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A Comparative Study of Oxo-Ligand Effects in the Gas-Phase Chemistry of
Atomic Lanthanide and Actinide Cations

Hans H. Cornehl, Ralf Wesendrup, Martin Diefenbach, and Helmut Schwarz*

Abstract: The effects of oxo ligands on
lanthanide and actinide cations have been
examined for the mono- and dioxocations
MO® and MO, of cerium, neodymium,
thorium, and uranium by probing C-H
and C-C bond activation of hydrocar-
bons in an FT-ICR mass spectrometer.
The metal monoxide cations are readily

NO, was necessary for the generation of
ThO;, and NdO; could not be prepared
at all. The monoxides are rather unreac-
tive and only dehydrogenate reactive sub-
strates such as 1-butene and 1,4-cyclo-
hexadiene to generate the corresponding
butadiene or benzene complexes. In con-

trast, CeO,; and ThO, react efficiently
with different substrates by abstraction of
a hydrogen atom and formation of the
closed-shell species OMOH ™, or by oxy-
gen atom transfer to unsaturated hydro-
carbons. In marked contrast, UO; only
undergoes very slow adduct formation
with unsaturated hydrocarbons. The re-
sults are compared with the reactions of

available by reaction of the “bare” metal et CI:(E)I'_‘["OI’GS_ . :
cations with O,, CO,, N,O, or H,0. In  2ctinices -H activation - lan-
thanides - mass spectrometry * metal

the ensuing oxidation of MO*, UO/ is
obtained by each of these oxidants, while
CeO* could only be oxidized by N,O.

Introduction

Within the last decade gas-phase investigations of ““bare” transi-
tion-metal cations have developed as an independent and fasci-
nating area of contemporary research.!'! These experiments
provide the possibility of probing the intrinsic properties of the
metals without interference by bulk effects which are present in
condensed systems. Thus, a comprehensive body of information
on thermochemistry, kinetics, and mechanistic aspects of transi-
tion-metal chemistry in the gas phase is now available. Recently,
this work has been extended to the f-elements!?! by systematic
studies on the reactions of the whole series of lanthanide cations
Ln* with various organic substrates.”®! These experiments re-
vealed that at least two non-f electrons in the ground-state con-
figuration of Ln™ are required for the activation of alkanes,
whereas the corelike 4f electrons do not participate in bond
formation.!?®! Hence, the chemistry of lanthanides, which do not
possess two non-f electrons in their ground state, is determined
by the promotion energy of a 4f electron into a non-f orbital.
Unfortunately, a comparative systematic study of the actinide
elements is prevented by their radioactivity, unless strict supple-
mentary safety requirements are met, which are not provided in
a standard laboratory. But case studies revealed that the higher
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the “bare” metals with respect to the in-
fluence of the oxo ligand as well as to the
underlying electronic features of the in-
vestigated complexes.

homologues of cerium and neodymium, the 5f-elements thori-
um!* and uranium,!®! with electronic ground-state configura-
tions of (7s' 6d2%) and (7s? 5f3), respectively, do effectively dehy-
drogenate saturated hydrocarbons, in complete agreement with
the rule derived for the lanthanides. As an extension to the
investigation of the “bare” metal cations, the evaluation of lig-
and effects adds valuable information. Addition of one or sever-
al ligands L may well be regarded as an attempt to establish a
link between gas-phase and condensed-phase chemistry and can
provide a rationale for the way in which the reactivity of ML*
complexes changes as compared with the “bare” transition-
metal cations M .16

A common feature of all f-elements is their high oxophilicity,
so it appears to be a logical extension to previous work to study
the corresponding metal-oxide cations. The chemistry of di-
atomic metal oxocations MO™¥ has recently been reviewed with
an emphasis on the first transition-metal row.!”! These studies,
together with theoretical and experimental investigations of
transition-metal dioxides,®! showed that the oxygen atom is far
from serving as a simple spectator ligand. It strongly influences
the electronic structure of the metal center and thus dramatical-
ly changes its chemistry. For the f-elements, analogous
effects have recently been reported in an investigation of CeQ,’
(n = 0-2), as an example.["!

The present paper focuses on the effects of oxo ligands on the
chemical reactivity of the actinides Th and U in comparison
with their lanthanide homologues Ce and Nd, as probed by a set
of selected hydrocarbon substrates. This comparison of the ac-
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tinide and the lanthanide rows is expected to yield valuable
information concerning the role of f clectrons in chemical pro-
cesses. For this purpose, in the following discussion data from
earlier investigations of the “bare” metal cations, obtained with
an identical experimental setup, are also included.

