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Reductive silylation of the uranyl dication with 1,4-
bis(trimethylsilyl)dihydropyrazine, or “Mashima’s Reagent”, is
detailed. The substrate simultaneously delivers silylium ions and
electrons to multiple uranyl complexes (e.g. pyridine dipyrrolide
uranyl complex and a common uranyl-containing starting material,
UO,Cl,(OPPhs3),). This results in quantitative activation of
thermodynamically robust U=0 bonds. The reductive
functionalization of environmentally persisent actinyl species with
Mashima’s reagent is seen as a promising solution for nuclear waste
remediation.

The uranyl dication [UO,]?*is one of the most common forms of
uranium that is found in the environment and in nuclear waste.!
The ubiquity of this ion in the environment is concerning, in part
due to the high water solubility and ensuing mobility that this
moiety possesses.? The uranium—oxygen bonds in uranyl ions
are also short and strong, resulting in chemically inert oxo
groups that are resistant to activation or functionalization.%?
Investigations designed to better understand the bonding and
reactivity of these robust bonds has thus become a central point
of study in the pursuit of nuclear waste remediation.

Several approaches to functionalize U=0 bonds in the uranyl
dication have been reported, the most popular being the use of
reductive cleavage via reactivity with silylium ions (Figure 1).%>
One of the first reported examples detailing activation of the
uranyl(VI) dioxo moiety was detailed by Ephritikhine in 2006, in
upon the addition of excess silylating reagent (MesSiX, where X
= Cl, Br, or 1), UO,l,(THF); or UO,(OTf), are converted to a
tetravalent uranium halide salt, UX;(MeCN),4.3 This reactivity
leverages the thermodynamic driving force of the formation of
strong Si—O bonds, facilitating the reductive cleavage of
uranium oxygen bonds through the oxidation of the
corresponding halide.® Further insight into the mechanism of
U=0 bond activation via reductive silylation was later reported
by Love and co-workers; in this work, coordination of a uranyl
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ion to a rigid, wedge-shaped macrocyclic “Pacman” ligand
results in the generation of a highly oxidizing uranyl complex
capable of cleaving N-Si and C-Si bonds to form singly silyl-
functionalized pentavalent uranyl complexes.* The authors find
that insertion of a second metal into the pocket of the
“Pacman” ligand facilitates activation of the U=0 at the
opposite side of the molecule. Hayton later showed the
reductive silylation of both oxo groups on uranyl can be
accomplished through the addition of an excess of MesSil to
UO,(Aracnac),, resulting in the displacement of one “acnac
ligand and the formation of UY(OSiMes),l,(A"acnac).”
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Figure 1. (Top) Previously reported uranium-siloxide complexes accessed
through reductive silylation of a uranyl precursor; (Bottom) Summary of this
work which describes quantitative formation of uranium(lV) bis-siloxide
compounds accessed through silyl radical transfer.
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Scheme 1. Synthesis of (MesPDPP")UO,(DMAP), (1) and (MesPDPP")U(OSiMes),(DMAP) (2).

Ph—<" Mes
< o

2 DMAP M
N—

—

Mes

(MesPDPPUOH(THF)

In all examples described above, U=0O bond activation
appears to proceed through a reductive pathway, resulting in
the formation of a reduced uranium centre. This redox reaction
is essential for U=0 bond activation. However, many reports
require modification of the reduction potential of the uranyl
dication through ligand engineering. For example, in the
Pacman complexes published by Love & Arnold, ligation of the
uranyl ion to the macrocyclic polypyrrole ligand results in the
formation of an easily reduced uranium(VIl) centre with a
secondary coordination sphere poised for cation binding that
assists in the activation of the U=0 bond. An exception to this is
a report from Bart and co-workers describing a general route
for the reductive silylation of the UO,%* ion.® The authors
describe the use of stoichiometric amounts of alkylating
reagent to transiently generate UY' bis-alkyl complexes.
Reductive elimination of these substituents is promoted by the
introduction of Me3SiX (X = Cl, Br, 1), resulting in a change in
formal oxidation state from UY' = UV, The separate addition of
reductant and silylium ion invokes the formation of unstable
intermediates, limiting the efficiency of U=0 bond activation.

As opposed to the separate addition of reductant and
substrate that has been reported previously when reducing the
uranyl moiety, one can envision a concerted pathway where
U=0 bond activation is achieved through the addition of a silyl
radical. Such a mechanism would be analogous to proton-
coupled electron transfer (PCET).8 PCET is ubiquitous in nature,
providing low overpotential pathways for redox reactions.®10
More recently, PCET from molecular donors has been used to
incorporate hydrogen atom equivalents into metal oxides,
allowing for the activation of typically inert substrates by
avoiding high-energy intermediates.’12 In a similar vein,
silylium-coupled electron transfer presents as an intriguing
alternative to streamline the mechanism of U=0 bond
activation. Mashima and co-workers have demonstrated that
the silyl transfer reagent, 1,4-bis(trimethylsilyl)dihydropyrazine,
Pyz(SiMes),, called “Mashima’s reagent”, can facilitate the
reduction of transition metals in high oxidation states. Initial
work focused on the reduction of group 4-6 metal chloride
complexes, resulting in the generation of low-valent metal
species in a salt-free process.’* These findings were later
extended to the deoxygenation of molecularly defined M=0
fragments, leading to the formation of O-atom defects poised
for small molecule activation and catalysis.141>

