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The role of alkali promoters in N, cleavage by metal complexes remains poorly understood despite its
relevance to the industrial production of ammonia from N,. Here we report a series of alkali bound-oxo-
bridged diuranium(in) complexes that provide a unique example of decreasing N, binding affinity with
increasing cation size (from K to Cs). N, binding was found to be irreversible in the presence of K. A N,
complex could be isolated in the solid state in the presence of the Rb cation and crystallographically
characterized, but N, binding was found to be reversible under vacuum. In the presence of the Cs cation
N> binding could not be detected at 1 atm. Electrochemical and Computational studies suggest that the

decrease in N, binding affinity is due to steric rather than electronic effects. We also find that weak N,
Received 5th May 2022

Accepted 12th July 2022 binding in ambient conditions does not prevent alkali assisted N, cleavage to nitride from occurring.

More importantly, we present the first example of cesium assisted N, cleavage leading to the isolation of
DOI: 10.1035/d25c02530b a N, derived multimetallic U/Cs bis-nitride. The nitrides readily react with protons and CO to yield

rsc.li/chemical-science ammonia, cyanate and cyanide.

production of ammonia. Most catalysts developed for N, reduc-
tion to ammonia use potassium as an electronic promoter
because it has showed higher efficiency than the other alkali

Introduction

Uranium compounds are attracting increasing interest in

catalysis and in the activation of small molecules such as N, and
CO,." Inorganic uranium compounds were also reported in
early studies to be efficient catalysts for N, conversion to
ammonia,® but iron-based catalysts were adopted in the Haber—
Bosch process. As a result, the dinitrogen chemistry of molec-
ular uranium compounds remains less developed¥™* than d-
block metals, and only three examples of dinitrogen cleavage
were reported so far (complexes A-C in Chart 1) where multi-
metallic cooperativity between uranium and s- or d-block
metals is thought to play an important role.*

The role of multimetallic cooperativity and of alkali ions in
dinitrogen binding and cleavage by mono- and multimetallic
complexes has attracted large attention¥¥* due to its relevance to
the iron-catalysed Haber-Bosch process for the industrial

“Insititut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de
Lausanne (EPFL), 1015 Lausanne, Switzerland. E-mail: marinella. mazzanti@epfl.ch
*Laboratory for Quantum Magnetism, Institute of Physics, Ecole Polytechnique
Fédérale de Lausanne (EPFL), Lausanne, 1015, Switzerland

‘Laboratoire de Physique et Chimie des Nano-objets, Institut National des Sciences
Appliquées, Cedex 4, 31077 Toulouse, France

Laboratory for Quantum Magnetism, Institute of Physics, Ecole Polytechnique
Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland

‘ADSresonances Sarl, Route de Genéve 60B, 1028 Préverenges, Switzerland

T Electronic supplementary information (ESI) available. CCDC 2154518-2154525.
For ESI and crystallographic data in CIF or other electronic format see
https://doi.org/10.1039/d25c02530b

9232 | Chem. Sci,, 2022, 13, 9232-9242

ions.** However, the role of alkali ions in dinitrogen cleavage
remains poorly understood as most studies have focused on
investigating the effects of N,-bound alkali ions on the extent of
dinitrogen activation in molecular dinitrogen complexes of
transition metals®”** with rare examples of studies involving f
elements being reported.*® Fewer studies were directed to inves-
tigate the effect of alkali cations on N, binding affinity or N,
cleavage and they were mostly limited to d-block metals and iron
in particular.®*%* Examples of cation assisted dinitrogen

This work

OL = 0Si(0'Bu);

Chart 1 The eamples of dinitrogen cleavage by uranium complexes.
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cleavage by d-block transition metals were reported for Li, Na K
and Rb. In contrast, no example of dinitrogen cleavage
promoted by Cs has been reported despite its higher reducing
power. The role of the nature of the reducing alkali ions in the
dinitrogen reduction has been investigated”*'* for molecular
multimetallic complexes of iron but cleavage of N, was never
observed in the presence of cesium most likely due to kinetic
effects favouring the formation of multimetallic intermediates
unable to promote N, cleavage.>*/'

The few multimetallic uranium-alkali ion systems reported so
far that effect the four-electron reduction of N,,¥™3 or even its
complete cleavage to nitride,* all contain the potassium cation. It
should be noted that although the number of reported uranium
nitride complexes is rapidly increasing* only three examples of
uranium nitrides have been obtained from N, reduction (Chart 1).

Here we report the first example of cesium assisted N,
cleavage which is effected by a multimetallic uranium-cesium
complex. Moreover, we isolated a series of multimetallic
complexes that are analogues of the previously reported oxide
bridged diuranium(m)-K complex [K,{U™(0Si(O'Bu);)3}(u-O)*"
presenting different alkali ions and demonstrated the impor-
tant effects of the nature of the alkali ion on dinitrogen binding
affinity and cleavage.

