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ABSTRACT: We report attempts to prepare uranyl(VI)- and uranium(VI) carbenes
utilizing deprotonation and oxidation strategies. Treatment of the uranyl(VI)-methanide
complex [(BIPMH)UO2Cl(THF)] [1, BIPMH = HC(PPh2NSiMe3)2] with benzyl-
sodium did not afford a uranyl(VI)-carbene via deprotonation. Instead, one-electron
reduction and isolation of di- and trinuclear [UO2(BIPMH)(μ-Cl)UO(μ-O){BIPMH}]
(2) and [UO(μ-O)(BIPMH)(μ3-Cl){UO(μ-O)(BIPMH)}2] (3), respectively, with
concomitant elimination of dibenzyl, was observed. Complexes 2 and 3 represent the
first examples of organometallic uranyl(V), and 3 is notable for exhibiting rare cation−
cation interactions between uranyl(VI) and uranyl(V) groups. In contrast, two-electron
oxidation of the uranium(IV)-carbene [(BIPM)UCl3Li(THF)2] (4) by 4-morpholine
N-oxide afforded the first uranium(VI)-carbene [(BIPM)UOCl2] (6). Complex 6 exhibits a trans-CUO linkage that represents a
[R2CUO]2+ analogue of the uranyl ion. Notably, treatment of 4 with other oxidants such as Me3NO, C5H5NO, and
TEMPO afforded 1 as the only isolable product. Computational studies of 4, the uranium(V)-carbene [(BIPM)UCl2I] (5), and 6
reveal polarized covalent UC double bonds in each case whose nature is significantly affected by the oxidation state of
uranium. Natural Bond Order analyses indicate that upon oxidation from uranium(IV) to (V) to (VI) the uranium contribution
to the UC σ-bond can increase from ca. 18 to 32% and within this component the orbital composition is dominated by 5f
character. For the corresponding UC π-components, the uranium contribution increases from ca. 18 to 26% but then
decreases to ca. 24% and is again dominated by 5f contributions. The calculations suggest that as a function of increasing
oxidation state of uranium the radial contraction of the valence 5f and 6d orbitals of uranium may outweigh the increased
polarizing power of uranium in 6 compared to 5.

■ INTRODUCTION
Carbene complexes of the transition metals are well established
due to their prominent synthetic applications,1 and they are
known over a range of low (Fischer carbenes) to high (Schrock
alkylidenes) formal oxidation states.2 However, the correspond-
ing f-block metal−carbon multiple bond chemistry is under-
developed.3 The first uranium-carbene, [(η5-C5H5)3UC(H)-
PMe2Ph], was reported in 1981,4 but nearly three decades
passed5 before the area developed further,6 and, in contrast to
d-block carbenes, all uranium-carbenes were limited to
uranium(IV).4,6 However, very recently, the first uranyl(VI)-7

and uranium(V)-carbenes8 have been reported giving insight
into the nature of uranium−carbon multiple bonding.
Conspicuous by its absence is any report of a uranium(VI)-
carbene.9 Given the paucity of high oxidation state uranium-
carbenes, we attempted to access uranyl(VI)- and uranium(VI)-
carbenes.

Recent work by some of us6c,f,8 has exploited the
bis(iminophosphorano)methanediide pincer-carbene ligand
BIPM [BIPM = C(PPh2NSiMe3)2] in the coordination sphere
of uranium since the chelating iminophosphorano arms
stabilize any uranium−carbene interactions. In order to access
high-valent uranium-carbenes we identified deprotonation of a
uranyl-methanide precursor, or oxidation of a uranium(IV)
carbene, as attractive and complementary synthetic approaches.
Although attempts to prepare organometallic derivatives of

UO2
2+ date back to the 19th century,10 such complexes are

rare.7,11,12 It is germane to note that analogous rare earth
methanides can be converted to carbenes by treatment with
alkali metal bases.13 Thus, in principle, deprotonation of a
methanide uranyl halide complex could effect formation of a
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uranyl carbene with concomitant salt elimination. However, a
competing reaction path for uranyl(VI) is reduction to
uranyl(V) with concomitant elimination of oxidatively coupled
alkyl. Nevertheless, the isolation of organometallic uranyl(V)
complexes would in itself be significant because, to date, only
ligands containing nitrogen and oxygen donor centers, such as
pyridines, phosphine oxides, salens, diketonate/-iminate
derivatives, and macrocycles have stabilized UO2

+.14 Aside
from fundamental interest, the chemistry of actinyl cations,
AnO2

+/2+, plays a central role in nuclear technology and
environmental actinide mobility.15 Cation−cation interactions
(CCIs),16 where a uranyl oxo atom acts as a Lewis base to
another uranyl uranium center, play a crucial role in the solid-
state and solution chemistry of the actinyls, and while the oxo
groups in uranyl(VI), UO2

2+, are rarely involved in the
coordination to other cations,17,18 CCIs have been increasingly
observed in UO2

+ derivatives. The reactivity of CCIs has
important environmental implications because UO2

+ species
have been identified as key intermediates in anaerobic bacterial-
and mineral-mediated reduction of soluble UO2

