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In the early 1970s, the squarate dianion C4O4
2- was first

synthesized directly from CO using electrochemical methods in
polar aprotic solvents.1,2 Now, more than 30 years later, we report
that a uranium(III) complex will induce this reductive cyclotetra-
misation chemically to give the squarate moiety held between two
uranium(IV) centers. The electrochemical route requires large
overpressures (typically requires 100 bar, with increased efficiency
at 350-400 bar), whereas we find that the chemical route described
herein proceeds at room temperature and pressure. Reductive
cyclooligomerization (or coupling) of CO under mild conditions is
a potentially attractive route to more complex organic molecules
from a cheap, renewable feedstock.3 Indeed, simple derivatives of
squaric acid and the squarate dianion are currently used extensively
in medicinal and biological chemistry,4,5 bioconjugate chemistry,6

materials science,7 dyes,8 photochemistry,9 and organic synthesis.10-13

We have recently discovered that the U(III) COTR/CpR′ mixed-
sandwich complex [U(η-C8H6{SiiPr3-1,4}2)((η-Cp*)(THF)] induces
efficient cyclotrimerisation of CO to give [(U(η-C8H6{SiiPr3-1,4}2)-
(η-Cp*)]2(µ-η1: η2-C3O3),14 containing the deltate dianion, the first
member of the series of cyclic, aromatic oxocarbons shown in
Figure 1.15

We envisaged that subtle variations in the steric and/or electronic
properties of the starting COTR/CpR′ uranium(III) complex might
allow access to other members of this series. Here we present the
synthesis of a new complex containing a slight modification of the
ligand architecture of [U(η-C8H6{SiiPr3-1,4}2)(η-Cp*)(THF)], via
replacement of the Cp* ligand with CpMe4H, and its subsequent
reaction with CO. The effect of even such a slight change in ligand
environment has been previously noted for CpMe4H vs Cp*, e.g.,
strikingly in zirconocene-dinitrogen systems, where the CpMe4H

ligand allows side-on binding and consequent hydrogenation of N2

to occur, whereas Cp* prevents side-on binding;16-19 disparities
between CpMe4H and Cp* are also evident in N2 coordination by
lanthanide(III) and uranium(III) tris(η-CpR) systems.20-22 Specif-
ically, in uranium chemistry, the bulkier [U(η-Cp*)3] demonstrates
higher reactivity than [U(η-CpMe4H)3], including sterically induced
reductions,23 end-on binding of N2,24 and ring opening of THF,25

none of which have been reported for [U(η-CpMe4H)3];22 however,
both species are known to form well-defined carbonyl adducts.26,27

The complex [U(η-C8H6{SiiPr3-1,4}2)(η-CpMe4H)(THF)] 1 was
prepared as a dark-black crystalline material in moderate yield
(41%), following a method similar to that used for the synthesis of
[U(η-C8H6{SiiPr3-1,4}2)(η-Cp*)(THF)],14 Scheme 1.28

The structure of128 is found to be almost identical to that of
[U(η-C8H6{SiiPr3-1,4}2)(η-Cp*)(THF)], with U-ring U-COT and
U-Cp centroid distances of 1.977(5) and 2.506(6) Å, respectively,
in 1, vs 1.975(6) and 2.499(6) Å, respectively, in the latter.14 The

very long U-O(THF) bond of 2.737(4) Å in1 is also comparable
(within esd’s) to that found (2.695(4) Å) in [U(η-C8H6{SiiPr3-1,4}2)-
(Cp*)(THF)].14

Exposure of a toluene solution of1 to ambient pressures (1 bar)
of CO at-30 °C gives the dimeric uranium(IV) squarate complex
2 (see Scheme 1) as a red crystalline solid, in 66% yield following
recrystallization from a mixture of THF and Et2O.29 The X-ray
structure of2 has been determined and is shown in Figure 2,
together with selected bond lengths and angles.30

The molecule has an inversion center at the midpoint of the C4O4

ring. The C4O4
2- moiety is held between two U(IV) centers in a

manner similar to that observed in the deltate complex, albeit bound
symmetrically in anη2:η2 mode in2, with similar accompanying
U-COT and U-Cp ring centroid distances.14 The oxocarbon unit
is found to be planar, as expected, with the two uranium centers
displaced above (U) and below (U′) the plane by 0.429 Ås
noticeably further than in the deltate system (which exhibits related
displacements of 0.091 and 0.175 Å).14

Uranium-oxygen distances in the squarate complex2 are the
same within esd’s as theη2-bound portion of the deltate complex;
however, crucially, the uranium-carbon distances are found to be
considerably longer (average 3.045 Å in2 versus 2.662 Å in the
deltate analog).14 The deltate unit in [(U(η-C8H6{SiiPr3-1,4}2)(η-
Cp*)]2(µ-η1: η2-C3O3) is stabilized with a C-C agostic interaction
with the C3 core and one U center,14 with accompanying short U-C
distances; thus, the bonding of the squarate unit in2 appears to be
consistent with a more “standard” bonding picture, without agostic
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Figure 1. Oxocarbon dianions.