Results and discussion

U(m)/U(m) oxide-bridged complexes with different alkali metal
counterions

We recently reported® the well-defined multimetallic oxide
bridged diuranium(m)-K complex [Ky{U"™(OSi(O’Bu););s}(1-O)]
K,-2 that effects the four-electron reduction of dinitrogen to
yield the diuranium(v) complex [K,{U"(OSi(O'Bu)s)s}(u-O)(-
N,)], K»-N, which was further reduced by excess KC;g to yield
a multimetallic nitride cluster (C, Scheme 1) via a putative bis-
nitride intermediate (“K4-(N),”) that could not be structurally
characterized.*
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Scheme 1 Synthesis of M,-2.
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Scheme 2 N, reactivity of M,-2.

Since K,-2 was obtained by reduction with KCg of the diur-
anium(iv) complex [{U™(0Si(O'Bu););},(1-0)], 1, this system was
identified as an ideal candidate to investigate the effect of the
nature of alkali ions on dinitrogen cleavage by uranium
complexes. Gratifyingly, the analogous dinuclear uranium(ur)
complexes [M,{U™(0Si(OBu);)3}2(1-0)], (M = Rb, Rby-2; M =
Cs, Cs,-2), were obtained by reduction of complex 1 with 5
equivalents of RbCg or CsCg respectively in THF at —80 °C. The
multimetallic U(m) complexes [M,{U™(0Si(0'Bu)3);},(1-0)], (M
= Rb, Cs; Rb,-2 and Cs,-2) (Scheme 1), were isolated from a cold
(—40 °C) hexane and toluene solution with yields of 60 and 70%
respectively.

The M,-2 complexes showed low thermal stability in THF
solution, with a faster decomposition observed for K,-2
(complete decomposition over the course of 12 h)** compared to
Rb,-2 (60% remaining after 24 h) and Cs,-2 (80% remaining
after 24 h). The stability of these complexes is greatly increased
in THF solution at —40 °C, with 84% of Cs,-2 after 21 days and
62% of Rb,-2 after 14 days. Moreover, the complex Cs,-2 shows
a remarkable stability in toluene solution at room temperature
(no decomposition is observed up to 17 days), compared with
Rb,-2 which decomposes completely over the course of 5 days
and K,-2 which decomposes over the course of 24 h in the same
conditions.* The latter two decompose to a mixture of [M,-
{U™(0Si(0'Bu);)3}»(11-0),], M,-4 and other unidentified species.
A few crystals of Rb,-4 could be isolated and characterized by X-
ray diffraction (Fig. S591) and "H NMR spectroscopy (Fig. S147).

The synthesis of the Na and Li analogues was also pursued
but, since the MCg reducing material is inaccessible, different
synthetic strategies were followed without success. Notably, the
reduction of 1 with Na® mirror led only to partial reduction and
to the isolation of the mixed-valent complex [Na

Chem. Sci., 2022, 13, 9232-9242 | 9233
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{U™(0Si(0"Bu);3); HU™(0Si(0'Bu)3);}(1-0)], Na-3 in 30% yield
(Fig. S58t).

The "H NMR spectra of Rb,-2 and Cs,-2 both show for the
siloxide ligands a broad signal in THF at —40 °C and one sharp
signal in toluene at —40 °C. Only one sharp signal is observed in
the '"H NMR spectra of Rb,-2 and Cs,-2 measured in toluene or
THF at 25 °C suggesting fluxional behaviour in solution of the
siloxide ligands. Similar "H NMR spectra have been reported for
the K,-2 complex. Overall, the binding of different cations
results in a small shift of the signals assigned to the siloxide
ligands (Fig. S15,T in a range of —0.08 ppm to —0.28 ppm in
toluene solution at —40 °C). The sequential addition of 2 equiv.
of 2.2.2-cryptand to a THF solution of K,-2 at —40 °C, results in
the displacement of the resonance assigned to the siloxide
ligands (Fig. S58t). These studies indicate that the cations
remain bound to the siloxides both in toluene and in THF
solutions.

The solid-state molecular structure of Rb,-2 (Fig. 1, middle)
shows an ion-paired complex with two U(m) ions bridged by an
oxo ligand, which also binds one Rb" cation (at a Rb-O distance
of 3.007(6) A) located in the pockets formed by four oxygen
atoms of the siloxide ligands. A second Rb" cation is coordi-
nated by five oxygen atoms of the siloxide ligands (2.899(6)-
3.146(6) A) but is located at a non-bonding Rb-O distance
(3.696(6) A).

The binding mode found in Rb,-2 is similar to that reported
for K,-2 (Fig. 1, right) with an oxo bound K" at 2.913(4). A and an
unbound K at 3.392(4) A. The K ions are bound by four and
five siloxide oxygen atoms, respectively, at distances in the
range 2.643(3)-3.008(4) A, shorter than those found for the Rb-
siloxides in Rb,-2.
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The values of the U™~(1-O) distances (2.100(5) and 2.135(5)
A) are similar to those reported for 1 (2.085(1) and 2.137(1) A)
and compare well to the values reported for K,-2,** and the only
two other U(m) bridging oxo complexes previously reported.**
The two uranium atoms are held in close proximity at a U-U
distance of 4.1972(8) A similar to that found in K,-2 (4.262(1) A).
The U-(n-O)-U core is bent (164.7(3)°), as was also reported for
K2 (167.4(2)°).

