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ABSTRACT: Although crown ethers can selectively bind many
metal cations, little is known regarding the solution properties of
crown ether complexes of the uranyl dication, UO,*". Here, the
synthesis and characterization of isolable complexes in which the
uranyl dication is bound in an 18-crown-6-like moiety are reported.
A tailored macrocyclic ligand, templated with a Pt(II) center,
captures UO,*" in the crown moiety, as demonstrated by results
from single-crystal X-ray diffraction analysis. The U(V) oxidation
state becomes accessible at a quite positive potential (E,/,) of
—0.18 V vs Fc™/° upon complexation, representing the most
positive UY'/UY potential yet reported for the UO,™ core.
Isolation and characterization of the U(V) form of the crown
complex are also reported here; there are no prior reports of

* Crown ether encapsulation of UO,?* and UO,*
» Dramatic positive shift in UY/U" potential
* Quantification of induced U-O bond weakening

reduced uranyl crown ether complexes, but U(V) is clearly stabilized by crown chelation. Joint computational studies show that the
electronic structure of the U(V) form results in significant weakening of U—O,,, bonding despite the quite positive reduction
potential at which this species can be accessed, underscoring that crown-ligated uranyl species could demonstrate unique reactivity

under only modestly reducing conditions.

B INTRODUCTION

The ability of crown ethers to chelate alkali-, alkaline-earth-,
and transition-metal ions has been extensively documented
through both crystallography and chemical analysis." From the
perspectives of both coordination chemistry and supra-
molecular science, the binding of metal cations in crown
ether ligands has been demonstrated to impart unique and
otherwise inaccessible properties to the resulting metal
complexes, including modulated solubility, unique metal
geometry, and modified speciation. In the area of radio-
chemistry,2 crown ethers have been shown, in accord with the
classic literature on the properties of crown ethers, to afford
advantages in liquid—liquid extractions of products of fission.’

Conversely, few reports have described the binding/
chelation of actinides in crown ethers, despite the ubiquity of
these ligands and their usefulness for the preparation of metal
complexes. Most recently, 18-crown-6 complexes of Cf(III)
and Am(III) were reported,” complementing older work on
complexes featuring U(IIT)° and Pu(III)° encapsulated in 18-
crown-6 ligands. Studies have also demonstrated that the trans-
dioxo actinyl-type species of U(VI),””'* Np(V),'""* and
Pu(V)"® can be chelated by 18-crown-6 derivatives in the solid
state (see Chart 1). Virtually nothing is known, however,
regarding the properties of crown-chelated uranyl complexes in
solution, a situation attributable to the apparent propensity of
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Chart 1. Literature Examples of Crown Ether Complexes of
Actinyl Ions”?'' 7318
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actinyl ions to be lost from simple 18-crown-6 derivatives in
the presence of coordinating solvents such as water or
dimethyl sulfoxide.””'* These findings have been thought to
be in accord with the observation that the majority of related
solid-state structures reveal actinide centers with water ligands
in the first coordination sphere that hydrogen-bond to crown
ethers held in the secondary sphere.'” Additionally, although
crown ethers and cryptands are ubiquitous in actinide
organometallic chemistry, when they are utilized, they typically
encapsulate countercations like Na* or K* that charge balance
anionic actinide species.m’17

Considering the recognized usefulness of crown ethers as
chelating ligands, and the observation that Ln(III) ions can
undergo reduction to form less common Ln(II) analogues
when ligated by crowns,'” we anticipated that crown
coordination of the uranyl ion has received less attention
than it deserves. The reactivity and redox properties of crown-
chelated actinyl ions are unknown to date, but we envisioned
that accessing such species synthetically could enable study of
uranyl reactivity in a formally neutral donor ligand set,”
complementing much prior work that has examined charged
ligands. We hypothesized that a dicationic complex of UO,*"
could undergo electron transfer at a more modest potential
than other derivatives with more negative overall charge states,
favoring facile reduction. Overcoming the usual requirement of
strong reductants for uranium could afford new insights
applicable to next-generation nuclear fuel recycling systems
involving uranium redox cycling.”'

