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Distribuite-Centro d’Eccellenza MURST, UniVersità della Calabria, I-87030 ArcaVacata di Rende, Italy

ReceiVed: May 22, 2009; ReVised Manuscript ReceiVed: August 11, 2009

Two different approaches of density functional theory were used to analyze the C-H and C-C bond activation
mechanisms during the reaction of bare Th+ and U+ ions with ethane. We report a complete exploration of
the potential energy surfaces taking into consideration different spin states. According to B3LYP/SDD
computations the double dehydrogenation of C2H6 is thermodynamically favorable only in the case of Th+.
It is shown that the overall C-H and C-C bond activation processes are exothermic in the case of Th+ and
endothermic for U+. In both cases, the C-C insertion transition state barrier exceeds the energy of the ground
state reactants, preventing the observation of these species under thermal conditions.

1. Introduction

In the past decade a great body of studies has been performed
on the reactivity of actinide cations with small molecules in
the gas phase.1-4 This research has been mainly carried out using
mass spectroscopic techniques, which are able to provide
thermochemical data as well as some insight into the reaction
mechanisms.1-3 The main goal of these studies has been to
analyze the reactivity and bonding of the metal ions, which in
the absence of perturbing factors correlate directly with their
electronic structures and energetics. In early actinides it is
particularly interesting to analyze the possible active role of
the 5f electrons in reactivity. Recent theoretical calculations have
permitted a detailed description of the reaction mechanisms of
activation of small molecules by bare actinide cations.4

The activation of C-H and C-C bonds by transition metal
(TM) ions in the gas phase has been an active area of research
that provides fundamental information on reaction mechanisms,
kinetics, and thermodynamics.5

A number of experimental and theoretical studies on the
reactivity of bare transition-metal ions with methane have
provided a wealth of insight concerning the C-H bond
activation process.6-10 Those studies have demonstrated that
none of the first- or second-row transition metal ions reacts with
methane at thermal energies. In contrast, it was shown that
several of the third-row transition metal ions (Ta+, W+, Os+,
Ir+, and Pt+) react exothermically to dehydrogenate methane.8-10

In a recent series of papers, Armentrout and co-workers have
revisited, both experimentally and theoretically, the reactivity
of most of the third-row TMs monocations (Hf+, Ta+, W+, Re+,
Ir+, Pt+, and Au+) with CH4.10

Recent theoretical works4e,11 have reported the reaction
mechanisms of the interaction of actinide monocations with CH4.

Ethane is the simplest alkane in which both the C-H and
C-C bonds can be activated. Detailed experimental and
theoretical studies of the reactivity of the first-12 and second-
row13 transition metal ions with C2H6 have given insight into
the electronic requirements of the metal for C-H and C-C
bond activation. It was reported that the early members of the

first-row TM series (Sc+, Ti+, and V+) show no barrier and
exhibit large cross sections for dehydrogenation of ethane,
whereas for Fe+, Co+, and Ni+ the reaction occurs with
substantial activation barriers. For Cr+, Mn+, and Cu+, no
reaction is observed. Demethanation is observed only for the
3d metals Sc+-Cr+. It was generaly found that the reactivity is
highly dependent on the spin state. In particular, in the cases in
which the rate-determining step is the insertion of the metal
into a C-H or a C-C bond, the electron spin conservation and
electronic configuration restrict which reactant states are more
active. Low-spin states are usually more efficient due to the
spin-allowed reaction. For a recent review on this subject see
ref 5e. For earlier reviews see refs 6b, 6d, and 14.

The reactivity of the 4d transition metal cations with C2H6

and higher alkanes has been much less studied, and only in a
few cases were the reaction mechanisms studied in detail.13

The reactivity of thorium cations with alkanes and alkenes
has been studied by Marçalo and co-workers using Fourier
transform ion cyclotron resonance/mass spectrometry (FTICR-
MS).3a It was found that Th+ ions react exothermically with
the studied alkanes and alkenes giving single and/or double
dehydrogenation. In the particular case of ethane, the reaction
leads to single and double dehydrogenation, with formation of
ThC2H4

+ and ThC2H2
+ in a 1:1 ratio with a moderate efficiency.