The solid-state molecular structure of Cs,-2 (Fig. 1, left)
displays a similar ion-paired dinuclear U(mr) complex bridged by
an oxo group at a U-U distance of 4.247(1) A as K,-2 and Rb,-2,
but with some differences: first the binding of the oxo group to
the U(m) centers in Cs,-2 is more symmetric than in K,-2 and in
Rb,-2 with two very similar U™-(u-0) distances (2.137(7) and
2.126(7) A); second the U-(u-0)-U core is almost linear
(177.9(4)°) while it is bent in K,-2 and in Rb,-2. Moreover, in Cs,-
2 both Cs" cations are coordinated to the oxo group (3.434(8)
and 3.336(8) A) (Table 1).

Overall, the binding of the cations K, Rb and Cs in the three
complexes is quite similar, but we were interested in investi-
gating how the observed structural differences would affect
their magnetic properties and their reactivity.

Variable temperature SQUID magnetic data were measured
for the complexes Rb,-2 and Cs,-2 and were compared with the
previously reported magnetic data for K,-2.** Data were
measured only up to 250 K due to the low stability of the
complexes above 250 K. The measured values of the magnetic
moment per ion at 250 K are 2.1 pp for K,-2, 2.77 pg for Rb,-2
and 2.51 pg for Cs,-2 and decrease to a low value of 0.9 pg for K,-
2, 0.7 ug for Rb,-2 and 0.4 pg for Cs,-2 at 2 K. Low values of x T at
low temperature have been previously reported previously for
other U(mr) complexes.'* The complex Cs,-2 shows a significantly

Fig.1 Solid-state molecular structure of Cs,-2 (left) Rb,-2 (middle) and K,-2 (redrawn from ref. 3h) with 50% probability ellipsoids. Color code:
uranium (green), potassium (light blue) rubidium (purple), cesium (pink), oxygen (red), carbon (grey), silicon (orange). Hydrogen atoms and ‘Bu

groups were omitted for clarity.

Table 1 Mean values of selected bond lengths (A) and angles (°) in the complexes M,-2

Complex U-U U1-(p-0) U2-(p-0) U1-(u-0)-U2 M1-(p-O) M2-(p-0)
Kp-2 4.262(1) 2.178(3) 2.120(3) 167(4) 3.392(4) 2.913(4)
Rb,-2 4.1972(8) 2.135(5) 2.100(5) 164.7(3) 3.007(6) 3.696(6)
Csy-2 4.247(1) 2.137(7) 2.126(7) 177.9(4) 3.336(8) 3.434(8)
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different behaviour of the magnetic susceptibility measured in
function of the temperature, as can be clearly observed in the
plot of the magnetic susceptibility (x) versus T (Fig. S651). The x
versus T plot for Cs,-2 indicates the unambiguous presence of
antiferromagnetic coupling between the U(ui) centers, with
a maximum of the x at 10 K. In contrast, the plot of x versus T of
the K,-2 and Rb,-2 complexes shows the magnetic behaviour
associated with two magnetically independent U(m) ions.'
These results suggest that the presence of two Cs atoms in the
core of the molecule allows a magnetic communication between
the metal centers which is most likely correlated to a more
covalent U-O-U bond in agreement with its linear geometry.

Binuclear complexes of uranium(m) are rare and only very
few examples of magnetic communication between U(m)
centers were reported including the diuranium(u) nitride
complex [Kz{U™(0Si(O'Bu);)s}2(u-N)], KsUNU complex¥ which
showed antiferromagnetic coupling with a maximum at a T of
23 K.** Stronger antiferromagnetic coupling with the highest
value of x at 110 K was reported by Cummins and Diaconescu
for an arene-bridged U(m) dimer.****

Reactivity of M,-2 with N,

In order to identify the role of the cation in N, binding and
reduction we investigated the reaction of Rb,-2 and Cs,-2 with
N, and compared it with that previously reported for K,-2
(Scheme 2 and S44%).

We previously showed that K,-2 reacts rapidly with N, in
ambient conditions effecting its four-electron reduction and
yielding the diuranium(v)-N, complex [K,{U"(0Si(O'Bu);)s}(1-
0)(1-N,)], Kp-N,.

Complex K,-N, was shown to be stable even under dynamic
vacuum although addition of acid or H, led to N, release.
Similarly, when exposing a dark red toluene solution of Rb,-2 to
1 atm of N, at 25 °C its colour changed suddenly to dark brown
and the "H NMR spectrum showed the disappearance of the
signals of the Rb,-2 and the appearance a new signal at
a chemical shift of —2.27 ppm (Fig. S18t) that was assigned to
the N, complex [Rb{UY(0Si(O'Bu);)s},(n-O)(1-N,)], Rb,-N,
(Scheme 2).

However, the removal of N, from the solution led to the loss
of uranium bound dinitrogen and the formation of the Rb,-2
complex as shown by "H NMR studies (Fig. S201) demonstrating
that the binding of Rb,-N, occurs at ambient pressure and
temperature but is reversible under vacuum.

