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ABSTRACT: Interconversion of the oxidation states of uranium enables separations and reactivity schemes involving this element and con-
tributes to technologies for recycling of spent nuclear fuels. The redox behaviors of uranium species impact these processes, but use of electro-
chemical methods to drive reactions of well-defined precursors and to obtain molecular insights into the outcomes has received less attention 
than it deserves. Here, we show that electro-reduction of the uranyl ion (UO2

2+) can be used to promote stepwise functionalization of the 
typically unreactive oxo groups with exogenous triphenylborane (BPh3) serving as a moderate electrophile. Parallel electroanalytical, spectro-
chemical, and chemical reactivity studies, supported by spectroscopic findings and structural data from X-ray diffraction analysis on key reduced 
and borylated products, demonstrate that our electrochemical approach largely avoids undesired cross reactions and disproportionation path-
ways; these conventionally impact the multicomponent systems needed for uranyl functionalization chemistry. Joint computational studies 
have been used to map the mechanistic pathways involved in this U–O activation, and to quantify free energy changes associated with key 
reactions. Taken together, the results suggest that electrochemical methods can be used for selective interconversion of molecular actinide 
species, reminiscent of methods commonly employed in transition metal redox catalysis. 

Development of electrochemically driven routes for desirable 
transformations that could replace older chemical technologies is at-
tracting significant attention in a variety of fields, including electro-
synthesis of organic compounds and carbon capture/utilization.1 In 
these cases, electrochemical methods can enable replacement of 
stoichiometric reagents with “greener” analogues, allow improved 
product yield through avoidance of forcing conditions, and favor se-
lectivity through use of modest overpotentials. These advantages are 
making electrochemical methods attractive for exploration across 
the chemical enterprise, particularly for challenging reactions that 
are difficult to achieve by conventional chemical means. 

One such challenging reaction is reductive activation of high-va-
lent uranium and processing of this element into stable lower-valent 
forms. The uranyl ion (UO2

2+) is a unique species from this perspec-
tive, as although it features high-valent uranium that has lost all its 
valence electrons, the uranyl ion is a very weak oxidant that is re-
sistant to reduction (E°(UVI/V) = 0.16 V vs. NHE in acid).2 The ura-
nyl ion is highly water soluble, however, impacting remediation and 
storage of nuclear materials.3,4 Moreover, the U−O bond dissocia-
tion energy has been estimated at ca. 133 kcal mol–1, in line with ob-
servations spanning decades that this dication is thermodynamically 
stable and typically inert to chemical reactions.5 Consequently, these 
oxo groups are challenging to either functionalize6,7 or more simply 
to protonate; UO2

2+ does not undergo protonation at the oxo moie-
ties even in neat triflic acid (pKa = 0.7 in MeCN).8  

Appealingly, however, chemical studies have shown that reduc-
tion of U(VI) to U(V) can facilitate oxo functionalization (Scheme 
1). Mazzanti and co-workers first demonstrated chemical isolation 
and study of uranium(V) complexes early in the 21st century,9 laying 
the groundwork for exploration of reactivity in this realm through 
their finding that the oxo ligands become more basic upon reduction 
of uranium.10 A landmark report from Arnold, Love, and co-work-
ers11 showed that simultaneous treatment of a macrocyclic UO2

2+ 
complex with KH (a strong reducing agent) and trimethylsilylamide 
(an electrophile that forms a strong Si–O bond) results in selective 
silylation of a uranium-oxo moiety coupled to reduction of U(VI) to 
U(V). In this system, reduction by KH to generate U(V) occurred 
only upon formation of the Si–O bond. In several key reports, Hay-
ton and co-workers demonstrated the use of the strong electrophile 
tris(pentafluorophenyl)borane, i.e. B(C6F5)3, for oxo functionaliza-
tion of the uranyl ion12,13; Hayton’s group has also utilized R3SiH (R 
= Ph or Et) as a combined reductant and silylating reagent for oxo 
functionalization.14,15 Taken together, these reports highlight the 
usefulness of chemical reduction and electrophile-coupled chemis-
try in achieving U–O bond functionalization.16  

 
 
 

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

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


 

 
Scheme 1. Selected literature examples of chemistries for acti-
vation and functionalization of the uranyl ion.  

However, a unifying theme of literature work on uranyl function-
alization is the apparent requirement of strong chemical reductants 
as well as highly electrophilic co-reactants to achieve U–O activa-
tion. This is consistent with the rather negative standard reduction 
potential of the uranyl ion, but as use of very strong reductants drives 
energetic losses and unselective reaction channels, such chemical ap-
proaches to this reactivity remain suboptimal. In prior work, modu-
lation of the reduction potential of the uranyl ion in heterobimetallic 
complexes was studied by Blakemore and co-workers,17 as a window 
to accessing new reactivity. Solvent-driven cross-reactivity that can 
occur in uranyl reduction chemistry has also been studied.18  

Considering these observations regarding chemical redox work 
with the uranyl ion, our attention was drawn to the possibility of 
study of electrochemical conditions for uranyl activation and func-
tionalization. In considering the setup of such conditions, we imag-
ined that energetic losses could be minimized through application of 
minimal overpotentials, particularly if electron transfer to the uranyl 
species targeted for activation were facile. We also imagined that 
clean generation of U(V) could be used to trigger oxo functionaliza-
tion, thus avoiding a need for electrophile pre-coordination as well 
as disfavoring direct electrophile reduction/decomposition. Studies 
of electrode-induced reactivity of the uranyl ion would also build on 
existing studies of uranyl redox chemistry tuned by coordination 
changes,19 as well as ongoing work examining use of molten salt elec-
trolysis for actinide processing.20 

Here, we report an electrochemical scheme for activation and 
functionalization of the uranyl ion, UO2

2+, in the polar, organic sol-
vent acetonitrile. In this scheme, electro-reduction of a U(VI) pre-
cursor by 1e– results in generation of a species in the U(V) formal 
oxidation state that can undergo reaction with triphenylborane 
(BPh3). On the basis of electrochemical titration data, the uranyl ion 
can be readily functionalized at the electrode surface to form either 

mono- or bis-borylated species. Comprehensive electrochemical, 
spectrochemical and spectro-electrochemical studies have been 
used to reveal the highly selective nature of the stepwise reaction se-
quence involved in accessing these borylated complexes, a sequence 
which begins in all cases with reduction, as BPh3 does not react with 
the parent UO2

2+ complex or undergo direct electro-reduction at rel-
evant potentials in MeCN-based electrolyte. Exploration of the 
chemistry of this system from the standpoint of both experimental 
and computational studies suggests that electrochemical methods 
offer a useful route for selective interconversion of uranium species 
and opportunities for mechanistic insight that are challenging to ac-
cess in purely chemical work.  

