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Abstract: The mechanistic details of the
fluorine transfer reaction Ln��F ±
R!LnF��R with fluoromethane and
fluorobenzene as substrates F ± R have
been elucidated by using quantum
chemical techniques. We have chosen
two lanthanide monocations, Ce� and
Ho� as representatives for the early and
rather reactive rare earth elements with
low second ionization energy (IE) (Ce�)
and the late and less reactive elements

possessing a higher second IE (Ho�).
The reaction path of the defluorination
process of the two fluorohydrocarbons
CH3F and C6H5F brought about by these
cations was mapped by determining all
relevant stationary points, that is, reac-

tants, intermediates, saddle points, and
products along the reaction coordinate.
The occurrence of two competing differ-
ent reaction paths is the key for a
rationalization of the counterintuitive
experimental observation of a higher
reactivity of fluorobenzene compared to
fluoromethane in spite of its significant-
ly larger C ± F bond strength.
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Introduction

The replacement of hydrogen with fluorine provokes a
marked change of physical and chemical properties of hydro-
carbons as they are turned into fluorohydrocarbons (FHC) or
even saturated fluorocarbons (FC).[1] FHC and FC are
chemically robust and possess a high thermal stability. These
and other properties make fluorinated organic substrates
attractive for a number of applications, such as refrigerants or
pesticides. Unfortunately, it is this persistence, together with
their large-scale industrial production, that has led to an
accumulation of FHC and FC in the environment, which
raises the question of their degradation. The enhanced
stability of fluorocarbons compared to hydrocarbons is
reflected in a remarkably high dissociation energy for C ± F
bonds (110 ± 130 kcal molÿ1) as opposed to about
100 kcal molÿ1 for C ± H bonds. Selective metal-mediated
activation of carbon ± fluorine bonds is still a formidable task,
both from an experimental and theoretical perspective.
Hence, it has only scarcely been addressed in the literature,
in most cases by employing transition metal compounds.[2]

Even less is known about the ability of rare earth compounds
to activate fluorinated hydrocarbons, in spite of the increasing

use of lanthanides in many areas of modern technology, such
as heterogeneous catalysis, superconductivity, advanced ma-
terials, and their growing impact on organometallic chemis-
try.[3] In an attempt to unravel the intrinsic properties of the
lanthanides in the C ± F bond activation processes, mass
spectrometric experiments on the gas-phase reactions of all
lanthanide monocations Ln� with fluorobenzene and several
other fluorohydrocarbons have been studied by Cornehl,
Hornung, and Schwarz.[4] Although C ± F bonds are princi-
pally stronger than C ± C and C ± H bonds, the activation of
C ± F bonds was observed with almost all lanthanide cations
for certain fluoroorganic substrates. This was in remarkable
contrast to the results of an earlier investigation of the
corresponding reactions between Ln� ions and hydrocar-
bons.[5] In this study, a mechanism was suggested which
involves the oxidative addition of the Ln� into a C ± H or C ± C
bond, and therefore two reactive, that is, non-4f electrons are
required.[6] Indeed, only those Ln� ions that possess two non-f
valence electrons (that is, La�, Ce�, Gd�) or at least involve a
low excitation energy to access such a state (that is, Pr�, Tb�)
where found to be reactive. The reactivity of lanthanide
monocations towards C ± F bond activation did not show a
similar dependence from the fn(sd)1fnÿ1s1d1 excitation ener-
gies. Rather, Cornehl, Hornung, and Schwarz[5] were able to
correlate the relative reaction rates found in the gas-phase to
the second ionization energy (IE) of the respective elements.
Thus, the electron transfer from Ln� towards the fluorine
upon formation the Ln� ± F bond must be the decisive factor
of the reaction and a harpoon type mechanism, that is, a direct
abstraction of fluorine by the lanthanide cation was suggested.
This scenario of reductive defluorination, schematically
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Figure 1. Harpoon-type mechanism suggested for the reductive defluori-
nation.

depicted in Figure 1, involves a single electron transfer (SET)
from the lanthanide cation towards fluorine upon formation
of the Ln ± F bond. A similar mechanism was very recently
computationally established for the related reaction between
the main group metal ion Ca� and CH3F.[7]