Scheme 1. Synthesis of 1 and 2
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interactions. This is also apparent from the regular geometry of
the squarate unit in2, which has no notable distortions from the
structure reported for dipotassium squarate monohydrate.31 To probe
these structural observations, a DFT study was carried out.28 The
unsubstituted compound [U(η-COT)(η-Cp)]2(µ-η2: η2-C4O4)] (II )
was used as a model for compound2 and a geometry optimization
performed with the symmetry of the molecule constrained toCi.
In addition, a fragment analysis was conducted in whichII was
separated into two U(η-COT)(η-Cp) fragments and a C4O4 frag-
ment.

There was excellent agreement between the experimental and
calculated bond distances and angles inII , demonstrating that DFT
can predict the molecular structure of2 accurately and that the level
of modeling was appropriate.28 The calculations indicate that each
U is best described as having two electrons localized in 5f orbitals;
thus, the U configuration is consistent with U(IV). The COT and
Cp ligands bind to the U centers as expected, with the Cp ligands
interacting primarily with the metal through aπ interaction and
the COT ligands with the metal through aδ interaction, and
therefore, further discussion focuses on the bonding in the
U(C4O4)U core.

Fragment analysis indicates that four orbitals of the distorted
squarate fragment have the most significant interaction with the
two U containing fragments. The interaction between the two U
centers and the HOMO, HOMO-3, and HOMO-4 of the C4O4

2-

ligand is straightforward and simply involves donation of electron
density from the oxygen atoms of the squarate to the U atoms. All
three of these orbitals have substantial O 2p character, with the O
2p orbitals lying in the squarate plane.28 DFT predicts that the
LUMO of the C4O4

2- fragment, which isπ in character, is partially
occupied inII (0.17 electrons) as it mixes with one of the U 5f-
based orbitals.

Gas-phase SCF energies indicate thatII is approximately 127
kJ mol-1 more stable than the model compound [U(η-COT)(η-
Cp)]2(µ-η1: η1-C4O4) in which the squarate ligand is bound to each
U center through only one oxygen atom, and given the preference
for U to have high coordination numbers, this is not surprising.
Overall, the bonding of the C4O4

2- ligand to the two U centers in
II is different from the bonding of the C3O3

2- ligand in [(U(η-
C8H6{SiiPr3-1,4}2)(η-Cp*)]2(µ-η1: η2-C3O3). Presumably, the tighter
O-C-C bond angles in the squarate ligand (average O-C-C in

2 is 127°) compared with the deltate ligand (average O-C-C is
159°) prevent a metal C-C agostic interaction from occurring in
2, and bonding only occurs through the oxygen atoms of the ligand.
Comparison of the gas-phase SCF energies of [U(η-COT)(η-Cp)]2-
(µ-η1: η2-C3O3)] + CO andII indicates that it is favorable by 136
kJ mol-1 for the fourth molecule of CO to bind to the deltate
complex to form the squarate complex.

Acknowledgment. We thank EPSRC for financial support.

Note Added after ASAP Publication.The incorrect1H NMR
data were reported for K2COT1,4-SiiPr3 in the Supporting Information
published with this paper ASAP on July 8, 2006. The Supporting
Information PDF file was corrected on July 21, 2006.

Supporting Information Available: Experimental procedures,
computational details, and X-ray data for1 and 2. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. X-ray structure of2 (isopropyl groups omitted for clarity, thermal
ellipsoids at 50%). Selected bond lengths (Å) and angles (deg): U-O1
2.471(6), U-O2 2.477(5), C1-O1 1.272(9), C2-O2 1.269(10), C1-C2
1.460(11), C1-C2′ 1.449(10), U-COT centroid 1.950(8), U-Cp centroid
2.480(8); O1-U-O2 74.8(2), C1-O1-U 104.4(5), C2-O2-U 103.9(5),
O1-C1-C2 127.0(7), O2-C2-C1 128.0(7), C1′-C2-C1 89.6(6), C2′-
C1-C2 90.4(6).
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