2+ to insoluble
uranium(IV) compounds.19

Previous work has established that uranium(IV)-carbenes
utilizing the BIPM framework can undergo one-electron
oxidiation with the weak oxidant iodine.8 However, no further
tractable oxidation of uranium could be accomplished without
apparent oxidation of the BIPM ligand. We therefore concluded
that a concerted two-electron oxidation utilizing N-oxides
represented the most feasible approach to a uranium(VI)-
carbene.14a Herein, we report that our work has resulted in one-
electron reduction of uranyl(VI)-methanides to give organo-
metallic uranyl(V) complexes; conversely, two-electron oxida-
tion of a uranium(IV)-carbene has afforded a uranium(VI)-
carbene, which exhibits a trans-CUO linkage that represents a
[R2CUO]2+ analogue of the uranyl ion.20

■ RESULTS AND DISCUSSION

Attempted Deprotonation of a Uranyl(VI) Methanide.
Our initial efforts targeted [(BIPMH)UO2Cl(THF)] [1,

BIPMH = HC(PPh2NSiMe3)2].
11b We treated 1 with benzyl-

sodium (Scheme 1) and found, unlike the rare earth congeners,
that elimination of NaCl was accompanied by elimination of
dibenzyl and reduction of uranyl(VI) to uranyl(V) rather than
effecting methanide deprotonation. The slow elimination of
chloride from 1 in this reaction apparently results in the
uranyl(V) fragment being trapped by unreacted 1 to afford the
organometallic CCI complex [UO2(BIPMH)(μ-Cl)UO(μ-O)-
(BIPMH)] (2) in 80% yield as yellow crystals, but
intermediates could not be observed. Complex 2 is formed
irrespective of the ratio of benzyl sodium to 1 and attempts to
react 1 with other alkali metal alkyls, amides, and hydrides, e.g.
[C5Me5K],

21 gave intractable reaction mixtures.
The 31P{1H} NMR spectrum of 2 exhibits sharp (−5.16

ppm) and broad (−129.42 ppm) resonances attributed to the
diamagnetic UO2

2+ (cf. 8.00 ppm for 111b) and paramagnetic
UO2

+ BIPMH ligands, respectively. The 1H NMR spectrum
exhibits sharp diamagnetic and broad paramagnetically shifted
resonances; the methanide protons resonate at 3.40 (2JPH = 14
Hz; cf. 2.28 ppm, 2JPH = 11 Hz for 1) and −4.14 ppm (broad
singlet) and two silyl resonances at 0.38 (sharp) and −9.68
(broad) ppm were observed. The magnetic moment of 2 in
benzene at 298 K is 2.59 μB and this is consistent with the
presence of one 2F5/2 UO2

+ center (theoretical μeff = 2.54 μB).
22

This paramagnetism is confirmed by the observation of EPR
spectra (S- and K-band23) of solid-state samples below 20 K.
The spectra are rhombic with an effective S = 1/2 with the two
larger geff components being 3.8 and 3.7; these both appear as
doublets and although this fine structure can be simulated as
hyperfine coupling (I = 1/2, a1 = 120 × 10−4, a2 = 100 × 10−4

cm−1 and arbitrarily small a3; in the effective spin doublet
approximation) its origin at this stage is not clear. The FTIR
spectrum of 2 exhibits stretches at 906, 835, and 803 cm−1,
which we attribute to the UO2

2+ and UO2
+ groups, respectively.

These values compare to values of 908, 853, 797, and 800 cm−1

for 1,11b UO2(OTf)(THF)n, [UO2(Py)5]
+, and [UO2{HC-

(CMe-NDipp)2}(OPMePh2)2] (Dipp =2,6-Pri2C6H3).
24

The molecular structure of 2, which confirms the CCI
formulation, is illustrated in Figure 1. Each uranyl center is

Scheme 1. Synthesis of 2, 3, 5, 6, 12, and 13a

aAll terminal oxo groups form formal triple bonds to uranium through two polarized covalent and one dative contribution from oxygen to uranium,
but for clarity the dative donation is omitted. The syntheses of 1, 4, and 5 are described in refs 11b and 8.
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ligated by a BIPMH ligand and the dinuclear structure is
generated by a bridging chloride [U1−Cl1 2.8560(15); U2−
Cl1 2.8089(14) Å] and a bridging O3 oxo group from U2 to
U1. The U1−O1 and U1−O2 bond lengths of 1.785(4) and
1.776(4) Å, respectively, are within the range for uranyl(VI)
U−O bond distances;25 this compares to U2−O3 and U2−O4
bond lengths of 1.932(4) and 1.843(5) Å, respectively, which
are considerably longer, but in line with previously reported
covalent bridging and terminal uranyl(V) U−O bond
distances.17 The U2−O3 bond length is particularly long,
reflecting the U1−O3 dative bridge of 2.316(4) Å. The U1−C1
bond length of 2.732(6) Å is longer than in 1 [2.681(1) Å],11b

which reflects the more sterically congested environment in 2
compared to 1. The U2−C32 bond distance of 2.735(6) Å is
invariant to the U1−C1 distance, however there are no other
uranyl(V)-carbon bond distances with which to compare.
Overall, the metrical data suggest that U(1) and U(2) can be
assigned as UO2

