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Beginning with the Manhattan Project,!! uranium-alkyl
complexes have been a coveted target in the actinide
chemistry. The initial interest in these complexes was due to
their anticipated volatility, which would permit their use in
gas-phase isotope separation.'¥l In the 70 years since the
Manhattan Project, the organometallic chemistry of uranium
has flourished, however, this chemistry has been dominated
by the 3+ and 4+ oxidation states. In contrast, the
organometallic chemistry of the 54 and 6+ states has
lagged behind considerably.*! This is especially true for the
uranyl ion, the most studied fragment in uranium chemistry.’!
Despite the fact that the preparation of organometallic uranyl
complexes has been attempted for over 150 years,® the first
uranyl-hydrocarbyl complex was only reported in 2002.° It is
now clear that many initial synthetic attempts resulted only in
uranyl reduction, and not in alkylation.'”! For example,
Ephritikhine and co-workers demonstrated that reaction of
one equivalent of Li(CH,SiMe;) with [UO,I,(THF);] or
[UO,(OTTf),] in pyridine resulted in the formation of a ura-
nyl(V) complex,!! while Seyam observed formation of UO,
and biphenyl upon reaction of UO,Cl, with two equivalents of
phenyllithium."

Only recently have chemists developed strategies for
inhibiting the reduction of uranyl. For example, Sarsfield et al.
used a chelating bis(iminophosphorano) ligand to stabilize
the U—C bond in [(BIPMH)UO,CI(THF)] (A, BIPMH =
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Scheme 1. Schematic structure of the recently synthesized uranyl
complexes with direct U—C o bonds. Melm = 1-methylimidazole,

py = pyridine.

HC(PPh,NSiMe;),; Scheme 1)."! This strategy was later
employed in the synthesis of the first uranyl-methanediide
complex, [UO,(SCS)(py),] (B, SCS?*  =[C(Ph,PS),]*").'Y
Also notable is the synthesis of the first cyclopentadienyl
complex of uranyl, [NEt,],[(CsMes)UO,(CN);] (C),I'" formed
by oxygen atom transfer to a U™—cyclopentadienyl precursor.
Finally, our research group demonstrated that uranyl—carbon
o bonds could be stabilized by steric saturation of the uranium
coordination sphere (so-called “ate” complex formation), as
in the case of the bis(imidazolyl) complex, [Li(Melm)]-
[(UO,(Ar,nacnac)(C,HsN,),] (D), which exhibits unusual
thermal stability for a UY'~hydrocarbyl complex.

The strategy of “ate” complex formation has also allowed
us to stabilize several homoleptic uranium-alkyl complexes in
the 4+, 5+, and 6+ oxidation states, as well as several
homoleptic thorium-alkyl complexes.>!!¥! Their synthesis
and characterization, in conjunction with quantum-chemical
calculations, has enabled the study of the contribution of the
6d and 5f valence orbitals in actinide—carbon bonds. These
results inspired us to explore the synthesis of a uranyl-alkyl
“ate” complex to gain further insight into the U—C bonding
interactions. Herein, we describe the synthesis of the rare
uranyl(VI)-alkyl complex [Li(DME),;],[UO,(CH,SiMes;),]
(1) and an analysis of its electronic structure by relativistic
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DFT calculations for comparison with a homoleptic hexa-
alkyl-uranium(VI) complex, [U(CH,SiMe;)s] (2). Further-
more, the revised C NMR spectrum of 2 is presented, and
the origin of the unprecedentedly downfield methylene
BC NMR chemical shifts in 1 and 2 is analyzed and put in
contrast with those of the analogous W' and Th'Y complexes.

