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Abstract 

The ability of the atomic uranium cation UC to activate a variety of saturated and unsaturated hydrocarbon molecules is investigated. 
Both C-H and C-C bond activation processes proceeds at markedly higher kinetic efficiencies compared with the lower congener Nd+ 
from the lanthanide series. Formation of a cationic uranium-benzene complex occurs in three consecutive dehydrogenation reactions 
between U+ and ethylene. The mechanism of this metal-mediated cyclotrimerization is enlightened by kinetic measurements, collision-in- 
duced dissociation experiments and ion-molecule reactions of the intermediate species. 
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1. Introduction 

Gas-phase chemistry of “bare” and ligated transition 
metal cations is a rapidly developing area of research 
focusing on the fundamental understanding of 
organometallic reaction mechanisms [l]. In the absence 
of solvents, surfaces and other “bulk” effects the 
chemistry which occurs under single-collision condi- 
tions between a singly charged transition metal cation 
M+ and an organic substrate (typically, a simple or a 
monofunctionalized hydrocarbon molecule) reflects the 
intrinsic reactivity of an organometallic species. Over 
the last few decades an extensive body of information 
has become available [2] and, besides well-known reac- 
tion patterns from solution-phase chemistry, new and 
fascinating organometallic reaction types (e.g. remote 
functionalization [3], and cluster-assisted C-H and C-C 
bond activation [4]) have been uncovered to exist in the 
gas phase. 

Most organometallic reactivity studies in the gas 
phase considered cations of the first (3d block) and 
second (4d block) transition metal rows. Recently, also 
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the heavier 5d block elements have attracted consider- 
able attention. Their unique ability to activate notori- 
ously unreactive molecules such as methane [5] and 
even carbon dioxide [6] has invoked new impetus to 
gas-phase studies of heavy elements, in particular with 
regard to potential mechanistic implications for “real- 
life” catalytic processes. Accompanying theoretical 
work has related the peculiar features of Sd block 
transition metal cation chemistry to the influence of 
relativistic effects, which for example enhance the Pt +-- 
CH, bond strength by as much as 50 kcal mol-’ [7]. 
With this background, we have recently carried out the 
first systematic investigation on the organometallic 
gas-phase chemistry of the 4f block or “rare earth” 
cations [8]. The conclusion which could be drawn after 
comparing the reactions of the lanthanide cations Ln’ 
with a series of ten different hydrocarbon substrates was 
that the general reactivity decreased with increasing 
energy demand for the excitation of a 4f electron into 
either a 5d or the 6s orbital. This result confirms the 
well-known qualitative guideline of inorganic chemistry 
that electrons in the spatially compact 4f orbitals are 
chemically inactive. The involvement of excited elec- 
tronic configurations in the gas-phase reactivity of lan- 
thanide elements can be regarded as another reflection 
of relativistic influences, namely spin-orbit coupling, 
which provides an efficient mechanism for transitions 
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between ground- and excited-state potential energy sur- 
faces [8a]. Other interesting chemical features of lan- 
thanide cations in the gas phase concern their ability to 
activate selectively carbon-fluorine bonds [9] or to 
assist the oxidative dimerization of two propene 
molecules to benzene [lo]. 

