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The reaction of CF, with Cp,L.n—H has been studied with DFT(B3PW91) calculations for the entire family of
lanthanide elements. The reaction paths for H/F exchange (formation of CF;H and Cp,Ln-F) and alkylation
(formation of Cp,Ln—-CF; and HF) have been determined. Even though a transition state for formation of Cp,Ln—
CF; has been located, Cp,Ln—CF; reacts with no energy barrier with HF to give Cp,Ln-F and CF;H. The products
of the reactions of H/F exchange and alkylation are thus identical. The former reaction is found to be kinetically
preferred although the energy barrier is high (>30 kcal mol™") which suggests that CF, would not react with Cp,Ln—

H derivatives. These reactions contrast with that of CH, and Cp,Ln—H for which the energy barrier for the alkylation

reaction is lower. The difference in the energy barriers is attributed to an unfavourable charge distribution in the
3c—4e transition state. The structure of Cp,Ln—CF; differs from that of Cp,Ln—CHj;. Because of the high affinity of
Ln for F, CF; is dihapto-n*-C-F bonded. The Ln - - - F interaction is strong and Cp,Ln—CF; can be viewed as an
F bridged Ln—CF, complex. The presence of a nascent carbene CF, group in this complex rationalizes its reactivity
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with HF.

Introduction

Metal complexes have been used for many years to activate
inert bonds either in a stoichiometric or catalytic reaction. A
large number of systems are able to activate a C-H bond' but
many fewer metal complexes successfully activate a C-F bond.?
It is currently accepted that the strength of the C-F bond is
one of the origins of its inertness. For this reason, bis-cyclo-
pentadienyl lanthanides derivatives deserve special attention.
The discovery that Cp*,Lu-CH; (Cp* = n’-CsMes) activates
CH, has had considerable impact on the organometallic com-
munity.® Furthermore lanthanide elements have a great affinity
for fluoride, which suggests that thermodynamic could favour
C-F bond activation by formation of a Ln—F bond.

The reaction of Cp*,Ln-R (R = H or Me) with a ¢ bond in
molecules like alkanes, arenes, silanes etc. can only occur via
bond metathesis because of the absence of any redox reaction.
Computational studies of the reaction paths in the case of the
reaction of Cp,Ln-H with H-H,* H-CH,* and H-SiH,° reveal
some unusual aspects of the 6 bond metathesis. The diamond
type transition state does not have four relatively similar angles.
The diamond is significantly distorted with an almost linear
geometry for the R—X-Y moiety where X-Y is reactant (1).
This is because the 4 electrons involved in the metathesis are
entirely located on the R-X-Y part, which is best viewed as a
3c-4e [R-X-Y]™ anionic species in the vicinity of a [Cp,Ln]"
cation. An unsymmetrical X-Y, like H-CH; or H-SiH;, makes
the energies of the topologies R—X-Y or R-Y-X potentially
very different, depending on X and Y. A large difference in the
energies between the two transition states has been found for
CH,. The transition state with CH; in the vicinity, a to the
lanthanide (R-X-Y = H-H-CH,), 2, is considerably favoured
compared to the transition state where CHj; is B to Ln (R-X-Y

T Electronic supplementary information (ESI) available: Selected DFT
calculated bond lengths and angles (Tables S1 to S3) and energy profiles
for all lanthanide elements (Table S4). See http://www.rsc.org/suppdata/
dt/b3/b308433g/