Here, we report that coordination of the uranyl ion by a
macrocyclic crown ether ligand does indeed result in a
dramatic positive shift of this species’ U(VI)/U(V) reduction
potential, likely a result of the dicationic nature of the crown
UO,>" complex. On the basis of structural data from X-ray
diffraction (XRD) analysis, it appears that tailored crown-
ether-type ligands are uniquely well-suited for stabilizing the
U(V) oxidation state. The accessibility of both U(VI) and
U(V) crown complexes in solution could be favored in the
system reported here by the installation of an accessory Pt(II)-
containing site that enforces crown planarity and assists in
uptake of uranyl. Computational studies with density func-
tional theory (DFT) show that significant U—O,,, bond
weakening is achieved upon generation of U(V) in this system,
a finding in accord with prior work on this oxidation state but
not previously accessible at such a modest reduction potential.

B RESULTS AND DISCUSSION

In order to generate isolable uranyl-crown complexes, we
developed a Pt(Il)-templated macrocycle (denoted 1) with a
Reinhoudt-type ligand scaffold”” that presents an 18-crown-6-
like site for binding of the uranyl ion, UO,*". In prior work, we
have used crown-containing ligands to access lanthanide-
binding Ni(11),”* Pd(I1),”* Zn(I1),”® and V(IV)’***’ com-
plexes, but here, a new method was developed for installation
of a platinum center into the macrocyclic framework with the
goal of imparting stability and enabling future spectroscopic
studies with Pt NMR (see Experimental Section in
Supporting Information for details). We found that 1 could
be prepared from the previously reported [H,,Ba]** using
Ba(OH),-8H,0 as a base and Pt(DMSO),Cl, as a metalating
agent (Scheme 1). With our procedure, 1 could be isolated as
an orange powder in good yield (ca. 70%) and fully
characterized by 'H and “‘C{'H} NMR, UV-visible

Scheme 1. Synthetic Strategy for the Preparation of
Complexes 1, 2, and 3
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“Conditions: (i) 1.1 equiv Ba(OH),-8H,0, 0.95 equiv
PtCL,(DMSO),, in DMF and approx. 5 mL DMSO, 60—65 °C, 24
h; (ii) excess guanidinium sulfate in CHCl; and H,0O, 48 h. (iii) 1
equiv UO,(OTf), in CH;CN, 30 min. (iv) 1 equiv Cp*,Fe in
CH4CN, 15 min; (v) 1 equiv Cp,Co in CH;CN, 15 min. The
resulting Cp*,Fe*(OTf)™ [from route (iv)] or Cp,Co*(OTf)™ [from
route (v)] can be washed away to yield pure 3.

absorption spectroscopy, and elemental analysis (EA) (see
Supporting Information, pp. S6, S$9—S11, and S18).

Single crystals of 1 suitable for XRD analysis were grown by
the vapor diffusion of hexanes into a dichloromethane
(CH,Cl,) solution of the complex. In line with NMR spectral
findings, the XRD structure of 1 (Figure 1) confirmed the
binding of Pt(II) in the salen-like [N,,O,] site of the ligand; a
single co-crystallized water molecule was found interacting
with the crown-ether-like site via H-bonding in the solid state,
but we note that the complex can be fully dried, resulting in
removal of water without any decomposition. Importantly, the
platinum site is rigorously square planar (z, = 0.04(1)) and
thus appears to assist in enforcing a high degree of flatness
across the full macrocyclic structure. The planarity of the
crown-ether-like site was quantified through the @ .,y
parameter (vide infra); the value of this parameter for 1 is
0.20(1), in accord with prearrangement of the six oxygen
donors of the crown site and their readiness to bind UO,*
(see Table 1). Details for all the structures from XRD analysis
are given in the Supporting Information on pp. S37—S59.