Here, we present an extension of these investigations 
to uranium, the chemically most important actinide (5f 
row) element. Gas-phase chemistry of “bare” U+ 
cations has so far been only briefly investigated [ll]. 
Some interesting observations made in these studies 
(e.g. the high proton affinity of the neutral U atom [ 121 
or the ability of Uf to activate CO, [13]) prompted us 
to investigate the chemical behavior of U+ towards 
hydrocarbons in some more detail. The first part of this 
work describes the general ability of the atomic uranium 
cation Uf to activate a series of unfunctionalized hy- 
drocarbon molecules. In the second part we present a 
mechanistic study for the consecutive trimerization of 
three ethylene molecules to an intact benzene moiety, 
which is promoted by the U+ cation. Since the pioneer- 
ing work of Ziegler and Natta, the oligomerization of 
small unsaturated hydrocarbons constitutes a challenge 
for organometallic chemistry in general. The high activ- 
ity of organolanthanide complexes of the type Cp; Ln-H 
(Cp * = C,Me,; Ln = lanthanide) in the polymerization 
of ethylene under solution-phase conditions has been 
demonstrated in a landmark contribution by Schumann 
and coworkers [14] in 1985. Catalytic and stoichiomet- 
ric C-C bond formation has also been reported upon 
reaction of molecular organometallic solids with gaseous 
ethyne and ethene [15]. In the gas phase, Ti+-mediated 
oligomerization of up to 20 ethylene units has been 
reported under pressure conditions of about 0.5 mbar 
[ 161. Under similar conditions, Ti+-mediated oligomer- 
ization of isobutene yields polymeric organic ions of the 
type C,Hz(C,H,),, [17]. The experimental set-up em- 
ployed in the present work is Fourier transform (FT) ion 
cyclotron resonance (ICR) mass spectrometry (MS), 
which is typically carried out at much lower pressures 
of about lo-’ mbar, thus allowing only for the observa- 
tion of the first steps of an oligomerization process on a 
reasonable time scale. However, such low pressure ex- 
periments will provide insight in the general principles 
of metal-assisted carbon-carbon bond formation, irre- 
spective of site- and phase-specific external perturba- 
tions. 

2. Experimental details 

The experiments were performed using a previously 
described [18] Spectrospin CMS-47X FI ICR machine 
which is equipped with an external ion source. For ion 
generation by laser desorption (LD)-laser ionization 
(LI), the beam of a Nd-doped yttrium aluminum garnet 

laser (Spectron Systems; h = 1064 nm) was focused 
onto a uranium metal piece. The ions were extracted 
from the source and transferred to the cylindrical ICR 
cell by a system of electrostatic potentials and lenses. 
After deceleration, the ions were trapped in the field of 
a superconducting magnet (Oxford Instruments; maxi- 
mum field, 7.05 T). The 238U+ ion was isolated from 
the simultaneously generated UO: species (x = 1, 2) 
owing to surface oxidation using FERETS [19], a com- 
puter-controlled ion ejection protocol which combines 
frequency sweeps and single-frequency pulses to opti- 
mize ion isolation. Special care was taken to ensure 
thermalization of the ions prior to chemical reactions. 
This was affected by removal of excess energy via 
collisions with pulsed-in argon (maximum pressure, 
about 5 X 10e5 mbar for about 1 s>. Uranium-ligand 
complexes UL+ were generated from thermalized ura- 
nium cations by applying a short pulse of a reactant gas 
into the cell and isolating the desired ion using FERETS. 
For all reactivity studies, the reactants were admitted to 
the cell via a leak valve at a stationary pressure of 
(l-5) x lo+ b m ar. Reaction products were identified 
using high resolution mass spectra, and their reaction 
pathways were investigated by MS-MS and double-res- 
onance techniques. Collision-induced dissociation (CID) 
experiments were carried out by (i) isolation of the 
desired ion using FEFLETS, (ii) thermalization by pulsed-in 
argon, (iii) kinetic excitation of this ion by an r.f. pulse 
and (iv> trapping it for 1 s in argon at a static pressure 
of 1 X lo-* mbar. The “low energy” CID spectra refer 
to an excitation energy range in which the lowest 
energy fragmentation channels of a given ion occur. 
The appearance region of additional CID products will 
be denoted the “high energy” CID regime. Rate con- 
stants were determined from the pseudo-first-order de- 
cay of the reactant ion and are reported with an esti- 
mated accuracy of +30%. In cases where undesired 
oxidation reactions of U+ cations of UL+ complexes 
with background water or oxygen accounted for more 
than 5% of the product ions, the overall reaction rates 
were multiplied by the initial quota of C-H and C-C 
bond activation to obtain the correct rates for these 
processes. Relative reaction efficiencies are reported as 
percentages of the measured rate constants with respect 
to the theoretical collision rate kcapt, calculated from 
capture rate theory [20]. All functions of the mass 
spectrometer were controlled with a Bruker Aspect 
3000 minicomputer. 

