
pubs.acs.org/ICPublished on Web 08/02/2010r 2010 American Chemical Society

Inorg. Chem. 2010, 49, 8117–8130 8117

DOI: 10.1021/ic1012044

The Bis Metallacyclic Anion [U(N{SiMe3}2)(CH2SiMe2N{SiMe3})2]
-

Olivier B�enaud, Jean-Claude Berthet,* Pierre Thu�ery, and Michel Ephritikhine*

CEA, IRAMIS, SIS2M, CNRS UMR 3299, CEA/Saclay, 91191 Gif-sur-Yvette, France

Received June 16, 2010

A series of bismetallacyclic compounds [M(THF)xUN*(CH2SiMe2N{SiMe3})2]n [M=Na (2), Li (3), or K (4), N* =N(SiMe3)2]
were isolated from reactions of UCl4 or [UN*3Cl] with MN* or by treatment of [UN*2(CH2SiMe2N{SiMe3})] (1) or [UN*3] with
MN*, MH, or LiCH2SiMe3 in tetrahydrofuran (THF). Crystals of 2a 3 1/6n-pentane (x = 0), 2b (x = 1), 2c (x = 2), and 4b (x = 1)
were obtained by crystallization of 2 and 4 from pentane, and [Na(18-crown-6)(THF)][UN*(CH2SiMe2N{SiMe3})2] (2d) and
[Na(15-crown-5)][UN*(CH2SiMe2N{SiMe3})2] (2e) were formed upon addition of the crown ether. The crystal structures of
2a-2e and 4b exhibit the same [UN*(CH2SiMe2N{SiMe3})2] units which are linked to Na or K atoms viamethylene ormethyl
groups, giving either tight cation-anion pairs (2d and 2e) or one-dimensional (1D) or two-dimensional (2D) polymeric com-
pounds with Na or K atoms in bridging position between methylene groups of adjacent units. Reaction of 2 with CO gave the
double insertion derivative [Na2(THF)U2N*2(OC{=CH2}SiMe2N{SiMe3})4] (5b) and [Na(15-crown-5)UN*(OC{=CH2}-
SiMe2N{SiMe3})2] (5c) in the presence of the crown ether. Thermal decomposition of 5b gave [Na2(THF)U(OC{=CH2}-
SiMe2N{SiMe3})3]2 (6), the product of CO insertion into the putative tris metallacycle [Na2(THF)xU(CH2SiMe2N{SiMe3})3].
The crystal structures of 5b, 5c, and 6 show the interaction of the Na atoms with the exocyclic C=CH2 bonds. Diffusion of CO2

into a THF solution of 2 led to the formation of [Na(THF)xUN*(OC{O}CH2SiMe2N{SiMe3})2] (7) which crystallized from
pyridine/pentane to give [Na(THF)2(py)2UN*(OC{O}CH2SiMe2N{SiMe3})2] 3 0.5py (8 3 0.5py), the first crystallographically
characterized complex resulting from CO2 insertion into a M(CH2SiMe2N{SiMe3}) metallacycle. Compound 2 reacted with I2
to give [UN*(CH2SiMe2N{SiMe3})(N{SiMe3}SiMe2CH2I)] (9) which would represent a new type of so-called “pendulum”
systems resulting from a degenerate σ bond metathesis reaction of U-C and C-I bonds.

Introduction

The bis(trimethylsilyl)amide ligand (N* = N(SiMe3)2) is
ubiquitous in coordination chemistry, and the metal com-
plexes supported by this amide group span the periodic table.
This prominent position is favored by the convenient use of
the precursor amine which is commercially available as are
the corresponding alkali metal amides, but is due above all to
the unique properties of the bulky N* ligand which confer to
the complexes low coordination numbers with the absence of
coordinated solvent molecules, high solubility in hydrocar-
bons and aromatic solvents, together with a remarkable
reactivity.1 This ligand,which is able to stabilizemetal centers
in their lowest andhighest oxidation states, can be substituted
with proton acidicmolecules, so that bis(trimethylsilyl)amide

compounds are valuable starting materials in inorganic and
organometallic syntheses and catalytic cycles. The N* ligand
can be converted into a bridging or terminally bonded imido
group =NSiMe3 via dissociation of one of the two SiMe3
fragments.2A recurrent feature of the [M(X)N*] complexes is
their ready transformation, in the presence of a strong base
and/or upon heating conditions, into the metallacycles
[M(κ2(N,C)-CH2SiMe2N{SiMe3})] resulting from γ-CH de-
protonation andHX elimination.3 However, double or triple
deprotonation of a single silazanate groupgiving a carbene or
carbyne derivative4 or mono deprotonation of several N*
ligands leading to poly metallacycles are very rare.4,5

Following the seminal work of Andersen et al. who intro-
duced the N* ligand in uranium chemistry with the synthesis
of the uranyl(VI) complex [UO2N*2(THF)2]

6a and theU(IV)
compound [UN*3Cl] and its derivatives,6b the amido group
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served to prepare a series of uranium complexes in oxidation
states varying fromþ3 toþ6.7 In particular, the uranium(IV)
metallacycle [UN*2(CH2SiMe2N{SiMe3})]

3a,8 (1) was found
to undergo a variety of organometallic transformations in-
cluding nucleophilic behavior toward carbonyl molecules and
insertion reactions into the U-C bond.9 While [ThN*(Cp*)]-
[ μ-SO3CF3]3[Th(CH2SiMe2N{SiMe3})(Cp*)],

10a [Th(CH2Si-
Me2N{SiMe3})(Ind*)2],

10b and [U(CH2SiMe2N{SiMe3})-
(Cp*)2]

7u (Ind*= permethylindenyl, Cp*= permethylcyclo-
pentadienyl) were the sole actinide complexes with an An-
[CH2SiMe2N(SiMe3)] cycle to have been crystallographically
characterized, Korobkov and Gambarotta very recently re-
ported that treatment of [UN*2Cl2] with organolithium re-
agents led to the formation of U(III), U(IV), and U(V)
metallacycles, with multiple deprotonations sometimes occur-
ring at the same carbon atom.5 These results prompt us to
present our work on the U(IV) bis metallacyclic anion
[UN*(CH2SiMe2N{SiMe3})2]

-, a species of interest for reac-
tivity studies, easily obtained from UCl4, [UN*3Cl], or
[UN*2(CH2SiMe2N{SiMe3})]. Here we report on the syn-
thesis and crystal structures of a series of bis metallacyclic
compounds [MLxUN*(CH2SiMe2N{SiMe3})2] which differ
by the nature of M (Li, Na, or K) and L (tetrahydrofuran
(THF) or crown ether). We also describe the insertion reac-
tions of CO and CO2 into the two metallacycles and the
cleavage of the U-C bond of one metallacycle with I2, lead-
ing to [UN*(CH2SiMe2N{SiMe3})(N{SiMe3}SiMe2CH2I)]

which undergoes an unprecedented degenerate rearrangement
in solution.

Experimental Section

All reactions were carried out under argon (<5 ppm oxygen
or water) using standard Schlenk-vessel and vacuum line tech-
niques or in a glovebox. THF, toluene, and pentane were dis-
tilled from Na/K alloy-benzophenone immediately before use.
The deuterated solvents (Eurisotop) were dried over Na/K
alloy. IR samples were prepared as Nujol mulls between KBr
roundcellwindows,and thespectrarecordedonaPerkin-Elmer
FT-IR 1725X spectrometer. The 1H NMR spectra were re-
corded on a Bruker DPX 200 instrument and referenced inter-
nally using the residual protio solvent resonances relative to
tetramethylsilane (δ 0). Elemental analyses were performed by
Analytische Laboratorien at Lindlar (Germany). MN* (M=
Na, K) was prepared by refluxing MH and 1,1,1,3,3,3-hexa-
methyldisilazane (Aldrich) in toluene.11 MH (M=Na, K)
(Fluka),CO(AirLiquide) andCO2 (Messer) wereusedwithout
purification; LiCH2SiMe3 was isolated as a white powder after
evaporation of a commercially available 1 M solution in pen-
tane (Aldrich); 18-crown-6 and 15-crown-5 (Fluka) were dried
under vacuum before use. UCl4,

12 [UN*3Cl],
8 [UN*2(CH2Si-

Me2N{SiMe3})]
8 (1), and [U(N*3)]

11a were synthesized as pre-
viously reported.