2+ and UO2
+ centers, respectively, in agreement

with the magnetic data.
From the reaction which yielded 2 we also isolated a small

number (2% yield) of red blocks by fractional crystallization
identified as [UO(μ-O)(BIPMH)(μ3-Cl){UO(μ-O)-
(BIPMH)}2] (3) (Scheme 1). In contrast to 2, the 31P{1H}
NMR spectrum of 3 exhibits a sharp singlet at −5.17 ppm and a
poorly resolved, paramagnetically broadened AB-type quartet
centered at −149.44 ppm (2JPP not resolved due to line
broadening) suggestive of inequivalent P-centers in BIPMH
ligands bound to UO2

+. The 1H NMR spectrum of 3 is
complex, indicating asymmetric ligand environments in
solution. The methanide protons resonate at 3.28 (2JPH = 14
Hz) and −4.27 (paramagnetically broadened singlet) ppm and
three silyl environments in the ratio 18:18:18H are observable
as well as numerous phenyl proton environments. The
magnetic moment of 3 in benzene at 298 K is 4.01 μB, which
is consistent with the presence of two UO2

+ centers and
compares to a theoretical moment of 3.60 μB for two isolated
UO2

+ centers. The FTIR spectrum of 3 exhibits a complex and
overlapping band structure in the region 910−802 cm−1 but the
strongest identifiable stretch at 802 cm−1 compares well to 2
and can be assigned as a UO2

+ stretch.
The structure of 3 (Figure 2) was determined and found to

adopt a trinuclear CCI structure which is constructed through

three bridging uranyl oxo groups and a μ3-chloride. This results
in an open cubane with one vacant vertex. The coordination
sphere of each uranyl center is completed by a BIPMH ligand.
The three terminal U1−O1, U2−O2, and U3−O3 distances
and three bridging oxo U1−O5, U2−O4, and U3−O6
distances of 1.776(4), 1.825(4), and 1.8822(4) Å, and
1.812(4), 1.966(4), and 1.903(4) Å, respectively, suggest that
the U1, U2, and U3 oxidation states can be unambiguously
assigned as VI, V, and V, respectively, in agreement with the
magnetic data. The dative U1−O4, U2−O6, and U3−O5 bond
lengths are 2.239(4), 2.360(4), and 2.544(4) Å, respectively.
The first two dative bond length values are comparable to 2,
and the short U1−O4 distance reflects the fact that U1 is
hexavalent, but the latter value is long. We suggest this is a
result of the lower Lewis basicity of this oxo group, which
derives from a hexavalent uranyl group, compared to the more
Lewis basic UO2

+ oxo groups. The U2−Cl1 and U3−Cl1 bond
lengths of 2.969(2) and 2.956(2) Å are both ∼0.1 Å longer
than the U1−Cl1 bond length of 2.858(2) Å, which reflects
their UO2

+ and UO2
2+ formulations, respectively. The U1−C1,

U2−C32, and U3−C63 bond lengths of 2.652(5), 2.709(6),
and 2.717(5) Å, respectively, are shorter than observed in 2,
which may derive from μ3-Cl-bridged 3 exhibiting more
electron-deficient uranyl centers than in μ2-Cl-bridged 2, and
is in-line with the assigned uranyl oxidation states.

Discussion of the Reduction Chemistry of a Uranyl(VI)
Methanide. In contrast to rare earth BIPMH methanides
which can be converted to the corresponding carbenes by
deprotonation,13 it would seem that for uranyl(VI) reduction
by nucleophilic alkyls represents a more favorable reaction
pathway. Germane to this point, reduction of bis(imido)
uranyl(VI) analogues by alkyls has also been noted.21 Thus, a
uranyl(VI)-carbene would appear to be inaccessible via a
deprotonation pathway for BIPMH complexes. This contrasts
to uranyl(VI) complexes stabilized by the C(PPh2S)

2− dianion
where deprotonation methods were found to be viable.7

Figure 1. Molecular structure of 2 with selective labeling and
displacement ellipsoids set at 40%; hydrogen atoms and toluene lattice
solvent omitted for clarity.