3. Results and discussion 

3.1. Gas-phase reactivity of U ’ with hydrocarbons 

Scheme 1 and Table 1 provide an overview of the 
product ion distributions and reaction rate constant: 
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U++CH, -++ :zz UC,H,+ 

U+ + C2H, e 
U+ + C,H, 

c -y;, UC,H4+ 

U+ +“C,H,,, U+ +‘C,H,, 

Scheme 1. 

determined for the gas-phase reactions between the 
“bare” Uf cation and several hydrocarbons. 

As in our previous study [Sal, a series of organic 
substrates was chosen such that both kinetic and ther- 
modynamic restrictions for an activation process are 
lowered step by step. From the observed product ions it 
appears that in general C-H bond activation processes 
predominate over C-C bond activation processes in the 
gas-phase reactions of U+. In detail, both methane and 
ethane are unreactive with U+ cations. For propane, one 
observes very slow single (UC,Hz, 70%) and double 
dehydrogenation (UC,H:, 30%). The two butane iso- 

Table 1 
Absolute rate constant kabs and relative rate constant kre, for reac- 
tions of U+ cations with hydrocarbons 

Substrate 
$GI? s-’ molecule-‘) kof kc__,) 

CH4 <2x10-‘2 < 0.002 
C2% <3x10-‘2 < 0.003 
C3% 2x 10-l’ 0.02 

n-C4HI0 
‘C,H,, 

;;$I::: 
0.2 
0.2 

C2Hz <3x10-12 < 0.003 
CzH4 10x lo-‘0 1.0 
CH, =CH-CH, 1.0 
c-C,H, 

1;;;;::: 0.9 
CH, =CH-CH,CH, 9x IO_‘0 0.9 
CH, =CH-CH=CH, 
C,H, 

1;;;;::: 
1.0 
0.9 

mers give rise to identical product ion distributions 
upon reaction with U+. Besides single (10%) and dou- 
ble (60%) dehydrogenation, the U&Hz ions (30%) 
formed in this reaction indicate the existence of an 
additional C-C bond activation channel. The CID spec- 
tra of the UC,Hz species (Scheme 2), generated from 
either n-butane or isobutane exhibit very similar frag- 
mentation patterns as a function of increasing excitation 
energy: CH, loss as the lowest energy channel, fol- 

(UCHT \ 

t- 
- C,H, UC,H: 

a U+ 

only at high 
energy 

Scheme 2. 
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lowed by loss of a CH, radical, and finally regeneration 
of the “bare” metal cation. For other metal cations 
M+, similar results have been interpreted as indicative 
of cationic dimethyl structures M(CH,): (e.g. M = SC 
[21], Y [22] or La [22]). However, while the mechanistic 
picture for the generation of M(CH& from n-butane 
is straightforward [2d,21a], its formation from isobutane 
requires a substantial rearrangement of the carbon skele- 
ton. 

