 group is transferred by
Hg(CF3)2 to zirconium, a-fluoride elimination would generate a
hway for C–F activation.



Fig. 2. The resistance of olefin H to undergo insertion into Zr–H is explained by

negative hyperconjugation and electronic repulsion between the fluorine lone pairs

and the developing negative charge on carbon.
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carbene species Cp*2ZrHF(55CF2), which could then insert into the
Zr–H bond to produce Cp*2Zr(CF2H)F. A second a-fluoride
elimination would maximize the number of Zr–F bonds, producing
3 and free:CFH, which could then be trapped to give the observed
monofluorocyclopropane product.

(5)

There is a precedent that a-F elimination processes in
zirconocene complexes may be facile. Morrison has shown that
Cp*2ZrCl2 reacts with Cd(CF3)2�DME at �25 8C to give Cp*2ZrF2 in
91% isolated yield [29]. The species Cp*2Zr(CF3)2 was proposed as
an intermediate. In contrast, the complex Cp2TiF(CF3) has been
synthesized and isolated, and is very stable in solution, so that it
appears that not all group 4 complexes are prone to a-fluoride
elimination [30]. An a-fluoride elimination pathway with per-
fluorocycloolefins remains as a possible mechanism for vinylic C–F
exchange.

2.5. Exchange of vinylic C–F bonds: hydride/fluoride s-bond

metathesis

Vinylic H/F exchange in perfluorinated olefins by Cp*2ZrH2 and
Cp*2ZrHF may also be explained by a nucleophilic hydride addition
to the double bond to give an intermediate carbanion followed by
subsequent fluoride elimination to form a Zr–F bond (Eq. (6)).
Alternatively, the mechanism may be viewed as a 4-electron-4-
centered s-bond metathesis reaction involving only a transition
state rather than discrete ionic intermediates. A similar mecha-
nism has been proposed in the reactions of Cp*2ZrH2 with
monofluoroarenes [19]. Other nucleophiles such as aryl and
heteroaryl [31], alkyl [32], alkenyl [33], alkynyl [34], alkoxides,
mercaptans, and amines [35] are well known to react with
perfluorinated cyclic olefins to give substitution products by the
same mechanism. These perfluorocycloolefins are highly toxic
(similar to phosgene) as a result of their susceptibility to reactions
with biological nucleophiles [36]. Similarly, Cp*2ZrH2 mimics the
vinylic H/F exchange chemistry observed in reactions of LiAlH4 and
NaBH4 with perfluorinated cycloalkenes [37–39] further empha-
sizing the distinct hydridic character of Cp*2ZrH2 [40].

(6)

For all of the reactions studied involving 1 and cyclic
perfluorinated olefins, the corresponding reactions with 2 give
the same initial vinylic H/F exchanged products. However, unlike 1,
2 does not easily react with any allylic C–F bonds of the cyclic
olefins B and G [41] nor does 2 react further with any of the
remaining C–F bonds of (E)-CFH55CFCF3 [22]. It therefore appears
that 2 is not readily capable of olefin insertion/b-F elimination, and
may act only as a source of nucleophilic hydride. As previously
reported, the non-perfluorinated olefins, 3,3,3-trifluoropropene
and 1,1-difluoroethylene, are unreactive with 2 even with heating
at 85 8C [21]. In addition, 2 does not undergo insertion with
propene to afford Cp*2Zr(n-propyl)F, suggesting that 2 is perhaps
incapable of olefin insertion altogether.

These observations suggest that a change in the mechanism
occurs when the olefin functionality is sufficiently less electro-
philic as a result of decreased fluorination. For the cyclic
perfluoroolefins, both vinylic H/F exchanges must occur before
olefin insertion/b-F elimination will occur, as demonstrated by the
regioselectivity of the exchange. With perfluoropropene, only one
vinylic H/F exchange occurs readily at low temperature, and while
this could be accommodated by either olefin insertion/b-F
elimination or by hydride/fluoride exchange by s-bond metathe-
sis, DFT studies [22] indicated that the olefin insertion/b-F
elimination pathway has a much lower barrier (<2 kcal mol�1)
than the hydride attack/fluoride elimination barrier
(�7 kcal mol�1), so that the former pathway is favored with this
substrate. As this same conclusion is not possible with the cyclic
perfluoroolefins, additional DFT studies were undertaken to
elucidate the preferred mechanism for the H/F exchanges (vide
infra).