UO,*" was installed into the crown site by addition of 1
equiv of anhydrous uranyl triflate, UO,(OTf),, to 1 in
CH3CN UOZ( OTf), was prepared according to Ephritikhine’s
method,”® with minor modifications as described in a prior
report from our group. *% Addition of anhydrous UO,(OTf), to
1 resulted in an immediate change in the color of the solution
from mango yellow to deep red; the resulting heterobimetallic
uranyl crown complex (denoted as 2) could be isolated in
virtually quantitative yield by filtration followed by removal of
solvent in vacuo. 'H, BC{'H}, and “F{'H} NMR spectra
collected in CD;CN (see Supporting Information, pp. S12—
S15) confirmed the formation of 2 and its persistence in
solution; a characteristic and significant downfield shift of the
"H NMR resonances associated with the aliphatic protons of
the ethylene bridges of the crown was measured (from 3.6—4.1
ppm to 5.2—5.5 ppm) in line with threading of the uranyl ion
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(b)

Figure 1. Solid-state structures (XRD) of (a) 1, (b) 2, and (c) 3. Two nearby triflate counteranions from the asymmetric unit are shown for 2. All
hydrogen atoms except for those associated with the cocrystallized water molecule in 1, co-crystallized CH;CN molecules, and minor components
of disorder are omitted for clarity. Displacement ellipsoids are shown at the 20% probability level.

Table 1. Comparison of Selected Structural Parameters for
1, 2, and 3 from XRD Analysis

1 2 3
U-0,,, (A)“ 1.751(9) 1.819(4)
U—Ojpen (A)° 241(1) 2.53(3)°
Pt—Oppen (A)* 2.00(4)° 1.99(2) 2.01(2)¢
C—N,ine (A)° 1.39(3)¢ 129(3) 1.29(2)¢
01--02 2.74(5)° 2.59(2) 2.64(4)°
Pt--U (A) 3.535(1) 3.655(1)°
7,0 0.04(1)¢ 0.05(2)" 0.07(3)°
O onn (A)° 0.20(1)° 0.23(3) 0.12(2)¢
v, (A7 0.05(1) 0.03(1)

“Defined as the average of the interatomic distances between the
noted atom types. “Geometry index for four-coordinate complexes,
with the values ranging from 1.00 to 0.00 for perfectly tetrahedral and
square-planar geometries, respectively; see ref 31 for details. “Defined
as root-mean-square deviation (rmsd) of O1—06. “Defined as the
absolute value of the distance between the uranium atom and the
mean plane defined by O1—06. “Values are reported as the mean of
the relevant individual values corresponding to two disordered
molecular orientations occupying the same site in the asymmetric
unit. Values were calculated as the mean of the relevant individual
values corresponding to two independent molecules occupying
distinct sites in the asymmetric unit. Stated e.s.ds. on averaged
distances were taken as the largest of the individual values in the
refined data for the independent molecular species. Stated e.s.ds. on
the 74, @0 and Wy values were calculated as the standard deviation
of the set of relevant values from the structural data. See Table S3 for
details.

into the crown. However, in line with the dicationic and highly
Lewis acidic nature of UO,>*, downfield shifts were observed
for all of the other 'H resonances associated with the ligand
backbone of 2 in comparison to those for 1 (Figure S19).
Chelation of UO,*" by the crown ether oxygen atoms in 2
was confirmed by the single-crystal XRD structure (Figure 1)
of the heterobimetallic complex. Single crystals of 2 suitable for
XRD analysis were grown by the vapor diffusion of Et,O into a
CH;CN solution of the complex. As anticipated from the
NMR studies, the uranyl dication was found in the crown-
ether-like site of the macrocyclic ligand, interacting with all six
macrocyclic oxygen donor atoms. No additional solvent
molecules or triflate counteranions bind to the U center; the
triflate counteranions (2 per [UO,] unit) were found in the
outer sphere along with co-crystallized CH3;CN molecules

presumably derived from the crystal growth conditions. The
average U—O,,, bond distance was found to be 1.751(9) A
(Table 1), in line with the U(VI) formal oxidation state® and
the dicationic nature of the overall [Pt,UO,]** species.

