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Abstract: Thermolysis of the nitride-bridged diuranium(IV)
complex Cs{(u-N)[U(OSi(O'Bu););],} (1) showed that the
bridging nitride behaves as a strong nucleophile, promoting
N—C bond formation by siloxide ligand fragmentation to yield
an imido-bridged siloxide/silanediolate diuranium(1V) com-
plex, Cs{(u-N'Bu)(u-0,Si(O'Bu),)U,(OSi(O'Bu);)s}. Com-
plex 1 displayed reactivity towards CS, and CO, at room
temperature that is unprecedented in f-element chemistry,
affording diverse N-functionalized products depending on the
reaction stoichiometry. The reaction of 1 with two equivalents
of CS, yielded the thiocyanate/thiocarbonate complex Cs{(u-
NCS)(u-CS;)[U(OSi(O'Bu););],} via a putative NCS/S*~
intermediate. The reaction of 1 with one equivalent of CO,
resulted in deoxygenation and N—C bond formation, yielding
the  cyanate/oxo  complex  Cs{(u-NCO)(u-O)[U(OSi-
(O'Bu););],}. Addition of excess CO, to 1 led to the unprece-
dented  dicarbamate  product Cs{(u-NC,0,)[U(OSi-

(O'Bu)s)s/o)-

Uranium nitrides are attractive candidates for both stoi-
chiometric and catalytic nitrogen-transfer reactions and
small-molecule transformations.!! Understanding the reac-
tivity of uranium nitrides is also of great interest because of
their importance in many fields of science and engineering
(e.g., as nuclear fuels).””’ In recent years, an increasing number
of molecular nitride compounds of uranium have been
prepared and characterized,”™® but their reactivity has
remained virtually unexplored. The activation of a C—H
bond by a transient terminal uranium nitride, which resulted
in the formation of new N—H and N—C bonds, was first
reported by Kiplinger and co-workers.”’! More recently, the
two-electron reduction of terminal UY and UY" nitrides to
cyanates by carbon monoxide has also been described.™™
Although most previously reported uranium nitride com-
plexes contain a bridging nitride, the reactivity of the U=N=U
fragment has thus far only been studied for a diuranium(V)
complex in which the nitride reacted as a masked metal-
lonitrene to afford a cyanoimide diuranium(IV/IV) com-
plex.td

N—C bond-formation reactions are very important in the
construction of value-added chemical compounds, such as
amino acids, pharmaceuticals, or agrochemicals,[“ and syn-
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thetic methods that use inexpensive and largely available
feedstocks, such as carbon dioxide, are particularly desir-
able.”] A few examples of N—C bond formation from the
reaction of carbon dioxide with activated nitride-bridged
complexes® or terminal nitride complexes” have been
reported for transition metals but thus far, the reactivity of
molecular nitride compounds of f-block elements with CO,
has not been investigated.

Herein, we have investigated the ability of a previously
described nitride-bridged diuranium(IV) complex, Cs{(u-N)-
[U(OSi(OBu););],} (1), to promote N—C bond formation,
and we have studied its reactivity with CO, and CS,. We found
that the temperature-induced decomposition of complex
1induced N—C bond formation by fragmentation of a siloxide
ligand. We also report the isolation and characterization of
the products obtained from the room-temperature reactions
of 1 with CO, and CS,. In these reactions, the bridging nitride
group acts as a strong nucleophile, which leads to N—C bond
formation yielding cyanate and thiocyanate species and the
unprecedented construction of a dicarbamate.

The nitride-bridged diuranium(IV) complex Cs{(u-N)[U-
(OSi(OBu););],} (1) is stable in solution at —40°C for several
months but undergoes decomposition at higher temperatures.
Notably, the overnight thermolysis of 1 at 80°C in toluene
solution resulted in the complete transformation of 1 to afford
a new imido-bridged siloxide/silanediolate diuranium(IV)
complex, Cs{(u-N'Bu)(p-O,Si(OBu),)U,(OSi(O'Bu),)s} (2),
in 65 % yield (Scheme 1). The solid-state crystal structure of 2
was determined by single-crystal X-ray diffraction (Figure 1).
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Scheme 1. tert-Butyl transfer from a ligand of Cs{(u-N)[U(OSi-
(O'Bu)3)so} (1) to the bridging nitride to form Cs{(u-N'Bu) (u-O,Si-
(O‘Bu) U, (os| (O'Bu)s)s} (2

