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The CeQ," Cation: Gas-Phase Reactivity and Electronic Structure

Introduction

The chemical reactivity of “bare” transition-metal cations M
toward various classes of substrates, with a particular emphasi
on C—C and C-H bond activation of hydrocarbons, has led to
a comprehensive body of informatiénThese studies have been
driven by the idea to correlate the nature of chemical processes
involving isolated species under well-defined conditions directly
to underlying electronic and structural properties. Thus,
extensive theoretical work has paralleled the experimental efforts.
providing deeper insight into the principles governing the
reaction of a transition-metal cation "Mwith an organic
substrate. Establishing a link between condensed-plzamk
gas-phase organometallic chemistry is, however, still a formi-
dable task A step toward bridging this gap concerns the
evaluation of ligand effects; i.e. it is necessary to understand in
which way a ligand L influences the reactivity of the ML
complex as compared to the “bare” transition-metal cation*M
With regard to oxygen ligands, recently diatomic transition-
metal oxo cations MO have been systematically investigated,
with an emphasis on the first transition-metal row MSc—
Zn).> Not only are these species simple enough to allow an
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“Bare” CeQ* ions can be prepared in the gas phase by consecutive oxidationtofvi@eO, and NQ. The

ability to activate saturated and unsaturated hydrocarbons is investigated by use of Fourier-transform ion cyclotron
resonance mass spectrometry. In the reactions o, Cedh linear and branched alkanes-€& bond activation

is observed almost exclusively. In contrast, both oxygen-atom transfer-ahidb@nd activation processes occur
when thermalized Cef cations react with simple alkenes and aromatic compoundsC Gond activation is

not observed at all. Insight into the structural and electronic properties of neutral &belCzationic Ceg is
provided by means of quasirelativistic density-functional and ab initio pseudopotential calculations. They reveal
a 23," ground state for Cef) which is best described as a linear cerium dioxide with a resonatibgnd.

Finally, we discuss the influence of oxo ligands on the chemistry of the cationig™C@O= 0—2) species

toward hydrocarbons.

method$ moreover, they may serve as models for more
complex systems in which transition-metal oxo species appear
in reaction centers in the active sites of natural and atrtificial
Scatalysts?

A further logical step in this development deals with the study
of cationic transition-metal dioxides MO. Since MQ™ species
can be traced back to the reaction of Mith dioxygen, these
studies also adress the timely topic of activation of molecular
oxygen® The limited number of investigations available for
ionic metal dioxide3® has already demonstrated that at the
molecular level; one does not observe simply additive ligand
effectd® when comparing M, MO*, and MQ". More
precisely, the M@" systems have been recognized as quite
complicated due to the possible existence of different isomers
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and low-lying electronic states, which may influence the oxygen’s valence shell. The second scenario might even give
chemistry of these molecules even at thermal energies. rise to an asymmetric structure with the first oxygen atom doubly

Despite the comprehensive data available on the cationic gasonded to Ce and a second singly bonded oxygen atom at which
phase chemistry of d-block transition-metalse investigation ~ an unpaired electron residesiv)( Finally, CeQ forms an
of the f-elements in the lanthanide series has only recently beenessential part of technologically important catalysts (e.g. the
initiated! Considering the growing importance of these “‘three-way” automobile exhaust conversion system), and model
elements in many areas of modern technoldg.g. lanthanide- studies under well-defined conditicsnay help to understand
based polymerization cataly®s a wide field of research  the specific chemical role of cerium dioxide in these applica-
evolves for model studies in the gas phase which provide a tions.
deeper mechanistic understanding as well as correlations of Our experiments, carried out under the conditions of Fourier-
chemical reactivities with electronic structures. General trends transform ion cyclotron resonance (FT-ICR) mass spectrometry,
for the reactivity of “bare” lanthanide cations toward hydro- demonstrate that the CeOcation is able to bring about gas-
carbons have been established independently by severaphase activation of small saturated and unsaturated hydrocar-
groupstiaegwhile ligand effects remain by and large unex- bons, in certain cases even in a catalytic manner. We report
plored3!* Since lanthanides are known to be extremely these results together with thermochemical considerations for
oxophilic, the bond strengths of their cationic oxides M&e neutral and cationic cerium dioxide Ce@nd the corresponding
much higher as compared to the oxides of the late and middle oxo(hydroxy) complexes CeO(OH). In a complementary
d-block element§215.16 Thus, thermodynamic considerations theoretical approach, the electronic structures of Ce@d
prohibit cationic lanthanide and actinide monoxides to oxidize CeQ:" are investigated using density-functional and ab initio
hydrocarbons via oxygen atom transfer from the metal oxide pseudopotential theory with an emphasis on the role of
to the substrate; this also applies for the early transition-metal relativistic effects.
cations ScO, TiO*, and VO .17 In fact we have found that
one can make use of this high oxygen affinity of the lanthanides Experimental and Theoretical Procedures
to genergtg the C,O”esp‘?“ding cationic diOXid.eSZMGNhiCh The experiments were performed with a Spectrospin-CMS-47X
may exhibit an interesting gas-phase chemistry due to the Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer
presence of one strongly and one weakly bound oxygen ligand.which is equipped with an external ion source. The instrument and its
Within this context Ce@" is a case in point for several reasons. basic operation have been described in detail elsevfheleaser
(i) In the condensed phase cerium is known to appear in varying desorption/laser ionization (LD/L¥was used to produce Céons by
oxidation states. i) As the first 4f-element, cerium represents focusing the beam of a Nd:YAG laser (Spectron Systeins; 1064
a bridge between the lanthanide and the 5d-block elements,"M) onto either a piece of pure cerium metal (Heraeus, 99.9%) or a
which due to the presence of relativistic effé8xhibit their ~ flint stone of a conventional cigarette lighter (Ce content: ca. 70%).
own characteristic gas-phase behavfor(iii) The electronic CeO' ions were generated either directly, by LD/LI of a piece of a

f fi f . d tal dioxid ti i surface-oxidized cerium metal, or in the FT-ICR cell (see below), by
configuration or cerium renders a metal aioxide cation particu- .o re4ction between Ceand a pulsed-in @Ar mixture (ca. 1:10).

larly interesting, since it is not a priori evident how the valence an agvantage of the former procedure is high ion intensities over a
electrons are distributed is this species: Either cerium in the reasonable time (23 h); however, Ce® formed directly by LD/LI
thermodynamically unfavorable formal oxidation state/ appeared to be electronically excited (see pointdi later in this
(which involves a hole in the subvalence 5p shell) or, alterna- section) such that multiple thermalization steps were required prior to
tively, cerium in the oxidation staté-IV and a hole in the reactivity studies with the subsequently generated Cé@hs. There-
fore, only the latter procedure was used in the experiments presented
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J. Phys. Chem1993 97, 544. (c) VO': Reference 10a. (d) ScQ (21) (a) Eller, K.; Schwarz, Hnt. J. Mass Spectrom. lon Proces<&89
TiO*, VO*: Ryan, M. F.; Stokigt, D.; Schwarz, HJ. Am. Chem. 93, 243. (b) Eller, K.; Zummack, W.; Schwarz, 8. Am. Chem. Soc.
Soc.1994 117, 9565. 1990 112 621.
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observed the following routine checks were performadlTe decay describe the 4f and 5d orbitals of cerium, the 1s orbital of hydrogen,
of the reactant ion should follow strict pseudo-first-order kinetit$. (  and the 2s and 2p orbitals of oxygen, while doublgaality was chosen
Varying the number of thermalizing collisions of the reactant ion with for the 5s, 5p, and 6s orbitals of cerium. For the description of
the pulsed-in argon gas should change neither the observed rate constamolarization effects, two p- and one d-functions were used for hydrogen,
k nor the product distribution.ii) The intensities of exothermic product  one d- and one f-functions for oxygen, and a single p-function for
ions should continuously rise with longer trapping times, provided they cerium (total of 97 Slater-type orbitals for C8O A further charac-

do not undergo secondary reactions. The elemental composition ofteristic feature of the employed implementation are Slater-type fit-
reaction products were determined by high-resolution mass spectrometryfunctions for the evaluation of the Coulomb potential and a frozen-
(m/Am=: 200 000), and the reaction pathways were elucidated by MS/ core approximatiot (2s and 2p electrons explicitly considered for O;
MS and double-resonance techniques. Rate conskawere deter- 5s, 5p, 4f, 6s, and 6p for Ce). In the quasirelativistic calculations,
mined from the pseudo-first-order decay of the reactant ion intensity core potentials for the description of the relativistic effects in the core
and are reported with accuracies ©#25-50% (dependent on the  shells were generated with the auxiliary program DIRATThe scalar
interference of background reactions, see below) as percentages of thejuasirelativistic wave functions were obtained by adding the Darwin
theoretical collision ratekapo calculated from average dipole orienta-  and massvelocity operators to the Hamiltonian and diagonalizing this
tion (ADO) theory?®> Branching ratios were derived from the analysis operator in the space of the zero-order (i.e. nonrelativistic) solutfons.
of the initial slopes of the product ion intensities and are reproducible All nonrelativistic and quasirelativistic geometries were optimized
within £20%. Collision-induced dissociation (CID) experiméfts  stepwise by calculating several points in the proximity of the minima

were carried out byi) isolation of the desired ion using FERETS) ( on the potential-energy surfaces.

kinetic excitation of this ion by a radio-frequency pulse, aiid) ( The density-functional calculations were supplemented by quasire-
trapping it fo 1 s inargon at a static pressure 02108 mbar. All lativistic ab initio pseudopotential (PP) self-consistent field (SCF),

functions of the mass spectrometer were controlled by a Bruker Aspect complete active space multiconfiguration SCF (MCSCF) with subse-
3000 minicomputer. quent single-reference and multireference configuration interaction

