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Abstract: Oxide is an attractive linker for building polymetallic
complexes that provide molecular models for metal oxides activity, but
studies of these systems are limited to metals in high oxidation states.
Herein, we synthesized and characterized the molecular and
electronic structure of diuranium bridged U(I11)/U(IV) and U(II1)/U(IlT)
complexes. Reactivity studies of these complexes revealed that the
U-O bond is easily broken upon addition of N-heterocycles resulting
in the delivery of a formal equivalent of U(Ill) and U(ll), respectively,
along with the uranium(IV) terminal-oxo coproduct. In particular, the
U(l)/uU(lll) oxide complex effects the reductive coupling of pyridine
and two-electron reduction of 4,4-bipyridine affording unique
examples of diuranium(lll) complexes bridged by N-heterocyclic
redox-active ligands. These results provide insight into the chemistry
of low oxidation state metal oxides and demonstrate the use of oxo-
bridged U(II1)/U(Ill) complexes as a strategy to explore U(ll) reactivity.

Introduction

Low oxidation state uranium compounds have shown high
reactivity in the activation and functionalization of unreactive small
molecules such as N2, COz and CO.!"' However, the multi-electron
transfer processes required for small molecule transformations
are not common in uranium chemistry. Examples of single metal
two- and three electron transferl'® 2 3 by U(lIl) complexes have
been reported but remain scarce. Well defined molecular
uranium(ll) complexes have been recently isolated® with different
supporting ligands but their reactivity remains practically
unexplored® partly due to the difficulty in controlling the reactivity
of such reducing species. Notably, a first study indicated that
although U(Il) complexes can effect two-electron transfer to
cyclooctatetraene, the reactivity is less clean compared to the

Th(ll) analogue due to the competitive one-electron transfer
reaction producing stable U(Ill) species.

Alternatively, multi-electron transfer processes can be
implemented by building polymetallic uranium complexes!'® ' 6l
or by associating uranium to redox-active ligands.[*¢ 71 Notably,
the first examples of nitride-bridged diuranium(lll) complexes!®!
were recently prepared in our group using siloxide supporting
ligands. These complexes are able to transfer four electrons to
dinitrogen (two electrons from each metal center) affording a
diuranium(V) complex of the (N2)* ligand® that could be further
functionalized by protons or CO to afford ammonia and cyanate,
respectively. However, examples of polymetallic complexes of
low oxidation state uranium remain scarce due to the lack of
rational methods for their synthesis.

Among the first few reported examples of low oxidation state
diuranium complexes is the uranium arene (u-C7Hg)[U(N[R]Ar)2]2
that was shown by Diaconescu and coworkers to behave as a
four-electron reductant, reactivity consistent with a formal
uranium(l1),"1 although the spectroscopic and computational
analysis of the electronic structure point to the presence of a
U(Ill)-toluene dianion.®! More recently, the same dinuclear
complex was also shown to reduce 2,2’-bipyridine (2,2’-bpy) to
afford U(IV) complexes of the 2,2-bpy™ radical anion,l'@ by
effecting a four-electron transfer. This provided a rare example of
bipyridine reduction by a uranium complex.

F-element complexes of reduced N-heterocycles have
attracted attention for their ability to promote magnetic coupling
between lanthanide centers,''l and their ability to store electrons
that can become available for small molecule activation.l'?
Several examples of N-heterocycles reduction including pyridine
and bipyridine have been reported in lanthanide(I)['* " and in
thorium(II)*® chemistry. Uranium(lll) complexes have been
reported to promote the reductive coupling of polyazines such as
pyrazine and 2,4,6-tris(2-pyridyl)-1,3,5-triazine, '8! but reduction of



pyridine, 2,2’-bipyridine (2,2’-bpy) and 4,4’-bipyridine (4,4’-bpy)
was not observed for U(lll) complexes supported by
cyclopentadienyl or hydrotris( 3,5-dimethylpyrazolyl) borate
ligands.['?* 1] Direct reduction of bipyridine by a U(Ill) complex
was only reported recently by Meyer and coworkers for the tris-
aryloxide complex [((Ad,tBuArO)stacn)U] complex.[' Examples
of uranium complexes of bipyridine radicals ['® '22-¢. 19 remain rare,
and only two examples of uranium complexes of the diamagnetic
bipy?~ ligand were reported. [8. 201

