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Abstract

Literature reports have demonstrated that Schiff-base-type ligands can serve as robust platforms
for the synthesis of heterobimetallic complexes containing transition metals and the uranyl dication
(UO»*"). However, efforts have not advanced to include either synthesis of complexes containing
second- or third-row transition metals or measurement of the redox properties of the corresponding
heterobimetallic complexes, despite the significance of actinide redox in studies of nuclear fuel
reprocessing and separations. Here, metalloligands denoted [Ni], [Pd], and [Pt] that contain the
corresponding Group 10 metals have been prepared and a synthetic strategy to access species
incorporating the uranyl ion (UO»?") has been explored, toward the goal of understanding how the
secondary metals could tune uranium-centered redox chemistry. The synthesis and redox
characterization of the bimetallic complex [Ni,UO:] was achieved, and factors that appear to
govern extension of the chosen synthetic strategy to complexes with Pd and Pt are reported here.
Infrared and solid-state structural data from X-ray diffraction analysis of the metalloligands [Pd]
and [Pt] show that the metal centers in these complexes adopt the expected square planar
geometries, while the structure of the bimetallic [Ni,UQz] reveals that the uranyl moiety influences
the coordination environment of Ni(Il), including inducement of a puckering of the ligand
backbone of the complex in which the phenyl rings fold around the nickel-containing core in an
umbrella-shaped fashion. Cyclic voltammetric data collected on the heterobimetallic complexes
of both Ni(Il) and Pd(II) provide evidence for uranium-centered redox cycling, as well as for the
accessibility of other reductions that could be associated with Ni(II) or the organic ligand
backbone. Taken together, these results highlight the unique redox behaviors that can be observed
in multimetallic systems and design concepts that could be useful for accessing tunable

multimetallic complexes containing the uranyl dication.
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Introduction

Control over actinide redox chemistry is crucial in the tuning of solubility, reactivity, and
speciation of actinide-containing complexes in solution.! Useful separations have been achieved
through redox-induced changes in speciation, and thus understanding how actinide redox
chemistry can be tuned could offer a promising route to improved nuclear fuel reprocessing
strategies.? As the redox chemistry of actinides also governs their speciation in the environment,
there appear to be many opportunities where ligand design and optimization of conditions where
actinides are present could be used toward new strategies for environmental remediation. For
uranium in particular, the prevalent species under most conditions is the uranyl dication (UO»?"),
prompting much work focused on influencing the properties of this species.? Uranyl has proven to
be a challenging target, however, as the trans-dioxo ligands impart great stability to the +6
oxidation state and are difficult to functionalize or remove.* No doubt motivated by these
applications and challenges, there have been many reports on strategies aimed at enabling
reduction of uranium(VI) including innovations in ligand design,® oxo activation,’ and

functionalization.”

While several reports of redox in monometallic systems exist,® the understanding of uranium-
based redox in bimetallic systems is much more limited.® Our group has previously reported tuning
the reduction potential of the UY'V couple by the installation of Lewis acidic, redox-inactive
cations in close proximity to the uranyl ion.!® The influence exerted by the secondary redox-
inactive cations could be quantified through the descriptor of these ions’ Lewis acidities, as judged
by the pKa values of the corresponding metal aqua cations. The supporting ligand in the noted
study was macrocyclic in nature, and incorporation of the secondary ions resulted in a systematic

shift of —61 mV/pK, in the U(VI)/U(V) reduction potential. This influence can be understood to
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arise from a charge density effect wherein the secondary cations modulate the donor power of
bridging phenoxide ligands that are a key feature of the ligand core.!! Complementing this work,
a few structural reports are available on the assembly of bimetallic complexes of uranyl with redox-
active transition metals held in close proximity. Perhaps the most important examples are those
described by Vigato and Ephritikhine in the 1990s and early 2000s.!%!3 In these complexes, a
transition metal was housed in a tetradentate [N20:] Schiff base cavity with an adjacent tetradentate
[0:0:] cavity composed of two formally L-type phenoxides and two X-type phenoxides poised for
binding uranyl. In this instance, these compounds were studied for their magnetic properties, but
their electrochemical properties were not interrogated. To the best of our knowledge, there is only
one report of the electrochemical properties of heterobimetallic complex containing uranyl and
another redox-active metal; the noted complex features U(VI) paired with iron(II).'* Furthermore,
we are aware of no studies in which uranium(VI) is paired with a second or third row transition

metals in a molecular complex.

With all of these observations in mind, our attention was drawn to appealing and robust
synthetic chemistry developed by Ephritikhine to access a nickel-uranyl bimetallic complex,
denoted [Ni,UOz]*H:0, that was structurally characterized.!> However, the synthetic route to
access the complex relies on a water- and air-sensitive U(IV) starting material to generate the
uranyl dication that is ultimately incorporated into the product; oxidation appears to have been
achieved in the literature work by adventitious H>O and/or O: present under the synthetic
conditions. In light of these observations, we envisioned that a more direct route to
heterobimetallic compounds of the Vigato-Ephritikhine type could be achieved through use of an
appropriate U(VI) reagent; we imagined that such a procedure could be extended to metalloligands

based on the other Group 10 metals (Pd, Pt) as well, affording the opportunity to compare trends
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among these related metals. We anticipated that an interrogation of the electrochemical properties
of complexes targeted in this effort could also shed light on the accessible redox chemistry of
uranium when held in multimetallic systems, an area that has received less attention than it

deserves.