More recently, the gas-phase reactions of An+ and AnO+ ions
(An ) Th through Cm) with hydrocarbons has been systemati-
cally examined using FTICR-MS techniques.3b The results
obtained for the reaction of Th+ with C2H6 are in agreement
with the earlier results obtained by Marçalo and collaborators.3a

In the case of uranium the efficiency is under the detection limit
(k/kCOL e 0.001).3b

Determining reaction mechanisms is one of the more chal-
lenging problems in computational chemistry. It has been shown
that reactions involving gas-phase An+ ions often involve
crossings between surfaces of different spin states,4 as usually
occur in transition metal mediated reations. The idea of state-
selective reactivity has been introduced, at first, by Armentrout
and co-workers and the role of spin flip in organometallic
chemistry has been underlined by the introduction of the so-
called Two State Reactivity (TSR) paradigm.6b,15 In the case of
actinide chemistry the formal spin may vary during a reaction
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without appreciably affect the rate due to the fact that weak
spin-orbit coupling does not apply to the heavy metal ions and
the requirement for spin-conservation is thereby relaxed.

In the framework of a more extended project4 aiming to
unravel the mechanistic details of catalytic processes for the
activation of prototypical bonds mediated by bare actinide ions,
we have analyzed the reaction of thorium and uranium mono-
cations with ethane. Density functional theory (DFT) has been
applied to characterize all the intermediates and first-order saddle
points and to obtain a complete mechanistic scheme of the
reactions.

The reaction mechanisms for the activation of both the C-C
and C-H bonds have been studied according to the general
scheme proposed for this kind of reaction that involves as the
first step the formation of a metal-ligand adduct followed by
an oxidative insertion of the metal center into a ligand molecule
bond. The formation of the first insertion intermediate is usually
the key step of the whole process, and its formation involves
often a crossing between different spin surfaces. The next steps
are migration of one or more atoms of the ligand molecule to
the metal and reductive elimination of a small molecule provided
that intermediates have sufficiently high lifetimes to undergo
rearrangements. Bond breakings that are generally not accessible
at thermal energies become dominant at high energies.

2. Computational Details

We have used two different approaches of DFT to analyze
the reactions under study. This choice was made on the base of
the performance observed in our previous studies of the bare
actinide cations reactivity.4 First, DFT in its three-parameter
hybrid B3LYP16 formulation was used together with the
Stuttgart-Dresden basis set for the uranium atom (25s 16p 15d
7f)/[7s 6p 5d 3f] in combination with the 60 core electrons17

relativistic effective core potential (RECP). This small-core
RECP, so-called SDD pseudopotential, replaces the 60 electrons
in the inner shells 1 through 4, leaving the explicit treatment of
the n ) 5 shell (5s 5p 5d and 5f), and also the 6s, 6p, 6d, and
7s valence electrons. The 6-311++G(d,p) basis set of Pople
and co-workers was employed for the rest of the atoms18 (we
refer to these results as B3LYP/SDD, hereafter). These calcula-
tions were carried out with the GAUSSIAN 2003 package.19

Further calculations were done using the ADF2004.01 pack-
age.20 The zero-order regular approximation (ZORA) was
employed in ADF calculations. This approximation was used
together with the PW91 functionals (exchange and correlation)21

and triple-� (TZ2P) basis sets (PW91/ZORA level, hereafter).
We have used the frozen-core approach as implemented in ADF
to describe the inner electrons of thorium and uranium.
Therefore, for both actinide cations all electrons up to 5d were
considered as frozen, the remaining electrons constituted the
active valence shell.

Full geometry optimizations were performed at both, B3LYP/
SDD and PW91/ZORA levels, trying several initial geometries
for each species. The nature of the calculated stationary points
was characterized by a vibrational analysis performed within
the harmonic approximation. The zero-point vibrational energy
corrections were included in all the reported relative energies.
We have ensured that every transition state has only one
imaginary frequency and that the frequency connects reactants
and products by means of IRC (intrinsic reaction coordinate)
calculations. Unless otherwise mentioned, all energies and
geometrical parameters reported in the next sections refers to
the B3LYP/SDD results, whereas in all figures are reported the
results obtained at both levels of theory. We have chosen the

B3LYP/SDD computations as our reference results, due to the
better agreement of these results with the existent experimental
data. In section 4 we present a comparison of the results obtained
at B3LYP/SDD and PW91/ZORA levels.

