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Abstract: Cleavage of dihydrogen is an important step in the
industrial and enzymatic transformation of N, into ammonia.
The reversible cleavage of dihydrogen was achieved under
mild conditions (room temperature and 1 atmosphere of H,)
by the molecular uranium nitride complex, [Cs{U(OSi-
(O'Bu);)s}-(u-N)] 1, leading to a rare hydride—imide bridged
diuranium(IV)  complex,  [Cs{U(OSi(O'Bu);)s},(u-H)(u-
NH)], 2 that slowly releases H, under vacuum. This complex
is highly reactive and quickly transfers hydride to acetonitrile
and carbon dioxide at room temperature, affording the
ketimide- and formate-bridged U" species [Cs{U(OSi-
(O'Bu);)s}>(u-NH)(u-CH;CHN)], 3 [Cs{U(OSi-
(O'Bu)3)3/>(u-HCOO) (u-NHCOO)], 4.

and

Heterolytic H, cleavage is an important step in many
reactions promoted by enzymes or synthetic catalysts.[!]
Hydrogen activation is crucial in the industrial Haber-
Bosch process that is used in the production of ammonia
from N, and H, and is also important in nitrogen fixation by
nitrogenase enzymes, which is enabled by hydride-containing
intermediates.”) Such hydride intermediates are also believed
to play a role in the reduction of other substrates such as CO,
or nitriles effected by these enzymes.®! Moreover, hydro-
genolysis by metal nitride intermediates is believed to be
a key step in the Haber-Bosch process. However, only three
examples of heterolytic splitting of H, by a nitride complex
have been reported so far.’] The reactivity of uranium nitrides
is of high current interest because of the relevance of U™
nitride (UN) in nuclear industry® and because of their
activity as catalysts”! in the formation of ammonia from N,
and H,. Moreover, molecular nitride complexes of uranium
can effect dinitrogen reduction and stoichiometric N, con-
version to NH;"*® and N—C formation reactions under mild
conditions.”! However, despite the increasing number of
characterized uranium nitride complexes,'”! the study of the
reactivity of these systems is still in its infancy and in
particular the reaction with dihydrogen has never been
explored.

In view of the ability of uranium nitrides to effect the
transformation of dinitrogen to ammonia, we became inter-
ested in studying the reaction of uranium nitrides with H, and
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in the possibility of obtaining a highly reactive uranium
hydride—imide complex.

Notably, despite the relevance of such species in biological
and industrial dinitrogen reduction, their formation from H,
addition to metal nitrides or metal-dinitrogen complexes
remains extremely rare.’!!! Moreover, despite the fact that
the seminal work of Andersen and Marks on organometallic
uranium hydrides goes back to the early 80s,?! uranium
hydrides remain rare and most of the reported examples
contain carbocyclic ligands.'>**¥l Herein we show that the
bifunctional Lewis acid-base character of the U—N bond in
the multimetallic U" complex [Cs{U(OSi(O'Bu)s);},(u-N)]
1,04 leads to the facile, reversible heterolytic cleavage of
dihydrogen under ambient conditions and to the reversible
formation of a parent imide-hydride complex that can
transfer the hydride to acetonitrile and CO,.

When a toluene solution of the previously reported
complex 1 is exposed to 1atmosphere of hydrogen, the
solution turns from brown to yellow within 15 minutes and the
proton NMR spectrum shows the disappearance of the
siloxides signal of 1 and the appearance of a new signal at
0.32 ppm, assigned to the siloxide ligands of complex [Cs{U-
(OSi(O'Bu);)sh(u-H)(u-NH)], 2 (Scheme 1). The resonance
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Scheme 1. Reversible cleavage of H, by 1 to afford the di-uranium(IV)
hydride—imide product 2.