Results 

Redox Chemistry of Uranyl Reduction 

At the outset of our investigation, we sought to prepare a U(VI) 
starting material appropriate for studies of oxo functionalization 
(Scheme 2). The core uranyl-binding motif that we previously uti-
lized in a macrocyclic ligand17 seemed appropriate for this purpose; 
this core, denoted Mesaldien, has been used previously in the litera-
ture for complexation of UO2

2+ in pyridine21 and ethanol22 but not 
isolated. However, as this ligand can be pentadentate and favors sol-
vent exposure of the oxo moieties, it was ideal for our purpose. Thus, 
we developed procedures for isolation of Mesaldien (Figures S1 and 
S2) and a procedure for generation of its corresponding U(VI) com-
plex, denoted UVI (Figures S3 and S4). Our procedure for prepara-
tion of UVI utilizes UO2(OAc)2•2H2O as the metal-containing pre-
cursor in light of its reliable protonolysis behavior.17,23 1H NMR data 
reveal that UVI displays C2v symmetry in d3-MeCN, consistent with 
κ5 coordination of Mesaldien; the 1H NMR spectrum features a singlet 
at 3.22 ppm (integrating to 3H) that corresponds to the methyl pro-
tons of the tertiary amine (Figure S3). Installation of this methyl 
group avoids the presence of a potentially ionizable proton in the lig-
and backbone, as in a more well-known analogue of this ligand.24 
These data are also consistent with a prior X-ray diffraction (XRD) 
structure of UVI (grown from pyridine/hexane solution)21 showing 
κ5 coordination of Mesaldien in the equatorial plane of UO2

2+. 

 
Scheme 2. Interconversions of forms of the uranyl ion studied 
in this work: (a) Reduction to generate UV from UVI; (b) mono-
functionalization with BPh3 to generate UVB1; (c) di-functional-
ization with BPh3 to generate UVB2. 

Cyclic voltammetry (CV) data collected for UVI reveal a single 
quasi-reversible reduction feature with E1/2 = –1.55 V vs. 
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ferrocenium/ferrocene (denoted hereafter as Fc+/0) in MeCN solu-
tion containing 0.1 M tetrabutylammonium hexafluorophosphate as 
the supporting electrolyte (Figure 1, panel a and Figure S24). Con-
sistent with the soluble nature of UVI, the peak currents for both the 
cathodic and anodic processes associated with this wave were found 
to be linearly dependent on the square-root of scan rate (Figure 
S25). The peak-to-peak separation of the anodic and cathodic pro-
cesses (ΔEp) was 79 mV at 100 mV/s scan rate, consistent an elec-
trochemically quasi-reversible process in which the oxidized and re-
duced forms of UVI undergo rapid interconversion at the electrode 
surface.25,26 As the ratio of the anodic to cathodic peak currents is 
near unity for all scan rates that we tested (Figure S26), we conclude 
that the reduction of UVI is chemically reversible. On the basis of 
prior studies of related complexes from our group and others,28 the 
reduction of UVI can be anticipated to be 1e– in nature, resulting in 
generation of a complex, denoted UV, that features uranium in the 
+V formal oxidation state (for further characterization, vide infra). 

 

Figure 1. Panel a: Cyclic voltammetry data for UVI in MeCN (0.1 M 
[nBu4N]+[PF6]–, 100 mV/s). Panel b: Spectrochemical titration data for 
UVI with 1 equiv. of Cp*2Co in MeCN. Isosbestic points are indicated 
with asterisk (*) and located at 319, 347, 404, and 531 nm. 

To confirm the 1e– nature of the reduction process measured for 
UVI, we carried out a spectrochemical titration with UV-visible (UV-
vis) monitoring using the strong outer-sphere chemical reductant 
decamethylcobaltocene (Cp*2Co). We chose Cp*2Co on the basis 
of its rather negative reduction potential,27 measured under our con-
ditions to be E1/2 (Cp*2Co+/0) = –1.91 V vs Fc+/0 (Figures S27 and 
S28). Considering the more positive reduction potential measured 
for reduction of UVI to UV, addition of Cp*2Co to UVI should result 
in electron transfer; the driving force for UV generation can be esti-
mated at –8.3 kcal mol–1. The UV-vis spectrum of isolated UVI at 100 
μM displays two prominent absorption features with λmax ≈ 344 and 
399 nm (Figure S42), but upon addition of Cp*2Co up to 1 equiva-
lent per UVI, significant changes occurred in the spectrum (Figure 1, 

panel b). The most obvious change is the isosbestic growth of a new 
transition with λmax = 373 nm, corresponding to generation of UV. 
The feature at 373 nm is similar to those measured for structurally 
related, formally U(V) uranyl complexes in literature.28,29 Clean one-
electron reduction of UVI is evident from the isosbestic points at 278, 
319, 347, 404, and 531 nm (Figure 1, panel b, and Figure S45), as 
well as from the observation that further additions of Cp*2Co be-
yond 1 equiv. did not drive further changes in the absorption features 
corresponding to the uranium species in solution (Figure S47). 
These data for further additions showed only the persistence of 
Cp*2Co in solution, consistent with the lack of reduction beyond UV 
in the CV studies.  

Clean generation of UV by 1e– reduction of UVI could also be con-
firmed under electrochemical conditions through spectroelectro-
chemical experiments. Spectral changes resembling those observed 
in the chemical titration described above were observed (corre-
sponding to UVI reduction at the electrode) upon polarization of a 
platinum flag electrode in a thin-layer cuvette cell at –1.7 V (see Ex-
perimental Section and Figure S68 for details). The noted potential 
is sufficiently negative to drive conversion of UVI to UV, evident in 
the UV-vis data from isosbestic points found at 351, 402, and 547 
nm (Figure S69); these values are similar to some of those measured 
in the case of the titration with Cp*2Co, in line with the similar ab-
sorption profiles that would be expected for the products generated 
in each case. The product of electrochemical reduction would be 
[UV]–NBu4

+ whereas in chemical work it is [UV]–Cp*2Co+. In the 
electrochemical case, we note here that an overpotential of only 150 
mV was used to generate the reduced form at the electrode.  