The alternative mechanism involving insertion/a-F elimina-
tion, however, could be occurring if Cp*2ZrHF were able to react by
insertion exclusively with perfluorinated olefins. For this reason,
the insertion/a-F elimination mechanism cannot be discarded out
of hand. Nevertheless, the hydride/fluoride s-bond metathesis
mechanism is favored based on the numerous precedents for this
type of pathway, the similar reactivities of Cp*2ZrH2 and LiAlH4

toward perfluoroalkenes, the deficiency of solid evidence for a-
fluoride elimination processes in zirconium, and lastly, the failure
to observe any insertion intermediates.

2.6. Mechanistic considerations for the exchange of allylic C–F bonds

Regarding the subsequent allylic C–F activation reactions with 1
and dihydro-olefins B and G to give C and H, two mechanisms are
considered: (1) hydride/fluoride s-bond metathesis and (2) olefin
insertion/b-F elimination. The former mechanism would involve
hydride addition to generate a carbanion followed by fluoride
elimination at the allylic position as before. However, the latter
mechanism is supported by the following observations: Reaction
of 1 with trifluoropropene gives observable insertion intermedi-
ates with formation of Zr–C bonds, 2 does not readily undergo
insertion with other less electrophilic fluorinated olefins, such as
olefins (E)-CFH55CFCF3, CF255CHCF3, B, and G, and lastly, 1 does

react with olefins B and G to undergo allylic C–F activation.

2.7. Reaction of 1,4,4,5,5-pentafluorocyclopentene with Cp*2ZrH2

Reaction of olefin H with 1 at room temperature produces
complex I and H2 in �90% yield by NMR integration. Clearly, an
insertion reaction does not occur with this olefin. The resistance to
insertion may be reasoned using the electronic effects caused by
fluorine substitution. By negative hyperconjugation arguments,
olefin insertion is favored to place the hydride at the electron-
deficient non-fluorinated vinylic carbon, and therefore disfavored
at the fluorinated vinylic carbon (Fig. 2). However, attachment of
[(Fig._2)TD$FIG]
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hydride on the ‘‘favored’’ site would create a partial negative
charge on the fluorine-substituted vinylic carbon in the transition
state. Consequently, destabilizing repulsion between fluorine lone
pairs and developing negative charge (Ip repulsion) occurs. The
inability of an a-fluorine to stabilize a carbanionic intermediate is
well established and is believed to outweigh the inductive
stabilization by fluorine on the carbanion [42]. Consequently, an
alternative pathway should be considered.

Vinylic C–H activation by the ZrII complex, [Cp*2Zr]2(N2)3, is
well established [18]. The formation of I may therefore be
explained by an associatively induced reductive elimination of
H2 to give an intermediate Cp*2ZrII(olefin) complex followed by
oxidative addition of the vinylic C–H bond (Eq. (7)). The
reversibility of this process is supported by the observation of
�20% Cp*2ZrH2 and olefin H in the 1H NMR spectrum when
complex I was heated at 100 8C in the presence of 1.3 atm H2 for 1
day. In the absence of H2, complex I remained stable at 120 8C.

(7)

2.8. DFT calculations of C–F activation

As the above experimental investigations did not allow
definitive determination of the mechanism of sp2 C–F activation,
we undertook DFT calculations of the mechanism for the first C–F

[(Fig._3)TD$FIG]

Fig. 3. Calculated free energy profiles (kcal mol�1) for me
activation. Cp2ZrH2 (10, prime denotes Cp instead of Cp*) was
considered as a model for 1 and both perfluorocyclobutene and
perfluorocyclopentene were studied, as summarized in Figs. 3 and
4 and discussed below.

2.8.1. Perfluorocyclobutene

The formation of Cp2ZrHF (20) and 1,3,3,4,4-pentafluorocyclo-
butene through a s-bond metathesis mechanism proceeds from
a loose adduct, 40, between 10 and perfluorocyclobutene.
This adduct is more stable than the separated reactants on the
potential energy surface (DE = �4.6 kcal mol�1), but entropy
contributions render 40 unstable on the Gibbs free energy surface
(DG = +4.4 kcal mol�1). The Zr� � �F and H� � �C bond distances in 40

are long (3.618 and 2.943 Å, resp.) and the geometry at the C55C
double bond is planar, speaking against the description of 40 as
resulting from hydride nucleophilic attack. The situation is
different in the transition state (TS) for hydride/fluoride s-bond
metathesis, 50 (Fig. 5), where the C–F bond to be cleaved is
significantly longer than the other vinylic C–F bond (1.369 Å vs.
1.325 Å). The C� � �H bond distance has also significantly reduced
(1.756 Å) at the expense of the Zr–H bond (1.857 Å, 10; 1.905 Å, 50).
The transition state 50 can thus also be described as resulting from a
nucleophilic attack from the hydride.

