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Abstract: Cp*2ZrH2 (1*) (Cp* ) pentamethylcyclopentadienyl) reacts with perfluoropropene (2) to give Cp*2-
ZrHF (3*) and hydrodefluorinated products under very mild conditions. Initial C-F bond activation occurs
selectively at the vinylic terminal position of the olefin to exchange fluorine for hydrogen. Subsequent
hydrodefluorination leads to the formation of the n-propylhydride complex Cp*2ZrH(CH2CH2CH3), which
can be cleaved with dihydrogen to give propane and 1*. A theoretical study of the reaction of Cp2ZrH2 (Cp
) cyclopentadienyl) and CF2dCF(CF3) has been undertaken. Several mechanisms have been examined
in detail using DFT(B3PW91) calculations and are discussed for this H/F exchange: (a) internal olefin
insertion/â-fluoride elimination, (b) external olefin insertion/â-fluoride elimination, and (c) F/H metathesis
from either an inside or outside approach. Of these, the first case is found to be energetically preferred.
Selective defluorination at the terminal carbon has been shown to be favored over defluorination at the
substituted and allylic carbons.

Introduction

The mechanisms of carbon-fluorine bond activation in
various substrates by Cp*2ZrH2 have been investigated for a
wide variety of fluorocarbon substrates. Aliphatic fluorocarbons
react to form Cp*2ZrHF and alkane by a radical chain
mechanism.1 Fluorobenzene reacts with Cp*2ZrH2 to form
benzene, Cp*2ZrHF, and Cp*2Zr(C6H5)F via competing dual
mechanisms involving (1) nucleophilic hydride addition/fluoride
elimination and (2) initial ortho C-H activation,â-F elimina-
tion to give an intermediate benzyne complex, and insertion of
the coordinated benzyne into the Zr-H bond.1 Finally, non-
perfluorinated alkenes containing allylic C-F bonds react to
give hydrodefluorinated organic products and Cp*2ZrHF by an
insertion/â-fluoride elimination mechanism.2 Only a few studies
have examined reactions with perfluoroolefins, where selective
C-F activation could lead to selective formation of hydrofluo-
rocarbon products.

Examples of reactions involving transition metal complexes
and perfluorinated alkenes are relatively rare. Metal carbonyl
anions such as [(η5sC5R5)M(CO)2]- (M ) Fe, R) H; M )
Fe, R ) CH3; M ) Ru, R ) H) react with octafluorocyclo-
octatetraene (OFCOT) to afford monosubstitution products with
nucleophilic displacement of fluoride ion (eq 1). Further

warming of the η1-heptafluorocyclooctatetraene complexes
produces the bicyclic valence isomer complexes.3 Similarly,
Peterson et al. also saw nucleophilic displacement of fluoride
in the reaction of Cp*Ir(PMe3)HLi with perfluoropropene.4 Me3-
SnsMn(CO)5 reacts with CF2dCFH photochemically to afford
CHFdCFMn(CO)5 and Me3SnF. A mechanism was proposed
involving olefin insertion to give Me3SnCFHCF2Mn(CO)5
followed by fluoride migration to give the observed products.5

Alternatively, the reaction may be viewed as a nucleophilic
attack on the fluoroolefin by the [Mn(CO)5]- anion. Wolczanski
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has also proposed an insertion/elimination sequence in the
reaction of (But3SiO)3TaH2 with CH2dCHF.6

Cr(η6-C6H6)2 was shown to oligomerize perfluoropropene
to give a mixture of perfluorodimers and trimers in processes
that involve C-F cleavage (eq 2).7 The oligomerization process

was believed to occur by the coupling of two or three molecules
of perfluoropropene at the chromium center with loss of a C6H6

ligand. Reductive defluorination of the trimers also occurred to
release HF, which reacted with perfluoropropene to form
heptafluoropropane. The source of hydrogen was not determined
but aπ-σ rearranged chromium hydride complex, (η1-C6H5)-
(η6-C6H6)Cr-H, was suggested. Many other reports of per-
fluoroalkene oligomerization or isomerization involve generation
of a perfluorocarbanion using a source of fluoride ion.8