In line with findings from prior work on crown systems from
our group that examined binding of other cations, UO,*"
nestles most closely toward the phenoxide O atoms that bridge
to the Pt(I) center (Figure S66) and sits most far away from
03/06 in the crown-like site. The binding of UO,>" results in
an overall contraction of the average O1---O2 distance of the
nascent heterobimetallic diamond core motif, from 2.74(5) A
in 1 to 2.59(2) A in 2; this is consistent with the Lewis acidic
nature of UO,** and interaction of both Pt** and UQ,** with
the bridging atoms.

Further examination of the structures from XRD reveals a
possible basis for the stability of 2 in solution. In our work with
crown complexes, we have used a parameter denoted @y, to
quantify the degree of planarity of the O atoms in the crown-
like sites of our macrocycles.” @qn is defined as the rmsd of
the O atoms of the crown moiety from the mean plane defined
by their positions. Thus, lower values of @, correspond to
more planar sites for metal chelation. The average ® oy,
parameter for 2 is 0.23(3), similar to the value of 0.20(1)
found for 1, suggesting that little reorganization of the ligand is
required for uranyl binding. Additionally, the @y, values of a
representative set of structures of bare 18-crown-6 ligands
lacking interactions with ions™ are all larger (spanning from
0.228 to 0.254) than the value for 1 of 0.20(1), suggesting that
the accessory Pt(1I)-containing site enhances the net planarity
of the crown, poising it for uranyl capture. In accord with this
theory, the out-of-plane deviations of the nascent bridging
phenoxide O atoms are significantly smaller in 1 (0.121 for O1
and 0216 for O2) than the O-atoms of the bare crowns
(spanning from 0.228 to 0.254). The rigorous square-planar
coordination geometry of the Pt(II) center thus appears to
assist in bringing the crown into a conformation ideal for
uranyl binding.

With 2 in hand, we moved to interrogate the redox
properties of the complex in light of its unusual structure and
the formally dicationic nature of the heterobimetallic [Pt,UO,]
core, which we anticipated could lead to uncommon
properties. As a preamble, we note that the electrochemical
properties of the precursor 1 are unremarkable; cyclic
voltammetry (CV) data show that this complex features a
single reduction event, likely ligand-centered in nature,”**
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with a peak cathodic reduction potential (E,.) of —2.44 V vs
ferrocenium/ferrocene (denoted hereafter as Fc*/°) in CH,CN
containing 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF) (Figures S42 and $43).

Contrasting with the profile measured for 1, CV data for 2
exhibit a unique quasi-reversible redox process with E,;, =
—0.18 V vs Ec*/° (Figures 2a and S44). Scan-rate-dependent

(a)

‘e 02} .
(&)
<
€
>00f i
7] -
&
a
€02t i
(]
=
=3
o

04 | 4

L 1 1 1
-1.0 0.5 0.0 05
Potential / VV vs Fc*’°
T T
0.1mM2

+ 0.1 equiv. Cp*,Fe
+ 0.2 equiv. Cp*,Fe

[T

Absorbance

+ 1.0 equiv. Cp*,Fe

* | A

.l h Ao
600 800

Wavelength / nm

Figure 2. Panel (a): cyclic voltammogram of 2 in CH;CN (0.1 M
["Bu,N]*[PF4]™, 100 mV/s) showing the U"'/U" redox couple. Panel
(b): spectrochemical titration data for 2 with 1 equiv of Cp*,Fe in
CH,CN. Isosbestic points are denoted by asterisks (*) and located at
426 and 630 nm.