Oxide is an attractive linker group for building polymetallic
complexes but the involved synthetic methods (oxo-transfer
reaction to low oxidation state metal complexes) usually lead to
metal complexes in high oxidation state. Notably, only a handful
of rationally synthesised diuranium(IV) oxo-bridged complexes
have been reported, probably due to the tendency of these
species to undergo further oxidation.® 2" 22 The first example of a
crystallographically characterized U(lI1)-O-U(Ill) complex?®! was
isolated from solvent cleavage during the reduction of a U(lll)
complex, but only recently we reported the first reproducible
synthesis of a U(lI)-O-U(lll) complex.®! Bridging oxides are
usually inert and only one example of substitution reactivity at a
bridging oxide has been reported so far in uranium chemistry.?4
Cleavage of the thermally inert M-O-M fragment was reported to
occur for Fe(lll) to yield a reactive Fe(IV)=0 and Fe(ll) but only
under photolytic conditions.?%!

Here we describe the second example of a reproducible
synthesis of an oxide-bridged diuranium(lll) complex and report
the reactivity of this complex and its U(II1)-O-U(IV) analogue with
N-heterocycles. We found that the oxide bridge is readily cleaved
at low temperature to afford a U(IV) terminal oxo complex, while
the electrons stored in the U(II-O-U(IV) and U(III)-O-U(lll)
fragment are cleanly transferred to N-heterocycles. Remarkably
the U(IlII)-O-U(lll) complex acts as a “masked U(ll)” in the
reduction of pyridine, 2,2’-bpy, and 4,4’-bpy. The higher stability
of the U(II)-O-U(lll) complex compared to the isolated
analogous U(ll) species results in a more facile and controlled
reactivity.

Results and Discussion

Synthesis of U(lIl)/U(IV) and U(ll1)/U(lll) Oxide Complexes.

In view of the attractive reactivity demonstrated by the siloxide
supported  U(lI-O-U(lll) complex ([K2{[U(OSi(OBu)s3)s]2(u-
O}, we decided to explore the possibility of accessing
diuranium(lll) oxides using different supporting ligands. We have
chosen to investigate the (MesSi)2N supporting ligand because a
synthetic procedure for the synthesis of the amide supported
U(IV)-0O-U(IV) had been reported.?*

The previously reported??l complex [{((MesSi)2N)3U}2(u-0)],
1 was prepared in 68% yield using a modified procedure that uses
the N-heterocyclic carbene 1,3-dimesitylimidazol-2-ylidene
(IMesN20)®! as an oxygen atom transfer reagent in the oxidation
of [U(N(SiMes)2)] (see Supplementary Information). Complex 1
reacts with one equivalent of KCs at -80 °C to yield a new
complex with six '"H NMR signals at low temperature, of which two
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partially overlap (see Figures S2-S3 for variable temperature
NMR data). Addition of 2.2.2-cryptand to the purple mixture did
not shift the signals but facilitated crystallization after diffusion of
hexane into the solution; crystals were obtained in 74% vyield
(Scheme 1) and were not obtainable in the absence of 2.2.2-
cryptand. The crystals were identified by single crystal X-ray
crystallography as the oxo bridged U(Il1)/U(1V) complex [K(2.2.2-
cryptand)]2[{((Me3Si)2N)3U}2(u-O)], 2.
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Scheme 1. Reduction of 1, with 1 eq KCs to yield 2.

When 1 was reacted with excess KCs in the presence of
2.2.2-cryptand (2 equiv.) at =80 °C in THF, the color of the solution
changed to purple, and one new set of signals was observed in
the '"H NMR spectrum (Figure S4). Diffusion of Et.O into a
concentrated THF solution of the reaction mixture at —40 °C gave
single-crystals in 70% yield of [K(2.2.2-
cryptand)]2[{((MesSi)2N)sU}2(u-O)], 3 (Scheme 2), characterized
by X-ray crystallography. Complex 3 is insoluble in toluene,
slightly soluble in Et20, and completely soluble in THF. Complex
3 is temperature sensitive and decomposes in solution above 0

°C to afford multiple products including [K(2.2.2-
cryptand)][N(SiMes)2], [K(2.2.2-cryptand)][U(N(SiMes)2)4] and
[K(2.2.2-cryptand)][((MesSi)2N)sU(O)] (Figure S5). After 10

minutes at room temperature, approximately 70% of 3 remains.
About 20% remains after 2 days at room temperature, and after 1
week 3 could no longer be observed.
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Scheme 2. Reduction of 1, with excess KCs to yield 3

The molecular structures of 2 and 3 consist of monoanionic
and dianionic oxide bridged dinuclear U(l11)/U(1V) and U(IIH/U(III)
complexes and one and two [K(2.2.2-cryptand)]* cations
respectively (See infra).