Previously, our research group has reported the synthesis
and characterization of a uranyl complex supported by a
sterically encumbered pyridine dipyrrolide (PDP) ligand,
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(MesPDPP)UO,(THF) (Scheme 1).1¢ This compound exhibits a rich
electrochemical profile, including a reversible UY"V couple
centred at -1.22 V (vs. Fc*/0 in THF with 0.1 M ["BusN][PFg] as
supporting electrolyte), suggesting it would make an excellent
candidate for the investigation of electron coupled silylium ion
transfer for U=0 bond activation. Addition of 1 equiv of
Mashima’s reagent (2 equiv of eSiMes) to (MesPDPPh)UO,(THF) at
low temperature results in colour change from dark brown to
bright yellow over the course of fifteen minutes (see supporting
information for more details). Analysis of the crude reaction
mixture by *H NMR spectroscopy revealed the presence of
several paramagnetically shifted and broadened resonances,
ranging from +60 to -40 ppm (Figure S1). The presence of these
signals suggests successful reduction of the f°, UV'ion. However,
inconsistencies in relative magnitudes of individual resonances
were observed on a “batch-to-batch” basis, suggesting the
formation of multiple products (Figure S2). We hypothesized

(MesPDPPMU(OSiMe;),(DMAP) (2)

Figure 2. Molecular structures of 1 (top) and 2 (bottom) shown with 30%
probability ellipsoids. Hydrogen atoms and co-crystallized solvent molecules
have been removed for clarity.
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that the irregularity in reaction outcomes might be attributed
to activation of the coordinated solvent molecule, which has
been observed in similar systems.517.18

To alleviate challenges associated with tetrahydrofuran
present in the reaction mixture, ligand exchange of the
coordinated solvent molecule with a more basic and less
reactive ligand, 4-dimethylaminopyridine (DMAP), was
performed. Addition of two equivalents of DMAP to an
equivalent of (MesPDPPM)UO,(THF) in benzene results in a slight
color change of the solution from dark brown to dark red-brown

(Scheme 1; see supporting information for details).
Characterization of the reaction mixture by 'H NMR
spectroscopy reveals a systematic, downfield shift of

resonances from that of (MesPDPP")UO,(THF) (Figure S3). Loss of
the signals associated with the THF ligand (3.77 and 1.46 ppm),
and the presence of three new broadened resonances (8.55,

6.15, and 2.36 ppm) is indicative of successful ligand
substitution at the uranyl ion (Figure S4). Interestingly,
characterization of the product by single crystal X-ray

crystallography reveals coordination of two DMAP molecules to
the uranium centre, affording (MesPDPP")UO,(DMAP), (1; Figure
2, Table S1). We believe that this is an artifact of the low
temperature of crystallization, as integration of the 'H NMR
spectrum of 1 suggests that in solution, only a single DMAP
molecule is bound.

With the DMAP-adduct of the uranyl compound isolated, we
revisited reductive silylation via Mashima’s reagent. The
addition of 1 equiv of Pyz(SiMe3), to 1 results in an immediate
color change from dark red-brown to vibrant yellow over the
course of fifteen minutes (Scheme 1). Characterization of the
product by *H NMR spectroscopy reveals 13 paramagnetically
shifted and broadened resonances, consistent with a C,v
symmetric product (Figure S5). Notably, a signal with a relative
integration of 18 H was located at 49.87 ppm, assigned to two
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Figure 3. Electronic absorption spectra of (MesPDPP")U(OSiMe3s),(DMAP) (2)

in dichloromethane at ambient temperature. Inset shows f=2f transitions
observed the near-infrared region of the spectrum.
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trimethylsiloxide ligands, consistent with the reduction of the
uranyl fragment to a uranium(lV) bis-siloxide species. The
formation of pyrazine in the reaction mixture is evidenced by a
signal at 8.5 ppm with a relative integration of =4 protons
(Figure S5), consistent with the quantitative transfer of silyl
radicals. This data suggests successful reduction of 1 by
Mashima’s reagent with a 90% yield. Formation of a tetravalent
uranium center was confirmed by electronic absorption
spectroscopy; sharp f>f transitions observed in the near
infrared region of the spectrum are consistent with reduction of
UV > UV (Figure 3).