data (50—300 mV/s; see Figure S45) confirmed the freely
diffusional behavior of both the oxidized and reduced forms of
the complex at the electrode, and we note that the peak-to-
peak separation of the anodic and cathodic processes (AE,)
was 98 mV at 100 mV/s scan rate, indicative of rapid electron
transfer behavior and fast interconversion of the oxidized and
reduced forms of 2 at the electrode surface.’” As the ratio of
the anodic to cathodic peak currents is near unity for all scan
rates that we tested, we conclude that the reduction of 2 is
chemically reversible (Figure S46). As CV data for the blank
electrolyte and 1 lack any features resembling the wave
measured for 2 at —0.18 V (Figure S47), this wave could be
assigned as being le” in nature and corresponding to
generation of a complex, denoted 3, that features uranium in
the +5 oxidation state (for further characterization, vide infra).
To the best of our knowledge, this redox chemistry represents
the most positive reduction potential yet measured for U"'/UY
redox cycling in a uranyl ion in which the oxo ligands (terminal

O®” groups) are not bonded to other chemical species, metal
ions, or Lewis acids.>* On the basis of comparison to literature
complexes, the U(VI)/U(V) reduction potential in the crown
for 2 is shifted by ca. + 1.3 V relative to model neutral
complexes of the uranyl ion, underscoring the dramatic effect
induced by crown chelation.'®**** This dramatic shift in the
UY/UY couple that favors reduction can be attributed to the
dicationic nature of the U(VI) complex and particular
stabilization of the U(V) oxidation state by crown ether
chelation.

In order to understand these electrochemical findings and to
validate the le™ nature of the reduction process at —0.18 V, we
conducted chemical reduction experiments. We have found
that decamethylferrocene (Cp*,Fe), a mild, outer-sphere
electron-transfer agent with E,,, = —0.48 V,* is sufficiently
reducing to drive conversion of U(VI) to U(V), as
demonstrated by titration of 2 with Cp*,Fe (Figure 2b).
The electronic spectrum of 2 in CH;CN (0.1 mM) displays
prominent features with A, & 232, 259, and 331 nm, along
with weaker absorbing features with A,,, & 376 and 513 nm
(Figures S22 and S23). However, upon addition of 1 equiv of
Cp*,Fe, the spectral profile changes dramatically and
isosbestically with U(V) and Fe(III) generation. The spectra
confirm that conversion to the products is clean and complete,
with isosbestic points at 426 and 630 nm; additionally, a
feature at 784 nm can be confidently assigned as arising from a
d—d transition associated with coproduced Cp*,Fe* (Figures
S24 and S26). Additions of Cp*,Fe beyond 1 equiv led to no
further significant spectral changes (Figures S25 and S29), in
line with the CV data and the potentials accessible to Fe(II)-
driven reduction. In accord with the measured E, ,,(UY"/U") of
—0.18 V, we found that cobaltocene (Cp,Co) is also capable of
generating 3 (Figures S27 and $28), consistent with its more
negative E, /, value under our conditions of —1.33 V (Figures
S48 and $49).

To build up evidence that the observed reduction was
uranium-centered, we collected near-infrared (NIR) spectra on
in situ-generated 3 (Figures 3 and S$31—S35). U(V) centers
have been shown to exhibit sharp transitions in the NIR region
with modest extinction coefficients (& values) of ca. 10* M™*
cm™, providing a spectral signature for this oxidation state.’® 2
does not exhibit transitions in the NIR region, in line with the
U(VI) oxidation state, but reduction of this complex by 1
equiv of either Cp*,Fe or Cp,Co results in the appearance of
two sharp features with A, = 1375 and 1410 nm (7272 and
7090 cm ™) and € values of 8.7 and 8.0 M~ cm™, respectively.
These modest values are consistent with Laporte-forbidden 5f-
to-Sf transitions and resemble examples in the literature,
providing support for the generation of U(V).

Solution-state Raman spectroscopy was also conducted on 2
and in situ-generated 3. The Raman spectrum of 2 reveals the
presence of the uranyl moiety, with a distinctive feature
corresponding to the symmetric stretch (Vsym) at 874 cm™
(Figure $41).%° Upon reduction to form 3, this feature was
lost, in accord with complete reduction of uranium. The
spectra of 3 were checked for observation of v, at lower
wavenumbers, but no features could be reliably attributed to
U(V); the relevant spectral region from 870 to 700 cm™’,
however, displays a large feature associated with solvent that
could mask signal(s) associated with reduced uranyl.

