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Abstract: The electronic structures of Cp;UCO (1), [Cp;UCO]* (1*), and Cp;UOC (2) have been investigated by Xa-SW
molecular orbital calculations with quasirelativistic corrections. Two major interactions of 1 are discussed. The CO 5o lone
pair interacts primarily with the empty U 6d orbitals to form the U-CO o bond, and extensive U 5f — CO 27 back-bonding
is observed. In 1%, the o interaction is not affected by oxidation while the = back-bonding interaction is decreased. In contrast
to 1, 2 shows no = back-bonding interaction, and the CO 4¢ orbital interacts with the filled U 6p orbitals. Upon the basis
of these calculations, it is believed that 2 would be unstable relative to 1.

Since the days of the Manhattan project, chemists have been
trying to synthesize uranium carbonyl compounds.? Discoveries
of facile migratory insertion of CO into uranium bonds with
various ligands in the past several years have sparked new interest
in this area.? Until 1986, the only examples of carbon monoxide
coordination to uranium have been observed in matrix isolation
studies at very low temperatures.* Recently Andersen and co-
workers have synthesized the first molecular actinide carbonyl
complex that is stable at room temperature in both solution and
the solid phase by exposing the organouranium(III) complex Cp/;U
(Cp’ = 7°-Me,;SiCsH,) to carbon monoxide at 1 atm and 20 °C.°
The infrared spectrum of the resultant complex, Cp’;UCO (1),
shows a lowering of v by ca. 170 cm™ from gaseous CO, ex-
perimental evidence for back-donation of electron density from
the metal to the empty =* antibonding orbitals of CO. This is
the first time such a back-bonding interaction has been observed
in a discrete actinide complex. To better understand the ura-
nium—carbon monoxide bonding in this compound, we have un-
dertaken quasirelativistic Xa-SW molecular orbital calculations
on the model compound Cp,;UCO (Cp = #°-CsHs) (1). Tatsumi
and Hoffmann have previously reported nonrelativistic extended
Hiickel calculations on the hypothetical U(VI) complex
Cp,UCO* prior to the synthesis of 1.6 They foresightedly
concluded that there would be a good chance of making such a
compound but that no strong 7 back-donation is expected for this
formally d°° complex. We present here theoretical corroboration
for extensive U 5f — CO 2= back-bonding. Further, it will be
shown that the unknown isocarbonyl isomer, Cp;UOC (2), should
be unstable and is not expected to exist.

Computational Details

The calculations were carried out in a fashion analogous to our pre-
vious calculations on organo-f-element complexes.” Xo-SW calculations®
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Table I. Structural Parameters, Sphere Radii, and « Values Used in
the Xa-SW Calculations on Cp;U-CO and Cp;U-OC

bond length or angle value

molecule

Structural Parameters

Cp;U-L (L =COor OC) U-C(Cp) 2.79A
Cc-0 115 A
Cc-C 139 A
C-H 1.00 A
Cp(centroid)-U-L 100.0°
L=CO U-C(CO) 2294
L=0C U-0 2294
molecule atom sphere radius (&) a value
Calculational Parameters
Cp,U-CO outer sphere 4.32 0.756 83
U 1.63 0.69200
O 0.88 0.744 47
C(CO) 0.87 0.75928
C(Cp) 0.89 0.75928
H 0.64 0.77725
Cp,U-0C outer sphere 4.32 0.756 83
8] 1.63 0.65200
O 0.86 0.744 47
C(CO) 0.88 0.75928
C(Cp) 0.89 0.75928
H 0.64 0.777 25

on Cp;U-CO and Cp;U-OC were undertaken by using existing codes
which incorporate the quasirelativistic corrections of Wood and Boring.®
In order to simplify the calculations, the Cp’ ligands were replaced with
Cp ligands, and the compounds were idealized to Cy, symmetry. Two
U-C(CO) bond lengths were used for 1, 2.29 and 2.57 A. The first bond
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length was taken from Cp;UCHP(CH,),(C¢Hs) in which multiple bond
character is ascribed to the U-C bond,!® and the second bond length was
taken from Cp’;UCNEL.> There were no significant differences between’
the two, and the values reported here are for the first bond length. The
structural parameters, sphere radii, and a values are summarized in
Table I. The initial molecular potential for each was constructed from
a superposition of neutral-atom charge densities. Both calculations were
performed by using a partial wave basis consisting of spherical harmonics
through/ =4,71=3,/=1,1=1,and / = 0 on the outer sphere, U, O,
C, and H centers, respectively. All orbitals below the U 6s were treated
as core orbitals. The converged nonrelativistic potential was used as a
starting potential for the relativistic calculation. The relativistic cor-
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Figure 1. Molecular orbital diagram showing the interaction of a CO ligand and an OC ligand with the Cp;U fragment to form 1 and 2, respectively.
For clarity, the orbitals which are primarily Cp in character have been omitted.