CeQ" was generated from CeCand NQ (see below) which was  (CISD, MRCI), and averaged coupled pair-functional (ACPF) calcula-
pulsed into the ICR cell in a 1:5 mixture with argon so that for ca. 0.5 tions. Single-point coupled-cluster calculations including all single and
s the pressure in the cell rose to cax5.0°® mbar. Subsequently, a  double excitations as well as a perturbative treatment of triple excitations
delay of 3-5 s was applied for removal of the reactant gas. (CCSD(T)) were performed for some ca$esAll MRCI results
Unfortunately, it is not possible to pump-off N@ompletely within reported here were obtained with a reference space consisting of 13
this interval, and even longer delays (up to 10 s) were insufficient and active orbitals for 24 electrons (D2, symmetry; 4g+ big+ 2by, +
only lead to an undesired loss of ion intensity. Thus, the remaining 3h,, + bag + 2bg,; in C,, Ssymmetry, 6a+ 2oy + 4b, + &). The
NO: gas had to be considered as background contamination during the_anghoff-Davidson size-consistency correctfowas included in all

ion/molecule reactions which has the following consequendgd:hé Cl calculations. These calculations were performed with the COLUM-
product ion CeO, resulting from an eventual reduction of C£Qs BUS* and MOLPRG® program systems. For Ce, a 30 valence electron
reoxidized to Ce@ in a secondary processii)(Even if no reactants PP (1s-3d treated as core orbitals) and a (12s11p10d9f2g)/[8s7p6d5f2g]
which transfer a hydrogen atom to CgQwvere admitted to the cell,  Gaussian-type orbital valence basis set was &sathereas oxygen
some CeGH" is observed from the reaction of CgQvith hydrocarbon was treated at the all-electron level with a (9s6p2d)/[5s3p2d] basis set.
contaminants which are inevitably present in the pulsed-in Y& The segmented contraction scheme was used throughout; this procedure

due to deterioration of rubber seals in the valves and the inlet systemwill be referred to as basis set A. Since metal oxides exhibit
by NO,. CeQH," is formed as second sideproduct with the back- nonnegligible intramolecular charge transfer, an accurate description of
ground. Whenever Cel” was observed as a reaction product, itwas the atomic oxygen anion is required. Therefore, in a seond series of
checked that the ion originated from the reaction of ge®ith the calculations we used a correlation-consistent polarized valence &riple-
reactant gas and not with background contaminants by performing a pasis (cc-pVTZ) set for & augmented by one diffuse s, p, d, and f
blind-probe experiment with argon as “reactant” and by verifying that function3 respectively. This (11s6p3d2f)/[5s4p3d2f] basis uses the
the observed intensity of CeOdecreased according to the required generalized contraction scheme and will be denoted as basis set B. The
first-order law. The reported rate constants and branching ratios are ACPF electron affinities of O are 0.94 and 1.22 eV for basis A and B
corrected for the formation of CeB," (n= 1,2) from the background (12 core kept frozen), respectively, and the corresponding density
reaction. functional (LDA+BP) result is 1.57 eV (experimental value 1.46°8V

The density-functiondl calculations were performed using the |n order to estimate the effects of spinrbit coupling, additional
Amsterdam density-functional code (ADF, version 124.2 The
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the accuracy of the numerical integrafi®was set to 5.0. Uncon- feger, P.; Koch, W.; Schwarz, FOrganometallics1995 14, 1284.
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Lecture Notes in ChemistnyRoos, B. O., Ed., Springer: Berlin,
Heidelberg, Germany, New York, Tokyo, 1992; Vol. 58. (b) CCSD-

tracted Slater-type basis functions were used for the LCAO-MO
expansion. In detail, triplé- quality basis sets were employed to

(25) Su, T.; Bowers, M. TInt. J. Mass Spectrom. lon Phy$973 12, (T) methods: Bartlett, R. J.; Stanton, J. FReviews in Computational
347. Chemistry Lipkowitz, K. B., Ed., VCH: New York, 1994; Vol. 5.
(26) (a) Cody, R. B.; Burnier, R. C.; Freiser, B.Aal. Chem1982 54, (33) Langhoff, S. R.; Davidson, E. Rit. J. Quantum Cheni974 8, 61.
96. (b) Jacobson, D. B.; Freiser, B. 5.Am. Chem. S0d.983 105 (34) Program system COLUMBUS: Shepard, R.; Shavitt, I.; Pitzer, R. M.;
5197. Comeau, D. C.; Pepper, M.; Lischka, H.; Szalay, P. G.; Ahlrichs, R;
(27) (a) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and Brown, F. B.; Zhao, J.-GlInt. J. Quantum Chem. Symp988 22,
Molecules Oxford University Press: New York, 1989. (b) March, N. 149.
H. Electron Density Theory of Atoms and Moleculésademic (35) Program system MOLPRO: (a) Knowles, P. J.; Werner, h&m.
Press: London, 1992. For excellent reviews, see: (c) Gunnarsson, Phys. Lett1985 115 5053. (b) Knowles, P. J.; Werner, H.Qhem.
G.; Jones, R. GRev. Mod. Phys1989 61, 689. (d) Ziegler, TChem. Phys. Lett1988 145 514. (c) Werner, H.-J.; Knowles, P.J1.Chem.
Rev. 1991, 91, 651. Phys.1988 89, 5803. (d) Werner, H.-J.; Knowles, P.Theor. Chim.
(28) (a) Baerends, E. J.; Ellis, D. Ehem. Phys1973 2, 71. (b) teVelde, Acta199Q 78, 175.
B.; Baerends, E. JJ. Comput. Phys1992 99, 84, and references (36) (a) Dolg, M.; Stoll, H.; Preuss, H. Chem. Physl1989 90, 1730. (b)
cited therein. (CADF User’'s Manual Version 1.1.2; Vrije Univer- Igel-Mann, G.; Stoll, H.; Preuss, HJol. Phys.1988 65, 1321.
sitd: Amsterdam, 1994. (37) Dunning, T. HJ. Chem. Phys1989 90, 1007.
(29) (a) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200. (38) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys1992
(b) Perdew, J. FPhys. Re. B 1986 33, 8822. (c) Becke, A. DPhys. 96, 6796.
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Scheme 1 Scheme 3
02 (0] N02 NO 1802 189 N160, N!0
2
Ce+ M’ CeO* A‘A’ CCOZ+ Ce+ __LA, Ce180+ \ 2 160Ce180+
Scheme 2 S, Celé0t + CH,I%0
Ce'%0'%0" + C,H ,
0 0 0
1 2 3 50% 16yt 18
Cel80160* @_{:: Ce'°0" + *°0O
CID 6o* + 150 Ar LS, elsgr 4 160
Ce®0" +
Ar . . . .
Ce0,r —] ciation: First, oxidation of ethene (see below) by'&#E¢OT,
%0, ceor + 1 which can be generated by a primary reaction of @éth 180,
A € 2 )

followed by secondary oxidation of the resulting&2* cation
_ _ _ o with N8O, (Scheme 3), yields G&O™ and Cé&80+ in identical
calculatloons Were_qarrled out with the COLUMBUS spiorbit ClI intensities. Second, in the CID of &©%0", the products
program®® In addition to the 30 valence electron PP and a corre- Ce80" and C@&%0* are observed in equal amounts with

sponding spir-orbit operator for Cea 6 valence electron P¥ was . 1
used for O. Generally contracted (11s10p9d8f)/[4s3p3d2f] and (5s5p)/ ?g?ﬁgmgaegt losses of the neutral oxygen atdfi@ and**0

[2s2p] basis sets of valence douliletuality were applied for Ce and . .
O, respectively (basis set C). Due to limitations of the basis sets and 1 h€ exothermicformation of Ce@" from CeO" and NQ
correlation treatments, these calculations are only used to extraet spin marks a sharp contrast to the chemical behavior of the related
orbit contributions, which are then added to the results obtained with d-block element oxides SCQYO™", and Lad, for which the
the larger basis sets A and B in the better correlated calculations withoutanalogous reactions aemdothermidoy 32 + 4, 32+ 4, and
spin—orbit interaction. 48 + 7 kcal/mol, respectivel§? In a very simple picture, one
can relate the fact that the reaction becomes energetically more
favorable in the case of cerium to the ground state electronic
The paper is organized in the following way: First, we will configurations of related !\/I_Ocations: The group 3 oxocations
present the experimental results, i.e. the generation ohGeO SCO", YO, and Lad exhibit closed shell ground staté¢'>"),
discuss its structural features, present the reactivity studies, andn Which the two valence electrons of the transition-metal cation
analyze some thermochemical implications of these experiments &re involved in making the strong covalent bonds to the oxygen
The second part is devoted to theoretical investigations of ligand. As discussed by Armentrout and co-workers,
CeQ*. Finally, the different gas-phase reactivities of‘Ce gddltlonal back-donatlon from the oxygen lone-pair elgctrons
CeOt, and Ce@* toward hydrocarbons will be compared in  into empty s- and d-orbitals of the transition-metal cation can
light of the theoretical results. be inferred from the high bond-dissociation energies (BDEs)
. Generation and Structure of CeO,;". CeQ* is readily of the group 3 oxocations. Thus, the bonding interaction in
generated under FT-ICR conditions as the single product of thethese diatomic molecules can be formally characterized as a
ion/molecule reaction between CéGand nitrogen dioxide  riPle bond between oxygen and the metal. Consequently, a
(Scheme 1). Other common oxidation reagents, such,@s N sgcoqd oxygen atom ligand p_erturbs an electronically very stable
O», or NO, do not serve as oxygen donors and were found to Situation such that the resulting BDEs of the second oxygen to
be unreactive toward CEO However, with the “bare” Ce the MO" unit are small. However, in CeOan additional
cation, these three oxidants as well as Nomote the rapid electron occupies a nonbonding 4f orbital. Upon formation of

formation of CeO: in the C&/N,O reaction, CeN evolves as the second ceriumoxygen bond, this electron becomes in-
an additional product (CE@CeN" = 2:1). volved in chemical bonding such that C€Qs expected to be

Basically, three different types of connectivities are conceiv- energetically more stabilized as compar_ed toM@pecies of
able for the Ce@ molecule®><the cerium dioxide typd, an the group 3 metals. In fact, the observation of an oxygen atom

adduct complex of Cewith an intact dioxygen molecule (side- transfer from NQ to Ced implies that BDE (OC;E_O)
on or end-onp, or a cationic cerium dioxirang (see Scheme exceeds BDE (ONO), which amounts to 73 kcal/mét. We