Figure 2. Molecular structure of 3 with selective labeling and
displacement ellipsoids set at 40%; hydrogen atoms and toluene lattice
solvent omitted for clarity.
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Complexes 2 and 3 are significant because they represent the
first examples of organometallic uranyl(V) complexes since all
other examples of uranyl(V) are stabilized by ligands containing
nitrogen or oxygen donor centers, such as pyridines, phosphine
oxides, salens, diketonate/-iminate derivatives, and macro-
cycles.14 Typically, uranyl(VI) oxos are poor Lewis base donors
because of the strong uranium−oxygen triple bonds. However,
5f1 uranyl(V) presents electronic repulsion and thus the oxo
centers become more Lewis basic. Thus, the involvement of
uranyl(VI)-uranyl(V) CCIs in 3 is noteworthy. The nature of
such CCIs is important to understand given the environmental
implications for AnO2

+/2+ mobility. Unfortunately, solutions of
2 and 3 in toluene decompose on standing to afford a complex
mix of unidentified products. This has precluded detailed
solution studies, but 2 and especially 3 highlight the complex
nature of CCI chemistry.
Two-Electron Oxidation of a Uranium(IV)-Carbene To

Give a Uranium(VI)-Carbene. Realizing that reduction of
uranyl(VI) to uranyl(V)-containing products is facile for 1, we
turned from a deprotonation method to an oxidation strategy
utilizing [(BIPM)UCl3Li(THF)2] (4), as this complex is the
precursor to the uranium(V)-carbene [(BIPM)UCl2I] (5).8

Treatment of 4 with 1 equiv of 4-morpholine N-oxide gave
[(BIPM)UOCl2] (6) after workup in 52% crystalline yield as
brown blocks (Scheme 1). The NMR spectra of 6 are
diamagnetic, and the characterization data support the
formulation. The FTIR spectrum of 6 exhibits a stretch at
917 cm−1 which is attributed to the uranium-oxo group.
The molecular structure of 6 is illustrated in Figure 3. We

experienced considerable difficulty obtaining any crystals of 6

suitable for X-ray crystallography. The majority of our attempts
resulted in microcrystalline materials of pure 6. However, one
crystallization attempt yielded a crystal of sufficient quality for
diffraction studies but the resulting structure was found to
exhibit disorder. In this crystal, complex 6 is present in 75%
occupancy; the remaining 25% being occupied by [(BIPM)-
UCl3] (which we label as 5a in order to differentiate it from the
iodo-dichloro analogue 5) with both components centering on
the same uranium position. The relative occupancies were
determined by competitive refinement. Because of the low
occupancy of this pentavalent impurity the 25% “shadow”
BIPM ligand component could not be located26 but the heavy
chloride was located and successfully modeled. The geometric
and thermal parameters are reasonable and consistent with
literature values so the minor component is not affecting the
major one and we are therefore confident that the structural
refinement represents 6. Despite this disorder, the bulk purity
of 6 was established from the spectroscopic and analytical data.
We analyzed the crystal used for the data collection by 1H
NMR spectroscopy and observed a mixture of 6 and 5a in a
72:25 ratio which corroborates the disorder.23 The disorder
most likely arises from partial oxidation of 4. The most salient
point of 6 is that the oxo group resides trans to the carbene
[C1−U1−O1 ∠ = 175.54(15)°], which we ascribe to the
inverse trans influence (ITI).27 The U1−C1 bond distance of
2.184(3) Å is the shortest U−C distance on record,25 reflecting
the hexavalent state of 6, and it compares to UC bond
distances of 2.310(4), 2.268(10), and 2.29(3) Å observed in
closely related U(IV) 4,8 U(V) 5,8 and U(IV) [(η5-C5H5)3U
C(H)PMe2Ph],

4a respectively. The U−N bond distances (av.
2.313 Å) in 6 are substantially shorter than in 4 but longer than
in 5. Conversely, the U−Cl bonds in 6 (av. 2.623 Å) are not
significantly different to 4 but are shorter than in 5. The U1−
O1 distance of 1.841(4) Å in 6 is within the range of hexavalent
uranyl U−O bond distances.25 Complex 6 exhibits a trans-CUO
linkage, which is a [R2CUO]2+ analogue of the uranyl ion
previously observed only in matrix isolation experiments.20 The
[R2CUO]2+ linkage adds to the [EUO]2+ (EO, N,
C) family12,20,28 which is of general interest due to potential E
and O atom transfer chemistry.
In contrast to the reaction outcome observed when 4-

morpholine N-oxide is employed, when 4 was treated with one
equivalent of N-oxides such as Me3NO, C5H5NO, and TEMPO
only complex 1,11b could be isolated (Scheme 1). To account
for these observations we suggest that Me3NO, C5H5NO, and
TEMPO may bind to 4, and exhibit N−O cleavage, with
greater rates than 4-morpholine N-oxide, thus resulting in
overoxidation. In contrast, 4-morpholine N-oxide may bind
more slowly with a moderate N−O cleavage rate enabling mild
oxidation. This is in part supported by the observation of 5a

Figure 3. Molecular structure of 6 with selective labeling and
displacement ellipsoids set at 40%; hydrogen atoms, toluene lattice
solvent, and disorder components omitted for clarity.

