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ABSTRACT

Recent efforts to activate the strong uranium-oxygen bonds in the dioxo uranyl cation have been
limited to single oxo-group activation through either uranyl reduction and functionalization in
solution, or by collision induced dissociation (CID) in the gas-phase, using mass spectrometry
(MS). Here we report and investigate the surprising double activation of uranyl by an organic
ligand, 3,4,3-LI(CAM), leading to the formation of a formal U®" chelate in the gas-phase. The
cleavage of both uranyl oxo bonds was experimentally evidenced by CID, using deuterium and
80 isotopic substitutions, and by infrared multiple photon dissociation (IRMPD) spectroscopy.
Density functional theory (DFT) computations predict that the overall reaction requires only 132
kJ/mol, with the first oxygen activation entailing about 107 kJ/mol. Combined with analysis of
similar, but unreactive ligands, these results shed light on the chelation-driven mechanism of
uranyl oxo bond cleavage, demonstrating its dependence on the presence of ligand hydroxyl

protons available for direct interactions with the uranyl oxygens.

KEYWORDS Uranyl activation, Actinide chemistry, Gas-phase chemistry, Collision induced

dissociation, Uranium chelate



INTRODUCTION

Ubiquitous in current nuclear fuel cycle operations and in future recovery processes of U from
seawater, the uranyl ion, UO,*, occupies a central place in the nuclear chemistry field." In spite
of its apparent chemical inertness, UO,*" has recently caught growing attention for the tantalizing
prospect of activating its remarkably stable metal-oxygen double bonds.® Nevertheless, the
activation and functionalization of UO,*" still remain challenging and elusive. In the condensed
phase, a few examples of apparent activation and functionalization of the highly stable U=0
bonds have been proposed recently, with notably the reductive silylation and coordination by a
Lewis acid such as B(C¢Fs); or an alkali metal.”® However, with these approaches, the uranyl
oxo bond (U=0) undergoes reduction due to the instability of the hypothetical UO* or U®" ions.
In the gas-phase, three mono-activated UO,*" systems have been prepared recently by CID-MS
experiments. Upon CID," the [UO»(N3)Cl,]" complex dissociated into the activated
[UO(NO)CL,] ion via N; loss. [UO,(NCO)Cl,] was obtained similarly" by electrospray
ionization (ESI), with subsequent CID yielding the elimination of CO; and the direct formation
of the oxo-nitride [UONCL,]". Likewise, the UON" complex was prepared from [UO,(NC)]"."*
For each of the UON", [UO(NO)Cl,] and [UONCI,] systems, only one of the UO,** oxo bonds
was cleaved and replaced by another inorganic ligand, resulting in a sequence of compounds in
which the metal center keeps its +VI oxidation state. Only one previous report describes the
substitution of both U=0 bonds and the formation of a U(VI) aryloxide, as the result of
[HNC;H;],[UO,CL] complexation with ‘Bu-calix[6]arene and La(OTf);."”®> While characterization
of this reaction’s product revealed an octahedral U(VI) atom ligated by three phenolate oxygens
from each of two calixarene ligands, the mechanism of activation was not understood.'>"

Drawing from this report and from previously performed gas-phase mono-activation reactions,



we sought to investigate potential mechanisms associated with the cleavage of both UO,** oxo
bonds, using chelated UO,*" as a starting reagent. Here, we describe the non-reductive UO,** oxo
activation by an octadentate catecholamide ligand, 3,4,3-LI(CAM), leading to the cleavage of
both U=0 bonds and the formation of a formal U®" chelate in the gas-phase. Through a
combination of spectroscopic and computational tools, interactions between the ligand and metal
center were probed and helped deciphering the activation mechanism to provide a rationale for

the design of new synthetic systems with uranyl-oxo functionalization properties.

METHODS

Caution! Uranium compounds are hazardous and radioactive materials that should only be

manipulated in specifically designated facilities in accordance with appropriate safety controls.

