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ABSTRACT: The gas-phase reactions
of two dipositive actinide ions, Th2þ

and U2þ, with CH4, C2H6, and C3H8

were studied by both experiment and
theory. Fourier transform ion cyclo-
tron resonance mass spectrometry was
employed to study the bimolecular ion-
molecule reactions; the potential en-
ergy profiles (PEPs) for the reactions,
both observed and nonobserved, were
computed by density functional theory
(DFT). The experiments revealed that
Th2þ reacts with all three alkanes,
including CH4 to produce ThCH2

2þ, whereas U2þ reacts with C2H6 and C3H8, with different product distributions than for
Th2þ. The comparative reactivities of Th2þ and U2þ toward CH4 are well explained by the computed PEPs. The PEPs for the
reactions with C2H6 effectively rationalize the observed reaction products, ThC2H2

2þ and UC2H4
2þ. For C3H8 several reaction

products were experimentally observed; these and additional potential reaction pathways were computed. The DFT results for the
reactions with C3H8 are consistent with the observed reactions and the different products observed for Th2þ and U2þ; however,
several exothermic products which emerge from energetically favorable PEPs were not experimentally observed. The comparison
between experiment and theory reveals that DFT can effectively exclude unfavorable reaction pathways, due to energetic barriers
and/or endothermic products, and can predict energetic differences in similar reaction pathways for different ions. However, and not
surprisingly, a simple evaluation of the PEP features is insufficient to reliably exclude energetically favorable pathways. The
computed PEPs, which all proceed by insertion, were used to evaluate the relationship between the energetics of the bare Th2þ and
U2þ ions and the energies for C-H and C-C activation. It was found that the computed energetics for insertion are entirely
consistent with the empirical model which relates insertion efficiency to the energy needed to promote the An2þ ion from its ground
state to a prepared divalent state with two non-5f valence electrons (6d2) suitable for bond formation in C-An2þ-H and
C-An2þ-C activated intermediates.

’ INTRODUCTION

The first seminal studies of gas-phase actinide ion chemistry
were performed by Armentrout et al., who studied the reaction of
Uþ with nitrogen, hydrogen, and methane using an ion beam
technique.1 More recently, we have been engaged in studies of
the gas-phase ion chemistry of the early actinides, An =Th, Pa, U,
Np, Pu, Am, and Cm,2-7 using Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS).8 As was assessed in
recent reviews,9-11 prior to these studies, gas-phase ion chem-
istry experiments with highly radioactive members of the actinide
series, Pa, Np, Pu, Am, Cm, Bk, Cf, and Es, had been based on the

use of the laser ablation with prompt reaction and detection
(LAPRD) technique, while FTICR-MS studies of An ions had
been limited to Th and U. As FTICR-MS is well suited to extract
kinetic and thermodynamic information from gas-phase reactiv-
ity studies, we have obtained new kinetic and thermochemical
data for systems involving Pa,6 Np,2,4,5 Pu,2,4 Am,3,4 and Cm7 by
examining reactions of singly and doubly charged cations with
oxidants. In addition to these recent studies of the reactivity of
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An2þ ions with oxidants,4,6,7 previous gas-phase experiments
with An2þ ions have comprised reactions of U2þ with oxidants
examined by FTICR-MS12 and by quadrupole ion trap mass
spectrometry (QIT-MS),13 and reactions of Th2þ and U2þ with
arenes studied by FTICR-MS.14

As in actinide chemistry in general, one of the questions raised
by gas-phase reactivity studies is the possible participation of the
5f electrons of the early actinides in the observed chemistry. A
potential way to probe the role of the 5f (and other valence
electrons) is to study the gas-phase reactivity of An2þ ions with
hydrocarbons: An2þ ions exhibit electronic configurations and
energetics that can reveal the chemical activity of 5f electrons.15

Alkanes and alkenes are suitable reaction substrates to establish
correlations of the electronic configurations of the ions with
reaction products and mechanisms, as demonstrated during the
past two decades for (mainly singly charged) d-block and f-block
metal cations.16-20 The reactivity of singly charged actinide cations
with alkanes and alkenes has been investigated previously by
FTICR-MS (Th, U) and by time-of-flight mass spectrometry
(TOF-MS) in an LAPRD setup (Th to Es).9-11 Recently, we
have used FTICR-MS to reinvestigate the reactivity of Anþ ions
(An = Th to Cm) with alkanes and alkenes for a systematic
comparison with the reactivity of AnOþ ions (An = Th to Cm)
with the same substrates;21 particularly notable was the indica-
tion that the 5f electrons of Pa in PaOþ are chemically active.

The gas-phase reactivity of doubly charged d-block metal
cations with alkanes was examined with some detail by Freiser
and co-workers 10-20 years ago,22-32 following the seminal
work by Tonkyn and Weisshaar33,34 demonstrating that doubly
charged d-transition-metal cations were not limited to electron
transfer in their reactions with hydrocarbons; formation of doubly
charged bond activation products, as well as H- or CH3

- transfer
reactions, were observed alongwith electron transfer. A simple one-
dimensional potential energy curve crossing model, derived from a
Landau-Zener type of model, as first described by Spears et al.,35

was successfully used by the groups ofWeisshaar33,34 andFreiser22-32

to explain the observed reactivity patterns. In brief, at long range,
the reactants, M2þ þ RH, follow attractive ion-induced dipole
potential energy curves, whereas the charged products of electron
transfer, Mþ þ RHþ, hydride transfer, MHþ þ Rþ, or methide
transfer, MCH3

þ þ (RH-CH3)
þ, follow repulsive Coulombic

potential energy curves. The exothermicities of these reactions
determine the curve crossing points and the products observed: if
the reaction is not sufficiently exothermic and, consequently, the
curve crossing distance is large, the transfer of an electron, a
hydride, or a methide may not be feasible, and the M2þ ions can
survive the crossing points to adequately short distances from the
neutral to result in the formation of doubly charged products.
This simplified model has been applied to varied systems
involving doubly or, in general, multiply charged ions.36-42

However, it has recently been pointed out that this model is an
oversimplification in that some curve crossings do not actually
exist because they occur along separate reaction coordinates.43

Freiser and co-workers studied the gas-phase reactivity of
alkanes with transition-metal dipositive ions with d1 (Sc2þ,32

Y2þ,32 La2þ 29), d2 (Zr2þ),28 and d3 (Nb2þ,22,24 Ta2þ 28)
ground-state electronic configurations (the core electrons are
implicit) and a broad range of second ionization energies
(11.1-16.2 eV). With these experiments, it was demonstrated
that the d1 metal ions had distinct reactivities relative to the d2

and d3 metal ions in terms of the formation of doubly charged
products, and these differences were related to the occurrence of

distinct reaction mechanisms.32 Of particular interest is the pro-
posed mechanism for alkane bond activation by M2þ ions with a
d1 configuration. As classical alkane activation by insertion;i.e.,
via generalized H-M2þ-C or C-M2þ-C types of intermedi-
ates;requires two valence bonding electrons at the metal
center, activation by d1 ions was rationalized by a generalized
radical mechanism which proceeds by H-atom abstraction rather
than formal insertion.29 The reactivities of doubly charged lantha-
nide cations, Ln2þ (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, that is, all Ln's except Pm), were subsequently
studied with the same hydrocarbons, as well as with alkenes.44

These Ln2þ ions possess “inert” 4f electrons, different accessi-
bilities of d1 electronic configurations, and a range of ionization
energies,45 such that these results provided a good basis for a
refined comparison with the previous studies. The results for
Ln2þ ion reactivity were essentially consistent with the model
postulated by Freiser and co-workers, including the radical mech-
anism for activation of alkanes by d1 M2þ ions.44

In a recent review of activation of alkanes by gas-phase metal
ions,42 Roithov�a and Schr€oder report on the plethora of theore-
tical studies of reactions of alkanes with monopositive metal ions
and the corresponding dearth of such studies of reactions of
alkanes with dipositive metal ions. A notable exception is the
recent report of the reaction of Ta2þ with CH4 studied both
experimentally and by density functional theory (DFT).43 We
have been recently involved in the study of elementary gas-phase
reactions of Th and U ions using DFT. These studies have
examined the reactions of Uþ and U2þ,46 UOþ and UO2þ,47 and
Thþ and Th2þ with H2O,

48 of Uþ and U2þ with N2O,
49 and of

Thþ and Uþ with CH4
50 and C2H6.