Encouraged by the spectroscopic results, we attempted
chemical preparation and isolation of the le™ reduced complex
3 in CH;CN. In order to achieve this, 2 was treated with 1

https://doi.org/10.1021/jacs.3c12075
J. Am. Chem. Soc. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12075/suppl_file/ja3c12075_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12075?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12075?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12075?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12075?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c12075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

: : —
(@) 7272 e 7090 om-
10 (1375|”m) (1410 nm)

o

7272¢0m Lo
(b) 7090 cm
(1875 0m) 1410 nm)

N
o

o

Molar Absorbtivity / M~'cm™
C o

8000 7500 7000 6500
Wavenumber / cm™

Figure 3. NIR spectra. Spectrum a (blue line): 3 generated by in situ
reduction with Cp*,Fe. Spectrum b (yellow line): 3 generated by in
situ reduction with Cp,Co. Spectrum c (red line): 2 dissolved in
CH;CN. Conditions: [U] = 10 mM in CH;CN.

equiv of Cp*,Fe in CH;CN, resulting in an immediate color
change of the solution from dark red to green. The solvent was
removed in vacuo to obtain a green powder which was found to
contain a 1:1 mixture of 3 and Cp*,Fe(OTf) (mixture denoted
as 3a). A similar procedure using Cp,Co as a reductant yielded
a yellow-orange powder containing a 1:1 mixture of 3 and
Cp,Co(OTH) (mixture denoted as 3b). In line with the similar
solubilities of 3 and the metallocenium triflate salts, we found 3
challenging to isolate alone; the mixtures denoted 3a and 3b
can be used for characterization or 3 can be separated and
obtained in pure form by washing of 3b with 1,2-dichloro-
ethane. The 'H NMR spectra of 3a and 3b (d;-CH,CN)
(Figures S17 and S18) confirm the formation of Cp*,Fe* and
Cp,Co", respectively; 10 new paramagnetically shifted
resonances common to the spectra of 3, 3a, and 3b were
observed as well, consistent with clean, stoichiometric
reduction of 2. EA confirmed the formulations of 3, 3a, and
3b (see Supporting Information, p. S7), suggesting that the
U(V) species is stable under an inert atmosphere; this is in
accord with its relatively positive reduction potential, which
could engender stability during transport to the EA facility.
Crystals of 3 suitable for XRD analysis were grown by
diffusion of Et,O into a concentrated propionitrile solution
containing the complex. In the structure that was obtained, the
identities of the ligands in the first coordination sphere of
uranium are identical to those found in the U(VI) analogue 2,
in accord with transfer of le” to form 3 but with no further
chemical reactivity. The average U—-O,,, bond distance is
elongated to 1.819(4) A; this elongation by 0.068 A is
consistent with U-centered reduction and formation of the

U(V) oxidation state,’” in line with the findings from NIR
spectroscopy (Figure 3). The U—Openonge distances are
elongated in 3, consistent with generation of a more
electron-rich uranium center upon reduction and attenuation
of the effective Lewis acidity of the U center in this oxidation
state (Table 1). The C—N,,;,. distances in 2 and 3 are
indistinguishable, however, supporting localization of the
added electron density on uranium and little participation of
the Pt site in the reduction process. The @, parameter value
of 0.12(2) in 3 is decreased from the value of 0.23(3) in 2,
suggesting that the less Lewis acidic U(V) oxidation state
diminishes the out-of-plane distortion of the crown-ether-like
site; this finding is in accord with our prior studies of Lewis-
acidity-dependent crown behaviors in related Pd and Ni
complexes.””** On the basis of the ¥y values for 2 and 3,
U(V) can be concluded to sit more closely in the plane of the
oxygen donor ligands than U(VI), suggesting an attractive
supramolecular fit of [UY0,]* in the crown site.