The transition state 50 is only 0.7 kcal mol�1 above the
separated reactants on the potential energy surface (DE), implying
that there is no particular energy penalty associated with the
metathesis. Indeed, the energy cost to perform the reaction is due
to the loss of entropy associated with the increased order in the
transition state, translating into an activation barrier
DGz = +13.9 kcal mol�1. The energetics for the s-bond metathesis
is rather similar to that obtained with perfluoropropene
(DEz = +2.2 kcal mol�1, DGz = +15.5 kcal mol�1) [22]. As expected,
once the transition state is surmounted, formation of a strong Zr–F
bond in 20 drives the thermodynamics of the transformation
(DE = �73.5 kcal mol�1, DG = �72.0 kcal mol�1).

The adduct 40 corresponds to a geometry where one vinylic C–F
bond is pointing in between the two Zr–H bonds in 10. Another
adduct, 60, was located on the potential energy surface where the
C55C double bond is loosely interacting with the two hydrides
chanisms of C-F activation of perfluorocyclobutene.
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Fig. 4. Calculated free energy profiles (kcal mol�1) for mechanisms of C–F activation of perfluorocyclopentene.
[(Fig._5)TD$FIG]

Fig. 5. Optimized geometries for the TS for s-bond metathesis 50 , the TS for olefin insertion 70 , and the product of olefin insertion 80 . H atoms on the Cp ligands have been

omitted for clarity.
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(DE = �4.8 kcal mol�1, DG = +4.6 kcal mol�1). The H� � �C bond
distances are long (3.114 Å) and the C55C bond is unchanged
compared to perfluorocyclobutene (1.341 Å). From this adduct, the
TS for C55C insertion into one Zr–H bond, 70 in Fig. 5, is reached with
an energy of �2.3 kcal mol�1 with respect to separated reactants.
This corresponds to an activation barrier DGz = +13.2 kcal mol�1.
The essential geometrical features of TS 70 are the shortening of the
H� � �C bond distance (2.378 Å), the lengthening of the C55C bond
(1.362 Å), and the opening of the H–Zr–H angle (112.68, 10; 125.28,
70). The product of insertion, 80, is a cyclobutyl complex featuring a
C–F a-agostic interaction (C–F = 1.437 Å, Zr–C = 2.33 Å, Zr–C–
F = 71.28, see Fig. 5). 80 is more stable than the separated reactants
by 40.4 kcal mol�1 on the potential energy surface and by
22.6 kcal mol�1 on the Gibbs free energy surface.

In the case of perfluoropropene, the activation barrier was
calculated to be DGz = +12.0 kcal mol�1 vs. +15.5 kcal mol�1 for
hydride/fluoride s-bond metathesis. For perfluoropropene there
was thus a clearer energy preference for olefin insertion over s-
bond metathesis (DDGz = +3.5 kcal mol�1). In the case of perfluor-
ocyclobutene, the difference is still in favor of olefin insertion but
the difference is greatly reduced to DDGz = +0.7 kcal mol�1.
Moreover, the reduction of the difference originates from two
effects: a lowering of DGz for s-bond metathesis and an increase of
DGz for insertion. This may result from a greater reactivity of
perfluorocyclobutene toward hydride nucleophilic attack, and also,
from a larger influence of steric bulk in the insertion process
associated with the presence of the saturated part of the
cyclobutene, which points towards the Cp ligand. The actual
experimental system with Cp* instead of Cp would likely disfavor
the insertion pathway more strongly with respect to the
metathesis pathway due to increased steric interactions in
transition state 70 compared to transition state 50. To examine
this possibility, transition states TS 5 and TS 7 were calculated
relative to 1 and c-C4F6 using the full Cp* ligand rather than the Cp
model ligand. The energies of these two transition states are indeed
reversed, with the barrier to hydride/fluoride s-bond metathesis
(DGz = + 20.7 kcal mol�1) now being smaller than the barrier to
insertion (+33.8 kcal mol�1) by 13.1 kcal mol�1 [43]. This former
barrier is small enough to easily be surmounted at room
temperature (t1/2 � 5 min), as seen in the experiments.