Experimental Section

The experiments were performed with a Spectrospin CMS 47X FT-ICR
mass spectrometer equipped with an external ion source and a superconduct-
ing magnet (Oxford Instruments, 7.05 T); the instrument and its operation
have been described in detail previously.!'% In brief, M * ions were generated
with laser desorption/laser ionization by focusing the beam of an Nd:YAG
laser (1064 nm) onto a pure metal target.!'") The cations were extracted from
the ion source and transferred to the analyzer cell by a system of electric
potentials and lenses. [solation of the most abundant metal isotope and all
subsequent isolation steps were performed by using FERETS,!! 21 a computer-
controlled ion-gjection protocol that combines single-frequency ion-ejection
pulses with frequency sweeps to optimize ion isolation. Most oxo- and diox-
ocations were generated by treating the “bare™ metal ions with pulsed-in
carbon dioxide or nitrous oxide, respectively. For the generation of CeO;
consecutive pulses of carbon dioxide and nitrogen dioxide were used (see
below). Thermalization and removal of excess energy were afforded by colli-
sions with excess reactant gas (maximum pressure ca. 10™* mbar), and the
thermalized ions were carefully reisolated to avoid off-resonance excita-
tion.!*3 Reactants were admitted to the cell through a leak valve at a station-
ary pressure of 10781077 mbar. Rate constants were derived from the
pseudo first-order decay of the reactant ions, corrected for undesired reac-
tions with residual water, and are reported with an estimated error of 40%,
using the theoretical collision rate according to the average dipole orientation
theory (k,po) as a reference.l'*! Collision-induced dissociation (CID)!?!
experiments were carried out at different excitation energies with argon as
collision gas at a pressure of 107 mbar. All functions of the instrument were
controlled by a Bruker Aspect 3000 minicomputer,

All reactions of ThO; with hydrocarbons were investigated by using
perdeuterated compounds. Severe interference due to the reaction of the
dioxo cation with residual water to yicld ThO,H™*, a product which also
results from the hydrocarbon reactions, did not allow for a proper reaction
analysis with non-deuterated compounds. Water is not only present as an
almost constant background impurity in the machine, but also in variable
amounts in the valves used for pulsing and leaking-in the reactants. Thus, a
correction for the background reaction by means of a “blind-probe” with
argon, as performed for the case of CeO, ! was not possible here.

Ab initio pseudopotential (PP) calculations were performed on ThO * and its
fragments Th* and O with the quasirelativistic 60-core electron thorium PP
and the associated (12s11p 10d 8f)/[8s 7p 6d 4f] valence basis set by Kiichle et
al"'*T A (14s9pdd)/{6s 5p 3d] atomic natural orbital (ANO) basis set was used
for oxygen.!!'”! Spin-restricted Hartree— Fock computations were followed by
spin-restricted coupled-cluster calculations, as implemented in MOL-
PRO96,!18! covering all single and double excitations, and a perturbational
treatment of triple excitations to account for electron correlation (CCS-
D(T)).""* with correlation of all explicitly treated electrons except for the 5s,
Sp. and 5d electrons of thorium and the 1s electrons of oxygen. Geometries
were optimized stepwise by calculating several points in the proximity of the
minima on the potential-energy surfaces. Further, state-averaged complete
active space self-consistent field (CASSCF) calculations were performed to
obtain access to higher excited states, in particular the ?& state for ThO™*
within the ',, symmetry employed here. All energies given are not corrected
for zero-point vibrational energies or for thermal effects.

Results and Discussion

The four f-element cations M* under investigation (M = Ce,
Nd, Th, U) arc readily oxidized to the corresponding monoxides
MO in exothermic™ 2! (see Table 1) ion/molecule reactions
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Table 1. Experimental bond dissociation energies (BDEs) in kcalmol ™! for oxo-
and dioxocations and for oxidizing reagents.

M  BDE(M*-0) BDEOM?*-0) R BDE(R-0) [b]
Ce  196+16[b]  88+15[c] N, 400
Nd 17847 [a] 50 +39 [d] o} 119.2
Th  209+4 [b] 11042 [e] co 1272
U 19445 [b] 18143 [b] H, 174
NO 735

{a] Ref. [201. [b} Ref. [21]. [c] Ref. [9]. [d] Only this very crude estimate can be
derived from ref. [20]. [e] The upper boundary given in ref. [21] has been corrected
according to experimental results obtained in this work.

by either nitrous oxide, molecular oxygen, or carbon dioxide
(Table 2 and Scheme 1). In the case of N,O a substantial frac-
tion of MN " is formed as a by-product, whereas for the other
two reagents formation of MO™ represents the only primary

Table 2. Reaction rates relative to k,p, for the reactions of f-elements with oxidiz-
ing reagents. Products correspond to transfer of an oxygen atom from the substrate
to the reactant ion unless denoted otherwise. Branching ratios (%) are given in
parentheses.