Reactivity of oxide complexes

Reactivity studies of the two low oxidation state uranium oxide
complexes 2 and 3 with aromatic heterocycles revealed that one
of the U-O bonds is readily cleaved at low temperature delivering
a formal equivalent of U(lll) and U(ll), respectively, and the U(IV)
oxo coproduct, [K(2.2.2-cryptand)][((Me3Si)2N)sU(O)], 4. To
unambiguously confirm the formation of complex 4 in these
reactions, we also prepared it using an independent route. The
reduction of the previously reported U(V) analogue
[((MesSi)2N)3U(O)] with KCs in the presence of cryptand (see the
Supplementary Information) afforded complex 4 in 62% yield. The
solid-state structure of complex 4 was determined by
crystallography and is reported in the supporting information
(Figure S28). The reactivity of 2 and 3 is summarized in Schemes
3 and 4, respectively.



Complex 2 reacts with 2,2’-bpy and 4,4’-bpy to yield the
u(Iv) products [((MesSi)2N)sU(2,2’-bpy )], 5, and
[{((Me3Si)2N)sU}2{u-(4,4-bpy®> )}], 6, respectively, along with 4
(Scheme 3). Reactivity with pyridine was not observed. Pyridine
reduction by a uranium complex was not reported previously and
this is explained in terms of the low redox potential of pyridine (E1/2
in DMF vs. Ag/AgCl: py = -2.76 V; 2,2’ bipy =-2.19 and -2.76 V;
4,4-bipy= -1.91 and -2.47 V).”9
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Scheme 3. Reaction of 2, with 2,2’-bipyridine to yield 5, and with 4,4’-bipyridine
to yield 6.

When a THF-ds solution of 2,2’-bpy was added to dark
purple crystals of 2 at -80 °C, the color immediately changed to
green and yielded complex 5. The measured metrical parameters

are consistent with the presence of a monometallic U(IV) complex,

containing a 2,2’-bipyridinyl radical anion. In contrast, the reaction
of 2 with 4,4’-bpy resulted in the two-electron reduction of the
bipyridine and the formation of a (4,4-bipyridinyl)>~ bridged
diuranium(lV) complex. The solid-state structure of 6 shows a
bimetallic uranium(lV) complex and X-ray data fully support the
U(IV)/(4,4-bipyridinyl}>~ charge assignment. The observed
reactivity of 2 with 2,2’-bpy and 4,4’-bpy can be interpreted in
terms of cleavage of the U(lll)-O-U(lV) bond induced by the
binding of the bpy ligands resulting in the release of the U(IV)
terminal oxo complex 4. Concomitant reduction of the bipyridines
by the ((MesSi)2N)sU(lll) synthon leads to the complexes 5 and 6.
This interpretation was corroborated by DFT studies (see infra)
and by the reactivity of [U(N(SiMes)2)s]. Notably, independent
studies showed that [U(N(SiMes)2)s] reacts analogously to 2; the
reactions of [U(N(SiMes)2)s] with 2,2’-bpy and 4,4’-bpy also
yielded complexes 5 and 6 in 56% and 69% yield, respectively,
providing a rare example of direct reduction of bipyridine by a
U(lll) complex (see Supplementary Information for details).
Complex 6 reacted readily with two equiv. of '*CO; releasing 4,4'-
bpy. Evaporation of the resulting mixture and quenching with D20
showed the quantitative formation of '*COs* by quantitative
3C{1H} NMR spectroscopy. This result demonstrates that the two
electrons stored in the reduced bipyridine are used to effect the
reductive disproportionation of CO2 to quantitatively yield
carbonate and CO (see supporting information).
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A remarkable behavior was observed for 3 during the
reductive reactions of N-heterocycles, which did not lead to the
formation of dinuclear U(IV) complexes of reduced N-
heterocycles as could have been anticipated. Instead, complex 3
was found to release, upon addition of pyridine, 2,2’-bpy, or 4,4’-
bpy, the U(IV) oxo complex 4 and a “masked U(ll)” that effected
pyridine reductive coupling or double reduction of 2,2’-bpy and
4,4’-bpy (Scheme 4). Notably, the reaction of complex 3 with 2,2’-
bpy and 4,4’-bpy gave bipyridinyl reduction products, namely
[K(2.2.2-cryptand)][{((Me3Si)2N)sU}(2,2’-bpy)], 7, and [K(2.2.2-
cryptand)]2[{((MesSi)2N)sU}2{u-(4,4-bpy)}], 8. Moreover, in
contrast to 2, complex 3 also reacts with pyridine, forming the
dinuclear uranium(lll) complex bridged by a dianionic reductively
coupled pyridinyl moiety, [K(2.2.2-cryptand)]2[{((Me3Si)2N)3U}2{u-
(pyr)2}], 9. Complexes 8 and 9 provide the first examples of
diuranium(lll) complexes bridged by N-heterocyclic redox-active
ligands.
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Scheme 4. Reaction of 3, with 2,2’-bipyridine to yield 7, and with 4,4’-bipyridine
to yield 8, and with pyridine to yield 9.