Electrochemical Studies of Uranyl Functionalization 

With the above data in hand showing that UV is generated cleanly 
under both chemical and electrochemical conditions, we turned our 
attention to electroanalytical interrogation of the reactivity of UV 
with our selected electrophile, triphenyl borane (BPh3). As men-
tioned in the Introduction, prior reports have shown that adding a 
Lewis acidic reaction partner to uranyl species can enable weakening 
of the U–O interaction.11,12,21 We were initially inspired to work with 
BPh3 as it is less Lewis acidic (by ca. 7 orders of magnitude30) than 
the more commonly investigated electrophile B(C6F5)3. BPh3 re-
tains the appealing bulky, triaryl nature of B(C6F5)3, however, ena-
bling studies with controlled acid-base stoichiometry.  

To probe for electrochemically induced oxo activation and func-
tionalization, we performed a titration with BPh3 using CV (Figure 
2). As described above, the CV profile for a solution containing 2 
mM UVI displays a single, chemically reversible wave corresponding 
to generation of UV at the electrode surface. However, upon addition 
of BPh3 to the electrochemical cell in increments of 0.2 equiv. per 
UVI and interrogation of the accessible redox chemistry by CV, we 
observed that the current corresponding to re-oxidation of UV (Ep,a 
= –1.51 V; see Figure 2, panel a) decreases as the amount of BPh3 
present in the cell increases. This implies that UV, the immediate 
product of reduction of UVI, is consumed by a chemical reaction in-
volving BPh3 before it can undergo re-oxidation on the return anodic 
sweep. In other words, UV is depleted from the reaction-diffusion 
layer at the electrode surface by the chemical reaction with borane; 
this profile is consistent with so-called EC-type behavior,26 meaning 
that a fast electrochemical reduction (E) is followed by a follow-up 
chemical reaction (C). We observed that the return oxidation wave 
was diminished completely upon addition of 1 to 1.2 equiv. of BPh3, 
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suggestive of adduct formation upon generation of UV that results in 
new species with shifted redox properties.  

 

Figure 2. Cyclic voltammetry titration data for 2 mM solution of UVI 
with BPh3 in MeCN (0.1 M [nBu4N]+[PF6]–, 100 mV/s).  

However, in addition to this change in anodic current, we also ob-
served that the reduction wave associated with UV generation (with 
initial Ep,c = –1.59 V) undergoes an obvious shift to a more positive 
potential as the concentration of BPh3 increases. The data for the ca-
thodic wave display a pivot point (or isogalvanic potential) at ca. E = 
–1.58 V and j = –0.41 mA cm–2. This profile is consistent with con-
tribution of a kinetic potential shift to the U(VI)/U(V) reduction 
wave. Such shifts arise from rapid depletion of nascent UV from the 
reaction-diffusion layer near the electrode surface; perturbation of 
the Nernst equilibrium for the UVI/UV manifold is occurring as a re-
sult of the EC-type behavior, leading to a positive shift in the meas-
ured cathodic potential.26 Comparison with literature examples con-
firms the profile of our data, including the isogalvanic potential, are 
consistent with EC-type behavior.31 This behavior, wherein UV reacts 
with BPh3, contrasts with prior work showing reaction of U(VI) 
complexes with B(C6F5)3.13,32 Importantly, results from both UV-
visible and 1H NMR spectroscopies confirm that BPh3 does not react 
with UVI in either MeCN or our electrolyte (Figures S10-S11 and 
S49-S51). This is consistent with the lower Lewis basicity of the ter-
minal oxo ligands in the U(VI) oxidation state vs. U(V), as well as 
coordination of MeCN to BPh3 under our experimental conditions, 
as suggested by results from infrared spectroscopy (Figures S58 and 
S59).  

At the outset of this investigation, we hypothesized that boryla-
tion could occur in our complex at one or both of the uranyl oxo lig-
ands, owing to the anticipated lack of steric bulk above and below 

the plane of the Mesaldien ligand (Scheme 2). In accord with this hy-
pothesis, two new anodic waves appear in the voltammetry data col-
lected in the presence of BPh3. The first of these is apparent at Ep,a = 
–0.95 V, while the second occurs at a more positive potential with 
Ep,a = –0.16 V ( Figure 2, panel a, Figure S33, and S35). Both these 
waves are located at peak potentials which are more positive than the 
initial UVI/UV redox wave, implying that the species undergoing ox-
idation feature weaker sets of donating ligands than in the starting 
complex. Control experiments in which the cathodic switching po-
tential was set positive of that required to affect generation of UV con-
firmed that generation of this species is required to observe the new 
anodic waves (Figure S37).  

These observations are consistent with sequential in situ boryla-
tion of the oxo ligands of electrogenerated UV; the shifts in the meas-
ured anodic potentials (ΔE) of +0.56 V and +1.35 V correspond to 
observation of the U(V) to U(VI) waves for mono- and bis-
borylated species derived from reaction of UV with BPh3. The shift 
in potential upon bis-borylation is approximately double that en-
countered for mono-borylation (ΔEbis/ΔEmono = 2.4), in accord with 
the proposed reaction stoichiometry. Also, in accord with our pro-
posal, Arnold, Love, and co-workers have recently measured a +0.69 
V shift in E(UVI/UV) between synthetically isolated non-borylated 
and mono-borylated complexes bearing a diypyrromethene-based 
ligand.19  

Examining the [BPh3] dependence of the CV titration data, the 
current density associated with the more negative of the two new an-
odic features is maximized at moderate BPh3 concentrations (ca. 0.4 
equiv.) while the more positive wave is maximized at 2.0 equiv. Fur-
thermore, addition of BPh3 beyond 2.0 equiv. does not result in sig-
nificant changes in the voltammetry. With all this in mind, the fea-
ture with Ep,a = –0.95 V could be assigned as oxidation of a mono-
borylated species derived from UV (denoted UVB1; see Scheme 2) 
and the feature with Ep,a = –0.16 V as oxidation of a bis-borylated 
species (denoted UVB2). Qualitatively, the appearance of the incipi-
ent anodic waves for UVB1 and UVB2 is consistent with rapid electron 
transfer for these species, similar to the behavior encountered with 
isolated UVI.  

