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Macrocyclic control of electron transfer to high
valent uranium in heterobimetallic complexes¥

Amit Kumar, 1§ Riddhi R. Golwankar, 2 £2 Mikaela M. F. Pyrch, (2 4° Fynn L. Cooper,®
Grant A. Arehart,? Korey P. Carter, (2 ° Allen G. Oliver, (2 € Victor W. Day,?
Tori Z. Forbes (2 ** and James D. Blakemore () *

The redox properties of the uranyl ion, UO,2*, influence the chemistry required for nuclear fuel reproces-
sing, but little spectroscopic insight is available to support design strategies for influencing the redox pro-
perties of uranium complexes. Here, structural studies with X-ray diffraction analysis, electrochemical
methods, and Raman spectroscopy have been used to examine one strategy for influencing uranyl redox
chemistry, namely co-encapsulation of UO,2* and secondary metal cations (Cs*, Rb*, K*, Na*, Li*, and
Ca?*) in macrocyclic ligands. Two ligands are compared in this work that differ in the denticities of their
secondary cation binding sites (pentadentate vs. hexadentate), enabling direct quantification of influences
on the redox and vibrational properties of the uranyl moiety. The U"'/UY thermodynamic reduction poten-
tial is correlated with the effective Lewis acidity of the secondary metal cations; solid-state and solution-
phase Raman spectra show that this effect can be attributed to electrostatics that effectively drive dimin-
ished electron donation to uranium in adducts of more strongly Lewis acidic cations. The heterogeneous
electron transfer (ET) rates for UY'/UY redox processes, however, depend on both the strength of cation
binding in the macrocycles and the Lewis acidity of the cations, suggesting opportunities for molecular
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Introduction

Nuclear power based on fission of uranium is an important
source of low-carbon electricity, but unresolved issues related to
fuel recycling and waste management have hampered further
development of this remarkable global energy resource." Virtually
all nuclear fuel recycling schemes involve redox-driven changes
in actinide solubility and speciation that are used to separate
useful uranium from other components of irradiated “used”
fuel.”> This is true of both established fuel reprocessing chem-
istries, like the Plutonium Uranium Redox EXtraction (PUREX)

“Department of Chemistry, University of Kansas, 1567 Irving Hill Road, Lawrence,
Kansas 66045, USA. E-mail: blakemore@ku.edu

bDepartment of Chemistry, University of Iowa, Iowa City, Towa 52242, USA.

E-mail: tori-forbes@uiowa.edu

‘Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame,
Indiana 46556, USA

tElectronic supplementary information (ESI) available. CCDC 2344717-2344726.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4dt03503h

i These authors contributed equally to this work.

§ Current address: Heraeus Precious Metals, 15524 Carmenita Road, Santa Fe
Springs, California 90670, USA.

Y Current address: Department of Chemistry, University of California, Berkeley,
Berkeley, California 94720, USA.

This journal is © The Royal Society of Chemistry 2025

design in development of reagents for nuclear fuel reprocessing/separations.

process,” and next-generation approaches involving totally non-
aqueous conditions* and/or molten salt chemistries® to achieve
isolation of useful uranium for further use in power generation.
The chemistry of uranium under most conditions is domi-
nated by the uranyl dication, UO,>".® This species forms quite
readily under oxidizing and/or aqueous conditions, including
those found in the conventional fuel recycling chemistry of the
PUREX process.” UO,>" features high-valent uranium in the
formal +VI oxidation state, but under most conditions, this
species is rather difficult to reduce. This is consistent with the
E°(UY'/UY) value of 0.16 V vs. the standard hydrogen electrode
(SHE), in that under nearly all conditions,’ electro-reduction of
UO,”" is challenging and associated with significant overpo-
tentials. Indeed, electrolysis of UO,>*-containing solutions can
lead to significant parasitic reactions.® Considering that
reduction of UO,>" is required for fuel reprocessing and that
UO,”" redox chemistry is also important in environmental spe-
ciation of uranium, understanding and ultimately controlling
the redox chemistry of uranium could be useful for develop-
ment of next-generation nuclear fuel recycling schemes.
Inspired by work in transition metal chemistry,” a portion of
our interest in recent years has been drawn to the strategy of
using effectively Lewis acidic secondary metal cations for tuning
the redox chemistry of uranium.'® In our work, we have used
macrocyclic ligands to prepare complexes that can incorporate a
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diverse range of secondary metal cations, including lanthanide
cations,'®™* and found for the case of UO,>* complexes that the
UY/UY potential could be tuned reliably by incorporation of
cations. In that work, the Lewis acidity of the cations, quantified
through the pK, values of the corresponding metal aqua com-
plexes, served as a useful descriptor for the achievable reduction-
potential modulation, revealing a relationship of —61 + 9 mV/pK,
for UY/UY cycling. Hallmarks of this relationship have been
observed in several other classes of compounds,'>'® beyond ours
based on macrocyclic ligands. Prior work has tended to focus,
however, on systems in which uranyl oxo ligands serve as bridging
atoms to secondary metal cations. The groups of Arnold"” and
Mazzanti,'® have mapped the properties of complexes of this type,
in particular, finding that cations stabilize lower-valent forms of
uranium (Fig. 1). Borane electrophiles can be used as well, as
shown by Sarsfield,"® Hayton,”® and others, representing a par-
ticularly attractive set of reagents for stabilizing U(v). Blakemore
and co-workers have recently been exploring boranes, including
BPh;, electrode-driven uranyl functionalization as well.*"*>
However, little spectroscopic data is available to help inter-
pret the origins of redox tuning effects. Quantitative insights
into the influence of secondary cations on actinide metal
centers could be impactful for developing predictive models
and design of new ligands. Along this line, the role of macro-
cyclic structure in achieving optimal tuning behavior has also
not received the attention that it deserves, but we have antici-
pated that the macrocycle-promoted structural placement of sec-
ondary metal cations could influence cation-driven tuning.”*>°
Such concepts are sensible in the general context of Lewis acid-
base chemistry, but to the best of our knowledge, no studies in
macrocyclic chemistry have directly interrogated how the struc-
ture of a supporting ligand framework modulates heterometallic
redox tuning. Agapie and co-workers have shown, however, that

(a) Arnold and Love 2008  (c) Mazzanti 2018
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Fig. 1 Structures of complexes in which secondary cations influence

the measured or apparent redox properties of the uranyl motif. From ref.
17a, 18 and 10.
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non-macrocyclic ligand changes are quite impactful in iron oxo
cluster chemistry.”> We thus hypothesized that the supramole-
cular fit of the secondary cations in ligands would influence the
redox chemistry, building on the known propensity of macro-
cyclic ligands to override natural bonding preferences.”® Given
the broad utility of Raman spectroscopy in actinide chemistry,””
we anticipated that Raman data for macrocyclic systems would
afford insights relevant to development of controlled uranyl
redox chemistry and next-generation nuclear fuel recycling strat-
egies. Data examining cation-induced redox effects from the
perspective of Raman spectroscopy would also usefully build on
established correlations between first- and second-sphere inter-
actions and observed vibrational frequencies.*®™"