Addition of a colorless solution of 2,2’-bpy in THF to dark
purple crystals of 3 at =80 °C caused an immediate color change
to dark gray, and resonances corresponding to the oxo complex
4 were observed in the '"H NMR spectrum at =80 °C. In the room
temperature '"H NMR spectrum, an additional broad signal was
observed at —9.0 ppm which was assigned to complex 7. The X-
ray measured structural parameters of 7 are consistent with the
presence of an anionic U(IV) complex bound to a (2,2"-bpy)>
ligand.

The reaction of 3 with 4,4’-bpy in THF-ds at =80 °C led to an
immediate color change from purple to dark brown, and the H
NMR spectrum showed new resonances at -5.7 and —20.3 ppm
assigned to complex 8, as well as resonances corresponding to
complex 4. The solid-state structure of complex 8 is similar to 6
but features two U(Ill) complexes bridged by a (4,4-bpy)?” ligand
instead of the two U(IV) found in 6.

Pyridine reductive coupling by metal complexes is more
rarely observed than bipyridine reduction.?”l Examples of pyridine
reduction by Sc-arene complexes,?®  samarium(ll),["31
thullium(I)," and thorium(Il1)["® have been reported, but no
examples of pyridine reduction by uranium complexes are known.
Interestingly, complex 3 is able to reduce pyridine, making it the
first U(lll) complex able to effect this type of reactivity.

Upon addition of excess pyridine to a dark purple solution of
complex 3 in THF-ds at —-80 °C, new resonances at —6.7 and



-20.8 ppm assigned to complex 9 were observed in the '"H NMR
spectrum at -80 °C, as well as resonances corresponding to
complex 4. Diffusion of hexane into a THF solution of yielded a
mixture of purple and pink crystals. Complex 9 can be separated
from 4 by washing the solid with toluene and is stable in THF
solution at room temperature for at least 48 hours. The solid-state
structure of 9 shows a dianionic U(lI1)/U(lll) complex where the
two U(lll) centers are bridged by two reductively coupled pyridine
molecules, acting as a (pyridine2)?” ligand.

We have also shown in this work that the [U(N(SiMes)2)s]
complex and complex 2 do not reduce pyridine, probably due to
the high reducing power required to overcome the low reduction
potential of pyridine (E12 vs. Ag/AgCI: py = —2.76 V). Therefore,
the reductive coupling of pyridine effected by complex 3 provides
a unique access route to complex 9. The formation of 9 can be
interpreted in terms of the pyridine induced release of a U(ll)
synthon concomitant with formation of the complex 4. This
interpretation was corroborated by DFT calculations (see infra).

Since the synthesis of the U(ll) complex [K(2.2.2-
cryptand)][U"(N(SiMes)2)s] was recently reported by Evans and
coworkers,“d we also explored the reaction of K(2.2.2-
cryptand)][U"(N(SiMes)2)s] with N-heterocycles for comparison.
Such a reaction was performed by generating and reacting the
complex in situ at —80 °C. Treatment of in situ generated solutions
of [K(2.2.2-cryptand)][U(N(SiMes)2)s] with 4,4’-bpy and pyridine at
-80 °C produced 8 and 9, respectively, which were observed by
"H NMR spectroscopy (see Supplementary Information) and the
latter also by X-ray crystallography. However, multiple products
were formed in both reactions when the solution of [K(2.2.2-
cryptand)][U(N(SiMes)2)s] prepared in situ was not ‘used
immediately (Scheme 5). Crystals of the U(IV) cyclometalate
complex [K(2.2.2-cryptand)]z[((Me3sSi)2N)2(k?-C,N-
CH2SiMe2NSiMes)U}2(4,4’-bpy)], 10, were also isolated from the
reaction of [K(2.2.2-cryptand)][U(N(SiMes)2)s] with 4,4’-bpy.
These results confirm that the U(Il1)/U(l1l) oxide displays the same
reactivity as a U(ll) complex. However, the U(ll) reactivity is more
complicated to control than that of 3 and produces other
unidentified products along with the cyclometalated U(IV) species
10.
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Scheme 5. Reaction of [K(2.2.2-cryptand)]2[U{N(SiMes)2)s] with pyridine to yield
9 and other products and with 4,4-bipyridine to yield complex 8, variable
amounts of 10 and other products.