2). On the basis of collision-induced dissociation (CID) and Pri€fly note here that earlier experimental observations of£eO
isotope labeling experiments, it appears that ge@enerated _have bgen_rep_orted in mass-spectrometric studies using electron
as described in Scheme 1, corresponds to a genuine ceriunfMPact ionization of gaseous Ce@nolecules evaporated from
dioxide,1. This conclusion is based on the following observa- solid CeQ sample§ and in the chemiionization reaction
tions: Upon CID, exclusive loss of a single oxygen atom from b_et‘ﬁ’fen neutral cerium atoms and @e + O, — CeQ;" +
CeQ* with concomitant generation of CeOis observed €7);* thermochemical |m_pl|cat|_ons_ of these studies will be
(Scheme 2). Within the chosen energy regime (max. 100 eV compared tp the presgrjt investigation further below. .
center-of-mass collision energy) no signal for'Gecurs, thus Il. Chemical React|V|'§y of CgOf. ,TWO gengral reaction
rendering structure® or 3, for which also loss of an intact,0  Patterns are observed, if CgOis subjected to ion/molecule

moiety would be expected, unlikely. Furthermore®g™ does

Results and Discussion

(41) Maquez, A.; Capita, M. J.; Odriozola, J. A.; Sanz, J. lt. J. Quant.

not undergo any ligand exchange reaction Wi, (see Scheme Chem.1994 52 1329.
2). Thus, a complex of Cewith molecular oxygen2) can be (42) Fisher, E. R.; Elkind, J. L.; Clemmer, D. E.; Georgiadis, R.; Loh, S.
excluded since no substantial kinetic barrier for the correspond- K. Aristov, N.; Sunderlin, L. S.; Armentrout, P. B. Chem. Phys.

; . : 199Q 93, 2676.
ing thermoneutral ligand exchange process is expected. The(43) (a) Stanley, H. G.: Norman, J. #t. J. Mass Spectrom. lon Phys.

same argument also applies for struct8reFully in line with 1969 2, 35. (b) Ackerman, R. J.; Rauh, E. G.Chem. Thermodyn.
the expected behavior df both oxo ligands are found to be 1971, 3, 609. (c) Kordis, J.; Gingerich, K. AJ. Chem. Phys1977,

; ; ; ; icinN.i ; _ 66, 483. (d) Piacente, V.; Bardi, G.; Malaspina, L.; Desideri,JA.
equivalent in chemical reactions and collision-induced disso Chem. Phys1973 59, 31.

(44) Cockett, M. C. R.; Dyke, J. M.; Ellis, A. M.; FéheM.; Wright, T.
(40) Chang, A.; Pitzer, R. MJ. Am. Chem. S0d.989 111, 2500. G. J. Electron Spectrosc. Relat. Phena®9Q 52, 529.
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Table 1. Observed Rate Constarkg for Reactions of Ce® Scheme 6
with Selected Organic Substrates Relative to the Theoretical
Collision Ratekapo?®

75%

CeO" + C3HgO

Ce0, + A~ .
substrate KobdKapo substrate KobdKapo e 2%, CeO,H' + CsHs
CH, <0.0001 GHs 0.44 . N
C,Hs < 0.0001 1-GHg 0.62 CeOr + P CeO" + C4HgO
CsHg 0.003 CsHs 0.80 2 40% C602H+ + C4H7
i-C4H10 0.04 GHs 0.64
n-C4H1o 0.10 GHsClI 0.65
C(CHy)s 0.03 GHsF 0.45 I::“O% CeO" + CHgO
C-CGH]_Z 0.35 C5H5CH3 0.55 Ce02+ 60% C602H+ + C4H7.

a Absolute uncertainties=30%.° Absolute uncertainty:50% due
to very slow reaction and possible interferences from background

_/
v
C2H4 010 /:-\

. 1%, CeO* + C4HgO
contaminants. CeO,' 41 . . .
CeO,H™ + C4Hj
Scheme 4
Ce0," + CH, CeO" + CHO CD;
. 10%, Ce0* + C,HsD30
Ce0,’ + .~ Ce0" + C,HeO CeOr * 0%, ce0,D* + C;HsD;
OH
CeOr + CeOt + thermochemical d_atlé,since exot_hermic generation of acetal-
2 dehyde CHCHO, its tautomer vinyl alcohol $C=CH(OH),
or oxirane is compatible with the lower limit of 73 kcal/mol
Scheme 5 for the strength of the OCe-O bond as derived above. Even
X=F o worse, for Ce@"/1,3-butadiene the thermochemical déta
Ce0" + CgHsXO T render not fewer than 19 isomerigtgtO products energetically
. feasible. Similarly, oxygen-atom transfer from GgOto
CeOy + CgHsX ‘E CeOX™ + CgHsO 6% 35% benzene may lead to various products of which phenol is not
CeOyCgHy + HX 30% 60% only the global energetic minimum but also mechanistically
X=Fd conceivable®® In addition to the transfer of an oxygen atom

two further primary processes are observed in the reactions of
reactions with hydrocarbons:i) (oxygen-atom transfer from  the two substituted benzenegHgX (X = F, Cl) with CeQ™:

CeQ™ to the substrate and concomitant formation of Cedd An oxygen-ligand of Ce@ is substituted by a halogen atom
(i) abstraction of hydrogen atoms from the hydrocarbon leading resulting in the generation of the mixed oxygen/halogen
to either CeGH™ and a neutral hydrocarbon radical or Gel" complexes OCeX and loss of GHsO* (most likely a phenoxy

and an alkene. We will now discuss the typical substrates for radical). Moreover, one observes loss of HX with the con-
which these pathways are observed. The measured ratecomitant formation of a CefsH," complex, for which a
constants are given in Table 1. catechol structure seems reasonable; however, this structure is
(a) Unsaturated substrates such as ethene, 1,3-butadiene, an@ot subject of the current study. The-€ and C-ClI bond
benzene are readily oxidized by CE€Qsee Scheme 4). Inthese activation processes can be accounted for by the thermochemical
three cases, oxygen transfer from the metal to the hydrocarbondriving force for the formation of strong lanthanidbalogen
constitutes the only observed reaction pathway (except for bonds. Similar observations have recently been reported for
electron transfer in the case of 1,3-butadi¢rsee below); there  the reactions of bare and ligated praseodymium catiohsvit
is no indication for G-C bond activation or hydrogen abstraction several fluorine-substituted hydrocarbd#s.
reactions. However, when passing to substituted benzenes, In addition to the ligand exchange and oxidation reactions,
namely fluoro- and chlorobenzene, in addition to the oxidation 1,3-butadiene and chlorobenzene transfer an electron tg'CeO
reaction also €X (X = F, Cl) bond activation, loss of an HX  resulting in the formation of the respective radical cations as
molecule, as well as electron trandfgsee below), takes place  well as neutral Ce® Yet, these charge transfer pathways are
(Scheme 5). minor as compared to the competing reactions described above
The reaction of Ce@ with the simplest olefin, namely (<5% of all ionic products). No electron transfer was observed

ethene, proceeds at only 10% of the theoretical collision rate between properly thermalized CgOand benzene.

kaoo (Table 1). For larger substrates the corresponding (b) Scheme 6 provides an overview of the reactions of £eO
processes are kinetically more efficient (80%ka#o for 1,3- with hlghgr olefins as well as toluene. Here, thf_e OX|dat|(_)n
butadiene, 64% for benzene). This is expected since at thePathway via oxygen atom transfer has to compete with formation
energy level of the entrance channel the density of states of theof CeO:H", most probably due to homolytic fission of the weak
rovibrationally excited encounter complexes, and thus its @llylic or benzylic C-H bonds in these substrates. The
lifetime, becomes larger with increasing size and polarizabilities Measured relative reaction rates (44%jo for propene, 62%

of the neutral reactant. The nature of the oxidation product in Of kapo for 1-butene, and 55% dfpo for toluene) reflect again

the CeGQ*/ethene reaction cannot be inferred from known the larger attractive interactions in the ion/molecule complex
when the size of the hydrocarbon substrate is increased. The

branching ratios between the two observed reaction channels

(45) For reasons of clarity, electron transfer processes are not depicted in
the schemes. Moreover, branching ratios are evaluated relative to all
major processes. Electron transfer pathways are not included, since(46) (a) Schider, D.; Schwarz, HHelv. Chim. Actal992 75, 1281. (b)
in all cases where they are observed they account to less than 5% of Becker, H.; Schider, D.; Zummack, W.; Schwarz, H. Am. Chem.
all ionic products. So0c.1994 116, 1096.
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Scheme 7 Scheme 8
CeO, + C3Hg —— CeO,H' + C3H;
CeO,H" + —_— + fe N X
2 CeOy + 1-CeHy CeO; + n-CgH;y —— CeOH' + CH,
70% .
CH, > CeOH" + CgHy
Ce0;,” + i-C4Hyy “

30% +

CeOH™ + —#—  CeOp + C7Hg' 3%, CeO,H, + C,Hg

CeO, + C(CHy)y, — CeO,H' + CsH;

ibi i - : : —% . CeOH'  + CeHy;
exhibit a somewhat irregular trend showing predominant oxida- o . 611
tion for propene, 1-butene, and isobutene, while for the two ——— CeOH, + CgHyp
stereoisomeric 2-butenes H-atom abstraction prevails. For CeO, + c-CeHy —22% . Ce0,CeH,y + H,
toluene, abstraction of tHgenzylichydrogen atom, as evidenced o, Ce0,CHy + 2H,
by the formation of Ce@D™* from CeQ" and GHsCDsg, is the W% Ceo" v CHpO

dominant process. Still, oxygen transfer is observed as a minor

product (10%) as well as electron trandfdr<5%) resulting in , . ,
the formation of GHg** and neutral Ce® Thermochemically, propane reacts only in 0.3% of all collisions and the respective

this is in line with the observed charge transfer from chloroben- 'a{es increase slowly along the sequence neopentane, isobutane,
zene (IE= 9.07 e\!9), which has a larger ionization energy n-Putane, and cyclohexane. For the branchgidigisomer and

than toluene (IE= 8.82 e\i). Unfortunately, the possible cyclohexane, a second primary product chapnel is opserved,
isomeric products of O-atom transfer to toluene and the olefins N@mely transfer of two hydrogen atoms with formation of
cannot be deduced from thermochemical dét&or example, CeQH,". _Unfortunately, a structural distinction between the

in the case of Ce@/propene, five different oxidation products WO possible isomers, i.e. the mixed oxwater complex

are thermochemically allowed and for CE@.-butene even 21 OC€ —(OH) and the bis(hydroxy) species Ce(QH)could

different oxidation products may be formed, if the reaction is "t be accomplished due to the ambiguity of the CA spectrum
required only to be exothermic. of [Ce,Op,H] ™ (relative abundances: CeQ100%; CeOH,
. . + + 47 -
As far as secondary reactions are concerned, it is instructiveZO%' Ce, 10%; [CE’Q"_E  10%, [Ce,O.H", 2%)‘| HO.W
that only isobutene undergoes subsequent proton transfer withSVer, we suspect than these two structures are close in energy
(both involve thetIIl oxidation state of cerium and an equal

initially formed CeQH™ cations to yieldt-C4Hs* and neutral ;