In contrast, the CID spectra of the double dehydro- 
genation product UC, H i differ characteristically when 
generated from either n-butane or isobutane. For the 
UC,Hl ion derived from n-butane, loss of C,H, and 
of the entire C,H, unit dominate the low energy CID 
processes, together with some contributions from an 
HZ-loss channel. No additional CID products appear 
when the excitation energy is increased within the usual 
range applied in this study. Generated from isobutane as 
the neutral precursor, the UC,Hz cation loses preferen- 
tially C,H,, C,H, and H, in the low energy regime, 
with additional losses of methane, the entire C,H, 
ligand and two H, molecules occurring at higher ener- 
gies. The comparison of these data shows that, in 
contrast with the C-C bond activation reaction, the 
uranium-mediated double dehydrogenation of n-butane 
and isobutane leads to at least two different UC,Hl 
isomers. However, their structures cannot be assigned 
on the basis of the CID data, since rearrangements 
between several minima on the relevant potential energy 
surfaces may occur prior to dissociation on the time and 
energy scales of the experiments. However, in analogy 
to earlier studies of CID spectra of MC,Hz ions (M = Y 
[22], La [22] or Ce [lo]) generated from n-butane and 
isobutane it is reasonable to interpret the fragmentation 
patterns in terms of the cationic metal complexes of 
butadiene and trimethylenemethane respectively. 

As expected, the reaction rates increase in the se- 
quence CH,, C,H,, C,H, and C,H,,. This is due to 
the larger polarizabilities of the higher hydrocarbon 
molecules which deepen the Uf-C,HZni2 interaction 
potential. As a consequence the lifetimes of the ion- 
molecule encounter complexes, which are initially 
formed in the course of any ion-molecule reaction, 
increase with increasing size of the alkane. Moreover, 
the deeper potential well provides a larger amount of 
energy to overcome possible activation barriers associ- 
ated with C-H and C-C bond activation. However, the 
observed inertness of CH, and C,H, towards U + 
might also be due to additional thermodynamic restric- 
tions associated with the necessary scission of two 
primary C-H bonds. 

Compared with the alkane reactions, all unsaturated 
hydrocarbon molecules investigated in this study but 
acetylene are found to be very reactive with “bare” 
uranium cations (Table 1 and Scheme 3). In the case of 
acetylene no reaction with U+ was observed. 

U++C2H4 -H_ UC,H; 
2 

U++ C,H, _H UC,H;: 
2 

U+ + c-C,H, -H_ UC,H;: 
Z 

U+ + C,H, 

E 

-9Z;Z UC,H: 

-:nd UC,H: 

:zZ UC,H; 
U++ C,H, 

c -‘c’rHd UC, H: 

:;* UC,H: 
U+ + C,H, 

c lo% UC,H; 

Scheme 3. 

Ethene and propene undergo kinetically efficient sin- 
gle dehydrogenation while, for 1-butene, small percent- 
ages of double dehydrogenation (9%) and C-C bond 
activation (3%, loss of CH,) are observed. C-C bond 
activation of propene is not observed for thermalized 
Uf cations; however, when unthermalized Uf stem- 
ming directly from the LD-LI process is reacted with 
this substrate, UCHZ , together with additional products 
such as UH+ (121, is formed [23]. Cyclopropane reacts 
identically with propene (exclusive formation of 
UC,Hi). 1-Butene is mainly singly dehydrogenated 
(88%). Furthermore, some double dehydrogenation (9%) 
as well as loss of methane (3%) are observed. Butadiene 
mainly undergoes single dehydrogenation (85%) to- 
gether with some contributions from a C-C bond acti- 
vation channel (15% loss of ethylene). Finally, even 
benzene is efficiently dehydrogenated by Uf (UC&H:, 
90%) with concomitant formation of the corresponding 
adduct complex UC,Hl (10%). All primary UC,H: 
product ions undergo secondary reactions with the un- 
saturated hydrocarbons. In the second part of this paper, 
it will be demonstrated for the ethylene case that these 
processes involve carbon-carbon bond formation. 