Here, we report the synthesis and characterization of a series of Group 10 metal-containing
metalloligands and their propensity toward incorporation of the uranyl dication, UO»*".
Preparation and characterization of salen-type metalloligand precursors [Ni], [Pd], and [Pt]
confirmed the coordination of each Group 10 metal in the tetradentate [V, O:] Schiff base site of
the organic framework that is characteristic of salen ligands. Investigations into their reactivity
with uranyl acetate dihydrate (UO2(OAc)2¢2H>O) show that complexes of nickel(Il) and
palladium(II) with uranyl are isolable under the chosen conditions. Additionally, data suggest that
an adduct of platinum(Il) and UO,** may form when uranyl triflate is used as the uranium-
containing precursor,'” as observed by 'H NMR spectra in CD3CN; the apparent adduct
decomposes, however, upon exposure to tetrahydrofuran. Solid-state infrared spectra of [Ni,UQOz]
and [Pd,UO;] demonstrate that uranyl is in a similar environment in both instances, X-ray
diffraction data collected for [Ni,UQOz2] show the formation of a dimeric form of the complex in the
solid state, complementing Ephritikhine’s prior report'® on the structure of a monomeric form of
the complex. The electrochemical properties of the metalloligand precursors and the related uranyl
bimetallic complexes were also studied, revealing two accessible redox manifolds in both
[Ni,UOz] and [Pd,UQO:]. Observations suggest that one of the accessible redox processes could be
attributable to uranium-centered reduction. Taken together, these observations suggest that
bimetallic systems are useful for the study of uranium redox chemistry and underscore the utility

of protonolysis reactivity for accessing such structures.
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Results

Synthesis and characterization of metalloligands and bimetallic uranyl complexes. While

transition metal complexes of salen-type ligands are well known,!'®!7

we envisioned generating a
homologous series of Group 10 transition metal (Ni, Pd, Pt) complexes with secondary binding
cavities to enable a systematic study of the reactivity of these bimetallic complexes with uranyl
(see Scheme 1). As demonstrated in a prior report by Vigato & co-workers, [Ni] forms readily in
a one-pot reaction of the ligand components and Ni(OAc)2; in our hands, this procedure yield a
product whose '"H NMR spectrum was consistent with the binding of nickel(II) into the desired
tetradentate [N>,0:] cavity and prior characterization available for this compound (see SI, Figure
S3).!2 Conversely, the analogous complex [Pd] must be generated from the reaction of the isolated
ligand LOY and [Pd(OAc):]3 as previously demonstrated by our group for a related macrocyclic
ligand system.!® This reaction proceeds in high yield and the NMR spectra of the isolated material,
as well as corresponding elemental analysis data, are consistent with formation of this complex
and the successful incorporation of palladium(II) (see SI, Figure S10-S15). Attempts to extend the
synthesis to platinum, however, using LOH, potassium tetrachloroplatinate (K>PtCls), and an
exogenous base, sodium acetate, resulted in ligand decomposition based on the apparent
generation of Pt nanoparticles in the reaction vessel; ligand decomposition products were also
observed via 'H NMR. The generation of Pt nanoparticles under these conditions was implied by
our observation of very dark heterogeneous material in reaction flasks; indeed, KoPtCly is often
used explicitly for Pt nanoparticle generation in the presence of ascorbic acid and other similar

reducing reagents.!®?° Furthermore, Pt nanoparticles are known to catalyze the oxidation of

phenols and many reports of the oxidation of salen-type ligands exist.?!?? In light of all these
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findings, we opted to prepare a related platinum complex denoted [Pt], which can be synthesized
from metalation of a related ligand, LOMe, Substituting o-vanillin for 2,3-dihydroxybenzaldehyde
and metalating with bis(dimethylsulfoxide)platinum(II) chloride (PtCl.DMSO;) enabled the
isolation of the complex, with 'H NMR data and elemental analysis confirming its expected

formulation (See SI, Figure S17-S22).
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Scheme 1. Synthetic route to access metalloligand precursors [Ni], [Pd], and [Pt].

With the set of three metalloligands in hand, we investigated their reactivity with uranyl. Our
group has previously relied on uranyl acetate as a metalating reagent in the preparation of uranyl
complexes, taking advantage of its intrinsic disposition toward protonolysis reactivity; we
hypothesized that this strategy could be useful for the synthesis of the bimetallic complexes

targeted in this study (Scheme 2).!%%° Indeed, refluxing the metalloligand [Ni] with

https://doi.org/10.26434/chemrxiv-2023-gcgpz ORCID: https://orcid.org/0000-0003-4172-7460 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-gcgpz
https://orcid.org/0000-0003-4172-7460
https://creativecommons.org/licenses/by-nc-nd/4.0/

UO2(0OACc)222H20 in acetonitrile (MeCN) yielded the desired [Ni,UQ:z] complex in moderate
yield. Both 'H NMR and elemental analysis of the product are consistent with the incorporation
of uranyl into the dianionic [0 O:] cavity provided by the doubly deprotonated metalloligand,
along with the binding of an additional solvent molecule to fulfill equatorial penta-coordination
environment of U(VI) (see the Experimental Section and the SI, Figure S4). When the same
reaction conditions were applied to [Pd] with UO2(OAc)222H,0, [Pd,UQO»] appeared to be formed
but the desired product was generated along with a persistent 15% impurity of the starting [Pd].
Screening of various reaction conditions did not lead to significant improvements in any case
(varied stoichiometries of [Pd] and uranyl acetate dihydrate; varied reaction temperatures from
room temperature to refluxing conditions; varied times from 4 hours to 3 days; use of various
solvents, including acetonitrile, N,N-dimethylformamide, dimethylsulfoxide, and water.
Additionally, screening of various purification procedures (precipitation from a cooled reaction,
precipitation from a concentrated solution by non-polar solvents, washing with polar solvents, and
bulk recrystallization) did not yield pure samples of [Pd,UQ3] (see SI, Figure S16).2* We also note
here that the bimetallic compounds generated upon metalation of [Ni] and [Pd] with uranyl display
very limited solubility in most organic solvents, restricting the choice of solvents for solution phase

characterization to DMF and DMSO for [Ni,UQOz] and only DMSO for [Pd,UQ].
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Scheme 2. Synthetic route to accessing [Ni,UQz] and [Pd,UQ:] heterobimetallic complexes

employing protonolysis reactivity with UO2(OAc)2+2H;0.