51 Also recently, de Almeida
and Duarte have reported DFT studies of the reactions of CH4

with Anþ (An = Ac to Pu)52 and with Th, Thþ, and Th2þ.53

In the present work, the gas-phase reactions of two dipositive
actinide ions, Th2þ and U2þ, with small alkanes, CH4, C2H6, and
C3H8, were studied both experimentally and theoretically. These
two actinides were chosen as the chemistry of thorium is essen-
tially characteristic of a group 4 d-block transition element, whereas
that of uranium is characteristic of an early 5f-block actinide
element, with the possibility of chemically active 5f electrons. A
central goal of this work is to determine if DFT can reliably
model the reaction mechanisms of dipositive actinide ions with
alkanes. As the applicability of DFT to reactions of alkanes with
dipositive metal ions has received scant attention, the results
provide a basis to evaluate the general applicability of DFT both
to such reactions and to the special and particularly challenging
actinides, where relativistic and other complicating many-elec-
tron effects come into play.54

’EXPERIMENTAL METHODS

The experiments were performed in a Finnigan FT/MS 2001-DT
FTICR mass spectrometer, equipped with a 3 T superconducting magnet,
interfaced with a Spectra-Physics Quanta-Ray GCR-11 Nd:YAG laser
operated at the fundamental wavelength (1064 nm), and controlled by a
Finnigan Venus Odyssey data system.

The actinide samples were binary alloys of the actinide metal in a Pt
matrix. These alloys were prepared by arc melting the Anmetal and Pt in
water-cooled copper crucibles under Ti-gettered high-purity argon. The
alloy compositions were ∼20 wt % natural Th (∼100% 232Th) and
depleted U (99.8% 238U). The hydrocarbons, obtained from Air Liquide
(>99.9% purity), were introduced into the spectrometer as supplied,
through a leak valve, to pressures in the range of 3 � 10-8 to 2 � 10-7

Torr, and were checked in situ for their purity through electron
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ionization mass spectra. The neutral reagent pressures were measured
with a Bayard-Alpert-type ionization gauge and calibrated using
standard reactions of methane55 and acetone56 ions. The gauge readings
were corrected for the relative sensitivities of the different reagents
according to the approach of Bartmess and Georgiadis.57

Doubly charged actinide metal cations were produced by laser
desorption/ionization (LDI) of the samples mounted on the solids
probe of the spectrometer. Isolation of the An2þ ions was achieved using
single-frequency, frequency sweep, or SWIFT excitation.58 All ion
manipulations and analyses were performed in the source cell of the
dual-cell instrument.
The reactant ions were thermalized by collisions with argon, which

was introduced into the spectrometer through pulsed valves to pressures
of∼10-5 Torr or through a leak valve to a constant pressure in the range
of (1-5)� 10-6 Torr. The reproducibility of the reaction kinetics and
the linearity of the semilog plots of normalized reactant ion intensities
versus time indicated thermalization of the reactant ions. It should be
noted that, in cases where excited electronic states react with kinetics
similar to that of the ground state, linearity of semilog plots does not
necessarily indicate complete thermalization; however, in such cases the
interpretation of the results with reference to the thermalized compo-
nent remains valid. When there was more than one product ion, reprod-
ucible product distributions for different collisional cooling periods or
collision gas pressures also indicated that effective thermalization had
been achieved. It is well-known that laser-ablated metal ions are pro-
duced with excess kinetic energies and can also be formed in electro-
nically excited states.59,60 For the actinides, the occurrence of strong
spin-orbit coupling makes electronic relaxation less demanding than
for d transition metals,9 and therefore, collisional cooling of electronic
excited states eventually formed in LDI is presumed to be a straightfor-
ward process. Collisional cooling as performed in the present study is
also usually sufficient to remove any excess translational energy on the
ions formed by LDI. In previous studies of the reactivity of singly
charged2,3,5,6,14,21 and doubly charged4,6,7,12,14 An ions, performed under
similar experimental conditions, no evidence was found for the involve-
ment of excited states in the observed chemistry.
Rate constants, k, were determined from the pseudo-first-order decay

of the relative signals of the reactant ions as a function of time at constant
neutral pressures. The decays were followed until the relative intensity of
the reacting dipositive ion had reached less than 10% of its initial
intensity. For comparative purposes, reaction efficiencies are also reported
as k/kCOL, where kCOL is the collisional rate constant derived from the
modified variational transition-state/classical trajectory theory devel-
oped by Su and Chesnavich.61 Collisional rate constants were calculated
using experimental molecular polarizabilities of the hydrocarbons.62 Due
to uncertainties in the pressure measurements, we estimate errors up
to (50% in the absolute rate constants; however, relative errors are
estimated to be (20%.

In the reactions in which two singly charged products were generated,
the product distributions were determined using the relative abundances
of the metal-containing ions. The low-mass ions formed in these charge
separation reactions showed rather low and variable intensities, most
probably due to the high kinetic energies that they acquire,30 which
results in their loss from the ion trap. Conversely, the intensities of the
high-mass metal-containing ions formed were observed to be reprodu-
cible, reflecting that these massive ions have relatively low kinetic
energies.30

Care was taken to minimize the interference of reactions with residual
water and oxygen present in the background of the mass spectrometer.
This was accomplished by using long pumping periods after the solids
probe was inserted into the high-vacuum chamber of the instrument but
before introduction of the reagents. Base pressures in the turbomole-
cular-pumped spectrometer were typically ∼10-8 Torr. All the reac-
tions were compared with reactions that occurred under background

conditions. When the reactions with residual gases were significant, the
measured reaction rates and product distributions were corrected for the
presence of oxygenated products forming directly from the reactant
metal ions.

’COMPUTATIONAL DETAILS

Density functional theory in its three-parameter hybrid B3LYP63,64

formulation was used together with the Stuttgart-Dresden basis set for
the thorium and uranium atoms (25s16p15d7f)/[7s6p5d3f] in combi-
nation with the 60-core-electron65 relativistic effective core potential
(RECP). This small-core RECP, so-called SDD pseudopotential, re-
places the 60 electrons in inner shells 1-4, 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 6-311þþG(d,p) basis set of Pople and co-
workers was employed for the rest of the atoms66-68 (we refer to these
results as B3LYP/SDD hereafter). These computations were carried out
with the Gaussian 03 package.69 Ultrafine (99 radial and 590 angular
points) pruned grids for numerical integration were employed, as
implemented in Gaussian 03. This computational approach was chosen
on the basis of the performance observed in our previous studies of bare
actinide cation reactivities.46,48-51

Singlet and triplet spin states were considered in all of the reactions
involving Th2þ and quintet and triplet spin states in the case of U2þ

reactions. Singlet-spin-state optimizations were done within the re-
stricted Kohn-Sham formalism, whereas the open-shell structures were
studied using spin-unrestricted methods. We have checked the ÆS2æ
values to evaluate whether spin contamination can influence the quality
of the results. In all cases we have found that the calculated values differ
from S(S þ 1) by less than 5%.