3. Results and Discussion

3.1. An+ (An ) Th, U) + C2H6: Bare Cations and
Reaction Mechanisms. At the B3LYP/SDD level the doublet
[Rn]5f7s2 configuration is the lowest-energy electronic config-
uration of Th+, with the quartet [Rn]6d27s 24 kJ/mol higher in
energy, whereas at the PW91/ZORA level of theory the bare
Th+ ground state (GS) has a quartet spin state derived from the
[Rn]6d27s configuration. The GS level of the Th+ cation is
actually not identified in the Blaise and Wyart tables22 due to a
strong multiconfiguration mixing. The ground level has a mixed
4F-2D character.

According to the Blaise and Wyart tables, the lowest-energy
U+ has a [Rn]5f37s2 electronic configuration (quartet spin state)
and is followed closely by several sextet spin states.22 In this
case, the experimental bare cation levels are better reproduced
by B3LYP/SDD computations. The calculated GS has in fact a
[Rn]5f37s2 electronic configuration (quartet state) and is followed
by two sextet states very close in energy, [Rn]5f36d7s at around
6 kJ/mol and the [Rn]5f47s state at 17 kJ/mol, whereas the
[Rn]5f37s2 doublet spin state is much higher in energy (around
71 kJ/mol over the quartet GS). At the PW91/ZORA level the
computed GS has a [Rn]5f47s (sextet) configuration, whereas
the [Rn]5f37s2 (quartet) was found at 55 kJ/mol over the GS.
The details of the calculated bare cations energy gaps have been
reported elsewhere.4a,c,e

In our calculations we have explored the first and second
dehydrogenation and the demethanation of C2H6 by bare Th+

and U+ cations. The activation of the first C-H bond yields to
the formation of AnC2H4

+ (An ) Th, U) with the release of
one H2 molecule, whereas the activation of the C-C bond yields
to the formation of the methylidene complex, AnCH2

+, and CH4.
The second dehydrogenation reaction, which starts with the
reaction product of the first H2 elimination, AnC2H4

+, involves
the activation of two C-H bonds and leads to the formation of
AnC2H2

+.
As in the case of the activation of alkanes by transition metal

cations,12,13 the proposed mechanisms involve an initial oxidative
mechanism in which the cation An+ inserts in the C-H or C-C
bond to form a first insertion intermediate C2H5-An+-H or
CH3-An+-CH3. The reaction products can then be formed by
reductive elimination of small molecules such as H2 and CH4

or by metal-hydrogen or metal-carbon bond cleavage, which
usually takes place at high energies. From the C2H5-An+-H
intermediate the dehydrogenation process evolves through the
formation of a dihydride intermediate, (H)2An+-C2H4, which
reductively eliminates H2. The reaction mechanism involves the
formation of a third intermediate, (H2)An+-C2H4 in which the
H2 molecule is already formed and prepared for the elimination.
In contrast, the demethanation process involves only two
transition states, the first one that yields to the formation of the
previously mentioned dimethyl intermediate, CH3-An+-CH3,
and a second transition state that involves the transfer of an H
atom between the methyl groups, to form the final adduct
(CH4)An+-CH2. We note that in most of the reaction pathways
reported for the C-H bond activation of C2H6 by TM cations,
the reaction mechanism does not involve a �-hydrogen shift
resulting in dihydrido intermediates. Instead, the reactions
usually proceed through a concerted saddle point connecting
the C-H inserted species directly with a complex of the TM
cation with molecular hydrogen and ethylene.
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The second dehydrogenation reaction starts with the AnC2H4
+

adduct and as in the case of the first dehydrogenation reaction
involves three transition states. The first one leads to the
formation of the C2H3-An+-H intermediate, which after
surpassing the second transition state yields a dihydride
intermediate, (H)2An+-C2H2. Then the system evolves to the
dehydrogenation products through the formation of the last
insertion intermediate, (H2)An+-C2H2, which is basically formed
from two moieties, H2 and An+-C2H2.