With low solubility that impeded facile characterizations in the solution phase, we pivoted our
focus to solid-state infrared spectroscopy to learn more about the isolated products of our study.
Spectra in KBr media were collected to probe perturbations in the reliable asymmetric uranyl
stretch or in the ligand vibrational frequencies induced by the presence of the transition metal
centers or uranyl (see SI, Figures S24-S31). Metalation of Lo with nickel(II) and palladium(II)
did not give rise to any measurable change in the C=Nimine stretching frequency compared to that
found in free LY, but a shift of 14 cm™ in the case of [Ni,UO:] and 11 cm™ in the case of
[Pd,UO:] could be observed upon metalation with uranyl (see SI, Table S1). This behavior is
consistent with the dicationic nature of uranyl in that it could exert an effect on the ligand backbone
via direction interaction with the phenoxide moieties derived from 2,3-dihydroxybenzaldehyde,
thereby shifting the noted vibrational frequencies to a lower energy. A shift in the asymmetric
stretch of the UO,?" unit for [Ni,UO2] and [Pd,UQ3] is shown in Figure 1, which compares spectra
for the complexes to that of the starting material UO2(OAc)222H20; the measured changes are
consistent with the incorporation of uranyl into the metalloligands in that the apparent strength of

the U-O bond is decreased slightly upon coordination to the metalloligand (A¥ = 29 ecm™!, 3.6
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meV). Notably, the frequencies of the asymmetric stretches of the UO>?" units in the spectra of
[Ni, UO:] and [Pd, UO:] are identical, an observation which is in accord with the similar

coordination environment of uranyl in both complexes.

Transmittance / %T

—[Pd,U0,]

' 915 cm™
| NP U I RN AT NI I SRR

080 960 940 920 900 880 860 840 820
Wavenumber / cm™

Figure 1. Solid IR spectra of UO2(OAc)222H>O (top), [Ni,UO:] (middle), and [Pd,UOz]

(bottom) in KBr confirming the incorporation of UO,?" into [Ni] and [Pd].

Solid State structures of [Pd], [Pt], and [Ni,UQ3]. X-ray diffraction (XRD) analysis of [Pd] and
[Pt] confirmed the desired square-planar coordination environment of the transition metal in both
cases as shown in Figure 2. Single crystals suitable for XRD analysis of [Pd] were grown by vapor
diffusion of pentane into a solution of [Pd] in tetrahydrofuran while vapor diffusion of diethyl
ether into an acetonitrile solution of [Pt] afforded suitable crystals of this complex for analysis.
Structural details on these complexes are shown in Table 1 and details regarding the

crystallography are given in the Supporting Information (pp. S30-S35 and Table S3).

10

https://doi.org/10.26434/chemrxiv-2023-gcgpz ORCID: https://orcid.org/0000-0003-4172-7460 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-gcgpz
https://orcid.org/0000-0003-4172-7460
https://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 2. Solid-state structures (XRD) of [Pd] and [Pt]. For [Pd], all hydrogen atoms except

H3A and H4A, a co-crystallized tetrahydrofuran molecule, and a second molecule of the

palladium complex found in the asymmetric unit are omitted for clarity. For [Pt], all hydrogen

atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.

Table 1. Comparison of selected structural parameters from X-ray diffraction analysis of [Ni],

[Pd], [Pt], [Ni,UO:], and [Ni,UO2] * H,O.

[Ni] [Pd] [Pt] [Ni,UO2]  [Ni,UO:] * H;O
Reference Reference 12~ This Work  This Work — This Work Reference 13
4 1 2 1 2 1

M-Nlayerage (A) @ 1.857(4) 1.959(3) 1.949(8) 1.838(4) 1.807(9)
M-N2average (A) ¢ 1.845(4) 1.954(2) 1.952(8) 1.838(5) 1.861(10)
M—O1average (A) 1.857(3) 2.002(2) 2.001(6) 1.828(4) 1.829(7)
M—02average (A) 1.856(3) 1.990(2) 2.003(6) 1.848(3) 1.831(6)
0102 (A) ¢ 2.513(5) 2.761(3) 2.774(8) 2.376(5) 2.337(9)
U—O50x (A) ¢ - - - 1.774(4) 1.790(6)
U—O6oxo (A) ¢ - - - 1.782(4) 1.786(6)
U—O3Ligand (A) ¢ - - - 2.357(3) 2.368(5)

T4 0.016 0.039 0.014 0.039 0.035

v (°)+? 4.8(2) 7.05(6) 8.6(4) 12.4(2) 1.6(3)

? Value in parentheses refers to the e.s.d. that is the largest for an individual entry among the independent values

used to compute the average.