Dark brown crystals of [Rb,{UY(0Si(O'Bu);)s},(1-0)(1-N,)],
Rb,-N,, were grown from a concentrated toluene solution under
N, atmosphere in 53% yield (Scheme 2). However, leaving the
isolated solid under dynamic vacuum resulted in dinitrogen
loss and in mixtures of Rb,-2 and Rb,-N, complexes (Fig. S197).
Addition of acid or H, (Fig. S217}) to Rb,-N, also resulted only in
N, loss, as confirmed by the comparison of the "H NMR spec-
trum with the reaction of Rb,-2 with H,, which gave the same set
of resonances. This was observed previously for the formation
of a bis-hydride from K,-N,.**

In the crystal unit cell of Rb,-N, (Fig. 2) there are two crys-
tallographically independent molecules. In both molecules an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Solid-state molecular structure of Rb,-N, (50% probability
ellipsoids). Color code: uranium (green), rubidium (purple), oxygen
(red), carbon (grey), nitrogen (blue), silicon (orange). Hydrogen atoms
and ‘Bu groups were omitted for clarity.

oxo group (U1-0-U2 = 104(1)° and U3-0-U4 = 103.7(7)°) and
a side-on bound hydrazido moiety (N,'7) (U1-N2A-U2 =
103.3(2)° and U1-N1A-U2 = 100.5(10)° and U3-N3A-U4 =
102.9(12)° and U1-N1A-U2 = 99.4(5)°) bridge two uranium(v)
centers with a short U-U distance of 3.4083(1) A. As found in the
previously reported structure of K,-N,, the alkali metal cations
are not N,-bound, but are located in the pockets formed by the
siloxide moieties.

The U,(u-1*N,) moiety in Rb,-N, has U-N distances between
2.14(3) A and 2.3(1) A, comparable to those found in K,-N, and
in the previously reported diuranium(v) hydrazido complex
[K5{UY(0Si(O'Bu););}»(1-N)(1-N,)], K;UNU.Y The N-N bond
length in Rb,-N, (1.41(1) A) is comparable to that observed in
hydrazine, H,NNH, (1.47 A), and falls in the range of values
(1.377-1.548 A) reported for hydrazido complexes of Zr(1v), U(wv)
and U(v)."»™3"18 The structural parameters point to a formula-
tion of the complex as a [Rb{UY(OSi(O'Bu)s)s}s(u-O)(1-Ny)]
which is supported by the DFT studies (see infra) and EPR data.
Notably, low-temperature (6 K) continuous-wave (CW) X-band
EPR of 20 mM toluene solutions of Rb,-N, measured as
toluene/hexane glass (Fig. S82t1) revealed the presence of
a broad (~3000 G) and poorly resolved EPR signal, with slightly
better distinguished features in the low magnetic field region
having the g-factor value of 3.31, which is consistent with a 5f"
electronic configuration. Similar g-values have been observed in
other uranium(v) complexes.

The structural and EPR data suggest a similar degree of
activation of the bound N, occurring in Rb,-N, and K,-N,, but
release of N, occurs for Rb,-N, under vacuum.

The lower stability of the N, complex Rb,-N, compared to K,-
N, under vacuum indicates a decreased binding constant of the
N, complex despite the structural similarity of the two U(u)
complexes Rb,-2 and K,-2 and their N, complexes K,-N, and
Rb,-N, (see structural description above). It should also be
noted that although the alkali ion does not bind directly the N,

12m,13e
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in the solid-state structure of the final N, complex, it plays an
important role in N, binding.

Finally, "H NMR studies show that when exposing solid Cs,-2
or a toluene solution to 1 atm of N, at 25 °C or lower temper-
atures (—40 °C or —80 °C) no reaction is observed. The addition
of higher pressures of N, (10 to 100 bar) at 25 °C to a dark red
toluene solution of Cs,-2 did not yield any new species, as
confirmed by "H NMR studies (Fig. S417). However, exposing
a dark red solution of Cs,-2 to higher pressures (12-100 atm) of
N, at —40 °C resulted in the partial to total consumption of the
U(ur) starting material and the formation of a new species as
confirmed by "H NMR studies showing one broad signal for the
siloxide ligands similarly to what found for the K,-N, and Rb,-
N, complexes, (Fig. S42-S447). The binding of dinitrogen is
reversible when removing the excess pressure at —40 °C,
forming Cs,-2 over the course of 16 h (Fig. S43f). When
increasing the temperature at 100 atm formation of Cs,-2 is also
observed together with unidentified decomposition products.
Favourable binding of N, at low temperature has been previ-
ously observed for titanium and lanthanide complexes.*

These results show the important effect of the coordinated
cation in the binding of dinitrogen by the dinuclear oxo bridged
diuranium(m) complexes [M{[U™(OSi(0'Bu)3);},(11-0)], Mp-2. In
particular, an important decrease in N, binding affinity is
observed from K* to Rb* to Cs” that can be correlated with the
increased size and decreased Lewis acidity of the cation. The
electronic effects of the bound cation on the reactivity of the
diuranium(m) complex are not straightforward since an
increased Lewis acidity of the cation should result in a less
electron-donating siloxide ligand and as a result a less reducing
uranium center which was confirmed by cyclic voltammetry
studies (see infra).