at 571.3 ppm in the 'H NMR spectrum of 2 is assigned to the
U"™-bound hydride and its value is consistent with those
reported for other U" hydride complexes.'*#'% This reso-
nance is absent in the "H NMR spectrum of the deuterated
analogue [Cs{U(OSi(O'Bu)s);},(u-D)(u-ND)], D,-2.
Removal of the gas in the headspace after reaction of
1 with H, results in slow H, loss and formation of the nitride
complex 1. Crystals of complex 2 also loose H, once removed
from the solution resulting in the isolation of complexes 1 and
2 co-crystallized in 30:70% ratio (see Supporting Informa-
tion). However, loss of H, could be avoided by maintaining at
—40°C the crystals of 2, obtained at —40°C under 1 atm H,,
during crystal mounting in oil and by performing X-ray data
collection at —133°C. The facile and reversible activation of
H, by complex 1 is remarkable. Notably, in the only example
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reported so far of cooperative H, activation by a bifunctional
metal nitride, the H, cleavage is not reversible.™

The molecular structure of 2 (Figure 1) could be deter-
mined by the X-ray analysis of crystals of 2, and it shows

Figure 1. Molecular structure of [Cs{U(OSi(O'Bu)s);},(u-H) (u-NH)J,
2.7 Ellipsoids are set at 50% probability; methyl groups are omitted
for clarity.

a dinuclear U™ complex bridged by an imido and a hydrido
ligand. Electron density that could be assigned to the imide
and to the hydride was located, and both groups were refined
without imposing any constraints. A Cs cation is bound by the
siloxide ligands resulting in a dissymmetric structure analo-
gous to that found in the nitride complex 1. Notably, two
siloxide ligands bridge the U1 and Cs centers binding the Cs
in a bidentate fashion while only one siloxide ligand binding
the Cs cation in a bidentate fashion bridges U2 and Cs. The Cs
cation was found in the apical position of the nitride at a Cs—N
distance of 3.393(4) A in 1, while in 2 it lies at the apical
position of the hydride ligand with a Cs—H distance of
2.73(6) A and is located at a non-bonding distance of
4.821(3) A from N1. Moreover, the U-N-U angle changes
dramatically from linear in complex 1 (U-N-U angle:
170.2(3)°) to bent in the diamond core geometry of complex
2 (U-N-U angle: 117.5(3)°) and the U—N bond distances are
significantly elongated in 2 (2.187(3), 2.256(4) A) compared
to those found in 1 (2.058(5) —2.079(5) A). These data are in
agreement with the presence of a protonated NH group and
the U-NH distances are in the range of those found in
diuranium(IV) imido bridged complexes (2.156(8)-
2.315(8) A)."! One terminal parent imido U"™ complex is
known,!'” but a bridging parent imido-U" linkage was not
characterized previously. In contrast, the bridging parent
imido UYUY [K,{[U(OSi(O'Bu););],(u-NH)(u-1’m*N,)}] and
UMUY  [Ky{[U(OSi(O'Bu);)s],(w-NH),(p-C)}] - complexes
were previously isolated in our group by protonation of the
nitride-hydrazide complex [K;{[U(OSi(O'Bu););],(1-N)(u-
W1*-N,)}].® The hydride bridges the two uranium cations
(U—U,3.786 A) in a non-symmetric fashion (U—H 2.18(6) and
2.36(6) A) with the shorter distance being comparable to
those determined by neutron diffraction studies for the
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[(CsMes),UH,], complex (2.134(9) A)'* where the hydride
bridges the two uranium centers in a symmetric fashion.
Complex 2 is a rare example of imide-hydride bridged
complex.P*11 Such species are very relevant as probable
intermediate in N, hydrogenation to yield NH;.*>2")

Complex 2 displays a rich reactivity that both unambig-
uously confirms the presence of the hydride—-imide core in 2
and demonstrates the ability of 2 to effect hydride transfer
reactions.