Here, we report a comparison of the structural, spectro-
scopic, and electrochemical properties of two related families
of heterobimetallic complexes (L’°UO,M and L°UO,M) that
incorporate secondary redox-inactive metal ions M (where M is
Cs’, Rb", K*, Na", Li", or Ca®", see Fig. 2). The consequences of
binding the secondary metal ions have been mapped in order to
delineate the influences of cation Lewis acidity, macrocyclic
ligand structure, and relevant cation association constants on
the vibrational and redox properties of the uranyl motif. X-ray
diffraction analysis (XRD) revealed that the coordination pro-
perties of the secondary metal ion binding site (penta- vs. hexa-
dentate) controls placement of the cations relative to the
uranium center in the complexes, resulting in unique tuning
sensitivities for both reduction potentials and symmetric U-O
vibrational frequencies. However, the electron transfer rate is
optimized only by balancing the influences of both Lewis acidity
and macrocyclic structure, resulting in unique “volcano plots”
for each ligand explored here that can be understood to arise
from the molecular design features implemented in this work.

Results
Characterization and comparison of the macrocyclic ligands

Two ligands were used in this work to support assembly of two
unique families of heterobimetallic complexes. Ligands of the
“Tn+(TfO7),
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Fig. 2 Heterobimetallic complexes of the uranyl dication.
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type used here were developed by Reinhoudt and co-workers in
the late 1980s** and subsequently elaborated upon by Vigato
and co-workers.*® The ligands themselves, denoted as L°H,
and L°H,, feature a similar Schiff-base site in both cases that
supports UO,>" binding (Fig. 2). Importantly, each ligand
offers a second binding site, based upon a polyether motif, for
incorporation of secondary metal cations. L°H, provides a
15-crown-5-like pentadentate moiety for cation binding, while
L°H, offers a larger 18-crown-6-like hexadentate moiety. These
polyether sites were designed to be proximal to the site for
uranyl binding, encouraging interaction of the metal cations
with the uranyl motif not by direct interaction with the term-
inal oxo ligands but rather via the phenoxide donor groups of
the macrocycle. L*H, has not previously been used to prepare
heterobimetallic complexes, but we previously utilized L°H, to
prepare a small set of four crystallographically characterized
heterobimetallic complexes."®

Building on this experience, we recognized that monome-
tallic uranyl complexes of the macrocyclic ligands, denoted
L’U0, and L®UO,, would need to be prepared in order to
access divergent synthesis of a range of bimetallic complexes.
To access these monometallic complexes, we prepared precur-
sors in which the neutral ligands L°H, and L°H, were tem-
plated and stabilized by coordination to barium, affording
species denoted BaPenta and BaHexa, respectively (see
Experimental section in ESI{ for details).’®** "H and '°F
nuclear magnetic resonance data confirmed the successful iso-
lation of both these known precursors as desired (Fig. S1 and
S2;t fluorine derived from triflate counteranions).

XRD analysis carried out on suitable crystals of BaPenta
revealed, however, that this complex prefers to crystallize as a
2:1 L°H,: Ba®*" adduct in which Ba?" is sandwiched between
the crown-ether-like sites of the L’H, units (Fig. 3a and
Fig. S164-1661) with the triflate counteranions in the outer
sphere. The Ba®>" center adopts the high coordination number
(C.N.) of 10 by interacting with all ten macrocyclic O-atoms
present in the two equivalents of L>H, present in the structure;
this is sensible given the large ionic radius of 1.52 A for Ba®"
with C.N. = 10.>* The formulation of the macrocycles as L*H,
units (rather than their deprotonated analogues) was con-
firmed by 'H NMR spectroscopy (Fig. S11), as well as by suc-
cessful location and free refinement of the phenol-associated
H protons. These protons appear acidified by Ba®>" coordi-
nation, however, with the nearby imine N-atoms assisting in
formation of strong [N-H---O] H-bonds.

The structure of BaPenta was compared with the available
prior structure of BaHexa.'® The structure of BaHexa revealed a
1:1 L°H, : Ba adduct, with the Ba*>* ion coordinated to the six
macrocyclic O-atoms of L°H,. Ba®>" adopts the C.N. of 10 by
binding two triflate counteranions in the inner sphere, both in
the ¥*>-mode, in line with the large size of Ba** and the appar-
ent preference of this dication to adopt C.N. = 10 in both 18-
and 15-crown systems. Perhaps the most important difference
between the structures is that the Ba** ion does not bind near
the centroid of either crown ether cavity to which it is bound
in BaPenta. The phenomenon of Ba®* being significantly dis-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Solid-state structures from XRD of (a) BaPenta and (b) L°UO..
Outer sphere triflate counteranions and co-crystallized diethyl ether
molecules associated with BaPenta, a co-crystallized CHsCN molecule
associated with L5UO,, minor components of disorder, and all hydrogen
atoms omitted for clarity. Displacement ellipsoids are shown at 20%
probability level. The phenolic protons H1A, H2A, H1AA, and H2AA were
included as independent atoms that were freely refined in the final
structural model.

placed above the crown ether cavities was quantified by the ya,
parameter, defined as the root mean square deviation of the
Ba atom above the mean plane defined by the crown oxygen
atoms (Table S127). The yy, values for BaPenta and BaHexa are
1.570 and 0.048 A, respectively. This finding is attributable to
the larger size of the 18-crown-6-like cavity in L°H,, which
enables Ba®>* to nestle comfortably into the site (Fig. S1687).
The separation between two phenoxide O atoms (O1--02) is
smaller for BaPenta than BaHexa (3.328(4) A vs. 3.641(3) A),
consistent with the presence of a more constricted and planar
cavity that results in displacement of Ba** above the plane of
the 15-crown-5-like site.

Using literature methods, BaPenta and BaHexa were con-
verted into the monometallic uranyl-containing complexes
L’U0, and L°U0,.'"”* 'H NMR and elemental analysis con-
firmed isolation of the desired complexes in each case (see
Experimental section in ESI{ for details). Single crystals of
L>UO, were grown for XRD analysis, and the resulting struc-
ture confirmed coordination of UO,>" in the Schiff base site of

Dalton Trans., 2025, 54, 8061-8075 | 8063
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the macrocycle, similar to the case of L%UO, as revealed in a
prior structure.'® Both the new structure of L’UO, and the
older structure of L®UO, confirm that the crown ether-like
sites are poised to bind secondary metal cations (Fig. S1737).
The crown ether moieties in L’UO, and L°UO, appear distinc-
tive in each case, however, with significantly greater co-planar-
ity of the oxygen atoms in L’UQ,. As in our prior work,"" the
®crown Parameter was used to quantify the planarity of the
crown-ether O-atoms (see Table 1). The value of this parameter
is 0.055 for L>UO, and 0.358 for L°UQ, (Table S14t), consistent
with the notion that the O-atoms in L°UO, form a more
compact platform of donor atoms on top of which secondary
metal cations could bind. This contrasts with the case of
L°U0,, which features a crown site with sufficient flexibility
and inter-O-atom spacing to encapsulate secondary cations.