Steric effects arising from the presence of a larger cation
binding the siloxide could also play a role. Notably, the larger
size of the Cs* compared to K" and the binding of two Cs" to the
bridging oxide results in an overall arrangement that renders
more difficult or even prevents the access to the U centers, as
can be seen for the space filling diagrams of the M,-2 complexes
(Fig. S561) and by computational data (Fig. 5).

Although the alkali ions do not bind dinitrogen in the final
M,-N, complexes, cation binding to the reduced U(ur)-O-U()
complex affects significantly the ability of the metal centers to
bind and reduce N,. Since differences in N, binding arise from
the different binding of alkali cations to the oxo linkers, we
believe these results bear some relevance to the Haber-Bosch
process since the Mittasch catalyst is based on metal oxides.

Indeed, besides the steric effects of the molecular siloxide
envelope, this study hints that the binding of larger ions such as
Cs to the M-O-M fragment is likely to reduce the N, binding
constant in metal oxides.

Electrochemical studies

To fully characterize and compare the reduction power of the
M,-2 complexes, cyclic voltammetry data were measured under
argon atmosphere for these complexes and for complex 1 in
~0.1 M THF solution of [Bu,N][BPh,] and are presented in

9236 | Chem. Sci., 2022, 13, 9232-9242
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Fig. 3. All redox potentials are referenced against the
[(CsHs),Fe]"° redox couple.

The voltammogram of complex 1 shows a distinctive irre-
versible reduction event at E,. = —3.32 V associated with the
irreversible oxidation process at Ep, = —2.48 V. This irreversible
redox event can be associated to the U(m)/U(wv) couple, since the
oxidation at E,, = —2.48 V is not observed in the voltammogram
of 1 when it is swept initially from —1.98 V towards the positive
region.

The same irreversible redox events were observed in the
voltammograms of the family of complexes M,-2. Interestingly,
a distinctive oxidation event (E,. = —2.3, —2.37 and —2.41 V
for M = K, Rb and Cs, respectively) is observed always when
swept towards positive region, which shifts towards negative
values when decreasing the Lewis acidity of M. The respective
reduction event (Ep. = —3.07, —3.23 and —3.4 V for M = K, Rb
and Cs, respectively) is only observed after initial oxidation of
the complexes and a negative shift is also observed when
decreasing the Lewis acidity of M (Table 2).

These results show that the reducing potential of M,-2
increases with the decrease in the Lewis acidity of the alkali
metal counterion, with the highest reducing power for the series
observed for Cs,-2 (Ep. = —3.4 V and E,, = —2.41 V).

The values of the redox potentials assigned to the redox
couple U(wv)/U(m) in M,-2 are significantly more negative than

Current (a.u.)

3.25 2.75 2.25
Potential (V) vs Fc*/Fc

Fig. 3 [-3.8 V; —1.85 V] region of cyclic voltammogram of THF
solutions of complexes 1 (3.0 mM, green) and M,-2 (3.5 mM, M = Cs,
pink), (3.0 mM, M = Rb, purple), (3.0 mM, M =K, light blue) recorded in
0.1 M [NBu4l[BPh,] under Ar at 25 °C, at a scan rate of 100 mV s %,
referenced against [Fe(CsHs),l 0.

Table 2 Reduction potentials assigned to the U(iv)/U(in) couples in this
study

Compound Epe (V) Epa (V) AE (V)
1 —-3.32 —2.48 0.84
Csy-2 —3.4 —2.41 0.99
Rb,-2 —3.23 —2.37 0.86
K,-2 -3.07 —-2.3 0.77

© 2022 The Author(s). Published by the Royal Society of Chemistry
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previously reported values for the same redox couple in a family
of cyclopentadienyl U(m) complexes (in the range between
—1.04 V and —1.54 V).?* These results show that siloxide sup-
ported diuranium(m) oxides are highly reducing, but also indi-
cate that the difference in reactivity towards dinitrogen observed
for the M,-2 complexes cannot be related to differences in redox
potential of the uranium centers. Notably the most reducing
complex Cs,-2 is showing the lowest reactivity with N,.

Dinitrogen cleavage and functionalization by Rb,-2 and Cs,-2

We recently reported that the reduction of the N, complex K,-N,
with 2 equiv. of KCg leads to the formation of a new species with
a higher degree of activation of the bound N,. On the basis of
the structure of the tetranitride complex isolated from the
reduction of K,-N, with excess KCg and on the basis of
computational and reactivity studies this species was proposed
to be a bis-nitride complex but its molecular structure was not
elucidated.*

To gain further insight into the role of the alkali ions in the
cleavage of N, to nitrides we explored the reduction of Rb,-N,
with 2 equiv. RbCg and of Rb,-2 and Cs,-2 with 2 equiv. RbCy
and CsCg respectively under N,.