b Defined as the fold angle (see reference 17) between the centroids of the phenyl rings in each structure.
Specifically, it is the angle between the centroid of the mean plane defined by C2, C3, C4, C5, C6, and C7 and the
mean plane defined by C8, C9, C10, C11, C12, and C13 with the center point of the angle being a point on a plane

normal to and centered on a line connecting the centroids of the two previously defined planes.
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In the structures of [Pd] and [Pt] reported here as well as in the structure of [Ni] reported by
Ephritikhine, the M(II) ions (M = Ni, Pd, and Pt) remain in strictly square planar environments
with values of the 14 geometry index for these compounds very close to ideal for the square planar
geometry (Table 1).122% Although situated in virtually identical coordination environments, the M—
N and M-O distances in [Pd] and [Pt] are longer than those of [Ni], which is anticipated on the
basis of their larger radii as second and third row transition metals (ionic radii of square planar,
four-coordinate ions: Ni** =49 pm; Pd*" = 64 pm; Pt>" = 60 pm).2® This size difference also results
in a widening of the O1++¢02 gap (an increase of 0.25 A in the case of [Pd] and 0.26 A in the case
of [Pt] compared to [Ni]) and a slight puckering in the overall structures as quantified by the fold
angle (y) between the mean planes of the two phenyl rings found in each structure (Table 1).
Although quantified in a variety of ways, this umbrella-like puckering is commonly encountered

in complexes of Schiff-base salen ligands with transition metals.!’

The structure of [Pd] also features a rich hydrogen bonding network built on the availability of
the phenol moieties (associated with O3A/B and O4A/B). The phenols engage in H-bonding in a
pairwise fashion; there are two molecules of [Pd] present in the asymmetric unit and they appear
to be held together through H-bonding (see Figure 3). (There are no water molecules found in the
structural data for this complex.) Weak electrostatic interactions which appear to influence the
long-range packing of the crystal can also be measured between a disordered outer-sphere
tetrahydrofuran (THF) and the main [Pd] moieties of the asymmetric unit. One orientation of the
THF molecule interacts with the imine proton and a phenyl proton (O1S+esC1B: 3.377(6) A and
O1Se++C3B: 3.466(4) A), while the other orientation interacts with the imine proton and a methyl
proton (O1S'sesC1B: 3.316(14) A and O1S'sesC18B: 3.294(18) A; see SI, Figure S54).27 And,

although [Pt] does not feature any free phenolic protons, weak electrostatic interactions could be
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measured between [Pt] molecules on the basis of moderate donor-acceptor distances; these
interactions likely influence long-range packing (O1AeesC12B: 3.433(11) A, O2A<++C14B:

3.015(10) A, O3A«==C15B: 3.414(10) A; see SI, Figure $56).%

Figure 3. Solid-state structure (XRD) of [Pd]. Hydrogen bonding interactions between
adjacent [Pd] molecules are shown with dashed lines. All hydrogen atoms not engaged in
hydrogen bonding as well as a disordered outer-sphere co-crystallized tetrahydrofuran
molecule are omitted for clarity. Displacement ellipsoids are shown at the 50% probability

level.

Single crystals suitable for X-ray diffraction analysis were obtained for [Ni,UO:] from vapor
diffusion of diethyl ether into a concentrated solution of the complex in dimethylformamide.
Structural details for this structure can be found in Table 1 and details on the crystallography are

given in the Supporting Information (pp. S36—S37 and Table S3). Although the nickel(II) center

13
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experiences little distortion of its coordination environment upon incorporation of UO»?" into the
adjacent site on the basis of the similar values of the 14 geometry index of [Ni] and [Ni,UOz],
contractions in both the M—N1 and M—-O1 bond lengths indicate that the Ni(II) ion is positioned
asymmetrically within its tetradentate cavity in [Ni,UO2] compared to [Ni] (Anini = 0.02 A; Ani-
o1 = 0.028 A). In accord with the binding of uranyl into the open site of [Ni] and the drawing
together of the heterobimetallic diamond core motif, a contraction in the Ol+++O2 distance was
measured (Ao1-.02 = 0.137 A); this contraction appears to drive further puckering of the ligand
backbone in [Ni,UO:], leading to an increase in y from 4.8(2)° in [Ni] to 12.4(2)° in [NLUQ2].
Consistent with the robust nature of UO»?" established in much prior work, the uranyl unit remains
intact upon coordination to [Ni], as evidenced by U—Oox, bond lengths of 1.774(4) and 1.782(4)
A; these distances are in agreement with well-documented, typical bond metrics for other U(VI)

complexes.?’

Figure 4. Solid-state structure (XRD) of [Ni,UO:]. All hydrogen atoms and two co-

crystallized outer-sphere dimethylformamide molecules found in the asymmetric unit are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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While the structural parameters describing the Ni(II) and U(VI) sites in [Ni,UQz] are similar to
those found in the reported structure of [Ni,UOz]*H:O from Ephritikhine,'* a major difference can
be observed in the packing of the structures. As shown in Figure 4, the asymmetric unit of [Ni,UOz]
is a dimeric species which features a phenoxide joined to a nearby U, fulfilling the equatorial
coordination needs of U(VI), while the asymmetric unit of [Ni,UOz]*H20 is monomeric with a
water molecule as the fifth ligand in the equatorial belt of U (see SI, Figure S50).!3 Consistent with
differences in the charge density between a water and a partially charged phenoxide moiety, the
U—O31igand distance is shorter in the case of [Ni,UQOz] (Table 1). An additional contribution to the
difference in U-O3Ligna distances comes from the apparent engagement of the bound water
molecule of [Ni,UO:2]*H20 in hydrogen bonding interactions with the adjacent (symmetry-
generated) molecule and with outer-sphere pyridine molecules present in Ephritikhine’s structure

of [Ni,UO:]*H:0O (see SI, Figure S50).