Solid-State Structures

The structures of 2 (Figure S27) and 3 (Figure 1) show the
presence of monoanionic and dianionic oxide bridged dinuclear
uranium complexes in which each uranium center is four-
coordinate and bound by three N(SiMes): ligands and one
bridging oxide ligand in a pseudo tetrahedral environment. These
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structures are similar to the previously reported molecular
structure of the neutral U(IV)/U(IV) dinuclear complex 1.12%°

Figure 1. Molecular structure of the [{((Me3Si)2N)sU}2(u-O)]>~ anion in 3 with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and the
[K(2.2.2-cryptand)] counterions have been omitted for clarity.

The metrical parameters for complexes 1, 2 and 3 are
summarized in Table 1. All complexes exhibit nearly linear U-O—
U angles and similar average N-U-O angles. However, there are
differences in the U-O bond lengths. Complexes 1 and 3 both
exhibit two equivalent or near-equivalent U-O bond lengths, but
the U-O bonding in complex 2 is asymmetric (2.067(6) A and
2.273(6) A), suggesting localized bonding and charge distribution.
Asymmetric bonding was also observed for the only other
reported U(ll1)/U(IV) oxide-bridged complex, which is supported
by a calix[4]tetrapyrrole ligand (U(Il1)=Ooxo 2.23(1) A, U(IV)—=Ooxo
2.02(1) A).?%1 The U-O-U angle in 3 is significantly more linear
compared to those found in the U(Ill)/U(lll) cyclopentadienyl
complex [{(CsMes)2U}2(1-01%% (171.5(6)°) or in the siloxide
supported  [K2{[U(OSi(O'Bu)3)s]2(u-O)}® complex (where a
potassium cation binds the oxide bridge). The U-Nayg bond
distances increase as the oxidation state is decreased from
2.29(1)Ain11t02.430(5) A in 3, as expected for reduction to U(l1I).
The U...U distances of all three complexes are similar.
Interestingly, the configuration of the ligands changes from nearly
eclipsed in complexes 1 and 2 to staggered in complex 3.

Table 1. Selected bond lengths (A), angles (°), and torsion angles (°) of 1, 2 and
3.

Complex 10 2 3

u-0 2.142(6), 2.067(6), 2.159(2),
2.147(6) 2.273(6) 2.159(2)

U(IV)~Navg 2.29(1) 2.335(6)

U(I1)~Navg 2.381(6) 2.430(5)

U...u 4.2890(5) 4.3390(7) 4.3180(5)

U-0-U 179.2(4) 177.8(4) 180.0

N-U—Oavg 113(1) 112(1) 110(2)



N-U-U-Nag®  14.8(8) 13.64(7) 60(1)

[a] data from ref?%°l. [b] Defined as the average angle between the two closest
planes defined by N-U1-0 and O-U2-N.

Single crystals of complex 5, characterizable by X-ray
crystallography could be grown by cooling a concentrated hexane
solution of 5 to =40 °C. The molecular structure of 5 (Figure 2)
shows a neutral five-coordinate uranium complex supported by
three N(SiMes)2 ligands and one bidentate 2,2’-bpy ligand. In
complexes containing reduced bipyridines, the Cp—Cpy bond
distance is the most revealing parameter in determining the
charge on the bpy ligand. The Cp—Cpy bond distance (C5-C6 =
1.416(4) A) in 5 is similar to those found in other (2,2’-bipyridinyl)'~
complexes reported('22< 19 and consistent with the monoanionic
charge assignment. For comparison, the Cp,—Cpy bond distance
is 1.490(3) A in free 2,2’-bpy,% and 1.474 A in the U(lIl) complex
[(CsMes)2U(2,2-bpy)]l with a neutral 2,2’-bpy.['%

Figure 2. Molecular structure of 5, with thermal ellipsoids drawn at the 50%
probability level. Hydrogen atoms and disorder in the N(SiMes)2 ligands have
been omitted for clarity. Selected bond lengths (A): U1-N1 2.464(2), U1-N2
2.464(2), C5-C6 1.416(4).