No symmetry restrictions were imposed during the geometry opti-
mizations, and we have employed several initial geometries for each of
the studied species. The nature of the calculated stationary points was
characterized by a vibrational analysis performed within the harmonic
approximation. For all of the studied reactions we report potential
energy profiles (PEPs) calculated as relative energies of the species
involved in the reaction pathways with respect to the ground-state
reactant asymptotes at 0 K. The zero-point vibrational energy (ZPVE)
corrections were included in all of the relative energies.

We have ensured that every transition state has only one imaginary
frequency and that the vibrational mode associated with the imaginary
frequency corresponds to the correct movement of the involved atoms.
All the minima connected by a given transition state were confirmed by
performing IRC (intrinsic reaction coordinate) computations, as im-
plemented in the Gaussian 03 program.70,71

The bonding properties of some key structures were studied using
natural bond orbital (NBO) analysis.72,73

’RESULTS AND DISCUSSION

The experimental results for the bimolecular reactions of Th2þ

and U2þ with methane, ethane, and propane are summarized in
Table 1 as measured reaction rate constants, reaction efficiencies
expressed as observed rate constants relative to collisional rate
constants, and product distributions. With the exception of U2þ/
CH4, for which no reaction is observed, the other five An2þ/
CmHn reactions each proceed with moderate efficiencies in the
range of k/kCOL = 0.11-0.22. The observed product distribu-
tions were quite disparate between Th2þ and U2þ, and a focus of
the following discussion is on evaluating the observed reactivity
differences on the basis of the computed PEPs.

As IE[C2H6] =11.0 eV and IE[C3H8] =11.5 eV
74 are both below

IE[Thþ] ≈ 11.65 eV and IE[Uþ] ≈ 11.7 eV,75 electron transfer
from these neutrals to An2þ is exothermic. The nonobservation of
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these electron transfer channels can be attributed to the kinetic
barrier discussed in the Introduction; a difference in IEs of at least
1 eV is generally required for electron transfer from a neutral to a
dipositive ion.30,44 As IE[CH4] = 12.5 eV

74 exceeds IE[Thþ] and
IE[Uþ], electron transfer from CH4 is endothermic and should
not occur regardless of kinetic effects.

The general reaction pathways which were observed corre-
spond to single and double dehydrogenation, methide transfer,
and hydride transfer, as given by the following equations:

An2þ þCmHn f AnCmHn- 2
2þ þH2 ð1Þ

An2þ þCmHn f AnCmHn- 4
2þ þ 2H2 ð2Þ

An2þ þCmHn f AnCH3
þ þCm- 1Hn- 3

þ ð3Þ

An2þ þCmHn f AnHþ þCmHn- 1
þ ð4Þ

The PEPs most pertinent to the observed reaction pathways are
shown below; additional PEPs, as well as geometrical parameters,
are provided in the Supporting Information.

Reactions with CH4. As indicated in Table 1, methane is
activated by Th2þ to produce the carbene, ThCH2

2þ, via elimina-
tion of H2. In contrast, U

2þ is inert toward methane to within the
experimental detection limit. The computed PEPs for the
Th2þ/CH4 and U2þ/CH4 reactions are shown in Figures 1 and 2.
The geometrical parameters of all the species involved in these path-
ways are included as Supporting Information (Figures S1 and S2,
respectively).
The reaction mechanism for the activation of CH4 is similar to

that reported for Thþ and Uþ,50 as well as for other transition-
metal ions.43 The reaction starts with the insertion of the metal
cation into the C-H bond of methane to form a hydrido-
methyl intermediate, H-An2þ-CH3 (intermediate I; An =Th, U).
From that intermediate the H2 elimination evolves through the
formation of a four-centered transition state (TS2), which yields
a second insertion intermediate (H2)An

2þ-CH2 (II), in which
the H2 molecule is already formed. The last step of the reaction,
formation of the dehydrogenation products, takes place directly
from intermediate II, without an energy barrier. Other possible
reaction products have been considered. In particular, the for-
mation of AnHþ and CH3

þ products can be obtained by simple

Table 1. Product Distributions, Rate Constants (k), and Reaction Efficiencies (k/kCOL) for the Reactions of Th
2þ and U2þ with

CH4, C2H6, and C3H8
a

CH4 C2H6 C3H8

An2þ product k k/kCOL product k k/kCOL product k k/kCOL

Th2þ ThCH2
2þ (100) 0.22 0.11 ThC2H2

2þ (100) 0.28 0.15 ThC3H4
2þ (55) 0.26 0.13

ThC2H2
2þ (35)

ThCH3
þ (10)

U2þ no reaction <0.001 <0.001 UC2H4
2þ (100) 0.34 0.18 UC3H6

2þ (40) 0.42 0.22

UC2H4
2þ (15)

UHþ (10)

UCH3
þ (35)

a Product distributions (%) in parentheses. k in units of 10-9 cm3 molecule-1 s-1.

Figure 1. PEP for the reaction of Th2þ þ CH4 (triplet and singlet spin states) at the B3LYP/SDD level of theory. The labeling between the reactants
and products identifies the first association complex (FC), the transition states (TS1, TS2, and TS3), and the intermediates (I and II). Spin states are
given in parentheses. The geometrical parameters are given in Figure S1, Supporting Information.
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breaking of the An-Cbond in theH-An2þ-CH3 intermediate,
after the surpassing of the associated activation barrier (TS3).
For Th2þ/CH4, the two reactions given by the following equa-

tions are comparably exothermic, as indicated by the computed
reaction energies (Figure 1):

Th2þ þCH4 f ThCH2
2þ þH2

ΔE ¼ - 66 kJ mol- 1 ð5Þ

Th2þ þCH4 f ThHþ þCH3
þ

ΔE ¼ - 72 kJ mol- 1 ð6Þ
Although the CH3

þ elimination reaction is computed to be ener-
getically competitive, only H2 elimination is observed. Referring
to the PEPs for eq 6 in Figure 1, it is apparent that the CH3

elimination pathway is inhibited by transition states (TSs) which
lie above the reactant energies and cannot be surmounted under
the thermal conditions of the experiments (∼298 K; kT≈ 2.5 kJ
mol-1). The very high TS energy barriers computed for this
exothermic charge separation reaction are seen for other charge
separation reactions studied in this work. As discussed above, the
general observation of inefficient charge separation is consistent
with the description of such reactions according to Landau-
Zener theory, in which Coulombic repulsion of the two mono-
positive products presents an inherent barrier to such processes.35

Referring to the PEP for Th2þ/CH4, the very high energy TS3,
which inhibits the exothermic formation of ThHþ þ CH3