Synthesis of [Na(THF)xUN*(CH2SiMe2N{SiMe3})2]n (2). (a)
A flask was charged with UCl4 (1000mg, 2.63mmol) andNaN*
(2460mg, 13.43mmol) and THF (30mL)was condensed in. The
color of the solution turned brown after a few minutes and green
after 2 h while an off-white precipitate was formed. The reaction
mixture was stirred for 24 h at 20 �C and the green solution was fil-
tered and evaporated to dryness, leaving anoily green residuewhich
wasdriedunder vacuumfor48h.Extraction in toluene (40mL) and
evaporation to dryness afforded a green powder of 2 which was
washedwith pentane (10mL� 5). The analytically pure compound
2a (x = 0) was obtained after drying under vacuum at 20 �C for
15 h. Yield: 1434 mg (74%). Anal. Calcd for C18H52N3Si6NaU: C,
29.21; H, 7.08; N, 5.68; Na, 3.11. Found: C, 28.89; H, 6.93; N, 5.75;
Na, 3.21. 1HNMR(THF-d8, 23 �C):δ 39.77 (s, 18H, SiMe3), 32.18
(s, 6 H, SiMe2), -5.96 (s, 6 H, SiMe2), -36.96 (s, 18 H, SiMe3),
-286.20 (s, 2 H, CH2),-297.80 (s, 2 H, CH2).

1HNMR (THF-d8,
-97 �C): δ 69.61 (s, 18H, SiMe3), 58.48 (s, 6H, SiMe2),-9.70 (s, 6
H,SiMe2),-66.58 (s, 18H,SiMe3),-512.38 (s, 2H,CH2),-528.37
(s, 2 H, CH2).

1H NMR (toluene-d8, 23 �C): δ 44.36 (s, 18 H,
SiMe3), 29.95 (s, 6 H, SiMe2),-4.77 (s, 6 H, SiMe2),-42.99 (s, 18
H, SiMe3), -260.70 (s, 2 H, CH2), -274.43 (s, 2 H, CH2). Green
needles of 2a 3 1/6n-pentanewere obtainedbyheating anNMRtube
containing a suspension of 2a (10 mg, 0.013 mmol) and NaN* (2.5
mg, 0.013 mmol) in pentane (0.5 mL) at 60 �C for 2 h, and cooling
downthe solutionat roomtemperature.Greenneedlesof2b (x=1)
and 2c (x = 2) were formed by heating a suspension of a less
thoroughly dried powder of 2 in pentane. While 2a is insoluble in
pentane, the THF containing complexes 2b and 2c are partially
soluble in this solvent.

(b) A flask was charged with 1 (200 mg, 0.28 mmol) and NaN*
(51 mg, 0.28 mmol) and THF (5 mL) was condensed in. The reac-
tionmixture was stirred for 4 h at 20 �C, and the green solutionwas
filtered and evaporated to dryness, leaving a green oily residue
which was extracted in toluene (5 mL). Evaporation to dryness
afforded a green powder of 2which was washed with pentane (5�
5 mL) and dried under vacuum to give 2a. Yield: 154 mg (75%).

(c) A flask was charged with 1 (900 mg, 1.25 mmol) and NaH
(36 mg, 1.5 mmol) in THF (15 mL). The reaction mixture was
stirred for 24 h at 20 �C, and the green solution was filtered and
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evaporated to dryness, leaving an oily green residue which was
dried under vacuum for 15 h. Extraction in toluene (40 mL) and
evaporation to dryness afforded a green powder of 2 which was
washed with pentane (10 mL � 5). Compound 2a (x = 0) was
obtained after drying under vacuum at 20 �C for 15 h. Yield:
714 mg (77%).

(d)AnNMR tubewas chargedwith [UN*3Cl] (10.0mg, 0.014
mmol) and NaN* (4.9 mg, 0.027 mmol) and THF-d8 (0.4 mL)
was condensed in. The reaction mixture was stirred for 2 h at
20 �C during which the solution turned green. The NMR
spectrum showed the quantitative formation of 2.

Crystals of [Na(18-crown-6)(THF)][UN*(CH2SiMe2N{Si-
Me3})2] (2d). An NMR tube was charged with 2a (11.1 mg,
0.015mmol) in pentane (0.5mL), and 18-crown-6 (6.1mg, 0.022
mmol) was added. The suspension was heated in a sand bath at
80 �C, and well shaped emerald green crystals of 2dwere formed
after 3 days.

Synthesis of [Na(15-crown-5)][UN*(CH2SiMe2N{SiMe3})2]
(2e). An NMR tube was charged with 2a (20.0 mg, 0.027 mmol)
in pentane (1 mL). An off-white emulsion was readily observed
upon addition of 15-crown-5 (6.4 μL, 0.032mmol), and a few green
crystals of 2ewere deposited in a fewminutes. After heating for 3 d
at 60 �C, well shaped emerald green crystals of 2ewere obtained in
almost quantitative yield. Anal. Calcd for C28H72N3O5Si6NaU: C,
35.02;H, 7.56;N, 4.38. Found:C, 34.37;H, 7.14;N, 4.49. 1HNMR
(THF-d8, 23 �C): δ 39.53 (s, 18 H, SiMe3), 31.94 (s, 6 H, SiMe2),
2.33 (s, 20 H, 15-crown-5),-6.22 (s, 6 H, SiMe2),-37.16 (s, 18 H,
SiMe3),-286.36 (s, 2 H, CH2),-297.95 (s, 2 H, CH2).

Synthesis of [M(THF)xUN*(CH2SiMe2N{SiMe3})2] [M=Li

(3), K (4)]. (a) AnNMR tube was charged with 1 (20.1 mg, 0.028
mmol) and LiCH2SiMe3 (2.6 mg, 0.028 mmol) in THF-d8 (0.4
mL). The NMR spectrum which is identical to that of 2 showed
the immediate and quantitative formation of 3.

(b) By following the same procedure as for 2a, a green powder
of [KUN*(CH2SiMe2N{SiMe3})2]n (4a) was obtained from
UCl4 (200 mg, 0.53 mmol) and KN* (530 mg, 2.66 mmol) in
THF (10 mL). Yield: 318 mg (80%). The 1H NMR spectrum of
4a in toluene-d8 is identical to that of 2a. Green crystals of 4b
(x=1)were obtained by heating at 80 �C for 2 h a suspension of
a less thoroughly dried powder of 4 (10mg) in pentane (0.5 mL).

(c) An NMR tube was charged with 1 (10.1 mg, 0.014 mmol)
andKH (1.1mg, 0.027mmol) in THF-d8 (0.4mL). The tube was
immersed in an ultrasound bath (70W, 42 kHz) and after 5 h, the
NMR spectrum showed the quantitative formation of 4.

Reactions of [UN*3]with LiCH2SiMe3 orNaN*. (a) AnNMR
tube was charged with [UN*3] (20.1 mg, 0.028 mmol) and
LiCH2SiMe3 (2.6 mg, 0.028 mmol) in THF-d8 (0.4 mL). After
10 h at 20 �C, the NMR spectrum, identical to that of 2, showed
the almost quantitative formation of 3. The same reaction in
toluene was slow and led to the formation of 1.

(b) An NMR tube was charged with [UN*3] (20.0 mg, 0.028
mmol) and NaN* (5.1 mg, 0.028 mmol) in THF-d8 (0.4 mL).
After 48 h at 20 �C, the NMR spectrum showed that 80% of
[UN*3] were transformed into 2. The same reaction in toluene
was slow and led to the formation of 1.

Reaction of 2a with LiCH2SiMe3.AnNMR tube was charged
with 2a (10.0 mg, 0.013 mmol) and LiCH2SiMe3 (1.3 mg, 0.013
mmol) in THF-d8 (0.4 mL). After 3 h at 20 �C, the spectrum
showed that 2a was transformed into a major product whose
NMR spectrum can be attributed to the trismetallacycle
[NaLiU(CH2SiMe2N{SiMe3})3].

1H NMR (THF-d8, 23 �C): δ
36.57 (s, 27 H, SiMe3),-25.39 (s, 18 H, SiMe2),-292.26 (s, 6 H,
CH2). All attempts at the purification of this product led to
degradation. In contrast, 2a did not react with MN* (M=Na,
K), neither at 20 �C nor at 65 �C for many days.