In the case of [Ni,UQO:] reported here, the long-range packing is strongly influenced by a series
of intrinsically weak hydrogen bonding interactions that could be measured between the oxo’s of
the two uranyl units found in the crystallized form of the complex and protons of the adjacent
molecules. These interactions do not appear to markedly impact the U-Ooxo bond strength as the
U—Ooxo bond distances remain reliably within the reported range for U(VI)—Ooxo bond lengths (vide
supra).?’*® These weak hydrogen bonding interactions feature a central [Ni,UQz] unit that engages
with its six surrounding symmetry-generated neighbors, acting as both an acceptor through the
oxo’s of the uranyl unit and a donor through its imine, aromatic, and methylene protons (see SI,
Figure S59-S64). As the protons in these structures were generated with fixed positions using
idealized riding models pinned to their respective non-hydrogen atoms, the interactions discussed

here have been quantified in terms of the donor—acceptor distances; these range from 3.150(7) A
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for the interactions with the imine protons to 3.528(8) A for the interactions with the aromatic
protons, with an intermediate value of 3.358(7) A for the interactions with the methylene protons
(average value of all interactions measured is reported here with individual values reported in the
SI, Table S2). Taken together, the available structural data highlight the robust nature of the ligands
used in this work, their unique ability to support bimetallic systems, and the role that hydrogen

bonding can play in the packing and long-range order of these structures.

Electrochemistry. After obtaining the structural data described above, we moved to interrogate
the electrochemical properties of the metalloligands and [Ni,UQOz]. Cyclic voltammetry data for
[Ni] in DMF-based electrolyte reveal a single accessible redox event at Eip = —1.99 V (all
potentials quoted vs. ferrocenium/ferrocene; denoted hereafter as Fc™), consistent with a nickel-
centered reduction (Figure 5).3° This couple appears to be chemically reversible and
electrochemically quasi-reversible on the basis of the small peak-to-peak separation measured
(AE, = 80 mV); scan rate-dependent data suggest that both the oxidized and reduced forms of the
complex are freely diffusional in solution (see SI, Figure S37). Conversely, cyclic voltametric data
for [Pd] show an irreversible reductive feature at E,. = —2.3 V, which is consistent with ligand
centered reduction of [Pd] based on the known propensity for palladium complexes of this type to
undergo ligand centered reduction at similar potentials and the similarity of the data to that of LOH
(Epc = 2.1 V; see SI, Figures S32 & S38).!® Minor currents associated with the re-oxidation of
the reduced form of [Pd] could be observed around —2.2 V at faster scan rates, consistent with an
irreversible reduction in which a chemical process whose kinetics on the order of the timescale of
the cyclic voltammetry experiment follows the electrochemical reduction (see SI, Figure S39). In
a similar fashion, cyclic voltametric data for [Pt] display an irreversible cathodic feature at Epc =

—2.3 V consistent with a ligand-centered reduction (see SI, Figures S40 & S41).
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[Ni]

j/ mA cm™

[Ni,uO,] in DMF

E,,=-1.88V
1 L 1 L 1 L 1 1 1 L

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
E/V vs. Fc"®
Figure 5. Cyclic voltammetry data for [Ni] in DMF electrolyte (top), [Ni,UO2] in DMF

[Ni,UO,] in DMSO

electrolyte (middle), and [Ni,UO:] in DMSO electrolyte (bottom). Electrolyte: 0.1 M

["BusN]*[PFs]; scan rate: 100 mV/s.

Several accessible reduction events are observable in the cyclic voltametric data collected for
[Ni,UO:] in DMF-based electrolyte. These events include reduction waves that peak at potentials
of —1.61 V and —1.86 V and corresponding re-oxidation peak potentials at -0.85 V and —1.20 V,
respectively (Figure 5). The presence of two cathodic features suggest that both nickel and uranium
undergo could reduction in this system, a hypothesis that is consistent with previously reported
potential ranges for reduction events for both nickel and wuranyl in similar ligand
frameworks.!%-18:23:31.3210 Scanning further negative toward the cathodic limit of the conditions used
here revealed an additional redox event at E1» = —2.0 V, whose reversible nature and virtually

identical potential matches the electrochemical behavior of [Ni], suggesting the possibility that
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there is some degree of dissociation of the uranyl ion from [Ni,UO:] upon reduction of U(VI) to
generate U(V). Altering the conditions to DMSO-based electrolyte, however, reveals a much
simpler voltammogram as seen in Figure 5, indicating that the accessible reduced form(s) of
[Ni,UOz] may be stabilized by DMSO. Indeed, scan rate-dependent data for [Ni,UQO] in DMSO-
based electrolyte demonstrate diffusional behavior for the reduced and oxidized forms of the
complexes associated with both redox couples present in the data (see SI, Figure S44). The first
redox couple observed in DMSO-based electrolyte appears highly reversible on the basis of the
near ideal peak-to-peak separation (70 mV) and is likely associated with reduction of U(VI) to
U(V) given its similar reduction potential to that of other similar uranyl complexes (see SI, Figure
S44).23:3132 However, some chemical reactivity occurs upon the second reduction as evidenced by

the lack of current associated with re-oxidation except at faster scan rates (see SI, Figure S45).