þ,
directly corresponds to the dissociation of {H-Th-CH3}

2þ to
the two monopositive products; the PEP computed by DFT
evidently incorporates, at least qualitatively, the large barrier to
the charge separation process.
For the Th2þ/CH4 reaction, the H2 elimination reaction pro-

ceeds with a moderate but significant efficiency, k/kCOL = 0.11.
The computed PEP for this exothermic reaction (Figure 1) lies
below the entrance energy, consistent with its observation. It is
notable that the pathway for this reaction requires a spin crossing,
from the triplet-state reactants to the singlet products. As is
typical for actinide ion reactions, such spin crossing does not pre-
sent an insurmountable barrier, presumably due to the enhanced

spin-orbit coupling for these heavy atoms, which relaxes spin
conservation restrictions. However, the necessity for spin cross-
ing could account for the observed reaction efficiency of only
0.11. Several other spin crossing PEPs were computed for other
observed reactions, as discussed below.
The computed PEP for the Th2þ/CH4 reaction is in good

agreement with the results recently obtained by de Almeida and
Duarte for the same reactionusing a similar computational approach.53

As shown in Figure 2, for U2þ/CH4 the dehydrogenation
reaction corresponding to eq 1 is computed to be substantially
endothermic, in accord with the experimental observation that it
does not occur. The CH3

þ elimination channel corresponding to
eq 2 is computed to be slightly exothermic; however, substantial
barriers are encountered on the PEP, and this reaction is not
expected to occur. The DFT results are in accord with the
observed inert nature of U2þ toward CH4.
Comparison of Figures 1 and 2 reveals that the association

energies between the two An2þ ions and CH4, i.e., the relative
energy of the first complex, FC, are comparable: 120 kJ mol-1 for
Th2þ-CH4 and 103 kJmol

-1 for U2þ-CH4. As this is primarily an
electrostatic interaction, such agreement is expected. A key
difference between the two PEPs is the much higher energy
of TS1 and intermediate I for U2þ/CH4 as compared with
Th2þ/CH4. This difference corresponds to a greater barrier to
C-Hbond insertion for U2þ and is in accord with empirical models
which have related atomic energetics of metal ions with C-H (and
C-C) bond activation efficiencies.76 The correspondence between
DFT and empirical models, evident for the An2þ/CH4 reactions,
also appears for other studied reactions, as elaborated below.
Reactions with C2H6. In contrast to CH4, where U

2þ is un-
reactive, with C2H6 both Th2þ and U2þ are reactive, with com-
parable efficiencies, 0.15 and 0.18, respectively. For Th2þ the sole
product corresponds to double dehydrogenation, eq 7, whereas
for U2þ only single dehydrogenation is observed, eq 8.

Th2þ þC2H6 f ThC2H2
2þ þ 2H2 ð7Þ

U2þ þC2H6 f UC2H4
2þ þH2 ð8Þ

Figure 2. PEP for the reaction of U2þþCH4 (quintet and triplet spin states) at the B3LYP/SDD level of theory. The labeling between the reactants and
products identifies the first association complex (FC), the transition states (TS1, TS2, and TS3), and the intermediates (I and II). Spin states are given in
parentheses. The geometrical parameters are given in Figure S2, Supporting Information.
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ThePEP for theTh2þ/C2H6 dehydrogenation reaction is shown
in Figure 3; the geometrical parameters of all the minima and
transition states involved in the reaction are presented in Figures S3
and S4, Supporting Information. The reaction mechanism is simi-
lar to that described for the activation of CH4. The double
dehydrogenation process involves the formation of four diff-
erent insertion intermediates, H-Th2þ-C2H5 (I), (H2)-Th2þ-
C2H4 (II), H-Th2þ-C2H3 (III), and (H2)Th

2þ-C2H2 (IV),
and the surmounting of the reaction barriers associated with each
step (TS1 to TS4). The pathway for the first H2 elimination
involves a spin crossing from the triplet to singlet states to
exothermically produce {ThC2H4

2þ þ H2}. This reaction is
sufficiently exothermic that the pathway to the second dehydro-
genation lies below the entrance energy asymptote. The sequential
elimination of two H2 molecules to give {ThC2H2

2þ þ 2H2} is
predicted by the PEP and is the only observed reaction.
The possibility of C-C activation of C2H6 by Th

2þ was also
considered, as shown in Figure 4. According to the PEP, the
insertion of Th2þ into the C-C bond to give the very stable
intermediate is accessible; the reaction pathway then proceeds to
{ThCH2

2þ þ CH4}. The computed energy for this reaction
channel indicates that it is substantially more exothermic than the
observed double dehydrogenation channel. As seen in the PEPs
in Figures 3 and 4, the initial association complex, FC, is identical
for C-H and C-C activation at -160 kJ mol-1. The subse-
quent barrier for C-H insertion, TS1 at -109 kJ mol-1, is sub-
stantially lower than that for C-C insertion, TS1 at-60 kJ mol-1.
The reaction evidently proceeds from the initial association com-
plex exclusively via the lower TS1, resulting solely in the observed
double dehydrogenation. This reaction proceeds exclusively via

the lower TS1, which would explain the preference for C-H activa-
tion though not the absence of the C-C activation channel.
The PEP for the U2þ/C2H6 dehydrogenation reaction is

shown in Figure 5, and the corresponding optimized structures
are given in Figures S6 and S7, Supporting Information. Assuming
that the reaction proceeds along the lowest energy pathway, there
is a crossing from the quintet reactants to the triplet pathway and
then back to the quintet pathway to the {UC2H4þH2}

2þ single-
dehydrogenation product, which is exothermic, albeit substan-
tially less so than for Th2þ/C2H6. As the computed energy for
TS1 in Figure 5, 4 kJ mol-1, is slightly above the entrance energy,
and TS2 is 16 kJ mol-1 above the entrance energy, the PEP
predicts that this reaction should not proceed. Completely
thermalized reactants in the FTICR-MS experiments possess
3/2 kT of relative translational energy and 3/2 kT of relative
rotational energy and are thus at ∼8 kJ mol-1 above zero. The
rate-limiting TS2 barrier is thus ∼8 kJ mol-1 above the reactant
energy under the experimental conditions; we necessarily sur-
mise that this latter value is within the uncertainty range of the
computed transition-state energies. In contrast to the Th2þ/
C2H6 reaction, the second dehydrogenation by U2þ is substan-
tially endothermic, in accord with its nonobservation. The
computed PEP for C-C activation of C2H6 by U2þ (Figure
S8, Supporting Information) reveals that the reaction is endo-
thermic and should not be observed. Assuming an uncertainty of
at least ∼8 kJ mol-1 in the computed TS2 for the reaction in
Figure 5, which is a reasonable uncertainty at this level of theory,
the DFT results are consistent with the distinctly exclusive double-
and single-dehydrogenation products seen for Th2þ and U2þ,
respectively, via classical C-H insertion mechanisms.

Figure 3. PEP for the first and second dehydrogenations of C2H6 by Th
2þ (triplet and singlet spin states) at the B3LYP/SDD level of theory. The

labeling between the reactants and products identifies the first association complex (FC), the transition states (TS1-TS6), and the intermediates
(I-IV). Spin states are given in parentheses. The geometrical parameters for dehydrogenation are given in Figures S3 and S4, Supporting Information.
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Figure 4. PEP for the C-C bond activation of C2H6 by Th
2þ (triplet and singlet spin states) at the B3LYP/SDD level of theory. The labeling between

the reactants and products identifies the first association complex (FC), the transition states (TS1, TS2, and TS3), and the intermediates (I and II). Spin
states are given in parentheses. The geometrical parameters are given in Figure S5, Supporting Information.