Synthesis of [Na(THF)xUN*(OC{=CH2}SiMe2N{SiMe3})2]
(5), Crystals of [Na2(THF)U2N*2(OC{=CH2}SiMe2N{Si-
Me3})4] (5b), andCrystals of [Na2(THF)U(OC{=CH2}SiMe2N-

{SiMe3})3] (6). (a) A 25 mL flask was charged with 2a (156 mg,

0.211mmol) in THF (10mL) and after elimination of argon, the
flask was filled with CO (1 atm). The fading of the green solution
was observed and after stirring for 5 h at 20 �C, evaporation to dry-
ness afforded a pale green powder of 5. Further drying under vacu-
umat 20 �Cgave 5a (x=0).Yield: 168mg (100%).Anal.Calcd for
C20H52N3O2Si6NaU: C, 30.17; H, 6.58; N, 5.28; Na, 2.89. Found:
C, 29.27; H, 6.23; N, 5.01; Na, 2.83. 1H NMR (THF-d8, 23 �C): δ
85.27 (s, 2 H, CH2), 54.00 (s, 2 H, CH2), -0.01 (s, 6 H, SiMe2),
-14.48 (s, 18 H, SiMe3), -19.01 (s, 18 H, SiMe3), -23.76 (s, 6 H,
SiMe2).

1H NMR (THF-d8,-107 �C): δ 20.8 (s, w1/2 = 170 Hz, 2
H, CH2), 17.30 (s, w1/2 = 50 Hz, 6 H, SiMe2), 15.4 (s, w1/2 = 400
Hz, 2 H, CH2), 1.75 (s, 6 H, SiMe2),-1.55 (s, w1/2 = 65Hz, 18 H,
SiMe3),-4.33 (s, w1/2=45Hz, 18H, SiMe3). The variations in the
chemical shifts indicate the presence of a rapid equilibrium between
the two cis and trans isomers whose relative proportions strongly
vary with the temperature. IR (Nujol): ν/cm-1 1569 m (C=CH2).

(b) AnNMR tube was charged with 5 (70 mg, 0.088 mmol) in
pentane (0.5 mL). The suspension was heated for 24 h at 100 �C,
affording large emerald green crystals of 6. Yield: 7.0 mg (9%).
Fac-isomer: 1H NMR (THF-d8, 23 �C): δ 13.37 (s, w1/2 = 120
Hz, 3H, CH2), 12.85 (s, w1/2= 150Hz, 3H, CH2), 1.20 (s, 18H,
SiMe2), -5.80 (s, w1/2 = 85 Hz, 27 H, SiMe3). Mer-isomer: 1H
NMR(THF-d8,-77 �C): δ 6.94 (s, 3H,CH2), 4.41 (s, 3H,CH2),
1.28 (s, 9H, SiMe2), 1.06 (s, 9 H, SiMe2),-0.82 (s, 27H, SiMe3).
At intermediate temperatures, the two isomers coexist. By
following the same procedure but only in one experiment, a
few small green crystals of 5bwere obtained together with many
larger well-shaped green crystals of the tris metallacycle 6.

Synthesis of [Na(15-crown-5)UN*(OC{=CH2}SiMe2N-

{SiMe3})2] (5c). An NMR tube was charged with 5a (19.9 mg,
0.025mmol) in pentane (1 mL). An off-white emulsion was readily
observed upon addition of 15-crown-5 (5.0 μL, 0.025mmol), and a
crystalline solid was deposited within a few min. The tube was
heated for 3 d at 60 �C, leading to the formation of well shaped pale
blue crystals of 5c. Yield: 22 mg (80%). Addition of excess crown
ether led to the formation of an oil. Anal. Calcd for C30H72N3O7-

Si6NaU: C, 35.45; H, 7.14; N, 4.13. Found: C, 35.19; H, 7.39; N,
4.33. 1HNMR(THF-d8, 23 �C):δ84.19 (s, 2H,CH2), 54.46 (s, 2H,
CH2), 4.76 (s, 20H, 15-crown-5), 0.27 (s, 6H, SiMe2),-14.19 (s, 18
H, SiMe3),-19.08 (s, 18 H, SiMe3),-23.39 (s, 6 H, SiMe2).

Synthesis of [Na(THF)xUN*(OC{O}CH2SiMe2N{SiMe3})2]
(7) and Crystals of [Na(THF)2(py)2UN*(OC{O}CH2SiMe2-

N{SiMe3})2] 3 0.5py (8 3 0.5py). (a) A 50 mL flask was charged
with2a (303mg, 0.409mmol) inTHF(25mL) andafter elimination
of argon, the flask was filled with CO2 (1 atm). The color of the
solution turned pale blue, and a precipitate was formed in a few
minutes. After 30 min at 20 �C and without stirring, the pale blue
needles of 7 were filtered off and washed with THF (20 mL � 2).
The pale blue powder of 7a (x=0)wasobtained after dryingunder
vacuum at 20 �C.Yield: 203mg (60%). Anal. Calcd for C20H52N3-
O4Si6NaU:C, 29.01;H, 6.33;N, 5.07;Na, 2.78.Found:C, 28.87;H,
6.23; N, 4.99; Na, 2.70. The 1H NMR spectrum in pyridine-d5 at
23 �Cexhibits broad signals. 1HNMR(pyridine-d5,-37 �C) isomer
1: δ 13.61 (s, 6H, SiMe2), 10.92 (s, 2 H, CH2),-7.93 (s, 2H, CH2),
-20.26 (s, 18 H, SiMe3), -35.30 (s, 18 H, SiMe3), -37.32 (s, 6 H,
SiMe2); isomer 2: δ 1.92 (s, 6 H, SiMe2), -13.72 (s, 2 H, CH2),
-14.37 (s, 18 H, SiMe3), -18.47 (s, 18 H, SiMe3), -42.15 (s, 6 H,
SiMe2),-76.21 (s, 2 H, CH2). The ratio isomer 1/isomer 2 is equal
to 2. Dissolution of the blue needles of 7 in THF under CO2 atmo-
sphere was observed after 24 h, giving a green solution of unidenti-
fied product(s).

(b) An NMR tube was charged with 7 (ca. 5 mg) in pyridine
(0.1 mL). Diffusion of pentane into the solution led to the
formation of a few green crystals of 8 3 0.5py. Rapid desolvation
of these crystals was observed at 20 �C. IR (Nujol): ν/cm-1

1629s, 1583 m (OC=O).

Synthesis of [UN*(CH2SiMe2N{SiMe3})(N{SiMe3}SiMe2-

CH2I)] (9). A flask was charged with 2a (100 mg, 0.135 mmol)
and I2 (34.0mg, 0.135mmol) andTHF (15mL)was condensed in.
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After stirring for 20 min at 20 �C, the brown solution was
evaporated to dryness. Extraction of the residue with pentane
(25 mL) gave a brown solution and an off-white powder of NaI.
The pale brown powder of 9 was obtained after filtration of the
solution, evaporation to dryness, and drying under vacuum for
12 h at room temperature.Yield: 99.0mg (87%).Anal. Calcd for
C18H52N3ISi6U: C, 25.61; H, 6.21; N, 4.98; I, 15.03. Found: C,
25.41; H, 6.04; N, 4.91; I, 15.00. 1H NMR (THF-d8, 23 �C): δ
44.85 (s, 18H, SiMe3), 11.75 (s, 6H, SiMe2), 7.30 (s, 6H, SiMe2),
-38.89 (s, 18 H, SiMe3),-119.57 (s, 2 H, CH2),-126.10 (s, 2 H,
CH2).

1H NMR (THF-d8, -107 �C): δ 105.15 (s, 9 H, SiMe3),
101.77 (s, 9 H, SiMe3), 31.31 (s, 3 H, SiMe2), 14.27 (s, 3 H,
SiMe2), 10.45 (s, 6 H, SiMe2),-66.95 (s, 18 H, SiMe3),-138.77
(s, 1 H, CH2), -181.48 (s, 1 H, CH2), -373.45 (s, 1 H, CH2),
-493.22 (s, 1 H, CH2).

