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Elements of the 5f row maintain a wide variety of oxidation states that have been exploited in synthesis,
catalysis, and separations. Herein, we describe the complexation of an O,N,O chelator, ExPh, with
uranium in the (IV) and (VI) (uranyl) oxidation states. These two uranium complexes, U(V)ExPh and
UO,ExPh, respectively, were characterized in the solid state via single-crystal X-ray diffraction (SC-XRD)
analysis. Electrochemical studies using cyclic voltammetry were employed to investigate the multiple
redox events associated with the U(iv) complex. Spectro-electrochemical analysis of U(iv)ExPh provided
spectroscopic evidence of a stable U(v) species. Chemical oxidation of U(iv)ExPh allowed isolation of the
U(v) complex, U(v)ExPh. All three stable uranium complexes produced in this study were characterized

via IR, UV-vis and NMR spectroscopies, and micro-spectrophotometry. On the other hand, efforts to
Received 6th June 2025 duce U(MEXPh to th ding U(i) speci duce this putati lex directly from ExPh
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failed to yield an isolable product. The stabilization of three formal oxidation states of uranium, coupled

DOI: 10.1039/d55c04158a with previous lanthanide-row results, paves the way for studies of ExPh and its analogues in minor
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Introduction

The use of actinide elements is widespread from medicine to
industry, power production, and catalysis.*” Their utility arises
not only from prominent radioactivity but also the accessibility
of formal oxidation states ranging from (I)-(VII).**> Neverthe-
less, radiological and heavy element safety concerns, coupled
with the unique bonding of the 5f orbitals, has resulted in less
understanding of, and notably fewer, actinide complexes rela-
tive to their transition and lanthanide counterparts. Within the
actinide row, uranium has been the most studied with mole-
cules containing U(1) through U(vi) being reported.>***
Limited, however, are ligands that have the capacity to complex
with uranium in multiple oxidation states.”*** Both tri-
s(aryloxide) and tris(amide) complexes have been reported to
stabilize U(m) and U(w) through a chemical oxidation with
copper.”> A homoleptic trivalent uranium tetra-amidate
complex was also shown to stabilize U(v) upon chemical
oxidation.* Recently, a tris(amido)arene ligand was shown to
form complexes with U(u)-U(vi) in a retained framework.>* An
expanded porphyrin, the product of a dedicated synthesis, was
also found to stabilize both U(wv) and U(vi) complexes.>® These
advances notwithstanding, there remains a need for simple-to-
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prepare ligands that display versatility in their uranium coor-
dination chemistry.

Traditional iron-chelators have long been studied as com-
plexants for f-block ions.>**” The similarities in charge density,
hard-acceptor, Lewis acidity, and interactions with iron-related
biological proteins have provided an incentive for such
studies.”®3* While polycarboxylic acids, such as di-
ethylenetriaminepentaacetic acid, were originally studied,*****
the discovery of biologically produced hydroxamic acid moieties
found in bacteria and fungi for iron chelation and transport
spearheaded the use of siderophore-type complexants for
lanthanide and actinide ion coordination.*?*” However, of the
ligands in question, few have received FDA approval for use as
chelators. Medical treatments for contamination or ingestion of
actinide ions constitute a need where chelation of radiotoxic
nuclides by biocompatible ligands and controlled excretion
could prove beneficial.****** ExJade is an FDA-approved iron-
chelator that has yet to be studied for actinide ion coordina-
tion. While ExJade derivatives have shown remarkable thera-
peutic and sensing capabilities,**** advancing their medicinal
utility to encompass radionuclides necessitates investigating
their fundamental coordination chemistry with actinide ions.
The present study was undertaken as a first step toward
achieving this goal.