= H-CH;-H), 3, We have noticed that the height of the energy
barrier is related to the ability of the 3¢ R-X-Y species to
stabilize 4 electrons. The 4 electrons being located preferably
on the outside atoms or groups of the 3c system, that is on
R and 'Y, these atoms or groups must have the ability to stabilize
a negative charge. The central atom of group X must have the
ability to be positively charged and to accommodate partial
bonding to R and Y, which is to become hypervalent. As a con-
sequence, the transition state in which R-X-Y = H-CH;-H,
3, is highly unfavourable compared to R-X-Y = H-H-CHj, 2,
(which is accessible in energy) whereas the transition states for
R-X-Y = H-SiH;-H and H-H-SiH; are close in energy and
energetically accessible. An interesting question that arises is
thus the case of CF,. F is very electronegative and can thus
ideally be at the Y site. In addition, the three F of the CF,
can favour the formation of an hypervalent C at the X site,
although it is unclear if they can stabilize a positive charge at C.
Finally, all lanthanide elements have a very strong affinity for F,
which can drive the thermodynamic of the reaction towards
formation of Cp,Ln-F and CF,-H, despite the large bond
dissociation energy of C-F itself, around 130 kcal mol™'.7 In
addition, it would also be interesting to know if the product
of alkylation (formation of Cp,Ln-CF;) is feasible because
it may not be stable in presence of HF which is made in situ.
We have thus studied with a DFT method the reactivity of
Cp,Ln-H with CF, for the entire family of Ln elements. In the
previous studies we have found very little influence of the
nature of Ln element. However due to the very different
nature of the reactant compared to those studied previously
(H,, CH,, SiH,), we thought that it was wiser to study the entire
Ln family.
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The activation of the C—F bond has been studied with com-
putational methods for late d transition metals® and also for
early d transition metals® or alkaline or rare earth elements.'®"
It should be pointed out that these contributions include
theoretical studies of reactions in highly varied conditions.
Some of these studies mimic reactions occurring in solutions
with a metal complex fully surrounded by ligands. Other studies
are concerned with a naked metal mimicking a reaction occur-
ring in a laser field. In particular the reaction'® of Nb* where
Nb is initially in a +1 oxidation state before being oxidized to
the more stable +1II is very different from what occurs when
Cp,Ln-R reacts in a non-redox process. Some other theoretical
studies attempt to study idealized model systems to extract the
key features of C-F activation. The key point that emerges
from these studies is that the activation of a C-F bond may be
kinetically challenging even if it is thermodynamically favour-
able because the strong C-F bond may be more than compen-
sated by a strong M-F bond. The bonding energy of Ln-F
being especially large, it is worth studying if this could impact
on the energy barrier. It should be pointed out before entering
the description of our results that no reaction of lanthanocene
hydride derivative with CF, has been reported, despite some
attempts by R. A. Andersen.'?

Computational details

In previous studies'* we have shown that large core Relativistic
Effective Core Potentials (RECPs) optimized by the Stuttgart—
Dresden group'* are well adapted to the calculations of the
geometries of lanthanide complexes because the 4f electrons do
not participate explicitly in the Ln—X bonds. Different RECPs,
one per oxidation state, represent each lanthanide element.
The basis sets adapted to the different RECPs augmented by an
f polarisation function (a = 1.000) have been used. F has also
been represented by an RECP ' with the associated basis set
augmented by two contracted d polarisation gaussian functions
(0, = 3.3505 (0.357851), a, = 0.9924 (0.795561)).'¢ C and H have
been represented by an all-electron 6-31G(d,p) basis set.'”
Calculations have been carried out at the DFT(B3PWO1) level '
with Gaussian 98." The calculations of BDE have been carried
out by optimizing spin doublet at the unrestricted level (the spin
contamination has been found to be negligible). The geometry
optimizations have been carried out without any symmetry
restrictions. The nature of the extrema (minimum or transition
state) has been established with analytical frequencies calcu-
lations and the intrinsic reaction coordinate (IRC) has been
followed to confirm that transition states connect to reactants
and products.

Results and discussion

Two reactions have been considered. In eqn. (1), H and F are
exchanged between the lanthanide centre and the organic mole-
cule. In eqn. (2), the transfer of the CF; group to the metal
center corresponds to an alkylation.