Table 1. Selected Experimental and Computed Data for Tetravalent 4, Pentavalent 5, and Hexavalent 6

bond lengths and indices
atomic spin-densities and

charges UC σ-componenth UC π-componenth

entrya U−Cb U−Cc BId mU
e qU

f qC
g C% U% U 6d:5f C% U% U 6d:5f ref

4 2.310(4) 2.313 1.43 2.24 2.30 −2.00 82.4 17.6 20.0:79.4 82.2 17.8 15.8:84.2 8
5 2.268(10) 2.267 1.54 1.25 2.53 −1.85 74.2 25.8 10.3:89.4 74.3 25.7 9.8:90.0 8
6 2.183(3) 2.223 1.50 − 3.64 −2.01 68.0 32.0 5.2:94.4 75.8 24.2 8.1:91.8 this work

aAll molecules geometry optimized without symmetry constraints at the BP TZP/ZORA level. bExpl U−C distance (Å). cCalcd U−C distance (Å).
dNalewajski−Mrozek bond indices. eMDC-m α-spin density on uranium. fMDC-q charge on uranium. gMDC-q charge on carbene. hNatural Bond
Orbital (NBO) analysis.
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and a very recent report of divergent oxidation chemistry of N-
oxides toward [UN″3] [N″ = N(SiMe3)2].

29

Discussion of a Density Functional Theoretical
Analysis of UIVC, UVC, and UVIC Double Bonds.
Complex 6 is a rare example of a uranium mono-oxo
complex28b,29,30 the first example of a hexavalent uranium-
carbene, and in common with 4 and 5 it possesses a
meridionally coordinated chelating BIPM carbene ligand and
two axial halides. Thus, given the very close structural
relationship of 6 to 4 and 5 these results present the first
opportunity to compare the nature and changes in composition
of UC double bonds as a function of three oxidation states
U(IV−VI). We therefore carried out restricted DFT calcu-
lations on the full structure of 6. A comparison of the calculated
data to those for 4, 5, and 6 is listed in Table 1. Calculated
bond lengths and angles for 4−6 are within 0.05 Å and 2°, so
we conclude the models provide qualitative descriptions of the
bonding in 4−6. The calculations show significant charge
donation from the carbene ligands to uranium in 4−6 and the
calculated carbene charges are consistent with formally
dianionic centers. Visualization of the frontier orbitals of 6
(Figure 4) shows the σ- and π-components of the UC

double bond, and the Nalewajski−Mrozek bond indices show
significant multiple bond character. For 6 the uranium-oxo
calculated bond index is 2.71, which suggests a formal
uranium−oxo triple bond. Whereas both the σ- and π-
components of the UC double bond are well defined, only
the π-components of the uranium−oxygen bond are clear-cut.
Several molecular orbitals contribute to the σ-component of the
uranium−oxygen bond. Therefore, ITI contributions cannot be
delineated.30j However, it should be noted that the HOMO−1

molecular orbital of 6 exhibits a modest σ-component in the
uranium−oxo bond as well as the dominant σ-component to
the UC double bond which is suggestive of some uranyl-type
character (see below).27

We performed NBO analyses to obtain a localized and more
chemically relevant description of the UC double bonds in
4−6. These analyses show polarized UC double bonds in
each case. Upon oxidation from uranium(IV) to (V) to (VI)
the uranium contribution to the σ-component nearly doubles
overall; within the uranium component of the σ-bond the 6d
contribution falls from 20 to 10 to 5% with a concomitant
increase in 5f orbital contribution. For the π-component, the
uranium contribution reaches a maximum at uranium(V) and
then falls slightly on oxidation to uranium(VI). However,
within the uranium contribution to the π-component the 5f and
6d contributions continue to increase and decrease, respec-
tively, although the magnitude of the change is smaller for the
oxidation from uranium(V) to uranium(VI) than for the
oxidation from uranium(IV) to uranium(V). Thus, it appears
that the oxidation state at uranium has a significant effect on the
nature of the UC double bond in 4−6. In particular, 6 has a
lower bond index and a more polarized π-bond than 5.
Increasing the oxidation state of uranium increases its
polarizing power but this must compete against an inevitable
radial contraction of valence orbitals; based on the NBO data
we suggest that the latter may be starting to outweigh the
former in 6 compared to 5.
It is instructive to compare the bonding in 6 to those

complexes containing [EUO]2+ (E = O, N, C) units.
Computational studies reveal σ2π4 bonding with each molecular
orbital delocalized equally over the three-atom units of OUO,31

NUN,32 and CUC20d due to their symmetrical environments.
However, in EUO species where E ≠ O the symmetry is broken
and bonding orbitals become more localized and clearly defined
as deriving from UE or UO bonds.20a,28a This deconvolution is
also evident in 6 which reflects the different electronegativities
of oxygen and carbon. Thus, although 6 can be regarded as a
uranyl analogue, distinct, intrinsic differences in the bonding
manifold compared to uranyl are evident.