This model is consistent with the observed high reactivity of
the early lanthanide monocations such as Ce� and Pr�, which
are characterized by rather low second ionization energies,
and a much lower reactivity of late ones like Ho� and Tm�,
where the second IE is high.[4] It also explains the absence of
dehydrohalogenation products (e.g. methylene or unsaturated
hydrocarbons) for most lanthanide cations which would be an
obvious consequence of an insertion/elimination reaction
mechanism. A further consequence of the postulated har-
poon-type mechanism is that the electron transfer should not
only depend on the IE of the respective lanthanide mono-
cation but also on the bond strength of the C ± F bond being
broken! However, Cornehl, Hornung, and Schwarz found
that Ln� ions activated the C ± F bond of fluorobenzene with
higher relative reaction rates than those found in the reaction
with fluoromethane in spite of the significantly stronger C ± F
bond energy of C6H5F (125.3� 2.3 kcal molÿ1)[8] compared to
CH3F (112.0� 0.3 kcal molÿ1)![8] While it was speculated that
short lifetimes of the ro-vibrationally excited encounter
complexes and/or other kinetic barriers along the reaction
path could be responsible for this unexpected lower efficiency
of CH3F as compared to C6H5F,[5] no clear-cut interpretation
could be given at that time. It is the aim of the present
contribution to use quantum chemical techniques to shed
some light on the details of the Ln�-mediated C ± F bond
activation in these two substrates and to provide an answer to
this mechanistic puzzle. We have chosen two lanthanide
monocations, Ce� and Ho� as representatives for the early
and rather reactive rare earth elements with low second
IE (Ce�) and the late and less reactive elements possessing
a higher second IE (Ho�). The reaction path of the
defluorination process of the two fluorohydrocarbons CH3F
and C6H5F brought about by these cations was mapped
by determining all relevant stationary points, that is, reac-
tants, intermediates, saddle points, and products along the
reaction coordinate. Due to the convincing experimental
evidence that a insertion/elimination mechanism can be ruled
out,[4] only the direct fluorine abstraction mechanism was
considered.

Theoretical Approach and Computational Details

Theoretical studies on lanthanide complexes are relatively rare in the
literature[9] and density functional theory (DFT) based methods which have
been established as useful in the theoretical treatment of d transition metal
elements[10] have only seldom been applied to rare earth element
containing molecules.[11] Most theoretical studies are concerned with
inorganic compounds, for example neutral Ln ± dimers,[12] Ln ± monoha-
lides and Ln ± monoxides.[13] A combined theoretical and experimental
study that investigated cationic cerium dioxide[14] states that DFT methods
are in good agreement with various correlated ab initio methods. Apart
from the considerations that apply in general for open-shell transition
metal complexes,[9] lanthanide-containing compounds pose high demands
in terms of computing resources, since f-type basis functions are necessary
because of the occupied 4f orbitals. Polarized basis sets must therefore go
even beyond this level, that is basis functions of l quantum number �4 (g
functions) are required. The use of relativistically adjusted effective core
potentials (RECP) on the metal is mandatory to account for the (kine-
matical) relativistic effects. The strategy adopted in the present study relies
on the B3LYP functional[15] as an accurate but at the same time economical
method for the determination of structures and relative energies. Three
different RECP/basis set combinations have been employed. In a first set of
calculations an RECP/basis set by Cundari and Stevens[16] that employ a
[Kr 4d10] core and a (6s,6p,3d,7f)/[4s,4p,2d,3f] contraction for the valence
space was used for the metal. For the main group elements the standard
D95 double-z basis set[17] was employed. This combination, which is termed
BSI, was only used for geometry optimizations and frequency determi-
nations. BSII consists of the 28MWB RECP/basis set by Dolg et al.[18] which
translates into the smaller [Ar 3d10] core (that is, only 28 electrons are
covered by the RECP) and a (12s,11p,9d,8f)/[9s,8p,6d,5f] contraction to be
used for the lanthanide, and the standard 6-31G** basis sets on carbon and
hydrogen. For fluorine this basis set was augmented by one diffuse s- and
p-function, that is, the 6-31�G** contraction.[19] For the resulting
structures of the [Ln,F,C,H3]� system, relative energies were re-calculated
with the single-reference based averaged coupled pair functional[20]