Crystallography. The data were collected at 150(2) K on a
NoniusKappa-CCDarea detector diffractometer13 using graphite-
monochromated Mo KR radiation (λ = 0.71073 Å). The crystals
were introduced intoglass capillarieswithaprotecting“Paratone-N”
oil (Hampton Research) coating. The unit cell parameters were
determined from10 frames, then refinedonall data.Thedata (com-
binations of j- and ω-scans giving complete data sets up to θ =
25.7� and a minimum redundancy of 4 for 90% of the reflections)
were processedwithHKL2000.14Absorption effectswere corrected
empiricallywith the programSCALEPACK.14 The structureswere
solved by directmethods (Pattersonmap interpretation for 5c and 6)
with SHELXS-97, expanded by subsequent Fourier-difference
synthesis, and refined by full-matrix least-squares on F2 with
SHELXL-97.15 All non-hydrogen atoms were refined with anisotro-
pic displacementparameters.Thehydrogenatomsof themetallacycle

Table 1. Crystal Data and Structure Refinement Details

2a 3 1/6n-pentane 2b 2c 2d 2e

chemical formula C18.83H54N3NaSi6U C22H60N3NaOSi6U C26H68N3NaO2Si6U C34H84N3NaO7Si6U C28H72N3NaO5Si6U
M (g mol-1) 752.21 812.29 884.39 1076.60 960.45
cryst syst monoclinic monoclinic monoclinic monoclinic orthorhombic
space group P21/c P21/c P21/c P21/c P212121
a (Å) 31.313(2) 8.5677(6) 8.5005(3) 11.8259(3) 12.0093(5)
b (Å) 15.4638(6) 40.256(5) 35.152(2) 23.7820(11) 18.4274(13)
c (Å) 23.0146(16) 22.157(3) 14.3900(10) 19.1125(8) 20.8751(17)
R (deg) 90 90 90 90 90
β (deg) 105.402(3) 92.334(7) 101.310(4) 90.065(3) 90
γ (deg) 90 90 90 90 90
V (Å3) 10743.9(11) 7635.6(15) 4216.4(4) 5375.3(4) 4619.7(5)
Z 12 8 4 4 4
Dcalcd (g cm-3) 1.395 1.413 1.393 1.330 1.381
μ(Mo KR) (mm-1) 4.756 4.469 4.055 3.200 3.711
F(000) 4500 3264 1792 2208 1952
reflns collcd 138401 123141 91558 113083 98017
indep reflns 19619 13397 8003 10182 8727
obsd reflns [I > 2σ(I )] 12840 6465 6109 7918 7381
Rint 0.073 0.055 0.046 0.036 0.037
params refined/restraints 875/12 643/69 368/0 484/184 414/0
R1 0.051 0.052 0.027 0.046 0.044
wR2 0.087 0.076 0.048 0.112 0.067
S 0.984 0.906 0.967 1.028 1.065
ΔFmin (e Å

-3) -1.01 -1.02 -0.96 -1.00 -0.96
ΔFmax (e Å

-3) 0.98 0.90 0.52 1.94 0.57

4b 5b 5c 6 8 3 0.5pyridine

chemical formula C22H60KN3OSi6U C44H112N6Na2O5Si12U2 C30H72N3NaO7Si6U C25H59N3Na2O4Si6U C40.5H80.5N5.5NaO6Si6U
M (g mol-1) 828.40 1664.52 1016.47 918.30 1170.16
cryst syst orthorhombic triclinic monoclinic monoclinic monoclinic
space group P212121 P1 P21/c C2/c P21/n
a (Å) 11.8047(5) 11.8946(6) 36.9607(19) 31.9245(11) 16.0569(11)
b (Å) 14.0356(5) 16.6639(9) 11.0587(5) 12.0922(7) 19.7051(19)
c (Å) 23.6273(8) 20.5219(7) 24.2187(11) 24.1499(13) 18.6003(15)
R (deg) 90 75.711(3) 90 90 90
β (deg) 90 80.618(3) 103.147(3) 117.776(3) 97.394(5)
γ (deg) 90 75.128(2) 90 90 90
V (Å3) 3914.7(3) 3788.1(3) 9639.6(8) 8248.6(7) 5836.3(8)
Z 4 2 8 8 4
Dcalcd (g cm-3) 1.406 1.459 1.401 1.479 1.332
μ(Mo KR) (mm-1) 4.454 4.509 3.565 4.161 2.954
F(000) 1664 1664 4128 3680 2388
reflns collcd 65251 176841 318661 125258 185179
indep reflns 7397 14381 18244 7821 11000
obsd reflns [I > 2σ(I )] 6673 11747 10732 5862 6474
Rint 0.032 0.041 0.065 0.051 0.041
params refined/restraints 322/0 670/30 897/195 385/12 545/240
R1 0.029 0.030 0.059 0.032 0.076
wR2 0.067 0.071 0.144 0.064 0.236
S 1.036 1.012 1.066 0.968 1.039
ΔFmin (e Å

-3) -0.69 -1.24 -1.18 -1.00 -0.98
ΔFmax (e Å

-3) 0.59 0.67 2.31 0.69 1.32

(13) Hooft, R. W. W. COLLECT; Nonius BV: Delft, The Netherlands,
1998.

(14) Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276, 307.
(15) Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112.
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methylene groupswere foundonFourier-differencemaps, andall
the others were introduced at calculated positions; all were
treated as riding atoms with an isotropic displacement parameter
equal to 1.2 (CH, CH2) or 1.5 (CH3) times that of the parent
atom. Special details are as follows:

Compound 2a 3 1/6n-pentane. The solvent n-pentane molecule
was given an occupancy factor of 0.5 (i.e., ∼0.17 per uranium
atom) to retain acceptable displacement parameters.

Compound 2d. The orthorhombic system can be ruled out
since it corresponds to an internalR factor of 0.46. Restraints on
some bond lengths and/or displacement parameters were ap-
plied for the atoms of the crown ether and THF moieties, the
former being seemingly affected by unresolved disorder.

Compound 5c. The crown ether bound to Na2 is very badly
resolved, probably because of disorder effects, and numerous
restraints on bond lengths and displacement parameters
(SIMU) had to be applied. Some voids in the lattice likely
indicate the presence of unresolved solvent molecules.

Compound 8 3 0.5py.Because of the very low crystal and hence
data quality, many restraints on bond lengths and displacement
parameters had to be applied, particularly for the terminal
methyl groups and the THF and pyridine molecules. The
hydrogen atoms were not introduced in the disordered pyridine
half molecule.

Crystal data and structure refinement parameters are given in
Table 1. The molecular plots were drawn with SHELXTL.15

Results and Discussion

Synthesis and Crystal Structures of the Complexes
Containing the Bis Metallacyclic Anion [UN*(CH2SiMe2-
N{SiMe3})2]

-. The uranium(IV) metallacycle [UN*2-
(CH2SiMe2N{SiMe3})] (1) was synthesized as previously
described, by treating the chloride precursors [UN*3Cl] or
UCl4 with respectively one or fourmol equivalents of NaN*
in toluene.8 Reactions of 1with 1mol equivalent of a variety
of bases such asMN*,MH (M=Na, K) or LiCH2SiMe3 in
toluene were very slow, not being achieved after several
weeks, whereas they rapidly went to completion in THF at
20 �C, within a few minutes or hours, to give after usual
workup green powders of the anionic bismetallacycles [M-
(THF)xUN*(CH2SiMe2N{SiMe3})2]n [M=Na (2), Li (3),
or K (4)] resulting from γ metalation of a second amido
ligand (Scheme 1). Expectedly, compound 2 was also ob-
tained from [UN*3Cl] or more directly from UCl4 by treat-
ment with NaN* in THF. The value of xwas dependent on
the drying conditions and satisfactory elemental analyses (C,
H,N,Na) were obtained for the green powder of 2a (x=0),
isolated with a 74% yield from UCl4. Compounds 2-4 are

highly air sensitive but have a good thermal stability in solu-
tionand the solid state.Theyare soluble inEt2O, tolueneand
partially in pentane when containing THF (x g 1). The 1H
NMRspectra of 2-4 in THF-d8, which are identical, exhibit
two signals at δ 39.77 and-36.96, each integrating for 18H
and unequivocally assigned to the SiMe3 groups, and four
resonances at δ 32.18, -5.96, -286.20, and -297.80 in the
area ratio of 6:6:2:2 corresponding to the non-equivalent
methyl groups and methylene hydrogens of the cycles.
Complexes 2 and 3were found to be formedby reaction of

the uranium(III) trisamide [UN*3] with NaN* or LiCH2-

SiMe3 in THF, in an attempt to synthesize the uranium(III)
monometallacycles [M(THF)xUN*2(CH2SiMe2N{SiMe3})]
(M=Na,Li). It seems likely that the latterwere oxidized into
the bismetallacycles 2 and 3 following γ-CH activation and
H2 elimination. The same reactions in toluene afforded the
uranium(IV) monometallacycle 1 (NMR experiments). In
contrast, the uranium(III) bismetallacycle [Li(DME)U-
(CH2SiMe2N{SiMe3})2]2 was isolated from the reaction of
[UN*2Cl2] andMeLi inDME;5 its stability towardoxidation
could be related to the absence of further possible γ-metala-
tion of a N* ligand. It is interesting to note that the synthesis
of the lanthanide compounds [Na(THF)xLnN*2(CH2Si-
Me2N{SiMe3})] (Ln = Sc, Yb, Lu) from [LnN*3] and
NaN* was less easy than that of 2,3b requiring 2 days in
refluxing THF.
As summarized in Scheme 2, crystallization of 2 frompen-

tane afforded green crystals of 2a 3 1/6n-pentane (x=0), 2b
(x=1), or 2c (x=2), and crystallization in the presence of 18-
crown-6 or 15-crown-5 gave green crystals of [Na(18-crown-
6)(THF)][UN*(CH2SiMe2N{SiMe3})2] (2d) or [Na(15-
crown-5)][UN*(CH2SiMe2N{SiMe3})2] (2e); these crystals
were suitable forX-raydiffraction.After the zirconium com-
plex [Zr(CH2SiMe2N{SiMe3})2(dmpe)]16 and the uranium-
(III) and uranium(V) compounds [Li(DME)U(CH2SiMe2-
N{SiMe3})2]2 and [UN*(CH2SiMe2N{SiMe3})2],