Figure 5. PEP for the first and second dehydrogenations of C2H6 by U
2þ (quintet and triplet spin states) at the B3LYP/SDD level of theory. The

labeling between the reactants and products identifies the first association complex (FC), the transition states (TS1-TS5), and the intermediates
(I-IV). Spin states are given in parentheses. The geometrical parameters for dehydrogenation are given in Figures S6 and S7, Supporting Information.
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A notable aspect of the UC2H4
2þ product is that the quintet

spin state suggests that there are four nonbonding electrons at
the uraniummetal center, which would indicate that two covalent
U-C bonds are not formed; triplet UC2H4

2þ lies 8 kJ mol-1

above the entrance energy, rendering it slightly endothermic.
The computed geometry of quintet UC2H4

2þ (Figure S6, Sup-
porting Information) is in concurrence with the qualitative bonding
interpretation, particularly when compared with the geometry of
singlet ThC2H4

2þ (Figure S3, Supporting Information). In the
case of UC2H4

2þ (5A) the U-C distance is 2.66 Å and the C-C
distance is 1.37 Å. In contrast, for ThC2H4

2þ (1A), the Th-C
distance is 2.20 Å and the C-C distance is 1.60 Å. For comparison,
the computed C-C distance in C2H6 is 1.53 Å and that in C2H4

is 1.33 Å. Whereas ThC2H4
2þ exhibits a structure indicative of a

metallacycle with covalent Th-C bonds, the structure of UC2H4
2þ

suggests that a much weaker electrostatic interaction of U2þwith
the π-electron system of H2CdCH2 is occurring. To evaluate
in greater detail the bonding in these species, NBO analyses
were performed. Our calculations indicate that, in the case of
ThC2H4

2þ, the Th-C σ-bonds are formed from Th hybrid
orbitals that have 50% d, 28% f, and 17% s character. The main
contribution to these molecular orbitals is due to the C atoms
(approximately sp3 hybrids) with a polarization coefficient
(0.89) that indicates that the Th-C bond can be described as
a highly polarized covalent bond. NBO analysis describes the
C-C bond as a single bond formed from sp3 C hybrids. A similar
analysis performed on the quintet UC2H4

2þ moiety indicates
that there are no covalent bonds between the metal and the C
atoms and there is a double bond between the C-C atoms. As
expected, the σ-C-C bond is formed from sp2 hybrids of C
atoms, whereas the π-bond is formed from pure p C atomic
orbitals.
The singlet ThC2H2

2þ ground-state geometry (Figure S4,
Supporting Information) is characterized by a Th-C bond
distance of 2.19 Å, a C-C bond distance of 1.36 Å, and a
H-C-C angle of 129.8�. Accordingly, the NBO analysis pre-
dicts that aσ-bond is formed between themetal and each of the C
atoms. These σ-bonds are formed from s-d-f metal hybrids
(54% d, 25% f, and 20% s) with a very small contribution (2%) of
p orbitals and sp2 C hybrids. Again, the polarization coefficients
(0.82 for C and 0.43 for Th) indicate that the covalent bonds are
very polarized. In concurrence with the geometrical parameters,
NBO indicates a double C-C bond.
In the case of the quintet ground-state UC2H2

2þ structure, the
U-C bond distance (2.46 Å) is intermediate between that of
UC2H4

2þ (2.66 Å) and the metal carbon distance in ThC2H4
2þ

or ThC2H2
2þ (2.20 Å). The C-C bond (1.25 Å) is slightly

shorter than that of ThC2H2
2þ (1.36 Å), whereas the H-C-C

bond angle is slightly larger, 154.1� compared to the 129.8� of
ThC2H2

2þ. As suggested by the geometrical analysis, bond anal-
ysis indicates that there is some covalent bond formation betweenU
and the C atoms in UC2H2

2þ. However, these cannot be described
as two full covalent bonds, similar to those formed in ThC2H2

2þ.
This structure is better described as a superposition of two Lewis
structures in which the spin density is partially delocalized onto
the C atoms (see Scheme 1 in the Supporting Information).
As is evident in Figures 3-5 and S8, Supporting Information,

the charge separation reactions for Th2þ and U2þ with C2H6

to produce the corresponding {AnHþþC2H5
þ} or {AnCH3

þþ
CH3

þ} are all substantially exothermic. However, for each of
these reactions there is a high TS barrier which corresponds to the
charge separation process and can be attributed to Coulombic

repulsion between the nascent product ions, as discussed above.
The case of the nonformation of {ThHþ þ C2H5

þ} is particu-
larly illustrative as this reaction is substantially more exothermic
than the observed double-dehydrogenation reaction and does
not exhibit a TS which exceeds the entrance energy. As seen in
Figure 3, the charge separation and dehydrogenation pathways
diverge on the PEP after the insertion intermediate I: charge
separation proceeds directly to the products via TS5, which lies
at -14 kJ mol-1, whereas dehydrogenation proceeds by hydro-
gen atom abstraction via TS2 at-151 kJ mol-1. The absence of
the charge separation channel is attributed to the much higher
TS5 versus TS2 such that the reaction proceeds exclusively
via the lower TS2 at this stage of the mechanism, which guides
the reaction to the thermodynamically less stable products,
ThC2H2

2þ þ 2H2.
As with CH4, the initial association complex energy wells, FC, are

roughly comparable for Th2þ andU2þ at-160 and-131 kJmol-1,
respectively. These association energies are somewhat greater for
the more polarizable C2H6 molecule as compared with CH4, as
expected for a primarily electrostatic interaction.
Reactions with C3H8. The reactions of the An

2þ ions with
C3H8 are considerably more complex than with C2H6, from both
the experimental and theoretical perspectives. As seen in Table 1,
three products are observed with Th2þ and four with U2þ, as
opposed to only one for C2H6 with both An

2þ ions. To evaluate
the experimental observations, many reaction pathways were
evaluated by theory. For clarity, the discussion of the relationship
between the experimental and theoretical results is focused on
key points which establish that the computed PEPs are consistent
with the observed reaction pathways. The seven experimentally
observed reactions, reported in Table 1, are given by the fol-
lowing equations:

Th2þ þC3H8 f ThC3H4
2þ þ 2H2 ð9Þ

Th2þ þC3H8 f ThC2H2
2þ þCH4 þH2 ð10Þ

Th2þ þC3H8 f ThCH3
þ þC2H5

þ ð11Þ

U2þ þC3H8 f UC3H6
2þ þH2 ð12Þ

U2þ þC3H8 f UC2H4
2þ þCH4 ð13Þ

U2þ þC3H8 f UCH3
þ þC2H5

þ ð14Þ

U2þ þC3H8 f UHþ þC3H7
þ ð15Þ

The only reaction pathway common to both Th2þ andU2þ is the
formation of {AnCH3

þ þ C2H5
þ}, eqs 11 and 14. The overall

reaction efficiency of U2þ, k/kCOL = 0.22, is somewhat greater
than that of Th2þ, k/kCOL = 0.13.
Figures 6 and 7 show the computed PEPs for dehydrogenation

of C3H8 by Th2þ and U2þ, respectively. It is evident that the
mechanisms are essentially identical; the primary difference is
that the PEP for U2þ is shifted to higher energies after the first
association complex, FC. This shift appears for the first inter-
mediate complex, I, and is evidently related to the greater barrier
for the initial insertion of U2þ into the C-H bond. The PEP for
Th2þ proceeds to the highly exothermic single-dehydrogenation
product, ThC3H6