Single crystals of the diuranium(lV) product, 6,
characterizable by X-ray crystallography could be grown by
cooling a concentrated hexane solution of 6 to —-40 °C. The
complex (Figure 3) features two [((MesSi)2N)sU]* units bridged by
a (4,4-bpy)?” ligand with the two uranium centers related by an
inversion center. The U(IV) sites are four-coordinate in a distorted
tetrahedral coordination environment, and the metrical
parameters are consistent with this assignment. The range of U-
Namide bond distances (2.252(2)-2.283(2) A) in 6 is typical of four-
coordinate U(IV) amide complexes, e.g. [U(N(SiMes)2)4],E" and
the U1-N1 bond distance of 2.278(2) A is within this range,
demonstrating the anionic nature of the bipyridinyl nitrogen. The
value of the Cpy—Cpy bond distance of 1.380(5) A in 6 is diagnostic
of the inter-pyridyl double bond found in doubly reduced 4,4'-
bpy.® This value is similar to the value (1.376(10) A) found in the
Th(1V)/(4,4 -bipyridinyl)>~ complex [{(CsH3(SiMes)2)sTh}2{u-(4,4'-
bpy)}] recently obtained from the reduction of 4,4’- bpy by a Th(lll)
complex.l' The Cpy—Cpy bond distance in 6 is also significantly
shorter than the 1.47-1.48 A range of Cp—Cpy bond distances
reported for An(IV) adducts of neutral 4,4’-bpys.['72 33
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Figure 3. Molecular structure of 6, with thermal ellipsoids drawn at the 50%
probability level. Hydrogen have been omitted for clarity. Selected bond lengths
(A): U1—~(Namide)avg 2.264(14), U1-N1 2.278(2), C1-C2 1.356(3), C2-C3
1.458(4), C3-C3’ 1.380(5), C3-C4 1.445(4), C4—C5 1.345(3).

Single crystals of 7 were grown by diffusion of hexane into
the THF reaction mixture at -40 °C. The structure of 7 (Figure
S29) features a five-coordinate anionic (2,2'-bpy)?~-uranium(IV)
complex with a [K(2.2.2-cryptand)]* counter cation. Notably, the
contracted Cpy—Cpy bond of 1.369(8) A in 7 compared to 1.416(4)
A in 5 suggests further ligand reduction to the 2,2-bipyridinyl
dianion. Accordingly, the U1-N1 and U1-N2 bonds shortened
considerably from 2.464(2) A in 5 to 2.335(4) A and 2.386(4) A in
7. Moreover, the Cp,—Cpy bond distance is similar to those found
in the previously reported actinide complexes of the 2,2-
bipyridinyl dianion (1.379(8) to 1.382(8) A).I'8 20. 341 Actinide
complexes containing the 2,2’-bipyridinyl dianion are rare, with
only three other examples reported to date, including the only
example of a U(IV) / (2,2-bipy)> complex, [K(2.2.2-
cryptand)][((A**®"ArO)stacn)U-(2,2’-bpy)],"® the U(V) complex
[Na(THF)s][U(2,2"-bpy?)2(2,2-bpy')2],? and a complex of
thorium(1V), [(CsMes)2Th(2,2’-bpy)].B4

Single crystals of 8 were grown by hexane diffusion into the
THF reaction mixture at —40 °C. The solid-state structure of 8
(Figure S30) shows a bimetallic dianionic U(l11)/U(Ill) complex with
two [K(2.2.2-cryptand)]* counter cations. The U(lll) ions are four-
coordinate and in a distorted tetrahedral coordination
environment. The Cp—~Cpy bond distance of 1.393(8) A in 8 is
similar to the 1.380(5) A distance in 6, but the U1—(Namide)avg bond
length of 2.387(11) A and the U1-N1 bond length of 2.402(4) A
are significantly longer compared to the U1—(Namide)avg 2.264(14)
A and U-2.278(2) A bond lengths in 6. These metrical values
indicate the presence of two U(lll) ions and a dianionic 4,4-
bipyridyl ligand.