In situ synthesis and characterization of the heterobimetallic
complexes

With the monometallic complexes L>UO, and L°UO, in hand,
we turned to the preparation of the corresponding groups of
heterobimetallic complexes. For the work reported here, we
studied monovalent alkali metal cations (Cs*, Rb", K", Na", Li")
and a single divalent ion (Ca®"), as these cations represent a
wide acidity range of around four orders of magnitude, as esti-
mated by consideration of the pK, values of corresponding
metal aqua complexes. This series also features cations that

View Article Online
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could be reasonably anticipated to display satisfactory binding
behavior with 15-crown-5 or 18-crown-6 moieties. We found
that L’UO, or L°UO, could be treated with 1 equiv. of the
desired metal triflate salt in acetonitrile, resulting in a virtually
instantaneous change in the color of the solution that is con-
comitant with cation binding in the crown moieties. '"H NMR
spectra for all the complexes formed in situ displayed uniform
and sensible shifts in the positions of resonances that were
consistent in all cases with binding of the metal cations to the
oxygen atoms of the crown-ether-like cavities (see ESI, pp. S15-
S3371). Isolation of powdered samples was generally not
pursued; instead, samples of the complexes were generated
in situ as needed to execute the experimental work. Titration
studies were also performed to measure the equilibrium con-
stants for cation binding (vide infra), and these studies indicate
generally tight capture of the cations in the crown moieties as
anticipated from the NMR data.

Crystals of the adducts of L’UO, with Li*, Na*, and Ca*"
suitable for X-ray diffraction analysis were grown in order to
understand the structural properties of the complexes. Efforts
were made to grow diffraction-quality crystals of L’UO,K,
L°UO,Rb and L>UO,Cs, but none could be obtained; this
could be due to the larger size of these cations.*® To facilitate
the needed comparisons, we have tabulated the structural data
for structures in the L°UO,M and L®UO,M families in Table 1;
structures of the

complexes L°UO,M were previously

Table 1 pK, values for [M(H,0),,]"* species, coordination numbers, Shannon ionic radius values, and selected bond lengths, interatomic distances,
root mean square deviations (w), and displacements of atoms from defined planes () in heterobimetallic UO,?* complexes

Compound L°UO,Li L°UO,Li L°UO,Na L°UO,Na® L°U0,Ca L°UO0,Ca”
PK, of [M(H,0),,]** 13.8 14.8 12.6

C.N.of M 6 6 6 7 7 9

Tonic radius of M (A)* 0.76 0.76 1.02 1.12 1.06 1.18
U---M (A) 3.489(4) 3.304(10) 3.605(2) 3.668(3) 3.690(1) 3.923(1)
01---02 (A) 2.840(2) 2.821(5) 2.945(6) 2.973(7) 2.818(7) 2.948(8)
U-070x0 (A) 1.778(2) 1.782(4) 1.761(5) 1.782(5) 1.772(5) 1.795(4)
U-08,y, (A) 1.784(2) 1.786(4) 1.770(4) 1.780(5) 1.776(5) 1.783(4)
U-Ooyo (avg)° (A) 1.783(2) 1.784(4) 1.766(5) 1.781(5) 1.774(5) 1.789(4)
U-O1phenoxide (A) 2.260(2) 2.229(4) 2.258(5) 2.247(6) 2.303(4) 2.310(4)
U-O2phenoxide (A) 2.267(2) 2.258(4) 2.272(4) 2.262(6) 2.289(4) 2.294(4)
U-Ophenoxide (avg)° (A) 2.264(2) 2.244(4) 2.265(5) 2.255(6) 2.297(4) 2.302(4)
U-NTimine 2.555(2) 2.550(5) 2.543(6) 2.538(8) 2.520(6) 2.471(6)
U-N2imine (A) 2.533(2) 2.552(5) 2.544(6) 2.555(8) 2.514(6) 2.527(6)
U-Nimine (avg)° (A) 2.544(2) 2.551(5) 2.544(6) 2.547(8) 2.517(6) 2.499(6)
M-O1ppnenoxide (A) 2.216(4) 2.119(10) 2.403(5) 2.584(7) 2.398(5) 2.525(4)
M-O2pnenoxide (A) 2.288(4) 2.086(10) 2.444(4) 2.435(8) 2.419(4) 2.715(4)
M-Opnengxide (avg)” (A) 2.252(4) 2.103(10) 2.424(5) 2.510(8) 2.409(5) 2.620(4)
Werown” 0.367 0.701 0.366 0.717 0.332 0.609
Wgappen’ (A) 0.095 0.051 0.112 0.157 0.116 0.203
wo’ () 0.013 0.011 0.032 0.045 0.017 0.049
ynt® (A) 0.585 0.440 0.838 0.652 1.123" 0.322

“From ref. 34. ? Structural data taken from ref. 10, CCDC 1960629 (ref. 36), and CCDC 1960628 (ref. 37). “ Defined as the average interatomic dis-
tance between the noted metal and the relevant oxygen/nitrogen atoms. Stated estimated standard deviations (e.s.d.’s) on distances were taken as
the largest of the individual values in the refined data for the independent bond distance. ? Defined as the root mean square deviation (RMSD) of
the positions of crown atoms O1, 02, 03, 04, and O5 from the mean plane of their positions for the species ligated by L*. 06 was included in the
calculation for the species ligated by L°. ° Defined as the root mean square deviation (RMSD) of O1, 02, N1, N2, and N3 from the mean plane of
their positions. f Absolute value of the distance between U and the mean plane of O1, 02, N1, N2, and N3. ¢ Absolute value of the distance
between M and the mean plane of O1, 02, 03, 04, and O5 for the species ligated by L®. O6 was included in the calculation of the mean plane for
the species ligated by L. " Values are reported as the mean of the relevant individual values corresponding to two disordered orientations of 03
(03') and O4 (04') occupying the same volume of the asymmetric unit. Atom labels are consistent with those given in the raw crystallographic
data (see pp. S178-S1791 for details).

8064 | Dalton Trans., 2025, 54, 8061-8075 This journal is © The Royal Society of Chemistry 2025
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reported.’® Our previous work, however, did not include struc-
tural data for the L®UO,Li complex; a new structure of this
compound is reported here. In the course of our work, we
explored various solvent systems and note that we obtained
four different crystalline polymorphs of the Na' adduct of
L>UO, (two of which are were found to be nearly isomorphous,
see p. S157 and S1691) and two different crystalline poly-
morphs of the Ca®" adduct of L’UO,. The structural metrics
among the related cases were quite similar (see Tables S15,
S16, and Fig. S184, S194, S199%), and thus we discuss below in
detail only one of the structures for L*°UO,Na and L*UQ,Ca in
each case that lack co-crystallized outer-sphere solvent. (One
structure of L>UO,Na and the structure of L>UO,Li were also
found to be nearly isomorphous. See p. S170.})

In all cases, XRD analysis confirmed assembly of the
desired [UOz[pz-Ophenoxide)zM’”] cores. In the L°UO,M struc-
tures, the secondary metal cations ions are incorporated at the
15-crown-5-like site in all cases and ligated by the five macro-
cyclic O-atoms. Each of the structures with Li* and Na* feature
one k'-triflate while the structure with Ca®" features two x'-tri-
flates (see Fig. 4 and Fig. $174-51991). Li" and Na" adopt C.N.
= 6 despite their disparate ionic radii; this observation is in
line with an analogous structure of the L°UO,Na complex'’ in
which the secondary cation adopts C.N. = 7, suggesting that
the size of the macrocyclic crown ether moieties, in both cases,
influence the bonding preferences of the cations.