Cyclic voltametric data for [Pd,UQ:] could not be obtained in DMF-based electrolyte because
of the low solubility of the complex in this solvent. However, modest solubility of the complex in
DMSO enabled exploration of its redox chemistry in electrolyte based on that solvent. Similar to
the case of [Ni,UQz], the cyclic voltammogram of [Pd,UQ:] (used for the experiment in the form
of its admixture with co-isolated [Pd], vide supra) revealed two reductive features at —1.52 V and
—1.86 V with corresponding re-oxidations at —1.44 V and —1.78 V, respectively (see SI, Figure
S46-S48). While the observation of two features suggests that both uranium and the ligand
backbond could feature accessible reductions in this window, it is evident that chemical reactivity
takes place upon reduction following multiple excursions to negative potentials (see SI, Figure
S49). Scanning to cathodic potentials over the course of at least 10 minutes gives rise to decreases
in the currents associated with both features, a likely indicator that the UO;" dissociates following

the second reduction, despite the stabilizing characteristics of DMSO in the related [Ni,UOz]
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compound. Nevertheless, these data are consistent with the an initial U-centered reduction
followed by a ligand-based reduction given the known propensity for complexes of this type
containing Pd(II) to undergo reduction at the ligand (leading to chemical reactivity) prior to
reduction of Pd(I).!® In any case, we wish to be clear that we are reporting these data obtained
with the admixture of [Pd,UO:] and [Pd] here primarily for comparison to the data obtained on

pure [Ni,UOz].
Discussion

Previous reports from the groups of Ephritkhine and Vigato established the ability to access
heterobimetallic complexes of transition metals with uranyl, but no electrochemical data for these
complexes have been available. We are also unaware of prior extensions of such investigations
into studies including second- or third-row transition metals. With the accessibility of bimetallic
complexes known for first-row transition metals, we set out here to pursue evidence regarding how
to extend studies to include later transition metals. We also hoped to pursue electrochemical studies
of unique systems containing multiple redox-active moieties. In the part of our work in this area
reported here, we have been able to prepare three metalloligands/precursors and access a bimetallic
nickel-uranyl complex, [Ni,UQxz], by a facile synthetic route. We observed a unique asymmetric
unit and crystal packing for the compound in the solid-state structure; comparison of our data to
those from a prior structure of thecomplex obtained by Ephritikhine highlights the diverse modes
of interactions accessible to uranyl compounds of this general type, including the tendancy for

ligands to bridge between the highly Lewi acidic U(VI) centers in the complexes.*

While electrochemical studies of the metalloligands displayed the anticipated metal- and
ligand-centered reductions in the cases of [Ni] and [Pd]/[Pt], respectively, data for the bimetallic

complexes of [Ni,UO:| and [Pd,UO:] demonstrated the greater level of complexity that can be
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encountered in electrochemical properties of multimetallic systems. Preliminary cathodic sweeps
in DMF-based electrolyte revealed significant instability of the reduced form(s) of [Ni,UOz],
indicative of uranyl dissociation upon reduction based on the observation of [Ni] in the solution at
more negative potentials. On the other hand, cyclic voltammetry of [Ni,UQz] in electrolyte based
on DMSO led to the observation of two distinct couples which both displayed greater reversibility
and stability; this improved behavior could result from the anticipated highly coordinating nature
of DMSO, although further study is needed to identify the precise origins of the solvent-dependent
electrochemical behavior. In voltammetry of both [Ni,UO:] and [Pd,UQO:] in DMSO electrolyte,
two reductive features with corresponding oxidations were measured, highlighting the ability to
access both uranyl- and Ni(II)-centered reductions in the case of [Ni,UQO2] and possible uranyl-
and ligand-centered reductions in the case of [Pd,UQ:]. Further explorations into the
electrochemical and chemical processes that can be induced in heterobimetallic systems containing

transition metals and the uranyl dication appear to be attractive for further study.

Finally, while [Ni,UO:] displays modest solubility that enabled characterization in both
solutions and in the solid state, attempts to incorporate uranyl into [Pd] ultimately yielded
materials that were highly insoluble and difficult to purify. The family of salen-type ligands
featuring an [0:0:] cavity of two formally L-type phenoxides and two X-type phenoxides seemed
attractive for the targeted synthesis of bimetallic uranyl complexes at first, but these species could
require additional organic functionalization to increase their solubility in non-aqueous media, if
further studies of the type reported here are to be pursued. Additionally, binding sites for uranyl
that offer more than four donor atoms could preclude the need for solvent coordination in the
equatorial “belt” of the uranyl ion and thus could aid in stabilizing reduced forms of these

compounds. Nevertheless, the successful measurement of the electrochemical properties of the

20

https://doi.org/10.26434/chemrxiv-2023-gcgpz ORCID: https://orcid.org/0000-0003-4172-7460 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-gcgpz
https://orcid.org/0000-0003-4172-7460
https://creativecommons.org/licenses/by-nc-nd/4.0/

heterobimetallic uranyl compounds containing redox-active metals reported here do encourage
further exploration into the development of synthetic strategies for preparation of compounds of

this type and, in turn, elucidation of their diverse properties.

Conclusion

We have prepared and characterized a family of metalloligands based upon the Group 10 metals
Ni, Pd, and Pt. Observations surrounding the reactivity of these metalloligands with uranyl reveal
that heterobimetallic complexes of Ni(Il), Pd(II), and Pt(II) with uranyl are accessible, although
difficulties with solubility, purification, and stability were encountered moving down the group.
Structural data revealed the square-planar environments for the Group 10 metals in all cases, with
uranyl situated in a tetradentate site in the case of [Ni,UQz]. Investigations of the electrochemical
properties of the bimetallic complexes of [Ni,UOz] and [Pd,UQ2] demonstrate that multiple redox
events are accessible in the systems, findings that could encourage further studies into complexes
of this type. However, the modest solubilities of the bimetallic species in most solvents suggest
that pursuit of improved solubility could be enabling for future studies of bimetallic complexes of

the type described in this report.