CeQ, respectively (see Scheme 7). No reaction was, however, number of formal _CeO and O-H bonds)_such t.ha.‘t with the

observed between CeB* and toluene as well as all other expected low barrier for hydrogen migration their interconver-
sion may take place on short time scales within the accessible

substrates with a lower proton affinity than toluene. Under the ; fth . I
reasonable assumption that no activation barrier exists for the ENErgy regime of the FT-ICR experiments. Eventually, £€0

transfer of a proton from Ce®'* to the organic substrates, these is observed in all systems considered here, as it is formed in
reactions provide thermochemical information on the heat of the secondary reactions between GO and the saturated
formation of Ce@QH™ (see below). From the structural point hydrocarb_on substrates; note that due to the Iow_reactlo_n rates
of view, this species represents most likely a mixed oxo- ar!d possible l_)ackground interferences, branching ratios for
(hydroxy) complex OCe(OH) this assumption is consistent ~Primary formation of Ce@H,™ below 5% cannot be excluded.
with the high-energy collisional activation (CA) spectrum  The CeQ*/cyclohexane system exhibits one major and two
obtained of Ce@H ions generated by fast-atom bombardment minor additional reaction patterns which were not observed for
of aqueous Ce(IV) ion& Here, one observes preferential the other alkanes considered here: loss of one (20%) or two
fragmentation to CeO (rel. abundance 100%), together with (3%) H. molecules from the substrate with formation of
minor channels leading to CeQ Ce" and CeOH (rel. CeQCeHn* (n= 10, 8) and oxidation of the hydrocarbon under
abundances of 15, 10, and 5%, respectively). In addition, small generation of Ce® (3%). On a gross scale, the observed
fractions of doubly charged Cé0and C&" ions are produced  reactivity pattern between CegOand alkanes can be explained
in this process. This fragmentation pattern is not expected for by the increasing polarizability of the substratésA more
the hydrido dioxo species HCe() or the hydroperoxide  detailed discussion of the underlying mechanisms requires
isomer Ce(OOH). additional thermodynamic and theoretical information as will
(C) The observed reactions of CEOWlth small linear, be presented in section VI of this paper. Fina”y, we would
branched, and cyclic alkanes are displayed in Scheme 8. Bothlike to mention that with incompletely thermalized G£O
methane and ethane are not activated by £e@nder our cations a third reaction pathway with alkanes was also observed,
experimental conditions. Typical for larger alkanes ist namely hydride transfer with formation 0f8zn+1" cations and
bond activation resulting in formation of Ced" and a neutral ~ neutral Ce@H. However, these channels, which appear to lie
hydrocarbon radical. These processes are kinetically quiteonly slightly above the energy threshold of the FT-ICR
inefficient as compared to the corresponding reactions involving €xperiment, disappeared after a careful reoptimization of the
partially unsaturated hydrocarbons (see above). For example jsolation and thermalization sequence for the ge@actant.
Ill. Catalytic Oxidation of Ethene. The presence of NO
(47) This experiment was carried out in a sector-field mass spectrometer in the background of the FT-ICR cell (see Experimental and
of BEBtEngnf;guzatiton- Erieftl)y, dCe@-lt+ ?ncd Ceﬁ()?Hz+ ions were Theoretical Procedures) allows the observation chtalytic
generated by st o bomoeent o Castor) a1 saueaus_ gac phase oication of ethene meclated by Cef@ovided ha
energy-selected using B(1) and E(1). He (80% transmission) was usedtheé experimental parameters are chosen properly. Figure 1
to induce collisional activation of these ions and fragments were displays the relative intensities of the GEQCeO" and CeGQH™
ecordd b s o) For a escrplon o TN S () o ove GO s at a Statc B pressur of e 107 bt and
lon Processed99Q 107, 369. (b) Srinivas, R.; Se, D.; Koch, W.; NOZ/Ar mixtures pulsed-in up to a pressure 0&110~> mbar
DePuy, C. H.; Schwarz, HI. Am. Chem. S0d.99], 113 5970. forca. 1s.
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+ Scheme 9
CeO,H
R CeOz t-C4H9+
Rel. Int. A A
1.0 R-H (background) i-C4Hy
+
NO CeO; < CoHy C6H5C1'+\ (v Ceiigt Gt
X % C;H
1 78
NO,” ™ ceo* « *C,H O CgHiCl CeHg
+
: CeO, o0 NO, NO C;Hy CsH;
s - e A
R - CeO* e > Ce0s AN, CeO,H*
CeO,H
CHeO CgHg

ICR mass spectrometry for the detailed investigation of complex
reaction sequences under well-defined conditions.

.

2 40 vs IV. Thermochemical Data. In an FT-ICR setup, thermo-
Figure 1. Catalytic oxidation of ethene by CeO reaction scheme ~ chemical data can be deduced frorr: the ob_sef'vanon_of ion/
and time dependency of the relative ion intensities of Se@eC', molecule reactions by employing the “bracketing” techniéfue.
and CeGH™. The dotted line shows the decay of the Ge&ignal for Provided that the ions of interest are properly thermalized, only

the noncatalytic reaction (i.e. if C€Qvas not continuously reoxidized) exothermic or thermoneutral reactions can oéeurhe starting
extrapolated from the initial slope of the effectively measured decay. point for the derivation of heats of formation for Ce@eQ*,
and CeG@H™ is the heat of formationgH) for CeOF, as derived

The rate constant for the initial oxidation ofids by CeQ* from the heat of formation (101 kcal/m#fand the ionization
amounts to ca. &k 107° cm® s~ molecule™ (Table 1), and  energy (IE) of the cerium atom (5.54 e¥)and the BDE and
the extrapolated first-order decay of the GeOintensity IE of the neutral cerium monoxide, for which we use the values

according to this rate is shown by the dotted line in Figure 1. and uncertainty bars recommended by Dyke and co-workers
What one actually observes is a much slower decay for the (BDE(CeO)= 189+ 5 kcal/mol; IE(CeO)= 5.2+ 0.5 eV)15
CeQ" intensity (solid line) which is due to reoxidation of CeO  Thus, one arrives akrH(CeO') = 91 + 16 kcal/mol.

by NO, from the background. Thus, the kinetic data demon-  an gverview of the experiments leading to the thermochemi-
strate that Ceg) catalyzes the gas-phase oxidation @HCby 5 data derived here is given in Scheme 9. Formation of,CeO
NO,. Since O-atom transfer corresponds to the only product fom oxidation of Ce® by NO, leads to a lower bound of BDE
channel in the reaction of CeOwith ethylene, the reaction is (OCe"—0) > 73 kcal/mol, whereas the exothermic oxidation
in principle fully catalytic since no cerium-containing ions are  of penzene by Ce) requires BDE(OCe—0) < 102 kcall

lost from the catalytic cycle by side reactions. Under the mg| if formation of the thermodynamically most stablgHsO
experimental conditions, however, the average number of cyclesisomer (phenol) is assumed. These results bracket BDE(©Ce
per molecule Ce@r (turnover rate) is limited to 8 for the () a5 88+ 15 kcal/mol, less than half the strength of the first
following reasons: At first, the residual NOs gradually  cet—0 bond, 197+ 17 kcal/mol. Thermochemical information
pumped away from the FT-ICR cell over the time of the catalytic for CeQH™ is available from the hydrogen-transfer reactions:
reaction and, more importantly, CeOreacts with hydrocarbon  propane is the smallest alkane, in which GeOnduces
contaminants present in the pulsed-inN@generate Cei™, homolytic C—H bond cleavage; thus the lower limit for BDE-
which is unreactive toward ethylene. However, also these (ceq,™—H) amounts to 99 kcal/mol, according to the BDE of
leads to three different Stages in the experiment shown in Flgurebound for BDE (OCe@-H) is not poss|b|e from the present

1: (i) Inthe fird 2 s one observes mainly the primary oxidation experiments, since none of the substrates is capable of abstract-

of C;Hs by CeQ" as well as reaction of CeO with the  ing an H-atom from Ce@i*. However, one can derive
contamlnan+t§ to form Cefl™, as evident from the steep decay  AH(CeQ,*) indirectly from the proton affinity and the ioniza-
of the CeQ" intensity and increase of the Cé@nd CeQH* tion energy of Ce@ (Scheme 9). Since reactions of neutral

intensities. i) In the time window 2 s< t < 30 s, reoxidation  CeQ, cannot be observed directly in an FT-ICR setup it is
of CeO" to CeQ" becomes significant, which causes the CeO  necessary to derive the upper bound of the IE and the lower
concentration to rise less rapidly.iif At t ~ 30s the  pound of the PA of Ce@from the nonoccurrence of the
hydrocarbon contaminants have been pumped away, whichcorresponding electron- or proton-transfer reactions with certain
causes the Cel™ intensity to reach a plateau. N@s still

present in the background of the experiment to some extent andi4g) (a)Gas Phase lon ChemistrBowers, M. T., Ed.; Academic Press:
one observes exclusively the catalytic oxidation. However, even New York, 1979. (b)Gaseous lon Chemistry and Mass Spectrometry
the remaining N@ is gradually pumped away such that the Futrell, J. H., Ed.; Wiley: New York, 1986.