Table II. Energies and Compositions of Selected Molecular Orbitals of 1, 1*, and 2 Which Are Involved in U-CO or U-OC Interactions
% uranium contributions

MO € (eV) %C %0 %U s p d f
Cp,U-CO
18¢* -1.85 16.4 11.2 48.4 0 0 19 81
16¢? -3.87 7.0 6.8 84.0 0 0 4 96
10a, -11.02 20.0 1.8 9.5 24 24 40 13
9a, -11.45 353 34 17.6 18 17 44 21
[Cp,U-COJ*
18e -6.07 22.9 12.7 38.8 0 0 23 77
16e¢ -8.29 59 5.7 86.5 0 0 3 97
9a, -15.84 56.3 4.9 27.0 17 19 44 20
Cp,U-0OC
6a, -18.58 43 22.2 12.1 4 85 9 3
Sa, -19.09 8.2 43.9 13.0 7 56 24 13
3a, -24.48 2.9 13.2 81.7 0 99 0 0
?Unoccupied orbital. * HOMO, occupied with three electrons. ‘HOMO, occupied with two electrons.
rections were mixed in over 10 iterations. Convergence was assumed of Cp;U,!! shows that there are two major interactions between
when the maximum shift in the potential from one iteration to the next the orbitals of these two fragments. The first of these is the
was less than 0.0010 Ry. Due.to its vanishingly small HOMO-LUMO formation of the U-CO ¢ bond, a bond which is derived from
gap, 2 had to be converged with three unpaired electrons. donation of the carbonyl So lone pair into an empty orbital of

The calculation on the cation, 1*, was performed by taking the con-
verged potential of 1, removing one electron from the HOMO, and re-
converging the calculation.

Cp;U. This interaction is contained primarily in the 9a; MO with
a smaller portion in the 10a; MO, an orbital which is primarily

The fragment orbital energies of 1 and 2 were obtained by taking the Cp in character. As can be seen in Table II, the overall uranium
converged potential of the compound in question, “removing” the atoms contribution to the ¢ bond is 27% with the carbonyl portion
that are not present in the fragment, and performing one iteration with amounting to 60%. Consistent with our prior molecular orbital
use of 0.2% mixing of the new potential into the old. Since these frag- studies of ligand-to-actinide o donation,” the major contributor
ment energies are not converged potentials, they are not good repre- to the uranium portion of the ¢ bond is a 6d orbital (in this
sentations of the fragments as separate entities, but they do provide a instance, the 6d,:), with approximately equal, but minor, con-
means of showing the amount of stabilization (or destabilization) that tributions from the 5f,» orbital, the 7p, orbital, and the 7s orbital.
the orbitals undergo upon “in situ” interaction of the two fragments. Thus, the o interaction of CO with the actinide fragment is
Discussion

The molecular orbital diagram of 1 (left side of Figure 1), (11) For a discussion of the frontier orbitals in Cp;U, see: Tatsumi, K.;

constructed by allowing the orbitals of CO to interact with those Nakamura, A. J. Organomet. Chem. 1984, 272, 141-154.
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Figure 2. Contour plot of the 16e MO of 1 in a plane containing the U,
C, and O atoms. Contour values are as follows: +4, £3, £2, £] =
+0.40, £0.20, £0.10, £0.05.

qualitatively the same as that found for other ¢ donor ligands such
as halides, alkyls, or even anionic organometallic fragments.