Chemicals

The ligands 3,4,3-LI(1,2-HOPO)"” (HOPOHs) and 3,4,3-LI-CAM' (CAMH,;) were
synthesized and characterized as previously reported. Ligand stock solutions were prepared by
direct dissolution in DMSO. Deuterium-substituted CAMD;, was prepared by facile exchange of
the eight hydroxyl and two amide hydrogen atoms with the deuterium atoms upon dissolution of
the ligand in D,0O; exchange was confirmed by the 7 m/z shift relative to [UO,(CAMH)]".
Aqueous stock solutions of natural uranyl were prepared from UO,Cl,. An 18.6 mM stock
solution of '®O-labeled uranyl was prepared by dissolution of UO,Cl, in H,"®O (Sigma Aldrich,
97% '°0), followed by UV irradiation for 90 hours. Uranyl concentration was determined by UV-
vis spectrophotometry using an (414 nm) value of 9.7 L.mol".cm™,"” and the oxygen exchange

in the UO,CI, stock was confirmed by ESI-MS.



ESI-MS Experiments

The general experimental approach has been described previously.'®' Anionic complexes of
uranyl and triply de-protonated ligands were produced by ESI of ethanol solutions (~80%
ethanol; 20% water) containing 100 [[M UO,Cl, (diluted from 10 mM UQO,Cl, at pH = 2) and 100
[IM of the chelating ligand. The experiments were performed using an Agilent 6340 quadrupole
ion trap mass spectrometer with MS" CID capability; the CID energy is an instrumental
parameter that provides only a relative indication of ion excitation. Anion mass spectra were
acquired using the following parameters: solution flow rate, 60 [JL.h"'; nebulizer gas pressure, 12
psi; capillary voltage offset and current, -4000 V and 24.5 nA; end plate voltage offset and
current, -500 V and 3025.0 nA; dry gas flow rate, 3 L.min"; dry gas temperature, 325°C;
capillary exit, -50.0 V; skimmer, -36.3 V; octopole 1 and 2 DC, -10.88 V and -3.00 V; octopole
RF amplitude, 190 Vpp; lens 1 and 2, 10.0 V and 91.0 V; trap drive, 50.0. Nitrogen gas for
nebulization and drying was supplied from the boil-off of a liquid nitrogen Dewar. The
background water pressure in the ion trap is estimated as ~10° Torr and reproducibility of
hydration rates of UO,(OH)" established that the water pressure was constant to within <10%.

The helium buffer gas pressure in the trap is constant at ~10™ Torr.

IRMPD Experiments

The IRMPD experiments were performed at the Free Electron Laser for Infrared eXperiments
(FELIX) Laboratory.”! The [UO,(CAMH;)]" and [UO,(HOPOH,)]" complexes were produced by
ESI of similar solutions and under similar conditions as employed for the gas-phase reactivity
studies described above, with subsequent CID to induce water loss from the former. The IRMPD

spectra were acquired using a QIT/MS similar to that previously employed to study uranyl-



crown and organouranyl complexes.”»*> The QIT/MS has been modified*** such that the high-
intensity tunable IR beam from FELIX can be directed onto the ion packet, resulting in
multiphoton dissociation that is appreciable only when the IR frequency is resonant with a
sufficiently intense absorption vibrational mode of the particular mass-selected complex being
studied. The FEL produces ~5 ps long IR pulses with an energy of ~40 mJ/pulse at a repetition
rate of 10 Hz. For the IRMPD measurements described here, ions were irradiated for 200 ms,

corresponding to two FEL pulses, before being scanned out of the trap and detected.

Computational Simulations

Density functional theory calculations were performed with the open-source NWChem
software suite.”® The Stuttgart small-core effective core-potential and associated basis set*” were
used to describe the uranium atom, while all-electron DFT optimized valence triple-{ polarized
(TZVP) basis sets*® were used for all other atoms in the modeled complexes. The geometries of
the complexes were optimized, followed by frequency calculations to ensure the calculated
structure had no imaginary frequencies and was in a minimum energy configuration. To validate
the computational approach, additional geometry optimizations with and all-electron DFT
optimized valence triple-( polarized (TZVP) basis sets on the light elements were done. All
reaction energies obtained from the calculations include the zero-point energy correction. The
vibrational frequencies were scaled empirically with a factor 0.985 and subsequently converted
into an infrared spectrum by applying a Gaussian broadening (10 cm™ full width at half
maximum) to each mode utilizing the calculated intensities and summing all broadened peaks to

form the final spectrum.