Previous work in our group established that ExJade
analogues, a class of O,N,0 chelating agents originally devel-
oped for the treatment of iron overload disease,** have an
ability to complex with lanthanide ions via a low-denticity
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coordination mode.** Upon binding, cluster formation and
solid precipitation resulted in the separation of Lu(m) from the
lighter lanthanides with good selectivity. While the later
lanthanide complex formed a multi-metal-centered cluster, the
early- and middle-row ions formed as 1:1 dimers. These bi-
nuclear structural motifs stand in stark contrast to other known
f-element ion complexes. While studies of phenolic and
nitrogen containing chelators, such as salen-derivatives, have
provided insights into uranium complexes in the (IV) or (VI)
oxidation states, few have probed the stabilization of a series of
oxidation states using the same ligand or the more complicated
multi-nuclear or multi-ligand speciation that could result from
uranium ion complexation.**** We were thus keen to explore
whether ExJade derivatives could (1) stabilize complexes with
uranium in various oxidation states, (2) determine the ligand-
to-metal stoichiometries, and (3) investigate their associated
structural motifs. As detailed below, we have found that
a readily accessible ExJade analogue, ExPh, supports complex
formation with U(wv)-U(vi). Taken in concert, the resulting
products not only define a variety of unique coordination motifs
but also showcase the versatility of ExPh as a ligand capable of
supporting uranium complexes in a range of formal oxidation
states.

Results and discussion
Synthesis

Pro-ligand H,ExPh was synthesized as described previously.*
Initially, a uranyl ExPh complex (UO,ExPh) was synthesized
using a protocol analogous to that used to prepare the ExJade
lanthanide complexes reported earlier.** Briefly, under normal
atmospheric conditions, uranyl nitrate was added in stoichio-
metric fashion to a solution of ExPh in tetrahydrofuran (THF)
containing 2.2 equivalents of triethylamine (TEA) as a base
(Scheme 1). Precipitation occurred immediately upon mixing. A
minimal amount of dimethylformamide (DMF) was added
dropwise until full solubility was achieved. Crystallization of
UO,ExPh occurred directly from the solvent mixture overnight.
The isolated yield was 94%.

To obtain the corresponding U(iv) complex, UCl, was added
to a solution of ExPh in THF in an argon-filled dry box in the
presence of 2.2 equivalents of sodium bis(trimethylsilyl)amide
(HMDS) used as a base (Scheme 2). When precipitation ceased,
the reaction was deemed complete. Attempts at crystallization
of the U(wv) product produced powders under varying condi-
tions. Therefore, a secondary ligand was added to aid in

Q TEA
NN UO,(NO3), ,\\I_Nb
NP THF/DMF V7
N rt,1h 070

OH HO

Scheme 1 Synthesis of UO,ExPh performed under normal atmo-
spheric conditions. The product formed as a trimer with a tri-
ethylammonium (HTEA) hydroxo-center. A simplified view of the
ligand—uranyl complex is shown here.
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Scheme 2 Synthesis of U(v)ExPh under argon in a dry box. The
product formed as a 2 : 1 dimer with 4-dimethylaminopyridine (DMAP)
as a co-ligand.
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Scheme 3 Synthesis of U(v)ExPh under argon in a dry box. The dimeric
nature of the U(iv) starting material is retained in the product.

crystallization. Specifically, 1 molar equivalent of 4-di-
methylaminopyridine (DMAP) was added to the reaction
product to serve as a co-ligand. With the addition of this co-
ligand, the product slowly solubilized at elevated temperature.
Crystallization was then effected via the vapor diffusion of n-
hexane into the resulting solution at room temperature. This
gave U(v)ExPh in 89% yield as a dimeric solid.

Cyclic voltammetry, vide infra, was performed on U(iv)ExPh
to assess the redox chemistry of the complex. To obtain a U(v)
complex of ExPh, U(v)ExPh was oxidized by treatment with 1
molar equivalent (1 molar equivalents per metal center) of fer-
rocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
(Fc'[BArF,4] ) in fluorobenzene to give U(v)ExPh (Scheme 3).
Initially, the optical characteristics of the solution were remi-
niscent of the ferrocenium salt. However, a darkening of the
solution occurred over the course of the reaction yielding a deep
brown product.

Next, attempts were made to prepare the lower oxidation
state U(m)-complex. The synthesis was attempted via both the
stoichiometric incorporation of uranium tris(HMDS) to the pro-
ligand H,ExPh and the chemical reduction of U(wv)ExPh with
KCg. Both procedures resulted in a range of color changes as the
reaction chemistry progressed. However, observation and
analysis of the resulting equilibrium products, termed
U(m),eqExPh and U(m)ympsExPh for sake of convenience
(without implying a successful synthesis), were spectroscopi-
cally evocative of the corresponding U(wv) species. On this basis,
we conclude that the species in question are either not formed
or convert spontaneously to the higher oxidation state U(w)
form. A summary of the uranium chemistry carried out with
ExPh is provided in Scheme S6.