3.2. C-H Bond Activation: Formation of ThC2H4
+ + H2

and UC2H4
+ + H2. We will begin by discussing the interaction

of An+ (An ) Th, U) cations with the C-H bond in ethane.
As shown in Figures 1 and 2, the first step of the dehydroge-
nation reaction of ethane by bare An+ cations is the exothermic
formation of an An(C2H6)+ complex. According to B3LYP/SDD
results the reaction of Th+ + C2H6 evolves completely along
the doublet spin state, whereas at PW91/ZORA level we found
that the doublet and quartet Th(C2H6)+ structures are almost
degenerate in energy, with the quartet state slightly favored.
As discussed in the previous section (see also ref 4e), B3LYP/
SDD and PW91/ZORA levels do not agree in the ordering of
the Th+ atomic states, and this is reflected also in the stability
ordering of the initial complexes. However, both levels of theory
agree in that the quartet spin surface becomes very high in
energy throughout the rest of the PEP.

In the case of U+ the reaction evolves completely along the
quartet bare cation ground state (B3LYP/SDD). As explained
below, at PW91/ZORA there is a double crossing between the
doublet and quartet spin surfaces at the stage of the last transition
state. The geometrical parameters corresponding to all the
species involved in the reaction pathways at both studied levels
of theory are reported as Supporting Information (Figures S1
and S2, respectively).

The reaction proceeds to form the first insertion intermediate
H-An+-C2H5 through the first-order saddle point TS1 in which
the cations are inserted into one of the C-H bonds. The
imaginary frequencies (1051i cm-1 for Th and 1222i cm-1 for
U), correspond to the C-H bond breaking. In both studied
reactions this intermediate (I) is the global minimum of the
potential energy profile and lies at -165.7 kJ/ml below the
ground state reactants in the Th+ reaction and at -82.7 kJ/mol
in the U+ reaction. The H-An bond distance is very close to
the same distance in the corresponding hydrides: ThH+ (3∆,
1.99 Å) and UH+ (5∆, 1.97 Å).

Following the C-H bond insertion, the reaction proceeds
through a second intramolecular rearrangement to yield a new
intermediate, which can be described as a covalently bonded
dihydrido complex, (H)2An+-C2H4, obtained by a hydrogen
transfer from the second carbon atom to the metal center. In
this complex the H-An bond distances are also very close to
the corresponding values in the cationic hydrides (see Figures
S1 and S2 in Supporting Information). These intermediates are
formed after the system surpasses the second transition state,
TS2, which are characterized by imaginary frequencies (768i
cm-1 for Th+ and 340i cm-1 for U+) that involve the stretching
of the C-H bond that is being broken. The lower stability of
the second insertion intermediate (II) with respect to the first
insertion intermediate (I) can be understood considering that
Th+ in its doublet spin state has only two electrons available
for bonding; therefore, the transfer of the second H atom to
form the dihydrido intermediate provokes a lengthening of the
Th+-(C2H4) distances (2.58 and 2.64 Å, see Figure S1in
Supporting Information). These distances are shortened after
the H2 molecule is formed (2.29 and 2.33 Å). U+ in the quartet
spin state is able to use two of its valence electrons to form
bonds; therefore, the formation of the second insertion inter-
mediate involves the same type of difficulties as the Th+ species.
As can be seen in Figure S2 (Supporting Information) the
intermediate II in the quartet spin state is formed basically by
two moieties, UH2

+ and C2H4, which are about 3 Å. The C2H4

fragment is practically undistorted with respect to the equilib-
rium structure in the free molecule (the C-C distance of free
C2H4 at the studied levels of theory is 1.33 Å). At this stage of
the reaction the doublet spin state is quite low in energy,
particularly at the PW91/ZORA level, but not enough to became
the GS of this species. We note that for the TS3 structure, the
B3LYP/SDD and PW91/ZORA level of theory do not agree in
the assignment of the ground spin state, as B3LYP/SDD favors
the quartet state whereas PW91/ZORA indicates the doublet
TS3 structure as the GS. The surmised crossing between the
doublet and quartet surfaces would be restricted exclusively to
the TS3 structure, as both levels of theory agree in that once
the H2 molecule is formed, the quartet spin state is clearly lower
in energy.