Cp,Ln-H + F-CF; — Cp,Ln-F + H-CF; (1)

Cp,Ln-H + F-CF,— Cp,Ln-CF, + HF  (2)
Neutral Cp,Ln-H corresponds to Ln™, which is the usual
stable oxidation state for all lanthanide elements. However, the
oxidation state IV is accessible for Ce and the oxidation state 11
for Eu and Yb. Calculations for [Cp,Ce-H]" and [Cp,Eu-H]~
and [Cp,Yb-H]™ have thus been carried out in order to study
the influence of the oxidation state of the metal on the activa-
tion processes. Test calculations have confirmed that neutral
Cp,Ce-H, Cp,Eu-H and Cp,Yb-H behave like the other
neutral complexes. As a consequence, we report only the
results for Ce', Eu™ and Yb™ and Ln™ for all other lanthanide
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elements. All numerical values discussed in the text and the
optimized structures shown in the figures are for La because
they are representative of the results for all Ln™ complexes.
When necessary the numerical values for Ce", Eu™ and Yb™ are
presented.

Geometry of reactants and products

The geometry of the reactant Cp,Ln-H, 4, has been previously
discussed* and only the features essential for comparison with
the Cp,Ln-F products are summarized here. The geometry of
Cp,Ln-H varies very little with Ln (see ESI, Table S1).+ The
structure of Cp,La—H is shown in Fig. 1. The pyramidalization
at Ln has previously been discussed.?” The lanthanide contrac-
tion is calculated to be 0.170 A.

Fig. 1 DFT(B3PW91) optimized structures of Cp,La-H, 4, Cp,La-F,
5, Cp,La—CF;, 6.

The geometry of the product Cp,Ln-F, 5, is given in the ESI
(Table S1) and shown for La in Fig. 1. For a given lanthanide,
the Ln—F bond is longer than Ln—H by only 0.035 A. This is
rationalized by the large ionic radius of F~ and by the strong
Ln-F bonding. An analysis of the topology of the charge
density exploiting the “Atoms In Molecule” (AIM) approach
of the Cp,La-H and Cp,La-F (Fig. 2) illustrates the ionic
aspect of the La—X bond (Ap(Rc) > 0) which is larger for La-F,
Ap(Re)r =3.909 10" ¢ A3, than for La—H Ap(Rc)y = 6.54 1072
e A~%. The pyramidalization at Ln in Cp,Ln-F is less pro-
nounced than in Cp,Ln-H as already noticed due to additional
5d;,/2pg bonding in the fluoride complexes.?® The lanthanide
contraction for Ln—F is equal to 0.176 A.

The geometry of Cp,Ln-CFj, 6, (Table 1, Fig. 1) is very dif-
ferent from the hydrogenated equivalent Cp,Ln—CH,.? Because
of the high affinity of d° metals for electronegative atoms, the
CF; group does not make a ¢ bond with Ln like CH; does but is
n? bonded via one C-F bond. As a consequence the local
pseudo-C; axis of CF; is not directed towards the metal center.
A similar but much smaller distortion was noticed in Cp,Ln—
SiH, where Si-H was found to be a agostic.® The following
numerical values, given for La, illustrate the bonding of CF; to
the metal center. The C-F' bond is longer (1.512 A) than the
two other C—F bonds (1.343 A) but is short enough to suggest
that the presence of a bond. The Ln-F" is also significantly
formed (2.569 A) but still much longer than in Cp,Ln—F (2.179
A). The sum of the angles La—C—F2 La C-F® and F-C—F? is
equal to 356.7° which indicates the presence of a CF, group
bonded to La through the HOMO of the singlet CF, carbene
group. A similar geometry has been found for [Cp,Zr—CF;]*.°
An AIM analysis of the topology of the charge density for
Cp,La-CH;, Cp,La-SiH; and Cp,La-CF; illustrates the
increasing interaction of La with the B atom (Fig. 2). In the
case of CH; where no La - - - H interaction is present, the C-H
bond critical point is along the C-H direction. In the case of
SiH;, the Si—H bond critical point, as well as that for La—Si but
in a minor way, is deviated away from the Si-H direction
towards La, consistent with the presence of an o Si—H agostic
interaction. In the case of CFj, three critical points charac-
teristic of the La—C, C-F' and La-F' bonds are present in