Examination of multi-cycle CV data measured with UVI in the 
presence of added BPh3 enables investigation of the chemical revers-
ibility of the apparent U(VI)/U(V) redox manifolds for UVB1 and 
UVB2. At 100 mV/s, the oxidations of both UVB1 and UVB2 appear 
irreversible, in that a wave corresponding to reduction of the U(VI) 
forms of these species is absent in the 2nd and subsequent cycles of 
voltammetry (Figures S38 and S39). As the appearance of the reduc-
tion wave of UVI is unchanged upon carrying out multiple cycles of 
voltammetry, the products of oxidation of UVB1 and UVB2 appear to 
quickly lose the associated equivalent(s) of BPh3 upon oxidation. 
This proposal is consistent with computational results showing that 
generation of U(VI) in these systems results in B–Ooxo bond cleav-
age rather than U–Ooxo cleavage (vide infra). All of these observa-
tions amount to evidence of a well-defined series of redox-induced 
processes displayed by our complexes; these are shown in Scheme 3. 

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

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


 

 
Scheme 3. Redox-promoted uranyl reactivity pathways de-
scribed in this work. Measured potentials from CV data are 
given in purple text and are reported vs. ferrocenium/ferro-
cene. Calculated Gibbs free energies, ∆G, from theoretical cal-
culations with Cp*2Co as chemical reductant are given in royal 
blue text. 

Extension of these electrochemical studies to much faster scan 
rates was also pursued in attempt to observe re-reduction of the 
U(VI) species derived from UVB1 and UVB2. At scan rates above 500 
mV/s, return waves could be measured that pair well with the oxida-
tion peaks measured for both UVB1 and UVB2 (Figures S40 and S41). 
Thus, the loss of BPh3 appears slow enough that re-reduction of 
these species can be directly interrogated. Moreover, the E1/2 values 
for U(VI)/U(V) cycling of both UVB1 and UVB2 could be measured 
from this data, returning values of –0.91 V and –0.13 V, respectively, 
at 1000 mV/s (Table S2). The ΔEp values measured for these waves 
are similar, around 20 mV, suggest that the electrogenerated species 
may display transient interactions with the electrode surface, despite 
the apparent solubility of chemically prepared UVB1 and UVB2 (vide 
infra). 

In addition to these changes, a new wave also appears at more neg-
ative potentials in voltammograms collected with concentrations of 
BPh3 beyond 0.8 equiv. This new quasi-reversible couple lies at E1/2 
= –1.80 V (Figure 2, panel b and S35) and displays a reasonable ΔEp 
value at 100 mV/s of ca. 110 mV. Based upon the concentrations of 
BPh3 at which this wave becomes obvious, and its measured poten-
tial, we hypothesize that double functionalization of UV with BPh3 
enables the uranium center in UVB2 to undergo further reduction, 
forming a species in the formal U(IV) oxidation state, denoted 
UIVB2. For comparison, control experiments showed that BPh3 itself 
undergoes an irreversible reduction at a potential of –2.38 V (Figure 
S32); this value is much more negative than that required to access 
UIVB2 or any of the U(V) species discussed in this work. Conse-
quently, use of our electrochemical approach and BPh3 as a modest 
electrophile avoid undesirable cross-reactivity that could decrease 
the selectivity of the oxo-functionalization chemistry that we have 
observed. 

Inspection of all the available CV data reveals that the 
E1/2(UV/UIV) for UVB2, –1.80 V, is significantly more negative than 
the estimated E(UVI/UV) potential for this species, –0.13 V. This 
corresponds to a wide difference in potential of 1.67 V. To the best 
of our knowledge, thermodynamic potentials for UVI/UV and UV/UIV 
processes in a single uranyl-derived ligand framework with 

functionalized oxo ligands has not been previously measured. How-
ever, our values may compare well to measurements from Arnold, 
Love, and co-workers19 for an unfunctionalized uranyl species that 
showed a gap between UVI/UV and UV/UIV of 840 mV; at this stage, 
we anticipate that the greater potential gap for our complex could be 
attributable to both the involvement of ligand-centered orbital in-
volvement in the prior work (which could induce a redox-leveling 
effect and diminish the gap between oxidation states) as well as the 
anionic and dianionic nature of UVB2 and UIVB2, respectively, under 
investigation here. In any case, the wide potential gap between the 
U(VI) and U(IV) oxidation states in our system highlights the im-
portance of ligand tuning as a strategy for oxo-functionalization and 
reductive processing of oxidic uranium species.  

Optical Studies of Activation and Functionalization  

In order to provide further evidence of the chemical reactivity 
pathways operating in our system, as observed in the electrochemi-
cal data, we carried out spectrochemical titration experiments. In 
these experiments, our goal was to directly measure changes in UV-
visible spectra reporting on formation of the chemical species dis-
cussed above. In this approach, UV was generated in situ by the re-
duction of isolated UVI with 1 equiv. of Cp*2Co, which is sufficiently 
reducing to cleanly produce UV (vide supra). Titration of UV with in-
creasing amounts of BPh3 results in marked spectral changes up to 
one equivalent of borane, including diminished absorption in the 
transition centered at 372 nm (Figure 3, panel a). Isosbestic changes 
were measured at λiso = 321 nm, 422 nm, and 564 nm (Figure S52), 
consistent with clean generation of UVB1 from UV. In accord with 
this conclusion, there is a uniform shift in the transition at 372 nm in 
the profile of UV to 368 nm after the addition of 1 equiv. BPh3 (Fig-
ure S54). Consequently, we conclude that under these conditions 
([uranium] = 100 μM) UV undergoes clean reactivity to produce 
UVB1.  

 

Figure 3. Panel a: Spectrochemical titration data for in situ generated UV 

with 1 equiv. of BPh3 in MeCN. Isosbestic points are indicated with 
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asterisk (*) and located at 321, 422, and 564 nm. Panel b: Spectrochem-
ical titration data for further addition of BPh3 up to 2 equiv.  Isosbestic 
points are located at 347, 403, and 469 nm. 

Further addition of BPh3 in 0.2 equiv. increments suggests that 
UVB1 reacts with a second BPh3 to form UVB2. UV-visible spectra for 
this transformation show a distinctive set of isosbestic points with λiso 
= 347, 403, and 469 nm (Figure 3, panel b and Figure S53). The 
noted strongly absorbing transition that was initially at 372 nm for 
UV and shifted to 368 nm in the case of UVB1 undergoes a further 
blue shift upon generation of UVB2 to 354 nm (Figure S54). Similar 
to the case of UVB1 these data support that UVB2 can be cleanly gen-
erated when [uranium] = 100 μM as in this experiment.  