Crystals of the product suitable for X-ray analysis were
grown from a concentrated diethyl ether solution of the
compound at -30 °C. Structural refinement revealed formation
of the desired silylated complex, (MesPDPP")U(OSiMejs),(DMAP)
(2; Figure 3, Table S1). The U-O bonds in 2 (2.114(2) A, 2.123(2)
A) have been significantly elongated from that of the starting
material (U-O (1): 1.780(2), 1.781(2) A), consistent with the
reduction of bond order upon activation of the uranyl moiety.
These bond distances resemble values reported previously for
trans-siloxide uranium(lV) complexes generated via reductive
silylation of a uranyl precursor (2.053 —2.219 A).1° Within error,
dative interactions between the pyridine substituents and
uranium centre remain the same as the higher valent starting
material; notably, the U-Npyroige bonds (U1-N1, U1-N3) are
significantly shorter in 2 (2.369(3), 2.371(3) A) as compared to
the starting material, 1 (2.489(3), 2.493(2) A). Truncation in
uranium-Nyroiige distances upon reduction of the metal center
have been observed, on average, previously.’®22> However, the
U-Npyrrolige bond distances in 2 are amongst the shortest
reported for uranium(IV)-pyrrolide species (UV-Ngyrrolige = 2.389
- 2.507 A).2426 We credit the unique coordination environment
of the pyridine dipyrrolide pincer ligand for the observed short
U-Npyrrolige distances.

To compare reductive silylation of the uranyl fragment via
addition of Mashima’s reagent to traditional U=0 bond
activation routes involving the addition of a source of a silylium
ion (RsSi*), we explored the reactivity of 1 with an excess of
TMSI. Reaction conditions mirrored those reported previously
for formation of reduced, uranium siloxide assemblies; complex
1 was stirred in dichloromethane with 10 equiv of TMSI.
Analysis of the crude reaction mixture by *H NMR spectroscopy
revealed an apparent mixture of multiple products (Figure S6).
However, a set of paramagnetically shifted and broadened
resonances consistent with compound 2 was identified,
suggesting that the bis-siloxide complex is indeed one product
of the reaction of 1 with TMSI. However, under these reaction
conditions, the yield of 2 is limited, due to the generation of at
least one other paramagnetic uranium containing product.
These results further support our hypothesis that the
simultaneous delivery of an electron and a silylium ion is critical
for quantitative reduction of the [UO,]?*ion.

To assess the role the pyridine dipyrrolide ligand plays in
facilitating the reduction of the uranyl dication, we next
explored the generality of U=O bond activation through the
addition of Mashima’s reagent to UO,Cl,(OPPhz),. Previously,
Bart and co-workers have reported reductive silylation of this
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form of the uranyl dication via the step wise addition of
alkylating agent and trimethylsilylhalide.® This reaction results
in the reduction of the uranyl fragment to a UV bis-siloxide
compound in good vyield (73%). It is possible that separate
addition of reductant and silylium ion results in the formation
of unstable uranyl bis-alkyl intermediates that lower the yield of
the overall transformation. Thus, we hypothesized that addition
of Mashima’s reagent, which is anticipated to deliver an
electron and silylium ion in a single concerted step in the form
of a silyl radical (eSiMe3s), would improve the yield of U=0 bond
activation. Accordingly, addition of 1 equiv of Pyz(SiMe3s), to a
yellow dichloromethane solution of UO,Cl,(OPPh3), at low
temperature yields a clear solution (Scheme 2).
Characterization of the crude product by *H NMR spectroscopy
reveals four paramagnetically shifted and broadened
resonances (0 = 50.33, 4.11, 2.52, -17.54 ppm; Figure S7). The
1H NMR spectrum is identical to that reported by Bart in 2017
for [(Me3SiO),UCI,(OPPhs3),], indicating successful reduction of
the uranyl ion. Isolation of the product is consistent with
guantitative conversion to the bis-siloxide product (98 % yield)
— a significant improvement over that reported by Bart and co-
workers, presumably as a result of obviating the need to
generate the uranyl/metal alkyl mixture. The mechanism of silyl
radical transfer to reduce the uranium centre in these reactions
is unclear, but ongoing efforts in our laboratory are focused on
understanding this mechanism in full.

Scheme 2. Synthesis of UCI,(OSiMe3;),(OPPhs), via addition of Mashima’s reagent
to UO,Cl(OPPhs),.
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A facile method for U=0 bond activation by reductive
silylation in a pyridine dipyrrolide complex using Mashima’s
reagent is reported. Importantly, the ability of Mashima’s
reagent to perform silylium-coupled electron transfer obviates
the need to access unstable intermediates that arise from
sequential addition of reductant and a silylium ion. Moreover,
the utility of Mashima’s reagent in this context is also
demonstrated to be a general approach for uranyl
functionalization; as addition of Pyz(SiMes3), to a common
uranyl compound, UO,Cl,(OPPhs),, results in the quantitative
formation of the bis-siloxide uranium(lV) product,
(Me3Si0),U(OPPh3),Cl,. In summary, we anticipate that these
results may offer a promising strategy for nuclear waste
remediation via the reductive functionalization of hazardous
and environmentally persistent actinyl species.?”
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