Ton 0, co, N,O (MN*/MO*)  H,0 (MO*/MOH*)
Cet 1.05 0.70 1.03 (25/75) 0.20 (50/50)

Nd* 0.80 0.08 0.47 (0/100) 0.10 (90/10)

Th* 112 0.95 1.02 (35/65) 0.57 (65/35)

U+ 1.17 1.02 1.25 (30/70) 0.47 (100/0)

CeO* - - -

NdO* - - - -

ThO* - - 0.71 0.36 (ThO,H™)
Uuo* 0.95 0.002 0.49 0.04

ThO; - - 0.10 (ThO,H*)

> [Mo*] N,O N

N ) 2
mr =22 Mo+ A5 Imof
(M ]
NO*

H,0 H,0
M+ MO+ 1
0, (0] 0, o]
M* ;A; MO+ A__A,
co, €O

co, CO
MO* MA»

M=Th,U

w2 fio7]

M =Ce, Nd, Th, U
Scheme 1. Formation of MO* and MO; .

product channel. These reactions are driven by the formation of
the strong metal-oxygen bonds. In conirast, oxidation of M*
by water proceeds at significantly lower rates than with carbon
dioxide, for instance, even though extrusion of oxygen from
water is favored by 10 kcalmol ™' for the former reagent
(Table 1). However, oxidation of M * by water requires substan-
tial rearrangement of the substrate’s skeleton to yield MO™ and
H,. Moreover, in all cases except for M = U the hydroxyl com-
plexes MOH " are formed as by-products, concomitantly with
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the loss of a hydrogen atom, in the primary reaction with water.
These findings suggest that for the M */H,O systems significant
barriers, most probably due to the shift of a hydrogen atom with
the associated crossing of two different spin hypersurfaces, are
operative en route to the MO* products.[*4

The second oxidation step to yield MO; is not in all cases as
straightforward as the first one:

1) CeO; can only be formed from CeO™ with nitrogen diox-
ide as oxidant. The lower bracket of the bond dissociation ener-
gy (BDE) in CeO; (BDE(OCe™* —~0) = 88+ 15 kcalmol ™ !) has
been derived from this reaction.’” However, the oxidation of
CeO™* cannot be achieved by using N,O (BDE(N,-0) =
40.0 kcalmol ™ '), which indicates that the barrier for the oxygen
transfer is located above the CeO*/N,O entrance channel. In
line with their higher BDEs, neither molecular oxygen nor car-
bon dioxide react with CeO *. Water and CeO ™ form a complex
of formal composition [Ce,0,,H,]*, which either corresponds
to a genuine CeO ™" - H,0O adduct complex or to the bishydroxyl
species Ce(OH); .11

2) None of the oxidizing reagents examined here was able to
form NdO; in the reaction with NdO*, even after the reactant
ions had been kinetically excited. However, an upper limit for
BDE(ONd™* —~0) cannot be derived from the non-occurrence of
these oxidation reactions, since substantial kinetic barriers may
be associated with the oxygen transfer process. The crude esti-
mate for BDE(ONd* —0) given in Table 1 suggests that oxygen
transfer from Q,, CQO,, or H,O is not possible on thermochem-
ical grounds.

3) Both ThO" and UO™ are effectively converted to ThO;
and UQj5 as sole products in the ion/molecule reactions with
N,O. Also, water is activated by these two actinide-oxide
cations. Since ThO* exhibits only one free valence electron, the
closed-shell species ThO(OH)™ is the only product formed
in the reaction of the latter ion with water; this implics
that BDE(OTh*-OH) is greater than BDE(H-OH) =
119.2 kcalmol ~!. In fact, formation of ThO; cannot be ob-
served in the reaction of ThO* and water because it would be
endothermic by at least 3 kcalmol ™! (see below). The UO™/
H,O system, on the other hand, behaves completely differently.
Formation of the dioxide UO; concomitantly with the loss of
molecular hydrogen is the exclusive reaction pathway and is
exothermic by as much as 60 kcalmol ™! (Table 1). This finding
is not unexpected and reflects the very stable electronic structure
of the uranyl cation.’? Two genuine double bonds are formed
between the metal center and the two oxygen ligands, and the
nonbonding metal-centered 5f electron gives rise to the 2@,
ground state of UO,. As expected from the lower BDE of
ThO* -0 as compared with those of O-0O and CO-O, these
substrates do not react with ThO*. In contrast, oxidation of
UO™ by molecular oxygen proceeds at the collision limit, where-
as only a very slow reaction is observed with CO,. Again, this
finding points towards substantial barriers along the oxygen
transfer process, because mere thermochemistry would strongly
favor formation of UQ] in the reaction of UO™ with CO,. We
note in passing that ThO; , unlike the other dioxo cations, reacts
at about 10% k,po with water to yield ThO(OH)' and the
neutral OH' radical; this has consequences for the experimental
proceedings in this case (see Experimental Section). Thus, a
lower bracket for BDE(ThO; -H) can be derived, to
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119 kcalmol ™ ! (BDE(HO-H)) since only exothermic reactions
are observed within the experimental sctup of an FT-ICR-MS,
provided the reactant ions are properly thermalized.