Braun has observed that reaction of perfluoropropene with
HRh(PEt3)3 gives the vinyl derivative Rh(PEt3)3(CFdCFCF3),
which then reacts further with H2 to give FRh(PEt3)3 and CF3-
CH2CH3 (eq 3).9 In addition, Whittlesey has found that CF2d
CFCF3 reacts with Ru(dmpe)2H2 to give (Z)-CFHdCFCF3, (E)-
CFHdCFCF3, and CH2dCFCF3 in a 4:1:3 ratio (eq 4).10 Both
of these reactions occur under ambient conditions.

Very few reactions of organometallic hydrides with perfluo-
roalkenes that lead to C-F activated products have been
reported to date. Group VI metal hydrides, such as CpM(CO)3H
(M ) Mo, W), react with CF2dCF2 to afford insertion products,
CpM(CO)3(CF2CF2H), in about 70% yield with noâ-fluoride
elimination occurring.11 The Group VII complex, Mn(CO)5H,
reacted similarly to give Mn(CO)5(CF2CF2H) and decomposed
upon heating at 150°C to release CF2dCFH, CF2dCH2, and

CO.12 Surprisingly, olefin insertion only occurred with CF2d
CF2 and not with olefins such as CF2dCH2, CF2dCHCl, CF2d
CFsCF3, or (Z)-CF3CFdCFCF3.

Continuing our mechanistic studies of fluorocarbon activation
using Cp*2ZrH2,13 we present its stepwise hydrodefluorination
reactions with the perfluorinated alkene CF2dCF(CF3) to afford
Cp*2ZrHF and the hydrodefluorinated olefin (E)-CHFdCF-
(CF3). Reaction with additional Cp*2ZrH2 leads to the complete
defluorination to give ann-propyl derivative, Cp*2ZrH(CH2-
CH2CH3). To elucidate the mechanism of this reaction, we have
undertaken DFT calculations to determine the feasibility of
various reaction mechanisms for the initial F/H exchange as
well as to rationalize the regiochemistry of the F/H substitution
at the terminal carbon compared to the substituted or allylic
positions.

While calculations have been carried out for the oxidative
addition of the C-F bond14-17 or on F migration in later metal
complexes,18,19 these calculations pointed out the high energy
barrier required for cleavage of the C-F bond, as do most
experimental investigations.20 Several systems have been found
to react at or below room temperature.21-23 Few calculations
have been concerned with d0 complexes where oxidative
addition cannot occur.24,25A study of the reaction of Cp2Ln-H
with CF4 has pointed the high energy barrier of the H/F
exchange by metathesis process.25 Of particular relevance to
the present study, a DFT study of the insertion of vinyl fluoride
into Cp2ZrHCl has shown that the metathesis reaction is
disfavored compared to the insertion/â elimination pathway.24

This latter study did not address points such as the regiochem-
istry of insertion, the preference for cis/trans substitution, or
the relative ease of H/F substitution at different locations in
the olefin, due to the use of vinyl fluoride as substrate. The
present work examines preferences in perfluoroolefin activation
both experimentally and theoretically.

Results

Reaction of Perfluoropropene and Cp*2ZrH 2. Reaction of
1 equiv of Cp*2ZrH2 (1*) (Cp* ) η5sC5Me5) with perfluoro-
propene (2) yields primarily Cp*2ZrHF (3*) and (E)-CF3CFd
CHF (4) (eq 5, labeling shown for CF3CFdCF2 will be used
systematically in the paper). A small amount of Cp*2Zr(CH2-
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CH2CH3)H and traces (<5%) of unidentified fluorinated species
were also detected. The reaction proceeds at-40 °C, and no
intermediates could be observed using low-temperature NMR
spectroscopy, unlike reactions with nonperfluorinated olefins,
which showed the intermediacy of both iso- andn-propyl
insertion products.2 Subsequent addition of a second equivalent
of 1* produced more Cp*2Zr(CH2CH2CH3)H, and no other
fluorinated organic species were observed in appreciable quanti-
ties. Reaction of excess1* (8 equiv) with perfluoropropene at
room-temperature results in complete defluorination to produce
a mixture of3*, Cp*2Zr(CH2CH2CH3)H, and a small amount
of Cp*2ZrF2 (eq 5). When the reaction was performed in the
presence of 1.3 atm of H2 and an internal standard, propane
was formed quantitatively based on CF2dCFCF3.