The final intermediate, (H2)An+-C2H4, is formed after the
last transition state is surmounted, TS3. In this structure
the H-H distances are 1.25 (Th) and 1.13 Å (U), respectively.
The imaginary frequencies are 1486i cm-1 in the case of Th+

and 1169i cm-1 for U+ and correspond to the expected H-H

Figure 1. B3LYP/SDD (PW91/ZORA) quartet and doublet PESs for
the first dehydrogenation of C2H6 by Th+. Energies are in kJ/mol and
relative to the ground-state reactants.

Figure 2. B3LYP/SDD (PW91/ZORA) quartet, sextet, and doublet
PESs for the first dehydrogenation of C2H6 by U+. Energies are in kJ/
mol and relative to the ground-state reactants.
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stretching that yields to the formation of H2. In the last
(H2)An+-C2H4 complex, the hydrogen molecule is already
formed and electrostatically interacting between the cationic
actinide-ethylene complex.

From the last intermediate, (H2)An+-C2H4, the hydrogen
release is endothermic by about 3 kJ/mol in the case of Th+

and 12.6 kJ/mol for U+. The overall process is exothermic by
about 95 kJ/mol for the reaction of Th+ and endothermic by
almost 9 kJ/mol for U+.

Different alternative products were also analyzed. In particu-
lar, the H-An+-C2H5 intermediate is an obvious choice for
the formation of AnH+ and AnC2H5

+ fragments that can be
obtained by simple An-C and An-H bond breaking. Figure 1
shows that the formation of ThC2H5

+ (3A) + H is endothermic
by around 127 kJ/mol and the production of ThH+ (3∆) is
endothermic by almost 130 kJ/mol. In the case of U+ + C2H6

the endothermicity is slightly higher, in particular 158.7 kJ/
mol (UH+, 5∆) and 166.6 kJ/mol (UC2H5

+,5A), respectively.
The dehydrogenation of C2H6 by Th+ involves transition barriers
that in all cases lie below the reactants asymptote, so that the
dehydrogenation process could dominate even at high kinetic
energies. For U+, B3LYP/SDD computations indicate that the
first and the third reaction barriers are well over the limit
represented by the reactants (48.4 and 86.3 kJ/mol, respectively).

3.3. Second Dehydrogenation: Formation of ThC2H2
+ +

H2 and UC2H2
+ + H2. Spontaneous double dehydrogenation

was experimentally observed in the reaction of Th+ + C2H6;3

therefore, we have also investigated the reaction mechanisms
for the second dehydrogenation process, which yields AnC2H2

+

+ H2.
The reaction pathways for the second dehydrogenation start

from the AnC2H4
+ reaction products of the first dehydrogena-

tion. As for the first dehydrogenation, the reaction pathways to
yield AnC2H2

+ + H2 involve a three-step mechanism, which
implies the surpassing of three transition states. For simplicity
we present the reaction paths for the second elimination in
separate pictures, Figures 3 and 4, for the reactions of Th+ and
U+, respectively. As shown in those figures, the relative energies
are calculated with respect to the An+ + C2H6 GS reactants.
The optimized geometries of all of the key minima and transition
states involved in the second H2 elimination are presented in
Figures S3 and S4 (Supporting Information). The imaginary
frequencies that characterize all of the transition states at both
levels of theory are reported in the same figures.

The isomerization of the initial An+-ethene adduct to the
first insertion intermediate, H-An+-C2H3, involves surpassing

a transition structure in which one of the C-H bonds is
elongated to about 1.6 Å, in both studied reactions. The
imaginary vectors involve the elongation of this bond as well
as the rotation of the C2H4 molecule, to approach to the planar
structure that characterizes the AnC2H3