To prove that genuine dioxides are generated within the ex-
perimental setup, the CID channels of MO (M = Th, U; for
Ce see ref. [9]) were recorded at different excitation energies.
The plot of ion intensities (ThOS, ThO™, Th™) versus the un-
corrected center of mass energy (E,,,) is depicted in Figure 1 for

100 % -

rel -

I
50 100

Ecm leV]

Figure 1. Energy-resolved CID of ThO; with argon as collision gas (10~ 7 mbar),
yielding ThO* as primary and Th™ as secondary fragment.

the thorium case. Loss of a single oxygen ligand at lower ener-
gies and subsequent loss of the second ligand at higher energies
clearly indicate the existence of two genuine oxygen ligands
bound to the metal center. The results for M = U exactly paral-
lel those obtained for Th and are in line with recent theoretical
investigations.[?3

Reactions of metal dioxocations: None of the hydrocarbon sub-
strates under investigation were found to be activated by UO;
and even in the case of 1,4-cyclohexadiene only very slow adduct
formation to yield UO,C,H; was observed. In fact, recent the-
oretical as well as experimental investigations'®®! suggested the
complete inertness of this triatomic cation. The 2@, ground state
of UQ, can be regarded as a closed valence subshell due to
formation of two genuine double bonds between the uranium
center and the oxygen ligands plus a single nonbonding, metal-
centered f electron. The unpaired f electron on uranium is not
only sterically shielded, but is probably rather compact with
respect to its radial expectation value due to the much higher
charge on the metal center in UQ, (g(U) = 2.32¢) as compared
with “bare” U*.123 Fully in line with this view, determination
of the second ionization energy of UO, by charge-stripping
experiments in a four-sector mass spectrometer (2! systematical-
ly yields values that are too high, reflecting the ionization of
UO; into an excited state of UO2*.12%1 Clearly, the f electron is
not detached by the stripping process, which instead removes
one of the paired electrons from bonding molecular orbitals that
are spatially more accessible.

As mentioned above, the generation of the corresponding
lower homologue NdO; could not be achieved. Therefore, the
following discussion focuses on the reactivity of ThO; towards
different hydrocarbon substrates compared with the reactivity
of CeO .°! Table 3 lists the relative reaction rates of MOJ
(M = Ce, Th) with several hydrocarbons. Let us neglect to a
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Table 3. Rate constants relative to the theoretical collision rate k,p,, for reactions of MO,
(M = Ce, Nd, Th, U; n = 0-2) [a].

CH, C,H, C;H, #»CH,, C;H, CHy CH, 1-C,H; cyclo-C,Hy

Cet[b] - 0005 045 030 10 10 10 0 1.0

Nd*[b] - - - : - - - 045 10

Th*[] 0.04 040 065 065 092 1.0 1.0 10 10

Ut - - 002 02 10 10 09 09 10

CeO™ [¢) - - - - - - - 0.004
NdO* - - - - - - - - 0.03
ThO' - - - - - - 022 075
uo* - - - - - - 0.008 0.5t
CeOF fe] — - 0.003 010 010 044 064  0.62

ThO; - [f]  0.13[g] [f] 0.14[g] 0.36[g} 0.54[g] [f} [f]

[a] None of the ions reacts with molecular hydrogen. UO; was found to be unreactive
towards all substrates under investigation. Generation of NdOJ was not possible under
the experimental conditions chosen. Non-observance of a reaction is denoted by a dash
and corresponds to k., < 0.001. [b] Ref. [3], except for Ce */CH, (ref. [9]) and Nd*/C H,
(thiswork). [c] Ref. [4], except for Th* /C H, (this work, exclusive formation of ThC,H;)
and Th " jcyclo-C Hy (this work; exclusive formation of ThC H*). With regard to the
inherent systematic error in determination of absolute rate constants, we remeasured the
reaction of Th™ with propene and corrected the values from ref. {4] by a factor of 2 for
better comparison. [d] Ref. [5], except for U*/cyclo-C Hy (this work ; exclusive formation
of UC4,H{) [e] Ref. [9]: no data available for CeO5 /cyclo-C¢Hy. [[] Reactions were not
measured owing to the lack of corresponding deuterated compounds (see Experimental
Section). [g] Values for corresponding perdeuterated compounds.

first approximation the operation of intermolecular kinetic-iso-
tope effects, which may exist due to the employment of un-
deuterated compounds for M = Ce and deuterated ones for
M = Th (see Experimental Section). For the sake of clarity, D
atoms will be referred to as hydrogen in the following text.
Scheme 2 contains an overview of the reactions of MO
(M = Ce, Th) towards ethene, propene, and benzene, and a
compilation of all measured rate constants is given in Table 3.