Reaction of3* with CF3CFdCF2 produced Cp*2ZrF2, (E)-
CFHdCFCF3, and a small amount (4%) of an unidentified
organic species (eq 6). The reaction was slow at room

temperature, reaching 50% conversion after 3 days. In the
presence of excess3*, no further reaction with (E)-CFHdCFCF3

was observed.
DFT Study of Mechanisms.The above experiments reveal

little about the mechanism of C-F cleavage since no intermedi-
ates are seen and since no labeling study is possible. For this
reason, we have chosen to perform a detailed study with DFT
calculations of Cp2ZrH2, 1, (Cp ) η5sC5H5), with CF2dCF-
(CF3), 2. Several pathways were examined (olefin insertion, F/H
metathesis), and only one was found to be substantially preferred
over the others. This pathway involves the approach of the olefin
between the two hydrides (internal) to give an isopropyl hydride
intermediately followed by a selectiveâ-F elimination to give
exclusively Cp2ZrHF, 3, and CHFdCF(CF3), 4. This reaction
is calculated to be strongly exergonic (∆E ) -67.4 kcal mol-1).
Below we describe this pathway in detail as well as pathways
involving the external approach of the olefin, the Zr-alkyl
intermediates prior toâ-F elimination to analyze the regio-
chemistry, and the F/H metathesis pathway. In these calculations,
all energies, unless otherwise stated, will be given with respect
to separated reactants1 plus 2.

(a) Preferred Pathway: Internal Insertion/â-F Elimina-
tion. A weakly bound complex,5, is found between the hydridic
ZrsH of Cp2ZrH2, 1, and the terminal end C(1) of the
electrophilic perfluoropropene,2 (H‚‚‚C(1) ) 2.886 Å). An
adduct between ZrsH and C(2) has not been found to be a
local minimum on the potential energy surface (PES) despite
many attempts. In a very exothermic step, the complex with
C(1) transforms into an isopropyl insertion product,6, with a
very small barrier (Figure 1). In the intermediate6, the R-F
lies out of the plane of the wedge between the Cp ligands where
it cannot interact with Zr because of the lack of an available
empty orbital; theâ-F is 3.44 Å from the metal center. This
intermediate, however, does rearrange to form a new intermedi-
ate7a in which one of theâ-F now interacts with Zr external
to the CsZrsH angle. It is interesting to note that the ZrsCs
(CF2H) angle closes from 120.3° in 6 to 96.6° in 7a. At the
same time, theâ CsF bond in the CF2H group lengthens from
1.375Å to 1.443 Å, which puts the fluorine 2.454 Å from Zr.
For reference, the CsF bond lengths in the CF3 group average
1.35 Å, while the ZrsF bond is 1.934 Å in3. From 7a, an
energy barrier of only 7.6 kcal mol-1 is required to cleave the
CsF bond and give a weak adduct8a of products Cp2ZrHF, 3,
and (E)-CHFdCF(CF3), 4, with an overall release of energy of
71.8 kcal mol-1. The bond dissociation energy of8a into 3 and
4 is small (4.4 kcal mol-1).