When Li* binds to the 18-crown-6-like site in L°UO,LI,
however, only five crown O-atoms interact with the cation,
leaving one ethereal O-atom uncoordinated. The crown moiety
is nonplanar in this structure, a feature attributable to the flex-
ible nature of the crown moiety and a mismatch of the small
Li" cation’s ionic radius with the larger 18-crown-6 moiety
(Fig. S174-S177%). The result is the formation of a dimer of the
desired L®UO,Li species in the solid state, wherein an Oy, of
the uranyl unit of one equivalent of L*UO,Li bridges to the Li*
of the adjacent equivalent of the heterobimetallic species (see
Fig. 5). Interestingly, the 03---06 separation of 3.947 A results
in a nearly square array of oxygens ideal for binding of Li" at
its center. This also allows O5 to coordinate above the plane
but leaves a vacant trans-coordination site below the plane
which can be accommodated by uranyl upon dimerization to
give overall octahedral lithium centers. Despite the unique
chemical environments of terminal oxo ligands O7 and OS8,
the U-O bond lengths are not different within the convention-
al 3¢ criterion (see Table 1). This result is consistent with find-
ings from Rissanen and co-workers in their characterization of
a ditopic uranyl salophen complex.>> However, we note that
direct interactions of actinyl oxos with secondary metals are
still rather rare, especially for U(vi), and thus we anticipate that
the properties of L°UO,Li could be worthy of further
investigation.

The U-O,,, distances in all the structures reported here are
consistent with the retention of the U(vi) formal oxidation
state. Unsurprisingly, the U-Oppenoxide a0d U-Nimine distances
span narrow ranges, consistent with the uranyl motif being
firmly bound in structurally similar sites in all cases for both

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Solid-state structures (from XRD) of (a) L°UO5Li, (b) L°UO;Na,
and (c) L’UO,Ca. All hydrogen atoms, co-crystallized solvent molecules,
and minor components of disorder are omitted for clarity. Displacement
ellipsoids are shown at the 50% probability level.

the L’UO,M and L°UO,M species. This is in accord with the
high degree of similarity for the uranyl sites in the corres-
ponding monometallic species (see Fig. S173f). Also unsur-
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Fig. 5 Solid-state dimeric structure from XRD of LSUO,Li. All hydrogen
atoms, outer-sphere triflate counteranions, and minor components of
disorder about the U-N3 bond are omitted for clarity. Displacement
ellipsoids are shown at the 50% probability level.

prisingly, comparing the structures of the L’UO,M and
L°UO,M species reveals that the structures of the crown sites
vary systematically across the series of complexes depending
on the size and charge of the incorporated secondary cation.
More specifically, the value of wown increases in each case
upon cation binding from the values measured for the mono-
metallic complexes L’UO, and L°UO, of 0.055 and 0.358,
respectively. Notably, the w.own parameter is ca. 2x larger in
all cases for the 18-crown-6-containing derivatives, indicating
that the larger crown behaves more flexibly in all cases. The ya
parameters for the 15-crown-5-based derivatives is systemati-
cally greater than those found for the 18-crown-6-based deriva-
tives. Consequently, the smaller ligand can be concluded to be
less able to encapsulate the secondary cations both because of
the relative smaller size of the ring in relation to the ionic radii
of the secondary cations. As a result, the cations tend to bind
above the plane of the macrocyclic ligand, a feature that could
be enhanced by coordination of oxygen from triflate. In the
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larger 18-crown-6-based ligand, however, the cations can be
encapsulated within the crown moiety as it is able to flex
around incorporated cations. This tendency for the cations in
the L’UO,M series to be bound above the macrocyclic plane
contrasts with the positions of the U centers that are much
closer to the macrocyclic plane and have an ideal fit with the
Schiff-base moiety (quantified by yy).

Electrochemical studies

With the ability to prepare the heterobimetallic complexes in
the L*UO,M or L°UO,M seriesm, we next explored the influ-
ence of the secondary metal cations on the thermodynamic
E1,,(UY"/UY) reduction potentials of the complexes. This could
be achieved by adding one equivalent of the corresponding
metal triflate salt to a solution of the desired monometallic
uranyl complex (either L’UO, or L®UO,) in CH;CN and sub-
sequently recording cyclic voltammetry (CV) data. To begin,
however, the CV profiles of LU0, and L®UO, are unremark-
able, displaying chemically reversible reduction at E;/, = —1.57
V and —1.53 V vs. ferrocenium/ferrocene (denoted hereafter as
Fc'%), respectively. The peak-to-peak separations (AE,) of
77 mV and 73 mV, respectively, are consistent with fast elec-
tron transfer (at 100 mV s™') for our configuration (see
Table 2). The similar E,/, values in both cases are no doubt a
consequence of the quite similar ligand environments of the
uranyl moieties in the complexes, as confirmed by the XRD
analysis (vide supra). On the basis of prior spectroscopic work
with uranyl complexes of the Schiff-base type used here, the
measured reductions can be assigned as UY/UY couples in
both cases. And, as the anodic and cathodic waves are linearly
proportional to the square root of scan rate, both the U and
UY forms of LU0, and L°UO, are soluble and freely diffusing
as anticipated (see ESI, Fig. S80-S937).*

Addition of one equivalent of the secondary cations (Cs",
Rb", K, Na*, Li*, and Ca*") results in a shift of the Ey,, value to
a more positive potential. Across the series of complexes, the
more positive shifts are associated with the more Lewis acidic
cations, such that Li* engenders shifts in E;j, of +310 mV for
L’UO,Li and +300 mV for L®UO,Li, while Ca®>" engenders
shifts of +740 for L°U0,Ca and +650 mV for L®UO,Li. In all

Table 2 Electrochemical characteristics and K, (binding constant) values from NMR titration studies for the series of L5U02M and LGUOZM

complexes

L°UO,M L°UO,M

E1,/mV vs. k°/em s7* Abmax HY  Eyp/mVvs. °/em s™! Abmax HY/
M Fc'® AE,/mvV  (X107%) KM ppm Fc'® AE,/mvV  (X107%) KM ppm
None -1.57 77 9.5 + 4.0 — — -1.53 74 14.6 £2.5 — —
Cs* -1.40 108 3.4+1.0 550 + 80 0.04 -1.38 113 57+1.9  >10° 0.03
Rb* -1.40 100 49+1.1 1370 + 130 0.05 -1.37 89 69+1.4 >10° 0.04
K" -1.37 91 5.2+ 1.8 1840 + 260 0.07 -1.36 83 143+15 >10° 0.04
Na' -1.27 86 7.4+1.3 >10° 0.11 -1.35 79 13.5+2.1  >10° 0.09
Li* -1.25 130 2.0+0.3 >10° 0.12 -1.23 185 0.9+0.1 1370+180  0.21
Ca* -0.83 293 0.3+0.1 9730 + 5900  0.17 -0.88 348 02+01 — 0.15