On the basis of the observed processes we car 
conclude that the uranium cation Uf (electron configu 
ration, 7s25f3; ground-state term symbol, 4Ii,2 [24]) is 
in general more reactive towards hydrocarbons than it? 
lighter 4f row congener Ndf (ground-state electror 
configuration, 6s’4f 4; ground-state term symbol, 41y,, 
[25]). The latter was found to be unreactive with al 
small alkanes, ethylene, propene as well as butadienc 
and activates 1-butene with only moderate efficient: 
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[8a,26]. As shown above, Uf does in fact activate small 
alkanes and exhibits 100% kinetic efficiency when re- 
acting with unsaturated hydrocarbons. One possible ex- 
planation for this finding invokes the different natures 
of the 4f and 5f orbitals. Although the former are 
formally part of the valence shell of a lanthanide cation, 
they are known to be spatially compact, which is the 
reason for their chemical inertness [27]. Accordingly, it 
was found that a minimum of 2 non-f (i.e. 5d or 6s) 
electrons is required for a lanthanide cation to activate 
an alkane under FT ICR conditions [8a]. Pictorially, one 
might imagine these two electrons to interact with the 
antibonding orbital of the initially attacked C-H bond 
of the substrate in the primary step. In this simple 
one-electron picture (the closed 7s’ shell is not ex- 
pected to be “inert” with regard to C-H bond activa- 
tion [8a]), it is possible to interpret the experimental 
data for hydrocarbon activation by U+ cations in the 
sense that the 5f electrons are indeed able to bring about 
C-H bond activation, while the 4f electrons are not. 
This conclusion is in line with the general notion that 5f 
orbitals at the beginning of the actinide series are in fact 
part of the valence shell in the sense that their spatial 
extent is similar to their 7s and 6d congeners [28]. In 
addition, U+ has a number of energetically low lying 
excited states deriving from the 5f 36d’ 7s’ configuration 
(e.g. the 6Li1,2, + 0.9 kcal mall * [24]) which might 
contribute to the observed reactivity because they are 
thermally populated either under the conditions of the 
FT ICR experiment or via a spin-orbit-mediated curve- 
crossing mechanism as discussed earlier [gal. To differ- 
entiate between these two scenarios for the question of 
5f electron reactivity would require an comprehensive 
data basis (as in the lanthanide series [8a]> for the 
reactions of actinide cations with a series of hydrocar- 
bon substrates, which is not feasible in our laboratory 
owing to the radioactive nature of the 5f elements. 

3.2. Trimerization of ethylene promoted by U + cations 

The primary reaction product in the U+-C2H, sys- 
tem corresponds to a complex of the composition 
UC,Hl . A secondary reaction of this ion with ethylene 
affords the species UC,H: , which once more dehydro- 
genates ethylene to form UC,Hz as the only reaction 
product (Scheme 4). 

The rate constants for these three processes are re- 
markably different. While the primary activation pro- 
ceeds with 100% kinetic efficiency, the second step in 
this triad is quite inefficient with an absolute rate con- 

UC,H; + C,D, - UC,D,+ + C,H, 

Scheme 5. 

stant of 1 X lo-” cm3 s-r molecule-’ (1% of the 
collisional limit k >. The third step is considerably 
faster (k = 2 x lo’!’ cm3 s-l molecule-‘; 20% of the 
collisional limit kcapt); the reaction of the product ion 
UC,Hl with an additional molecule of ethylene is 
again an order of magnitude less efficient. In the follow- 
ing, a step-by-step characterization of the ion structures 
and the mechanisms involved in this cascade of ion- 
molecule reactions will be attempted. 

First of all, the identity of the U&Hi product ion 
has to be established. CID of this species, generated 
from three molecules of ethylene, yields exclusively an 
atomic uranium cation at low energies. While this ex- 
periment already indicates that an intact C,H, moiety 
has been formed in the three consecutive reactions at 
the metal center, this evidence is still not conclusive, 
since the C,H, unit might possibly have been formed 
upon high energy excitation in the CID experiment. In 
order to exclude this possibility, the UC,H6+ ion result- 
ing from UC,H: and ethylene was reacted with ben- 
zene-d,. In fact, besides a small fraction of adduct 
formation (UC,,H,D,f), exclusive substitution of the 
metal coordinated C,H, by C,D, is observed in a 
single-collision event (Scheme 5); this result ultimately 
proves that benzene has been formed at the uranium 
center. Earlier reports for the same reaction type under 
FT ICR conditions have been made for the “bare” 
niobium and tungsten cations and the iron cluster 
Fe:[29]; unfortunately, the definitive proof for benzene 
formation via thermoneutral ligand exchange with C, D, 
was not given in these reports [29d]. However, defini- 
tive identification of benzene formation and Fe+-media- 
ted acetylene trimerization was given in a study using 
the technique of neutralization-reionization mass spec- 
trometry [30]. The interaction of transition metal cations 
with benzene has also been studied theoretically over 
the recent years [31]. 