The structure of 2 shows the presence of a tris(siloxide) U™
moiety, [U(OSi(O'Bu););], and of a bis(siloxide)/mono(sila-
nediolate) U™ moiety, [U(O,Si(O'Bu),)(0OSi(O'Bu),),]. The
two uranium ions are bridged by a tert-butylimido group and
by one of the oxygen atoms of the silanediolate moiety,
affording a non-symmetric structure. This result shows that
the thermolysis of complex 1 leads to C—O cleavage in one of
the siloxide ligands with concomitant transfer of the tert-butyl
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Figure 1. Crystal structure of Cs{(u-N’Bu) (u-O,Si(O*Bu),) U,(OSi-
(O'Bu)s)s} (2). Thermal ellipsoids set at 50% probability. Hydrogen
atoms and methyl groups were omitted for clarity. Selected bond
lengths [A]: U1-N111 2.300(3), U2-N111 2.398(3), N111-C111 1.461-
(6), U2-0101 2.223(4), U1-0101 2.323(4), Cs1-0101 3.340(4).

group to the nitride, giving a dianionic silanediolate ligand
that bridges the two uranium centers. C—O cleavage in a tert-
butoxysiloxide ligand with concomitant elimination of iso-
butene has previously been observed in the thermolysis of the
diuranium(I1T) complex [U(OSi(O'Bu)s),(u-OSi(O'Bu),)],.*!
The strongly nucleophilic character of the bridging nitride in
1 results in the formation of a new N—C bond with the fert-
butyl group from the siloxide ligand, yielding the tert-
butylimido bridging group. The tert-butylimide bridges the
two uranium centers in a non-symmetric fashion with U—
Nimiao bond lengths of 2.300(3) and 2.398(3) A, which are
slightly longer than those found in the few reported examples
of dinuclear imido-bridged U"™ complexes (2.156(8)-2.378-
(3) A).

The high nucleophilic reactivity of the bridging nitride, as
evidenced by the slow decomposition of complex 1 at room
temperature, inspired us to investigate the reactivity of this
complex with the electrophiles CS, and CO,. The addition of
two equivalents of CS, to 1 resulted in an immediate color
change of the solution to green. Storing the solution at —40°C
resulted in the isolation of Cs{(u-NCS)(u-CS;)[U(OSi-
(O'Bu);)3],} (3) in 58 % yield (Scheme 2).

The solid-state structure of 3 is disordered with an
occupancy of 0.85 for the Cs atom in one position (3a,
Figure 2) and an occupancy of 0.15 in the other position (3b;
see the Supporting Information). The structure of 3a consists
of a diuranium(IV) complex in which two [U(OSi(O'Bu););]
fragments are bridged by a thiocyanate unit and a trithiocar-
bonate unit that binds the two uranium cations and the cesium
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Scheme 2. Reaction of Cs{(1-N)[U(OSi(O’Bu)s);],} (1) with CS, to form
Cs{(1-NCS) (u-CS5) [U(OSi(O'Bu);)sl} (3).
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Figure 2. Crystal structure of Cs{(u-NCS) (u-CS;)[U(OSi(O*Bu);)s],}
(3a) in 3. Thermal ellipsoids set at 50% probability. Hydrogen atoms,
methyl groups, and lattice solvent molecules were omitted for clarity.
Selected bond lengths [A] for 3a: U1-S1 2.9792(18), U1-S4 3.029(4),
U1-S3 2.885(3), U2-S1 3.0411(18), U2-S2 2.881(4), U2-N1 2.501(15),
S$4-C2S 1.639(15), N1-C2S 1.07(2), S1-C1S 1.740(12), S2-C1S 1.682-
(9), S3-C1S 1.712(10), Cs1-S3 3.525(3), Cs1-S4 4.170(6), Cs1-S2
3.408(3), U2-Cs1 4.7200(9).

cation in a p;-k*:k*:x* fashion. The C—S bond lengths (1.740-
(12), 1.682(9), 1.712(10) A) are consistent with electronic
delocalization of the negative charge over the CS;*~ unit, and
are similar to those found in the two other reported uranium
trithiocarbonate complexes.!'”! The bridging thiocyanate is
disordered over two positions: one with N bound to U2 and S
bound to U1, and one with N bound to U1 and S bound to U2.
Only the structure with N1 bound to U2 is shown in Figure 2.