“The uncertainty associated with measurements of '"H NMR chemical shifts, 5'H, in our experiments is +0.003 ppm (reported as +16) based on
replicate linewidth measurements. See ESI, Fig. S163 and Table S11 on p. 139.}
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cases, scan rate-dependent studies confirmed that the hetero-
bimetallic species remain fully diffusional in both the U(v) and
U(v1) oxidation states. Plotting all the measured E;,, values for
the heterobimetallic species obtained with the monometallic
cations in each ligand family as a function of the pK, values of
the corresponding metal aqua complexes reveals linear corre-
lations in both cases of —63 + 10 and —49 + 14 mV/pK,,
respectively (see Fig. 7). These values are indistinguishable
within the uncertainty of the least-squares fitting used to
determine the sensitivity of the relationship, and similar trend
lines result from inclusion of the data for Ca®" and/or using
the cathodic peak potentials (E, ) in place of the formal E;,
values (see ESI, Fig. S94-S967). Consequently, we conclude
that the cation-induced shift in solution redox chemistry is
indistinguishable across the L*U0,M and L°UO,M series.

In order gain further insight into the cation-modulated
electrochemical properties of the heterobimetallic species
reported here, electrochemical titrations were carried out (see
ESI, pp. S95-S1107). In this work, solutions containing L°UO,
were titrated with a standard series of triflate salts (KOTH,
NaOTf, LiOTf, and Ca(OTf),) in order to understand the inter-
actions that may be occurring between the as-prepared U(vi)
and electrogenerated formally U(v) forms of the complexes.
Additionally, we were interested in understanding if flooding
the system with excess metal cation in each case would lead to
significant changes in the accessible redox chemistry. As direct
cation-uranyl interactions could influence the heterogeneous
electron transfer kinetics studied in this work, the nature of
the binding of cations to the U(vi) and U(v) forms is particu-
larly pertinent to this study and can be interrogated through
these titrations as well.

The data corresponding to titration of L®UO, with KOTf
confirm key features of the chemical behavior of the resulting
L°UO,K. Generally speaking, binding of K" in the 18-crown-6-
like site appears tight; there is a virtually isosbestic conversion
of the starting monometallic complex to the expected bi-
metallic species up to addition of 1 equiv. of K" (see Fig. S977).
Importantly, over this range, there is not a gradual shift in the
value of E;/, that would indicate rapid exchange on the electro-
chemical timescale. Instead, the redox wave for the parent
monometallic complex diminishes cleanly and a new wave for
L°UO,K grows in cleanly as the cation concentration increases.
This suggests that K binding to both the formal U(vi) and U(v)
forms of the complex is fast and irreversible on the timescale
explored here. Additionally, the redox waves for both the
monometallic and bimetallic complexes compare well with the
data shown in Fig. 6, suggesting that the presence of U:M
ratios less or greater than 1:1 do not result in chemical reac-
tivity beyond 1:1 cation binding (see Table S51). Importantly,
the presence of excess K' (up to 10 equiv.) does not contribute
to changes in the appearance of the redox wave for the bi-
metallic species, suggesting little tendency of the uranyl oxo
moieties in the electrogenerated, formally U(v) form to bind K*
under these conditions. Similar profiles were measured in this
data regardless of the number of cycles of voltammetry carried
out, further underscoring the conclusion that K* does not

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 In situ cyclic voltammetry experiments for uranium complexes
used in this study. L°UO, and L°UO,M complexes are represented by
solid colors; LUO, and LSUO,M complexes are represented by faded
colors. Electrolyte: 0.1 M TBAPFg in CH3CN, scan rate: 100 mV s, elec-
trode: highly oriented pyrolytic graphite.

interact strongly with either the U(vi) or U(v) forms of L°UO,
beyond binding in the 18-crown-6-like site.

The results from titrations involving NaOTf (pp. S100-
S1027), LiOTf (pp. S103-51067%), and CaOTf (pp. S107-S110%)
are similar, suggesting tight and irreversible binding of 1
equiv. of M to the starting L°UO, in each case. Additions of
each cation beyond 1 equiv. were not associated with signifi-
cant changes in the electrochemical profiles measured, apart
from the anticipated dilution of the uranium-containing solu-
tion that led to diminished reductive and oxidative peak cur-
rents (i,. and i,, values) in the voltammograms associated
with the solutions containing the greatest cation concen-
trations. Consequently, we conclude that all of the tested
cations interact strongly with both U(vi) and U(v) by binding in
the 18-crown-6-like site.

As formation of insoluble oxo-bridged multimetallic
uranium species is a recognized reactivity mode of U(v) com-
plexes, we particularly searched for evidence of formation of
such species in the titration studies reported here. No signifi-
cant electrode fouling was encountered in any case as con-
firmed by appropriate wipe tests (see Fig. $104 and S1087) and
multicycling experiments (Fig. S98, S101, S105, and S109%). A
very minor feature that appears to be associated with electrode
modification was observable after significant numbers of
cycling experiments, but as this feature was not found to vary
significant with cation identity (Fig. S112 and S113%), we do
not anticipate that it is associated with a soluble, molecular
uranium-containing species. Consequently, based on the
overall results from the titration studies, there is virtually no
evidence of formation of oxo-bridged heterobimetallic species
in solution either in the U(vi) or U(v) oxidation states. This con-
clusion is in accord with Raman studies carried out on the
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1:1 U:M species in solution (vide infra) and with the general
finding that the U(vi)/U(v) reduction potential does not depend
on the added cation concentration beyond 1 equiv. (see
Fig. S111%). And, all this suggests that the formation of oxo-
bridged species is not likely to drive the measured changes in
heterogeneous electron transfer rates as a function of cation
(M) identity, since the availability of free cation in solution
(not bound in the 18-crown-6-like site) could be anticipated to
encourage formation of such species more readily than when
the only cation available for formation of oxo-bridged species
is already bound in the 18-crown-6-like site.