2þ, at -253 kJ mol-1. In analogy with the
Th2þ/C2H6 reaction, the Th

2þ PEP continues on to the double-
dehydrogenation product, with all of the transition-state energies
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lying well below the entrance energy. The result is the consider-
ably exothermic double dehydrogenation to give the product
corresponding to eq 9. As seen in Figure 7, the corresponding
PEP for U2þ proceeds below the entrance energy to the exo-
thermic formation of UC3H6

2þ, the observed dehydrogenation
product. As with C2H6, the PEP then continues to endothermic
double dehydrogenation, with transition states which lie well
above the entrance energy. The computed PEPs are consistent
with the observed double- and single-dehydrogenation reactions,
eqs 9 and 12, for Th2þ and U2þ, respectively. Alternative PEPs
for dehydrogenation of C3H8 by Th2þ and U2þ are shown in
Figures S13 and S27, Supporting Information; these alternative
pathways are consistent with the observed double and single
dehydrogenations. These alternative PEPs differ from the dehy-
drogenation mechanism previously described in that the initial
C-H bond activation occurs on a secondary C atom. Both
dehydrogenation mechanisms are energetically very close. The
first dehydrogenation products are slightly less exothermic in the
case of Th2þ (-224 kJ/mol) and more exothermic in the case of
U2þ (-100 kJ/mol). The double-dehydrogenation products are
the same in both reaction mechanisms.
Figures 8 and 9 show the computed PEPs for the activation of a

C-C bond leading to CH4 elimination, followed by H2 elimina-
tion, for Th2þ and U2þ, respectively. As for the case of C-H
activation and double dehydrogenation, the two mechanisms are
essentially the same. Again, the main difference is that the PEP
for U2þ is shifted to substantially higher energies after the first
association complex, FC, such that the insertion intermediate, I,
lies at-315 kJ mol-1 for Th2þ, but at only-83 kJ mol-1 for U2þ.
After the triplet to singlet spin crossing, the Th2þ PEP proceeds

well below the entrance energy to the CH4 elimination product
at -231 kJ mol. This is followed by intramolecular C-H acti-
vation and ultimately exothermic H2 elimination along a PEP
which lies below the entrance energy. The predicted and ob-
served overall reaction is as given by eq 10. In the corresponding
case of U2þ (Figure 9), the C-C activation PEP proceeds to the
observed exothermic CH4 elimination product along a PEP
which lies below the entrance energy. As for the U2þ/C2H6

PEP (Figure 5), there is double spin crossing, from quintet to
triplet back to quintet, such that the product is UC2H4

2þ (5A)
discussed above, rather than UC2H4

þ (3) in which two of the
four uranium valence electrons would be engaged in U-C
covalent bonds. From the CH4 elimination product, UC2H4

2þ (5),
the U2þ/C3H8 reaction proceeds to intramolecular C-H activa-
tion and endothermicH2 elimination along a PEPwhich lies above
the entrance energy. It is evident from the computed PEPs
why only CH4 elimination is observed for U2þ (eq 13) whereas
{CH4þH2} elimination is observed for Th2þ (eq 10). Alternative
PEPs for {CH4 þ H2} elimination by Th

2þ are shown in Figures
S15 and S17, Supporting Information; these alternative pathways
are consistent with eq 10; the high TS3 for H2 elimination
followed by CH4 elimination (Figure S15) suggests initial CH4

elimination by one or both of the favorable pathways shown in
Figures 8 and S17. Alternative PEPs for {CH4þ H2} elimination
by U2þ are shown in Figures S29 and S31, Supporting Informa-
tion; these alternative pathways are consistent with eq 13, the
observation of CH4 elimination without H2 elimination.
The only reaction channel common to both Th2þ and U2þ is

the methide abstraction charge separation to produce {AnCH3
þ þ

C2H5
þ}, eqs 11 and 14; the respective PEPs are shown in

Figure 6. PEP for the first and second dehydrogenations of C3H8 by Th
2þ (triplet and singlet spin states) at the B3LYP/SDD level of theory. The

labeling between the reactants and products identifies the first association complex (FC), the transition states (TS1-TS4), and the intermediates
(I-IV). Spin states are given in parentheses. The geometrical parameters are given in Figure S10, Supporting Information.
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Figures 10 and 11, respectively. For these reactions, the first
association complexes, FC0, between An2þ and C3H8 do not

engage all three carbon atoms and lie at slightly higher energies
than the association complexes involved in the CH4 elimination

Figure 7. PEP for the first and second dehydrogenations of C3H8 by U
2þ (quintet and triplet spin states) at the B3LYP/SDD level of theory. The

labeling between the reactants and products identifies the first association complex (FC), the transition states (TS1-TS4), and the intermediates
(I-IV). Spin states are given in parentheses. The geometrical parameters are given in Figure S23, Supporting Information.

Figure 8. PEP for the elimination of CH4 and H2 from C3H8 by Th
2þ (triplet and singlet spin states) at the B3LYP/SDD level of theory. The labeling

between the reactants and products identifies the first association complex (FC), the transition states (TS1-TS5), and the intermediates (I-V). Spin
states are given in parentheses. The geometrical parameters are given in Figure S11, Supporting Information.
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PEPs in Figures 8 and 9; e.g., compare FC in Figure 8
and FC0 in Figure 10. Again, the PEPs for Th2þ and U2þ are
similar, the primary difference being the typical shift of the PEP
for U2þ to higher energies beginning at the first insertion inter-
mediate, I. Both PEPs proceed below the entrance energy to the
highly exothermic {AnCH3

þ þ C2H5
þ} products. The less exo-

thermic {AnC2H5
þ þ CH3

þ} products are not experimentally
observed.
The reaction of U2þ with C3H8 also proceeds to hydride

abstraction, eq 15, as a minor channel. The PEP for this reaction
(Figure 12) reveals that it is highly exothermic and proceeds
below the entrance energy. As would be predicted by analogy
with other reactions, the corresponding reaction for Th2þ should
proceed along a similar PEP with a lower barrier to insertion and
a more stable {H-Th-C3H7}

2þ insertion complex which can
dissociate to the exothermic products {ThHþ þ C3H7

þ}; the
computed PEP for Th2þ (Figure S21, Supporting Information)
indicates just this scenario. This is an example where it is
evident that a computed PEP is consistent with an observed
reaction, eq 15, whereas the corresponding computed PEP for
another metal ion, here Th2þ, would be consistent with the
occurrence of the analogous reaction, which is not observed.
The experimental results suggest that the FC0 complexes
between U2þ and C3H8 (Figures 11 and 12) are roughly 3
times more likely to proceed to C-C activation (Figure 11)
rather than C-H activation (Figure 12), a result which would
not be clearly predictable from the PEPs, specifically from the
comparative TS1 barriers, which lie at -48 kJ mol-1 for C-C
activation and at -68 kJ mol-1 for the less abundant C-H
activation channel. It is evident that the computed PEPs are
effective at identifying allowable reaction pathways and products,
but cannot alone be employed to predict which allowable

reaction pathways will predominate. These results illustrate the
capabilities and limitations of considering the features of PEPs
alone, such as well depths and barrier heights, for predicting and
modeling reactionmechanisms. Deeper insights into the reaction
mechanisms could be obtained by studying the motion of the
atoms on the PES by means of molecular dynamics method-
ologies77 or alternatively by simple RRKM calculations78 or
a phase space theory approach which incorporates angular
momentum effects.79