(ACPF) in order to check the reliability of the density functional approach.
For these energy determinations a larger basis set (BSIII) was constructed
by augmenting the 28MWB RECP/basis set combination with two g-
polarization functions (a� 2.5 and 6.0) to recover angular correlation
effects on the metal, while a DZP basis set was used for all other elements,
augmented by one diffuse p-function on fluorine.[18] On the metal, the 5s,
5p, 4f, 5d and 6s electrons were correlated, while for F and C all but the 1s
electrons were included in the correlation treatment. For the larger
[Ln,F,C6,H5] system, the ACPF calculations turned out to be extremely
time consuming and are therefore restricted to few selected examples. The
force constant matrices were obtained at the B3LYP/BSI level of theory by
numerical differentiation of the analytical gradients to characterize all
stationary points found on the [Ln,F,C,H3]� potential energy surface (PES)
as minima or saddle points. The harmonic frequencies were also used to
correct the total energies for zero-point vibrational energies (ZPVE) and
to convert the energies to Gibbs free energies at 298 K which guarantees a
maximum of compatibility with experimental data. For the [Ln,F,C6,H5]�

species, calculation of the force constant matrices turned out to be
prohibitively resource intensive. The determination of vibrational frequen-
cies for the stationary points on this PES however, does not primarily serve
to identify the character of the stationary points as minima or saddle points
since they should be analogous to those of the Ln�/fluoromethane system.
Nevertheless, without harmonic frequencies no thermal corrections can be
determined. The approach we adopted to solve this problem is very
pragmatic but efficient. The harmonic vibrational frequencies were
calculated only for the encounter complex (Min(1)) and a transition
structure (TS(1)) on the [Ce,F,C6,H5]� PES. To a first approximation, these
were then assumed to be constant for similar types of molecular arrange-
ments and those determined for Min(1) were used for other minima,
whereas the frequencies determined for TS(1) were also used for other
transition structures. The justification for this admittedly very crude
procedure is the observation that in the Ln�/CH3F system similar types of
molecules possess very similar ZPVE and thermal corrections (within
2 kcal molÿ1). For the [Ho,F,C6,H5]� PES we went even one step further and
used the force constants of the analogous stationary points on the
[Ce,F,C6,H5]� PES. The corresponding frequencies were calculated by
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simply setting the mass of the metal to that of Ho. Again, tests of this
procedure performed for the [Ln,F,C,H3]� PES (where the force constants
for all compounds were calculated explicitly) yielded reasonable agree-
ment with the actual thermodynamic corrections, since also the structural
features of the cerium and holmium complexes are similar. The uncertainty
introduced by this method is estimated to be within �3 kcal molÿ1. Thus,
although from a purist point of view this procedure is all but immaculate, it
furnishes useful results in the present case. A further source of error is
introduced by the complete neglect of spin ± orbit interactions in our
calculations. Since these interactions will be stronger in the free atom than
in molecules, the relative energies of the entrance channels Ln��F ± R will
probably be somewhat overestimated. Overall, we expect that the
computational strategy furnishes results with error bars of the order of at
least �5 kcal molÿ1. The wave functions[21] obtained at the B3LYP/BSII
level were analyzed with the natural bond orbital (NBO) method.[22]

The following programs were used: Mulliken[23] (geometry optimizations
and harmonic frequencies), Molpro96[24] (ACPF calculations) and Gaus-
sian94[25] (NBO analysis).

Results and Discussion

Calibration : The first step in a computational endeavor such
as this must consist in a careful calibration of the chosen
computational strategy so that the level of confidence that can
be expected from the theoretical strategy can be assessed.
Unfortunately, a direct comparison between theoretically
predicted and experimental data is difficult, because only
little is known of complexes between bare lanthanide cations
and organic molecules. Since the second IE of the metal is
among the decisive factors determining the reactivity of a rare
earth cations towards C ± F bond activation, the capability to
reproduce this property is a first indication for the predictive
power of the computational techniques. The data in Table 1
show that both levels of theory, B3LYP/BSII and ACPF/BSIII

give second IE in good agreement with experiment (max-
imum deviation of 0.2 eV for Ce). Further, the thermody-
namic features of the defluorination reaction are dependent
on an adequate description of the Ln� ± F bonds which are
formed in the process. Since an experimental estimate exists
only for HoF�, for CeF� the internal consistency of the
theoretical methods used has to suffice to estimate their
adequacy. The standard bond enthalpies of the cationic
cerium and holmium fluorides are included in Table 2.
Interestingly, the B3LYP/BSII values do not exhibit the