DFT calculations were performed to probe the electronic
structure of the crown-ligated uranium complexes prepared in
this study and to understand the measured weakening of the
U-0,,, interactions upon formation of the U(V) oxidation
state. Starting with the coordinates of the structure of 2 from
XRD, geometry optimizations were executed for the U(VI)
complex with an overall charge of +2 (2) and the U(V)
complex with an overall charge of +1 (3) at the PBE0/ZORA-
def2-TZVP (H, C, N, O)/SARC-ZORA-TZVP (Pt, U)*"**
(Table S1) level of theory. The structures were optimized both
in the gas phase and using polarizable continuum solvation”
for acetonitrile. Both calculations showed similar results, as can
be seen in Table S1. The computed geometry parameters
closely align with XRD data, demonstrating minimal differ-
ences within +1.7% of the corresponding experimental values,
showing a high degree of agreement. Additionally, a
comparison of five different basis sets showed only small
variations (Tables S2—S4). Based on the calculations in the gas
phase, the asymmetric U-O,, stretching vibration of 2 was
predicted to decrease by 114 cm™" upon reduction, consistent
with significant bond weakening. Experimental spectra were
collected for both 2 and 3 in the solid state, and the relevant
vibrations were found to shift by 137 cm™ (see Supporting
Information, pp. S26—S28, S34, and S3S), confirming that
there is a significant weakening of the U-O,,, bonding upon
reduction despite the rather positive potential measured for
U(V) generation in this system.

The calculations carried out for U(VI) species 2 reveal a
distinctly metal-centered LUMO bearing strong resemblance
to the f_; > orbital, suggesting that the site of reduction in this
complex would be centered primarily on uranium (Figure 4).
In line with this thesis, the SOMO of 3 is largely centered on
uranium, although this orbital bears a strong resemblance to an
f.2..; orbital, suggesting shifted occupation of a different Sf
orbital upon relaxation of the complex following reduction.
The LUMO of 3, however, is predominantly delocalized over
the conjugated ligand backbone, in line with the experimental
observation of a further irreversible reduction at —2.04 V for
this species (Figure S44).

NBO charge analysis*’~** reveals a charge of +1.855lel at the
U center in 2; the charge at U decreases to +1.591lel in 3, in
line with the generation of the U(V) formal oxidation state in
this species (Table S2). Furthermore, charge analysis indicates
that there is buildup of negative charge on each of the oxo
moieties (yl oxygens) by ca. —0.2lel per oxo upon U-centered
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. ¢
SOMO of 3
Figure 4. HOMO and LUMO of 2 (upper structures) and SOMO
and LUMO of 3 (lower structures). The localization of the LUMO of

2 and the SOMO of 3 on the uranium metal center is consistent with
the generation of uranium(V) in 3.

LUMO of 3

reduction. This finding suggests that the yl moieties in 3 are
more basic than in 2°° and could be more susceptible to
reactivity with acidic reagents, a prospect currently under
investigation.

B CONCLUSIONS

In conclusion, heterobimetallic complexes in which the uranyl
ion is captured and coordinated in a crown ether coordination
environment have been synthesized and fully characterized.
The findings reported here suggest that crown-ether-type
ligands could be quite useful for the generation of uranium
complexes with unique properties, including rather positive
reduction potentials and modulated reactivity, in comparison
to more conventional complexes. The formation of a U(VI)
complex with a +2 overall charge and a U(V) complex with a
+1 overall charge in this work appears to promote these
unusual features. We note that well-characterized uranyl crown
complexes are rare, but the macrocyclic crown ether featuring
an accessory Pt(II) center presented here can chelate both
U(VI) and U(V) in solution and disfavors binding of
exogeneous, anionic triflate ligands to the uranium center,
despite the conventional propensity of uranyl to bind anionic
ligands when possible. Both the U(VI) and U(V) forms of the
uranyl ion can be stably chelated by the crown ether, opening a
significant new synthetic space to explore tuning of uranium-
centered chemistry through systematic crown-ligand modifica-
tion. Thorough experimental and theoretical exploration of the
properties of uranyl crown complexes is now in progress in our
laboratories.
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