The U-N bonds (U1-N1 2.501(15) A, U2-N1 2.62(2) A)
are longer than those reported for terminal N-bound U"Y
thiocyanate complexes (2.385(4) A).""! No examples of
uranium complexes containing bridging thiocyanate or S-
bound thiocyanate ligands were found in the Cambridge
Structural Database.

The “CNMR spectrum of 3 in [Dg]toluene shows
a resonance at 0 =124.0 ppm for the bridging NCS™ ligand
and one at 195.8 ppm for the bridging CS;*" ligand. The
BC NMR spectrum of 3 in [D¢]DMSO shows a resonance at
129.3 ppm that was assigned to the NCS™ anion. The presence
of two v(**CN) stretches at 2006 and 2085 cm ™' in the IR
spectrum of a sample of 3 that was prepared with *CS, is
consistent with the presence of a bridging thiocyanate
ligand."?

The addition of an equimolar amount of CS, to complex
1 led to a mixture of unreacted complex 3 and an additional
species (a), which was transformed into 3 after addition of
a second equivalent of CS,. The “CNMR spectrum in
[D¢]DMSO of the residue obtained after drying of the
reaction mixture allowed us to confirm the presence of the
free NCS™ group. This finding suggests that the formation of
the trithiocarbonate- and thiocyanate-bridged complex 3 is
most likely the result of the reaction of a sulfide- and
thiocyanate-bridged intermediate, “Cs{(u-NCS)(u-S)[U(OSi-
(O'Bu)s);l,)” (a), with a second molecule of CS,. The
formation of a trithiocarbonate-bridged diuranium(IV) com-
plex by the nucleophilic addition of a sulfide-bridged
diuranium(IV) complex to CS, has previously been described
by Meyer et al.'"%! Moreover, the formation of sulfide and
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thiocyanate species from the nucleophilic addition of CS, to
a nitride via a dithiocarbamate intermediate has been
described for a terminal V" nitride./”"!

Rather different reactivity was observed with CO,. The
addition of three equivalents of CO, to 1 in toluene at low
temperature (below —70°C ) resulted in an immediate color
change to yield a blue solution. Storing the solution at —40°C
gave Cs{(u-NC,04)[U(OSi(O'Bu););],} (4) in 72% yield
(Scheme 3). Complex 4 is stable in toluene solution at room
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Scheme 3. Reaction of Cs{(u-N [U(OSi(O‘Bu);)
form Cs{(u-NC,0,)[U(OSi(O'Bu)s);],} (4

sl} (1) with CO, to
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reported for amido-bridged diuranium(IV) complexes (2.4—
2.57 A).Il The similar values of the 0121-C121 and C121—
0122 bond lengths (1.292(5) and 1.282(4) A) are consistent
with delocalization of the negative charge. The C122—0124
bond (1.229(6) A) is shorter than the C122—0123 bond
(1.317(4) A), which suggests a localized C=0 bond.

The “CNMR spectrum of the crude reaction mixture
obtained from the reaction of 1 with three equivalents of
CO, in [Dg]toluene only shows one peak at —134.1 ppm,
which was assigned to the bridging dicarbamate ligand. This
result suggests that complex 4 is the only product formed in
this reaction. In contrast, 'H and *C NMR studies showed
that the addition of smaller amounts of carbon dioxide (1-
2 equiv) led to a mixture of 4, unreacted 1, and an additional
species that cannot be transformed into 4 by the subsequent
addition of excess CO,. X-ray diffraction analysis of crystals
obtained from this reaction mixture showed the presence of
two co-crystallized complexes, Cs{(u-NCO)(u-O)[U(OSi-
(OBu)s)s]o} (5; Figure 4) and Cs,{(1-O),[U(OSi(OBu)s)s .}

). Ther-

Figure 3. Crystal structure of Cs{(u-NC,0,)[U(OSi(O'Bu)s);l,} (4
mal ellipsoids set at 50% probability. Hydrogen atoms, methyl groups,
and solvent molecules were omitted for clarity. Selected bond lengths
[Al: U1-0121 2.360(3), UT-N121 2.467(3), O121-C121 1.292(5),
C121-N121 1.347(5), C121-0122 1.282(4), N121-C122 1.396(6),
C122-0124 1.229(6), C122-0123 1.317(4), U2-0123 2.252(3), U2—
0122 2.283(3), 0124-Cs1 3.206(3), O123—Cs1 3.045(3). Torsion
angles [°]: 0121-C121-N121-C122 178.11, O124-C122-N121-C121
158.03.