50%

% o) e

ThO; + C,D, — Ce0j + CH, —> |CeO* |+ CH,O

50%
RS + CD4CDO

70% 25%

ThO; + C;Dy —] CeO5y + C3Hy —

the case of the unsaturated hydrocarbons ethene, propene, and
benzene, the abstraction of a hydrogen atom again represents
the major, and in the case of benzene even the exclusive pathway
pursued by ThO; . This radical-like behavior!?®! can be ex-
plained by analogy with the Ce case:®! a detailed theoretical
investigation on the CeQ; cation revealed a relatively unstable
electronic situation in which one unpaired electron was found to
reside in a 6, molecular orbital with contributions from both the
oxygen 2p,. and the cerium 4f; and 5p,. orbitals to give rise to
the 2X; ground state. On the other hand, one of the oxygen
ligands forms a new bond to a hydrogen atom in CeO(OH)”*
and a closed-shell species arises in which a double bond to the
oxo ligand and a single bond to the hydroxo ligand are formed,
resulting in a saturated valence shell at the singly charged Ce
center. The driving force for the remarkable reactivity of ThO,
is provided by BDE(ThO; —~H), which itself is based on the
underlying electronic structures of reactant and product ions. In
fact, activation of hydrocarbon substrates by a classical inser-
tion/elimination mechanism with concomitant loss of a corre-
sponding neutral closed-shell species can be ruled out in this
case since in a simple scenario at least two nonbonding electrons
are required for the insertion process; for ThO; only a single
unpaired electron is available. As a pathway competing with the
hydrogen-atom abstraction, oxygen-atom transfer to the alke-
nes is observed to generate ThO ™. With respect to the reported
BDE(ThO* - 0) of 112 +4 kcalmol ™! *") only acctaldehyde is
accessible as a neutral oxidation product in the reaction with
cthene. From that result, we obtain a slightly corrected upper
bracket and derive a BDE(ThO*-0) of 110+2 kcalmo} L.
Upon reaction with propene, either acetone or propanal can be
generated by oxygen-atom transfer. In contrast to the ThO
case, CeO; strongly favors the oxidation channel upon collision
with unsaturated hydrocarbons.”®! In the re-
actions with ethene and benzene, an oxygen
atom is transferred to yield exclusively the
diatomic CeO" and the corresponding oxi-
dized hydrocarbon, which, in the case of ben-
zene, is phenol. Even in the reaction with
propene which offers a competing pathway,

- . > + . R .
"_’+ C3Ds + CHs namely, homolytic cleavage of the relatively

weak allylic C—H bond, 75 % of the reaction

30% 75%
—> + C3Dg0 — + C3HO products correspond to the oxidation process
described above. These reactivity differences
between the lanthanide and the actinide di-
ThO; + CeDg —> + CeDs’ CeO; + CHg —> + CeHsOH oxocations are not surprising if one considers

Scheme 2. Qverview of the reactions of MO; (M = Ce, Th) towards ethene, propene, and benzene.

Netther of the cationic dioxides reacts with molecular hydrogen
or with methane, although hydrogen abstraction would be ther-
mochemically accessible for ThO; . This finding can probably
be attributed to the weak interaction of CH, (or H,) with the
dioxocation in the encounter complex. However, both CeO;
and ThO; abstract a hydrogen atom as the sole observed pro-
cess in their reactions with propane. Fully in line with the signif-
icantly higher BDE(ThO; —H) (>119.2 kcalmol ™!, see above)
as compared with the corresponding value for CeO; (bracketed
at 89410 kcalmol ~!1%Y), the reaction is measured to be much
faster for ThO; (k,, = 0.13) than for CeO; (k,,, = 0.003). In

rel rel

the significantly lower BDE of the second
oxygen ligand at Ce (88415 kcalmol™1)
compared with the corresponding value of Th
(110+ 2 kcalmol ™ 1). The strong second mctal—oxygen bond to
Th obviously disfavors oxidation of ethene as well as propene
and renders it impossible for benzene, which undergoes an
exothermic oxidation only with metal oxides that exhibit a
BDEM™ —-0) of less than 101.9 kcalmol ™!,

Reactions of metal monoxocations: The most common oxidation
state of lanthanide compounds in the condensed phase is + 111,
though Ce'Y (e.g. CeO; ) plays a role in the active sites of auto-
mobile exhaust converters, and several other examples for Eu"
and Yb" compounds are known.!?”! This general preference for
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the trivalent state can be traced back to the energy and the
compact nature of the 4f electrons, which can be considered to
belong to the lanthanide core rather than to their valence shell.
In this respect, cationic lanthanide oxides LnO* can be regard-
ed as completely saturated species because two of the three
valence electrons are involved in making a double bond to the
oxygen ligand and the third one is detached upon ionization.
This simple view at least holds true for the early lanthanides and
is reflected by the unusually high BDE(Ln*-0) values for
Ln = La- Nd.?®8 Thus, CeO" and NdO ™" are, a priori, expected
to be inert towards most substrates, as has been shown previous-
ly for CeO™* .Y However, this approximate concept is no longer
fully appiicable as more { electrons are added along the lan-
thanide row. This subject, however, goes far beyond the scope
of the present work and will be discussed in detail in a forthcom-
ing paper.!2°!

None of the metal oxides MO™* (M = Ce, Nd, Th, U) were
found to activate molecular hydrogen, methane, or propane,
and they are also inert towards ethene, propene, and benzene.
Nevertheless, remarkable differences in the chemical behavior
of the four oxocations under investigation become apparent
when higher alkenes, namely, 1-butene and 1,4-cyclohexadiene,
are employed. These substrates not only possess quite weak
allylic C~H bonds but also, owing to their higher polarizabili-
ties compared with the smaller substrates, they lower the poten-
tial energy wells of the initially formed, rovibrationally excited,
ion/molecule encounter complexes. Moreover, dehydrogena-
tion of 1-butene and 1,4-cyclohexadiene leads to stable butadi-
ene and benzene complexes, respectively, thus enhancing the
exothermicity of the corresponding processes. Note, in this con-
text, that dehydrogenation of 1,4-cyclo-C¢Hg to form benzene is
itself exothermic by 6 kcalmol~!. These three factors signifi-
cantly influence the height of activation barriers leading to
products, and 1-butene and 1,4-cyclohexadiene have already
been successfully employed to probe reactivity thresholds of
“bare” Ln*.¥