These findings demonstrate that UVB1 and UVB2 can be produced 
cleanly at [U] = 100 μM, and that there is a clear dependence of the 
product obtained on the amount of borane added. The CV data (vide 
supra) are in agreement with this notion, in that the amount of bo-
rane added to the electrochemical cell influences the product distri-
bution of the mono- and bis-borylated species. The mono- is acces-
sible at low borane concentrations and the bis- is favored at higher 
concentrations. Computational results (vide infra) show that both 
the borylation reactions in our system are exergonic, in line with 
these experimental findings. 

The spectrochemical data regarding formation of UVB2 could be 
directly compared to an analogous spectroelectrochemical study ex-
amining generation of this species from UVI and BPh3. To detect the 
formation of UVB2, two equivalents of borane were added to a solu-
tion of UVI in electrolyte. Electrolysis of this solution at –1.65 V with 
simultaneous UV-visible monitoring revealed the growth of new ab-
sorption features with isosbestic behavior (Figures S71 and S72), 
confirming clean conversion of UVI to UVB2. The spectral profile of 
the spectroelectrochemically generated/observed UVB2 agrees well 
with the spectrochemical data (Figure S74), particularly in the ab-
sorption feature centered near 3 nm. Consequently, we conclude 
that formation of the borylated species can be achieved under both 
chemical and electrochemical conditions and that complementary 
insights come from comparing the alternative reduction methods.  

Chemical Synthesis and NMR Studies of the U(V) Complexes 

Encouraged by the apparent stability of UV, UVB1, and UVB2 on 
the CV timescale, we attempted chemical preparation and isolation 
of these compounds in MeCN. To prepare UV, UVI was treated with 
1 equiv. of Cp*2Co in MeCN, resulting in a color change from orange 
to blue. The solvent was removed in vacuo yielding a greenish blue 
powder. The 1H NMR spectrum (d3-MeCN) of this material indi-
cates formation of [Cp*2Co]+ (singlet at δ ≈1.70 ppm), confirmed 
by comparison of the noted singlet to that found for commercially 
available [Cp*2Co][PF6] (Figures S6 and S8). Replicate measure-
ments of 14 separate samples of UV (including samples in which the 
compound was in situ generated or isolated as a powder and re-dis-
solved for analysis) over the course of this work gave the chemical 
shift for the [Cp*2Co]+ counteraction associated with UV a value of 
1.719 ± 0.007 ppm, closely resembling the chemical shift of commer-
cial [Cp*2Co][PF6] (δ = 1.699 ± 0.002 ppm across three replicate 
samples) (Table S1). These data indicate clean conversion of CoII to 
CoIII, as the position of the peak corresponding to the Cp* methyl 
protons is sensitive to the oxidation state of Co (Figures S5-S7). Ad-
ditionally, upon addition of Cp*2Co, the diamagnetic peaks corre-
sponding to the starting UVI disappear and 9 new paramagnetically 
shifted resonances appear with chemical shifts ranging from ca. 5.5 

ppm to –8.0 ppm (Figure S9). And, we found the effective magnetic 
moment (μeff) of UV in d3-MeCN using Evans method to be 2.1 μB 

(See SI, pp. S27-S28), consistent with the U(V) oxidation state and 
prior measurements on the 5f1 UO2

+ cation.33,34 Also in accord with 
the expected chemical composition of UV as a salt of the reduced ura-
nyl complex and decamethylcobaltocenium, [Cp*2Co]+, CV data 
collected for synthesized and isolated UV revealed two quasi-reversi-
ble reduction feature with E1/2 = –1.55 V and –1.91 V vs. Fc+/0 in 
MeCN electrolyte, corresponding respectively to the UVI/V and 
CoIII/II redox couples (Figures S29-S31). Taken together, these ob-
servations made in d3-MeCN are consistent with clean, stoichio-
metric reduction of the parent UVI complex in this solvent.  

Next, we targeted preparation of UVB1 and UVB2. Addition of 1 or 
2 equiv. of BPh3 to UV (generated in situ from UVI) resulted in a rapid 
color change from deep blue to wine red for the formation of UVB1 
and to light orange for UVB2.35 These colors persisted in the solid 
forms of the products that could be obtained by removal of solvent 
in vacuo. 1H NMR of both borylated derivates showed the expected 
[Cp*2Co]+ peak at ca. 1.70 ppm (Figures S14 and S15) and para-
magnetically shifted ligand resonances in each case (Figures S16 and 
S17), consistent with maintenance of the paramagnetic U(V) oxida-
tion state. All resonances associated with the UV starting material are 
also lost upon addition of BPh3 as expected.  

However, in all attempts made at preparation and isolation of 
both UVB1 and UVB2 as solids, 1H NMR spectra revealed additional 
peaks corresponding to generation of UVI upon addition of BPh3 

(Figures S18 and S19). We were initially puzzled as to the origin of 
the UVI material generated under these conditions, as clean reactivity 
was obtained in spectrochemical work as described above. Evidence 
we have assembled suggests that disproportionation reactivity be-
comes accessible in this system when the concentration of uranium 
is increased, as is necessary for synthetic work (explored here over 
the range of 5-20 mM). Both CV and UV-vis experiments were per-
formed at much more dilute conditions (generally, 0.1-2 mM), giv-
ing an estimated possible acceleration in rate of up to 40,000x across 
our full range of studies.  

Close inspection of our NMR spectra revealed that, under condi-
tions aimed at preparation of UVB1, resonances corresponding to 
UVB2 were observable; this agrees with our CV experiments as well 
as computational results, as both UVB1 and UVB2 can form in the so-
lution at moderate ratios of BPh3 (due to the exergonic nature of the 
borylation reactions and, we anticipate, imperfect efficiency of solu-
tion stirring upon addition of the borane) making the chemical for-
mation of UVB1 unselective. Generation of UVB2 under conditions 
where 1 eq. of BPh3 has been added to the solution results in build-
up of free UV in the solution. However, the barrier to electron trans-
fer from UV to UVB2 is modest—only 5.7 kcal mol–1 on the basis of 
the electrochemical data. Consequently, we hypothesize that elec-
tron transfer to form UVI and UIVB2 can occur, providing a pathway 
to the UVI observed by 1H NMR. At this stage, the fate of the UIVB2 
generated under these conditions is unclear, but we can implicate 
decomposition and/or precipitation as plausible on the basis of the 
limited reversibility of the CV data associated with generation of 
UIVB2 and a lack of 1H NMR resonances attributable to this species.36 

To support our hypothesis that redox between UV and UVB2 im-
pacts our system, we carried out a time-dependent study of the for-
mation of UVI under synthetic conditions, using 1H NMR at 30 min 
intervals. An initial control experiment showed that UV is stable in 
d3-MeCN out to 24 h in the absence of BPh3, while experiments 
where UV was mixed with 1 or 2 equiv. of BPh3 showed formation of 
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UVI as noted above (Figures S20-S22). At 30 min after mixing, ap-
proximately 2x as much UVI had been produced when 1 equiv. of 
BPh3 had been added in comparison to the amount when 2 equiv. 
had been added, consistent with the greater likelihood for co-gener-
ation of UV with UVB2 under the former conditions.  