temperature for up to two weeks. The solid-state structure of
4 (Figure 3) shows the presence of a unique dicarbamate
ligand bridging two [U(OSi(O'Bu),);] fragments in an asym-
metric fashion and a cesium cation. One uranium cation is
bound by the nitrogen atom and a carboxylate oxygen atom,
while the second uranium cation is bound by two oxygen
atoms from two different carbamate units. The U,NC,0O, core
comprises two fused rings, with one six-membered ring
(UOCNCO) and one four-membered ring (UNCO). The
two rings share the N—C bond and are arranged in a planar
fashion. A carbamate oxygen atom that is not bound to the
uranium ion is located above this plane, and it is bound to the
Cs cation. The U-N bond length (2.467(3) A) is longer than
those usually found in U™ amide complexes (ca. 2.3 A)* but
similar to the U"—N bond reported for a sterically demanding
amide (2.415 A)!" and in the range of U-N bond lengths
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Figure 4. Crystal structure of Cs{(u-NCO) (1-O)[U(OSi(O'Bu)3)s],} (5

in 5-65. Thermal ellipsoids set at 50% probability. Hydrogen atoms
methyl groups, and lattice solvent molecules were omitted for clarity.
Selected bond lengths [A] of 5: UT-N121 2.535(9), U2-N121 2.582(9),
U1-01U 2.118(5), U2-O1U 2.127(5), N121-C121 1.178(2), C121-
0121 1.180(2).

(6; Figure S27), in a ratio of 1:0.5. The *C NMR spectrum of
these crystals in [Dg]DMSO shows the presence of free
isocyanate, indicating that NCO™ is released when the crystals
are dissolved in DMSO. The structure of 5 shows the presence
of two tris(siloxide) U" moieties that are bridged by an oxo
ligand and an N-bound isocyanate. The U—N bonds (2.535(9)
and 2.582(9) A) are longer than those found in terminally
bound isocyanates (around 2.3 A)!' but similar to those
reported for an isocyanatodioxouranate(VI) (2.58(1) A), in
which the cyanate group adopted a similar bridging mode.!'"!

The isolation of compound § indicates that at substoichio-
metric ratios of CO,, the reaction of 1 with CO, proceeds with
deoxygenation and N—C bond formation to yield the cyanate/
oxo complex, which is probably formed via a bridging
carbamate intermediate. Analogous reactivity has been
reported for a terminal niobium carbamate, which undergoes
intramolecular metathesis to afford a terminal oxo complex
and free isocyanate, but only after heating at 80°C."" The
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presence of the co-crystallized bis(oxo) complex 6 also
suggests that scrambling of the isocyanate and oxo ligands
occurs in solution, which is in agreement with the observation
of only one peak for this complex in the 'H NMR spectrum of
crystals of §-6,s. In the presence of excess CO,, the addition of
a second equivalent of CO, to the monocarbamate inter-
mediate is faster than the isocyanate formation that affords
the stable complex 4.

The formation of a dicarbamate from the reaction of
a metal nitride with CO, is unprecedented and points to the
presence of a highly nucleophilic nitride in complex 1.
Moreover, complexes of the N(CO,),’ ligand have never
been reported, which is probably due to the difficulty of
preparing the parent triprotic species.'’? Only a few examples
of the reactivity of the U-N bond with CO, have been
previously described. Insertion of CO, into U™-N,, . or
U"Y-N,.ice bonds resulted in the formation of O-bound
carbamate complexes of U™ or UVl or UV isocyanate
complexes,"” and the reaction of CO, with UY imido
complexes led to isocyanate extrusion and formation of
a terminal UY oxo complex by multiple metathesis.'**!
However, we have herein described the first example of the
insertion of CO, into a U—N;q. bond. The high reactivity of
1 with electrophiles is in stark contrast to the often inert
character of nitride-bridged transition-metal complexes,?!!
which require activation of the nitride group for further
functionalization,”” and this result highlights the potential of
uranium nitrides in promoting N—C bond-formation reac-
tions. The results presented in this work open up new
pathways for the selective synthesis of new organic molecules
from metal nitrides and the abundant and inexpensive
feedstock CO,, and demonstrate that nitride functionalization
with heteroallenes is readily feasible with uranium. This novel
reactivity of uranium nitrides will certainly inspire new
approaches to both stoichiometric and catalytic N—C bond-
formation reactions.
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