+ o f (50) When small and weakly bound ligands are exchanged, this assumption
CeQ" intensity eventually approaches zero. The present does not necessarily apply: (a) Schwarz, J.; Heinemann, C.; Schwarz,

finding is yet another example for catalytic oxidation processes H. J. Phys. Cheml995 99, 11405. (b) Heinemann, C.; Schwarz, J.;

in the gas phag&and demonstrates the unique potential of FT- Schwarz, HJ. Phys. Chemin press.

(51) (a) Martin, W. C.; Zalubas, R.; Hagan,Atomic Energy Leels—The
Rare Earth ElementsNSRDS-NBS 60; National Bureau of Stan-

(48) (a) Kappes, M. M.; Staley, R. H. Am. Chem. S0d.981, 103 1286. dards: Washington, DC, 1978. (b) The good agreement between the
(b) Buckner, S. W.; Freiser, B. 3. Am. Chem. So4988 110, 6606. experimental ionization energy and the result based on density-
(c) Irion, M. P.Int. J. Mass Spectrom. lon Processk392 121, 1. functional theory may benefit from fortuitous error cancellation since
(d) Schraler, D.; Fiedler, A.; Ryan. M. F.; Schwarz, Bl.Phys. Chem. the leading electron configurations, from which the theoretical Kohn
1994 98, 68. (e) Reference 19b. (f) Reference 17d. (d)ckigt, D.; Sham determinants are constructed, contribute less than 60% to the

Schwarz, HLiebigs Ann.1995 429. atomic ground states of Ce and Ce
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Table 2. Thermochemical Datdfor CeQP and CeGH

CeQy CeQ*" CeQH*
AgeH (kcal/mol) —147+ 39 63+ 31 26+ 42
IE (eV) 9.1+ 0.3

a Derived from the present experiments usiigH(CeO") = 91 +
16 kcal/mol** ® Earlier experimental values, as recommend by Dyke
and co-workerg? IE(CeQ) = 9.7+ 0.5 eV. AfH(CeQ) = —127+
12 kcal/mol, thusAeH(CeQt) = 73 + 23 kcal/mol.

substrates due to missing exothermicity. While in general the
nonobservation of a given reaction may be due to thermody-
namic as well as kinetic restrictions, for the special cases of

proton- or electron transfers the activation energies are expected

to be rather small? As mentioned above, proton transfer is
observed from CegH™ to isobutene (PA(gHs) = 195.9 kcal/
mol), while it is absent for toluene (PA§BsCHs) = 189.8 kcal/
mol). Thus, PA(Ce®@ amounts to 193t 3 kcal/mol. The
ionization energy of Ceg follows from the absence of charge
transfer with 1,2,3,4-tetrafluorobenzene (& 9.53 eV) and
benzene (IE= 9.25 eV), whereas CeQ is found to abstract
an electron from chlorobenzene (#£9.07 eV), toluene (IE=
8.82 eV), antb-xylene (IE= 8.44 eV). The electron-transfer
processes are very inefficient from chlorobenzene and toluene
(<5% of all ionic products) suggesting that they occur close to

Heinemann et al.

Table 3. Optimized Theoretical Geometries for Ce@=,", A1)
and CeQ" (3=,

method R 0(0—Ce-0)
CeQ
DFT (frozen core)
LDA + BP ne 1.800 180.0
qre 1.843'¢ 131.5'e
pseudopotential
HF (Af) ar 1.792 116.8
HF (Bf) qr 1.792 118.1
CISD (A) ar 1.806 118.1
CISD (B) qr 1.804 118.8
MRCI (A) qr 1.813 115.2
ACPF (B) qr 1.838 117.6
CeQ*"
DFT (frozen core)
LDA + BP nr 1.744 180.0
qr 1.784 180.0
pseudopotentiél
HF (A qr 1.695 180.0
HF (Bf) qr 1.694 180.0
CISD (A) aqr 1.737 180.0
CISD (B) qr 1.735 180.0
MRCI (A) ar 1.756 180.0
ACPF (B) ar 1.789 180.0

aBond lengths in AP Bond angles in degreesKey: nr, nonrela-

the thermochemical thresholds. However, these electron transfettivistic calculation; gr, quasirelativistic calculatiohAn earlier qua-

reactions have to compete with other very efficient reaction
pathways (see above) which may influence the accuracy of the
bracketing procedure, since the relative efficiencies of oxidation
vs hydrogen transfer vs electron transfer pathways may depen
on other than thermodynamic influences. Thus, with a conser-
vative error estimate we arrive at IE(C8G= 9.1+ 0.3 eV,
based on the observed charge transfer from chlorobenzene an
the nonobservation of electron transfer to benzene. This result
leads to BDE(OC€0—H) = 89 4= 10 kcal/mol which provides

a positive cross-check for the lower bound of the ¢gecH

bond strength as derived above. On the other hand, this result

suggests that all observed hydrogen-atom abstraction reaction
from alkanes proceed closely to their thermodynamic thresholds
(see also section VI). These IEs, PAs and BDEs can be
converted into heats of formation and these values are sum-
marized in Table 2. The agreement with earlier data for £eO
and CeQ@", based on appearance potential and equilibrium
measurements, is reasonable and justifies the use of the
“bracketing” technique for the derivation of thermochemical
data.

V. Theoretical Results. From the observed deflection of a
molecular beam in an electric quadrupole fiéldnd infrared
spectroscopic daf&, the neutral Ce@molecule is known to
exhibit a bent geometr# experimental information on the
structure of its ionic counterpart CeQis not available. In this
theoretical section, we examine the geometric and electronic
structures of these two species and discuss them on th
background of the experimental results. To this aim, two
different methodologies have been employed. First, the results
from quasirelativistic density-functional theory (DFT) are

(52) Kaufman, M.; Muenter, J.; Klemperer, W. Chem. Phys1967, 47,
3365.

(53) Gabelnick, S. D.; Reedy, G. T.; Chasanov, MJBChem. Physl974
60, 1167.

(54) For a recent theoretical investigation on the solid state structure of
CeQ, see: Nakamatsu, H.; Mukoyama, T.; Adachi,Ghem. Phys.
Lett. 1995 247, 168.

(55) (a) Pyykke P. Chem. Re. 1988 88, 563. (b) A comprehensive
overview of electronic structure calculations for molecules containing
lanthanide atoms is given in a recent review: Dolg, M.; Stoll, H. In
Handbook on the Physics and Chemistry of Rare Eaf#sshneider,

K. A., Eyring, L., Eds.; Elsevier: Amsterdam, 1995; Vol. 22.

e

sirelativistic Xa. calculation yieldedR{(Ce—0) = 1.82 A andg(O—
Ce—0) = 132°.%3 ¢ Spin—orhit effects influence bond lengths by less
than 0.01 A and bond angles by less than'A and B designate the

d’espective basis sets in the pseudopotential calculations.

presented, followed by ab initio pseudopotential (PP) calcula-

H’ons and a comparison of these methods. As far as relativistic

effect$® are concerned, the DFT results include an evaluation
of the scalar massvelocity and Darwin terms while the PP
calculations investigate the role of spiorbit effects.

(a) Density-Functional Calculations. The optimized ge-
metries for Ce@" and CeQ, calculated within the nonrela-
tivistic and the quasirelativistic density-functional approach, are
given in Table 3. Nonrelatwistically, the neutral Ce@molecule
adopts a linear geometry. However, upon inclusion of the scalar
quasirelativistic treatment, the bond ang{©—Ce—0) shrinks
to 131.5, along with an elongation of the ceriunexygen bond
by 0.043 A. Energetically, the quasirelativistically optimized
linear structure R(Ce—0) = 1.850 A) is only 0.11 eV (2.5
kcal/mol) less stable than the bent equilibrium geometry.
Experimentally,6(O—Ce-0) = 146 + 2° has been derived
based on the infrared spectrum of Gé®an Ar matrix>3 Note
that the latter value does not include corrections for anharmo-
nicity effects (estimated to redudO—Ce—0) by 5-10°%9)
and the influence of the matrix on the bond angle.

According to the DFT calculations, the cationic GE@pecies
exhibits a2>," electronic ground state, which arises upon
removal of an electron from the 4highest molecular orbital
of the neutral closed-shell CeQnolecule with concomitant
relaxation of the G-Ce—0O angle to 180. In this case, both
the nonrelativistically and the quasirelativistically optimized
geometries are linear. Again, relativity is found lengthen

(56) (a) Tatsumi, K.; Hoffmann, Rlnorg. Chem.198Q 19, 2656. (b)
Pyykkg, P.; Lohr, L.Inorg. Chem1981, 20, 1950. (c) Jorgensen, C.
K.; Reisfeld, R.Struct. Bondingl982 50, 121. (d) DeKock, R. L.;
Baerends, E. J.; Boerrigter, P. M.; Snijders, J.Ghem. Phys. Lett.
1984 105 308. (g) PyykkoJ. G.; Laaksonen, L. J.; Tatsumi, Korg.
Chem.1989 28, 1801. (h) van Wezenbeek, E. M.; Baerends, E. J.;
Snijders, J. GTheor. Chim. Actd 991, 81, 129. (i) van Wezenbeek,
E. M. Ph.D. Thesis, Vrije Universiteit Amsterdam 1992. (j) Cornehl,
H. H.; Heinemann, C.; Marcalo, J.; de Matos, A. P.; Schwarz, H.
Angew. Chem., Int. Ed. Engin press.
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Table 4. Mulliken Population Analyses of the Metal Valence
Orbitals in Quasirelativistic Wave Functions of Ce@eQ*, and
UO2*

Inorganic Chemistry, Vol. 35, No. 9, 199@471

Table 5. Calculated Vertical lonization Energies ()Hor CeQ,
Vertical Electron Affinities (EA) for CeQ", and Adiabatic
lonization Energies for CeQ(in eV)°

LDA +BP HF (Basis A) HF (Basis B) method 1= EA, IEa

CeQ® DFT (frozen core)

6s 1.96 (1.96) 2.05 (2.06) 1.97 (1.96) LDA? 9.22(9.02) 850(8.83) 8.65(8.84)

5p 5.88 (5.89) 6.01 (5.93) 5.85 (5.69) LDA + B2 9.26 (9.11)  8.59(8.93)  8.89(9.10)

5d 153 (1.27) 1.87 (1.41) 1.67 (1.26) LDA + BP 9.02(8.85) 8.31(8.64)  8.54(8.76)

4f 1.26 (1.46) 0.82 (1.35) 0.69 (1.26) .

qCe)  1.38(1.42) 1.19 (1.19) 1.77 (1.77) pseH“Fd?E)%te”t'a' 6.99 7 35 7 80
CeQy* HF (B)° 8.97 7.32 7.75

6s 1.92 2.04 1.98 CISD (A) 9.24 8.07 8.52

5p 5.63 5.60 5.52 CISD (B) 9.34 8.15 8.56

5d 1.16 1.50 1.27 ACPF (A) 9.09 7.85 8.57

Af 1.34 1.22 1.01 ACPF (B) 9.19 7.94 8.61

a(Ce) 1.95 1.55 217 aUsing the LDA+BP optimized geometried.A and B designate
oA the respective basis sets in the pseudopotential calculatibhsnbers

7s 0.00 0.0 in parentheses refer to nonrelativistic calculations. Spibit effects

6p 5.39 5.81 increase IE by 0.05 eV, EA by 0.06 eV, and IEby 0.05 eV.