Topological Analyses of UIVC, UVC, and UVIC
Double Bonds. In order to examine the nature of the UC
bonds in 4−6 we performed topological analyses of the
electron densities using Bader’s Atoms in Molecules
(QTAIM).33 To place these results in context in order to
allow meaningful comparisons, we also carried out QTAIM
analyses on the geometry optimized structures of structurally
related and authenticated methanide and carbene complexes
[(BIPMH)UCl3(THF)] (7),6f [(BIPMH)YI2(THF)] (8),13a

[(BIPM)YI(THF)2] (9),34 [(BIPM)Y(CH2SiMe3)(THF)]
(10),35 and [(BIPM)Y(CH2Ph)(THF)] (11).36 The results
of the QTAIM analyses are shown in Table 2. For a covalent
bond the electron density [ρ(r)] at the bond critical point
(BCP) is usually >0.2, and for ionic bonds this value is <0.1.
Thus, the UC double bonds in 4−6 appear to possess some
covalent character. This view is reinforced through comparison
with the uranium-methanide 7, which possesses a smaller value
of ρ(r). Furthermore, the ρ(r) for the yttrium-methanide 8,
which would be predicted to be predominantly ionic, is even
smaller, and the ionic yttrium-carbenes 9−11 exhibit ρ(r)
values that are only marginally larger than those of 7 and 8, yet
significantly smaller than those of 4−6. For covalent bonds the
Laplacian of the electron density [∇2ρ(r)] is usually negative,
indicating a concentration of electron density in the

Figure 4. Selected α-spin Kohn−Sham frontier molecular orbitals of 6,
hydrogen atoms omitted for clarity: (a) HOMO (215a, −5.440 eV);
(b) HOMO−1 (214a, −5.868 eV); (c) HOMO−24 (191a, −8.198
eV); (d) HOMO−26 (189a, −8.312 eV).
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internuclear region. However, the ∇2ρ(r) term derives from
three curvature values (λ1, λ2, λ3) where λ1 and λ2 are negative
but λ3 is positive. For first-row elements the overall term is
usually negative, but for second-row and heavier elements the
λ3 term often dominates the Laplacian which results in a
positive term overall,37 as observed for 4−11. The electronic
energy density H(r) of the charge distribution is defined as
H(r) = G(r) + V(r), where G(r) is the kinetic energy density
and V(r) is the potential energy. For a covalent bond H(r) is
usually negative. With the above considerations noted, it is
significant that 6 exhibits the largest ρ(r), smallest ∇2ρ(r), and
most negative H(r) terms, followed by 5 and then 4. This
suggests that the covalency within the UC double bonds of
4−6 decreases in the order 6 > 5 > 4 as supported qualitatively
by the DFT and NBO analyses described above (Table 1).
Preliminary Reactivity Study of a Uranium(VI)-

Carbene. A preliminary reactivity study of 6 revealed
metallo-Wittig reactivity toward 9-anthracene carboxaldehyde
and benzaldehyde to give the anticipated colorless alkenes
(Me3SiNPPh2)2CC(H)R [R = 9-anthracene (12)8 or phenyl
(13)], in 41 and 65%, respectively, with concomitant
elimination of uranyl dichloride,38 Scheme 1. This parallels
the reactivity of uranium(IV/V)-carbenes, further supporting
the formulation of 6, but contrasts to the reactivity of yttrium
analogues which engage in C−H activation chemistry.39 We
suggest this difference in reactivity may derive from the greater
covalency of UC bonds compared to formal YC bonds
which results in mild [2+2]-cycloaddition and σ-bond meta-
thesis for the former compared to more aggressive C−H
activation reactions for the latter.

■ CONCLUSIONS
To conclude, attempts to prepare a uranyl(VI)-carbene by a
deprotonation strategy have resulted in reduction and isolation
of the first examples of organometallic uranyl(V) complexes
which exhibit rare uranyl(VI)-uranyl(V) cation−cation inter-
actions. Oxidation of a uranium(IV)-carbene with 4-morpho-
line N-oxide afforded the first uranium(VI)-carbene, which
contains a [R2CUO]2+ analogue of the uranyl ion, and this
has permitted a comparison of the nature of UC double
bonds over three oxidation states (IV−VI) for the first time.

■ EXPERIMENTAL SECTION
Preparation of [UO2(BIPMH)(μ-Cl)UO(μ-O)(BIPMH)] (2). THF

(20 mL) was added to a precooled (−78 °C) mixture of 1 (1.87 g, 2
mmol) and NaCH2Ph (0.15 g, 1.33 mmol). The reaction mixture was
allowed to warm to room temperature and was stirred for 16 h to give
a red-brown suspension. Volatiles were removed in vacuo and the

residue was recrystallized from toluene (2 mL) to afford 2 as yellow
crystals. Yield: 1.36 g, 80%. Anal. Calcd for C62H78ClN4O4P4Si4U2: C,
44.03; H, 4.65; N, 3.31. Found: C, 44.08; H, 4.54; N, 3.06. μeff = 2.59
μB (Evans’s method). 1H NMR (d6-benzene, 298 K): δ −9.68 (br,
18H, U(V) Si(CH3)3), −4.14 (br, 1H, U(V) HCP2), 0.38 (s, 18H,
U(VI) Si(CH3)3), 2.24 (br, 4H, U(V) p-Ar-H), 3.40 (t, 1H, 2JPH = 14
Hz, U(VI) HCP2), 7.12 (m, 8H, U(VI) Ar-H), 7.43 (m 8H, U(VI) Ar-
H), 7.80 (m, 4H, U(VI) p-Ar-H), 8.15 (br, 8H, U(V) m-Ar-H), 12.09
(br, 4H, U(V) o-Ar-H) and 14.52 (br, 4H, U(V) o-Ar-H).31P{1H}
NMR (d6-benzene, 298 K): δ −5.16, −129.42 (br). FTIR v/cm−1