(b) External Insertion/â-F Elimination. The above discus-
sion describes the internal attack of the olefin between the
hydride ligands. We have also examined attack of the olefin in
the wedge but external to the two hydrides. The interaction of
the olefin external to the two hydrides is favorable for only
one of the two regiochemistries for the CF3 group (C(1) 2.761
Å from the hydride and C(2) 4.650 Å from Zr) to give9 as a
weak adduct between ZrsH and C(1) with a stabilization energy

Figure 1. Energy profile (kcal mol-1) of the internal insertion/â-F
elimination of CF2dCF(CF3), 2, in Cp2ZrH2, 1.
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of 5.2 kcal mol-1 similar to that for 5 (Figure 2). From
intermediate9, however, a barrier of 9.7 kcal mol-1 must be
overcome to insert the olefin into the ZrsH bond and form a
â-fluoride bound fluoroalkyl complex such as7c. From7c, an
energy barrier of 9.3 kcal mol-1 is required to cleave the CsF
bond and give a weak adduct8c of products Cp2ZrHF, 3, and
CF2dCF(CHF2) with an overall release of energy of 62.3 kcal
mol-1 (not shown in Figure 2). The external pathway produces
an allylic defluorinated olefin, not observed experimentally, and
is associated with an higher energy barrier.

The other regiochemistry for external attack would put the
less electrophilic C(2) center close to the hydride. This inter-
action is not strong enough to create an adduct similar to9 and
consequently the olefin slides to build the preferred interaction

between C(1) and H. Thus adduct10acorresponds to an external
interaction of FsC(1) and ZrsH (Zr‚‚‚F ) 4.251 Å and H‚‚‚
C(1) ) 2.798 Å). Compound10a must surmount a barrier of
12.3 kcal mol-1 to produce then-propyl derivative with aâ-F
interaction internal to the HsZrsC angle such as7h. â-F
elimination from7h is associated with a 15.8 kcal mol-1 barrier
and would lead to Cp2ZrHF + CF2dCHCF3 which is not
observed (not shown in Figure 2).

(c) Zr-Alkyl Isomers and Regiochemistry of Elimination.
In total, six Zr-isopropyl intermediates (7a-f) and twon-propyl
isomers (7g-h) have been located on the PES (Figure 3 and
Table 1). These isomers represent all possible insertion inter-
mediates with aâ-F interaction.26 The â-F elimination from
these isomers would lead to F/H substitution at any of the three
carbons of the perfluoropropene. While the energies of the
isopropyl isomers (7a-f) vary only over a range of 4.6 kcal
mol-1 (from -44.8 kcal mol-1 to -49.4 kcal mol-1 compared
to 1 + 2) where -49.4 kcal mol-1 is the lower energy of
intermediate7 (7d, Table 1) and-44.8 kcal mol-1 the highest
energy (7f, Table 1), the energies of the associated transition
states forâ-fluorine elimination vary over a larger range (12.2
kcal mol-1, Table 1). The energy barriers for formation of the
(E), via TS7a-8a, and (Z), via TS7b-8b, isomers of CHFdCF-
(CF3) are the lowest and differ by only 2 kcal mol-1 with TS7b-
8b being lower (Table 1). C-F activation at the allylic carbon
C(3) has been shown to be associated with a less unfavorable
transition state (TS7c-8c) only 4.7 kcal mol-1 above the most
favorable transition state. Substitution at C(2) from the less
stablen-propyl complex7g requires crossing of the transition
state (TS7g-8g) with an energy barrier of 9.6 kcal mol-1. The
transition state for formation of then-propyl 7g from the iso-
propyl 7a has also been located and is associated with a very
high energy barrier (41.0 kcal mol-1), thus ruling out isomer-
ization as a means of interconverting branched and linear
products. The lack of observation of CF2dCH(CF3) is consistent
with the higher energies of this energy profile. Therefore
regardless of the way the Zr-isopropyl complexes7a-f are
reached, the most favorableâ-F elimination corresponds to F/H
substitution at the terminal C(1) center.

(26) For7c and7f, where theâ-F interaction is within the CF3 group, rotamers
of the CF2H group have been ignored.