Other computed PEPs are shown in Figures S19, S33, S35, and
S37, Supporting Information. The only other potentially favor-
able computed reaction pathway was C2H6 elimination by Th2þ

to exothermically produce ThCH2
2þ. However, the PEP for this

reaction (Figure S19) exhibits a high TS1, only 16 kJ mol-1

below the entrance energy, and it is not surprising that this
pathway is not experimentally observed.
Correlations between Computed Mechanisms and Atomic

Energetics. In early studies of hydrocarbon activation by
lanthanide cations it was found that there was a good correlation
between the energy needed to excite the bare Lnþ ions from their
ground states to the lowest lying excited state with two non-4f
valence electrons.76 This observation indicated that the quasi-
valence 4f electrons were ineffective at covalent bond formation,
as is required in C-Lnþ-H and C-Lnþ-C activated inter-
mediates. An analogous relationship was subsequently identified
for the actinide ions, whereby the efficiencies of hydrocarbon
activation processes parallel the energy needed to promote the
Anþ ions from their ground electronic configuration to the
lowest lying configuration with two non-5f valence electrons.9

This latter observation indicated that for the actinide ions the 5f
electrons are generally ineffective at covalent bond formation in
hydrocarbon activation.

Figure 9. PEP for the elimination of CH4 from C3H8 by U
2þ (quintet and triplet spin states) at the B3LYP/SDD level of theory. The labeling between

the reactants and products identifies the first association complex (FC), the transition states (TS1-TS5), and the intermediates (I-V). Spin states are
given in parentheses. The geometrical parameters are given in Figure S24, Supporting Information.
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For the dipositive lanthanide ions, the promotion energies to
electronic configurations with two non-4f electrons are much
higher than for the monopositive ions, and the observed reactiv-
ities toward small hydrocarbons have been attributed to the
accessibility of the d1 configurations and a radical reaction mech-
anism which does not involve direct insertion into a C-H or
C-Cbond.44 The only Ln2þ ionwhichwas found to (inefficiently)
activate C2H6 and induce H2 elimination was Gd2þ. The pro-
motion energy for Gd2þ from its ground state, 4f75d1, to the
lowest lying configuration with two non-4f valence electrons,
4f65d2, has been estimated as 930( 90 kJ mol-1;80 this energy is
prohibitively large to be accessible in an insertion reaction
mechanism. Instead, the reactivity of Gd2þ was attributed to
the ground-state d1 configuration and the radical reaction
mechanism postulated for d1 transition-metal ions by Freiser
and co-workers.29,32

A systematic study of reactions of the early monopositive
actinide ions, Thþ through Cmþ, with small alkanes was pre-
viously performed.21 It was found that only Thþ activated CH4

and C2H6; as other An
þ ions, including Uþ, with ground or low-

lying electronic states with two non-5f electrons were unreactive,
it is apparent that the monopositive Anþ ions are inherently less
reactive toward alkanes as compared with the dipositive An2þ

ions. It is instructive to compare our previous computational
results for reactions of monopositive Thþ and Uþ with CH4

50

andC2H6
51 with the present results for the corresponding diposi-

tive ions at the same level of theory, B3LYP/SDD. Of particular
interest are the comparative depths of the energy wells for the

initial FC association complexes, An1þ/2þ-CxHy (kJ mol
-1):

Thþ-CH4,-31;Uþ-CH4,-22;Thþ-C2H6,-33;Uþ-C2H6,-
19; Th2þ-CH4, -120; U2þ-CH4, -103; Th2þ-C2H6,-
160; U2þ-C2H6, -131; Th2þ-C3H8, -215; U2þ-C3H8, -
177. As expected, the association energy is substantially greater
for the dipositive ions; these energies increase as the size and
polarizability of the alkane increase. It would be expected that the
additional energy provided to the reaction system for the
dipositive ions could enable reaction mechanisms, such as inser-
tion, which might not be feasible for a monopositive ion with
otherwise similar electronic characteristics.
The first intermediate I for all of the computed reaction PEPs

in this work corresponds to insertion of an An2þ ion into a C-H
or a C-C bond to produce an activated intermediate. The
reliability of empirical correlations of the efficiencies of such
insertion mechanisms with the energy needed to promote the
inserting actinide ion from its ground state to an excited state
with two non-5f valence electrons suggests that the relative
energies of the insertion complexes for Th2þ and U2þ should
correlate with the promotion energies to a prepared divalent state
suitable for insertion for these two ions. The energetics of the
low-lying electronic configurations Th2þ and U2þ are known.15

For both ions the lowest lying configuration with two non-5f
electrons is 5fn-26d2 (n = 2 for Th2þ; n = 4 for U2þ). In the case
of Th2þ, the ground state is 5f16d1 and the 6d2 configuration is
nearly degenerate at 1 kJ mol-1; for U2þ, the ground state is 5f4,
the 5f36d1 configuration is 3 kJ mol-1 higher, and the 5f26d2

configuration is at 232 kJ mol-1 above the ground state, where

Figure 10. PEP for the elimination of C2H5
þ from C3H8 by Th

2þ (triplet and singlet spin states) at the B3LYP/SDD level of theory. The labeling
between the reactants and products identifies the first association complex (FC0), the transition states (TS1-TS2), and the intermediate (I). Spin states
are given in parentheses. The geometrical parameters are given in Figure S12, Supporting Information.
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these energies correspond to the lowest spin-orbit level of
the configuration. The 6d17s1 configurations of Th2þ and U2þ

are substantially higher in energy;15,80 it is the 6d2 configuration
which is considered important for effective insertion. According
to the empirical promotion energy model, which presumes that a
6d2 configuration is necessary for insertion, it is predicted that the
energy of the insertion should be approximately 230 kJ mol-1

less favorable for U2þ as compared with Th2þ. This proposed
correlation can be evaluated from the computed PEPs for C-H
and C-C activation; the results are compiled in Table 2. The
computed insertion energies, ΔEi, correspond to the difference
in energy between the first association complex, FC, and the first
insertion intermediate, I; the two C-C insertion energies given
for C3H8 correspond to the two different first association com-
plexes, FC and FC0, and insertion intermediates, I, which have
different geometries. All of the insertion processes, FC f I, are
substantially exothermic for Th2þ, from-75 kJ mol-1 for C-H
activation in CH4 down to-167 kJ mol-1 for C-C activation in
C3H8. In contrast, all of the corresponding insertions are
endothermic for U2þ, from þ150 kJ mol for C-H activation
in CH4 down toþ39 kJ mol-1 for C-C activation in C3H8. The
differences betweenΔEi for Th

2þ and U2þ, given in Table 2, are
in the range of 184-261 kJmol-1. Although these differences are
not unerringly at the predicted value of 230 kJ mol-1, the results
are clearly consistent with the correlation between promotion
energies and insertion energies; as the electronic structures of the

bare ions are perturbed by association and subsequent insertion,
the consistent albeit nonexact agreement with the promotion
energy model is quite remarkable. This evaluation of the PEPs
demonstrates a direct relationship between electronic promotion
energies of the bare Th2þ and U2þ ions and the computed DFT
insertion energies and effectively validates the empirical promo-
tion energy model which has been extensively and effectively
employed to understand and predict the reactivities of bare
lanthanide and actinide ions in the gas phase.
The shifts to higher energy of the entire PEPs for U2þ as

compared with Th2þ due to the relative energies of the first
insertion intermediates can essentially result in a shift from an
exothermic to an endothermic reaction, as in the case of the
reaction with CH4 to produce AnCH2

2þ (þH2), which is
exothermic for Th2þ but endothermic for U2þ. The PEP shift
can alternatively result in different products for reactions which
do proceed, as in the case of H2 elimination from C2H6 by U

2þ

versus 2H2 elimination by Th2þ. A key implication of the evident
necessity for formal promotion of ground-state U2þ from its 5f4

ground-state configuration to the 5f26d2 configuration is that the
unhybridized quasi-valence 5f electrons of uranium are not
effective in covalent bond formation in C-H or C-C bond
activation. It should be emphasized that this simplified picture is
not entirely rigorous and that the NBO analysis indicates some 5f
contribution to the bonding hybrid orbitals in the metal-
hydrocarbon complexes.