Fig.2 Topology of the charge density using the AIM methodology for
Cp,La-H A, Cp,La-F B, Cp,La—CH; C, Cp,La-SiH; D, Cp,La-CF,
E. Crosses show the presence of a bond critical point. The cross in a
circle in E shows the existence of a cyclic critical point.

addition to a cyclic La—C—F" point. } Consequently the analysis
of the geometry and of the topology of the charge density
suggests that Cp,Ln-CF; should be viewed as an F bridged
Ln—CF, complex. One can alternatively consider this complex
as having a CF, bridged La—F bond. Both viewpoints highlight

i Calculation of the topology of the charge density by the AIM method
has been carried out for agostic C—H bonds in various systems. In no
case was a critical point characteristic of a bond between the metal
centre and the H or C ever found. For key references, see: A. Haaland,
W. Scherer, K. Ruud, G. S. McGrady, A. J. Downs and O. Swang, J Am.
Chem. Soc., 1998, 120, 3762; W. Scherer, T. Priermeier, A. Haaland,
H. V. Volden, G. McGrady, A. J. Downs, R. Boese and D. Bliser,
Organometallics, 1998, 17, 4406; W. Scherer, P. Sirsch, D. Shorokhov,
G. S. McGrady, S. A. Mason and M. G. Gardiner, Chem. Eur. J., 2002,
8, 2324; G. S. McGrady and A. J. Downs, Coord. Chem. Rev., 2000,
197, 95.

the presence of a CF, group, which uses the lone pairs of the
other F for additional stabilization because of the inability of
La™ to back-donate electrons into the empty p orbital of the
carbene group. As will be shown the presence of a carbene
group in Cp,Ln-CF; will be key to the rationalizing of the
reaction paths.

HI/F exchange

The reaction has been represented by eqn. (1). The energy
profile is shown for Ln = La in Fig. 3 and given for all metal
centers in Fig. 4. Three intermediates, 4 to 9, shown in Fig. 5
for La, have been located: Cp,Ln-H (4) makes an adduct
Cp,Ln-H(CF,), 7, with CF,, a transition state 9, which
exchanges H and F, produces 8, which is an adduct of HCF,
and Cp,Ln-F (5). The final separated products are thus
Cp,Ln-F and HCF;.

4
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Fig. 3 Energy profiles (kcal mol™") for H/F exchange (eqn. (1)) and
alkylation (eqn. (2)).
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Fig. 4 Evolution of energy of reactions (AE,, AEg) and energy
barriers (AE,f, AEg}) in kcal mol™! for H/F exchange (eqn. (1)) and
alkylation (eqn. (2)) with respect to the lanthanide center.

The CF, molecule binds to Cp,La-H via one F of CF,
(Table S2 of ESI, t Fig. 5). Although the La --- F-C angle is
equal to 146° all other F remain far from La and CF, should be
viewed as n' bonded via F in 7. The La --- F distance is
approximately 0.3 A longer than La-F in Cp,La—F. The
geometry of CF, is hardly changed by the coordination as
shown by the very small elongation of the coordinated C-F
bond (0.039 A longer than the non-coordinated C—F bonds).
The geometry of the Cp,La—H moiety remains as in the isolated
reactant 4 and in particular the hydride remains far from the
closest F of CF,. The bond dissociation energy of CF, is very
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Table 1 DFT(B3PW91) optimized geometries for Cp,Ln—CF,, 5. F! is bridging Ln—C (Fig. 1) (distances/A, angles/®). X is the Cp centroid. All
complexes are neutral (Ln™) with the exceptions of [Cp,CeX]", [Cp,EuX]™ and [Cp,YbX]", for which the oxidation states of the metal are IV and II
and 11, respectively