To our surprise, however, UVI continued to form even after the 
initial 30 min; the rate of this U(VI) production is clearly greater in 
the case of addition of 1 equiv. of BPh3. This observation suggests 
that the UVB1 complex may undergo disproportionation behavior 
via “ligand exchange” or loss of BPh3 from the oxo moieties, leading 
to in situ production of additional UV and subsequent electron trans-
fer. The same behavior may be postulated for UVB2 on the basis of a 
similar (although minor) increase in UVI generation for conditions 
where 2 equiv. of BPh3 were added.  

Spectroscopic Evidence for the U(V) Oxidation State 

On the basis of the work presented so far, the UV, UVB1, and UVB2 
species should feature uranium centers having the +5 formal oxida-
tion state. To provide support for this assignment and firmly connect 
the electrochemical reactivity patterns with generation of bona fide 
U(V), we carried out further spectroscopic work. The infrared spec-
trum of powdered UVI revealed a band attributable to the asymmet-
ric stretch of the uranyl group (νasym) at 883 cm–1 (Figures S60 and 
S61); this band disappeared upon generation of UV, consistent with 
the anticipated reduction of the uranium center (Figures S62 and 
S63). Inspection of the spectrum of UV at energies ca. 125 cm–1 lower 
than the νasym for UVI,13 however, did not reveal an obvious feature for 
the corresponding asymmetric stretch of UV. However, there are sig-
nificant features near 758 cm–1 found in the spectra of both UVI and 
UV, suggesting that the asymmetric dioxo stretch is obscured by lig-
and-derived features in UV.  

Stronger support for the presence of U(V) came from near-infra-
red (NIR) spectroscopic studies. Prior work from Hayton and co-
workers,14,15 Arnold and co-workers,19 and others28,37 have demon-
strated that U(V) centers tend to display transitions in the near-in-
frared region that can be assigned to Laporte-forbidden 5f to 5f tran-
sitions. In our case, the spectrum of UV in MeCN revealed a main 
transition centered at 7,215 cm–1 with ε ≈ 77 M–1 cm–1, along with a 
minor observable shoulder on the low energy side of the main tran-
sition (Figure 4, panel a and Figure S65). This profile is consistent 
with U(V).  

 

 

Figure 4. Near-IR spectral spectra of in situ generated UV (panel a), 
UVB1 (panel b), and UVB2 (panel c). The concentration of UVI used to 
generate all species in situ was 20 mM.  

As the formal U(V) oxidation state should be maintained upon 
borylation of the oxo moieties, we also carried out NIR studies on in 
situ-generated samples of the borylated species. Upon addition of 1 
or 2 equiv. of BPh3 to UV to generate UVB1 and UVB2, respectively, 
spectral changes were observed in the NIR region. The solution con-
taining UVB1 displayed transitions at 13,387 cm–1, 10,288 cm–1, and 
7,837 cm–1 (Figure 4, panel b and Figure S66) while the solution 
containing UVB2 displayed transitions at 12,136 cm–1, 9,443 cm–1, 
and 7,899 cm–1 (Figure 4, panel c and Figure S67). Appealingly, prior 
NIR work on U(V) species functionalized with B(C6F5)3 has re-
vealed that multiple transitions can be observable with such species. 
We anticipate that the similar composition of our complexes gives 
rise to the similarities between these prior spectra and our own. And 
we emphasize that the clear distinction between the spectra of UVB1 
and UVB2 in the NIR region suggests that these in situ generated spe-
cies can be generated in high yields, in line with evidence from the 
electrochemical work as well as NMR (vide supra). The shift of the 
two higher energy bands for UVB1 to UVB2 to lower energies could 
be consistent with diminished π-donation from the oxo ligands upon 
binding of BPh3.  

We also attempted X-band electron paramagnetic resonance 
(EPR) studies to further probe the formation of the U(V) species in 
solution. We prepared the U(V) complexes with in situ mixing meth-
ods similar to those described above. However, the 10 K EPR spectra 
of the frozen reaction solutions showed an absence of any apprecia-
ble signal in all cases (Figure S75). The observation that the com-
plexes are EPR silent in frozen solution could suggest the presence 
of magnetic exchange interactions between U(V) centers in the fro-
zen solutions.38 Therefore, we anticipate that our complexes un-
dergo aggregation at low temperature, leading to loss of the antici-
pated U(V) signals and observation of only extremely weak organic 
radical signals associated with sample contamination and/or minor 
decomposition.  
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Figure 5. Solid-state structure (XRD) of UVI, UV, UVB1, and UVB2. All hydrogen atoms, co-crystallized solvent molecules, cobaltocenium counterca-
tions, and minor components of disorder are omitted for clarity. Displacement ellipsoids are shown at 50% probability level for complex UVI, UVB1, and 
UVB2, and at 20% probability level for complex UV. 

X-ray Diffraction Studies 

Encouraged by our isolation of UVI and UV as clean powdered 
samples, and by our observations that UVB1 and UVB2 could be 
cleanly generated in solution, we pursued structures of these com-
plexes from single-crystal X-ray diffraction (XRD) analysis. Suitable 
crystals of UVI were grown by diffusion of Et2O into a MeCN solu-
tion. The resulting solid-state structure confirms that the first coor-
dination sphere around uranium contains the κ5-Mesaldien scaffold 
and two terminal oxo ligands. The average U–Ooxo distance of 
1.789(3) Å is consistent with U(VI) oxidation state, lying in the typ-
ical range of values for uranyl complexes.7   

Blue crystals of UV were also obtained by vapor diffusion of Et2O 
into a solution of the complex in MeCN. The ligands found in the 
first coordination sphere about the uranium center in UV are identi-
cal to those found in UVI, in accord with transfer of only 1e– to form 
this species from UVI. Notably, however, the average U–Ooxo bond 
distance is elongated to 1.850(7) Å; this elongation of 0.061 Å is 
consistent with generation of the U(V) oxidation state. The U–Ophe-

noxide distances are also elongated in UV, consistent with generation of 
a more electron-rich uranium center upon reduction (Table 1). On 
the other hand, the C–Nimine distance of one of the imine bonds is 
0.015 Å greater than that of the UVI complex; this elongation may be 
attributed to the participation of the ligand in the reduction process, 
leading to a partial ligand radical character for UV. However, this in-
crease is smaller than the change observed in U–Ooxo, which suggests 
that the majority of electron density remains localized on the ura-
nium center; this observation aligns with the findings from the com-
putational studies (vide infra).  