"H NMR studies (Fig. S34 and S35) showed that the reduc-
tion of Rb,-N, with 2 equiv. of RbCg at —40 °C under 1 atmo-
sphere N, or the reduction of Rb,-2 with 2 equiv. RbCg under 1
atmosphere N, lead to the formation of a new species which
displays 'H NMR signals similar to those reported for the
putative bis-nitride intermediate obtained from the 2 electron
reduction of K,-N, (Fig. S36-S397).* Unfortunately also in this
case the putative nitride could not be isolated from the reaction
mixture. However, the addition of excess acid to the reaction
mixture between Rb,-2 and 2 equiv. of RbCj after removing the
graphite yielded NH,Cl in 85% yield (1.7 equiv., 100% conver-
sion corresponding to 2 equiv. of NH,CI) suggesting that
cleavage of the bound N, has occurred.

Despite the fact that we were not able to observe N, binding
by Cs,-2 at —40 °C and 1 atm N, by "H NMR spectroscopy we
could not completely rule out the possibility of weak N, binding
not observable by NMR."***

Gratifyingly the reduction of Cs,-2 with 2 equiv. of CsCg at
—40 °C under 1 atmosphere of N, revealed the complete
consumption of the dinuclear U(m) starting material and the
formation of a new major species (Fig. S22 and S237t). Golden-
yellow crystals of [Cs3{UY(0Si(O'Bu)s)s}(1-N),{UY(0Si(OBu);),(-
k-0)}][CsOSi(0O'Bu),] Cs,-(N), (Fig. 4) were grown in 50% yield by
leaving a concentrated toluene solution of Css~(N), at —40 °C
over the course of two days (Scheme 3). "H NMR studies indi-
cated that the same reaction performed under an Ar atmo-
sphere, did not lead to new reduction products but only to
formation of small traces of decomposition (Fig. S287).

These results suggest that reversible binding of N, by Cs,-2
must occur to some extent in toluene solution also at —40 °C
and 1 atm although it was not possible to detect it by "H NMR
spectroscopy.

Cs4-(N), is unstable in toluene solution at 25 °C, decom-
posing completely over the course of 12 h (Fig. S26). The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Solid-state molecular structure of Css-(N), (50% probability
ellipsoids). Color code: uranium (green), cesium (pink), oxygen (red),
carbon (grey), nitrogen (blue), silicon (orange). Hydrogen atoms and
‘Bu groups were omitted for clarity.

cs”’ ; [
0" s o—Si .
v i Np(tam)  Q 24
O/,U"'—O—U""‘O +2CsCqg —————> Uv—/‘O \xuv/
Yl % -40°C, 24 hs /TSN
si ---cs”” \Si toluene ~ 1 .
P e N N
o ' (¢]
Cs,-2 Cs4-(N),

Scheme 3 Reduction of Cs,-2 under N».

decomposition is slower at —40 °C, with 75% of Cs,-(N), still
present in solution after 2 weeks (Fig. S277).

The molecular structure of complex Cs,~(N), (Fig. 4) shows
the presence of two independent dimeric complexes where
two uranium ions and three cesium ions are bridged by two
nitrides (the p,-nitride N1 bridges two U centers and two Cs
and the p;-nitride N2 bridges two U and one Cs). The two U(v)
centers are both pentacoordinated with a distorted square
pyramidal geometry and are held together by the bridging
nitrides and the siloxide framework at a short U-U distance of
3.337(2) A. U1 is coordinated by two oxygen atoms from the
siloxide ligands, the two nitrides and a terminal oxo group,
while U2 is coordinated by three oxygen atoms from the sil-
oxide ligands and two nitrides.

Asymmetric U-N bond distances are found in complex Cs,-
(N),. In particular, a very short U-N distance (U2-N2 = 1.85(1)
A) and a longer U-N distance (U1-N2 = 2.34(1) A) is found for
the (ps-nitride) which is trans to the terminal oxo group, which
suggest that N2 binds U2 with a multiple bond and U1 with
a single bond. The (p,-nitride) bridges the two U(v) centers in
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a more symmetric fashion (U-N1: 2.09(1) A and 2.13(1) A). The
latter distances compare well to those found in the previously
reported dinuclear U(v)/U(v) (U-N: 2.076(6) and 2.099(5) A),*
and the U(v)/U(v) bis-nitrides (U-N: 2.101(6) and 2.022(5) A)
complexes.***

The terminal oxo O5 binds two cesium atoms resulting in
a U1-05 distance (1.856(4) A) longer than the one observed in the
previously reported U(v) terminal oxo [U(O)XN(Si(Me3)),}s] (U-O
distance 1.817(1) A).>> The complex Cs,(N), presents a unique
and second of its kind nitride-substituted analogue of the ura-
nyl(V) ion. The distances observed in the ¢rans oxo-nitrido moiety
[0=U"=N] found in Cs,(N), (U2-05: 1.856(4) A; U2-N2 =
1.85(1) A) are significantly longer than those found in the only
other known trans oxo-nitrido U(vi) complex reported by Hayton
and coworkers' (U-O = 1.797(7) A; U-N = 1.818(9) A).

An additional siloxide ligand is held in the complex through
the binding of three Cs cations. The shift of the bridging oxo to
terminal oxo is likely to be responsible for the cleavage of the
U2-0Si(0'Bu); bond.

'H NMR studies show that most of the Cs-bound siloxide
ligand remains associated in toluene solution but dissociation
was observed in THF (Fig. S31-S337).