Experimental Section

General Considerations

All manipulations were carried out in dry N»-filled gloveboxes (Vacuum Atmospheres Co.,
Hawthorne, CA) or under N> atmosphere using standard Schlenk techniques unless otherwise
noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass

Contour (Nashua, NH) solvent purification system prior to use, and were stored over molecular
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sieves. LOH and [Ni] were prepared according to literature procedure, as were LOM¢ and uranyl
triflate.'>!>34 Deuterated solvents were purchased from Cambridge Isotope Laboratories. 'H and
I3C NMR spectra were collected on 400 or 500 MHz Bruker spectrometers (Bruker, Billerica, MA,
USA) and referenced to the residual protio-solvent signal.*> Infrared spectra were collected on the
benchtop in open atmosphere using a Shimadzu IR Spirit Fourier Transform infrared spectrometer
in transmission mode using KBr solid pellets. Elemental analysis of [Pd] was performed at the
University of Memphis (Memphis, TN, USA), analysis of [Pt] was performed by Midwest
Microlab, Inc. (Indianapolis, IN, USA), and analysis of [Ni,UQO2] was performed at the CENTC

Elemental Analysis Facility at the University of Rochester.
X-ray Crystallography

Crystals were mounted using Paratone oil with MiTeGen loops and placed under a cold nitrogen
stream for data collection. Low temperature (100 K) X-ray data for [Pd], [Pt], and [Ni,UOz] were
collected using 1°-wide ®- or ¢-scans on a Bruker D8 Venture diffractometer with a Photon III
CPAD detector equipped with Helios high-brilliance multilayer mirror optics. X-rays were
provided by a IuS 3.0 Microfocus Mo sealed tube running at 50 kV and 1.4 mA (Mo Ka =0.71073
A). All data manipulations were carried out using the Bruker APEX4 Software Suite.’*>7 The data
sets for [Pd] and [Pt] were corrected for absorption using the multi-scan method by SADABS,
while a numerical face-indexed absorption correction was used for [Ni,UO:].*® SHELXT was used
to solve each structure using intrinsic phasing methods.*® Final stages of weighted full-matrix
least-squares refinement were conducted using F,? data with SHELXL in SHELXIe and/or in the

Olex2 software package. 404142

All non-hydrogen atoms were refined anisotropically. Non-methyl hydrogen atoms bonded to

carbon in each complex were fixed at idealized riding model sp?- or sp3-hybridized positions with
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C-H bond lengths of 0.95 - 0.99 A. Methyl groups were incorporated into the structural models
either as sp-hybridized riding model groups with idealized “staggered” geometry and a C—H bond
length of 0.98 A or as idealized riding model rigid rotors (with a C—H bond length of 0.98 A) that
were allowed to rotate freely about their C—C or O—C bonds in least-squares refinement cycles.
The isotropic thermal parameters of the idealized hydrogen atoms in all structures were fixed at
values 1.2 (non-methyl) or 1.5 (methyl) times the equivalent isotropic thermal parameter of the
carbon atom to which they are covalently bonded. The relevant crystallographic and structure

refinement data for the structures are given in Table S3.
Electrochemistry

Electrochemical experiments were carried out in a nitrogen-filled glove box. Tetra(n-
butylammonium) hexafluorophosphate (Sigma-Aldrich, electrochemical grade; 0.1 M in the
indicated solvent) served as the supporting electrolyte for all experiments. Measurements were
made with a Gamry Reference 600 Plus Potentiostat/Galvanostat using a standard three-electrode
configuration. The working electrode was the basal plane of highly oriented pyrolytic graphite
(HOPG) (GraphiteStore.com, Buffalo Grove, IL; surface area: 0.09 cm2), the counter electrode
was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver
wire immersed in electrolyte served as a pseudo-reference electrode (CH Instruments). The
reference was separated from the working solution by a Vycor frit (Bioanalytical Systems, Inc.).
For all uranium complexes, a platinum wire directly immersed in the working solution was used
as a quasi-reference electrode. Ferrocene (Sigma Aldrich, twice-sublimed; 0.1 M) was added to
the electrolyte solution at the conclusion of each experiment and the midpoint potential of the
ferrocenium/ferrocene couple (denoted as Fc*'?) served as an external standard for comparison of

the recorded potentials.
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Synthetic Procedures

Synthesis of [Pd]. To a solution of L% (0.06 g, 0.18 mmol) in methanol (5 mL) was added
[Pd(OAC)2]3 (0.036 g, 0.16 mmol) in methanol (20 mL) as a suspension. The solution immediately
changed from yellow in color to red and was allowed to stir at room temperature in open air. After
stirring for 12 hrs, the yellow solution was concentrated and the resulting powder stirred in diethyl
ether to yield a yellow-green solid. This was isolated by filtration and washed with diethyl ether
to yield [Pd] (0.064 g, 93%). 'H NMR (500 MHz, CD3CN) & (ppm): 7.94 (s, 1H), 7.89 (s, 1H),
7.19 (d, 2H, J = 6.9 Hz), 6.94 (d, 1H, J= 6.6 Hz), 6.87 (t, 3H, J=8.3 Hz), 6.52 (q, 2H, J= 7.5
Hz), 3.72 (s, 2H), 1.55 (s, 6H). PC{'H} NMR (126 MHz, CD3CN) & (ppm): 59.80, 56.72, 52.76,
52.20, 47.48, 47.35, 24.07, 23.50, 19.17, 18.99, 14.44, 14.39. IR spectroscopy (KBr): v (cm™') =
1638 (s, C=N stretching), 1547 (m, C=C stretching), 1300 (s, aromatic ether C—O stretching), 729
(m, 1,2,3-substituted ring sp> C—H bending). Anal. Calcd for CisHisN2O4Pd ([Pd]): C 49.96, H
4.19, N 6.47; Found: C 49.35, H 4.65, N 6.75. Calc for CisHsN.O4Pd + 0.25 H,O: C 49.44, H
4.26, N 6.41. This analysis is consistent with the incorporation of 0.25 equiv. of water during
sample handling. Single crystals suitable for X-ray diffraction were grown by vapor diffusion of

pentane into a concentrated solution of [Pd] in tetrahydrofuran.