Addition of a cold (—25°C) solution of [UO,CL,(THF);] in
THEF to a cold (—25°C) solution of Li(CH,SiMe;) (4 equiv) in
1,2-dimethoxyethane (DME) results in an immediate color
change to red. Rapid removal of the volatiles and extraction
into hexanes gives a green-brown solution. Storage at —25°C
for 12 hours results in the precipitation of the uranyl-alkyl
complex [Li(DME), 5],[UO,(CH,SiMe;),] (1) as a green crys-
talline solid in 24 % yield (see Scheme 2). Complex 1 is
soluble in hexanes, ethereal solvents, and aromatic solvents,
but decomposes in CH,Cl,. Additionally, complex 1 is tem-
perature-sensitive, decomposing completely over two hours at
room temperature in [Dg]THF, according to NMR spectros-
copy. The 'HNMR spectrum of 1 at —1.6°C in [Dg]THF
exhibits resonances at 0.01 and —3.80 ppm, corresponding to
the methyl and methylene groups, respectively. The 'Li NMR
spectrum in CiDs at room temperature exhibits a single
resonance at 2.93 ppm, consistent with a single lithium
environment. Finally, the PC{'H}NMR spectrum in
[Ds]THF exhibits a resonance at 10.6 ppm, which can be
attributed to the methyl groups of the methyltrimethylsilyl
ligand. More notably, the methylene resonance of the
CH,SiMe; ligand is significantly deshielded at 242.9 ppm
(see Table 1 for the corresponding *C NMR shifts in WO,**
analogues). This observation coincides with the recent finding
that the chemical shifts of nuclei that are o-bonded to the f’
actinide center can be shifted to extremely high frequency
because of relativistic spin—orbit (SO) effects (see also
below).l”?! The observed *CNMR chemical shift also
provides strong evidence for the presence of Li-O(uranyl)
interactions in solution (see below).
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Scheme 2. Synthesis of [Li(DME), ;],JUO,(CH,SiMe,)] (1).

Complex 1 crystallizes in the triclinic space group P1 and
its solid-state molecular structure is shown in Figure 1.?"! The
uranium atom in 1 is located on a crystallographically
imposed inversion center and is found in a nearly octahedral
geometry (C1-U1-C5 87.3(2)°, C1-U1-C5* 92.7(2)°, C1-U1-
C1* 180°, C5-U1-C5* 180°), coordinated by the two oxygen
atoms of the uranyl fragment and the four carbon atoms of the
methyltrimethylsilyl ligands. The O-U-O angle in 1 (O1-U1-
O1* 180°) is typical of the uranyl fragment; however, the U—
O bond length (U1-O1 1.885(4) A) is substantially longer
than characteristic uranyl(VI) U-O distances (1.76—
1.79 A).”2%! Our computations show that this elongation is
due to coordination of the Li* counterions to the uranyl oxo
ligands (Table 1). This Lewis-type interaction also leads to
a substantially smaller U—C bond length (by 0.08 A) when
compared to the naked [UO,(CH,SiMe;),]*~ anion.

The U—C bond lengths in 1 (U1-C1 2.497(6) A, U1-C5
2.481(6) A) are similar to those of other o-bonded uranium-
hydrocarbyl complexes. For example, the U—C bond lengths

Table 1: Selected mean bond lengths, NLMO hybridization analysis of the M—C ¢ bonds and *C NMR shifts (in ppm versus TMS) of the metal-bound
carbon atoms in [UO,R,J*", [URg], [ThRs]™ (R=CH;, CH,SiMe;) and their W' analogues®”

Complex d(M—0) d(M—C) NPA charges NLMO analysis of M—C o bonds O(SR) 0(SO) d(total) O(expt.)
(Al (Al M) 4(9 %M s P d f ppm] [ppm] [ppm]  [ppm]
[UO,(CH,) > 1.806 2.574 1.767 -1.108 193 175 02 381 442 132 1164 1296
[UO,(CH,SiMe;),J*~ 1.795 2.573 1.744 1344 180 156 01 395 447 377 785 1162
[Li(DME),,[lUO,(CH,SiMe;),]  1.857 2.493 1670 —1296 219 127 00 341 532 737 1771 2508  242.99
cis-[WO,(CH,SiMe;) - 1.758 2.360 1.943 —-1340 183 161 02 836 0.1 16.1 14 175 (19.214)
trans-[WO,(CH,SiMe;),J* 1.787 2.311 1.825 —1258 239 141 01 857 0.1 30.3 87 390
[U(CH3)dl 2.343 1724 -1.025 286 9.7 01 226 676 1254 3681 4935
[U(CH,SiMe) ] 2.335 1309 —1.221 289 72 01 248 679 1812 3479 5291 43430
[Th(CH,SiMe;)s]” 2.540 2072 —1.482 132 184 04 647 165 437 356 793 83.0
[W(CHs)el 2.165 1.674 —0.951 328 11.8 0.1 830 0.1 62.6 204  83.0 83.6M1
[W (CH,SiMe;)¢] 2.182 1.728 —-1229 306 101 01 8.8 00 780 209 9838

[a] Optimization and NPA/NLMO analysis done at the PBEO/TZVP level using a small-core quasirelativistic ECPs for the metal centers.