Raman spectroscopic interrogation of the uranyl moieties

We anticipated that a more detailed examination of the pro-
perties of the uranyl moiety in each heterobimetallic complex
should be pursued. This is because the shift in UY/UY
reduction potential measured for both families of complexes
is attributable to the electrostatic influence of the secondary
cations on the uranyl moiety in both the U(vi) and U(v) oxi-
dation states. Considering this, it would be virtually imposs-
ible to reliably attribute changes in the reduction potential to
structural or electrostatic considerations known only for the
oxidized form of the complexes, because the bound cations
should influence the properties of both the U(vi) and U(v)
forms. We anticipated, however, that it would be quite feasible
to measure the dependence of vibrational features of the
uranyl system in each ligand as a function of the incorporated
secondary metal cation. With this approach, we anticipated
that we could cross-correlate cation-dependent properties for
the isolated complexes available to us in the U(vi) oxidation
state. In this case, Raman spectroscopy appealed to us
immediately as this technique has been firmly established as a
useful probe of the uranium-oxo symmetric stretching mode
(commonly denoted v; Or vy, in the literature). From the
Raman data, we envisioned that we might measure modu-
lation of the donor power of the bridging phenoxide ligands to
the uranyl motif induced by incorporation of the secondary
metal cations to the complexes L>°UO,M and L°UO,M.

Raman spectra were thus collected on crystalline samples
of the heterobimetallic complexes. || Derivatives in the L*U0,M
series where M = Rb*, K*, Na¥, Li", and Sr** were investigated,
while work with the L°UO,M system was conducted with M =
Rb", K¥, Na¥, sr**, Ca®*, and La®". Spectra were also collected
on crystalline samples of L*UO, and L®UQ,. In the case of
L°UO, and L°UO,, v, appeared at 812 and 813 cm™, respect-
ively (see ESI, Fig. S39, S46, and Tables S1, S2+t). For the hetero-
bimetallic L’UO,M and L°UO,M complexes, vgm frequencies

[l IR spectra for the L°UO,M series were also collected, revealing features from
884 to 893 cm™" (Fig. S66-S721) that could be associated with asymmetric U-
Ooxo Stretching. However, there is no systematic trend in the data, suggesting
that intra-ligand vibrations could cloud identification of U-Oy, stretching.
Similarly, IR spectra were collected in the far, low-energy region, revealing
similar features in all cases from 252 to 256 cm™" (Fig. $73-5797) that could be
associated with U-O,y, bending modes,"” but no trend in the measured frequen-
cies was identified.
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for the U-Ogy, units were measured across the range of
812-819 cm™" for the LUO,M complexes and across a wider
range from 807-828 cm™" for the L®UO,M complexes (see ESI,
Tables S1 and S2t). The similar vy, values for the monometal-
lic complexes can be attributed to the similar uranium coordi-
nation environments in both cases, as confirmed by the XRD
analysis. Incorporation of secondary metal cations into either
L’UO, or L°UO, generally resulted in either no significant shift
(including minor red-shifts) of the vy, or a more substantial
blue shift; the shift measured appears to depend on the iden-
tity and characteristics of the particular incorporated cation
(see ESI, pp. S34-S6371). Blue shifting, in this context, can be
interpreted as being indicative of a relative strengthening of
the U-O,,, bonding upon formation of the heterobimetallic
species. This phenomenon can be attributed to a charge
density effect induced by interaction of the secondary metal
cations with the phenoxide ligands that bridge to the uranium
center. Of course, metal cations that are less charge dense
would be anticipated to afford little to no blue shift in the
measured value of vy, owing to the meager power of those
particular cations to modulate the donor power of the bridging
phenoxide moieties to the uranium center.?

Plotting the symmetric stretching frequencies for each
series of the heterobimetallic complexes as a function of the
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Fig. 7 Plot of E1,»(UY'"Y) vs. pK, of [M(H,0),,]"* for LSUO,M complexes
(a, upper panel) and LSUO,M complexes (b, lower panel).
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pK, values of the corresponding metal aqua complexes
revealed a linear relationship for both the L’UO,M and
L°UO,M series (Fig. 8). The trend line in the data for the
L’UO,M series has a shallower dependence of —1.21 *
0.51 cm™'/pK, than that measured for the L°UO,M series at
—4.21 + 0.70 cm™'/pK,, when comparing the data available for
the mono- and divalent cations. (The result is similar when
including data for L°UO,La as well; see ESI, Fig. S54.1) The
substantial difference in the slopes of the trend lines (greater
than their combined uncertainties) can be readily attributed to
the distinguishing feature of the two series of complexes that
was observed in the XRD analysis; namely, in the solid state,
the secondary cations are bound well above the macrocyclic
plane in the L>UO,M series, whereas in the L®UO,M series, the
metal cations are effectively encapsulated by the 18-crown-6-
like site. This conclusion, quantified based on the tabulated
wm parameters for the complexes, is notable when compared
to findings in a recent analysis of the influence of secondary
cations on the asymmetric stretching frequency of the vanadyl
ion, [VOJ**, measured with infrared spectroscopy."® In both
cases, there is an apparent linear relationship between the ten-
dency for the secondary metal cations to diminish the donor
ability of the bridging phenoxides to the uranium center,
driving the generally blue-shifted vibrational characteristics in
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825 _l L T L T L) T L T ]
(a) L°UO,M Series
820 sr o
K
Li u "
815 - Na B
RbE
- 810 _
I
£ Slope = -1.21 £ 0.51 cm™/pK,
3 R? = 0.66
o) 805 1 i 1 i 1 i 1 1 7
& 825 [ T T T T T T T ]
E (b) L°UO,M Series
;ll)
820 - _
815 - s
810 - B
Slope = —-4.21 £ 0.70 cm™"/pK, Rbe
R?=0.92
805 (1 ] 1 ] ] ]
12 13 14 15 16

pK, of [M(OH,) 1™

Fig. 8 Dependence of the U=0O symmetric stretching frequency from
Raman spectroscopy of the LS°UO,M (a, upper panel) and LSUO,M (b,
lower panel) complexes on the Lewis acidity (pK,) of the corresponding
metal cation aqua complexes.
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both cases. These spectroscopic shifts depend only on the
structures of the U(vi) forms of the complexes, in contrast to
the electrochemical work in which U(v) forms also must be
considered. This is noted as a key difference between
the spectroscopic and electrochemical work reported here
(Table 3).

Along this line, the solid-state Raman spectrum collected
for crystalline L°UO,Li revealed vy, at 811 cm™'. This value
does not align with the trend line measured for the other het-
erobimetallic complexes, a finding attributable to the dimeric
nature of the complex in the solid state as observed by XRD.
We anticipate that the direct U-O,y,--Li interactions causes
this deviation, a notion supported by observation of a distinc-
tive signal for L°UO,Li at 897 cm™" (see ESI, Fig. S507) that is
absent in the spectra of other complexes studied. The feature
at 897 cm™' can be assigned as the asymmetric stretching
mode (commonly denoted v; or v,g), observable under these
conditions due to lowered site symmetry of the [UO,] motif
upon direct interaction with Li*. The v, feature for L°UO,Li
was also observed by infrared spectroscopy at a similar esti-
mated energy of 892 cm™" (see p. S671). However, in line with
the clean electrochemical behavior observed by cyclic voltam-
metry, a Raman spectrum collected on a solution of the
L°UO,Li complex revealed a feature that corresponds to Vgym at
821 cm™" (see ESI, Fig. $591) This frequency compares well
with the vy, values of the other complexes in the L°UOo,M
family in solution (Table S3f%), indicating that the cations
remain bound in solution but that the dimeric form of
L®UO,Li can be readily cleaved into individual heterobimetallic
species in solution. To further interrogate the possibility of
dimerization of L®UO,Li in solution, we collected Raman
spectra in CH;3CN solution across a range of concentrations
from 1-25 mM (see ESI, pp. S62-S637). There was no signifi-
cant change in the established vy, value of 821 cm™! for the
compound across this range, suggesting that dimerization
and/or other speciation of this system does not occur under
these conditions. We anticipate that these observations are all
consistent with the coordinating nature of CH3;CN, which