From 80, the cis nature of the insertion reaction induces a
geometry that prevents C–F b-elimination from the carbon atom
where the hydride has been transferred. To generate 20 and
1,3,3,4,4-pentafluorocyclobutene from 80, two pathways have been
found. One possibility is to form directly the product through a 1,2
H-migration within the cyclobutyl ligand through the transition
state 90 (Fig. 6). The activation barrier from 80 is computed to be
DGz = +38.1 kcal mol�1. In 90, the C� � �F and Zr� � �C bonds are
significantly elongated (C� � �F = 2.27 Å and Zr� � �C = 2.558 Å) and
the migrating hydrogen is bridging two carbon atoms
(C� � �H = 1.330 and 1.296 Å). The activation barrier through 90 is
larger than the value associated with the deinsertion reaction
going back to the reactants 10 and perfluorocyclobutene
(DGz = +35.8 kcal mol�1). This rules out 1,2 migration as a potential
pathway for the generation of the first defluorination product.

Another possibility is to generate a carbene intermediate by
cleavage of the a-agostic C–F bond, this carbene yielding the final
product by intramolecular H-migration. The transition state
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Fig. 6. Optimized geometries for the TS for H 1,2-migration 90 , the TS for a-CF bond cleavage 100 , and the product of a-CF bond cleavage 110 . H atoms on the Cp ligands have

been omitted for clarity.
[(Fig._7)TD$FIG]

Fig. 7. Optimized geometries for the TS of rotation around Zr-C 120 , the b-CF agostic intermediate 130 , and the TS for b-CF cleavage 140 . H atoms on the Cp ligands have been

omitted for clarity.
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associated with the cleavage of the a-agostic C–F bond, 100, is
shown in Fig. 6. The activation barrier from 80

(DGz = 24.5 kcal mol�1) is computed to be significantly lower than
that for the 1,2 migration. In 100, the C–F bond is broken
(C� � �F = 2.193 Å) and the Zr–C and Zr–F bonds are within bonding
values (2.249 and 2.075 Å, resp.). The perturbation of the transition
state geometry along the normal mode associated with the
negative eigenvalue leads to 110 where carbene is inserted
between the metal and the Cp (Fig. 6). Even though 110 is
24.2 kcal mol�1 more stable than 80 on the Gibbs free energy
surface, no attempt has been made to search for the pathway
leading to 20 and 1,3,3,4,4-pentafluorocyclobutene as a lower
energy pathway from 80 has been found.

From a-agostic complex 80, rotation around the Zr–C bond
through TS 120 yields a cyclobutyl intermediate 130 featuring a b-
agostic C–F bond (Fig. 7). The rotation is easy (DGz = +5 kcal mol�1)
and the intermediate 130 is marginally more stable
(DG = �0.1 kcal mol�1) than the TS 120. From 130, cleavage of the
b-C–F bond is easy through TS 140 (DGz = +4.9 kcal mol�1, see
Fig. 7) to yield 20 and 1,2,3,3,4-pentafluorocyclobutene with an
overall Gibbs free energy of reaction of DG = �62.5 kcal mol�1.
Moreover, the highest barrier to overcome from 80 is
DGz = +9.8 kcal mol�1 corresponding to the energy of TS 140, the
transition state for b-C–F cleavage. This activation barrier is
significantly lower than the activation barrier for cleavage of the a-

[(Fig._8)TD$FIG]

Fig. 8. Optimized geometries for the TS of s-bond metathesis 150 , and the TS for

olefin insertion 160 . H atoms on the Cp ligands have been omitted for clarity.
agostic C–F bond via TS 100 forming the carbene-like intermediate
110. Thus, if olefin insertion was to be the preferred pathway over
the s-bond metathesis, the product of allylic C–F activation should
have been observed. This is not the result of the experimental
observations and from the computational study it can safely be
concluded that the first C–F activation proceeds through a s-bond
metathesis pathway for perfluorocyclobutene. The calculations
also show that when olefin insertion is made possible, the
activation of the allylic C–F bond is the preferred pathway. This
pathway could account for the third H/F exchange.