[b] Calculations of NMR shifts performed at the 2c-ZORA-SO level using PBEO-40HF hybrid functional and TZ2P all-electron basis set (see
Computational Details in the Supporting Information for more details). s stands for NMR shifts calculated using scalar relativistic effects only, and
dso for the spin—orbit contribution. [c] This work. See also the Supporting Information for more details. [d] >C NMR shift of methylene group reported

for [WO,(Cp) (CH,SiMe;)], see Ref. [27]. [e] See Ref. [18]. [f] See Ref. [28].
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Figure 1. ORTEP diagram of [Li(DME), 5],[U(-O),(CH,SiMe;),] (1)
with 50% probability ellipsoids. Selected bond lengths [A] and angles
[d°]: UT-O1 1.885(4), UT-C1 2.497(6), U1-C5 2.481(6), Li1-O1
1.87(1), Li1-02 2.02(1), Li1-03 2.00(1), Li1-O4 1.98(1), O1-U1-O1*
180, C1-U1-C5 87.3(2), C1-U1-C5* 92.7(2), C1-U1-C1* 180, C5-U1-C5*
180, O1-Li1-02 136.5(6), O1-Li1-O3 117.0(7), O1-Li1-O4 113.7(6), O2-
Li1-03 83.2(5), 02-Li1-04 96.1(5), O3-Li1-04 103.7(5).

in the uranyl-bis(imidazolyl) complex D are 2.498(6) and
2.499(7) A" In contrast, the U—C bond length in
[(BIPMH)UO,CI(THF)] (A) is much longer at
2.707(4) A ?* while the U—C bond length in the methanediide
complex [UO,(SCS)(py).] (B) is slightly shorter at
2.420(3) A."" The longer U—C bond length in 1 compared
to that calculated for the hexaalkyl [U(CH,SiMe;)s] (2)
complex (see Table 1) may be rationalized by the appreciable
uranium—carbon antibonding character of the U—O o-bond-
ing molecular orbital (see HOMO-4 in Figure S10 in Sup-
porting Information). The lithium cation in 1 exhibits a dis-
torted tetrahedral geometry and is coordinated by one oxygen
atom of the uranyl, two oxygen atoms of one DME ligand,
and one oxygen atom from a DME ligand that bridges
between two lithium cations. This bridging interaction results
in the formationoof a 1D polymer chain. The Li—O,,, bond
length (1.87(1) A) is typical for lithium—oxo(uranyl) inter-
actions.>2>%!

Our success in isolating and characterizing complex
1 prompted us to revisit the synthesis of [U(CH,SiMe;)]
(2), which we initially reported in 2011.5 Based on the recent
theoretical study by Hrobadrik et al., the *C NMR chemical
shift for the methylene carbon atoms of 2 is predicted to occur
at an unprecedentedly high frequency when compared to
other diamagnetic compounds."! This result contrasts greatly
with our original assignment, which placed the resonance of
the methylene moiety at 34.0 ppm in [Dg]THF at —40°C.F!
However, it should be noted that the direct-detection
BC{'"H} NMR experiment was not performed with a large
enough sweep width to observe a signal beyond 300 ppm.

Angew. Chem. Int. Ed. 2013, 52, 32593263
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Given the increasing interest in high-valent uranium-alkyl
complexes, and considering that confirmation of the quan-
tum-chemical prediction would greatly assist in the develop-
ment of theoretical methods for the actinide elements, we re-
recorded the “C{'H} NMR spectrum of 2 using a sufficiently
large sweep width. Complex 2 was generated in [Dg]THF
using the reported procedure,” and a *C{'H} NMR spectrum
(from 0 to 1000 ppm) was recorded at —46°C.