NMR spectra of in situ generated UVB1 and UVB2 support that the 
dominant species in the solution are desired borylated species, even 
though some disproportionation occurs at higher concentrations 
leading to unclean chemical reactivity. By taking advantage of the 
change in concentration during vapor diffusion and starting with di-
lute solutions, single crystals were grown successfully using a 
MeCN-Et2O solvent system for UVB1 and a CH2Cl2-Et2O system for 
UVB2. Both structures demonstrate that the first coordination sphere 
around the uranium center containing the κ5-Mesaldien scaffold re-
mained intact upon functionalization of UV with BPh3. 

The structure of UVB1 reveals coordination of BPh3 to one of the 
oxo ligands, resulting in the elongation of the U–Ooxo to 1.973(6) Å 
while the other oxo ligand retains a similar bond length, 1.850(6) Å, 
as those observed for the U–Ooxo distances in UV. This is consistent 
with functionalization of only one oxo ligand, while maintaining the 
formal U(V) oxidation state of the uranium center. In the solid-state 
structure of UVB2 both uranyl oxo ligands are coordinated by borane 
equivalents, resulting in an overall elongation of both U–Ooxo bonds 
to 1.952(2)/1.959(2) Å. This corresponds to a U–O lengthening of 
0.167 Å compared to UVI, which featured values for these bonds of 
1.784(3)/1.793(3) Å. Such elongation could be expected as the in-
teraction of Lewis acidic borane with electron-rich oxo ligand should 
weaken the interaction between the oxo moiety and uranium center, 
causing the uranium to become more electron-deficient. For com-
parison, a recently reported bis-borylated complex featuring 
B(C6F5)3 that was reported by Arnold and Love19 featured a change 
in U–Ooxo bond distance of 0.155 Å relative to an analogous U(VI) 
complex. The high degree of activation in our system could be at-
tributable to its overall negative charge, or perhaps to unique fea-
tures arising from use of BPh3.  

In line with the above changes, the average U–Ophenoxide distance 
shortens upon mono-borylation from 2.368(7) Å in UV to 2.282(6) 
Å in UVB1. This observation aligns with the uranium center becom-
ing more electron-deficient following oxo functionalization, a pro-
cess which drives a greater pull of the electropositive uranium center 
on the electron density associated with the phenoxide oxygen atoms. 
This trend continues upon di-functionalization, as the structure of 
UVB2 features an average U–Ophenoxide distance of 2.195(2) Å. And, 
finally, there is an overall decrease in the O3oxo−U−O4oxo angle from 
UVI to UVB2 of 6.3°, indicating a change in the geometry of the uranyl 
ion from linear to slightly bent; this is in accordance with the loss of 
“yl” character in the oxo ligands upon activation, consistent with the 
preference for σ-only bonding between U and O upon oxo boryla-
tion.  
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Table 1. Comparison of selected structural parameters of UVI, UV, UVB1, and UVB2 from X-ray diffraction analysis and the DFT calculations.   

 UVI UV UVB1 UVB2 

 XRD DFT d XRD DFT d XRD DFT d XRD DFT d 

U–O1phenoxide (Å) 2.219(3)a 2.234 2.366(7) 2.363 2.273(6) 2.288 2.186(3) 2.210 

U–O2phenoxide (Å) 2.226(3)a 2.238 2.370(6) 2.374 2.291(6) 2.301 2.204(2) 2.211 

U–Ophenoxide (avg) (Å)b 2.223(3) 2.236 2.368(7) 2.369 2.282(6) 2.295 2.195(2) 2.211 

U–O3oxo (Å) 1.784(3)a 1.775 1.853(7) 1.822 1.850(6) 1.816 1.952(2) 1.952 

U–O4oxo (Å) 1.793(3)a 1.777 1.847(7) 1.821 1.973(6) 1.968 1.959(2) 1.956 

U–Ooxo (avg) (Å)c 1.789(3) 1.776 1.850(7) 1.822 - - 1.956(2) 1.954 

N1–C1imine (Å) 1.290(6)a 1.286 1.305(10) 1.288 1.291(14) 1.283 1.290(7) 1.283 

N2–C14imine (Å) 1.287(5)a 1.284 1.292(10) 1.285 1.269(14) 1.283 1.284(5) 1.283 

O3oxo–B (Å) - - - - - - 1.545(5) 1.555 

O4oxo–B (Å) - - - - 1.556(11) 1.533 1.551(5) 1.558 

O3oxo−U−O4oxo (deg) 175.6(1)a 172.5 173.1(3) 173.2 172.8(3) 171.6 169.3(1) 171.3 

a Average values of parameters for UVI were calculated as the arithmetic mean of the relevant values for the two independent molecules of UVI in the 
asymmetric unit. Stated e.s.d.’s on distances were taken as the largest of the individual values in the refined data for the independent molecular spe-
cies. b Defined as the average of the interatomic distances between the uranium center and the O-atoms of the bridging phenoxide moieties. c Defined 
as the average of the interatomic distances between the uranium center and the two oxygen atoms of the oxo ligands. d Calculated using the 
B3PW91/SARC-ZORA/ZORA-def2-TZVP level of theory.

Computational Studies 

Geometries. Calculations with density functional theory (DFT) 
were used to probe the electronic structures of the isolated com-
plexes as well as the proposed electrogenerated species, to compare 
their properties, and to aid in understanding the overall energetics of 
the electrochemical reactivity encountered in this work. In large sys-
tems of the type studied here, searching for the global minimum 
structure is challenging due to the large number of degrees of free-
dom, resulting in the possible existence of local minima. To deter-
mine the putative global energy minima and the corresponding elec-
tronic stabilization of the complexes UVI, UV, UVB1, and UVB2, we 
employed NWPEsSe, an adaptive-learning global optimizer based 
on the concept of an artificial bee colony (see p. S59 for details).39 
The DFT exchange-correlation functional B3PW914041 was em-
ployed, along with the relativistic basis sets SARC/ZORA-
TZVP.42,43(see p. S63 for details).  