5 com-
plexes 2a-2e are new examples of such bis metallacycles to
have been crystallographically characterized.
Views of the monomeric and simplest compounds 2d and

2e are shown in Figures 1 and 2, respectively, and selected
bond lengths and angles are listed in Table 2. The uranium
atoms are in a distorted trigonal bipyramidal environment
with the two nitrogen atoms N(1) and N(2) of the metalla-
cycles in axial positions. The geometrical parameters of the

Scheme 1. Syntheses of the Complexes [MUN*(CH2SiMe2N{SiMe3})2]

(16) Planalp, R. P.; Andersen, R. A. Organometallics 1983, 2, 1675.
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U-N-Si-C cycles, which are planar [rms deviations of
0.005-0.048 Å] and form an interplanar angle of 75.60(10)�
in 2d and 75.47(14)� in 2e, respectively, are similar to those
determined in [U(CH2SiMe2N{SiMe3})(Cp*)2].

7u The aver-
ageU-CandU-Ndistances of 2.47(3) and 2.282(3) Å, res-
pectively, and the average N-U-C angle of 70.5(3)� can be
comparedwith the corresponding values of 2.52(2), 2.221(8) Å
and 70.5(4)� in the aforementioned biscyclopentadienyl
compound.7u The U-C1 bond in 2e is about 0.05 Å longer
than the other U-C bonds since C1 is in bridging position
between the U and Na atoms. The average U-N3 distance
of 2.357(1) Å is at the upper limit of the range ofU-Nbond
lengths for terminally coordinated amide ligands (typically
equal to2.25Å),7gbeingsimilar to thoseof2.31(1)-2.44(1) Å
in the anionic amido complex [Li(OEt2)][U(NPh2)3(O)].

17

Complexes 2d and 2e form tight cation-anion pairs where
the sodium atom is linked to one metallacycle via an agostic
interaction with a methyl group of the NSiMe3 fragment in
2d or a methylene group in 2e. The Na-C4 distance of
3.017(8) Å in 2d and theNa-C1 distance of 2.744(6) Å in 2e
can be compared with those of 3.096(3) Å in [Na(THF)2-
(SiBut3)],

18 2.703(4)-3.469(6) Å in [NaZn(CH2SiMe3)3]
19

and 2.628(5) Å in [Na(THF)3LnN*2(CH2SiMe2N{SiMe3})]
(Ln=Sc, Yb).3b,c Such interactions determine the topology
of the polymeric structures of 2a-2c.

Views of compounds 2a, 2b, and 2c are shown inFigures 3,
4, and 5, respectively, while selected bond lengths and angles
are listed in Table 2. All the complexes are built of the same
[UN*(CH2SiMe2N{SiMe3})2] units which are linked toge-
ther via Na atoms in bridging position between methylene
groups of adjacent units. Thus are formed infinite chains
ensured by U-CH2-Na-CH2-U linkages. The geometri-
cal parameters of these units in 2a-2c are quite similar to
those in2dand2e; theU-Cdistanceswhichaverage 2.51(2) Å
are equal to the U-C1 bond length in 2e. The Na-C dis-
tances which vary from 2.527(8) to 2.740(3) Å with an
average value of 2.6(1) are smaller than the Na-C1 distance
in 2e, likely reflecting the lesser steric hindrance and electron
richness of the Na atoms; these distances can be com-
pared with those of 2.669(2) Å in [Na(TMEDA)(μ-Bun)(μ-
TMP)Mg(TMP)] (TMPH=2,2,6,6-tetramethylpiperidine)20

or 2.515(6) and 2.544(6) Å in [Na2Li2(TMEDA)4( μ-CH2-
Ph)4].

21 The structure of 2b exhibits two distinct chains with
U-CH2-Na-CH2-U linkages running along the a axis,
onewithU1 andNa1 and the other withU2 andNa2 atoms;
these two chains are attached to each other via agostic
interactions between the Na1 atoms and a methyl group of
a N(SiMe3)2 ligand (C26), so as to form ribbons which are
further connected to one another by the agostic interaction
betweenNa2 andC1300. The sodium atoms thus compensate
for the loss of one coordinated THF molecule by passing
from 2b to 2a. The Na1-C26 and Na2-C1300 distances of

Scheme 2. Structures of the Complexes [M(L)UN*(CH2SiMe2N{SiMe3})2] [L = (THF)x or crown ether]

(17) Reynolds, J. G.; Zalkin, A.; Templeton, D. H.; Edelstein, N. M.
Inorg. Chem. 1977, 16, 1090.

(18) Wiberg, N.; Amelunxen, K.; Lemer, H. W.; Schuster, H.; N€oth, H.;
Krossing, I.; Schmidt-Amelunxen,M.; Seifert, T. J. Organomet. Chem. 1997,
542, 1.

(19) Purdy, A. P.; George, C. F. Organometallics 1992, 11, 1955.

(20) Kennedy, A. R.; O’Hara, C. T. Dalton Trans. 2008, 4975.
(21) Baker, D. R.; Clegg, W.; Horsburgf, L.; Mulvey, R. E. Organome-

tallics 1994, 13, 4170.
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3.009(7) and 3.137(8) Å are similar to theNa-C4distance in
2d. In the structure of 2a, the zigzag chains running along the
b axis are composed of repeating motifs of three [UN*(CH2-
SiMe2N{SiMe3})2] units which are linked by Na atoms in
differentways. TheNa2 andNa3 atoms join the central (U2)
to the lateral units (U1 and U3) via the methylene group of
onemetallacycle, as in 2a and 2b, and are also attached to the
other metallacycle of each lateral unit by the Na2-N1 or
Na3-N7 bond and theNa2-C2 orNa3-C39 agostic inter-
action with one methyl group of the SiMe2 fragment. The
second methyl group (C38) of this SiMe2 fragment of the
lateralunit (U3) is involved inanagostic interactionwithNa1
which is attached to the methylene group of the same metal-
lacycle. The lateral units (U1 andU30) are linked byNa1 via
the Na1-N2 bond with the nitrogen atom of one metalla-
cycle, in addition to the Na1-C1 bond with the methylene
group of the other metallacycle.
ChangingNaN* orNaHwith the potassium analogues

in their reaction with 1 led to the formation of the green

powder of the solvent-free compound [KUN*(CH2Si-
Me2N{SiMe3})2]n (4a) in 80% yield; green crystals of
[K(THF)UN*(CH2SiMe2N{SiMe3})2]n (4b) were ob-
tained by heating a suspension in pentane of a less
thoroughly dried powder of 4. A view of the asymmetric
unit of 4b is shown in Figure 6, and selected bond lengths
and angles are listed in Table 2. The structure exhibits the
same anionic uraniummoiety as in compounds 2, which is
surrounded by three potassium atoms, two of these being
linked to the methylene groups of the two metallacycles,
as in 2, and the third one exhibiting an agostic interaction
with a methyl group of the N(SiMe3)2 fragment. Corru-
gated layers parallel to the ab plane are thus formed,
which comprise chains of cyclic (U-N-Si-C-K-C)2-
U-C fragments in which the U, C, and K atoms are
arranged in a helicoidal fashion along the b axis. The geo-
metrical parameters of the metallacycles do not differ
from those of compounds 2. The K-C1 and K-C70
distances of 3.003(5) and 3.048(6) Å can be compared
with that of 3.101(7) Å in [K(PMDETA)( μ-Et)( μ-TMP)-
ZnEt] (PMDETA=N,N,N0,N00,N00-pentamethyldiethyl-
enetriamine),22 and the K-C1300 distance of 3.243(6) Å
can be compared with the average values of 3.19(4) Å in
[KZn(CH2SiMe3)3]

19 or 3.33(5) Å in [{KSi{SiMe3}3}2].
23

Attempts at the synthesis of the dianionic trismetallacyclic
complex [U(CH2SiMe2N{SiMe3})3]

2- by γ C-H deproto-
nation of the last N* ligand of 2 were not conclusive. No
reaction was observed with NaN* while mixtures of uni-
dentified compounds were obtained by using methyl- or
butyllithium. Reaction of 2 with LiCH2SiMe3 was cleaner,
leading to the formationof amajor productwhose 1HNMR
spectrum exhibits three signals in the area ratio of 9:6:2
which would correspond to the equivalent metallacycles of
the desired compound.However, this complex was found to
be quite unstable and could not be separated from decom-
position products.