In contrast to the o bonding, the second major interaction
between the uranium atom and CO nearly exclusively involves
the U 5f orbitals. In our previous studies we have found a di-
chotomy in the roles of the actinide 5f and 6d orbitals: While
the latter are principally involved in the ¢-binding of ligands, the
former contain the highest energy metal-based valence electrons
apropos of the particular oxidation state of the metal atom. Thus,
in our studies of “f2” U(IV) complexes with ¢-only ligands, the
two metal-based electrons reside in essentially pure U 5f orbitals
and are nonbonding with respect to the ligands. In the case of
1, the three metal-based electrons of Cp;U indeed reside in the
U Sf orbitals, but, in this instance, these now have the proper
symmetry to interact with the 2= orbitals of the CO ligand. We
find a strong interaction between the carbonyl 27 orbitals and
the U 5f orbitals, creating bonding (16€) and antibonding (18¢)
sets of orbitals. The bonding orbital, which is the HOMO of 1,
is 14% carbonyl and 84% uranium in character with the uranium
portion consisting of 96% 5f character. This interaction, depicted
in Figure 2, represents donation of electron density from the
degenerate set of fx orbitals on uranium (5f,,2 and 5f,,2) to the
carbonyl 2r orbital, As is the case in transition-metal-to-carbonyl
back-bonding, the donation of electron density into the C-O
antibonding 2= orbital would result in a lowering of vcq from free
CO, consistent with the experimental data.

To investigate the effects of oxidation of 1 to U(IV), calculations
were performed on the [Cp;UCO]* cation, 1*. The orbital en-
ergies for all the MO’s were lowered over 4 eV from the neutral
compound. The ¢ interaction, which is now contained entirely
in one MO (the 9a,, Figure 3), is not affected by oxidation since
it consists mostly of U 6d character, while the 7 back-bonding
interaction (16e, 18¢), which is dominated by U 5f orbitals, is
decreased. This reduction of back-bonding capability can be
explained in view of the following observations: (1) In 1* only
two electrons are able to backbond as opposed to three electrons
in 1. (2) The 5f orbitals in 1* are contracted relative to 1 as a
result of the increased effective nuclear charge. (3) The lower
orbital energies of the U 5f orbitals leads to an increase in energetic
separation from the CO 2# orbital, hence a less favorable in-
teraction.

The formation of a carbon-bound organouranium complex of
CO is quite remarkable in view of the high affinity for oxygen
that these systems exhibit. This high oxophilicity, even for the
oxygen atoms of free® or coordinated!? CO, has been well-docu-
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Figure 3. Contour plot of the 9a; MO of 1* in a plane containing the
U, C, and O atoms. Contour values are as follows: +4, £3, £2 +1 =
£0.32, £0.16, £0.08, £0.04.

mented both experimentally*'? and theoretically.’* The apparent
facile formation of 1’ prompted us to investigate the unknown
isocarbonyl complex 2. A comparison of the two major inter-
actions between the Cp;U fragment and an O-bound isocarbonyl
ligand with those observed for 1 shows significant differences
between the two isomers (Figure 1). Although the CO 27 orbital
and the U 5f orbitals have identical energy separation in the two
complexes, the CO 2 is primarily localized on the carbon atom,
away from the U 5f orbitals in 2. Thus, no stabilization of the
U 5f orbitals as a result of = interaction with the isocarbonyl is
observed. Second, and more important, is the realization that the
o interaction now involves the oxygen “lone pair” orbital, the CO
40, which is a rather strongly C-O bonding orbital. As such, it
is at a much lower energy than the CO 5¢ orbital and, for that
matter, the oxygen lone pair orbitals of other oxygen donors such
as alkoxides!® or phosphine oxides.!* Because of its low energy,
the CO 40 orbital has a stronger tendency to interact with the
filled U 6p orbitals rather than the empty U 6d orbitals, creating
a “filled-filled” interaction which results in no net U-O bonding.
The mixing in of some U 6d and 5f character, particularly in the
5a; MO, can be viewed as an attempt on the part of the molecule
to alleviate some of the U 6p-oxygen antibonding; such an ex-
planation has recently been advanced by Larsson and Pyykkd in
the discussion of their relativistic extended Hiickel results for
UO,**.1¢ Nevertheless, a comparison of the bonding in Cp,U-CO
and Cp,U-OC leads to the expectation that the isocarbonyl
complex should not be stable relative to the carbonyl complex.
The bonding of other oxygen-containing ligands to the Cp;U
fragment will be detailed in a later publication.
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