2.8.2. Perfluorocyclopentene

For the reaction of perfluorocyclopentene with 10, only the
geometries of the TS for s-bond metathesis 150 and olefin insertion
160 were optimized (Fig. 8). The activation barrier for s-bond
metathesis (DGz = +15.1 kcal mol�1) is slightly higher than for
perfluorocyclobutene. The activation barrier for olefin insertion
through 160 is slightly lower (DGz = +14.4 kcal mol�1). Overall,
there is still a slight preference for olefin insertion
(DDGz = +0.7 kcal mol�1) with the Cp2Zr model compounds, but
the difference is small enough to be reversed if the actual steric
bulk of the Cp* ligand is considered as seen with perfluorocyclo-
butene. Along the s-bond metathesis pathway, the thermody-
namics of the reaction with perfluorocyclopentene is similar to
that with perfluorocyclobutene with DG = �74.0 kcal mol�1. The
product of olefin insertion 170 features an a-agostic C–F bond
interaction and is 20.3 kcal mol�1 more stable than the separated
reactants on the Gibbs free energy surface. Therefore, this system is
completely analogous to the perfluorocyclobutene system.

3. Conclusion

Cp*2ZrH2 reacts with perfluorinated cycloolefins to give
Cp*2ZrHF and vinylic H/F substituted organic products. A likely
mechanism for this reaction based on DFT calculations is hydride/
fluoride s-bond metathesis. Cp*2ZrHF also reacts exclusively with
vinylic C–F bonds of perfluorinated cyclic olefins to give Cp*2ZrF2

and H/F exchanged organic products similar to those observed in
reaction with Cp*2ZrH2. Once both vinylic fluorines are replaced
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with hydrogen, further hydrodefluorination proceeds by insertion/
b-fluoride elimination. In contrast with Cp*2ZrH2, allylic C–F bond
activation is not observed using Cp*2ZrHF, suggesting that olefin
insertion with non-perfluorinated olefins is extremely slow or
non-existent with this complex.

4. Experimental

All manipulations were performed inside a N2-filled Vacuum
Atmospheres glovebox or on a high vacuum line. Cyclohexane,
cyclohexane-d12, and toluene-d8 (Cambridge) were dried and
vacuum distilled from purple solutions of benzophenone ketyl.
UHP grade H2 (Air Products) was purified by passage over activated
4 Å molecular sieves and MnO on vermiculite [44]. Perfluorocy-
clopentene (Matrix Scientific) and perfluorocyclobutene (PCR)
were used as received. All liquids were degassed by the freeze-
pump-thaw method. 1H and 19F NMR spectra were recorded using
a Bruker Avance 400 spectrometer. 19F NMR spectra were
referenced to a,a,a-trifluorotoluene (taken as d �63.73 relative
to CFCl3 with downfield chemical shifts taken to be positive). 19F
NMR spectra were recorded at a minimum resolution of 0.5 Hz. GC/
MS analyses were conducted using a 5890A Series GC equipped
with a Restek RTX-5 column (0.25 mm ID, 0.25 mm, 13 m) and a HP
5970 series mass selective detector. Cp*2ZrH2 and Hg(CF3)2 were
prepared according to the literature procedures [45,46]. Caution:
Organomercury derivatives are highly poisonous and should be
handled with great care [47]. Warning: Perfluorinated olefins are
known to be highly toxic, volatile compounds [36]. The chemical
shifts and coupling constants of the fluorinated olefins match those
reported in the literature [48].

4.1. Reaction of 1 with perfluorocyclobutene

A resealable NMR tube was charged with 15 mg (0.041 mmol)
of Cp*2ZrH2 and dissolved in C6D12. The solution was freeze-pump-
thaw degassed 3 times and with an 8.0-mL calibrated glass bulb,
95 Torr (0.041 mmol) of perfluorocyclobutene was condensed in
the tube. The tube was thawed, shaken, and analyzed after 10 min.
The starting olefin and Cp*2ZrH2 were completely consumed.
Cp*2ZrHF and Cp*2ZrF2 were observed in 1:2.1 ratio. Two product
olefins, 1,3,3,4,4-pentafluorocyclobutene (A) and 3,3,4,4-tetra-
fluorocyclobutene (B), were observed in 3.6:1 ratio. The volatiles
of the reaction were transferred to an empty tube for 19F COSY and
GC/MS analysis. For A, 1H NMR (C6D12): d 5.73 (dd, JH–F = 16.7 Hz,
JH–F = 9.4 Hz). 19F NMR (C6D12): d �105.1 (m, 1 F), �113.9 (m, 2 F),
�118.7 (m, 2 F). GC/MS (m/z): 144 (M+). For B, 1H NMR (C6D12): d
6.64 (m). 19F NMR (C6D12): d �111.2 (m). GC/MS (m/z): 127 (M+).
The solution contents were then transferred under vacuum into
another NMR tube containing 13 mg Cp*2ZrH2 (0.036 mmol) and
analyzed 10 min later. Only olefins B and 1,4,4-trifluorocyclobu-
tene (C) were observed in 1.9:1 ratio. For C, 1H NMR (C6D12): d 5.32
(m, 1 H), 2.48 (dm, JH–F = 12.2 Hz, JH–H = 3.1 Hz, 2 H). 19F NMR
(C6D12): d �113.9 (d, J = 9.2 Hz, 2 F), �104.9 (s, 1 F). GC/MS (m/z):
108 (M+). The volatiles were transferred onto more Cp*2ZrH2