6d 1.08 1.20

5f 2.58 2.41 Table 6. Calculated Bond Dissociation Energies (BDE®Y

q) 3.16 2.54 OCe"—O0 (in kcal/molp

2 At the bent equilibrium geometry. Numbers in parentheses refer
to optimizediinear geometriesP Den; Re = 1.723 A (LDA+BP) using
a doubleg polarized basis according to ref 56iHF results (double:-
polarized basis) wittR. = 1.64 A taken from ref 57.

the cerium-oxygen bond by a similar order of magnitude
(+0.04 A) as in the neutral counterpart. Relativistic bond
lengthening has an interesting parallel in theJQO,?*,%6 and
NUO™ molecules’lc which also exhibit short multiple bonds
between an electronegative ligand and a heavy metal. The
absolute magnitude of this effect within the same quasirelativ-
istic DFT scheme amounts t0.044 A for CeQ, to +0.040
A for CeO,* (present work), and t6-0.033 A for UQ2* 31¢|n
the uranium case, the relativistic bond lengthening has been
explained by the particular semicorelike nature of the spatially
extended uranium 6p shell, which exhibits a hole due to
interaction with the 2s valence orbitals of the ligaf#isThe
analogy with the cerium dioxide case is evident from the
population analyses for the quasirelativistic Kohn-Sham deter-
minants of Ce@ CeQ*, and UQ?" (Table 4) which give
occupations of 5.88 (Cefpand 5.63 (Ce@) for the Ce 5p
and 5.39 for the U 6p orbitals. The Mulliken population
analyses suggest that the hole, which arises upon ionization in
the closed-shell species CgQs neither localized on the
lanthanide center nor on the oxygen ligands. Removal of an
electron increases the Mulliken charge of the cerium atom by
0.57 e with the main contributions from the cerium 5d and 5p
orbitals. The remaining 0.43 e are taken from the 2p orbitals
on the oxygen ligands. Thus, in CgOthe unpaired electron
resides in the &, orbital with contributions from both the
oxygen 2 and the cerium 44, and 5g orbitals. In other
words, the electronic structure of CgQrepresents neither of
the two extremes alluded to in the introduction<Oe\)*+=0
vs O=CeéV+—0); rather, the oxidation state of Ce is best
characterized as between IV and V with also radical character
at both oxygen atoms in terms of a resonatirrgond.
Theoretical ionization energies for Ce@nd bond dissocia-
tion energies for Ce@ are given in Tables 5 and 6. For the
ionization process, we give the adiabatic values as well as the
vertical ionization energy of CeQand the vertical electron
affinities of CeQ™. The absolute difference between the vertical
and the adiabatic electron affinities of Cg€Qs smaller than
for the corresponding vertical and adiabatic ionization energies,
reflecting the softer bending potential for the neutral cerium
dioxide as compared to the cationic counterpart. Irrespective
of the employed functional, relativity decreases the adiabatic

method BDE

DFT (frozen core)

LDA® 134.1 (113.5)
LDA + B¢ 104.2 (81.0)
LDA + BP 116.9 (95.0)
pseudopotential
HF (A) —-6.7
HF (B) -1.6
CISD (A) 61.8
CISD (B) 59.5
ACPF (A) 77.8
ACPF (B) 78.9
CCSD(T) (B) 80.3
exptl 88+ 15

aBDE = E(CeQ', 22,7) — E(CeO, A for DFT methods?® for
HF, CISD and ACPF)- E(O, °P).? Results in parentheses refer to
nonrelativistic calculations. The spiorbit contribution of—10.9 kcal/
mol is not included® Using the LDA+BP optimized geometries.

ionization energy of Cefca. 0.2 eV, as expected from the
indirect screening effeéb,which destabilizes the 5d orbitals of
the lanthanide element. The calculated adiabatic ionization
energy for Ce®@ using the LDA, LDA+B, and LDA+BP
functionals lie well within the present experimental result of
9.1+ 0.3 eV. For comparison, reasonable agreement is also
found for the ionization energy of the cerium atom, which
quasirelativistically is calculated as 5.87 eV (LDA), 5.95 eV
(LDA+B), and 5.72 eV(LDA-BP), compared to an experi-
mental value of 5.87 eV (corrected for spiarbit effects by
j-level averaging for Ce5c4f1, “H)).51 As far as the BDE-
(OCe"—0) is concerned, the employed functionals show the
well-known overbinding tendency, typical for applications of
the employed functionals for open-shell transition-metal
system&1b-d Relativity is found to strengthen the OCeO
bond by ca. 20 kcal/mol. The quasirelativistic LBBP result
(116.1 kcal/mol) is almost 30 kcal/mol larger than the center
of the experimental bracketing result (815 kcal/mol) and
clearly outside the experimental uncertainties. While LDA
without gradient corrections yields an even larger bond energy
(134.1 kcal/mol), the LDA-B result (104.2 kcal/mol) is found
to be the closest to experiment among all functionals employed
here, as already noted for other transition-metal containing open-
shell moleculegtbc

Because CeOconstitutes one of the fragments in the bond
energy calculations, Table 8 summarizes theoretical results on
its 4 low-lying AS-coupled electronic states. Within the DFT
scheme, the ground state of CeGs found to be of2A
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Table 7. Calculated Bond LengthB. and Adiabatic Term
EnergiesT. of Low-Lying States of Ce@

201
u

23 + 25 + 211
9 u 9

R Te R T R T R T
A @) A V) A V) A eV

method

DFT (frozen core)

LDA + BP 1.890 2.34 1.893 1.51 1.784 0.00 1.930 2.24
pseudopotential

MRCI (A) 1872 2.84 1859 1.82 1.756 0.801.888 3.16

MRCI (B) 1.866 2.88 1.856 1.92 1.750 0.801.880 3.31

aTheQ = 0.5 state is lowered by 0.03 kcal/mol with respect to the
23t state due to spinorbit coupling.

Table 8. Calculated Spectroscopic Constants of Low-Lying States
of CeO" from AS-Coupled Calculations

20 2A

201 2=t

Te Te Te Te
method (F/ie) (cm™) (F/ie) (cm™) (F/ie) (cm™) (%) (cm™)

DFT (frozen core)

LDA + BP 1.792 2009 1.783 0 1.775 1524 1.778 1453
pseudopotential

MRCI (A) 1.770 0 1.762 508 1.760 1379 1.760 1288

MRCI (B) 1.768 0 1.760 511 1.760 1380 1.758 1293

ACPF (B) 1.777 0 1.769 580 1.767 931 1.767 1138

symmetry. Electronically, this species is characterized by a
“perfect pairing” pattern of the bonding valence electrons plus
one single unpaired electron residing in a nonbonding 4f orbital
of cerium. Due to the large spirorbit splitting of the lanthanide

4f levels®! we expect a significant spirorbit stabilization of
CeO", which might also influence the computed BDEs for
CeQt. This aspect will be discussed after the presentation of
the ab initio pseudopotential calculations covering spirbit
coupling further below.

The first electronically excited state of CgOhas 21,
symmetry and arises upon removal of an electron from the
second highest occupied molecular orbitah)%sd neutral CeQ.

In this state, the ceriumoxygen bonds are calculated to be ca.
0.1 A longer than in the!Z;* ground state, and a similar
structural trend also applies to the lowéHt;, and?Z,* states.

Energetically, these excited states are more than 1.5 eV

disfavored with respect to the ground state. We conclude that

the thermal energy regime.
ionization energies for Ce® and CeQ, as derived from ion/
molecule reactions of thermalized CgOcations are not
expected to suffer from interference with low-lying electroni-

cally excited states and thus represent genuine thermochemica

data.

(b) Ab initio Pseudopotential Calculations. The optimized
geometries for Ce@Pand CeQ" derived from the quasirelativ-

. . ; 'is bent whereas U is linear.
even when a reasonable error estimate of 0.5 eV is attributed o

to the calculated excitation energies, the theoretical results
suggest that the lowest excited states are not accessible Within]-
Consequently, the bond and
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trends are observed for C&éQ(Table 8). The differences
between the PP configuration interaction and the DFT calcula-
tions might be due to basis set effects: PP HF calculations with
basis sets of valence douhlequality yield a bond angle of
137 for CeQ; as well as bond lengths of 1.828 and 1.772 A
for CeQ, and CeQ@", respectively. Reducing the size of the
5d(Ce) and the 2s, 2p (O) basis in the DFT calculations
(LDA+BP functional) to doubl€-quality also leads to a larger
O—Ce-0 angle (147.9 and longer ceriumoxygen bonds
(1.860 A) for CeQ. Finally, spin-orbit effects influence the
bond lengths and bond angles by less than 0.01 A &nd 1
respectively. The energy difference between bent and linear
CeQ is decreased by merely 0.01 eV (0.2 kcal/mal).

