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Although the allyl moiety is widely encountered in synthetic
reagents and catalysts,1 many homoleptic allyl complexes [C3H5]nM
are coordinatively unsaturated and highly thermolabile. Allyl ligands
with bulky substituents have been used to prepare thermally stable,
electron-deficient homoleptic complexes that have no monomeric
counterparts with unsubstituted ligands, e.g., [π-(SiMe3)2C3H3]2M
(M ) Cr, 12-e-; Fe, 14-e-).2,3 Systematic study of the way that
variably substituted ligands affect the properties of known, but
marginally stable, complexes could considerably broaden the range
of accessible allyl species. Toward this end, we report the synthesis
of the first homoleptic actinide allyl complexes that are stable at
and above room temperature. These compounds demonstrate the
modifications that bulky ligand substituents can make to the
structure and solution behavior of the parent allyl species.

Tetra(allyl)thorium was first described by Wilke almost 40 years
ago.4 Supported on dehydroxylated alumina,5 it has been studied
as a heterogeneous catalyst for arene hydrogenation6 and for the
exchange of alkane and cycloalkane C-H bonds with D2.7

Manipulations of the yellow compound are best conducted below
-20 °C, as (C3H5)4Th will decompose at 0°C.8 In view of its
thermal fragility, the properties of its counterparts containing
trimethylsilylated ligands are striking. Specifically, the reaction of
4 equiv of K[1,3-(SiMe3)2C3H3]9 or K[1-(SiMe3)C3H4]3 with ThBr4-
(thf)4

10 in THF at -78 °C produces the complexes [1,3-
(SiMe3)2C3H3]4Th (1) and [1-(SiMe3)C3H4]4Th (2), respectively,
in high yield (see Supporting Information for details). They are
soluble in both aromatic and aliphatic hydrocarbons and do not
coordinate THF (1H NMR spectroscopy). Bright yellow1 is
indefinitely stable at room temperature in the solid state and in
solution under an inert atmosphere. It melts at 122-124 °C (dec)
and tolerates brief (<5 min) exposure to air without noticeable
decomposition. Pale yellow2 melts with decomposition at 88-90
°C; the solid can survive only fleeting (<1 min) contact with air
before decomposing. After several weeks under nitrogen at room
temperature, solid2 shows signs of decomposition.

The solid-state structure of1 was obtained for a crystal grown
at -35 °C from hexanes solution.11 The complex crystallizes as a
monomeric species with the thorium coordinated by fourη3-allyl
ligands in a distorted tetrahedral arrangement (Figure 1); the SiMe3

groups of all four ligands are insyn,synconfigurations. The Th-C
distances range from 2.617(5) to 2.892(5) Å, a spread (0.275 Å)
similar to that of the Th-C contacts in the slipped indenyl complex
(η3-Ind)4Th (2.66(3)-2.97(4) Å;∆ ) 0.31 Å).12 The C3 planes of
the ligands in1 are tipped away from the metal, and the fold angles13

vary from 122.4 to 127.0° (cf. the 120.7-122.7° angles found in
the uranium allyl complex (C5Me5)U(2-MeC3H4)3).14

The solid-state structure of2 was obtained for a yellow block
grown at room temperature from hexanes.15 It crystallizes as a

monomer with a more regular geometry than1 (approximateS4

symmetry); the thorium is coordinated by fourη3-allyl ligands, of
which all the SiMe3 groups are in asynconfiguration (Figure 2).
The Th-C bond distances range from 2.679(3) to 2.806(3) Å; this
variation (0.127 Å) is less than half that in1. The fold angles in2
are slightly smaller than those in1 and cluster in the narrow range
of 119.8-121.4°; the decrease probably reflects reduced interligand
crowding. Compounds1 and 2 are the first crystallographically
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Figure 1. ORTEP of the non-hydrogen atoms of [1,3-(SiMe3)2C3H3]4Th.
Carbons C1-C3 are disordered over two positions (68:32). Selected bond
distances [Å]: Th-C1(C1’), 2.727(7) (2.764(14)); Th-C2(C2’), 2.817(8)
(2.836(14)); Th-C3(C3’), 2.729(6) (2.750(14)); Th-C10, 2.892(5); Th-
C11, 2.856(5); Th-C12, 2.617(5); Th-C19, 2.869(5); Th-C20, 2.865(5);
Th-C21, 2.660(5); Th-C28, 2.731(4); Th-C29, 2.815(4); Th-C30, 2.707-
(5).