(16 mg, 0.044 mmol) and analyzed. Only C, the complex, Cp*2Zr(c-
C4F3H2)H (D), and cyclobutane were observed in 17:4:1 ratio. H2

was also observed at d 4.54 in the 1H NMR spectrum. For D, 1H NMR
(C6D12): d 1.96 (s, Cp*, 30 H), 6.70 (s, ZrH, 1 H), the CH2 group is
obscured. 19F NMR (C6D12): d �98.4 (br s, 1 F), �111.9 (s, 2 F). For
cyclobutane, 1H NMR (C6D12): d 1.95 (s). GC/MS (m/z): 56 (M+).

4.2. Reaction of excess 1 with perfluorocyclobutene

A resealable NMR tube was charged with approximately 0.6 mL
cyclohexane-d12 and 1.7 mL of a,a,a-trifluorotoluene. Perfluor-
ocyclobutene (46 Torr, 0.018 mmol) was added on the vacuum line
using a 7.4-mL calibrated glass bulb. The 19F NMR spectrum
revealed a 1.08: 1 mole ratio of perfluorocyclobutene: trifluor-
otoluene. Cp*2ZrH2 (52 mg, 0.14 mmol) was added to the NMR
tube and 1.3 atm H2 was placed over the reaction mixture. The tube
was heated for�8 h at 100 8C at which time analysis showed a few
small (relative to trifluorotoluene) spurious fluorine resonances in
the 19F NMR spectrum. The volatiles of the reaction mixture were
transferred under vacuum to an empty NMR tube. The 1H NMR
spectrum revealed a cyclobutane: trifluorotoluene mole ratio of
0.50:1, a 46% yield of cyclobutane.

4.3. Reaction of 1 with perfluorocyclopentene

A resealable NMR tube was charged with 12 mg (0.033 mmol) of
Cp*2ZrH2 and dissolved in C6D12. The solution was freeze-pump-
thaw degassed 3 times and with an 8.0-mL calibrated glass bulb,
82 Torr (0.035 mmol) of perfluorocyclopentene was condensed in
the tube. The tube was thawed, shaken, and analyzed after 10 min.
Cp*2ZrHF and Cp*2ZrF2 were observed in 10:1 ratio along with
unreacted c-C5F8. Two product olefins, 1,3,3,4,4,5,5-heptafluorocy-
clopentene (E) and 1,2,3,3,4,5,5-heptafluorocyclopentene (F), were
observed in 2.6:1 ratio. The volatiles of the reaction mixture were
transferred under vacuum to an empty tube and reanalyzed by 19F
COSY and GC/MS. For E: 19F NMR (C6D12): d�105.8 (d, J = 12 Hz, 2 F),
�119.2 (m, 2 F),�123.5 (m, 1 F),�129.3 (m, 2 F). 1H NMR (C6D12): d
5.77 (m). GC/MS (m/z): 194 (M+). For F: 19F NMR (C6D12): d �110.9
(dm, Jgem F–F = 203 Hz, 2 F), �128.3 (dm, Jgem F–F = 203 Hz, 2 F),
�201.6 (m, 2 F),�204.6 (m, 1 F). 1H NMR (C6D12): d 5.67 (dm, Jgem H–