Reactions of the Bis Metallacyclic Anion [UN*(CH2Si-
Me2N{SiMe3})2]

-. Insertion of carbon monoxide into
actinide-carbon or actinide-nitrogen bonds is well docu-
mented,9a,24 and different products could be expected from
the reaction of 2 andCO.The insertion into theU-Nbonds
was unlikely because of the presence of the electron with-
drawing SiMe3 substituent.

25 However, the outcome of the
insertion reaction into the U-C bonds was not predictable
in view of previous results since the monometallacycle 1 or
the double tuck-in metallocene [U(η5:η1-C5Me4-SiMe2-
CH2)2] reacted with CO to give the five-membered ring eno-
late compounds [UN*2(OC{=CH2}SiMe2N{SiMe3})]

9a or
[U{η5:η1-C5Me4-SiMe2{=CH2}CO}2]

26 with an exocyclic
C=CH2 double bond, whereas the bis alkyl compound
[U(Cp*)2(CH2SiMe3)2] was converted into the enediolate
derivative [U(Cp*)2(OC{CH2SiMe3}=C{CH2SiMe3}O)]
(Scheme 3).19 These results were accounted for by the initial

Figure 1. View of [Na(18-crown-6)(THF)][UN*(CH2SiMe2N{SiMe3})2]
(2d). The hydrogen atoms are omitted except those of the metalla-
cycle methylene groups. Displacement ellipsoids are drawn at the 30%
probability level.

Figure 2. View of [Na(15-crown-5)][UN*(CH2SiMe2N{SiMe3})2] (2e).
The hydrogen atoms are omitted except those of the metallacycle methy-
lene groups. Displacement ellipsoids are drawn at the 30% probability
level.

(22) Conway, B.; Graham, D. V.; Hevia, E.; Kennedy, A. R.; Klett, J.;
Mulvey, R. E. Chem. Commun. 2008, 2638.

(23) Klinkhammer, K. W. Chem.;Eur. J. 1997, 3, 1418.
(24) (a) Manriquez, J. M.; Fagan, P. J.; Marks, T. J.; Day, C. S.; Day,

V. W. J. Am. Chem. Soc. 1978, 100, 7112. (b) Fagan, P. J.; Manriquez, J. M.;
Vollmer, S. H.; Day, C. S.; Day,W.W.;Marks, T. J. J. Am. Chem. Soc. 1981, 103,
2206.

(25) (a) Hauchard, D.; Cassir, M.; Chivot, J.; Ephritikhine, M.
J. Electrochem., Interfacial Electrochem. 1991, 313, 227. (b) Mehdoui, T.;
Berthet, J. C.; Thu�ery, P.; Ephritikhine, M. Dalton Trans. 2004, 579.

(26) Evans, W. J.; Siladke, N. A.; Ziller, J. W. Chem.;Eur. J. 2010, 796.
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formation of dihapto acyl intermediates which can be des-
cribed by the two resonance structuresA andB in Scheme 3.

Form B is likely to be responsible for the remarkable reac-
tivity of the acyl group which reflects the carbene or car-
benium ion character of the carbon atom. Rearrangement
of the carbene-like species can proceed either by inser-
tion into the weakest C-Si bond with formation of the
exocyclic C=CH2 bond or, in the case of a bis acyl inter-
mediate from a bis alkyl precursor, by coupling into the
enediolate product.
Diffusion of CO into a solution of 2 in THF-d8 led imme-

diately to the fading of the green color, and after 5 h, the 1H
NMR spectrum of the single product exhibited the same
pattern of signals as 2, with the intensity ratio of 18:18:6:6:2:2,
but with the spectacular shift of the high field resonances of
the methylene groups at δ-286.20 and-297.80 in 2 toward
the low field region, atδ85.27and54.00.After evaporationof
the solvent, the green powder of the bis five-membered
ring compound [Na(THF)xUN*(OC{=CH2}SiMe2N{Si-
Me3})2] (5) was isolated in almost quantitative yield; satisfac-
tory elemental analyses were obtained for x=0 (5a). The IR
spectrum displays no frequency assignable to an acyl group
resulting from the simple insertion of CO into the U-CH2

bond but instead an absorption band at 1569 cm-1 which
corresponds to the exo cyclic C=CH2 bond of an enolate
ligand, as found in [Zr(OC{=CH2}SiMe2N{SiMe3})2(Me2-
PCH2CH2PMe2)2] (1568 cm-1)16 and [U{η5:η1-C5Me4-
SiMe2{=CH2}CO}2] (1578 cm-1).26 The facile reaction of
2 with CO (1 atm) in a coordinating solvent is in striking
contrast with that of 1 or its thorium derivative which, in
toluene, slowly inserted CO under pressure (18 atm) whereas
the methyl complex [UN*3Me] was inert toward a high
pressure of carbon monoxide.9a,d This distinct behavior
may be accounted for by the greater nucleophilic character
of the U-CH2 bond of 2.
Heating a suspension of the powder of 5 in pentane gave a

mixture fromwhich a few small green crystals of [Na2(THF)-
U2N*2(OC{=CH2}SiMe2N{SiMe3})4] (5b) (Scheme 4) and
many larger, well-shaped green crystals of the dianionic tris
metallacyclic complex [Na2(THF)U(OC{=CH2}SiMe2N-
{SiMe3})3]2 (6) could be separated. Formation of 6, which
is in fact the product ofCO insertion into the putative trisme-
tallacycle [Na2(THF)xU(CH2SiMe2N{SiMe3})3], obviously
resulted from thermal decomposition of 5 and is not

Figure 3. View of [NaUN*(CH2SiMe2N{SiMe3})2] (2a). The hydrogen
atoms are omitted except those of the metallacycle methylene groups.
Displacement ellipsoids are drawn at the 30% probability level. Symmetry
code: 0 = x, y - 1, z.

Figure 4. View of [Na(THF)UN*(CH2SiMe2N{SiMe3})2] (2b). The
hydrogen atoms are omitted except those of the metallacycle methylene
groups. Displacement ellipsoids are drawn at the 40% probability level.
Symmetry codes: 0 = x þ 1, y, z; 0 0 = x þ 1, 1/2 - y, z - 1/2.

Figure 5. View of [Na(THF)2UN*(CH2SiMe2N{SiMe3})2] (2c). The
hydrogen atoms are omitted except those of the metallacycle methylene
groups. Displacement ellipsoids are drawn at the 40% probability level.
Symmetry code: 0 = x - 1, y, z.

Figure 6. View of [K(THF)UN*(CH2SiMe2N{SiMe3})2] (4b). The
hydrogen atoms are omitted except those of the metallacycle methylene
groups. Displacement ellipsoids are drawn at the 30% probability level.
Symmetry codes: 0=-x, y þ 1/2, 3/2- z; 0 0=1-x, y þ 1/2, 3/2- z.



8126 Inorganic Chemistry, Vol. 49, No. 17, 2010 B�enaud et al.

understood.The 1HNMRspectraof 6 inTHF-d8 showed the
presence of the equilibrating mixture of the fac and mer iso-
mers of the compound of the type M(unsymmetrical biden-
tate ligand)3; the equilibrium is completely shifted toward the
formation of the fac isomer at 23 �C and of the mer isomer
at -77 �C.27 Green crystals of [Na(15-crown-5)][UN*(OC-
{=CH2}SiMe2N{SiMe3})2] (5c) were obtained upon addi-
tion of the crown ether to 5 in pentane, or by addition of CO
into a pentane solution of 2 in the presence of 15-crown-5.

Views of 5b and 5c (one of the two independent and
quite identical molecules) are shown in Figures 7 and 8,
and selected bond lengths and angles are listed in Table 3.
The uranium atoms are at the center of distorted trigonal
bipyramids; in 5c, the oxygen atomsO1 andO2 orO3 and
O4 of the cycles are in apical positionswhereas in 5b, these
positions are occupied by the oxygen O2 (O4) and the
nitrogen N1 (N4) atoms of the two distinct cycles. The
distances between the uranium and the nitrogen atoms of
the metallacycles and of the N* ligands, which average
respectively 2.305(10) and 2.34(3) Å in 5b and 2.318(1) and
2.314(7) Å in 5c, are not significantly different from those

Scheme 3. Different Products from CO Insertion into U-C Bonds

Scheme 4. Reaction of [Na(THF)xUN*(CH2SiMe2N{SiMe3})2] (2) and COa

aCrystals of 5b were obtained in one experiment.