Table 3 vg, stretching frequencies from solid-state Raman spec-
troscopy for the L°UO,M and L8UO,M series of complexes

Series of complexes M pK, of [M(H,0),,]"" Veym
L’UO,M Rb* 16.297 813
K 16.06" 817
Na* 14.8° 816
Lit 13.8° 817
sr? 13.2° 819
L°UO,M Rb* 16.29° 807
K 16.06" 811
Na* 14.8° 811
Lit 13.8° 811
sr?* 13.2° 822
ca?t 12.6° 824
La®" 9.1 828

“From ref. 39. ? From ref. 40.
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appears suitable for breaking apart the dimeric species
observed in the solid-state XRD data.

In accord with all these observations, a tight linear corre-
lation of —1.64 + 0.31 cm™'/pK, between v, and the pK, of
[M(OH,),,]"" was observed upon comparing all the solution-
phase spectra (Fig. S631), confirming that the cations’ influ-
ence over the properties of the uranyl system are persistent in
solution. At this stage, we have not assigned an interpretation
to the magnitudes of the correlations for the L°UO,M series in
the solution vs. in the solid state, although we anticipate that
the difference is attributable to solvation of the complexes
upon dissolution.

Heterogeneous electron transfer kinetics

The trends measured among the reduction potentials and sym-
metric O-U-O stretching modes for the heterobimetallic com-
plexes confirm that incorporation of the secondary metal cations
results in more electron-poor uranium centers. This change in
charge density is reflected in both the increased energies for the
O-U-O stretching modes and the more positive reduction poten-
tials. However, inspection of the electrochemical data revealed
another set of cation-dependent behaviors. Namely, there is a
distinct change in the peak-to-peak separations (AE,) of the
redox waves across each series of complexes. As shown in
Table 2, the AE, values for the L°UO,M complexes increase (at
100 mV s™') going from the derivatives incorporating Cs*, Rb",
K', and Na*, but then decrease again from Na' to Li* to Ca**
(see Table 2). The results for the L°UO,M series are similarly
non-monotonic, but in the case of that series of complexes, as
the AE,, values are similar for Na" and K" and for Li* and Ca*'.
Observing this, we initially imagined that the Lewis acidity (or
another property) of the incorporated secondary metal cation,
the cation’s binding affinity, and/or geometric rearrangements
on reduction could drive these changes in AE,.

In order to examine this trend in a quantitative fashion, we
determined the standard heterogeneous electron transfer rate
constant, denoted k°, for each complex using the traditional
method of Nicholson.”* In our method (see ESI, p. 51407 for
details), we measured the AE, values for the complexes in
each series at six different scan rates, and then determined an
average k° value (given in Table 2). As expected, there was little
variability in the measured &° values across scan rates; this is
reflected in the low uncertainty associated with the average k°
values and is indicative of k° being invariant with scan rate as
expected from electrochemical theory.*?

Plotting the k° values for each series of complexes as a func-
tion of the Lewis acidity of the incorporated secondary metal
cation revealed “volcano plots” in each case (see Fig. 9). As
expected on the basis of the AE, values, the complexes con-
taining the most Lewis acidic cations in our series, Li" and
Ca*", display the slowest electron transfer kinetics (reflected in
small k° values). In the L’UO,M series, L’UO,Na displays the
fastest electron transfer kinetics, whereas in the L®UO,M
series, both L®UO,Na and L°UO,K display fast kinetics that are
indistinguishable within the uncertainty of our measurements.
These findings suggest that the interplay of factors mentioned
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Fig. 9 Plots of ko vs. pK, of [M(H0),,I"" for L5UO,M complexes (a,
upper panel) and L°UO,M complexes (b, lower panel).

above could govern the electrochemical reversibility of the U/

UY reduction manifold. Lewis acidity does appear to be an
influence, a finding attributable to the tendency of a strongly
Lewis acidic cations to engender chemical reactivity. However,
on the basis of the titration experiments, chemical reorganiz-
ation of the complexes upon generation of U(v) involving direct
interaction of the secondary metal cations with the oxo ligands
of the uranyl system upon reduction is unlikely.

Tight binding of the cations in the crown-ether-like sites of
L°U0, and L®UO, would likely improve electrochemical reversi-
bility by minimizing reorganization before/after reduction.
Along this line, the diminished electron transfer kinetics
associated with the derivatives of both L°UO, and L°UO, incor-
porating Rb" and Cs" are suggestive of a poor size match, and
thus weaker binding, of these cations for/in the 15-crown-5-
and 18-crown-6-like sites. As result, the cations are likely more
easily lost from the crown sites, particularly upon uranium-
centered reduction. We were unable to grow diffraction-quality
crystals of the Rb" and Cs" complexes despite many attempts,
a finding in accord the poor size match of these cations with
the crown sites in the complexes.

Quantification of cation binding strength

To provide data for interpreting the cation influence over the
electron transfer kinetics, we measured the binding constants

This journal is © The Royal Society of Chemistry 2025
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(K, values) of the cations in the monometallic complexes in
CD;CN. The K, values were measured with titrations relying on
"H nuclear magnetic resonance (NMR) spectroscopy; in our
method, the chemical shift value (6"H) associated with the
three equivalent protons of the methyl group of each complex
was found to be correlated in each case with increasing con-
centrations of the triflate salts of the individual cations. The
change in the §'H value (A§"H) was thus used to determine
the value of K, by fitting to the 1:1 binding isotherm.*® As dis-
cussed in prior work on use of titrations with phosphine-oxide
probes to study cation behaviors, satisfactory fits to this iso-
therm provide support for 1:1 binding stoichiometry.*® The
titration data also provide a readout of the maximum achiev-
able change in chemical shift (Adyax H) as well, representing
detailed information of the influence of the given secondary
metal cation on the heterobimetallic species that is indepen-
dent of its binding constant (K, value). Stated another way, the
Admax H values describe the maximum possible de-shielding
of the methyl protons, specifically at the condition where the
metal ion of interest is maximally occupying its binding site.

In each set of titration data, the A§"H value initially under-
goes significant changes at lower titrant cation equivalencies
but eventually levels off at higher equivalencies (see ESI, pp.
S114-S137%). The plateauing behavior is indicative of clean
binding of 1 equiv. of cation in the crown-like-site in each
case, even when large excesses (>5 equiv.) of the metal cations
were added. For some cases, very tight binding was implied in
the data, and for these cases, fitting to the 1:1 binding iso-
therm was not possible; the data in these cases suggest only a
lower estimate of the K, value.