F = 62 Hz). GC/MS (m/z): 194 (M+). The contents of the tube were
transferred under vacuum onto another 12 mg (0.033 mmol) of
Cp*2ZrH2, thawed, shaken, and analyzed after 5 min at room
temperature. Again, Cp*2ZrHF and a trace of Cp*2ZrF2 were observed.
Olefins E, F, 3,3,4,4,5,5-hexafluorocyclopentene (G), and 1,4,4,5,5-
pentafluorocyclopentene (H), were observed in 17.8:6.7:1.4:1 ratio.
The volatiles were transferred under vacuum into an empty tube and
analyzed by 19F COSY and GC/MS. For G: 19F NMR (C6D12): d�108.9
(m, 4 F),�131.5 (quin, 2 F). 1H NMR (C6D12):d6.33 (m). GC/MS (m/z):
176 (M+). For H: 19F NMR (C6D12): d �113.8 (m, 2 F), �120.8 (dm,
J = 14.3 Hz, 2 F),�135.0 (m, 1 F). 1H NMR (C6D12):d5.46 (m, 1 H), 2.67
(m, 2 H). GC/MS (m/z): 158 (M+). Treatment of this mixture twice
more with 12 mg portions of Cp*2ZrH2 and allowing to stand at room
temperature produced an olefin mixture containing H, G, F, and E in
16:1:2:4.6 ratio. A small amount of an unidentified species was also
observed. Treatment with 15 mg Cp*2ZrH2 again and allowing to
stand at room temperature for 40 min produced �80% olefin H.
Further characterization of H was accomplished by hydrogenation
over 10% Pd on carbon over 20 min in C6D12 solution to produce
1,1,2,2,3-pentafluorocyclopentane. 19F NMR (C6D12): d�112.9 (dm,
JF–F = 246 Hz, 1 F),�116.1 (dm, JF–F = 246 Hz, 1 F),�125.6 (dm, Jgem F–

F = 257 Hz, 1 F),�135.1 (dm, Jgem F–F = 257 Hz, 1 F),�196.33 (m, 1 F).
1H NMR (C6D12): d 4.73 (dm, JH–F = 52 Hz, 1 H), 2.30 (m, 1 H), 2.08 (m,
2 H), 2.04 (m, 1 H).

4.4. Reaction of 1 with c-C5F8 in the presence of triphenylmethane

A resealable NMR tube was charged with Cp*2ZrH2 (10 mg,
0.027 mmol) and triphenylmethane (67 mg, 0.27 mmol) and
dissolved in C6D12. Using an 8.0-mL calibrated glass bulb,
perfluorocyclopentene (63 Torr, 0.027 mmol) was condensed into
the tube and warmed to room temperature. Olefins E and F were
observed in 2.7:1 ratio.

4.5. Reaction of Cp*2ZrHF with c-C4F6 and c-C5F8

A resealable NMR tube was charged with Cp*2ZrHF (16 mg,
0.042 mmol) and dissolved in C6D12. Using an 8.0-mL calibrated
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glass bulb, perfluorocyclobutene (95 Torr, 0.041 mmol) was
condensed in the tube. After 2 h at room temperature, the reaction
was complete, forming Cp*2ZrF2 and olefin A in � 90% yield. The
same procedure was repeated using perfluorocyclopentene
(95 Torr, 0.041 mmol). The reaction was complete after 1 day at
room temperature to give Cp*2ZrF2 and olefin E in � 95% yield.

4.6. Synthesis of Cp*2Zr(c-C5F5H2)H/Cp*2Zr(c-C5F5H2)Cl

400 mg Cp*2ZrH2 (1.10 mmol) was weighed into an ampule.
Approximately 4 mL of cyclohexane was transferred under
vacuum into the flask. Using an 8.0-mL calibrated glass bulb,
520 Torr (0.225 mmol) perfluorocyclopentene was condensed into
the flask. The solution was warmed to room temperature. After
stirring for 3 d, 600 Torr anhydrous HCl (0.26 mmol, 8-mL volume)
was condensed into the ampule and heated in an 80 8C oil bath for
1 day. The ampule was freeze-pump-thaw degassed 5 times using
an acetone/dry ice bath to remove most of the excess HCl. Final
traces of HCl were removed by vacuum transferring the volatiles of
the mixture onto 40 mg Cp*2ZrH2 and quickly transferring the
volatiles again into an empty ampule. 19F NMR analysis of this
solution showed 1,4,4,5,5-pentafluorocyclopentene (H) and only a
trace of a single unidentified impurity. To this mixture, 1.0 mL of
a,a,a-trifluorotoluene was added and analyzed by 19F NMR to
calculate the amount of olefin present in solution.