Structural characterization

Complexes U(wv)ExPh and UO,ExPh yielded single crystals
suitable for single crystal X-ray diffraction (SC-XRD) analysis. In
the case of UO,ExPh the resulting structure revealed formation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of a bowl-shaped trimeric complex with a single p,-oxide from
each ligand bridging two uranium metal centers. A central p;-
hydroxo bridge is contained within the trimeric bowl, capped
axially by a triethylammonium (HTEA) counter cation (Fig. 1).
This uranyl complex stands in contrast to the corresponding
early- and middle-row lanthanide structures, which formas 1:1
dimeric species. The U-O bond lengths in UO,ExPh were found
to be 2.315(5), 2.227(5), and 2.270(5) A for the non-bridging
phenolates and 2.458(5) and 2.434(5), 2.474(5) and 2.439(5),
and 2.457(5) and 2.469(5) A for the p,-oxide bridging pheno-
lates. The U-Nyijazole distances were 2.559(5), 2.542(6), and
2.535(6) A. The uranium-hydroxo bonds were 2.224(5), 2.263(5),
and 2.265(5) A. Twisting of the phenoxide arms resulted in
torsion angles between 8.03 and 42.44°. The bending of the
triazole core resulted in U-(N-C-N)yiazole torsion angles
between 150.15 and 158.71°.

Solution-state "H NMR spectroscopic studies of UO,ExPh in
ds-DMSO revealed the loss of the phenol protons and only
a subtle shifting of most peaks from what was seen for the pro-
ligand H,ExPh (Fig. S1 and S2). The three ExPh ligands present
in UO,ExPh were found to be in similar chemical environments
as inferred from the chemical shift and integration values of key
proton peaks. The triethylammonium proton peak was
observed at 10.68 ppm, although the integration value was less
than expected. This could reflect competition and exchange
with the de-DMSO solvent. Due to solubility limitations, corre-
sponding 'H NMR spectral analyses were not performed in
other solvents. Solution-state "*C NMR spectral analysis proved
concordant with the 'H NMR studies in that a similar chemical
environment was seen for each ExPh unit with non-solvent
peaks only within the aromatic region between 110 and
170 ppm.

An SC-XRD analysis of U(iv)ExPh revealed a notable differ-
ence in the coordinating ligand framework compared to

Fig. 1 SC-XRD crystal structure of UO,ExPh revealing a trimeric,
bowl-shaped complex (top-down view). A central hydroxo is con-
tained within the complex that is capped axially by a triethylammonium
cation. Ellipsoids are shown at the 50% probability level with hydrogens
and solvent molecules omitted for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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UO,ExPh. The crystal formed as a 2:1 dimer with one ExPh
ligand (L1) bridging two uranium centers and one terminal
ExPh ligand (L2). One DMAP was coordinated to each uranium
center yielding ([L1L2U(wv)[DMAP]), - THF (Fig. 2). Again, a stark
contrast to the 1:1 dimeric lanthanide complexes was noted.
The U-O bond lengths were 2.487(2) A for the bridging pheno-
late and 2.164(3) A for the terminal phenolate of ligand L1. The
U-Nyriazole bond length was 2.604(3) A for L1 versus 2.576(3) A for
L2. The U-O bond lengths for L2 were 2.176(3) and 2.276(2) A.
The bridging phenolate of L1 revealed a torsion angle of 39.30°
from the plane while the phenolate of L2 had a torsion angle of
only 4.99°.