Single crystals of 9 were grown by hexane diffusion into the
THF reaction mixture at —40 °C. The solid-state structure of 9
(Figure 4) shows two [((MesSi)2N)sU(Ill)] units related by an
inversion center with two [K(2.2.2-cryptand)]* counter cations.
The complex features two U(lll) sites bridged by a (pyr2)?~ ligand,
and the U(lll) ions are four-coordinate in a distorted tetrahedral
coordination environment. The average U—Namide bond distance of
2.385(5) A and the U-N1 bond distance of 2.404(7) A are similar
to those observed in complex 8, and in line with those of other
four-coordinate U(lll) complexes with anionic N-atom donors. In
addition, the Cpy—Cpy bond distance of 1.570(17) A is consistent
with a single bond and close to the range of distances (1.559(4)-
1.563(6) A) reported for iron,®¥ samarium,['37 thullium,['¥ and
thorium(lll) complexes featuring reductively coupled pyridines.
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Figure 4. Molecular structure of the [((Me3Si)2N)sU}2{u-(pyr)2}]>- anion in 9 with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms, except
for H3, and the [K(2.2.2)-cryptand]* counterions have been omitted for clarity.
Selected bond lengths (A): U1—(Namide)avg 2.385(5), U1-N1 2.404(7), C3-C3’
1.570(17).
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The molecular structure of complex 10 shows the presence of the
cyclometalate complex [K(2.2.2-cryptand)]z[((Me3Si)2N)2(«k3-C,N-
CH2SiMe2NSiMes)U}2(4,4’-bpy)] (Figure S31) which consists of a
dianionic dinuclear U(IV) complex and two [K(2.2.2-cryptand)]*
counter cations. The uranium centers are five-coordinated by two
N(SiMes): ligands, one bidentate N(SiMes)(SiMe2CH:) ligand and
a bridging 4,4-bpy* ligand. The Cp—Cp bond distance of
1.364(9) A is similar to the one in complex 8 (1.393(8) A), in line
with a two-electron reduction of the 4,4’-bpy ligand. In addition,
the U1—(Namide)avg distance of 2.307(6) A is significantly shorter
than in 8 (2.387(11) A), which is in agreement with the U(IV)
assignment.

Density Functional Theory Mechanism

In order to get more insight into the reaction of the
uranium(lll) containing oxide bridged complexes with pyridine and
bipyridine, computational studies were carried out at the DFT level
(B3PW91). Plausible reaction pathways (Figures 5 and 6) were
determined for both complexes 2 and 3.

The calculations suggest that the reaction of 3 with pyridine
does not involve the formation of a pyridine adduct intermediate,
as the coordination of the pyridine results in the breaking of one
U—O bond as found at the transition state. The associated barrier
is 28.3 kcal/mol in line with a kinetically accessible reaction. At the
transition state, the pyridine is coordinating one uranium center,
inducing the breaking of the U-O bond while forming the U-
Npyrigine bond. This reaction is quite unusual since U-O-U
complexes are usually inert. This reactivity can be explained by
analyzing the bonding in the bimetallic oxo complex. The
Molecular Orbitals (MO) diagram indicates the presence of three-
center U-O-U bonds (see Figures S34-36) consisting of one
sigma and two 1 bonds. Interestingly, the SOMO of the complex
is a 0* U-O-U interaction so that the o interaction is strongly
weakened. This explains the Wiberg Index (WBI) found (0.7) and
is in line with some covalency in the U-O bonds. The latter is
corroborated by the Natural Bonding Orbital (NBO) analysis that
finds two strongly polarized U-O bonds (one per uranium center)
toward O (92.5%) that are of  character (100% p orbital on O
and 60% d/40% f on U).
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Figure 5. Computed enthalpy profile for the reaction of 3, with pyridine.

Interestingly, the LUMO (see Figure S32) is an f orbital
combination that is used to coordinate the pyridine lone pair.
However, since the pyridine coordination is unsymmetrical (to
only one U), this induces a second order Jahn Teller effect with a
mixture between the SOMO, that is also an f combination with a
U-O antibonding character, and the LUMO, allowing the U-O
bond breaking as observed at the transition state. Following the
intrinsic reaction coordinates, it yields the formation of a U(IV)
terminal oxo complex and a U(lll)(pyr™) complex that readily
undergoes a radical coupling of two pyridines and yields complex
9 whose formation is strongly exothermic by 24.1 kcal/mol. The
intermediate U(lll)(pyr™) complex is unlikely to exist but
computing the reaction in two steps renders the system
computationally affordable. Therefore, the coordination of
pyridine induces a formal disproportionation of the U(I11)-O-U(llI)
complex into a U(IV) and a formal U(ll) complex that reduces
pyridine to afford the radical coupling of two pyridine rings.
Radical coupling of two reduced pyridine rings was reported
previously in low oxidation state lanthanide!™1 and thorium!'3
chemistry.