DFT-typical overbinding in comparison to the ACPF data; in
fact they are 5 ± 8 kcal molÿ1 lower. For CeF�, no experimental
binding energy exists but since the variations among the
B3LYP and ACPF data are comparable to those found for
Ho�, it can be concluded that both, the B3LYP/BSII and the
ACPF/BSIII approaches are in good agreement with the
sparse experimental data. The theoretically predicted data
suggest that the hitherto unknown CeF� bond dissociation
energy should lie around 150 kcal molÿ1. As an aside, we note
that the difference in the Ln ± F binding energies between
cerium and holmium turns out to be almost identical to the
differences between their second IEs (ca. 1 eV or
23 kcal molÿ1). Finally, the accuracy of calculations on the
defluorination reaction also relies on the accurate reproduc-
tion of the C ± F bond strengths. A comparison of the
experimental and theoretical C ± F binding energies for
fluoromethane and fluorobenzene is given in Table 3. The
B3LYP/BSII results are in excellent agreement with experi-
ment, even better than the ACPF values. Thus, the calibration
calculations point to a reliability of the two computational
approaches sufficient for obtaining semiquantitatively correct
results even for systems as complex as the present ones.

The [Ln,F,C,H3]� system : Figure 2 displays the structures of
the relevant stationary points along the reaction coordinate of
the reaction between bare Ce� or Ho� and fluoromethane
computed at B3LYP/BSII (it should be noted that very similar
geometries result from using BSI). Table 4 lists the corre-
sponding energetic information obtained with the B3LYP/
BSII and ACPF/BSIII methods.

In the following, the discussion of the mechanistic features
will be carried out simultaneously for Ce� and Ho�, thereby
identifying differences and elements in common for both
cases. Since the mechanistic element of bond insertion can be
ruled out (see above), the number of bonds formed through-
out the process equals the number of bonds that are cleaved.
Taking into account that these bond-breaking/bond-forma-
tion processes occur in a homolytic manner, the overall
number of singly occupied orbitals is not expected to vary and
the sum of unpaired electrons encountered in the entrance
channel is preserved throughout the reaction (S� 3/2 for Ce�,
S� 2 for Ho� and S� 0 for CH3F). Therefore, we restricted
ourselves to the quartet (S� 3/2) and the quintet (S� 2)
hypersurfaces for the Ce� and Ho� fluoromethane systems,
respectively.

Starting from the separated reactants, the first minimum,
Min(1), is a mostly electrostatically bound encounter complex
between the ground state Ce� (4H) or Ho� (5I) ions,
respectively, and fluoromethane (NBO charges on Ce� and
Ho� are 0.98 and 1.00, respectively, and spin density located
exclusively on the metal). Interestingly, the bond strength

Table 1. Experimental and calculated second ionization energies for Ce
and Ho [eV].

Ln� UB3LYP/BSII ACPF/BSIII Exp.[a]

Ce 10.6 11.1 10.8
Ho 11.9 11.6 11.8

[a] Ref. [29].

Table 2. Experimental and calculated bond enthalpies for CeF� and HoF�

[kcal molÿ1].

LnF�[a] UB3LYP/BSII ACPF/BSIII Exp.

CeF� 3S (ff1ff1) 144.6 152.2 ±
HoF� 4 (ff1ff1fp

1) 123.3 128.8 127� 7 [b]

[a] R[Ce ± F]� 2.066 �, R[Ho ± F]� 1.986 � (B3LYP/BSII). [b] Ref. [5].

Table 3. Experimental and calculated C ± F bond enthalpies [kcal molÿ1].

R ± F B3LYP/BSII ACPF/BSIII [a] Exp

CH3 ± F 106.5 103.0 107.7
C6H5-F 124.0 119.9 125.3

[a] At B3LYP/BSII geometries.
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between fluoromethane and Ce� turns out to be almost twice
as high (27 or 26 kcal molÿ1 at B3LYP/BSII and ACPF/BSIII,
respectively) than that of Ho� (15 and 13 kcal molÿ1). Thus, it
seems as if the more pronounced fluorophilicity of Ce�

compared to Ho� as observed for the cationic fluorides (see
above) is visible already in these complexes. The C ± F bonds
are some 0.07 � longer than those in isolated CH3F (1.399 �
with BSII) which hints to some additional covalent interac-
tion. The natural electron configurations of cerium and
holmium are 6s0.904f1.775d0.40 and 6s0.964f11.075d0.036p0.02, respec-
tively, in the Ln ± FCH3 complex. For cerium, this strongly
deviates from the ground state of the cation (Ce� : 4f15d2) and
is related to that of the dication (Ce�� : 4f2), whereas for
holmium (Ho� : 6s14f11) only marginal deviations from the
atomic occupations of the cation are observed. While the
change of the population on Ce� certainly costs excitation
energy, this is obviously counterbalanced by an optimized
bonding as the Ce�/FCH3 complex benefits from 1.30
electrons in non-f orbitals. As the natural hybridization
analysis of the HOMO indicates (sd0.15 character) a partial
hybridization of the 6s and 5d orbitals takes place to optimize
the covalent terms in the bonding to the fluorine. On the other