Solution-state "H NMR spectral studies revealed a large
paramagnetic shift, between 44.1 and —17.9 ppm, ascribed to
pseudo-contact with the coordinated U(iv) metal centers
(Fig. S3). Unlike the uranyl complex, each proton in the 2:1
structure resulted in a separate peak. To identify the protons
within the NMR spectrum, axial and radial x magnetic
susceptibility tensors were determined using a pseudo-contact
shift (PCS) python algorithm (Fig. 3).°> The x tensors, struc-
tural distances obtained from the crystal data, and pro-ligand
'"H NMR chemical shifts were then used to predict the para-
magnetic chemical shifts (¢f SI). For comparison, the magnetic
susceptibility of U(w)ExPh was measured on a magnetic
susceptibility balance and found to match well with the pre-
dicted value (Xiso atomic = 4.34 versus 4.33 x 107°*> m®, respec-
tively). The predictive model was used as a starting point for
NMR spectral peak labelling (Table S1). *C NMR spectral
analyses were also performed; however no usable data could be
obtained due to significant line broadening (Fig. S4).

Efforts to obtain single crystals of the proposed di-cationic
U(v) dimer, U(v)ExPh, proved unsuccessful. As a result, solid-
state structural data is limited for this complex. However,
a '"H NMR spectral analysis (dgTHF) revealed significant
changes in the chemical shifts of the signals relative to U(w)
ExPh (Fig. S5). The DMAP methyl peaks were still clearly iden-
tifiable along with the [BArF,,]” counter anion peaks. As

Fig. 2 SC-XRD crystal structure of U(v)ExPh revealing a dimeric
complex containing a pp-oxide bridge from one phenolate of each
monomeric unit. Ellipsoids are shown at the 50% probability level with
hydrogens and solvent molecules omitted for clarity.
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Fig. 3 Results of a modelling study wherein the Ax U(v) tensors are
overlaid on the molecular structure. The numbers correspond to the
individual calculated chemical shifts for each 'H spectral signal
(referenced to TMS). The red and blue lobes represent the positive and
negative portions of the Ay tensor, respectively.

opposed to the U(v) complex with large paramagnetic shifts, the
'H NMR spectrum of U(v)ExPh was characterized by chemical
shifts within the 17.4 and —0.91 ppm spectral window (Fig. S8).
This range is as expected for a U(v) species.**** Nevertheless, in
analogy to the U(v) complex, each proton was considered to
reside in a different magnetic environment. The net result was
a complicated spectrum whose chemical shift values could not
be assigned completely.

The putative U(u) complexes prepared through reduction of
the U(w) form and direct use of an HMDS starting material (vide
supra) were likewise characterized by "H NMR spectroscopy. The
reaction product prepared through reduction gave rise to
a spectrum characterized by proton shifts that were nearly
identical to those seen for U(iv)ExPh (Fig. S6). A few of the peaks
were shifted; however, this could reflect the presence of free
potassium ions arising as a byproduct of the reduction process.
The species referred to as U(m)ympsEXPh also gave a nearly
identical spectrum, except for the clearly identifiable bi-
s(trimethylsilyl) proton peaks (Fig. S7). An overlay of the NMR
spectra for U(v)ExPh and the products of both attempted
preparations of a U(m) form (Fig. S9) highlighted the similarities
between the species in question. This correspondence, along
with the previous optical spectroscopic findings, leads us to
suggest that U(m) ExPh complexes are unstable, and, if formed,
are transformed readily into the corresponding U(v) species
upon attempted isolation. This presumed instability could be
the result of disproportionation of the U(mr) centers resulting in
generation of the dimeric U(wv) product and a U(u) anionic
pair®*®® or alternatively through alcoholysis of the phenol to
yield the U(wv) dimeric complex.*”