In the characterization of the ionic intermediates in 
this metal-mediated cyclotrimerization of ethylene, we 
first focus on the UC,Hl ion. Formally, three possible 
isomers have to be considered (Scheme 6): a cationic 
uranium-acetylene complex 1, the insertion product 2 
and the vinylidene complex 3. 

The CID spectrum of UC,Hl is dominated by the 
loss of C,H, over the whole energy regime applied; 
minor processes at higher energies are due to the elimi- 
nation of H ., H,, CH ’ and C, H ’ respectively, yielding 
the corresponding ions UC,H+, UC:, UCH+ and UH+. 
Since interconversion between the structures l-3 upon 
collision of UC,Hl with an argon atom cannot be 
excluded a priori, the CID results remain ambiguous. 
However, in the case of structure 3 in addition to the 
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+ CH 
U -Ill 

CH 

1 

H-U+-C-CH U- C =CH, 

2 3 

-! UC,H,+ c:: H+ UC,+, 
- ucK+,iJH+ 

C2H,(-H2) 
u++ or 

c4H, (-C2H4) 
t 

Scheme 6. 

observed fragmentations also collision-induced loss of 
CH, giving rise to a UC+ signal is expected. Thus the 
absence of the latter signal points towards structures 1 
and 2. For further differentiation, ligand exchange ex- 
periments with C,D, and C,D, were performed (see 
Scheme 6). In the reaction of UC,Hi with C,D, the 
products UC,D: (70%) and UC,HD+ (30%) were 
generated. While this result is still somewhat inconclu- 
sive, the ligand exchange of UC,Hz with C,D, yields 
UC,Dz exclusively, in an efficient exothermic reaction 
process. Since substitution of the covalently bonded 
vinylidene ligand in 3 by benzene would be a slow or 
even endothermic process, we conclude that the UC, H i 
species, generated from “bare” U+ and ethylene, cor- 
responds to either a cationic metal-acetylene 1 or, less 
likely, the isomeric hydrodo-ethynyl structure 2. A fur- 
ther and definitive distinction between 1 and 2 is not 
possible since both isomers might easily undergo H-D 
exchange in the UC,H,f -C,D, collision complex. In 
other words, complexation of C, D, to UC,Hi may 
induce rearrangements between structures 1 and 2 [4a] 
such that the observed product ions do no longer pro- 
vide structure-indicative information about the UC, Hl 
reactant. We note in passing that the ligand exchange.as 
well as the CID experiments give identical results when 
UC,Hz is generated from either C,H, or C,H, (see 
Scheme 1). Thermochemical and theoretical data for a 
variety of other MC,Hz species are available in the 
literature [32]. 

In the secondary reaction of the U&H: ion with 
ethylene, only 1% of all collisions give rise to the 
formation of UC,H:. However, if, UC,Dl is reacted 
with C,H,, rapid H-D exchange in the reactant ion 
occurs together with formation of all possible 
UC,&“HZ,, isotopomers (n = 0, 1, 2 (Scheme 7)). 
The rate constant for the sum of these processes corre- 
sponds to the gas kinetic collision rate. This suggests 
that C-H bond activation occurs upon every collision of 
the cationic uranium-acetylene complex with a C,H, 
molecule. The low branching ratio for the UC,Hi 

CA "2-J% -sf UW,_,Hz+n+ 
UC,D,+ n=O,l.Z 

UC,D,_,H,+ 

C,b CGL.4 

Scheme 7. 

product channel is an indication that the first acetylene 
molecule is more than a “spectator” ligand (see below). 
Obviously, formation of UC,HT from UC,Hz and 
C2 H, involves a more complicated sequence of ele- 
mentary steps than a simple dehydrogenation of ethy- 
lene, which occurs, as described above, with 100% 
kinetic efficiency for “bare” Uf cations. 