Table 1. Selected Geometrical Parameters (Distance in Å, Angles in Degrees) and Energies (kcal mol-1) for the Alkyl Intermediates, 7, with
â-F Interaction and the Corresponding Transition States for â-F Elimination

Zr−CR CR−Câ Câ−Fâ Zr‚‚‚Fâ Zr−CR−Câ CR−Câ−Fâ Zr−CR−Câ−Fâ ∆Ea

7a 2.427 1.502 1.443 2.454 96.6 105.3 -17.3 -47.3
7b 2.421 1.516 1.442 2.492 98.8 104.6 -12.0 -47.9
7c 2.405 1.506 1.427 2.543 99.0 105.3 19.2 -46.3
7d 2.445 1.510 1.409 2.636 101.1 104.5 21.0 -49.4
7e 2.456 1.497 1.426 2.506 96.9 104.4 23.3 -48.7
7f 2.454 1.514 1.400 2.616 99.3 105.9 20.6 -44.8
7g 2.356 1.528 1.392 3.409 124.1 109.5 -17.3 -44.4
7h 2.437 1.526 1.425 2.492 99.1 103.9 9.7 -44.8

TS7a-8a 2.621 1.409 1.793 2.181 90.9 107.0 -5.6 -39.7
TS7b-8b 2.610 1.408 1.787 2.188 91.5 106.9 0.2 -41.7
TS7c-8c 2.591 1.407 1.850 2.167 93.2 103.9 7.9 -37.0
TS7d-8d 2.811 1.402 1.794 2.171 88.2 106.3 12.6 -36.1
TS7e-8e 2.812 1.399 1.789 2.159 87.0 106.9 14.8 -37.3
TS7f-8f 2.834 1.404 1.845 2.135 88.3 104.8 12.7 -29.5
TS7g-8g 2.524 1.410 1.756 2.230 92.8 107.3 -6.0 -34.0
TS7h-8h 2.724 1.399 1.776 2.202 89.8 108.1 -1.8 -29.0

a The energies are given with respect to separated reactants1 plus 2.

Figure 2. Energy profile (kcal mol-1) of the external insertion of CF2d
CF(CF3), 2, in Cp2ZrH2, 1.

A R T I C L E S Clot et al.

5650 J. AM. CHEM. SOC. 9 VOL. 126, NO. 17, 2004



(d) Metathesis Pathways.The metathesis pathways involving
internal and external four-center reactions of the Zr-H/F-C
bonds were also investigated. As before adducts are formed,
10a and10b, still involving only the hydride and the electro-
philic carbon C(1) with an energy stabilization of 4-5 kcal
mol-1 and therefore rather similar to the previously located
adducts (Figure 4). Concerted transition states for H/F exchange
are located at either 6.7 or 10.8 kcal mol-1 above the adducts,
respectively. These pathways are therefore also less favored than
the internal insertion/â-F elimination pathway.

Discussion
Olefins are well known to insert into the ZrsH bond.

Considering the multiple substitutions in perfluropropene, it is
not obvious which direction will be preferred nor if an insertion
mechanism will be favored at all. Calculations over a variety
of starting geometries support the idea that it (i) is largely
exergonic, (ii) occurs with a low barrier, (iii) is selective in favor
of the isopropyl product, and (iv) is selective to formation of
the CHFdCF(CF3) product.

The large energy of stabilization resulting from the hydrozir-
conation of the perfluorinated propene can be accounted for in
terms of the strengths of the bonds that are made and broken.
In the conversion of5 to 6, a CsH and a ZrsC σ bond are
made at the expense of a ZrsH bond and a CdC π bond. Values
for the three first bond energies can be estimated from
experimental determination and are, respectively, around 106,
62, and 77 kcal mol-1 for the Cp2Zr compounds.27 The CsC π
bond energy is expected to be very small as evidenced from
the dramatic decreases of the total CdC energy with increasing
number of F substituents: CH2dCH2 (172 kcal mol-1) vs CF2d
CF2 (76.3 kcal mol-1)28 which accounts for the large negative
reaction energy for1+ 2 into 6 (-48.6 kcal mol-1). Independent
calculations of bond energies for ZrsH in Cp2ZrH2 (70.5 kcal
mol-1), ZrsC in 6 (69.1 kcal mol-1), CsH from HsCF2CFH-
(CF3) (105.8 kcal mol-1), and π CdC from the energy of
hydrogenation of CF2dCF(CF3) (55.8 kcal mol-1) highlight the
role of the weakness of the CdC π bond energy in driving down
the reaction energy of1+2 into 6. This leads to the conclusion
that while olefins are readily hydrozirconated, reactions with
perfluoroolefins should be even more favorable.