RESULTS AND DISCUSSION

Samples containing an equimolar amount of UO,Cl, and the catecholamide siderophore
derivative 3,4,3-LI(CAM) (Fig. 1, hereafter designated as CAMH;, to denote the hydroxyl and
amide H atoms) in ethanol were subjected to ESI, resulting in the formation of the gas-phase 1:1
chelate [UO,(CAMH5)]". Similar experiments performed with the deuterated analogue CAMD;,,
where the labile catechol and secondary amide protons have been exchanged with deuterium to
yield the deuterated chelate [UO,(CAMD;)]. Both complexes (m/z = 1113, or 1120 when
deuterated) were selected from their parent ESI mass spectra and subjected to CID, which
resulted primarily in the loss of two water molecules, as depicted in Figure 1. The dissociation
pattern was similar for the hydrogen and deuterium versions of the system indicating that the
four labile protons are removed from the ligand upon elimination of the two water molecules.
Based on these results, the eliminated oxygen atoms present in H,O and D,O could be from

either the ligand or the metal dioxo cation.

Aside from the loss of the water molecules, whether deuterated or protonated, the complex also
dissociates by losing one binding unit due to the cleavage of one of its two secondary amide C-N
bonds. The mass of the resulting fragmented species (m/z = 877) corresponds to a mono-charged
complex comprising the 3 remaining catechol units, the spermine backbone of the ligand with a
primary amine due to the H-transfer from the eliminated sub-fragment (m/z = 136), and a UO,*"

ion.
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Figure 1. (top) CID ESI-MS spectra of [UO,(CAMH)] (blue) and [UO,(CAMDy)] (red).
Nominal CID voltage = 0.25 V. (bottom) CID ESI-MS spectrum of the ligand CAMHy". Nominal
CID voltage = 0.70 V. The structures of the ligand (CAMH,) and its deuterated version
(CAMDyy) are given for clarity. The dominant fragmentation pathways are two H,O losses for
[UO,(CAMH;)] and two D,O losses for [UO,(CAMD;)]; water loss is not observed for
CAMHyg. Also observed are ligand cleavages as indicated, concomitant with H-atom transfer
from the eliminated neutral fragment (136 m/z); this is the only pathway observed for the ligand.
Although the fragmentation mechanisms are not revealed by these results, the peaks at 859, 841,
and 824 m/z correspond to the respective losses of “136” and one H,O; “136” and two H,O; and
“136”, two H,0, and one OH from [UO,(CAMH)].

The elimination pathway was similar to that observed with the deuterated complex. Formation
of three additional species was observed, corresponding to the combined loss of this sub-

fragment with one (m/z 859) or two (m/z 841) water molecules, and further elimination of an OH



group (m/z 824). This OH elimination was not observed after the direct departure of the two
water molecules from the parent ion as shown by the absence of ion intensity at m/z 960 and 962
(Fig. 1). It is apparent that the additional fragmentation pathways are not a result of simple loss
of a ligand fragment from the dominant double-water-loss pathway of primary interest here. Of
note, CID of the deprotonated ligand CAMHg, in the absence of uranyl, resulted in two
consecutive eliminations of m/z 136 only, corresponding to the sequential departure of two
catechol units, strongly indicating that the water losses were indeed induced by the actinyl ion

and did not arise from the CAM ligand itself.

DFT calculations were performed to gain insights into the oxygen source of the water
dissociation chemistry of [UO,(CAMH,)]. The calculated lowest energy structures for the
product, intermediate (single water loss) and reactant complexes are shown in Figure 2 and
Supplementary Figure S1. Uranyl U=0 bond lengths in [UO,(CAMH,)] (Fig. 2, left panel) are
1.80 and 1.81 A while the uranyl is almost linear with a 178-degree O-U-O angle. Protons from
two catechol units are oriented towards the uranyl oxygens, at distances of 1.88 and 1.98 A from
the oxygen with a third available proton at a larger distance (2.78 A). Four oxygens from the
remaining catechol units are located approximately in the equatorial plane at distances of 2.20-
2.60 A from the U atom. The single water loss intermediate (Supplementary Figure S1) can be
characterized as [UO(CAMHs)],, where one uranyl oxygen was activated and eliminated in the
water loss reaction. The U center is coordinated by seven oxygens, with the remaining terminal
U=0 bond stretched to 1.82 A and a catechol hydrogen at that same distance from the oxygen.
The remaining six oxygens are at an average distance of 2.27 A from U, with the shortest U-O
distance being 2.12 A. The final product of the double water loss represents a U species in which