hand, Ho� has a singly occupied
6s orbital. The energetical costs
to obtain configurations with
more than one non-f orbital
are higher than for Ce�, since
one of the low-lying f electrons
must be excited. Thus, forma-
tion of sd hybrids is less likely in
Ho�/FCH3. Indeed, the natural
hybridization analysis shows an
only weak d contribution to the
HOMO (sd0.02). The existence
of a side-on minimum was
checked carefully but all at-
tempts ended up in the quasi-
linear structures.

The exclusive existence of an
almost C3v-symmetric encoun-
ter complex supports the notion
of a direct abstraction reaction
mechanism with a de facto
linear Ln-F-C arrangement
throughout the entire reaction
sequence. Thus, one would ex-

pect that also the transition structure should not deviate from
the linear arrangement. In fact, an almost linear transition
state (TS) was located. The relative energies for this TS(1) are
determined as ÿ9.0 (B3LYP/BSII) and ÿ14.5 kcal molÿ1

(ACPF/BSIII) for Ce�. If the reaction is carried out with
Ho� the height of this barrier lies much closer to the entrance
channel (ÿ2.5 kcal molÿ1). In this case no ACPF calculation
could be performed due to insurmountable technical prob-
lems, due to an increasing multideterminatal character of the
wave function. Relative to Min(1), the C ± F bond is elongated
significantly to 1.873 � in TS(1) on the [Ce,F,C,H3]� PES or
even to 2.001 � for the analogous holmium containing
structure. This is accompanied by a shortened Ln� ± F bond
of 2.292 � and 2.117 � for Ce� and Ho�, respectively. The
imminent C ± F bond cleavage results in a flattening of the
CH3 unit (deviation from planarity amounts to only 6 ± 98)
which correlates with a significant radical character on the
carbon atom. In the NBO analysis a spin density of 0.28 units
is assigned to the carbon atom with a concomitant reduction
to 2.70 on cerium. Fluorine maintains a value of 0.02. Similar
data are obtained for the holmium case with 0.22 on carbon,
0.02 on fluorine, 3.54 on the metal. In accordance with the
SET shown in Figure 1 the partial charge on the metal has
increased from 1.00 to 1.22 for cerium and to 1.39 for
holmium. As expected, the bonding situation of TS(1) is
intermediate to Min(1) and the products of the defluorination
reaction, that is, a methyl radical and LnF�. In spite of a
careful search, no electrostatic complex between a LnF� ion
and a CH3 radical, preceding the separated products, could be
located. However, what we did find was Min (2), a four-
membered ring complex with interactions between the carbon
atom of the methyl radical and the positively charged Ln� ion
as well as between the negatively polarized fluorine of the
LnF� moiety and one of the hydrogen atoms of the methyl
radical. Actually, Min(2) represents the lowest lying point on

Figure 2. Relevant stationary points on the [Ln,C,H3,F] PES. Bond lengths in �, angles in degrees, computed at
B3LYP/BSII. For the saddle points, the major components of the transition modes are also shown.

Table 4. Relative Gibbs free energies of stationary points on the [Ln,F,C,H3]�

PES [kcal molÿ1].

Structure B3LYP/BSII ACPF/BSIII[a] B3LYP/BSII ACPF/BSIII[a]

Ln�Ce Ln�Ho

Ln� CH3F 0.0 0.0 0.0 0.0
Min(1) ÿ 27.0 ÿ 26.0 ÿ 14.6 ÿ 12.9
TS(1) ÿ 9.0 ÿ 14.5 ÿ 2.5 ± [b]

TS(2) ÿ 7.9 ÿ 18.4 ÿ 0.8 ± [b]

Min(2) ÿ 57.9 ÿ 57.2 ÿ 32.2 ± [b]