(Nujol): 1589 (w), 1260 (m), 1243 (m), 1110 (s), 1092 (s), 1028
(m), 906 (m), 834 (s), 803 (m), 721 (m), 692 (m). The formation of
dibenzyl was confirmed by NMR spectroscopy and GC-MS. A fraction
that eluted at 11.2 min gave m/z peaks at 91.04 and 182.05 which
correspond to PhCH2 and PhCH2CH2Ph. This was compared to an
authentic sample of PhCH2CH2Ph which gave an exact match for
retention time, fragmentation pattern and peak masses, confirming the
formation of PhCH2CH2Ph.

Preparation of [UO(μ-O)(BIPMH)(μ3-Cl){UO(μ-O)(BIPMH)}2]
(3). From the reaction which yielded 2 we also isolated a small
number of red crystals of 3 by fractional crystallization. Yield: 0.02 g,
2%. Anal. Calcd for C93H117ClN6O6P6Si6U3: C, 44.34; H, 4.68; N,
3.34. Found: C, 43.79; H, 4.33; N, 3.17. μeff = 4.01 μB (Evan’s
method). 1H NMR (d6-benzene, 298 K): δ −6.18 (br, 18H, U(V)
Si(CH3)3), −4.27 (br, 2H, U(V) HCP2), 0.27 (s, 18H, U(VI)
Si(CH3)3), 1.33 (s, 2H, U(V) Ar-H), 2.65 (d, 4H, 3JHH = 6 Hz, U(V)
Ar-H), 3.28 (t, 1H, 2JPH = 13.6 Hz, U(VI) HCP2), 4.58 (br, 18H,
U(VI) Si(CH3)3, and 4H, U(V) Ar-H), 5.26 (t, 4H,

3JHH = 6 Hz, U(V)
Ar-H), 5.71 (t, 4H, 3JHH = 6 Hz, U(V) Ar-H), 7.02 (m, 12H, U(VI)
Ar-H), 7.68 (m, 8H, U(VI) o-Ar-H), 8.41 (t, 2H, 3JHH = 6 Hz, U(V)
Ar-H), 8.45 (t, 2H, 3JHH = 6 Hz, U(V) Ar-H), 8.70 (t, 2H, 3JHH = 6 Hz,
U(V) Ar-H), 8.88 (d, 4H, 3JHH = 6 Hz, U(V) Ar-H), 8.93 (s, 2H,
U(V) Ar-H), 9.77 (s, 4H, U(V) Ar-H), 10.09 (br s, 2H, U(V) Ar-H),
11.17 (s, 4H, U(V) Ar-H).31P{1H} NMR (d6-benzene, 298 K): δ 5.17,
−139.13 (br), −159.74 (br). FTIR v/cm−1 (Nujol): 1589 (w), 1261
(m), 1091 (br, s), 1020 (m), 900−802 (br, m), 723 (m).

Preparation of [(BIPM)UOCl2] (6). Toluene (10 mL) was added
to a precooled (−78 °C) mixture of 4 (1.09 g, 1.00 mmol) and 4-
morpholine N-oxide (0.13 g, 1.10 mmol). The mixture was then
allowed to slowly warm to room temperature with stirring over 18 h to
afford a dark brown solution. The solution was filtered, reduced in
volume (∼3 mL), and then stored at −30 °C to afford 6 as brown
crystals. Yield: 0.46 g, 52%. Anal. Calcd for C31H38Cl2IN2P2Si2U: C,
45.79; H, 4.66; N, 2.95. Found: C, 45.70; H, 4.65; N, 2.93. 1H NMR
(d6-benzene, 298 K): δ 0.61 (s, 18H, Si(CH3)3), 7.12−7.28 (br m,
12H, m/p-CH(Ar)), 7.71(m, 8H, o-CH(Ar)). 13C{1H} NMR (d6-
benzene, 298 K): δ 1.36 (Si(CH3)3), 129.11 (Ar-C), 131.88 (Ar-C),
132.71 (Ar-C), 139.05 (Ar-C). The carbene resonance for 6 was not
observed in the 13C{1H} NMR spectrum recorded in d6-benzene due
to the poor solubility of 6 in arene solvents once recrystallized;
however, the NMR spectra are clearly diamagnetic which is consistent
with the uranium(VI) formulation of 6. Complex 6 is unstable in polar
solvents such as THF and pyridine and decomposes to H2C-
(PPh2NSiMe3)2 and unidentified uranium-containing products which
precluded recording of NMR spectra in these solvents. 29Si{1H} NMR
(d6-benzene, 298 K): δ −0.69. 31P{1H} NMR (d6-benzene, 298 K): δ
−29.1. FTIR v/cm−1 (Nujol): 1589 (w), 1437 (s), 1211 (s), 1114 (vs),
1044 (br), 917 (s, UO), 845 (s).