both uranyl U-O bonds have been activated (Fig. 2, right panel). Here the U® center is



coordinated by seven catechol hydrogens with an average U-O bond length of 2.20 A (shortest is
2.12 A), all much longer than a typical uranyl double bond. Based on formal charges this species
would reflect the presence of a U®" ion normally only found with strong uranyl bonds for organic
chelates or in the presence of strong inorganic ligands such as fluorides. Calculated reaction
energies for the water loss process show that the overall reaction process requires only 132
kJ/mol, with the first water loss and oxygen activation requiring about 107 kJ/mol, and the
second water loss requiring only 25 kJ/mol. This low energy requirement is well within the range

of the energy generated during the CID experiments.

Figure 2. Computed structures of the reactant [UO,(CAMH)]" (left) and the dehydrated (-
2H,0) product [U(CAMH)]" (right). Hydroxyl groups from the catechol binding units are
highlighted in ball and stick representation. The “yl” U=0 bonds are highlighted in green and a
size ratio uranium/oxygen of 1.6 was used for clarity.
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The gas-phase double activation of UO,** by CAMH,” was unambiguously confirmed by
IRMPD spectroscopy. Figure 3 shows the IRMPD spectra of the parent fragment
[UO,(CAMH;)], which exhibits an absorbance band at 912 cm™, characteristic of a v;
asymmetric stretching mode of the uranyl double oxo bonds. The calculated spectrum for
[UO,(CAMH;)]" shows good agreement, though the two peaks at 860 cm™ and 912 cm™ in the
calculated spectrum are computed significantly closer together (~25 cm™ splitting). Analysis of
the vibrational modes confirms that the 912 cm™ peak has the uranyl asymmetric stretch as its
primary component, and the other two peaks in the 700-950 cm™ are assigned to vibrations of the
ligands. The uranyl frequency in this chelate is lower than those of uranyl nitrate (964 cm™),”
halide (956-966 cm™),* acetone (988-1017 cm™)* and alcohol (944-952 cm™)* species
previously studied by IRMPD. This red shift is consistent with the higher donation of electron
density to the metal center induced by the chelator when compared to weaker donor ligands
mentioned above. The IRMPD spectrum of the fragment at m/z = 977 (Fig. 1) resulting from the
loss of two water molecules from the parent ion [UO,(CAMH;)], clearly shows the
disappearance of the uranyl asymmetric stretch IR band at ~912 cm™ (Fig. 3) indicating the

absence of the uranyl moiety in the fragment species.

11
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Figure 3. Experimental IRMPD spectra of [UO,(CAMH,)]" (m/z 1013) (A) and its CID
fragment resulting from the loss of two H,O (m/z 977) (B), with corresponding calculated
spectra for the parent (C) and fragmented (D) species. Comparison of the spectra shows
experimental and predicted disappearance of the uranyl asymmetric stretch mode at ~910 cm™
(indicated with black arrows on experimental spectra) upon loss of two H,O.

Confirmation of the activation of both uranyl bonds by the CAMH;* ligand was obtained with
CID ESI-MS experiments using oxygen-18 labeled uranyl, U'0,*". ESI of a solution of CAMH,,

and U™0,Cl, in ethanol yielded [U*0,(CAMH;)] (m/z = 1017), as expected from non-labeled

12



experiments (Fig. 4). Upon CID, the labeled complex eliminated a fragment of m/z 40 that was
attributed to the elimination of two labeled water molecules H,'®O. This double elimination can
only be due to the cleavage of the two U="0 bonds. As observed in the experiments with natural
uranyl, the labeled complex also exhibits an alternative dissociation pathway with the
elimination of one catecholamide binding unit (m/z = 136) resulting in a fragmented uranyl
species of m/z 881, as well as the eliminations of one or two H,'®O molecule(s) yielding U
complexes of m/z 861 and 841. The final elimination of an '*OH fragment was also observed as
in the case of the non-labeled experiments. This fragmentation pattern provides evidence of the
complete cleavage of the U=0 double bonds with loss of the uranyl O atoms in the uranyl-3,4,3-
LI(CAM) system. Combined with computations, the experimental results obtained with natural
uranyl-CAM (deuterated and non-deuterated) and with '®O-labeled uranyl-CAM complexes

represent the first mechanistic evidence for double activation of UO,*" by an organic ligand.