Figure 11. PEP for the elimination of C2H5
þ from C3H8 by U

2þ (quintet and triplet spin states) at the B3LYP/SDD level of theory. The labeling
between the reactants and products identifies the first association complex (FC0), the transition states (TS1-TS2), and the intermediate (I). Spin states
are given in parentheses. The geometrical parameters are given in Figure S25, Supporting Information.
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In a previous study of the reactivities of the dipositive lanthanide
ions, Ln2þ, with alkanes and alkenes, the reactivity patterns indi-
cated reactivitymechanisms associated with 5d1 electronic configur-
ations.44 These radical ion reactions were considered to proceed by
H atom abstraction, rather than activation by insertion; the radical
mechanism was first proposed by Freiser and co-workers.29,32 The

promotion energies for the Ln2þ from their ground states to the 5d2

configuration are much higher than the value of 232 kJ mol-1 for
U2þ. Brewer has estimated that the lowest Ln2þ 5d2 configuration
occurs for Ce2þ, which is known to lie 484 kJ mol-1 above the
ground state.80 It was previously found that Ce2þ is unreactive
with C2H6 and only very inefficiently (k/kCOL = 0.007)
dehydrogenates C3H8; in contrast, Gd2þ, which has a 5d1

ground state (but a very high promotion energy to the 5d2

configuration), dehydrogenates C2H6 and larger alkanes.
44 It is

evident that the 484 kJ mol-1 promotion energy for Ce2þ is
prohibitively large for alkane activation by insertion whereas
the 232 kJ mol-1 promotion energy for U2þ is adequately low
that activation by insertion proceeds for alkanes larger thanCH4.
A promotion energy of 232 kJ mol-1 would render a monopositive
f-block ion inert toward activation of small alkanes; the deeper
energy well introduced by the interaction of the dipositive uranium
ion with C2H6 and C3H8 surmounts the barrier to insertion. As the
promotion energies to 6d2 for the dipositive transuranium actinide
ions increase rapidly beyond U2þ,80 it is anticipated that activation
by insertion will not proceed and that d1 radical-type reactivity
reminiscent of the Ln2þ ions will be observed.

’CONCLUSIONS

A primary focus of this work was evaluating the ability of
DFT to reliably model very elementary gas-phase organometallic

Figure 12. PEP for the elimination of C3H7
þ from C3H8 by U

2þ (quintet and triplet spin states) at the B3LYP/SDD level of theory. The labeling
between the reactants and products identifies the first association complex (FC0), the transition states (TS1-TS2), and the intermediate (I). Spin states
are given in parentheses. The geometrical parameters are given in Figure S26, Supporting Information.

Table 2. Computed An2þ Insertion Energies for C-H and
C-C Bond Activationa

CmHn ΔEi[Th
2þ] ΔEi[U

2þ] ΔEi[U
2þ] - ΔEi[Th

2þ]

CH4

C-Hb -75 150 225

C2H6

C-Hc -92 110 202

C-Cd -156 50 206

C3H8

C-He -100 94 194

C-Cf -145 39 184

C-Cg -167 94 261
aΔEi[An

2þ] is the energy difference, kJ mol-1, between the first
association complex, FC, and the insertion intermediate, I. b From
Figures 1 and 2. c From Figures 3 and 5. d From Figures 4 and S8,
Supporting Information. eFrom Figures 6 and 7. fFrom Figures 10 and 11.
gFrom Figures S17 and S31, Supporting Information.
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reaction mechanisms. The dipositive actinide ions Th2þ and U2þ

were of particular interest to test the efficacy of DFT for many-
electron actinides, as well as for dipositive ions. The PEPs
computed by DFT for the smallest alkanes were entirely con-
sistent with the observations. The DFT results predict that Th2þ

should activate CH4 whereas U
2þ should not, just as observed. For

C2H6, DFT predicts that Th2þ should induce double dehydro-
genation whereas U2þ should induce only single dehydrogena-
tion, again as observed. The complexity increases drastically for
the reactions with even the rather small alkane C3H8. The DFT
results accurately predict several key aspects of the observed
reaction pathways with C3H8: (1) double dehydrogenation for
Th2þ and single dehydrogenation for U2þ; (2) {CH4 þ H2}
elimination for Th2þ but only CH4 elimination for U2þ; (3)
{AnCH3

þ þ C2H5
þ} for both An = Th and An = U; (4) the

favorable {UHþ þ C3H7
þ} reaction channel. However, the

computed PEPs do not obviously predict certain features of the
observed reaction pathways, such as why the favorable {ThHþþ
C3H7

þ} reaction channel is not observed, nor do the PEPs
reliably predict branching ratios among the observed products.
The ability of DFT to effectively model these reaction mecha-
nisms has been clearly demonstrated; the nonobservation of
pathways which are computed to be allowable is not whatsoever
unexpected as these are not dynamic computations. The key
result is that DFT effectively predicts allowable reaction path-
ways and that the experimental results;notably the significant
differences between the products seen for Th2þ and U2þ;are
entirely consistent with the computed PEPs.

All of the studied reactions were computed to proceed by
initial insertion of the dipositive metal ion into either a C-Hor a
C-C bond. Evaluation of the DFT results in the context of
elementary models used to understand such activation by f element
ions revealed a close correspondence. Specifically, the energy
required for the insertion of U2þ was consistently found to be
greater than that for insertion of Th2þ, with insertion energy
differences in the range of 185-261 kJ mol-1. According to a
hypothesis widely applied to reactions of monopositive lantha-
nide and actinide ions, if the quasi-valence f electrons are ineffec-
tive at covalent bond formation, and thus C-H or C-C bond
activation, then promotion of the ion to a prepared divalent state
with two non-f electrons is required for insertion. The non-5f
divalent 6d2 configuration of Th2þ is nearly degenerate with the
ground state, whereas the 6d2 configuration of U2þ lies 232 kJ
mol-1 above its 5f4 ground-state configuration. The energy
analysis of the computed PEPs thus indicates that the semiempi-
rical promotion model is valid. Finally, it is evident that the
observed reactivity of U2þ would not be observed for a mono-
positive ion with a comparable electronic configuration and
promotion energy: the enhanced reactivity for the dipositive
U2þ ion is attributed primarily to the greater energy of associa-
tion of a dipositive ion with an alkane, as compared with the
association energy for a monopositive ion.

’ASSOCIATED CONTENT

bS Supporting Information. Complete ref 69, geometrical
parameters for all of the minima and transition states in the
reaction paths presented in Figures 1-12, alternative PEPs and
associated geometrical parameters for observed reactions, and
PEPs and associated geometrical parameters for nonobserved
reactions. This material is available free of charge via the Internet
at http://pubs.acs.org.
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