Ln Ln-C Ln-F! C-F' Ln-X Ln-C-F' F-C-F? X-Ln-X
La 2.576 2.568 1.512 2.549 72.6 105.3 132.8
Cev 2.436 2.503 1.475 2.394 75.1 107.7 130.5
Pr 2.540 2.513 1.523 2.505 71.4 105.3 134.1
Nd 2.524 2.487 1.529 2.485 70.9 105.3 134.7
Pm 2.511 2.462 1.536 2.466 70.2 105.4 135.3
Sm 2.497 2.437 1.544 2.448 69.6 105.4 135.8
Eul! 2.708 2.678 1.475 2.650 72.9 102.4 133.7
Gd 2.471 2.390 1.561 2.415 68.4 105.4 136.5
Tb 2.459 2.368 1.570 2.398 67.9 105.5 136.6
Dy 2.446 2.348 1.577 2.382 67.4 105.5 136.8
Ho 2.434 2.330 1.585 2.367 67.0 105.5 136.9
Er 2.421 2.312 1.592 2.352 66.6 105.5 137.0
Tm 2.411 2.296 1.598 2.339 66.3 105.5 137.1
Yb! 2.604 2.606 1.475 2.545 73.6 102.4 135.5
Lu 2.389 2.273 1.605 2.313 66.0 105.5 137.4

10

Fig. 5 DFT(B3PWO91) optimized structures of Cp,La-H(CF,), 7,
Cp,La-F(HCFj,), 8, TS for H/F exchange, 9, TS for alkylation, 10.

small (3 kcal mol™"). Thus the very large affinity of lanthanide
element for F does not manifest itself in the case of CF,, which
reflects probably on the strength of the C—F bond and the lack
of a permanent dipole in CF,. The bond between Cp,La—H and
CF, is mostly electrostatic (induced dipole in CF,) with a minor
donor-acceptor interaction as shown by the tiny total NBO
charge of 0.01 e on the coordinated CF,.

In the product of reaction Cp,La-F(HCF;), 8, HCF; is
bonded via a single F to Cp,La—F (Table S3 of ESI, f Fig. 5). The
distance La - -+ F is significantly shorter than in 7 (2.745 vs.
2.870 A) but still far from that of La—F(fluoride) = 2.219 A. The
La-F-C angle equal to 122.8° is much more acute than in 7
and furthermore H is close to the fluoride (H - - - F =2.023 A).
The energy of reaction is very large in favour of the fluoride
complex: 8 is 70 kcal mol™' lower in energy than 7. The differ-
ence in energy between 4 and 5 of 61.9 kcal mol™' can be dir-
ectly understood in terms of bond dissociation energy (BDE)
for the C-H, La—F, C-F and La—H bonds. Because the BDE of
C-F is about 30 kcal mol ™' larger than BDE of C-H,” La—F is
around 90 kcal mol™! stronger than La—H. A direct calculation
of the BDEs in 4 and 5 gives a BDE of 142 kcal mol ™! for La-F
and 67 kcal mol™' for La—H. The bond dissociation energy
of HCF; in 8 (11.2 kcal mol™") is larger than that of CF, in 7
(3.1 kcal mol™'). This can be due to an increased electro-
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static interaction in the case of the Cp,La—F due to the larger
positive charge at La® as well as to the additional F* - -+ H
attraction.