LnF� � .CH3 ÿ 40.7 ÿ 51.9 ÿ 19.4 ÿ 30.0

[a] At B3LYP/BSII geometries. [b] No ACPF data due to technical problems,
see text.
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this reaction coordinate, being some 58 kcal molÿ1 below the
entrance channel for Ce (B3LYP/BSII and ACPF/BSIII) and
32 kcal molÿ1 below the Ho��CH3F asymptote at B3LYP/
BSII. Again, for technical reasons, no ACPF results could be
obtained for Min(2). The existence of Min(2) suggests a
transition structure connecting Min(1) and Min(2) with a bent
Ln-F-C arrangement. Indeed a second saddle point with the
expected geometry was located (TS(2)). For Ce, the relative
energy of TS(2) amounts to ÿ7.9 and ÿ18.4 kcal molÿ1 at
B3LYP/BSII and ACPF/BSIII, respectively. For Ho, we again
can only give a B3LYP/BSII barrier height, which amounts to
ÿ0.8 kcal molÿ1. Nevertheless, for both metals the two
transition structures, TS(1) and TS(2) are similar in energy
and it must be concluded that there do exist two discrete
pathways leading from the reactants CH3F�Ln� to the
products CH3�LnF�, but that they are energetically almost
identical. Finally, the relative energy of the exit channel lies
well below that of the entrance channel for both metals,ÿ40.7
(B3LYP/BSII) and ÿ51.9 (ACPF/BSIII) for Ce and ÿ19.4
(B3LYP/BSII) and ÿ30.0 (ACPF/BSIII) for Ho, respectively.
This high overall exothermicity is of course due to the
remarkable Ln� ± F bond strengths.

In Figure 3, we show the B3LYP/BSII based natural atomic
charges which indicate a continuous transfer of one elec-
tron from the lanthanide cation towards the fluorine in the
course of the defluorination reaction in line with the
conception of the harpoon-type mechanism. At the saddle
points of the reaction, about one third of an electron
has migrated towards the fluorine as indicated by the decrease
of the partial charge on the metal by around 0.3 ± 0.4 j e j at
the locations of the transition structures TS(1) and
TS(2). Concomitantly, the spin density on the carbon
atom builds up by a similar amount. This synchronous transfer
of charge and spin density can be seen across the whole
reaction coordinate. Thus, the leading motif in the reaction
seems to be the preservation of a formal closed-shell character
at fluorine (i.e. , as a Fÿ ion), where hardly any spin density is
found.

There is still one question which has not been addressed
yet: Why are there two distinct saddle points, one with an
almost linear and the other with an L-shaped Ln-F-C
arrangement, which correspond to two different reaction
paths for the overall fluorine transfer reaction? At first glance
this result is confusing, since for the encounter complex
Min(1) the potential for bending the Ln-F-C angle was found
to be repulsive, with the linear coordination as the only
minimum. The key for understanding this effect is that
although in the end, it acts as charge donor, the metal cation is
primarily attracted by the nucleophilic character of the
partially negatively charged fluorine. Hence, the trajectory
in which the two reactants approach should be the one which
allows a maximization of attractive electrostatic interaction. It
was shown by Bader[26] through his atoms-in-molecules
approach that, apart from the direction of the F ± CH3 dipole,
fluoromethane actually shows two more trajectories for an
electropilic attack in the H-C-F plane of fluoromethane. One
is in a syn and the other in the anti position to the in-plane
hydrogen atom. Thus, in addition to following the F ± CH3

dipole, an electrophile should indeed also approach fluoro-
methane in a perpendicular manner, specifically in anti
position to the in-plane hydrogen atom to minimize steric
effects, leading to TS(1) and TS(2), respectively.

To summarize, both metals exhibit identical reaction paths
in a harpoon-type abstraction mechanism. Two approximately
energetically degenerate transition structures have been
identified, one with a quasi linear Ln-F-C arrangement,
whereas the other displays a bent Ln-F-C structural element.
In qualitative agreement with the experimental relative
reactivities, the activation barriers are smaller for Ce� than
for Ho�. The driving force of the reaction is the formation of a
strong Ln� ± F bond. Both, CeF� and HoF� are almost
completely ionic in nature and their bond strengths are
directly related to the second IE of the metal.

The [Ln,F,C6,H5]� System : Table 5 contains the theoretically
predicted Gibbs free energies (B3LYP/BSII), while Figure 4

shows the optimized geome-
tries (B3LYP/BSI) of the sta-
tionary points.