Complex 2 reacts with acetonitrile and carbon dioxide to
yield insertion products. The addition of MeCN to a toluene
solution of 2 (Scheme 2 a) led to the formation of the bridging
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Scheme 2. In situ reactions of 2 with a) acetonitrile to give 3 and
b) 2 equiv of carbon dioxide to give 4.

imido-ketimide complex [Cs{U(OSi(O'Bu););},(u-NH)(p-
CH;CHN)], 3, that was isolated in high yield (85%) as
a yellow crystalline solid. Thus, the hydride addition to the
acetonitrile results in the two-electron reduction of the
nitrogen—carbon triple bond. The solid-state structure of 3
(Figure 2) shows the presence of two uranium ions bridged by
an imido and a ketimido (or azavinylidene) group. A cesium

Figure 2. Molecular structure of [Cs{U(OSi(O'Bu);)

sha(WNH) (-
CH,CHN)], 3.7 Ellipsoids are set at 50% probability; methyl groups
are omitted for clarity.
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cation binds in a dissymmetric fashion the imido nitrogen and
the siloxide ligands. The carbon atom C121 has a trigonal
planar geometry and the C121-N1 distance of 1.273(7) A is
consistent with a carbon-nitrogen double bond. The pseudo
tetrahedral geometry of the N2 atom and the U—N2 distances
(U1-N2 2.247(4) and U2-N2 2.209(5) A) are in agreement
with the presence of an imido group NH, indicating that the
NH group is not involved in the reactivity with MeCN. The IR
spectrum shows a peak at 1629 cm™' assigned to the N—C
double bond stretching. The insertion of nitriles into the U-C
bond has been used by Kiplinger and co-workers.”! as
a convenient method for the synthesis of mono- and multi-
metallic ketimide complexes. Formation of a ketimide ligand
from the insertion of the nitrile triple bond into a uranium
hydride complex was also reported previously but the
insertion products were not crystallographically character-
ized.'*¥ The ability of 2 to perform hydride transfer reactivity
and the consequent reducing behavior of the hydride towards
substrates were confirmed in the reaction of 2 with carbon
dioxide. Addition of two equivalents of CO, (Scheme 2b) to 2
led to the formation of complex [Cs{U(OSi(O'Bu)s);},(u-
HCOO)(u-NHCOO)], 4 in 44 % yield). The addition of less
than 2equivalent of CO, shows only the presence of
unreacted 2 and 4.

The solid-state structure of 4 (Figure3) shows the
presence of two U™ cations bridged by a formate and
a dianionic carbamate group. A cesium cation is also bound in
the pocket formed by three siloxides bound to U1. Complex 4
is only the second example of a crystallographically charac-
terized formate complex obtained from the insertion of CO,
into a U—H bond and the first one containing a bridging
formate.**! The U—O distances for the bridging formate in 4
(2.409(3) and 2.356(3) A) are slightly shorter than those
found in the reported terminal formate (2.451(3) A). The
proton of the formate was located by X-ray diffraction and
was identified in the "H NMR spectrum. The concomitant
cycloaddition of CO, to the parent imido linkage affords
a bridging k’-carbamate group. This reactivity is a rare
example of cycloaddition of CO, to a metal imido complex®?!

Figure 3. Molecular structure of [Cs{U(OSi(O'Bu)s);},(1-HCOO) (-
NHCOO)], 4.7 Ellipsoids are set at 50% probability; methyl groups
are omitted for clarity.
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and differs from that reported for U™-bound terminal bulky
aryl imido groups (U=N—Ar) that results in N=C bond
methathesis and extrusion of the cyanate via a proposed
carbamate intermediate.””! The low steric pressure of the NH
group and its bridging mode result in a high stability of the «*-
0,0,N-carbamate group. A few examples of U" carbamate
have been reported but they all present monoanionic k*-O,0-
carbamate groups.*?¥

In summary, we have demonstrated that a polymetallic
U"Y nitride effects the reversible heterolytic activation of
dihydrogen in mild conditions (room temperature and
1 atmosphere of H,). We have also demonstrated the high
reactivity of this species. Notably, the hydride is readily
transferred to acetonitrile and CO, resulting in the substrate
reduction. These results anticipate that metal hydride inter-
mediates may play an important role in the uranium catalyzed
transformation of N, and H, into ammonia and also open new
avenues for the development of hydrogenation catalysts.
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