The bent equilibrium geometry of Ce@eeds some further
comments. The Mulliken population analyses summarized in
Table 4 suggest that a balanced d and f basis set is needed to
obtain reliable data for the Ce®ond angle. Bent and linear
structures are favored by 6s/5d and 6s/4f hybridization on Ce,
respectively?’ Since there is no excplicitly occupied Ce 4f
orbital in CeQ, one may evaluate the influence of the 4f shell
on the G-Ce—0 angle by omitting the f-functions in the basis
set. As expected from the hybridization argument, we find that
at the HF level the bond angle is reduced by &8d the bond
length decreases by 0.08 A. Moreover, the energy difference
between the bent equilibrium geometry and the linear geometry
is increased by 2.30 eV (53.0 kcal/mol). Thus, f-functions are
essential for describing the structural properties of £&0t it
is difficult to deduce from these results whether this is a
polarization or a genuine hybridization effect.

In earlier work, Wadt attributed the structural differences
between Th@ the bent actinide homolog of Ce@nd the linear
isoelectronic uranyl dication U" to the different ordering of
the 5f and 6d orbitals of the actinide atofisThe 5f orbitals
are lower in energy than the 6d orbitals and dominate back-
bonding from oxygen in Ug", whereas the opposite is true
for ThO,. We note here that a discussion in terms of orbital
energies alone may be misleading for the 4f-elements: i Ce
(4f'5d1) the difference between the orbital energies of the 4f
(—1.00 au) and 5d-0.68 au) orbitals is almost a factor of 2
larger than the one given by Wadt for the respective levels of
Uzt (5f3%dt; 5f, —0.80 au; 6d—0.64 au); nevertheless, CeO
On the other hand, for
estimating the efficiency of orbitals in chemical bonding, one
also has to consider an additional criterion, their radial extent.
he ratio of the radial expectation values o2€&d (2.57 au)
and 4f (1.08 au) is 2.50, whereas the one f8r 8d (2.79 au)
and 5f (1.42 au) is 1.96. Thus, the more compact nature of the
lanthanide 4f orbitals as compared to the actinide 5f orbitals

akes their participation in bonding less favorable in terms of

verlap with ligand orbitals such as those of oxygen in the
present case and 5d/6s rather than 4f/6s hybridization determines
the bent equilibrium geometry of CeO

The calculated CISD and ACPF ionization energies of £eO

istic PP calculations are listed in Table 3. Using basis sets A (Table 5) show the same qualitative trend(FE IE, > EA,)

and B, CeQis found to be bent with a bond angle of 1+72°
at all levels of theory, i.e. about 1%ess than the DFT results.
At the MRCI level (basis set A) the linear structure with
optimized Ce-O distance is calculated to be 0.36 eV (8.2 kcal/
mol) higher in energy, which is by a factor of 3 larger than the
energy difference calculated with DFT. The corresponding
ACPF value (basis set B) of 0.5 eV (11.5 kcal/mol) is even
larger.

CeQt is found to be linear in all calculations. For both

as the DFT results. Spirorbit effects are again of minor
importance and increase all calculated ionization energies and
electron affinities marginally (I +0.05 eV; Ig, +0.05 eV,
EA,, +0.06 eV). Quantitatively, the correlated PP methods
yield ionization energies which deviate by less than 0.5 eV from
the DFT results and are in excellent agreement with the
experimental value.

In order to estimate BDE(OCe-0), calculations within the
AS and intermediate (including sptorbit effects) coupling

molecules the MRCI bond lengths (basis A) are about 0.03 A schemes for the low-lying electronic states of Ce@ere
shorter than the corresponding DFT values, whereas the
deviations are smaller than 0.01 A for the ACPF values. Similar (57) Wadt, W. R.J. Am. Chem. Sod.981, 103, 6053.
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Table 9. Calculated Spectroscopic Consténi§ Low-Lying States
of CeO" from MRCI Calculations in the Intermediate Coupling
Scheme (Basis set C), Whefg Is the Total Angular Momentum
Quantum Number

Q R. (A) Te(cm?)
2.5 1.795 0
15 1.788 404
0.5 1.788 1164
3.5 1.796 2291
2.5 1.789 2491
15 1.788 3232
0.5 1.788 3421

aThe vibrational constants are (10801) cn1* for all states ((999
+ 1) cnt* without spin-orbit coupling). TheQ = 2.5 state is lowered
by 11.6 kcal/mol with respect to tlé@ state due to spinorbit coupling.
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Table 10. Rate Constants Relative to the Theoretical Collision Rate
Constantkapo?® for C—H Bond Activation of Saturated and
Unsaturated Hydrocarbons by CgQations & = 0—2)

Ce* CeO" CeQ*
CH, < 0.00F < 0.001 < 0.001
CoHs 0.00® < 0.001 < 0.001
CsHg 0.12 < 0.001 0.003
n-CsH1o 0.40*P < 0.001 0.10
i-C4H1o 0.200° < 0.001 0.04
neoCsHi» 0.0 < 0.001 0.03
c-CsH12 0.8¢ < 0.001 0.35
CoHy 1.00 < 0.001 0.10
CH;=CHCH; 1.00+° < 0.001 0.44
CH;=CHCH,CHz 1.00 < 0.001 0.62
CH,;=CHCH=CH; 1.00 < 0.001 0.80
CsHs 1.00 < 0.001 0.64

aReference 11¢f Also C—C bond activation reactions occur.

required. These results are summarized in Tables 8 and 9 and

supplement earlier data for neutral C&Qwyhich are in good
agreement with the available experimental #dta he agree-

result (88 + 15 kcal/mol). Adding the same spiorbit
correction to the DFT results, we obtain BDE(OCeD) as 93.3

ment between the ab initio PP and the DFT results with respectkcal/mol (LDA+B) and 106.0 kcal/mol (LDA-BP), respec-

to the geometries and term energies of g 21, and ="
states of CeQ is reasonable, and the deviations between the
two methods remain within the expected range. However, in
the PP calculations thb state is found to be the ground state
of CeQ', at variance with the DFT method, which predicts this
state to be the energetically least favorable of all four low-lying
states considered here. A similar behavior is found for the DFT-
computed relative energies of thé and3® states within the
low-lying state manifold of neutral CeO. Since the ground state
of CeO is experimentally known to exhilsib symmetry® with

the singly occupied 6s orbital as HOM®a 2® ground state
for the CeO cation is intuitively reasonable, and this expecta-
tion is corroborated by our ab initio PP calculations. However,
the unreasonably high relative energy of this state within the
DFT scheme is unsatisfactory and calls for more detailed
investigations, which are not purpose of the present work.

As expected, the bond dissociation energies for £efs

tively. Thus, for the first ceriumoxygen binding energy in
CeQt the LDA+B functional compares most favorably among
all methods considered here. With all methods (expect for HF),
the calculated ionization energies of Ge@re within the
experimental bracketing value of ¢410.3 eV. Thus, as far as
the application of density-functional methods for the theoretical
description of ground state electronic properties of small
lanthanide complexes is concerned, one is led to a positive
conclusion. Although it may in certain cases be difficult to
recognize potential pitfalls of these methods (primarily, these
seem to appear in the treatment of excited states, see the
discussion of Ce0®), the geometric and energetic properties at
least of systems as complex as Ge@ight be expected to be
well reproduced if one regards highly correlated ab initio results
and available experimental data as reference marks.

VI. Comparison of Cet, CeOf, and CeQ," in their
Reactions with Hydrocarbons. Table 10 lists the rate constants

derived from the correlated PP calculations are lower than the measured for “bare” Ce CeO", and CeG" with a common

corresponding DFT results (Table 6). With respect to experi-

set of saturated and unsaturated hydrocarbons. Most of the

ment, the best value obtained with the size-consistent ACPF information for Cé& is taken from an earlier stu#ff and has

method and basis set B (78.9 kcal/mol) is within the experi-
mental bracketing result (88 15 kcal/mol). However, in the
PP calculations it is found that spitorbit effects lower the
energies of Ce@ and CeO by 0.7 kcal/mol (Table 7) and

been supplemented by the data for®deopentane, Céethene,
Ce'/1-butene, C&/butadiene, and Cébenzene systems for the
present purpos®. In contrast to Cé and CeQ", the cationic
cerium monoxide CeOwas found to be completely unreactive

11.6 kcal/mol (Table 9), respectively. Neglecting the small with all substrates considered here (except for slow adduct
spin—orbit effects on the oxygen atom, we may estimate that formation, which is not discussed here). To understand the
the spin-orbit corrected ACPF result is 68.0 kcal/mol. Bond different reaction patterns, we focus on the general potential
lengths and term energies of the low-lying excited states of energy surface of an ion/molecule reaction as displayed in Figure
CeQt are given in Table 7. Atthe MRCI level, the first excited 2. The initial step of such a process is the formation of a weakly
21, state is 2.20 eV above th&," ground state, in good  bound adduct complex between the metal complextNIL =
agreement with the LDABP result of 1.91 eV. The qualitative  ligand) and the substrate S, which remains rovibrationally
and guantitative agreement becomes, however, somewhat worsexcited under single colllision conditions. Most generally, one
for the higher excited states. or more transition states (TS) have to be passed en route to the
(c) Comparison. To summarize this section, we have found electrostatic adduct between the product metal compleX ML
reasonable agreement between gradient-corrected density funcand the eventually lost neutral product P. The efficiency of
tional and correlated ab initio pseudopotential calculations as the overall process depends on the interplay of several factors
far as the electronic and geometric structures as well as groundsuch as the lifetimes of the primary adduct complexes, the
state energetic properties of Ce@nd CeQ*+ are concerned. heights of the barriers and the relative energies of the entrance
With respect to the binding energy of an oxygen atom to GeO and exit channel$t
the spin-orbit corrected ACPF calculation yields a result 5 kcal/

mol smaller than the lower limit of the experimental bracketing (60) The product distributions are: (a) Greopentane: Cefls*, 100%
(loss of CH, + Hy). (b) Ce'/ethene: Ce@H,™, 100% (loss of H).
(c) Cet/1-butene: Ce@Hs", 80% (loss of H); CeGH4t, 10% (loss
of 2 Hy); CeGHa, 10% (loss of GHg). (d) Cef/butadiene: CefHs",
15% (adduct formation); Cels™, 30% (loss of H); CeGH,*, 55%
(loss of GHa).

(61) Tolbert, M. A.; Beauchamp, J. I. Am. Chem. S04986 108 7509.