In contrast to CH3F, aromatic
ligands may also offer their p

system as a coordination site.
Therefore, three possibilities
for a coordination of an Ln�

ion to fluorobenzene to gener-
ate the encounter complex
were investigated. 1) End-on
coordination of the metal cati-
on fluorine, as found to be the
case for fluoromethane. 2) Side-
on coordination to the C ± F
bond. Just as for CH3F, also in
the present case, this coordina-
tion was not found to represent
a minimum on the PES for
neither Ce� nor Ho�. 3) Coor-
dination of the metal cation toFigure 3. Partial charges (NBO at B3LYP/BSII) along the reaction coordinate.
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Figure 4. Relevant stationary points on the [Ln,C6,H5,F] PES. Bond
lengths in �, angles in degrees, computed at B3LYP/BSI.

the benzenoid p system. As expected, a minimum with the
metal cation centered above the aromatic ring could be
located, (Min(3)).[27] The B3LYP/BSII energies assign a
stronger Ln� ± ligand bond to the cerium complex
(ÿ30.5 kcal molÿ1) than for the corresponding Ho� complex
(ÿ15.8 kcal molÿ1). The second encounter complex located on
the [Ln,F,C6H5]� PES, Min(4) contains a linear Ln-F-C
arrangement and is akin to Min(1). Since the tendency for
distortion from linearity was found to be insignificant for the
Ln�/FCH3 system, the computational advantages of the
higher symmetry (C2v instead of Cs) were used by freezing

the Ln-F-C angle at 1808. For Ce�/FC6H5 Min(4) is some
9 kcal molÿ1 less stable than the p complex, Min(3), and is
located 21.3 kcal molÿ1 below the reactants. At the ACPF/
BSIII level a similar result, that is, ÿ23.7 kcal molÿ1 is
obtained. A minimum corresponding to Min(4) was also
located for holmium at the B3LYP/BSI level, however, it was
impossible to achieve a self consistent Kohn ± Sham solution
in the B3LYP/BSII single point calculation. Hence, no
comparison of the relative energies is possible. The metal ±
ligand bond in the linear Ce�/FC6H5 complex Min(4) is
weaker than in the corresponding Ce�/FCH3 encounter
complex Min(1) due to the stronger C ± F bond in fluoroben-
zene. Similarly, the C ± F and Ln ± F bonds of fluorobenzene
are shorter and longer, respectively, than the corresponding
contacts in Min(1). Transition structure TS(3) represents the
transition state on the [Ln,F,C6H5] PES analogous to TS(1).
However, its structural features prove TS(3) to be more
product-like than TS(1): The C ± F distances are longer, while
the Ln ± F distances are shorter. Also the relative energetics of
TS(3) mirror the differences in C ± F bond strengths, as
expected the activation barrier is higher than in the CH3F
case. While for Ce the relative energy of TS(3) is still below
that of the entrance channel (ÿ6.3 and ÿ5.0 kcal molÿ1 at
B3LYP/BSII and ACPF/BSIII, respectively), TS(3) is signifi-
cantly above the energy of the reactants if Ho� is employed
(20.5 kcal molÿ1 at B3LYP/BSII).[28] All these observations are
in full harmony with the stronger C ± F bond in C6H5F
compared to CH3F.

However, these results which are also the intuitively
expected ones, contradict the experimental data, which assign
a higher relative reactivity to fluorobenzene than to fluoro-
methane. Thus, it seems questionable whether the actual
reaction really proceeds along this reaction coordinate. The
solution to this puzzle can be found in TS(4). This saddle point
is analogous to the side-on TS(2) located on the [Ln,F,C,H3]
PES. However, while in the Ln�/FCH3 system the two saddle
points were almost isoenergetic, the relative energies of TS(4)
at the B3LYP/BSII level turn out to be lower than that of
TS(3) by 4.0 kcal molÿ1 for Ce�, or even by a significant
23.9 kcal molÿ1 for Ho�. At the B3LYP/BSII level TS(4) bears
an energy ofÿ10.3 kcal molÿ1 relative to the entrance channel
for Ce�. The barrier is lower than both, TS(1)
(ÿ9.0 kcal molÿ1) or TS(2) (ÿ7.9 kcal molÿ1) on the
[Ce,F,C,H3]� PES, in concert with the higher reactivity of
fluorobenzene towards fluorine abstraction. This is even more
pronounced if the reaction is carried out with Ho�. TS(4) lies
at ÿ3.4 kcal molÿ1 which is not only in much better agree-
ment with the experimental relative reactivity for this
system but also plausible in relation to the Ln�/FCH3 system.
The barriers of TS(1) (ÿ2.5 kcal molÿ1) and TS(2)
(ÿ0.8 kcal molÿ1) on the [Ho,F,C,H3]� PES are in agreement
with a very low reactivity. Consistent with a higher, but still
moderate relative reactivity for the same reaction on the
[Ho,F,C6,H5]� PES found by Cornehl, Hornung, and
Schwarz[5] is the calculated relative energy of TS(4) with
Ln�Ho. Thus, for the CH3F system both reaction pathways
are possible, but in the case of fluorobenzene the nonlinear
approach via TS(4) is clearly favored. While this change in
mechanism can explain the counterintuitive higher reactivity

Table 5. Relative Gibbs free energies of stationary points on the
[Ln,F,C6,H5]� PES [kcal molÿ1].