Preparation of (Me3SiNPPh2)2CC(H)R (12, R = 9-anthra-
cene). 9-anthracenecarboxaldehyde (0.11 g, 0.55 mmol) in toluene
(10 mL) was added dropwise to a precooled (−78 °C) suspension of 6
(0.44 g, 0.50 mmol) in toluene (10 mL). The dark red reaction
mixture was allowed to warm to room temperature and was stirred for
66 h to give a gray reaction mixture. The solution was filtered from the
resulting precipitate and volatiles were removed in vacuo to afford a
gray solid. The gray solid was recrystallized from acetonitrile (5 mL)
to give colorless crystals of 12. Yield: 0.15 g, 41%. Analysis of the crude
mixture by multinuclear NMR showed quantitative conversion. The
precipitate was recrystallized from THF to afford a yellow crystalline
material which was identified as [{UO2Cl2(THF)2}2] by comparison

Table 2. Calculated QTAIM UC, U−C, Y−C, and YC
Bond Critical Point Data for 4−11

entrya wρ(r) ∇2ρ(r) G(r) V(r) H(r)

4 0.1037 0.1203 0.0697 −0.1093 −0.0396
5 0.1167 0.1017 0.0752 −0.1249 −0.0497
6 0.1302 0.0529 0.0741 −0.1350 −0.0609
7 0.0415 0.0828 0.0263 −0.0319 −0.0056
8 0.0371 0.0818 0.0236 −0.0267 −0.0031
9 0.0638 0.1348 0.0467 −0.0598 −0.0130
10 0.0603 0.1295 0.0431 −0.0539 −0.0108
11 0.0650 0.1311 0.0460 −0.0592 −0.0132

aAll molecules geometry optimized without symmetry constraints at
the BP TZP/ZORA level.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja301333f | J. Am. Chem. Soc. 2012, 134, 10047−1005410052



to an authentic sample.38 Compound 12 was authenticated by
comparison to an authentic sample.8

Preparation of (Me3SiNPPh2)2CC(H)R (13, R = Ph).
Benzaldehyde (0.059 g, 0.55 mmol) in toluene (10 mL) was added
dropwise to a precooled (−78 °C) suspension of 6 (0.44 g, 0.50
mmol) in toluene (10 mL). The dark yellow reaction mixture was
allowed to warm to room temperature and stirred for 66 h to give a
gray reaction mixture. The solution was filtered from the resulting
precipitate and volatiles were removed in vacuo to afford a gray solid.
The gray solid was recrystallized from acetonitrile (5 mL) to give
colorless crystals of 13. Yield: 0.21 g, 65%. Analysis of the crude
mixture by multinuclear NMR showed quantitative conversion. The
precipitate was recrystallized from THF to afford a yellow crystalline
material which was identified as [{UO2Cl2(THF)2}2] by comparison
to an authentic sample.38 Anal. Calcd for C38H44P2N2Si2: C, 70.55; H,
6.85; N, 4.33. Found: C, 70.71; H, 6.75; N, 4.23. 1H NMR (d6-
benzene, 298 K): δ 0.49 (s, 9 H, NSi(CH3)3), 0.50 (s, 9 H,
NSi(CH3)3), 6.91 (br, 2H, m-Ph-CH), 7.01 (br, 8H, m-Ph-CH P),
7.28 (br, 6H, p-Ph-CH P and o-Ph-CH), 7.51 (br, 1H, p-Ph-CH), 7.88
(m, 8H, o-Ph-CH), 8.15 (dd, 3JPH = 36.2 and 48.4 Hz, 1H, PhHC
CP2).

13C{1H} NMR (d6-benzene, 298 K): δ 4.13 (d, JPC = 3.0 Hz,
Si(CH3)3), 4.34 (d, JPC = 3.0 Hz, Si(CH3)3), 127.29 (d, JPC = 3.7 Hz,
m-Ph-CH P), 127.98 (d, JPC = 3.7 Hz, m-Ph-CH P), 128.97 (m-Ph-
CH), 129.92 (p-Ph-CH), 130.46 (o-Ph-CH), 130.75 (p-Ph-CH P),
132.06 (d, 2JPC = 10.6 Hz, o-Ph-CH P), 132.40 (d, 2JPC = 10.6 Hz, o-
Ph-CH P), 134.44 (d, JPC = 66.4 Hz ipso-Ph-C P), 135.83 (s, ipso-Ph-
C), 135.97 (dd, JPC = 41.3 and 98.6 Hz, PhHCCP2), 157.61 (d,

2JPC
= 7.1 Hz, PhHCCP2).

31P{1H} NMR (d6-benzene, 298 K): δ −7.64
(d, 2JPP = 34.8 Hz), −6.87 (d, 2JPP = 34.8 Hz). 29Si{1H} NMR (d6-
benzene, 298 K): δ −12.51 (d, 2JPSi = 39.8 Hz), −12.02 (d, 2JPSi = 39.8
Hz). FTIR v/cm−1 (Nujol): 1553 (m, CC), 1314 (s), 1299 (s),
1234 (m), 823 (s), 748 (m), 695 (m), 681 (m).
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