The energy barrier (Table S4 of ESI, 1 Fig. 4) is calculated to
be 30 kcal mol™! above the separated reactants 4 and CF,,
which is indicative of a difficult reaction. This energy barrier
does not allow drawing a definite conclusion on the feasibility
of reaction because of the uncertainty associated with the
model (Cp for substituted cyclopentadienyl group, no solvent
etc.) and the level of calculation. It is however consistent with
the absence of reaction of CF, with (1,2,4-Bu*~CsH,)Ce-H."
In the transition state 9, the La-H is clongated by 0.1 A
(Table 2, Fig. 5) and the C-H significantly formed (around
1.5-1.6 A). The C—F bond to be broken is elongated by around
0.3 A and the incipient La -+ - F only 0.3 A longer than La—F
in Cp,La-F. The carbon center is in a trigonal bipyramidal
geometry with one equatorial F and an apical H. The local
pseudo-C; axis of the untouched CF; group is pointing
more toward the leaving F than the incoming H. As already
mentioned in our previous studies,>® the transition state for
such metathesis reaction is best viewed as a nucleophilic
addition of [H]™ to CF, with the consecutive formation of an
hypervalent transient [HCF,]™ species in the vicinity of a
lanthanide cationic center. The difference in the energy barriers
for the reactions with H/H exchange with CH, and H/F
exchange with CF, shows that the strength of the bond to
cleave does not determine the height of the barrier. The C-F
bond in CF, is around 20-30 kcal mol™' stronger than the
C-H bond in CH,. Nevertheless the very high barrier (70 kcal
mol 1) calculated in the case of CH, is 40 kcal mol™! lower in
the case of CF,. This is fully consistent with the well-known
stabilization of a hypervalent main group element by substi-
tution with electronegative atoms and the presence of F next
to a lanthanide centre. Additional stabilization is provided by
the interaction of lanthanide center with the nearby negatively
charged fluorine center. The very large lowering of the energy
from transition state 9 to product 8 is due to the full formation
of the Ln—F bond.

The influence of the lanthanide elements on the energy pro-
file (Fig. 4) of this reaction resembles that found previously.*>*®
Leaving aside the case of Ce', Eu" and Yb" the energy barrier
tends to be lower near the middle of the lanthanide series
although this trend is very weak in this case. There is no change
in the geometry of the stationary points. Changing to cationic
Ce® or anionic complexes (Eu™ and Yb™) gives higher barriers
than for neutral Ln™ complexes. The energy of reaction is
diminished but remains large. This is consistent with the lesser
stabilization of a cationic center by an electron-withdrawing
atom. Fewer changes are found for the anionic Eu™ and Yb"
complexes.



Table2 DFT(B3PW91) optimized geometries for the transition state 9, for the reaction of H/F exchange (eqn. (l) Fig. 5). The C-F** bonds = 1.349

A, C-F*bond = 1.397 A,
neutral (Ln™) with the exceptions of [Cp,CeX]",

F2-C-F? = 120° and H-C—F* = 172.3° for all Ln elements (distances/A, angles/®). X is the Cp centroid. All complexes are
[Cp,EuX] and [Cp,YbX] ",

for which the oxidation states of the metal are IV, II and 11, respectively

Ln Ln-H Ln-F* Ln-C C-H C-F* H-C-F* F*-C-F>* X-Ln-X
La 2.214 2.522 3.297 1.535 1.554 82.1 98.6 132.9
Ce 2.033 2.248 3.479 2.090 2.089 70.1 116.6 131.0
Pr 2.180 2.470 3.257 1.546 1.564 81.9 98.8 114.5
Nd 2.164 2.446 3.239 1.551 1.568 81.8 99.0 134.9
Pm 2.150 2.424 3.222 1.556 1.572 81.8 99.1 135.4
Sm 2.137 2.403 3.206 1.561 1.576 81.7 99.2 135.9
Eu" 2.346 2.723 3.464 1.700 1.397 84.7 96.3 133.9
Gd 2.111 2.366 3.178 1.570 1.584 81.5 99.5 136.7
Tb 2.097 2.347 3.161 1.573 1.587 81.5 99.5 136.9
Dy 2.084 2.330 3.147 1.577 1.591 81.4 99.7 137.1
Ho 2.071 2314 3.134 1.581 1.594 81.3 99.8 137.3
Er 2.058 2.298 3.120 1.585 1.598 81.2 99.9 137.5
Tm 2.048 2.284 3.108 1.588 1.600 81.2 100.0 137.6
Yb" 2.272 2.658 3.410 1.649 1.357 82.4 94.5 134.5
Lu 2.027 2.261 3.087 1.591 1.606 81.0 100.1 137.9