As was observed previously, the *C{'"H} NMR spectrum
of 2 exhibits a resonance at 11.2 ppm, which can be assigned
to the methyl carbon atoms of the methyltrimethylsilyl ligand.
More importantly, however, we also observed a resonance at
434.3 ppm, which we assigned to the methylene carbon atom
of the CH,SiMe; ligand (Figure S7). This assignment was
further confirmed in the HMBC spectrum (Figure S8). The
chemical shift observed for the methylene carbon atom of 2 is
the largest downfield shift yet observed for a diamagnetic
compound containing a single metal atom.” Previously
reported C NMR chemical shifts for carbon atoms directly
bound to UY range from 262.8 ppm for [UO,(NHCN),]
(NHCSN = amido-tethered N-heterocyclic carbene),® to
3294ppm for [Li(MeIm)][(UO,(Ar,;nacnac)(C,H;N,),]
(D).'" As shown in Ref. [19], these large high-frequency
chemical shifts are, to an appreciable part, caused by
relativistic spin—orbit (SO) coupling (see also dgy in
Table 1). An even more deshielded *C NMR shift for 2
(6 >500 ppm) is predicted when using 40 % Hartree—Fock
exchange in the density functional (PBE0-40HF). In this
specific case, a reduction of exact-exchange admixture to
35% (PBEO-35HF) brings theory and experiment into better
agreement, even more so upon shortening of the U—C bond
by 0.01 A when including dispersion corrections in the
structure optimization (see Table S2 in Supporting Informa-
tion). The effect of solvent included by a COSMO solvation
model plays virtually no role for 2, although its inclusion
affects the computed shifts in 1 with more polarizable bonds
(see Tables S1 and S2 in Supporting Information).

This unprecedented dependence on the functional for 2 is
due to the extremely large SO contributions, which are
influenced crucially by the core tails of the uranium valence
Sf-orbitals. The choice of 40 % exact exchange was motivated
by a comparison to experimental data for only a handful of
available >C NMR shifts in complexes with direct UY'—C
obonds™ (the use of PBEO0-35HF for that series would
actually worsen the agreement with experiment). In this
respect, more experimental data for related uranium(VI)
complexes are needed to improve and assess the computa-
tional methodology for the calculation of NMR shifts in
organometallic uranium complexes to an accuracy that would
be comparable to, for example, regular transition-metal
complexes.

It is worth noting, that the *C NMR resonances calculated
for the methylene moieties of the analogous tungsten com-
plexes [W(CHj;)s] and [W(CH,SiMe;)¢] are 83.0 ppm and
98.8 ppm, respectively (Table 1). In these cases, dgo contrib-
utes around 20 ppm to the total >*C NMR shift. This is more
than one order of magnitude less than in the corresponding
uranium(VI) complexes. The same holds for the comparison
of the methylene *C NMR resonances in complexes contain-
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ing the UO,*" and WO,*" moieties (see Table 1). We note in
passing, that dgq in the title complexes 1 and 2 is almost as
large as, or larger than, the entire range of *C NMR chemical
shifts in common organic compounds. A somewhat larger
spin—orbit contribution (dgo = 35.6 ppm) than for the tungsten
complexes can be noticed for the homoleptic pentaalkyl-Th"
complex. These tendencies clearly coincide with the role of
Sf-orbitals in bonding, which is still relatively small for Th but
large for U. The substantial high-frequency shift of the
methylene carbon atom in 1 compared to that in the naked
[UO,(CH,SiMe;),]*~ anion is also largely caused by an
increase of dgp, again because of an increase of the f-orbital
participation in bonding (see Table 1). These changes, and the
excellent match of the experimentally observed “C NMR
chemical shifts of 1 with the computed ones, also support the
coordination of solvated Li* to the uranyl oxygen atoms in
[Dg]THF solution. The extensive 5f participation in U—C
bonding is also responsible for the octahedral structure of
UY-hexaalkyl complexes. Optimizations of the formal 5f°
complexes [UMeg] and 2 without f functions in the basis set
(the 4f shell is included in the pseudopotential core) result in
prismatic structures similar to those of [WMes] and hypo-
thetical [W(CH,SiMe;)q].F**!