Synthesis of [Pt]. To a solution of L°™¢ (0.39 g, 1.1 mmol) in DMF (40 mL) was added sodium
acetate (0.18 g, 2.2 mmol). The solution was allowed to stir for 10 minutes at 95 °C, after which
PtCl,(DMSO); (0.37 g, 1.1 mmol) in DMSO (5 mL) was added dropwise to the solution. This
mixture was then stirred at 95 °C for an additional 5 hrs before it was cooled to room temperature
and the product precipitated by the addition of water (150 mL). After storage at 4 °C for several
hours, the precipitate was isolated via filtration as a yellow solid and washed with diethyl ether to

yield [Pt] (0.44 g, 72%). 'H NMR (500 MHz, CDsCN) § (ppm): 8.28 (s, 1H), 8.23 (s, 1H), 7.11

24

https://doi.org/10.26434/chemrxiv-2023-gcgpz ORCID: https://orcid.org/0000-0003-4172-7460 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-gcgpz
https://orcid.org/0000-0003-4172-7460
https://creativecommons.org/licenses/by-nc-nd/4.0/

(dd, J=8.2 Hz, 1H), 7.03 (td, J= 7.2, 2.0 Hz, 3H), 6.62 — 6.54 (m, 2H), 3.84 (s, 6H), 3.70 (d, J =
1.3 Hz, 2H), 1.57 (s, 6H). IR spectroscopy (KBr): v (cm™!) = 1629 (m, C=N stretching), 1546 (w,
C=C stretching), 1314 (s, aromatic ether C-O stretching), 734 (m, 1,2,3-substituted ring sp?> C-H
bending). Anal. Calcd for C20H22N204Pt ([Pt]): C 43.72, H 4.04, N 5.10; Found C 44.47, H 4.30,
N 5.27. Calc for C20H22N>04Pt + 0.25 CH3CN: C 43.99, H 4.1, N 5.63. This analysis is consistent
with the incorporation of 0.25 equiv. of acetonitrile during sample handling. Single crystals
suitable for X-ray diffraction were grown by vapor diffusion of diethyl ether into a concentrated

solution of [Pt] in acetonitrile.

Synthesis of [Ni,UQz]. To a suspension of [Ni] (0.10 g, 0.26 mmol) in acetonitrile (100 mL)
was added uranyl acetate dihydrate (0.10 g, 0.24 mmol) in acetonitrile (50 mL) and the resulting
mixture was stirred under refluxing conditions for 4 hrs. Following reflux, a brown powder was
isolated by filtration and washed with diethyl ether to yield [Ni,UQz] as a red-brown solid (0.120
g, 73%). 'H NMR (500 MHz, ds-DMSO) 8 (ppm): 8.10 (d, 2H, J = 3.7 Hz), 6.78 (m, 3H), 6.69
(m, 1H), 6.54 (m, 2H), 3.65 (s, 2H), 1.59 (s, 6H). *C{'H} NMR (126 MHz, ds-DMSO) & (ppm):
163.83, 161.76, 161.61, 161.18, 153.64, 153.11, 120.11, 120.00, 118.86, 118.84, 118.63, 118.53,
118.40, 118.01, 70.05, 68.06, 25.49. IR spectroscopy (KBr): v (cm™!) = 1605 (s, C=N stretching),
1542 (s, C=C stretching), 1260 (s, aromatic ether C—O stretching), 918 (s, [UOz]asymm), 732 (m,
1,2,3-substituted ring sp> C-H bending). Anal. Caled for Ci13HisN,O¢NiU ([Ni,UQO]): C 33.11, H
2.47, N 4.29; Found: C 31.49, H 2.41, N 3.96. Calc for CisH1sN2O7NiU + 0.4 H>O: C 31.87, H
2.79,N 4.13. This analysis is consistent with the incorporation of 0.4 equiv. of water during sample
handling. Single crystals suitable for X-ray diffraction were grown by vapor diffusion of diethyl

ether into a concentrated solution of [Ni, UQz] in dimethylformamide.
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Synthesis of [Pd,UQxz]. To a suspension of [Pd] (0.05 g, 0.11 mmol) in acetonitrile (30 mL)
was added uranyl acetate dihydrate (0.05 g, 0.11 mmol) in acetonitrile (20 mL) and the resulting
mixture was stirred under refluxing conditions for 4 hrs. Following reflux, a brown powder was
isolated by filtration and washed with diethyl ether and acetonitrile to yield [Pd,UQO:] as a red-
brown solid (0.06 g, ~50%). The isolated solids obtained from multiple attempts at synthesis of
[Pd,UQO:] contained ~15% impurities in each case of unreacted [Pd] that could not be separated
from the component of the product mixture that appeared to be the desired product. 'H NMR (500
MHz, ds-DMSO) & (ppm): 8.42 (s, 1H), 8.36 (s, 1H), 6.82 (m, 3H, J= 7.2 Hz), 6.76 (m, 1H), 6.67
(m, 2H), 4.10 (s, 2H), 1.64 (s, 6H). IR spectroscopy (KBr): v (cm™!) = 1656 (m, C=N stretching),
1500 (w, C=C stretching), 1266 (m, aromatic ether C—O stretching), 912 (s, [UOz]asymm), 732 (m,

1,2,3-substituted ring sp> C-H bending).
Associated Content
Supporting Information. The following files are available free of charge:

NMR spectra, characterization data for the complexes reported here, and detailed information

regarding the single-crystal X-ray diffraction analysis (PDF)
Cartesian coordinates for the structures from XRD (CIF, XYZ)
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