Table3 DFT(B3PW91) optimized geometries of the transition state 10 for the alkylation reaction (eqn. (2), Fig. 5) (distances/A, angles/®). X is the

Cp centroid. All complexes are neutral (Ln™) with the exceptions of [Cp,CeX]",

the metal are IV and II and 11, respectively

[Cp,EuX]™ and [Cp,YbX], for which the oxidation states of

Ln Ln-H Ln-F* Ln-F* C-F* H-F? Ln-H-F* H-F*-C X-Ln-X
La 2.389 2.684 2.486 1.911 1.384 77.4 170.4 132.5
Ce" 2.245 2.523 2.410 2.022 1.206 82.7 166.7 131.7
Pr 2.353 2.636 2.443 1.912 1.387 76.7 170.0 133.2
Nd 2.337 2.615 2.424 1.913 1.388 76.4 169.8 133.5
Pm 2.322 2.594 2.405 1.914 1.389 76.2 169.6 133.8
Sm 2.307 2.575 2.387 1.914 1.391 75.9 169.5 134.0
Eu" 2.503 3.026 2.567 1.824 1.494 75.2 175.6 133.0
Gd 2.282 2.542 2.355 1.914 1.395 75.3 169.3 134.7
Tb 2.267 2.525 2.338 1.916 1.397 75.1 169.1 134.8
Dy 2.254 2,511 2.323 1.916 1.399 74.9 168.9 135.0
Ho 2.241 2.497 2.308 1.917 1.401 74.6 168.8 135.2
Er 2.229 2.484 2.293 1.917 1.403 74.4 168.7 135.4
Tm 2.217 2.473 2.280 1.918 1.405 74.2 168.6 135.5
Yb" 2.410 3.058 2.459 1.838 1.485 74.0 177.1 134.5
Lu 2.198 2.455 2.258 1.919 1.408 73.9 168.5 135.9

Alkylation reaction

The energy profile for the alkylation reaction (eqn. (2)) is
also shown on Fig. 3 with numerical values given in Table S4 of
the ESI. + The starting point is the adduct 7 previously discussed.
A transition state 10 with CF; near the metal (a position) and
nascent H-F has been located. However, in an unexpected
manner, 10 does not lead to Cp,Ln—CF; and H-F. The intrinsic
reaction coordinate indicates that 10 connects to Cp,Ln-F-
(HCF;,), 8, found in the H/F exchange path. This important
point will be discussed further.

The geometry of the transition state 10 is given in Table 3 and
Fig. 5. The geometry of the transition state is similar to that
found for the reactions of Cp,Ln-H with CH, and with SiH,.>¢
The La—H is elongated by about 0.2 A compared to that in
Cp,La—H and the H-FP-C is essentially linear (170°). However
the CF, group has one fluorine (F*) near the metal center and C
rather out of bonding distance (La --- C = 3.408 A). The F
center to transfer (F?) to H is already far from C (C-F" longer
by 0.6 A compared to the two spectator C-F bonds) but the
distance C—F* is an order of magnitude less elongated (0.08 A
compared to the two spectator C—F bonds). The H-F bond is
partly formed since it is longer by 0.465 A compared to the free
H-F molecule.

The geometry of transition state 10 shows that CF; is not
significantly bonded to the lanthanide center since it points its
local pseudo-Cj axis towards the departing F and not towards
the metal. In a similar way to what we have shown for CH, and
SiH,, this reaction is better viewed as a transfer of the atom
in the P position (with respect to Ln), here F, between two

terminal groups. Using the terminology given at the beginning
of this paper, the transition is an anionic [R-X-Y] species with
R =H, X =F, Y = CF;. This rationalizes why the energy of the
barrier for alkylation is higher than the barrier for H/F
exchange and why the former reaction should not be considered
as feasible. In the two reactions, a strong C—F bond is cleaved,
and in the two reactions a strong bond is made (Ln -+ F or
H - - - F) but there is some additional factors that disfavors the
transition state 10: a negative charge is carried by H and CF;,
and a positive charge by the transferred X group, here F in the
case of TS 10. This is clearly a charge distribution inappropriate
to the nature of the atoms and groups.