Variable temperature SQUID magnetic data were measured
in the temperature range 2 K-250 K for Cs,-(N), (due to the low
stability of the complex at room temperature) and compared
with the previously reported putative “K,-(N),” intermediate.
The measured magnetic data of Css«(N), are similar to those
measured in situ for the putative “K4~(N),”* with a magnetic
moment per ion of u = 1.51 pg at 250 K for “K,-(N),” and of u =
1.57 up at 250 K for Cs,-(N), and u = 0.33 pp for Csy-(N), and u =
0.27 pp for “K,-(N),” at 2 K, indicative of the presence of U(v)
cations, and a x versus T behaviour in agreement with the
presence of two magnetically independent ions (Fig. S667),
similarly to what was found for “K,-(N),”.

"H NMR studies showed that the in situ reduction of the
diuranium(iv) complex 1 with 4 equiv. of CsCg in toluene at
—40 °C carried out under N, resulted in the formation of the bis-
nitride complex Cs,-(N), as the major species after 24 hours
(Fig. S531) via the Cs,-2 intermediate (Fig. S54f). Previous
studies had shown that reduction of 1 with 4 equiv. of KCg in
toluene at —40 °C resulted in the formation of multiple prod-
ucts due to different redox reactions occurring at the same
time.*

The reactivity of the nitrides in Cs,-(N), with electrophiles
(H" and CO) was then probed.

The addition of excess HCI(Et,O) to isolated Cs4-(N), yielded
NH,CI in 100% yield (Fig. S301). The addition of excess acid to
the reaction mixture between Cs,-2 and 2 equiv. of CsCg under
N, after removing the graphite yielded NH,Cl in 83% yield (1.66
equiv., 100% conversion corresponding to 2 equiv. of NH,Cl).

These results show that the bis-nitride formed from N,
reaction reacts readily with protons to give ammonia.

The addition of excess *CO (5 equiv.) to Cs4-(N), resulted in
the formation of the diuranium(wv) bis-oxo complex [Csu{[-
U™(0Si(0Bu);3)3]5(1-0),}], Cs»-4 (Scheme 4) in 91% yield as
shown by "H NMR studies (Fig. S481) and single crystal X-ray
diffraction (Fig. $60t1). Moreover, the *C NMR spectrum of
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Cl (Et,0)
—— > NH,CI (100%, 2 equiv)
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o =~ 9
cs Y U'V/ \UIVAO{; -0
Y \0/ ~__.-Cs
N RN
Cs,-4 Si

D

+ Cs'3CN + CsN'3co

Scheme 4 Reactivity of Css-(N),.

the reaction mixture quenched in D,O shows the presence of
Cs™CN and CsN™3CO in 1 : 1 ratio with overall yield of 100%.
The formation of the bis-oxo and Cs'*>CN indicates that one
bridging nitride promotes the cleavage and deoxygenation of
carbon monoxide to afford a N-C triple bond and a bridging oxo
group. A second molecule of CO effects the reductive carbon-
ylation of the second nitride to yield a diuranium(wv) bis-oxo
complex, Cs,-4 and isocyanate. Rare examples of nitride func-
tionalization by CO* including CO cleavage by uranium nitrides
have been reported previously.** Notably similar reactivity with
CO was observed for the putative diuranium(v) nitride analogue
“K4-(N),”* and for the previously reported diuranium(v) bis-
nitride prepared by reaction of U(mr) with alkali azides."*

Computational studies

To get some insights on the effect of the different alkali atoms,
DFT calculations (B3PW91) were carried out. Complexes K,-2,
Rb,-2 and Cs,-2 were first optimized. Interestingly, for Cs,-2, it
has been possible to obtain both a ferromagnetic and antifer-
romagnetic (AF) coupling, that were found to be at the same
energy (0.2 kcal mol™" difference with AF slightly lower in
energy), whereas only a ferromagnetic coupling was obtained
for the other complexes. The bonding was analysed in these
three complexes and a U=O0 double bond is found (see ESI{ for
details). The U=O double bonds are found in the three
complexes to be strongly polarized toward O (93% in K,-2, 90%
in Rb,-2 and 83% in Cs,-2). Thus, the U=O0 bonds are slightly
more covalent in the latter complex in line with the linear
structure of the oxo. Then, the binding of N, was investigated in
the three cases and three stable structures K,-N,, Rb,-N, and
Cs,-N, were obtained. The binding energy of N, was thus
computed and is found to decrease (—19.4 kcal mol " for K,
—5.1 keal mol ™" for Rb and finally —0.1 kcal mol ™" for Cs) for
increasing values of the cation atomic number Z and decreased
charge density on the alkali ion. These values are in line with
the experiments since the binding is irreversible for K, revers-
ible for Rb in ambient conditions and binding occurs for Cs
only at high pressure and low temperature.

This difference of N, binding is attributed to steric effects
since no clear electronic differences in the three systems K,-2,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Big atom representation of K,-2, Rb,-2 and Cs,-2 (top) as well as K>-N,, Rb,-N, and Cs,-N, (bottom).

Rb,-2 and Cs,-2 are found (e.g. the U charge is 1.62 and the K
one is 0.96 K,-2, 1.65 for U and 0.96 for Rb in Rb,-2 and 1.59 for
U and 1.02 for Cs in Cs,-2, see ESIT for a complete report of the
density analysis).