In a small flask, Cp*2ZrH2 (45 mg, 0.124 mmol) was added and
dissolved with the 1,4,4,5,5-pentafluorocyclopentene/C6H12 solu-
tion (containing 0.12 mmol olefin) prepared above. The solution
was stirred for 3 d at room temperature producing a 10:1 mixture
of Cp*2Zr(c-C5F5H2)H (I) and Cp*2ZrHF by 19F NMR integration. The
product was purified by crystallization from pentane at �30 8C to
yield 49 mg (42%) of analytically pure material. For I: 19F NMR
(toluene-d8): d �113.5 (m, 2 F),�120.1 (d, 2 F), �129.63 (t, 1 F). 1H
NMR (toluene-d8): d 6.59 (s, ZrH, 1 H), 1.76 (s, Cp*, 30 H), 2.37 (m, 2
H). Anal. calcd for C25H33ZrF5: C, 57.77; H, 6.40. Found: C, 57.61; H,
6.47. Treatment of Cp*2Zr(c-C5F5H2)H with anhydrous HCl at room
temperature leads to quantitative formation of Cp*2Zr(c-C5F5H2)Cl
(J). For J: 19F NMR (toluene-d8): d �115.2 (m, 2 F), �121.7 (dm, JF–

F = 18.7 Hz, 2 F), �124.3 (tm, JF–F = 18.5 Hz, 1 F). 1H NMR (toluene-
d8): d 1.71 (s, Cp*, 30 H), 2.77 (m, 2 H). Anal. calcd for C25H32ZrF5Cl:
C, 54.18; H, 5.82. Found: C, 54.47; H, 5.79. J was crystallized from
pentane at �30 8C for X-ray analysis.

4.7. Reaction of 1 with Hg(CF3)2

A resealable NMR tube was charged with Cp*2ZrH2 (15 mg,
0.041 mmol) and Hg(CF3)2 (3 mg, 0.009 mmol) followed by
addition of C6D12 at room temperature. Evolution of H2 and Hg0

were observed. 1H NMR analysis revealed the presence of 2,
Cp*2ZrF2, and small amounts of CH3F, CH4, and CH3CH3. 1H NMR
(C6D12): d 4.08 (d, JH–F = 48 Hz, CH3F), d 0.18 (s, CH4), d 0.85 (s,
CH3CH3).

4.8. Reaction of 1 with Hg(CF3)2 in the presence of

tetramethylethylene

A resealable NMR tube was charged with Cp*2ZrH2 (12 mg,
0.033 mmol) and dissolved in toluene-d8 followed by addition of
tetramethylethylene (39 mL, 0.33 mmol) via syringe. Solid
Hg(CF3)2 (5 mg, 0.015 mmol) was added to the NMR tube, closed,
and shaken at room temperature. Evolution of H2 and Hg0 were
observed. The sample was degassed at �78 8C and the remaining
volatiles were transferred under vacuum into an empty NMR tube.
NMR analysis of this sample revealed the presence of 1-fluoro-
2,2,3,3-tetramethylcyclopropane in 54% yield [49]. No CH3F was
observed when the reaction was performed in the presence of the
carbene trap. For C7H13F: 1H NMR (C6D12): d 3.67 (d, 1 H, JH–

F = 66 Hz), 1.02 (d, 6 H, J = 1.4 Hz), 0.76 (d, 6 H, J = 2.7 Hz). 19F NMR:
d �223.5 (dm, JH–F = 66 Hz). GC/MS (m/z): 116 (M+).

4.9. Computational details

All calculations were performed with the Gaussian03 package
[50] within the framework of Density Functional Theory using the
hybrid functional B3PW91 [51]. The zirconium atom was
represented by the relativistic effective core potential (RECP)
from the Stuttgart group (12 valence electrons) and the associated
basis set [52], augmented by an f polarization function [53]. The
remaining atoms (C, H, F) were represented by a 6-31G(d,p) basis
set [54]. Full optimizations of geometry without any constraint
were performed followed by analytical computation of the Hessian
matrix to confirm the nature of the located extrema as minima or
transition states on the potential energy surface. Connection
between reactants and products through a given transition state
was checked by optimizing as a minimum a slightly altered
geometry of the TS along both directions of the TS vector.

A CIF for compound J has been deposited with the Cambridge
Crystallographic Data Centre, as CCDC #771381. A copy of this
information may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. Fax. (int. code) +44
1223 336 033 or Email: deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk.
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