We have mentioned that this transition state does not lead to
Cp,Ln—CF; and HF but to Cp,Ln-F and HCF;. The bonding
in the transition state and in Cp,Ln—CF; gives a rationale for
this result. In the transition state 10, the lanthanide center is
closer to F* than to the carbon center. Just as for Cp,Ln-CF;,
there is a clear indication that one F is strongly bonded but the
carbon is best viewed as being in a CF, carbene group. This
nascent CF, group in the transition state has the ability to
insert into H-F. This is what is observed when following the
intrinsic reaction coordinate. One sees that the structures of
the transition state and the avoided product Cp,Ln-CF; both
contain such a CF, group, readily able to react by inserting into
a o bond, here that of the non-liberated H-F.

There is no significant influence of the lanthanide in the Ln
family both on the energy profile (Fig. 4) and on the geometry
of the stationary points for the alkylation reaction. There are
more changes associated with Ce'. The energy of reaction for
formation of [Cp,Ce—CF;]" is considerably smaller than for the

x

| Dalton Trans., 2003, 4313-4318

4317




neutral Ln™ equivalent. This is associated with the fact that a

strongly acceptor group like CF; is not so well suited to stabilize
a cationic complex. Likewise the energy barrier is also sig-
nificant higher than in the case of Ln™ complexes. The
opposite influence is obtained in the case of negatively charged
complexes of Eu" and Yb".

Conclusion

The study of the reaction paths of CF, with lanthanocene
hydride complexes suggest that a very slow or even no reaction
is to be expected between these two reactants despite the very
large predicted favorable energy of reaction for formation of a
fluoride complex. If a reaction were to occur, the only product
would be the fluoride complex and not the trifluoroalkyl com-
plex. A general pattern emerges from the set studies carried out
on the reactions of Cp,Ln-R (R = H, Me) with X-Y equal
to H-H, CH,, SiH, and CF,. In all cases, the transition state
contains a negatively charged 3c—4e species [R—X-Y]™ nearby a
cationic [Cp,Ln]* fragment. The height of the energy barrier
can be qualitatively understood by considering the charge dis-
tribution in this 3c—4e [R-X-Y]" species as well as the ability of
the central group X to become hypervalent. The barrier for H/H
exchange is therefore considerably lower for SiH, than for CH,
because Si has more ability to become hypervalent. We can also
rationalize that the H/F exchange in the case of CF, has a lower
barrier (R-X-Y = H-CF;-F) than the H/H exchange in the
case of CH, (R-X-Y = H-CH,;-H) despite the higher bond
dissociation energy of C—F compared to C-H. Electronegative
atoms like F stabilize hypervalency at C especially at the apical
site (Y site) where negative charge can strongly accumulate.
The affinity of lanthanide for F is so large that it makes the
geometry of Cp,Ln—CF; very different from that of Cp,Ln-
CHj;. Cp,Ln—CF; is best viewed as a Ln—CF, unit bridged by F
or as La—F bond bridged by CF,. This shows how a carbene
group, in the present case already stabilized by two fluorine
atoms, can be further stabilized by the fluoride near the
lanthanide center. Probably because of the very large stability
of Cp,Ln-F and the stability of CF,, characterized as an
isolated carbene, a carbene like chemistry emerges from the
reaction of eqn. (2) as shown by the insertion of CF, into
H-F. A similar geometrical situation has been found in Zr'v
complex® but this study shows how the bonding affects the
reactivity. The very strong difference between the reactivity of
CH, and CF, with Cp,Ln-H suggests that some interesting
reactivity could be obtained by combining the low barrier
obtained for CH, with the strong thermodynamic drive
obtained for CF,. This could be expected should CH,F, _ , be
reacted with lanthanide complexes. This is under study in our

group.
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