Electrochemical measurements

An electrochemical study was performed on U(iv)ExPh to
determine the stability of the lower and higher valent uranium
species produced upon formal gain or loss of an electron. The
experiments were carried out using THF solutions containing
1 mM of the U(iv) complex and 100 mM supporting electrolyte
(TBAPF,). The open-circuit potential was initially recorded to
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determine the equilibrium voltage of the system. Cyclic vol-
tammetry was then performed to assess the accessible oxidation
states of the complex. Two irreversible waves were observed for
the oxidation, one peak being a smaller pre-wave and the
second being a larger irreversible couple (Fig. 4). The pre-wave is
thought to reflect a small amount of a monomeric U(iv) complex
in solution, which is slightly easier to access electrochemically
than the crystallographically characterized 2 : 1 complex. Upon
addition of ferrocene, the pre-wave was no longer seen in the
oxidative CV scan, while the large anodic peak was character-
ized by an accelerated onset and substantial broadening
(Fig. S29). The ferrocenium reduction wave was also not seen.
On the basis of a differential pulse voltammetric analysis
(Fig. S30), we conclude that the ferrocene acts as an electron
transfer mediator to the U(v) complex. Thus, following ferro-
cene oxidation a non-zero steady state current is achieved and
only a single oxidation wave is seen. Additional voltammetry
experiments were performed in the presence of deca-
methylferrocene to provide a well-behaved internal reference
(Fig. $31). In this case, both the forward and reverse peaks of the
iron-reference were observed, along with the pre-waves and
oxidation and reduction peaks of the U(wv) complex. Further
voltametric analyses were conducted to elucidate the correla-
tion between the oxidation and reduction peaks seen for the
U(wv) complex (¢f SI, pp S34 and S35).

As a prelude to the Fc'[BArF,,] -based oxidation studies
described above, spectro-electrochemical studies were per-
formed on U(v)ExPh with the goal of characterizing further the
product produced upon oxidation. A potential step from —1.0 to
1.5 V was pulsed for 0.5 s. A UV-vis spectrum was taken before
and after the potential step. The post-step spectrum revealed
the appearance of a broad peak in the visible region between
450 and 650 nm (Fig. S32a). Optical observation of the solution
in the cuvette revealed the presence of a deep purple/brown
solution shortly after the potential step. Chemical oxidation
was then attempted by injecting atmospheric air as a sequence,
0.1 mL aliquots into a cuvette containing 1.5 mL of a 1 mM
solution of U(v)ExPh in THF. The UV-vis spectra were recorded
shortly after each injection and after a final 0.5 mL injection of
air. The resulting spectrum proved similar to that seen during

v 500 F ' - ' ; ——
g L 4
<§_ 250 [ 1
- 0 B o i
-02\ -
B -250 | - -
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3-1000 — : : : : :
4.5 25 -0.5 1.5

Potential vs Ferrocene / V

Fig. 4 CV of U(v)ExPh as a 1 mM solution in THF containing 100 mM
TBAPFg as the supporting electrolyte at a scan rate of 100 mV st
performed on a glassy carbon electrode. A large, irreversible redox
couple is seen at £y, = 1.01V and E,c = —2.55 V. The large peaks are
preceded by two smaller and broader peaks.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the spectro-electrochemical oxidation study (Fig. S32b). The
physical appearance of the samples also matched. The apparent
ease with which U(v)ExPh underwent both electrochemical and
air-based oxidation, led us to consider that a U(v) species could
be prepared under preparative conditions using ferrocenium as
the chemical oxidant as described above.

In contrast to what was seen under conditions of oxidation,
a corresponding spectro-electrochemical study revealed no
discernible U(wv)/U(m) redox events upon reduction. This was
taken as further support for the instability of the U(m) ExPh
complex.

Solution- and solid-state spectroscopy

The UO,ExPh, U(w)ExPh, U(v)ExPh, and the aspirational
U(u)gmpsExPh complexes were further analyzed by UV-vis and
IR spectroscopies. In the case of the uranyl complex, the UV-vis
spectrum revealed a shoulder at 456 nm with a molar absorp-
tivity of 1420 (£30) M~' cm ™" (Fig. S12 and S13). The spectrum
for the corresponding U(iv) complex was characterized by the
presence of several peaks at 674, 642, 625, and 545 nm ascribed
to f—f transitions. An additional broad peak at 562 nm was also
seen that was determined to be non-linear in concentration
(Fig. S13). The molar absorptivity values for the linear-in-
concentration peaks were determined to be 54 (£3), 44 (+1),
33.4 (+£0.3), and 8 (£2) M~' em ™, respectively (Fig. S14). A UV-
vis spectral analysis of the U(v) complex revealed a broad
absorption feature between 450 and 650 nm analogous to that
observed in the spectro-electrochemical study. An absorption
maximum at 474 nm with a molar absorptivity of 2920
(+450) M~ " cm " was seen (Fig. 5). The deep coloration of U(v)
ExPh is ascribed to this broad absorption feature, which has

been observed previously in reported U(v)
24,58-61

various
complexes.