The K, values for binding of Cs', Rb", K', and Na' in the
crown site of L>UOQ, increase in the same order, a trend that is
in agreement with the ionic radii of these cations. Similar to
findings for related, purely organic 15-crown-5 derivatives, the
Na" ion binds tightly to L>U0,.** Li* also binds quite tightly to
L°UO,, a finding in accord with the results of XRD analysis for
L>UO,Li that confirmed the ability of the 15-crown-5-like site
in this case to bind Li". For Ca?', titration results indicate
more modest binding; the weaker binding in comparison to
Na'" and Li" could be attributable to the steric bulk associated
with the two triflate counteranions accompanying Ca*’, as in
the XRD structure, both triflates are restricted to binding to
Ca®" on the same hemisphere or face of the overall heterobi-
metallic species.

Tight associations of Cs*, Rb*, K*, and Na* with L°UOQ, were
measured in all cases, in accord with the larger size the
18-crown-6-like site in comparison to the 15-crown-5-like site
in LUO,. However, the binding of these cations is sufficiently
strong to preclude detailed comparisons among them (Table 2
and Fig. 51621). Such large binding coefficients (>10° M) are
sensible, however, given the recognized ability of 18-crown-6
species to bind a variety of metal cations.

We also examined the Ad,..'H values from the titrations
for any trends. Plotting the Ad.'H values as a function of the
PK, values resulted in reasonable linear correlations in both
cases (Fig. 10). These data show that the more acidic cations

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Plots of ASmaxtH vs. pK, of [M(H,0),,1"* for L'UO,M complexes
(a, upper panel) and LSUO,M complexes (b, lower panel).

result in more significant charge-density-driven perturbations
in the heterobimetallic complexes. The observation of reason-
able linear correlations in the NMR titration data and values of
Abpax H for both the L’UO,M and L°UO,M series of com-
plexes is commensurate with the other linear trends measured
in this work.

Discussion

The heterogeneous electron transfer rate constants for both
the L’UO,M and L®UO,M series of complexes appear to be
influenced by both the association constants for cation
binding and the Lewis acidities of the cations. For L’UO,M,
the smaller 15-crown-5 like site engenders behavior in which
only Na" and Li" are bound very tightly. This result is in agree-
ment with observation of the fastest ET kinetics for L>°UO,Na.
Li* and Ca*>" are more Lewis acidic cations, but the origin of
the diminished k° values for these cations is not yet clear; reac-
tivity with nascent uranium(v) species is not supported by
related electrochemical titration data. However, the binding of
Na' is significantly stronger than that of Li" in the polyether
site; comparing to the organic crown literature, our system
follows the natural preference of 15-crown-5-type species for
binding of Na".**** This could suggest that the lithium system
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4DT03503H

Open Access Article. Published on 12 March 2025. Downloaded on 4/6/2026 5:16:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

undergoes greater reorganization after reduction, perhaps
involving displacement of the bound triflate counteranion.

For the heterobimetallic species in the L°UO,M family,
similar results were obtained, but with a shift in the trends
that is correlated with tightest binding of both Na" and K'.
Our data do not distinguish between these cations in terms of
binding strength, but the fast electron transfer kinetics in both
cases is consistent with the tight binding of these ions. As in
the L*UO,M series, use of the more Lewis acidic cations Li" or
Ca®" or the anticipated weaker binding Cs* or Rb* was found
to be associated with slower electron transfer kinetics, but the
precise mechanisms underpinning this behavior is not yet
clear. Reorganization penalties associated with displacement
of bound triflate, or other ligands, are possible in the L°UO,M
series as in LUO,M.

This study has generated a set of electrochemical and spec-
troscopic data suitable for quantitatively interpreting the
rational influence that secondary metal cations exert over the
uranyl moiety in heterobimetallic complexes. The pK,-depen-
dence of the UY/UY reduction potentials measured by cyclic
voltammetry and the uranyl symmetric stretching vibrations
measured by Raman spectroscopy suggest that the U(vi)
centers in the heterobimetallic complexes become more elec-
tron deficient upon incorporation of secondary metal cations.
A quantitative dependence on Lewis acidity of this type (invol-
ving vibrational spectroscopic and electrochemical evidence)
has not been reported previously, to the best of our knowledge.
However, this finding is reminiscent of recent work from
Blakemore and co-workers'® that examined the use of a crown-
containing ligand for the vanadyl dication, [VO]**, as a spectro-
scopically and electrochemically addressable probe molecule
in a set of heterobimetallic complexes;
assembled in support of the hypothesis that the influence of
secondary cations could be understood to arise from modu-
lation of the donor strength of phenoxide ligands that bridged
to the vanadium center. Here, Raman spectroscopy was used
to probe the more symmetrical trans-dioxo uranyl system, and
results in accord with cation-driven changes in bridging ligand
donor power were obtained.

The secondary cations in the heterobimetallic complexes
studied here appear to modulate the donor strength of the
phenoxide moieties that interact with both the secondary
cation and the uranium center in each species. Use of pK,
values as the descriptor for Lewis acidity is sensible given the
ability for secondary cations to polarize bound water mole-
cules, resulting in the unique pK, value for each metal
cation.?® The robust trends shown in Fig. 7 and 8 show that
the pK, values can be used, similarly, to describe the polariz-
ation the phenoxide moieties in the heterobimetallic com-
plexes studied here. Any other effects wrought by the incorpor-
ated cations appear subordinate to this first coordination-
sphere effect.

In light of the consistent trends in the electrochemical and
spectroscopic data presented in this manuscript, use of tai-
lored macrocyclic ligand systems in concert with Lewis acidic
metal cations can be concluded to be a useful strategy for con-

evidence was
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trolling the redox properties of the uranyl dication. In the
systems studied here, the ligand systems H,L° and H,L®
enable formation of heterobimetallic species that would, most
likely, not otherwise form in solution or persist for chemical
investigations. Future work could focus on structural and spec-
troscopic investigations of the formally U(v) forms of the com-
plexes, building on the useful features encountered during
study of the U(vi) forms reported here. We anticipate that
detailed study of the U(v) species would provide an even richer
platform upon which to study cation-modulated actinide redox
chemistry, considering the greater reactivity of U(v) in compari-
son to U(vi). Investigations along this line are currently under-
way in our laboratories.

Conclusions

Here, structural changes to supporting macrocyclic ligands
have been shown to tune the ability of secondary metal cations
to influence the electronic properties of the uranyl dication,
UO0,>". The association constants of the secondary cations with
the parent uranyl-containing species were tuned by the ligand
design, giving a structural handle for harnessing cations’
inherent Lewis acidity properties. Raman spectroscopy and
electrochemistry have been used to demonstrate quantitative
relationships between cation Lewis acidity and diminished
bridging-ligand donation to uranium, affording a spectro-
scopic counterpart to the measured redox. Taken together,
these studies demonstrate the broad usefulness of Lewis
acidity as a descriptor for the properties of multimetallic acti-
nide complexes, and suggest further opportunities for ligand
design to impact studies of multimetallic actinide chemistry.
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