The perfluoropropene2 has a strongly asymmetric charge
distribution in the carbon centers. AIM charges are calculated
to be +1.2, + 0.7, and +1.8 on C(1), C(2), and C(3),
respectively.29 The strong electrophilicity of C(1) accounts for
the formation of internal encounter complex5 where the Zr-H
interacts with the terminal C. From this complex, the olefin
slides slightly toward the hydride in crossing a low energy
reactant-like transition state. An external complex of the olefin
can also form. However in both orientations of the CF3 group,
steric interactions in the transition state reveal that the carbon
forming the incipient Zr-C bond (in the narrow part of the
wedge) is further away from the metal than the carbon that will
receive the hydrogen. These steric interactions would be
expected to be exacerbated in the Cp*2Zr systems, accounting
for the higher barrier to external insertion in these pathways.

The asymmetric charge distribution in the olefin2 also
accounts for the regioselective formation of the isopropyl
product6. In the absence of an asymmetric charge distribution

(27) Simões, J. A. M.; Beauchamp, J. L. Chem. ReV. 1990, 90, 629.
(28) Bond Strengths in Polyatomic Molecules.CRC Handbook of Chemistry

and Physics, 63rd ed. Weast, R. C., Ed.; CRC Press: Boca Raton, FL, 1983;
p F-198.

(29) Bader, R. F. W.Atoms in molecules: a quantum theory; Clarendon Press:
Oxford, 1990.

Figure 3. Structures of the alkyl isomers of species7. See Table 1 for selected geometrical parameters and relative energies.

Figure 4. Energy profile (kcal mol-1) of the internal (right) and external
(left) metathesis pathways of CF2dCF(CF3), 2, in Cp2ZrH2, 1.
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as in CH2dCH(CF3) (∆q ) 0.01 from AIM charges), a mixture
of isopropyl and n-propyl insertion isomers is obtained.2

Furthermore, from intermediate7a, the barrier to formation of
the n-propyl isomer7g has been calculated to be greater than
40 kcal mol-1, ruling out isomerization as a means of inter-
converting branched and linear products.

The isopropyl complex6, which has no noticeableR- or â-F
interaction with the metal, is the preferred initial insertion
product and thus needs to isomerize to other isopropyl inter-
mediates withâ-F interactions to give the ZrsF bond and the
mono-defluorinated olefin products. Intermediates7 all display
â-fluorine interactions but are essentially at the same energy as
6 due to the ring strain introduced in the four-membered ring,
mostly by closing of the ZrsC(1)sC(2) angle. The strength of
the Zr‚‚‚F interaction in7 is also indicated by the almost
equivalent ZrsC and Zr‚‚‚F distances (Table 1). The six
different isomers that have been selected are all within 4.6 kcal
mol-1. The barriers forâ-fluorine elimination from the isopropyl
intermediates span an energy range of 12.2 kcal mol-1 (Table
1). Since theâ-fluorine bound isomers7 interconvert rapidly
with one another as demonstrated by the energy barrier of 2.8
kcal mol-1 for 6 into 7a (Figure 1), the major product would
be determined by the Curtin-Hammett principle. The transition
states for formation of F2CdCHCF3 (TS7g-8g) and of F2Cd
CFCF2H (TS7c-8c) are at higher energies than those for forming
HFCdCFCF3 (Table 1). The high activation barrier forâ-F
elimination at CF3 rather than at CF2H is consistent with the
increased CsF bond energy with increased F substitution at
the central carbon (compare7c to 7a or 7b, Table 1).
Furthermore the product CF2dCF(CF2H) is the least stable of
all possible products resulting from F/H substitution from
perfluoropropene (10 kcal mol-1 above (E)-CHFdCF(CF3)).
The higher barrier forâ-F elimination at the substituted C(2)
center does not follow from the trend in relative energies of
(E)-CHFdCF(CF3) and CF2dCH(CF3) since the latter is more
stable by 13.0 kcal mol-1. In summary, the F/H substitution at
C(2) is disfavored because the lowest activation barrier for
insertion of CF2dCF(CF3) corresponds to the formation of the
isopropyl intermediates and the isopropylf n-propyl transfor-
mation has a high energy barrier; the F/H substitution at C(3)
is disfavored by the higher energy associated withâ-F elimina-
tion at CF3 compared to CF2H. The first carbon to be
defluorinated is thus C(1).