+ moiety in the following
hydrate intermediate (see Figures S3 and S4 in Supporting
Information). Along the reaction coordinate we found another
transition state that involves the transfer of a second H atom
that yields to the formation of a dihydride intermediate (II),
(H)2An+C2H2, in which the metal-hydrogen distances are very
close to 2.0 Å. From this intermediate the reaction evolves to
the final (H2)An+C2H2 intermediate, through the surpassing of
the last transition state, which is characterized by an imaginary
frequency that involves the stretching of the H-H bond. For
the same reasons stated in the previous section, also in this case
the second insertion intermediate is destabilized with respect
to the previous intermediate. In the case of the U+ + C2H6

reaction the used levels of theory disagree in the assignation of
the ground spin state for the TS2 and the second intermediate
(II). Also in this case the PW91/ZORA level favors the doublet
spin state, whereas at the B3LYP/SDD level, the quartet spin
state is the GS for these species. In summary, for Th+ the second
dehydrogenation evolves completely along the doublet spin
surface, whereas in the case of U+ the reaction evolves mostly
on the quartet bare cation ground state, with a double crossing
between the doublet and quartet spin surfaces. At the B3LYP/
SDD level of theory the crossing takes place around the TS3
structure, whereas according to the PW91/ZORA level the
doublet spin surface is the GS from the formation of the first
insertion intermediate (I) to the surpassing of TS3. Both levels
of theory, however, agree that after the surpassing of the last
transition state, the reaction evolves completely around the
quartet state.

In contrast to the first dehydrogenation reaction, in both Th+

and U+ second dehydrogenation reactions, the intrinsic transition
barriers associated with the breaking of the two C-H bonds
are notably higher than the last one, associated to the formation
of the H2 molecule (see Table 1). The most notable difference
between the cations is the higher intrinsic barrier for the second
transition state for the reaction of U+.

We must underline that all the barriers corresponding to the
second dehydrogenation reaction are over the limit represented
by the An+ + C2H6 reactants. However, the relative energy of
the barriers is quite low for Th+. The whole Th+ + C2H6 )

Figure 3. B3LYP/SDD (PW91/ZORA) quartet and doublet PESs for
the second dehydrogenation of C2H6 by Th+. Energies are in kJ/mol
and relative to the ground-state reactants. Figure 4. B3LYP/SDD (PW91/ZORA) quartet, sextet, and doublet

PESs for the second dehydrogenation of C2H6 by U+. Energies are in
kJ/mol and relative to the ground-state reactants.
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ThC2H2
+ + 2H2 has an exothermicity of 14.1 kJ/mol, whereas

the corresponding value for the reaction of U+ is endothermic
by 128.3 kJ/mol (B3LYP/SDD results).

3.4. C-C Bond Activation: Formation of ThCH2
+ + CH4

and UCH2
+ + CH4. The PES along the C-C bond activation

branch of the Th+ + C2H6 and U+ + C2H6 reactions are
displayed in Figures 5 and 6, respectively, while the corre-
sponding geometrical structures are collected in Figures S5 and
S6 (Supporting Information). As shown in Figures 5 and 6 (see
also Figures 1 and 2), the initial An(C2H6)+ complex is common
to both dissociation channels (H2 and CH4 elimination). The
adduct complex then rearranges to a dimethyl species (I),
CH3-An+-CH3, in which the cations are inserted into the C-C
bond. This intermediate is the global minima of the potential
energy profiles in both Th+ and U+ reactions. For the reaction
of Th+ + C2H6 the first transition state in its doublet ground
spin state is located at around 72 kJ/mol (B3LYP/SDD) over
the Th+(2F) + C2H6 asymptote and is characterized by one
imaginary frequency of 575i cm-1, corresponding to the C-C
bond breaking and rotation of one of the CH3 groups. The
quartet and sextet spin state TS1 structures are almost degenerate
in energy (+108.5 and +105.3 kJ/mol) for the U+ + C2H6

reaction (see Figure 6). The C-C distance is elongated to 1.93

Å in Th+ TS1 and 2.07 Å in U+ TS1. The formation of the
inserted dimethyl intermediate (I) is a very exothermic process
in both studied reactions and involves a very high energy barrier.