Figure 2. ORTEP of the non-hydrogen atoms of [1-(SiMe3)C3H4]4Th.
Selected bond distances [Å]: Th-C1, 2.679(3); Th-C2, 2.797(3); Th-
C3, 2.746(3); Th-C7, 2.731(3); Th-C8, 2.795(3); Th-C9, 2.692(3); Th-
C13, 2.723(4); Th-C14, 2.803(3); Th-C15, 2.720(3); Th-C19, 2.707(3);
Th-C20, 2.806(3); Th-C21, 2.719(3).
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characterized examples of thorium allyl complexes and represent
the first structurally authenticated neutral [π-RnC3H5-n]4M species.16

The irregularity observed in the solid-state structure of1 persists
in solution at low temperature. The ligands are not equivalent on
the 1H NMR time scale below room temperature (see Supporting
Information for details). For example, at the lowest temperature
investigated (-75 °C), four resonances appear for the terminal
protons, two as distinct doublets and the other two as broad humps.
On warming, further broadening and coalescence occur, and the
signals expected for a single type ofπ-bound ligand appear by 25
°C. They become well defined by 65°C; i.e., the terminal allylic
protons appear as a doublet atδ 3.31 (J ) 15.6 Hz), the central
proton as a triplet atδ 6.89 (J ) 15.6 Hz), and the SiMe3 protons
as a singlet atδ 0.18. Decomposition products are observed in
toluene solution on heating1 to 75 °C for 10 min.

Stereochemical nonrigidity in solution is also observed with2
and is less complex than that with1. Unlike the latter, but like
(C3H5)4Th, the four allyl ligands of2 are equivalent at all
temperatures and in both THF-d8 and toluene-d8. At -80°C (Figure
3), a staticπ-bound structure is evident. Most diagnostic of this is
the observation of two doublets (δ 4.32, Jcis ) 7.6 Hz; δ 3.21,
Jtrans ) 14.8 Hz) for the two terminal (gem) allyl protons. These
broaden and disappear into the baseline near room temperature and
reappear as a single broad, barely resolved doublet (δ 3.76) at 85
°C. This behavior is consistent with averaging of the geminalsyn,
anti protons, probably via aπ-σ-π intramolecular conversion, as
has been proposed to occur for the allyl ligands in (C3H5)4Th and
(C5H5)3Th(C3H5).8 Use of the two-site exchange formalism17

provides an estimated∆Gq for the conversion of 14.5( 1.0 kcal
mol-1. Interestingly, this overlaps the value calculated for hydrogen
exchange in the parent (C3H5)4Th (14 kcal mol-1).6

Even though (C3H5)4Th has not been structurally authenticated,
DFT calculations were used to compare its predicted structure with
that of2. Geometry optimization18 of (C3H5)4Th using the Th and
C coordinates from2 as a starting point converged to a minimum,
with bond distances of 2.695-2.822 Å (∆ ) 0.127 Å; av) 2.751
Å) and fold angles for the four ligands of 122.3°; these values are
remarkably close to those of the experimental structure of2.

The similar energetics forsyn, anti hydrogen rearrangement in
(C3H5)4Th and2, and the apparently small effect that the mono-
(trimethylsilyl)allyl ligand has on the core Th-allyl geometry,
suggest that2 is a good structural and energetic model for the parent
complex. The substantial improvement in the thermal stability of
(C3H5)4Th by the replacement of only one terminal proton with a
SiMe3 group likely stems not only from the somewhat greater
shielding of the metal center by the trimethylsilyl group but also
from the restricted fluxional motion of the ligands (only geminal
proton averaging is observed). The latter probably inhibits the ease

of ligand coupling reactions, which is a common decomposition
mode in homoleptic allyl complexes.19

In summary, use of trimethylsilyated allyl ligands has permitted
the isolation and structural characterization of thermally stable
homolepticπ-allyl complexes of thorium. Evidence from NMR
spectra and X-ray crystallography suggests that the trimethylsilyl
groups cause relatively little perturbation in the essential metal-
allyl geometry. The improvement in stability is a likely consequence
of the restricted motion of the allyl ligands and the resulting
blockage of decomposition pathways. Further investigation of the
ramifications of this effect will be important in the design of other
sterically stabilized f-element complexes.20
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Figure 3. Variable-temperature1H NMR (THF-d8) of [1-(SiMe3)-C3H4]4-
Th. The peaks nearδ 3.6 and 1.7 represent residual solvent protons.
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