The selective formation of the (E) stereochemistry in the
CHFdCF(CF3) product is somewhat more complicated to
account for. Experimentally the (E) isomer dominates which
does not follow the relative energies of products, since (Z)-
CFHdCF(CF3) is 1.8 kcal mol-1 more stable than the (E)
isomer. This means that the paths for production of these two
isomers must be very similar with some marginal preference
for formation of the (E) isomer. The calculations have identified
two paths with very similar energy profiles, one leading to the
(E) isomer (passage throughTS7a-8a) and the other to the (Z)
isomer (passage throughTS7b-8b). A more precise calculation
of the relative production of the two products would require
calculations of the real systems including Cp* in place of Cp.

The Zr-alkyl complexes with an internalâ-F interaction (e.g.,
7d, 7e) are generally more stable than those with an external
â-F interaction (e.g.,7a, 7b). It is clearly preferable to put the
stronger bond (M-C) at the outside and the weak bond (Ff

Zr) inside. The same rational also accounts for the lower energy
barrier for â-F elimination at the outside position. In the
transition state, the Zr-F bond is well advanced and its
formation is the main driving force for the reaction. Putting F
where the incipient Zr-F bond would be stronger is thus
preferred. Concomitantly, it is energetically less demanding to
put the Zr-C bond at the coordination site where it is weakened.
These results are consistent with the preference for internal
insertion of the olefin.

It is interesting to note that the pathways for H/F metathesis
via complexes10aand10b are not associated with particularly
high barriers (∼10 kcal mol-1). These barriers are in fact similar
to those forâ-fluorine elimination from complex7. The reason
these metathesis pathways can be excluded is that the first step
for the insertion/elimination has a barrier of only 2.3 kcal mol-1

and is therefore strongly favored. Furthermore, the large
exothermicity associated with the formation of the alkyl
complexes permits theâ-F elimination transition state to be
considerably below the energy of the separated reagents. The
energy realized in the insertion step could be used to carry the
complex all the way to products over the∼10 kcal mol-1 barrier
for â-F elimination, although, at the temperature in the experi-
ment, there is sufficient thermal energy to surmount the barrier.
These results suggest that, in a multistep process for an overall
exothermic pathway, there may be some benefit in starting the
reaction path with a step having the lowest barrier. This will
result in the energy profile rising the least above the energy of
the initial reactants.

It is interesting to compare and contrast these results with
those of Caulton et al. on the reaction of CH2dCHF with Cp2-
ZrHCl.24 First, the overall reaction coordinate is very similar
and an insertion/â-F elimination pathway was found to be
favored. Second, while no adduct with vinylfluoride was found
prior to insertion, the reaction employing Cp2ZrH2 with per-
fluoropropene shows evidence for adduct formation via a
hydride-olefin interaction. This is likely due to the fact that
Cp2ZrH2 is more electron rich than Cp2ZrHCl and that perfluo-
ropropene is more electrophilic than vinylfluoride. Third, both
sets of calculations show evidence forâ-fluoride interactions
yet intermediate7 is of comparable energy to intermediate6
where this interaction is absent. In the Cp2Zr(Cl)(CH2CH2F)
case, the intermediate with theâ-fluoride interaction is at higher
energy than the intermediate without this interaction. This may
be due to the fact that Cl is aπ-donor and attenuates the Lewis
acidity of Zr. The structures of the two alkyl complexes with
â-F interactions are similar, and we believe that the Zr‚‚‚F
interaction is strong but is countered by the strain of the ring
that is formed. Finally, the slower rate of reaction of Cp2ZrHCl
versus Cp*2ZrH2 can be attributed to the higher hydricity
associated with dihydride versus hydrido-chloride, the greater
donor ability of Cp* versus Cp, and the greater electrophilicity
of the olefin used. In this sense, the present calculations
overestimate barriers, since they were done with Cp in place of
Cp*, although the calculated barriers for all paths are lower with
Cp2ZrH2 and CF2dCF(CF3) than with Cp2ZrHCl and CH2d
CHF. Indeed, experiments show that use of Cp*2ZrHF results
in slower rates.