In contrast with the ethylene case, dihydrogen, 
methane and ethane were found to be completely unre- 
active with UC,D: . However, kinetically efficient re- 
actions with other unsaturated hydrocarbons do occur, 
with propene, both UC,H,_,D,f (n = 0, 1, 2 with a 
1:2: 1 ratio) and UC5H4+nD2+_n (n = 0, 1, 2 with a 
10 : 2 : 1 ratio) are formed as depicted in Scheme 8. In 
the reaction with 1,3-butadiene we observe, besides 
ligand exchange (which is yet another indication for the 
metal-acetylene structure l), the formation of 
UC,H 3+nD;_n (n = 0,l in a 2 : 1 ratio) and UC,H,Dl 
are observed (see Scheme 8). Upon CID, the lowest 
energy fragmentation of UC,H: , generated from unla- 
belled UC,Hs and propene, results in the formation of 
the atomic U+ cation, and additional UC,H]: species 
(n = 1, 2, 3) are observed at higher energies. Moreover, 
UC,Hl does not undergo ligand exchange with C,D, 
(only formation of the UC,,H5D6+ aduct was observed) 
which suggests, on the basis of the results for UC,H: , 
that the structure of the UC,Hl ions comprises an 
intact C,H, moiety. No H-D exchange in the UC,Dl 
reactant ion is observed in the reactions with propene 
and 1,3-butadiene, in sharp contrast with the kinetically 
inefficient reaction of UC,Dz with ethylene. 

We next focus on the identity of the UC,Hl species 
(Scheme 9). In principle, the structure of this ion may 
correspond either to two separate ligands attached to the 

-C2H2+nD2_n UC3H4-~D,+ 

UC,D; + C,H, 
E 

-Hz-.D. UC,H4+,D;-, 
n= 0.1.2 

- c>Dz UC,H; 

UC,D; + C,H, 

E 

-CH,_,D, UC5H3+nD2+-” 

--Hz 
UC,H,D; 

n = 0,l 

Scheme 8. 
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CH + CH 
Ill -u- Ill 
CH CH 

H,C=C=U’=C=CH, &J=C,CH, 
CH 

4 5 6 

\ 
U’f-j 

U’ 3 +,\u 
/ UJ 

7 8 
// 

9 

UC,H,+ + C,H,(-Hz) 

or 

Uf c + C4H6 (-Hz) Cd& C&J?.. 

A UC,H,_,D,+ 
n=l,2,3,4 

Scheme 9. 

Uf cation, i.e. the bis(acetylene) structure 4, a 
bis(vinylidene) species 5 or a mixed acetylene-vinyli- 
dene complex 6; other conceivable isomers may contain 
a cyclobutadiene ligand (7) or correspond to a metalla- 
cyclopentadiene species 8, and even the linear but-l- 
yne-3-ene complex 9 cannot be ruled out a priori. Upon 
CID, three equally important reaction channels with 
losses of H, , C,H, and C,H, from UC,Hl are 
observed. Again, more useful information is provided 
by the ligand-exchange experiment with C,D,, in which 
no formation of UC,D:, but rather fast H-D scram- 
bling in UC,H, + is observed (see Scheme 9). 