(58) Dolg, M.; Stoll, H.; Preuss, H. Mol. Structure (THEOCHEM) 991,
231, 243.

(59) Linton, C.; Dulick, M; Field, R. W.; Carette, P.; Leyland, P. C;
Barrow, R. F.J. Mol. Spectrosc1983 102 441.
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MLt + S ML'* + P

ML*. - - ML . .

Figure 2. General potential energy surface for an ion/molecule reaction.

In reactions of “bare” Ce cations with hydrocarbons, intact
closed shell molecules such as,HC;Hs, or GHg are lost
exclusively with a general preference for-& over C-C bond
activation processes. In earlier studi€§we have shown that
a "classical" mechanism involving the insertion of'Qevhich
has three unpaired electrons in thé&# ground state config-
uration) into a weak €H bond of the hydrocarbon followed
by rearrangements via e f:hydrogen shifts and finally losses
of H, or small hydrocarbons can account for these processes. It
could be shown that the non-occurrence of a reaction between
Ce' and methane is due to endothermicity (i.e. the product
channel is energetically disfavored with regard to the reactants).
Moreover, the increasing rates along the series propane, isobu

tane, cyclohexane, and propene were accounted for by the

increase in polarizabilities (stabilizing the primary adduct
complexes), the decreasing strengths of the weakest Bonds
in these systems (which should lower the relative energies of
the respective TSs), and the increasing thermodynamic driving
forces (which lower the relative energies of the exit channels).
The present data are in qualitative agreement with these
arguments. For example, the low efficiency of the*Ce
neopentane reaction is easily rationalized by the presence o
only strong primary €&H bonds in this system and the missing
possibility for a “simple”s-hydrogen migration which requires
either rearrangements of the carbon skeleton or a multicenter
transition state on the way to the observed product ion,HgC
On the other hand, the corresponding activations of ethene,
1-butene, butadiene, and benzene are kinetically efficient due
to the larger attractive ion/substrate interaction potentials and
the presence of themodynamically favorable product channels.
In the light of these data, the inability of C&Qo activate
any of the considered substrates is most probably due to
thermodynamic restrictions. According to the theoretical data,
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of HCeO" and a hydrocarbon radical is expected to be
thermodynamically unfavorable since the-BeO" bond is
probably much weaker than any-@&l bond in the substrates
considered here due to the 4f-character of the unpaired electron
in CeO'.

Finally, let us focus on Cefd. The reactivity of this species
toward the present set of substrates is intermediate between
“bare” Ce" and Ced. For the comparison between Cand
CeGt, we will concentrate on the €H bond activation
reactions, since oxidation of the substrates is not an issue for
the cerium cation itself. At first, for most substrates the
reactions of alkanes with CeOare less efficient as compared
to Ce" and proceed mostly via hydrogen abstraction to yield
CeQH™ and neutral hydrocarbon radicals. H-atom abstraction
is not observed for “bare” Cecations and points to a different
mechanism being operative in the CGeflkane systems.
According to its electronic structure, CeOhas one single
unpaired electron. Thus, insertion into—@& or even C-C
bonds is expected to be disfavored on the basis of the arguments
given for Ced. On the other hand, the OCe&©H bond
strength amounts to 88 10 kcal/mol, which renders activation
of methane (BDE(KC—H) = 105 kcal/mol) endothermic, in
accord with our observation. The primary and secondar{iC
bond energies for all other alkanes considered here amount to
99 + 1 kcal/mol. Thus, these processes must proceed close to
their thermochemical thresholds. In such a situation, for a given
C—H bond strength, the lifetime of the primary ion/molecule
complexes will determine the efficiency of the activation
reaction and this explains the non-occurrence of ethane activa-
tion (BDE(GHs—H) = 100 kcal/mol) compared to the corre-
sponding process involving propane (BDEEH;—H) = 99
kcal/mol vs BDE(-CsH7—H) = 101 kcal/mol). However, even
a substrate as polarizable as cyclohexane reacts only in 35% of
all collisions. This is consistent with the view that, as the radical

fabstraction type €H bond activation proceeds at the thermo-

chemical threshold, one expects a maximum of 50% reaction
efficiency if no barriers are present (thermoneutral ligand
exchang&9 and even less in a process involving an intermedi-
ate TS.

The rise of the reaction efficiencies along the sequent& C
< neoCsHiz < i-C4Hio < N-C4H10 < c-CgH12 can be rational-
ized by the number of easily activated-€& bonds. Obviously,
C—C bond activation is not observed for C£0O The distinct
observation of Ce@,™ as a primary product ion in the Ce@
cyclohexane system compared to all other alkanes (see above)
can be accounted for by larger lifetimes of the product

CeO" possesses a single unpaired electron residing in a spatiallycomplexes such that a second hydrogen atom may be transferred

compact and “chemically inactivE”4f-orbital of cerium. Thus,
insertion of this species into a-€4 bond of R-H requires
formal fission of the strong ceriurroxygen bond. The resulting
hypothetical cationic alkythydrido—oxy cerium species (H)-
(R)CeO' involves a substantially weakened ceritoxygen
interaction and is expected to be destabilized with respect to

([CeOzH+—C6H11'] i [CeOZH2+-CeH10] — CeQH,t + C5H10).

For CeQt/isobutane, Ce@H,t may evolve after the primary
C—H bond activation as a subsequent cleavage of the weak
tertiary C-H bond (BDE((HC)sC—H) = 95 kcal/mol), i.e.
CeQ" + i-C4H;10 — [CeOHT-((CH3),CHCH,")] — CeQH, "

=+ (CH3),C=CH,. In this view, CeQH," is not observed as a

the entrance channel compared to the analogous process witfPrimary product in the Ce©/n-butane system because only

the “bare” Cé cation. Similar arguments apply for the possible
addition of a substrate across the-€& bond, i.e. ions of the
H—Ce—OR* or R—Ce—OH™ connectivities. For comparison,
the attachment of a second oxygen atom to €ef3 shown in
the present work, requires a strong oxidation reagent,JNO
and is driven by the delocalization of the unpaired electron along
the O-Ce—0 linkage. The same stabilization is, however, not
expected for (H)(R)CeOsince the hydrogen and alkyl ligands
require a perfect pairing pattern of the electrons involved in
the respective bonds to cerium. Finally, we point out that also
a direct hydrogen abstraction pathway resulting in the formation

stronger primary and secondary-@& bonds are present in this
substrate.

The low reaction efficiencies for the Cg@alkane reactions
are somewhat surprising as compared to those of the reactions
of CeQt with unsaturated hydrocarbons. As a possible
explanation, we propose relatively low complexation energies
of CeQy™ with alkanes and hence kinetic and thermochemical
restrictions are associated with the activation efKCbonds.

For example, based on DFT calculations with the methods
employed for the present study, we estimate the depth of the
CeQy"/CH, interaction potential as ca. 6 kcal/mol compared to
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ca. 20 kcal/mol for “bare” Cewith CH,.%2 Note that the BDEs- Its ground state 2E,") electronic structure, as intermediate
(C—H) of the alkanes are 1015 kcal/mol higher than those in  between Ce(V) and Ce(lV), is well described by the density-
the olefins bearing allylic €H bonds, for which fast €H functional and ab initio pseudopotential methods. Relativity is

activations are observed. A similar thermochemical argument found to lengthen the CeO bonds and to strengthen them by
applies for the oxygen transfer, e.g. hydroxylation of ethane by ca. 20 kcal/mol. (vi) The presence of the two oxygen ligands
CeQy to yield ethanol is exothermic by 15 kcal/mol while in CeQ" induces a change in the mechanism fori bond

in the case of ethylene 2% 15 kcal/mol are released if the activation with respect to the “bare” Cecation from the
thermodynamically most stable product (acetaldehyde) is formed. insertion/elimination type to direct hydrogen abstraction. Low
The influence of possible energy barriers for the oxidation efficiencies for Ce@'/alkane reactions can be rationalized on
reactions is not easy to estimate without detailed knowledge of the basis of thermodynamic restrictions as well as short lifetimes
the underlying potential energy surfaces. However, one canof the encounter complexes. Cg&Oon the other hand, is
account for the different rate constants considering that oxidation completely unreactive toward simple saturated and unsaturated
of a double bond should be kinetically easier than that of an hydrocarbons.

unfunctionalized alkane because the former substrate allows a In conclusion, we hope to have demonstrated that ligand
facile cycloaddition/cycloreversion type of mechanism whereas effects in the gas-phase chemistry of lanthanide cations can be
several consecutive bond fission and bond formation steps aresubstantial. For smaller systems, as in the present case, they

usually involved in the hydroxylation proces. may be rationalized in combination with theoretical methods
) for the analysis of geometries and electronic structures. The
Summary and Conclusions observed oxo ligand effects are not additive in the sense that a

The main results of this study can be summarized as follows. first 0xygen atom almost completely switches off the ability of
(i) CeQ* can be generated in an exothermic ion/molecule Ce" t_o actl\_/ate CH b_onds in hydrocarbons _vvhlle the second
reaction from Ce® and NQ. (i) The CeQ" cation serves as ~ 0X0 Ilgand increases it again with a concomitant chgnge of the
an oxygen atom donor to a variety of unsaturated hydrocarbon mechanism. For theoretlcal purposes, density-functional theory
substrates and cyclohexane. Catalytic oxidation of ethene by@PPears as a practical tool for the treatment of small 4f-element
NO, is mediated by Ceg¥. Under the experimental conditions, complexes. While problems in the treatment o_f excited states
the turnover number is limited to 8 because of side reactions May occur, the overall quantitative accuracy is close to the

with background contaminants.iiij Effective C—H bond- computationally much more expensive ab initio methods.
activation of unsaturated allyl-type hydrocarbons is effected by Finally, it should be kept in mind that in the future larger systems
CeQy* with formation of the CeO(OH) complex. The corre-  involving lanthanide elements need to be approached from the

sponding reactions with saturated hydrocarbons are found totheoretical point of view. This will require methods by which
be much slower. i) Bracketing experiments yield the follow- meaningful results can be obtained at reasonable computational

ing thermochemical dataAgH(CeQ) = —147 + 39 kcal/mol; efforts and DFT seems to be very promising in this respect.
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