Structure[a] B3LYP/BSII ACPF/BSIII B3LYP/BSII
Ln�Ce Ln�Ho

Ln��C6H5F 0.0 0.0 0.0
Min(3) ÿ 30.5 ± ÿ 15.8
Min(4) ÿ 21.3 ÿ 23.7 ± [b]

TS(3) ÿ 6.3 ÿ 5.0 20.5
TS(4) ÿ 10.3 ± ÿ 3.4
LnF��C6H5 ÿ 24.2 ÿ 36.4 ÿ 3.2

[a] Optimized at B3LYP/BSI. [b] No self consistence could be achieved.
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of fluorobenzene in the gas phase experiments, we still owe an
answer to the question why the nonlinear arrangement is
favored with fluorobenzene as substrate. Perusal of the
structural parameters in part explains this result. Quite
evidently, TS(4) occurs earlier on the reaction pathway, as
the C ± F bonds are 0.3 ± 0.4 � shorter and the Ln ± F bonds
are longer than those of TS(3). There are two main factors
which stabilize TS(4) as compared to TS(2). First, the
repulsive and therefore destabilizing steric interactions be-
tween the lanthanide cation and the two out-of-plane hydro-
gen atoms exist only for CH3F. Second, the stabilization of
TS(4) by interaction between the aromatic p-system and the
lanthanide cation is not available to TS(2).

In view of the computational effort and the insignificance
for the further course of the reaction, we did not attempt to
locate complex(es) succeeding TS(4). Finally, the exit chan-
nels occur at higher energies for the Ln�/FC6H5 system than
for the Ln�/FCH3 counterpart; a direct consequence of the
stronger C ± F bond in the former. For [Ho,F,C6,H5]� this
results in relative energies close to the entrance channel,
ÿ3.2 kcal molÿ1 while CeF�C6H5 is ÿ24.2 kcal molÿ1 lower
than the reactants, Ce��C6H5F at B3LYP/BSII. It should be
noted that the ACPF/BSIII value for the relative stability of
Ce��C6H5 is significantly larger, amounting to ÿ36.4 kcal
molÿ1, an obvious consequence of the larger Ce ± F� bond
strength obtained at ACPF/BSIII as compared to B3LYP/
BSII, see above.

Conclusions

By the aid of quantum chemical calculations we identified the
mechanistic details of the Ln�-mediated C ± F bond activa-
tion. This enabled the rationalization of the at first glance
puzzling experimental result that the reaction Ln� �F ± R !
LnF��R occurs with higher rates for R�C6H5 than for R�
CH3 despite the significantly higher C ± F bond strength in the
former:
1) In agreement with previous assumptions, the mechanism

of Ln� mediated fluorine abstraction is a direct, harpoon-
type mechanism. This is in sharp contrast to the insertion/
elimination mechanism established for the activation of
C ± C and C ± H bonds.

2) This mechanism is, however, not necessarily confined to a
linear attack of the lanthanide cation at the C ± F bond.
Two reaction channels involving different transition struc-
tures were identified. While one maintains a quasi-linear
structure, the other displays a bent Ln-F-C arrangement.

3) In terms of the calculated barrier heights, both reaction
paths are almost degenerate for the defluorination reac-
tion of fluoromethane. In distinct contrast to that, the
linear saddle point is energetically disfavored compared to
the angular arrangement for the same reaction with
fluorobenzene. Thus, the latter is the preferred route for
the reaction between Ln��C6H5F to yield LnF��C6H5.

4) The occurrence of these two scenarios explain the counter-
intuitive reactivity pattern of CH3F and C6H5F. The
reasons for the energetic preference of the nonlinear
approach for fluorobenzene lie primarily in the additional

stabilization of the saddle point by the aromatic system,
which is obviously not possible for CH3F as substrate.

5) Ho� is characterized by a weaker fluorophilicity than Ce�,
which is directly related to its higher second ionization
energy. As a consequence, the barrier of the fluorine
abstraction is higher if Ho� is used as reactant, in harmony
with the lower reactivity found in gas-phase experiments.
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