Scheme 3 depicts the observed reactions of CeO* and NdO™*
with 1-C,H, and cyclo-C;Hg. The corresponding relative reac-
tion rates are listed in Table 3. Neither oxide reacts with 1-
C,H;. Upon reaction with cyclo-C¢Hg, only 10% of the very
low reaction rate (k,,, = 0.004) of CeO™ is associated with for-
mation of a benzene complex, and 90% corresponds to adduct
formation. We cannot decide whether the CeOC H/; signal is
due to adduct formation with benzene impurities in the cyclo-
C.H, or corresponds to a genuine chemical reaction, as the

LnOt + A N\"—#—> Products

om*@

AcO* + /\/——1

(A0
o [AcOCsHS

3

—>
'HZ
_H2
-ov

Scheme 3. Reactions of LnO* (M = Ce, Nd) and AcO* (M = Th, U) with 1-C,H, and cyclo-C Hs.
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overall process occurs close to the detection limit. NdO ™, on the
other hand, does indeed dehydrogenate the cyclic alkadiene, but
still at a low rate (k,,, = 0.03). Only 25% of the primary prod-
ucts correspond to NdOC H/, while adduct formation repre-
sents the major pathway.

Let us, in this context, inspect the underlying electronic struc-
tures of these cationic lanthanide oxides. Unfortunately, to the
best of our knowledge, no experimental data on the electronic
spectra of MO™ (M = Ce, Nd, Th, U) are available so far.
Recent calculations on CeO™ by means of ab initio pseudopo-
tential (PP) as well as density-functional methods!®) predict a 2@
ground state in which two out of the cationic cerium'’s three
valence electrons form the double bond to oxygen in a “perfect
pairing” pattern.?®! The third one is a nonbonded, metal-cen-
tered 4f electron of ¢ symmetry. The compact nature of this
SOMO is responsible for the observed inertness and justifies
assignment of that electron to the core of cerium rather than to
its valence shell. The ground-state configuration of NdO™ has
not yet been reported, and a computational approach to NdO*
appears quite demanding and would certainly go beyond the
scope of the present paper, since at least three unpaired electrons
and an open f shell have to be taken into account. However, its
valence structure can be easily derived from a simple model,
which has already been succesfully applied to calibrate predic-
tions for BDE(Ln*-CH,).® 1) The high BDE(Nd*-
0) =178+ 7 kcalmol ™! suggests, as in the case of cerium, a
“perfect pairing” pattern for the neodymium-oxygen bond.?!
2) Binding to the oxygen ligand thus requires excitation of one
4f electron into a 5d orbital from ground-state Nd* (configura-
tion: 6s'4f*; term: °1,,,)*? to give rise to two “active” non-f
valence electrons for formation of the double bond while three
unpaired electrons remain in the 4{ subshell.*3' 3) Upon at-
tachment of the oxygen ligand, the effective charge on the metal
center is raised, implying further stabilization of the { as com-
pared with the s or d orbitals.**! Within this scenario, NdO™*
exhibits three “inactive” unpaired 4f electrons on the metal
center and, thus should exhibit a similar inertness to CeO . This
conclusion is supported by the experimental resuits, which re-
veal only a very low reactivity of NdO ™ towards 1,4-cyclohexa-
diene.

Interestingly, in contrast to their lighter homologues, ThO*
and UO™ activate 1-butene (see Table 3 and Scheme 3). More
than 20% of all collisions of ThO™* with 1-butene are reactive
and lead to two different reaction products. In one pathway, a
methyl radical is expelled from the hydrocarbon substrate to
give rise to an ion of the composition
ThOC,H; (80%). This radical-type behavior
of ThO™ can be explained according to the
mechanism depicted in Scheme 4: after initial
formation of the rovibrationally excited ion/
molecule encounter complex, the weak allylic
C-C bond (BDE =75.3 kcalmol ') is ho-
molytically cleaved. In the intermediate thus

only Th

formed, a methyl and an allyl radical are bound
to ThO™. This leads, however, to an unsatis-
factory electronic situation, since only one va-

0Ac*©

lence electron is left on the metal center for
formation of the bonds to the two open-shell
fragments. Thus, from this complex, subse-

0947-6539/97/0307-1087 $ 17.50+ .50/0 1087



FULL PAPER

H. Schwarz et al.

quent loss of cither the allyl or the methyl radical is required to
yield a stable ionic closed-shell product. As a matter of fact, only
the latter process is observed; it leads to an ton of composition
ThOC,HZ, which can be regarded as an oxo—allyl complex of
Th*. In contrast to the alternative OTh*-CH, species,
ThOC,H{ is stabilized by electrostatic interaction of the metal’s
positive charge with the m-electron system of the organic
residue. In the second pathway, the butadiene complex
OThC,H/ is formed (Scheme 4, pathway b, 20 %) through loss