Proceeding along the reaction coordinate, the intermediate
(I) is converted into another stable ion-molecule complex,
(CH4)An+-CH2, which serves as the direct precursor for loss
of methane. In these intermediates the methane moiety has a
distorted η3 coordination to the metal cation with one of the
An+-H distances quite shorter than the other two. The metal
carbon distance is 2.88 Å (B3LYP/SDD) in (CH4)-ThCH2

+

and 2.77 Å in (CH4)-UCH2
+. In both structures the metal-

methylidene distance is very close to the corresponding value
in the carbene cation, 2.04 Å. The structures of the last
intermediate (II) are characterized by the presence of agostic
geometries. In this intermediate the An+dCH2 moieties are very
close to the final AnCH2

+ products. The bonding characteristics
of the An+dCH2 structures have been discussed elsewhere.4e

The doublet ground state (CH4)Th+dCH2 complex is calculated
to lie 133.6 kJ/mol below the reactants dissociation limit, while
formation of the corresponding uranium species is calculated
to be 29.3 kJ/mol.

The saddle point for the 1,3 hydrogen shift that directly
converts the dimethyl complex into the (CH4)An+dCH2 cation
(TS2) is characterized by an imaginary frequency of 1345i cm-1

in the case of Th+ and 1314i cm-1 for U+ (B3LYP/SDD). The
transition vector associated to these frequencies and the
geometries of the transition structures are completely consistent
with the 1,3 H-shift, which leads to the final complex (II). The
relative energy of TS2 with respect to the reactants is -79.6
kJ/mol (Th+) and 14.0 kJ/mol (U+). The structure of this
transition state shows one of the An-C distances elongated by
about 0.4 Å, while the carbene structure is almost formed. It
must be noted that in TS2 the metal atom participates to some
extent to the hydrogen migration as implied by the short An-H
distance (2.08 and 2.05 Å for the Th+ and U+ TS2 structures,
respectively).

The reductive elimination of methane from the last insertion
intermediate, with formation of AndCH2

+ is endothermic by
around 33 kJ/mol for Th+ and 42 kJ/mol for U+. The whole
demethanation process is exothermic by around 100 kJ/mol for
the Th+ + C2H6 reaction and endothermic by almost 13 kJ/mol
for U+ + C2H6.

From the CH3-An+-CH3 intermediate the AnCH3
+ + CH3

products can be obtained through direct bond cleavage of one

TABLE 1: Activation Barriers, in kJ mol-1, of the
Transition States Calculated at the B3LYP/SDD
(PW91/ZORA) Level

Th+ + C2H6

first
dehydrogenation

second
dehydrogenation

C-C bond
activation

TS1a 32.8 (2.4) 114.6 (99.4) 105.5 (76.0)
TS2b 76.9 (66.0) 90.6 (78.0) 161.5 (126.5)
TS3c 105.7 (70.4) 67.8 (40.1)

U+ + C2H6

first
dehydrogenation

second
dehydrogenation

C-C bond
activation

TS1a 67.6 (20.7) 101.8 (99.8) 124.5 (73.5)
TS2b 74.3 (75.8) 138.2 (53.9) 145.0 (70.4)
TS3c 96.0 (40.1) 63.2 (5.6)

a Calculated as the energetic difference between the first transition
state (TS1) and the first complex (FC), considering the GS species at
each level of theory. b Calculated as the energetic difference between
the second transition state (TS2) and the first intermediate (I),
considering the GS species at each level of theory. c Calculated as
the energetic difference between the third transition state (TS3) and
the second intermediate (II), considering the GS species at each
level of theory.

Figure 5. B3LYP/SDD (PW91/ZORA) quartet and doublet PESs for
the C-C activation branch of the reaction of Th+ with C2H6. Energies
are in kJ/mol and relative to the ground-state reactants.

Figure 6. B3LYP/SDD (PW91/ZORA) quartet, sextet, and doublet
PESs for the C-C activation branch of the reaction of U+ with C2H6.
Energies are in kJ/mol and relative to the ground-state reactants.
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of the An-C bonds. Figures 5 and 6 show that this process is
endothermic by 45.5 kJ/mol (Th+) and 91.5 kJ/mol (U+),
respectively. Direct formation of AnCH3

+ + CH3 products is,
therefore, energetically much more demanding than the tight
TS2 transition state for the 1,3 hydrogen shift.

The first transition state, TS1, is by far the most demanding
point in the mechanistic scheme for the C-C bond activation,
lying 72.1 and 105.3 kJ/mol above the Th+ + C2H6 and U+ +
C2H6 reactants asymptotes, respectively. We conclude, therefore
that the lacking of CH4 elimination in the experiments is due
to a kinetic impedance in the case of the Th+ + C2H6 reaction,
whereas for U+ the reaction is unfavorable both thermodynami-
cally and kinetically.