This observation obviously rules out structures 4 and 
6 with intact or inserted acetylene moieties, since these 
can easily be replaced by a benzene ligand as shown 
above for UC,H: . On similar grounds also a cyclobu- 
tadiene structure 7 seems improbable. An acetylene + 
vinylidene rearrangement of the first ligand during the 
secondary reaction of UC,Hi with C,H, is required 
for the formation of structure 5. Such processes are 
known to be facilitated in the presence of a transition 
metal center [33]. However, the assumption of either 
structure 8 or structure 9 is more in line with the largely 
differing rates between the secondary and the tertiary 
reaction steps in the benzene formation by trimerization 
of ethylene at the atomic U+ metal center. Several quite 
complicated elementary steps with potentially low reac- 
tion efficiencies due to energy barriers and entropic 
bottlenecks are required for C-C bond formation in the 
UC,Hl-C,H, collision complex leading to either 8 or 
9. These two structures may easily interconvert via 
Uf-mediated 1,3-hydrogen shifts and it appears ques- 
tionable whether a formal distinction between a o- 
bonded metallacycle and a n-bonded ene-yne complex 
meets the structural and dynamic characteristics of the 

observed ionic species on the [U,C4,HJf potential 
energy surface under the experimental conditions at all. 
If such an intact C,H, intermediate is once generated, 
the terminal carbon atoms of the C, skeleton are al- 
ready activated, thus providing an easy entry for the 
efficient coupling of the final two C-C bonds required 
for benzene formation in the third reaction step. For the 
biscvinylidene) isomer 5, one would rather expect the 
reverse order of reaction efficiencies, namely first the 
fast activation of the second ethylene molecule and a 
subsequent metal-mediated cycloaddition upon reaction 
of UC,H: with the third ethylene molecule. This hypo- 
thetic C, + C, + C, coupling is most probably associ- 
ated with substantial energetic and entropic restrictions 
and not compatible with the observed reactivity pattern. 
Thus, on the basis of the kinetic data for Uf-mediated 
benzene formation from three ethylene units, we ex- 
clude structure 5 for the UC,H: ion. Summarizing, 
these results leave the isomeric structures 8 and 9, in 
which the C,H, moiety corresponds to one intact lig- 
and, as the most probable structures for the UC,Hi 
ion. In comparable mechanistic studies in the condensed 
phase, substituted metallacyclopentadiene structures 
were identified and found to react with acetylene deriva- 
tives to form a benzene unity [34]. All experimental 
results described so far for the UC,H: species formed 
from two ethylene unities hold true as well for the 
identically composed species generated upon dehydro- 
genation of butadiene by U+ cations; this is yet another 
argument for the presence of an intact C, skeleton in 
UC,H:. 

4. Conclusions 

In this paper an overview of the reactivity of a U+ 
cation towards small saturated and unsaturated hydro- 
carbons is given. As for the alkanes under investigation 
the C-H and C-C bond activation patterns observed 
parallel the results obtained earlier [8a] for the most 
reactive lanthanide cations La+, Cef and Gd+. All 
alkenes employed here, as well as cyclopropane, react 
very efficiently upon collision with U+. In comparison, 
U+ exhibits a far more rich chemistry than its lower 
congener of the 4f series, i.e. Nd+. This observation is 
explained in terms of the greater spatial extension of the 
5f relatively to the 4f orbitals. Thus 5f electrons as part 
of the chemically active valence shell can be involved 
in primary bond insertion processes. 

Furthermore, a stepwise oligomerization of ethylene 
at the cationic I_J+ center to form a U+-benzene com- 
plex was studied in detail. The observed dramatic 
changes in reaction rates from one step to the next can 
be related to different structures of the intermediates. 
Activation and insertion of the second ethylene molecule 
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obviously represent the bottleneck of the overall pro- 
cess. A Uf-acetylene complex as primary reaction 
product dehydrogenates ethylene to form, after a com- 
plex rearrangement including C-C coupling, a metalla- 
cycle that is finally able to insert a third C, unit to 
generate the benzene ligand. 
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