(27) (a) Kepert, D. L. Prog. Inorg. Chem. 1977, 23, 1. (b) Dehnen, S.;
B€urgstein, M. R.; Roesky, P. W. J. Chem. Soc., Dalton Trans. 1998, 2425.
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measured in complexes 2 and 4. The geometrical parameters
of the enolate moieties are similar to those observed in [Na-
(12-crown-4)2][TiN*2(OC{=CH2}SiMe2N{SiMe3})]

28 and
[VN*(OC{=CH2}SiMe2N{SiMe3})]2,

29 the two other such
metallacycles to have been crystallographically character-
ized; in particular, the average C-O and C-C distances of
1.384(14) and 1.327(7) Å in 5b and 1.39(3) and 1.324(10) Å
in5c canbe comparedwith thoseof 1.36(1) Å in the titanium
compound and 1.406(6) and 1.320(8) Å in the vanadium
derivative where the oxygen atoms are in bridging positions.
The structure of 5b is built of two bis metallacyclic units
which are linked byNa atoms in different fashions. The two
oxygen atoms of each unit are bound to a sodium atom (O1
and O2 to Na1, O3 and O4 to Na2) which is attached to the
other unit via the methylene group H2C22 for Na1, and the
oxygen O2 and the methyl groupH3C18 of the N* ligand in
the case of Na2. The enolate fragments O2-C8-C9 in 5b
and O1-C1-C2 in 5c are bound in a η3 fashion to the Na1

atoms.The cationicNa(15-crown-5) fragment of5c is linked
to the anionic UN*(OC{=CH2}SiMe2N{SiMe3})2 unit via
the oxygen atomO1orO4 and the adjacent carbon-carbon
double bond of one metallacycle. The Na1 atom in 5b com-
pletes its coordination sphere with a THFmolecule and the
exocyclic C8dC9 bond. The U-O and Na-O distances,
which average respectively 2.25(3) and 2.4(2) Å in 5b and
2.20(5) and 2.50(4) Å in 5c, can be compared with those of
2.29(1) and 2.47(1) Å in [Na2(THF)6UO2(O-2,6-Me2C6 -
H3)4].

30 The U-O distance is larger than that of 2.132(2) Å
measured in the double insertion product [U(η5:η1-
C5Me4-SiMe2{=CH2}CO)2].

26 The average Na1-C dis-
tance of 2.723(8) Å and theNa2-C18distance of 2.930(5) Å
in5b, and themeanNa-Cbond lengthof 2.86(6) Å in5care
similar to those found in compounds 2.
The centrosymmetric dimeric structure of 6 is shown in

Figure 9, and selected bond lengths and angles are listed in
Table 3. The uranium atom is at the center of a distorted fac-
octahedron; the averageU-OandU-Ndistances of 2.35(3)
and 2.350(10) Å are about 0.05 Å larger than in 5, reflecting
the increase in coordination number. The sodiumatomsNa1
and Na2 are attached to the tris metallacycle by O1 and O2
and by O2 and O3, respectively; the average Na-O distance
of 2.38(7) Å is similar to that measured in 5. Each sodium
atom is linked to an exocyclic CdC bond of the symmetry-
related tris metallacycle (ÆNa-Cæ = 2.82(15) Å), ensuring
the stability of the dimer. The O1-C1-C2 enolate fragment
is η3-coordinated to Na2. The Na4U2O6 core of 6 is com-
posed of two “open” heterocubane units which are fused by
the Na2-O3-Na20-O30 face.
Compound 2was converted in THF under an atmosphere

of CO2 into the insertion product [Na(THF)xUN*(OC{O}-
CH2SiMe2N{SiMe3})2] (7) which precipitated and was iso-
lated as a pale blue powder of 7a (x= 0) in 60% yield after
filtration and drying under vacuum; crystallization of 7 by
diffusion of pentane into a pyridine solution afforded green
crystals of [Na(THF)2(py)2UN*(OC{O}CH2SiMe2N{Si-
Me3})2] 3 0.5py (8 3 0.5py) (Scheme 5). The NMR and IR
spectroscopic data are consistent with insertion of CO2 into
the two U-C bonds. The 1H NMR spectrum of 7 in pyri-
dine-d5 exhibits broad signals at 23 �C but is well resolved
uponcooling the temperaturebelow0 �C, showing twosetsof
six resonances in the area ratio of 18:18:6:6:2:2which indicate
the presence of a 2:1 mixture of the two isomers in which the
oxygen and nitrogen atoms of themetallacycles are in relative
cis or trans positions. The IR spectrum exhibits frequencies
assignable to the OC=O group at 1583 and 1623 cm-1,
which can be compared with those of 1540 and 1562 cm-1 in
the indenyl and cyclopentadienyl compounds [U(Ind*)2(O2C-
Me)2]

10b and [U(C5Me4-SiMe2CH2CO2)2],
31a and 1615

cm-1 in the anionic bis(dimethylmalonato) uranyl complex
[UO2(C5H6O4)2(H2O)]

-.31b Compound 8 is the first crystal-
lographically characterized complex resulting from CO2 in-
sertion into aM(CH2SiMe2N{SiMe3}) metallacycle. Because
of the lack of good quality crystals, the crystal structure of 8
could not be refined to a high accuracy, but it nevertheless
establishes the connectivity unambiguously (Figure 10). The
coordination geometry of the uranium atom is a quite perfect

Figure 7. View of [Na2(THF)U2N*2(OC{=CH2}SiMe2N{SiMe3})4]
(5b). The hydrogen atoms are omitted.Displacement ellipsoids are drawn
at the 30% probability level.

Figure 8. Viewof one of the two independentmolecules in [Na(15-crown-
5)UN*(OC{=CH2}SiMe2N{SiMe3})2] (5c). The hydrogen atoms are
omitted. Displacement ellipsoids are drawn at the 30% probability level.

(28) Putzer, M. A.; Neum€uller, B.; Dehnicke, K. Z. Anorg. Allg. Chem.
1998, 624, 57.

(29) Berno, P.; Minhas, R.; Hao, S.; Gambarotta, S. Organometallics
1994, 13, 1052.

(30) Barnhart, D. M.; Burns, C. J.; Sauer, N. N.; Watkin, J. G. Inorg.
Chem. 1995, 34, 4079.

(31) (a) Evans, W. J.; Siladke, N. A.; Ziller, J. W.Comptes Rendus Chimie
2010, 13, 775. (b) Zhang, Y.; Livens, F. R.; Collison, D.; Helliwell, M.; Heatley, F.;
Powell, A. K.; Wocadlo, S.; Eccles, H. Polyhedron 2002, 21, 69.
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trigonal bipyramid with the apexes occupied by the two oxy-
gen atoms.Even though the oxygen atoms are not in bridging
positions, the average U-O distance of 2.23 Å is similar to
those found in 6; these distances are smaller than in the U-
(IV) carboxylate compounds [U(OC{O}CH2OH)4(H2O)2]

32

(average 2.39(2) Å) or [U({2,6-OCO}2C5H3N)2(H2O)3]
33

(average 2.35(4) Å) which have larger coordination numbers.
It is interesting to note that 5b, 5c, 6, and 8 exhibit amono-

nuclear structure, despite the enlargement of their metalla-
cyclic rings by one or two atoms by comparison with their
precursors 2-4, and did not undergo ring-opening reactions
leading to the formation of polynuclear compounds bridged
by CH2SiMe2N fragments. Such transformations were ob-
served with the nitrido bimetallic complexes [Na(DME)2-
(TMEDA)][({R2N)2U}2( μ-N)(CH2SiMe2NR)] and [({R2-
N}2U)2( μ-N)(CH2SiMe2NR)] (R = SiMe3) resulting from
deprotonation of a SiMe3 group of [UN*3] during its reac-
tion with NaN3,

7v and the dinuclear tuck-in-tuck-over tuck-
over dialkyl Tren complex obtained from deprotonation of
a methyl group of the Tren ligand of [U(Tren)3I(THF)]
(Tren =N{CH2CH2NSiMe3}3).