To conclude, we have prepared and characterized the first
genuine uranyl(VI)-alkyl complex [Li(DME),;],[UO,-
(CH,SiMe;),] (1) by purposeful “ate” complex formation,
and have confirmed its formulation by spectroscopic and X-
ray crystallographic studies. The synthesis of the related
homoleptic hexaalkyl complex [U(CH,SiMe;)s] (2) and
revision of its ®C NMR spectrum has allowed a meaningful
comparison of the bonding situation in 1 and 2, and analysis of
the unprecedented high-frequency *C NMR chemical shifts
in these UY! complexes. Computational analyses show that the
5f uranium character in U—C o bond is larger in the hexaalkyl
complex 2, which is also reflected in the most deshielded
BC NMR shift observed in diamagnetic mononuclear com-
pounds. Indeed, the comparison of computed and experi-
mental “C NMR data provides an important additional
method for the analysis of covalent bonding and Sf-orbital
participation in uranium(VI) complexes.

Experimental Section

Synthesis of [Li(DME),s5],[UO,(CH,SiMes),] (1). A cold (-25°C)
solution of [UO,CL,(THF);] (74 mg, 0.13 mmol) in THF (2 mL) was
added to a cold (—25°C) solution of Li(CH,SiMe;) (54 mg,
0.57 mmol) in DME (1 mL) . This resulted in an immediate color
change to deep red. The volatiles were removed in vacuo and the
resulting red oil was triturated with hexanes (1 mL). The residue was
then partially extracted into hexanes (4 mL) and the resulting green
solution was filtered through a column of celite (2cmx0.5cm)
supported on glass wool. The volume of the filtrate was reduced
in vacuo, and the solution was stored at —25°C for 12 h, resulting in
the deposition of green-yellow crystals (21.0 mg, 24 % yield). Crystals
of 1 suitable for analysis by X-ray crystallography were grown from
a concentrated solution in hexanes stored at —25°C for 16 h. Anal.
Calcd for CH,Li,04Si,U: C, 37.24; H, 8.26. Found (3 trials): C,
33.74; H,7.28. C, 33.00; H, 6.77. C, 32.72; H, 7.33. Elemental analyses
consistently showed low carbon and hydrogen content, likely because
of the high thermal instability of 1. 'THNMR (500 MHz, —1.6°C,
[Dg]THF): 6=3.43 (br s, 12H, CH, DME), 3.27 (br s, 18H, CH,
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DME), 0.01 (s, 36H, CH,SiMe;), —3.80 ppm (s, 8H, CH,SiMe;).
"Li{'H} NMR (155 MHz, 25°C, C¢D): 6 =2.93 ppm (s). *C{'H} NMR
(151 MHz, —1.6°C, [Dg]THF): 6 =242.9 (s, CH,SiMe;), 72.9 (s, CH,
DME), 59.1 (s, CH; DME), 10.6 ppm (s, CH,SiMe;). IR (KBr pellet):
7 =1623 (br, m), 1514 (sh), 1473 (sh), 1456 (w), 1417 (w), 1369 (w),
1290 (sh), 1246 (sh), 1211 (sh), 1196 (w), 1161 (sh), 1126 (w), 1111 (m),
1088 (m), 1072 (sh), 1034 (m), 972 (sh), 930 (br, m), 858 (s), 841 (s),
792 (sh), 758 (m), 698 (m), 671 (m), 615 (sh), 555 (sh), 478 cm™! (br, s).

NMR characterization of [U(CH,SiMes)s] (2). An NMR tube
equipped with a J-Young valve was charged with a cold (—40°C)
deep-green solution of [Li(THF),][U(CH,SiMe;)s] (30.1 mg,
0.028 mmol) in [Dg]THF (0.3 mL). A cold (—40°C) deep-red solution
of [U(OrBu)e] (0.0211 mg, 0.031 mmol) in [Dg]THF (0.3 mL) was
added to the first solution. Upon addition, the reaction mixture
immediately turned deep gold in color. The NMR tube was then
placed on dry ice and transported to an NMR spectrometer pre-
cooled to —45.5°C. Upon standing at —40°C, a colorless, crystalline
material formed, indicating the precipitation of [Li(THF),][U-
(OfBu)y] from the reaction mixture. '"H NMR (500 MHz, —45.5°C,
[Dg]THF): 6=0.50 (s, 54H, CH,SiMe;), —3.16 ppm (s, 12H,
CH,SiMe;). *C{'H} NMR (125 MHz, —45.5°C, [Dg]THF): 6 =434.3
(s, CH,SiMe;), 11.2 ppm (s, CH,SiMe;).
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