In an attempt to extend the results obtained with CAMH,, corresponding CID and IRMPD
experiments were performed using the ligand 3,4,3-LI(1,2-HOPO) (hereafter designated as
HOPOHs), which has the same spermine scaffold as CAMH;, but binds metal through four 1-

hydroxy-pyridin-2-one (1,2-HOPO) moieties (Fig. 5).
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Figure 4. CID mass spectrum of labeled [U"0,(CAMH;)]. Nominal CID voltage = 0.25 V.
The dominant pathway is loss of two H,"O, indicating elimination of the uranyl oxo-ligands
during dehydration. As in Figure 1, a loss of “136” is observed. The peaks at 881, 841, and 824
m/z correspond to the respective losses of “136” and one H,"O; “136” and two H,"®0; “136”,
two H,'®0, and one OH from [U'*0,(CAMH;)]". Note that the ion intensities are much lower than

in Figure 1.
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Figure 5. (A) CID ESI-MS spectrum of [UO,(HOPOH3)]". Nominal CID voltage = 0.40 V. (B)
CID ESI-MS spectrum of the ligand HOPOHs. Nominal CID voltage = 0.60 V. The dominant
fragmentation pathways for both are losses of neutral “111” and “137”, which correspond to
cleavage of the ligand, as indicated on the structure, with transfer of an H-atom.

This ligand has previously demonstrated a high affinity for UO,*" in aqueous solutions, and
both in vitro and in vivo.”* Contrasting with CAMHj, the ESI-CID mass spectrum of ethanol
solutions containing UO,Cl, and HOPOHjs did not yield the elimination of water molecules (Fig.

5). The observed gas-phase complex produced by ESI, [UO,(HOPOH;)] (m/z = 1017), exhibited

15



a distinct uranyl IR stretch ([J3 = 920 cm™, Supplementary Figure S2). The result that the [J; IR
band is much sharper for [UO,(HOPOH;)] versus [UO,(CAMH7)]" (compare Figs. 3 and S2)
suggests that in the HOPO complex the uranyl moiety is not perturbed by hydrogens and may
therefore not be activated as it is in the CAM complex. Fragmentation of [UO,(HOPOH;)]
occurred via the cleavage of the C-N secondary amide bond or of the C-C bond linking the 1,2-
HOPO group to the secondary amide function. Experiments with and without uranyl present in
the HOPOHs system resulted in the same elimination pathways. The behavior of
[UO,(HOPOH3)] clearly differs from that of [UO,(CAMH)], highlighting the specificity of
CAMH;, toward urany! binding and activation. Comparison of the CID results obtained with the
HOPO- and CAM-uranyl complexes strongly suggests that the breaking of the extremely stable
U=0 bonds, observed with CAMH,, results from interactions between uranyl oxygens and

ligand hydroxyl protons of the catechol units, which are not available in the case of HOPOHs.

Conclusions

Double activation of uranyl oxo bonds was achieved through CID fragmentation of the gas-
phase [UO,(CAMH,)] complex. Notably, this non-reductive process resulted in the formation
and isolation of a chelated [U(CAMHs)]" species comprising a formal U®" metal center
coordinated by the organic ligand. The use of a multidentate organic ligand, CAMH,, with high
affinity for UO,*" but that still bears hydroxyl protons available for interactions with uranyl
oxygens was instrumental, as determined by the lack of reactivity observed with synthetic analog
HOPOHs. Although the oxo-bond cleavages are endothermic, the low activation energies
calculated for the loss of two water molecules from [UO,(CAMH;7)]" suggest a cooperative
mechanism between the first and second activation reactions. Further investigations of these

reactions with other actinyl ions as well as in condensed phases should determine whether

16



CAMH;, and derivatives may constitute a new class of reagents for actinyl-oxo activation in

condensed phases.
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