C-C bond

@ 80%

\

ThO" + A=

O=Th*
b%

reasonable agreement with the experimental value of
20944 kcalmol ™. This accuracy is satisfactory for the present
purpose, which is to give a picture of the relative order of low-
lying excited states rather than numerically accurate spectro-
scopic constants. In this context, the agreement between CCS-
D(T) and CASSCF term energies is satisfactory. It is found that
one metal-centered single electron corresponding to the 7s
atomic orbital of thorium gives rise to the 2X* ground state of
ThO™. The lowest-lying excited state in which the unpaired
electron has mainly f-character (2®) has a term
energy as high as 22029 ecm ™! (CASSCF), which
prevents its population under the thermal condi-
tions that prevail in the FT-ICR. The pure s char-
acter of the unpaired electron in ground-state
ThO™ is in line with earlier computational results

® 20%

C-H bond
activation

for neutral ThO,% where the *X ¥ ground state
has been pictured as Th2*(7s'S)0?~(1S).

Uot + AT

Scheme 4. Mechanisms of reactions of ThO* and UO* with 1-C,H,.

of a hydrogen molecule. Following pathway b, ThO* abstracts
an allylic H atom from 1-butene (BDE = 82.3 kcalmol '), giv-
ing rise to an intermediate analogous to the one formed in path-
way a. However, direct loss of a single hydrogen atom is en-
ergetically disfavored in comparison with the expulsion of a
methyl radical. Thus, H" abstracts one of the remaining H atoms
on the substrate, and consequently a hydrogen molecule is lost
to give rise to the butadiene complex. The latter process finds its
counterpart in several examples of organic radical cation chem-
istry.

To correlate these experimental {indings with the underlying
electronic structure of the thorium oxocation, we have calcu-
lated ground and low-lying excited states for ThO* using the
CCSD(T) and additional CASSCF methods. The latter was em-
ployed to obtain access to the first excited state with a major
contribution from a 5f orbital to the SOMO (*®). This state
exhibits the same B,+ B, symmetry within the C,, point
group—the largest abelian subgroup to the C_, molecular sym-
metry available in MOLPRO—as the corresponding SOMO
with a major 5d contribution (*IT). Term energies and equilibri-
um distances are given in Table 4. BDE(Th* —O) was calculated
within the CCSD(T) scheme to 196.3 kcalmol™' and is in

Table 4. Equilibrium bond lengths r, (in A) and adiabatic and vertical term energies
T, tin cm "~ 1) of low-lying states of ThO ™.

Term CCSINT) CASSCF
Fe 7, (adiabatic) T, (vertical) T, (vertical)

3 1.829 0 0 0

24 1.842 5267 5299 4111

i 1.850 11798 11880 11213

2¢ [ - - - 22029

{a] These values are not accessible with the CCSD(T) method since both 27 and 2@
terms transform to the same B, -+ B, irreducible representations in the C,, point
group.
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These theoretical findings corroborate the sur-
prising gas-phase reactivity of ThO™* in its reac-
tions with 1-butene and water.

UO™, on the other hand, reacts differently: at
a much slower rate (k,, = 0.008) than ThO™,
single dehydrogenation is pursued exclusively in
the reaction with 1-butene. The fact that loss of a
methyl radical is not observed suggests a com-
pletely different mechanism to be operative here. Based on
analogous considerations to those outlined above for NdO*,
binding of an oxygen ligand to U* (ground-state configuration
7s% 5F%; term *1,,,)P® is expected to give rise to an oxocation
UO™ with three unpaired nonbonding electrons of 5f character.
In fact, earlier SCF and MC-SCF PP calculations on UO™*
predict an */,, ground state dominated by the single 4 =6
function. It was found that the ground state is very ionic with
substantially localized molecular orbitals, which at best can be
described as U?*(5(**1) 02~ (* $).1**T In addition, experimental
(PES) as well as theoretical results on neutral UOB " describe its
electronic ground state as resulting from a 7s2 5f2 configuration
on uranium. This illustrates the general tendency for the energy
of f orbitals to be lowered with rising charge on the metal, and
thus supports the assumptions we made for the ground state of
NdO™.

The three unpaired electrons on UO ™ (see below) open up the
possibility of a reaction with an insertion/elimination mecha-
nism as depicted in Scheme 4. Instead of abstracting an allylic H
atom, UO™ is able to insert into the corresponding C~H bond.
Subsequent fi-hydrogen shift leads to an oxo—dihydridobutadi-
ene complex, which, by loss of H,, yields the product ion
OUC,H; . Loss of exchange energy among the unpaired elec-
trons upon formation of U-H and U-C bonds leads to a rela-
tive destabilization of the intermediates, and thus accounts for
the inefficiency of the corresponding process in contrast to the
ThO™ case.

When the significantly more polarizable substrate 1,4-cyclo-
hexadiene is employed, effective dehydrogenation is the only
process observed for both ThO* (k, =0.75) and UO*
(k.; = 0.51). This enhanced reactivity is not surprising, since
deepening of the potential energy wells in the initially formed
ion/molecule complexes lowers the barriers en route to the prod-
ucts, and thus accelerates the corresponding C—H bond activa-
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tion processes. In contrast to 1-butene, C—C bond activation of
the cyclic substrate by ThO™* does not occur, owing to the ease
of dehydrogenation and the lack of allylic C—C bonds in 1,4-cy-
clohexadiene.