It is interesting to note that the charge at U is the lowest in
Cs,-2 where the charge of the alkali atom is the largest, indi-
cating that U is more basic. This is in line with the electro-
chemistry where U is slightly more reducing in Cs,-2 than in K,-
2. Indeed, the N, binding in Cs,-N, would clearly induce a steric
clash in the complex while it is pronounced in the two other
cases. This is highlighted in Fig. 5 where a “big atom” repre-
sentation of the optimized structures of K,-2, Rb,-2 and Cs,-2
(top) as well as K,-N,, Rb,-N, and Cs,-N, (bottom) is provided
(in this representation each atom is drawn according to its
atomic radius). In all cases, the bound dinitrogen molecule is
found to be N,*” in line with the presence of two U(v) (see
unpaired electron density in ESIY).

Finally, the full reduction of N,, that is the formation of
complexes M,-(N), with M = K, Rb, Cs, was investigated
computationally. A stable structure was optimized in the three
cases and the enthalpy of formation of M,-(N), from M,-2 is
ranging from —83.1 kcal mol " (M = Rb) to —91.9 keal mol " (M
= K). This is in line with the experiment and the slow conver-
sion (24 hours) for Cs,-2 is due to the very low binding affinity of
N, (Fig. 6).

© 2022 The Author(s). Published by the Royal Society of Chemistry

AH (kcal.mol)

-83.1,M = Rb

-89.4,M =Cs
-91.9, M=

Reaction Coordinates

Fig. 6 Computed enthalpy profile in kcal mol~! at room temperature
for the formation of K4-(N),, Rb4-(N), and Cs4-(N), from the reduction
of N, by K;-N,, Rb,-N; and Cs,-N, respectively.

The bonding in Cs,-(N), (Fig. S71) was analysed using the
Natural Bonding Analysis (NBO). The presence of an almost
linear N-U-O moiety (172°) is of particular interest in Cs4-(N)s.
The bonding in this fragment is very similar to what found for
uranyl ion with a set a U-O triple bond and a set of U-N triple
bond. The three U-O bonds (1¢ + 27) are strongly polarized
toward O(81%) and involve an overlap between df orbitals on U
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(47% 6d + 53% 5f)and sp on O. A relatively similar bonding
mode is observed for the U-N triple bond. However, the bond is
slightly less polarized toward N (71% vs. 81% for O). These
bonds also imply overlap between df hybrid orbital on U
(roughly 50-50) and sp orbital on N. The fact that these bonds
are strongly polarized explains the relatively low WBI found
(0.31 for UN and 0.14 for UO). The second nitride is found to
mainly bind to the second uranium with also a triple bond.

Conclusions

Here we compared the structural, redox and magnetic proper-
ties of a unique series of structurally analogous multimetallic
complexes of low valent uranium where an oxide bridge
connects two U(um) centers and two alkali ions of different
nature [M{U™(0Si(O'Bu);)3}»(1-0)] (M = K, K,-2; Rb, Rb,-2; M
= Cs, Cs,-2). Overall, the binding of the cations K, Rb and Cs in
the three complexes is quite similar, with the main differences
being the coordination of two Cs' to the bridging oxide
compared to only one K' or Rb" and the resulting symmetric
and linear U-O-U arrangement in Cs,-2 compared to an
asymmetric and bent U-O-U in the K and Rb analogues. These
differences result in different magnetic properties with a weak
antiferromagnetic coupling observed between the U(m) ions in
Cs,-2 while the two U(mr) behave as independent paramagnets in
K,-2 and Rb,-2. Cyclic voltammetry measurements show an
increasing reducing power for the U(ui) ions with the increasing
ionic radii of the alkali ion and subsequent reduced charge
density (K < Rb < Cs). The three complexes show a very different
binding ability towards dinitrogen which decreases with the
increasing size of the alkali ion and is therefore not correlated
to the difference in redox potential. Notably the K,-2 complex
binds irreversibly N, in ambient conditions (1 atm and 25 °C)
while N, binding is reversible for Rb,-2 in the same conditions
and only occurs at high pressures (100 atm) and low tempera-
tures (—40 °C) for Cs,-2. DFT analysis indicated that N, binding
by Cs,-2 is hindered by steric effects, but the structures
computed for the M,-N, species show a similar degree of acti-
vation of bound N, for all cations. Remarkably, although N,
binding could not be detected in ambient conditions, reduction
of Cs,-2 under N, led to the first example of cesium assisted N,
cleavage by a metallic complex. The molecular structure of the
N, cleavage product Cs,4-(N), presents two Cs-bound nitrides
binding two U(v) in a diamond-shaped arrangement while the
bridging oxide has switched to a terminal binding mode.
Furthermore, the two nitrides are readily and quantitatively
functionalized by protons and CO. This study provided a rele-
vant molecular model for N, binding in metal oxides and
suggests that structural effects dominate the effect of alkali ions
in N, binding. We also showed that strong binding is not
required for further reduction of N, to nitride which can also be
effected by cesium cations.
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All data were given in ESI and CCDC.¥
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