34

Amidogroupsproved tobeuseful ligands for the stabiliza-
tion of high valent uranium compounds, and anionic amide

complexes of U(IV) were easily oxidized into the correspon-
ding neutral U(V) derivatives.7g,35 Complex 2 could thus be
viewed as a valuable precursor of U(V) organometallic
derivatives and in particular [UN*(CH2SiMe2N{SiMe3})2]

Table 3. Selected Bond Lengths (Å) and Angles (deg) for the Complexes [Na2(THF)U2N*2(OC{=CH2}SiMe2N{SiMe3})4] (5b), [Na(15-crown-5)UN*(OC-
{=CH2}SiMe2N{SiMe3})2] (5c), and [Na2(THF)U(OC{=CH2}SiMe2N{SiMe3})3]2 (6)

5b 5c 6a

U-N U1-N1 2.288(3) U1-N1 2.319(6) U-N1 2.363(3)
U1-N2 2.309(3) U1-N2 2.320(6) U-N2 2.349(3)
U1-N3 2.372(3) U1-N3 2.320(6) U-N3 2.339(4)
U2-N4 2.309(3) U2-N4 2.316(6)
U2-N5 2.313(3) U2-N5 2.319(6)
U2-N6 2.306(3) U2-N6 2.307(6)

U-O U1-O1 2.220(3) U1-O1 2.250(5) U-O1 2.326(3)
U1-O2 2.267(3) U1-O2 2.154(5) U-O2 2.342(3)
U2-O3 2.286(3) U2-O3 2.239(6) U-O3 2.396(3)
U2-O4 2.222(3) U2-O4 2.153(5)

Na-C Na1-C8 2.728(4) Na1-C1 2.803(8) Na1-C8 3.122(5)
Na1-C9 2.729(5) Na1-C2 2.955(9) Na1-C150 3.015(5)
Na1-C22 2.711(5) Na2-C21 2.807(10) Na1-C160 2.667(6)
Na2-C18 2.930(5) Na2-C22 2.891(11) Na2-C10 2.685(5)

Na2-C20 2.905(6)
Na-O Na1-O1 2.285(3) Na1-O1 2.454(6) Na1-O1 2.265(3)

Na1-O2 2.780(3) Na2-O3 2.537(7) Na1-O2 2.422(4)
Na1-O5 2.284(3) ÆNa-O(crown)æ 2.46(5) Na1-O4 2.311(4)
Na2-O2 2.273(3) Na2-O10 2.465(3)
Na2-O3 2.313(3) Na2-O2 2.295(3)
Na2-O4 2.279(3) Na2-O3 2.389(3)

Na2-O30 2.414(4)
N(cycle1)-U-O(cycle1) N1-U1-O1 81.15(11) N1-U1-O1 80.5(2) N1-U-O1 79.32(11)

N2-U1-O2 80.00(10) N2-U1-O2 77.0(2) N2-U-O2 77.21(11)
N4-U2-O3 78.14(10) N4-U2-O3 80.6(2) N3-U-O3 81.38(12)
N5-U2-O4 82.53(13) N5-U2-O4 76.4(2)

N(cycle1)-U-O(cycle2) N1-U1-O2 157.35(11) N1-U1-O2 85.9(2) N1-U-O2 152.20(12)
N2-U1-O1 96.53(11) N2-U1-O1 94.1(2) N1-U-O3 94.63(11)
N4-U2-O4 151.12(11) N4-U2-O4 86.2(2) N2-U-O1 91.91(11)
N5-U2-O3 109.49(11) N5-U2-O3 94.4(2) N2-U-O3 150.95(11)

N3-U-O1 158.22(11)
N3-U-O2 99.58(12)

O-U-O O1-U1-O2 76.48(10) O1-U1-O2 157.4(2) O1-U-O2 73.47(10)
O3-U2-O4 73.08(10) O3-U2-O4 158.4(2) O1-U-O3 76.87(11)

O2-U-O3 73.93(10)

a Symmetry code: 0 = 2 - x, 1 - y, 1 - z.

Figure 9. View of the dimeric structure of [Na2(THF)U(OC{=CH2}-
SiMe2N{SiMe3})3]2 (6). Hydrogen atoms and carbon atoms of methyl
groups and THF ligands have been omitted. Displacement ellipsoids are
drawn at the 30%probability level. Symmetry code: 0 =2- x, 1- y, 1- z.
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Dalton Trans. 1980, 1182.

(33) Haddad, S. F.; Al-Far, R. H.; Ahmed, F. R. Acta Crystallogr., Sect.
C 1987, 43, 453.

(34) Gardner, B. M.; McMaster, J.; Lewis, W.; Blake, A. J.; Liddle, S. T.
J. Am. Chem. Soc. 2009, 131, 10388.

(35) (a) Berthet, J. C.; Ephritikhine,M. J. Chem. Soc., Chem.Commun. 1993,
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which has been recently isolated from the reaction of
[UN*2Cl2] with BuLi.5 Our attempts at the synthesis of this
U(V) complex by oxidation of 2 with TlBPh4, AgI, CuCl,
and O2 were so far inconclusive, giving mixtures of uniden-
tified products. The possible formation of the uranium(V)
complex could not be demonstrated; no crystals suitable
for X-ray diffraction were obtained while NMR spectra
did not show any broad signals characteristic of a U(V)
product.5

Treatment of 2a with one mol equivalent of iodine in
THF led to the cleavage of one U-C bond36 and forma-
tion, after precipitation of NaI in pentane, of the neutral
compound [UN*(CH2SiMe2N{SiMe3})(N{SiMe3}SiMe2-
CH2I)] (9) which was isolated as a pale brown powder in
87% yield (Scheme 6).
The dissymmetric structure of 9 was demonstrated by

the 1H NMR spectrum in THF-d8 at -107 �C which
exhibited four signals at δ -138.77, -181.48, -373.45,
and -493.22, each integrating for 1 H, corresponding to
the four distinct hydrogens of the CH2I and UCH2

groups, and three signals of relative intensities 9:9:18 at
δ 105.15, 101.77, and-66.95, assigned to the twoNSiMe3
and unique N(SiMe3)2 fragments. Coalescence of these
signals occurred around -70 �C and in the fast limit
spectrum at 23 �C, the CH2 and SiMe3 groups gave rise to

four signals of relative intensities 2:2:18:18, characteristic
of a symmetrical structure. These features can be inter-
preted by the equilibrium represented in Scheme 6 that is a
degenerate σ bond metathesis reaction of U-C and C-I
bonds which would involve the symmetrical four center
transition stateA. Complex 9would thus represent a new

Scheme 5. Reaction of [Na(THF)xUN*(CH2SiMe2N{SiMe3})2] (2) and CO2

Scheme 6. Reaction of [Na(THF)xUN*(CH2SiMe2N{SiMe3})2] (2) and I2

Figure 10. View of [Na(THF)2(py)2UN*(OC{O}CH2SiMe2N{SiMe3})2]
(8). Hydrogen atoms have been omitted. Displacement ellipsoids are
drawn at the 10% probability level. Symmetry code: 0 = x þ 1/2, 1/2 - y,
z- 1/2.

(36) (a) Schock, L. E.; Seyam, A. M.; Sabat, M.; Marks, T. J. Polyhedron
1988, 7, 1517. (b) Bettonville, S.; Goffart, J.; Fuger, J. J. Organomet. Chem.
1990, 393, 205.
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type of so-called “pendulum” systems,37 typical examples
of which were provided by the “bridge flipping” of
7-norbornadienyl cations,37a,b and the degenerate rear-
rangement of sulfonium ions modeling a permanent
associative SN2 reaction at tetrahedral carbon.37c From
line shape analysis of the spectra, the activation energy for
the rearrangement of 9 is 7.5(1) kcalmol-1. This low value
is similar to that calculated for some 7-norbornadienyl
cations.37b

Conclusion

Novel and rare examples of bis metallacyclic compounds
of general formula [MLxUN*(CH2SiMe2N{SiMe3})2] were
isolated from γ-CH deprotonation reactions of [UN*3Cl] or
[UN*2(CH2SiMe2N{SiMe3})]. These complexes, interesting
for further reactivity studies, exhibit a variety of crystal struc-
tures depending on the nature of MLx (M=Li, Na, or K and

L = THF or crown ether) in which the UN*(CH2SiMe2N-
{SiMe3})2 units are linked via CH2 and/or CH3 groups to Na
or K atoms to give tight cation-anion pairs or 1D or 2D coor-
dination polymers. The twoU-Cbonds,which aremuchmore
reactive than that in the [UN*2(CH2SiMe2N{SiMe3})] parent,
readily inserted CO and CO2molecules, and aM(OC{O}CH2-
SiMe2N{SiMe3}) metallacycle was crystallographically charac-
terized for the first time. Treatment of the bis metallacyclic
anion with iodine did not afford the corresponding neutral
U(V) neutral compound, but led to the cleavage of one U-C
bond and formation of a complexwhichwould represent a new
type of so-called “pendulum” systems resulting from a degen-
erate σ bond metathesis reaction of U-C and C-I bonds.
Further reactionsof these complexes, inparticular theoxidation
of the anionic species into uranium(V) derivatives, are currently
studied.
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