Comparison of LnO} and AcO; (rz = 0-2): In this concluding
section, we compare the reactivity of the “‘bare’ metal ions with
their corresponding oxo complexes with regard to the following
questions: 1) How does addition of one or two oxygen ligands
influence the chemical properties of f elements? 2) Can a gener-
al differentiation between the gas-phase chemistry of lan-
thanides and actinides be made? 3) What is the role of f elec-
trons in the chemistry of Ln* and An* cations?

The reactivity of “bare” Ln* towards hydrocarbons can be
summarized as follows. Only closed-shell neutral species, mainly
molecular hydrogen, are lost from the reacting substrates. The
processes observed obey a classical insertion/elimination mech-
anism. The measured reaction rates of Ln* depend on the exci-
tation energies from the respective electronic ground state to a
state with two non-f valence electrons, the latter being required
for insertion into a C—H or C-C bond.?®! In this respect, it
appears natural that Ce* (6s°5d24f! ground-state configura-
tion),?2 Th™ (7s' 6d25f%),138 and U™ (7s?6d° 5£3)!38] react at
similar rates with butane as well as with all unsaturated hydro-
carbons investigated (see Table 3). However, the remarkable
differences observed for the lower alkanes deserve a closer look.
Reactions of Ln™ with methane were not observed on thermo-
chemical grounds, whereas slow formation of ThCH,
(k... = 0.04) suggests that this reaction proceeds close to the
thermochemical threshold. The corresponding process is not
observed for U™, since here the potential product UCHS is
expected to be destabilized in comparison with the thorium
complex by the greater loss of exchange energy. The same argu-
ment applies for the reaction with propane, which proceeds at
moderate efficiencies for Ce* (k, =0.30) and Th"*
(k,., = 0.65), whereas it is slow for U™ (k,, = 0.02). Note, in
addition, that Th™ dehydrogenates ethane more efficiently
(k. = 0.40) than its lighter homologue Ce™ (k,, = 0.005) in
analogy with the different reactivity of transition metals from
the first d period and those of the second and third.[3*!

For the evaluation of the effect of the first oxygen ligand, it
is instructive to consider the underlying electronic structures of
MO™. The overall inertness of CeO™* can be altributed to its 2@
electronic ground state, the SOMO of which arises from a 4f
atomic orbital. In contrast, the corresponding actinide com-
pound, ThO* (2Z7%), exhibits radical-like reactivity, as evi-
denced by the strong bias towards loss of CHj from 1-butene.
With respect to its active unpaired electron of s character, ThO*
has to be regarded as the cationic oxide of a d element rather
than of an f element. To confirm this hypothesis, the reactions
of 1-butene and 1,4-cyclohexadiene with ZrO™ were measured
under identical experimental conditions, because the ground
state of ZrO* has been experimentally determined to exhibit the
same symmetry#1 (?3* with a nonbonding 5s electron on the
metal center) as the calculated ground state of ThO™. Although
activation of 1-butene by ZrQO ™ proceeds at the collisional limit
and is therefore significantly faster than for ThO™", the same
product channels are pursued at identical branching ratios with-
in the accuracy of the experiment: 60 % of the collisions lead to
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loss of CH} with formation of ZrOC,HJ (70% for ThO ™), and
in the other collisions the butadiene complex OZrC,H; (40%)
is formed by dehydrogenation of the substrate (30 % for ThO*).
Finally, the behavior of ZrO* towards 1,4-cyclohexadicne ex-
actly parallels the results obtained for ThO*: molecular hydro-
gen is lost at the collision limit to yield the OZrC,H/ product
ion exclusively.

Within the scenario outlined in the preceding section, the
assumption that both NdO* and UO™ exhibit three unpaired [
electrons in their ground state seems justified, and therefore
these two ions represent suitable model systems to probe 4f
versus 5f electron reactivity. Not unexpectedly, the 4 f electrons
of NdO™* do not allow a reaction with 1-butene and even 1,4-cy-
clohexadiene is only very slowly dehydrogenated. The 5f elec-
trons on UO™, on the other hand, do indeed induce slow dehy-
drogenation of 1-butene, and the corresponding process
becomes efficient when the diene is used; this provides evidence
for the participation of 5f electrons in bond formation during
activation processes.

In line with the arguments outlined above, upon attachment
of the second oxygen ligand to UO™ the single 5f electron left
on the uranium center in UO; becomes lower in energy and
more compact, rendering this dioxide inert. The similarity of
ThO; and CeQ. in their gas-phase behavior towards the vari-
ous hydrocarbon substrates investigated can be traced back to
similar electronic structures in which participation of f orbitals
plays a negligible role. Their chemistry is determined by their
radical character, which is due to an electron hole in the valence
shell, as well as by the BDE(OM * - O). Significant differences in
the latter account for the observed variations in branching ratios
of H-atom abstraction versus O-atom transfer processes.
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