The putative U(ur) complexes displayed a small peak at
607 nm in the UV-vis spectrum that proved non-linear with
concentration, as well as a broad peak at 672 nm with a molar
absorptivity of 100 (£30) M~ " cm " (Fig. $17). The similarity of
this spectrum and that recorded for U(w)ExPh was taken as
further support for the conclusion that the ExPh ligand does not
stabilize a U(m) center effectively, and that if produced, the low-

4500 r

3000 r

e/ M1 cm-!
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0 L 1 " 1 L 1 " I
350 450 550 650 750

Wavelength/ nm

Fig. 5 UV-vis of U(v)ExPh measured in fluorobenzene at room
temperature. A broad shoulder is observed with maximum at wave-
length of 474 nm and a sharper peak at 610 nm.
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Fig. 6 Micro-spectro photogram of U(v)ExPh obtained from crystal-
lized material. A broad shoulder is seen at 394 nm with a sharp peak at
629 nm complementing the solution-state UV-vis spectrum. The inset
shows an image of the deep brown/purple plate crystals used for the
spectroscopic analysis. Twinning and desolvation is revealed by the
several fractures among the crystals.

valent species converts readily to the corresponding U(wv)
complex. Solution-state NIR spectra revealed no discernible
features between the uranyl, U(wv), and putative U(u) complexes.
The lack of distinction from baseline is ascribed to the poor
solubility of the complexes and inability to obtain concentra-
tions necessary for analysis. Solution-state near infrared spec-
troscopy of the U(v) complex revealed a characteristic 5f*
absorption peak. Specifically, a single sharp peak was noted at
1444 nm, consistent with expectations for a U(v) complex
(Fig‘ 816)‘24,58,62764

The purified uranyl, U(wv), and U(v) complexes were studied
spectroscopically in the solid state using micro-
spectrophotometry (Fig. 6, and S$21-S23). Each spectrum
revealed absorption features similar in shape and wavelength
maximum to the corresponding solution-state spectra, albeit
with slight red-shifts.

Solid-state IR data were also obtained for the uranyl, U(w),
U(v) and putative U(m) complex, (Fig. S18-S20) revealing
aromatic C-H and C=C stretches. The triethylammonium and
hydroxy groups of UO,ExPh showed N-H and O-H stretches in
the form of a broad peak around 3400 cm ™. UO,ExPh, U(w)
ExPh, and the putative U(m)ynmpsEXPh complex showed alkyl
C-H stretching modes around 2950 cm ' ascribed to their
counterions and co-ligands - triethylammonium, DMAP, and
HMDS, respectively. A unique [BArF,,]” C-F stretching mode
was also observed for the U(v)ExPh complex at 1110 cm and
670 cm ™ '; these features were not seen for the other complexes.

Conclusions

In this study we show that the simple-to-prepare ligand, ExPh,
recently found effective in lanthanide cation complexation, can
stabilize crystallographically characterized complexes with
uranium as U(v) and U(vi) (uranyl). Electrochemical studies of
the U(wv) complex, U(wv)ExPh, provided support for the conclu-
sion that oxidation to a stable U(v) complex could be achieved.
Consistent with this supposition, treatment of U(iv)ExPh with
ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
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afforded U(v)ExPh. In addition to SC-XRD structural analyses of
single crystals of the U(wv) and U(vi) complexes, the three stable
products of this study, namely U(iv)ExPh, U(v)ExPh, and UO,-
ExPh, were characterized in the solid state by IR spectroscopy
and micro-spectrophotometty, as well as in solution by "H NMR
spectroscopy. Efforts were made to prepare the corresponding
U(ur) species. However, a combination of electrochemical and
chemical studies revealed no sign that a stable species was
formed. We thus conclude that ExPh as a ligand system is not
able to stabilize a U(m) metal complex. Nevertheless, the ability
to coordinate with uranium cations in three sperate formal
oxidation states, namely U(wv), U(v), and U(vi), highlights the
efficacy of this O,N,O chelator toward actinide complexation.
This is expected to pave the way for future studies involving
transuranic ion chelation, as well as in due course biological
evaluations of inter alia safety and pharmacokinetic parameters.
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