The complete exchange of fluorine for hydrogen can be
accomplished by successive repetitions of the pathways that have
been described above. The fact that (E)-CHFdCF(CF3) is
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observed to build up before subsequent reductions implies that
the barrier height for the second reduction is higher than the
first and all subsequent reductions. The reaction pathways
calculated here are sufficiently facile to serve as potential
mechanistic steps, but it is anticipated that the insertion/
elimination pathway will continue to be favored. This notion is
supported by calculations on the reaction of Cp2ZrH2 with
ethylene, which shows virtually no barrier to insertion.30

Conclusions

Vinylic C-F bond exchange is extremely facile with the
Zr-H bond of Cp*2ZrH2. The first exchange occurs selectively
at the terminal carbon C(1). DFT calculations strongly support
an internal insertion of the olefin followed byâ-F elimination
over other pathways with the terminal substitution being
preferred. The regiochemistry of the exchange, determined at
the insertion step, is associated with the strong asymmetric
charge distribution in the perfluoropropene olefin.

Experimental Section

General Considerations.All manipulations were performed inside
an 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.31 Perfluoropropene (Aldrich),
was used as received. All liquids were degassed by the freeze-pump-
thaw method.1H and19F NMR spectra were recorded using a Bruker
Avance400 spectrometer.19F NMR spectra were referenced toR,R,R-
trifluorotoluene (taken asδ -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. Cp*2ZrH2 was prepared according
to the literature procedures.32,33

Reaction of 1 with Perfluoropropene.A resealable NMR tube was
charged with 30 mg (0.082 mmol) of Cp*2ZrH2 and dissolved in C6D12.
The solution was freeze-pump-thaw degassed 3 times and with a
56-mL calibrated glass bulb, and 4 Torr (0.012 mmol) of perfluoro-
propene was condensed in the tube. The tube was thawed, shaken, and
analyzed after 2 h at room temperature.19F NMR analysis revealed
formation of Cp*2ZrHF and a small amount of Cp*2ZrF2. No other
fluorinated organic species were observed. The1H NMR spectrum
revealed the formation of Cp*2Zr(n-propyl)H and a small amount of
propane. When the reaction was repeated using 1 equiv of perfluoro-
propene, the reaction mixture consisted primarily of (E)-1,2,3,3,3-

pentafluoropropene, unreacted perfluoropropene, and Cp*2Zr(CH2CH2-
CH3)H. No other fluorocarbons were observed upon reaction with
additional equivalents of Cp*2ZrH2. For (E)-1,2,3,3,3-pentafluoropro-
pene: 19F NMR (C6D12): δ -69.55 (m, 3 F),-166.03 (m, 1 F),
-178.73 (dm,Jtrans F-F ) 139 Hz, 1 F).1H NMR (C6D12): δ 7.11 (dd,
Jgem H-F ) 70.7 Hz). The chemical shifts and coupling constants match
those reported.34

Computational Details

All calculations were performed with the Gaussian 98 set of
programs35 within the framework of hybrid DFT (B3PW91).36 The
zirconium atom was represented by the relativistic effective core
potential (RECP) from the Stuttgart group (12 valence electrons) and
its associated basis set,37 augmented by anf polarization function (R
) 0.875).38 A 6-31G(d,p) basis set39 was used for all the remaining
atoms. 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. The connection between reactants
through the transition states was checked by optimizations from a
slightly altered geometry of the transition state in both directions along
the transition state vector.
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