The bonding of the mixed oxidation state U(III)/U(IV) oxide
2, was investigated at the same level of theory. Quite interestingly,
both molecular orbitals and NBO indicate the presence of the
U(IV)=0 bonds with very little interaction of the U(lll). This is in
line with the difference in calculated U-O bond distances (2.0 A
for the U(IV) vs. 2.4 A for the U(ll1)-O) and further corroborated
by the Wiberg bond indexes (1.4 for the U(IV)-O vs. 0.4 for the
U(lIl)-0). The latter is smaller than what was found for complex
3. Therefore, this mixed oxidation state oxide is better described
as a U(lll) adduct to the U(IV) terminal oxide complex. In addition,
the reaction of 2 with 2,2’-bpy was computed. The reaction
proceeds in the same way as 3 with pyridine (Figure 6). Despite
the higher Lewis acidity of U(IV), the coordination of the bipyridine
occurs at the U(lll) center rather than the U(IV). This is mainly due
to sterics as the U(IV)=0 bond distance is shorter than the U(lII)—
O one. Even though the LUMO of the U(IV)-O-U(lIl) system only
involves the U(IV)-O bonds, the LUMO+1, which is very close in
energy, involves the U(II)-O interaction (Figure S37). Therefore,
populating this LUMO+1 with the bipyridine nitrogen lone pairs will
induce the breaking of the weak U(llII)-O bond rather than the
U(IV)-O one. The associated transition state was located, and the
reaction barrier is 21.3 kcal/mol with respect to the separated
reactants, which is kinetically accessible. Following the intrinsic
reaction coordinates, it leads to the formation of the U(IV) terminal



oxo complex, 4, as observed in the reaction of 3 with pyridi
the U(IV)(2,2’-bpy™), 5.
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Figure 6. Computed enthalpy profile for the reaction of 2, with 2,2’-bipyridine.

Conclusion

The N(SiMes)2 ligand system allowed us to isolate the third
example of an oxide bridged diuranium(lll) complex and its
U(Illy/U(IV) analogue which were prepared by reduction of the
U(IV)/U(IV) analogue. While the uranium oxide bonds are
anticipated to be quite inert, we found that reduction of the metal
center in oxide bridged complexes results in the weakening of the
U(Il1)-O bonds. As a result, the addition of N-heterocycles to the
oxide U(II1)/U(IV) complex 2 leads to cleavage of one U-O bond
and release of a “U(lll)” synthon that reacts analogously to the
mononuclear [U(N(SiMes)2)s] complex, providing a rare example
of direct reduction of bipyridine by a U(lll) complex. Surprisingly,
the addition of N-heterocycles to the oxide U(l11)/U(lll) complex 3
led to the release of a “U(ll)” synthon that effects the reduction of
4,4’-bpy and pyridine to yield the dinuclear U(IIl)/U(l1l) complexes
bridged by a (4,4-bpy)> and a dianionic reductively coupled
pyridinyl moiety, respectively. The same compounds were also
obtained from the reaction of the U(ll) complex [K(2.2.2-
cryptand)][U"(N(SiMes)2)s] with pyridine or 4,4-bpy, but other
products, including cyclometalated side products, also formed.
Therefore, the U(l1)/U(l1l) oxide provides a tool for conveniently
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ne,and  exploring U(ll)-like

reactivity. Such reactivity allowed the
synthesis of the first examples of dinuclear U(lI1)/U(lll) complexes
bridged by redox-active N-heterocyclic ligands.
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A molecular diuranium(lll) oxide was prepared and its molecular and electronic structure were determined by crystallographic and
computational studies. The complex undergoes cleavage of one U-O bonding and effects the reductive coupling of pyridine and the
two-electron reduction of bipyridine by delivering a “U(ll)” synthon. These reactions provide a synthetic route to dinuclear U(II1)/U(lII)

complexes bridged by redox-active N-heterocyclic ligands.
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