4. Comparison between the Different Levels of Theory

As reported in previous theoretical works,4 a comparison of
the relative energies calculated at the two different levels of
theory used in this work, B3LYP/SDD and PW91/ZORA,
indicates important differences that can be as high as 130 kJ/
mol for the GS species of the Th+ + C2H6 reaction and 185
kJ/mol in the case of the GS species of the U+ + C2H6 reaction.
This trend has been previously analyzed, and it was concluded
that a significant part of the energy difference is due to the
different functionals used in each approach.4a,b

In order to give further insight into the origin of these
differences, we have recalculated the potential energy surfaces
presented in Figures 1-6, using as the asymptote the reaction
products in their corresponding ground states, instead of the
reactants. The results are presented in Figures S7 to S12
(Supporting Information). It can be seen that the relative energies
of the different species calculated at both levels of theory are
now much closer, being the greater difference of 39 kJ/mol for
the Th+ + C2H6 reaction and 120 kJ/mol for the U+ + C2H6

reaction. The largest difference between the relative energies
calculated at the different levels of theory is now restricted to
the relative energy of the An+ + C2H6 reactants with respect to
the new asymptotes (reaction products in their GSs).

These results seem to indicate that the main reason for the
large difference between the relative energies calculated at the
B3LYP/SDD and PW91/ZORA levels is the choice of the An+

+ C2H6 asymptote. We note that the formal oxidation numbers
for all the Th+ species from the formation of the first transition
state in the case of the first dehydrogenation (and the C-C bond
activation) and for all the species involved in the second
dehydrogenation is III. The improvement in the agreement
between the B3LYP/SDD and the PW91/ZORA relative ener-
gies when considering the reaction products as the reference
energy can be considered as an indication of the difficulties of
DFT to describe the energetics of reactions that involve
important changes in the oxidation states. The same reasoning
can be applied the to U+ + C2H6 reaction, for which all the
species in the first dehydrogenation paths as well as the C-C
bond activation process have the same formal oxidation number
(III) from the formation of the first transition state. Previous
theoretical studies have underlined the shortcomings of DFT
to describe quantitatively the energetics of reactions involving
changes in the formal oxidation numbers.23

5. Summary and Conclusions

The following major conclusions can be inferred from the
detailed exploration of the PES for the reaction of Th+ and U+

with C2H6.
Both hydrogen and methane elimination reactions start with

the formation of the An(C2H6)+ ion-molecule complex. Ac-

cording to B3LYP/SDD results, the dehydrogenation of C2H6

evolves completely along the doublet spin surface. The first H2

elimination reaction is exothermic by almost 95 kJ/mol and the
highest energy point en route to the products is the first C-H
insertion transition state that has been located 0.6 kJ/mol below
the asymptote represented by the reactants. At the same level
of theory the U+ + C2H6 reaction proceeds along the quartet
U+ ground state, and the reaction is slightly endothermic (8.6
kJ/mol). The transition barriers associated to the first and third
transition states are quite high in energy, well above the U+ +
C2H6 reactant asymptotes. In both reactions, the direct bond
breaking processes from the common intermediate H-An+-
C2H5 to obtain AnH+ and AnC2H5

+ fragments are not energeti-
cally competitive. These results indicate, therefore, that the
dehydrogenation of C2H6 by U+ in the gas phase is thermody-
namically unfavorable, which justifies the nondetection of
dehydrogenation during FTICR-MS experiments.

According to B3LYP/SDD computations, the overall methane
elimination reaction is predicted to be exothermic by 100 kJ/
mol for the activation by Th+ and endothermic by almost 13
kJ/mol in the case of U+. Even when the C-C insertion
CH3-An+-CH3 product is a very stable intermediate, the
associated TS barrier is quite large and exceeds the energy of
the ground state reactants by 72.1 (Th+) and 105.3 kJ/mol (U+),
preventing the observation of these species under thermal
conditions.

Alternative fragmentation pathways produced by direct bond
cleavage appear to become competitive only at significantly
higher kinetic energies.
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