The geometric parameters for UVI, UV, UVB1, and UVB2 were first 
compared to their corresponding experimental values (see Table 1). 
Generally speaking, the values show reasonable agreement, reveal-
ing an average difference of approximately 0.007 Å between the ex-
perimental and calculated values. This result suggests the chosen 
theoretical approach and level of theory are appropriate to repro-
duce the properties of the complexes.  

The bond length of U–Ooxo in UVI was calculated to be 2.236 Å, 
with elongation to 2.369 Å in UV due to charge transfer to the ura-
nium center and reduction in formal oxidation state. The addition of 
BPh3 causes an increase in the length of the U–O bonds in both UVB1 
and UVB2, due to sharing of electron density from oxygen with the 
boron atoms in the added borane(s). The terminal U–Ooxo bond 
length was observed to be shorter (by computation and by XRD) in 
UVB1 compared to the corresponding bonds in UVB2 between the 
oxo-derived oxygens and uranium center, suggesting a higher 
strength for this interaction when borane is not present.  

The strength of the Ooxo–B bond was assessed by calculating the 
bond dissociation energy, obtained here by taking the difference be-
tween the total enthalpy of the complex and the sum of the energies 
of the two relevant molecular fragments (UV and the MeCN adduct 
of BPh3). The bond dissociation energy values reveal that the Ooxo-B 
bond is stronger in UVB1, measuring 0.75 eV, compared to UVB2, 
which has a bond dissociation energy of 0.59 eV (Table S4).  

Energetics. The Gibbs free energies, ΔG, of the electrochemical 
oxo-activation cycle are presented in Scheme 3. Each structure was 
optimized at the same level of theory; frequency calculations con-
firmed that the optimized structures were at a minimum in each case. 
The ΔG was then calculated as the difference between the energies 
of the products and reactants in each reaction (see Table S6 for de-
tails). The first step of the reaction sequence involves a redox reac-
tion where an electron is transferred from Cp*2Co to UVI, resulting 
in the formation of [UV]– and Cp*2Co+. Theory suggests that this re-
action is quite exothermic, with ΔG = –1.54 eV in the gas phase.  This 
is in accord with the clean reactivity corresponding to UV generation 
observed in the experimental work. 

Regarding the solution structure of the BPh3 electrophile, experi-
mental infrared spectra (Figures S58 and S59) indicate that BPh3 co-
ordinates an equivalent of MeCN in solution. This means that en-
gagement in bonding with UV follows loss of this interaction. Com-
putational analysis confirmed the existence of the MeCN-BPh3 ad-
duct with a B–N bond length of 1.602 Å. During the second step of 
the cycle, we can confirm that the B–N bond is broken upon expo-
sure of the adduct to UV, allowing BPh3 to coordinate with the uranyl 
oxo ligand. The ΔG value for this overall reaction was calculated to 
be –0.53 eV, consistent with observation of generation of UVB1 in 
the electrochemical work. Similarly, BPh3 coordination to form 
UVB2 was calculated to be exergonic by ΔG = –0.51 eV, again con-
sistent with the confirmation of formation of this species in the ex-
perimental work under electrochemical conditions.  

Computational analysis was also conducted on the putative oxi-
dized forms of the borylated species UVIB1 and UVIB2 that were 
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found to be accessible by electrogeneration in this work (Scheme 3). 
The results show that formation of UVIB1 is endergonic by 1.90 eV 
compared to UVB1 (Table S6). Similarly, UVIB2 was determined to 
be energetically higher than UVB2 by 1.24 eV. Furthermore, the bond 
dissociation energies of the Ooxo-B bonds in the UVIB1 and UVIB2 spe-
cies are close to zero (Table S4), confirming the experimental obser-
vation that BPh3 does not coordinate to the uranyl oxo ligand in the 
U(VI) oxidation state. 

Reactivity parameters. The reactivity of compounds (including 
actinide-containing species) can be inferred by evaluating the energy 
levels of the HOMO and LUMO and determining the energy gap 
between them, ΔEgap.44 UVI exhibits the largest ΔEgap of 1.7 eV, as 
shown in Table S5. The complexes UV, UVB1, and UVB2 are catego-
rized as open-shell compounds, with the highest orbitals being singly 
occupied molecular orbitals (SOMOs). The reduction in oxidation 
state in these complexes is reflected by relatively small values of 
ΔEgap, especially in the UV, where ΔEgap is only 0.3 eV, indicating an 
increased likelihood of reactivity from these complexes that is con-
sistent with our experimental observations.  

The introduction of BPh3 has an additional influence on the en-
ergy levels of the HOMO and LUMO.  In UVB1, the ΔEgap is 0.5 eV, 
while in UVB2, it is 0.6 eV. Consequently, these complexes can be 
ranked in their order of stability as UVI> UVB2> UVB1> UV. This over-
all profile is consistent with our experimental observations in that 
UVI is quite stable, but the formation of UV enables reactivity leading 
to the mono- and di-functionalized species.  

However, the energies of the HOMO/SOMO and LUMO orbit-
als suggest a degree of degeneracy. In all UVI, UV and UVB1, the 
HOMO/SOMO show significant contribution from the uranyl and 
extended ligand, while UVB2 mostly exhibits contributions from the 
core uranyl-derived [UO2] moiety (Figure S82). The LUMO of UVI 
and UVB2 has mostly contribution from the uranyl unit, while in UV 
and UVB1, the LUMO extends into the ligand. Although the molec-
ular orbital picture is useful for understanding the extent of mixing 
of the atomic orbitals, it becomes less intuitive for understanding the 
bonding patterns, which tend to be more localized; stated another 
way, molecular orbitals are naturally delocalized when extended lig-
ands are present. For this reason, we next performed a natural bond 
orbital (NBO) analysis to investigate the bonding in these systems.  

NBO charge and bond order analysis. Natural orbitals (NOs) 
are eigen solutions of the first-order reduced electron-density oper-
ator and correspond to maximum occupancies.45,46 Thus, natural 
bond orbitals (NBOs) are derived from a localization procedure 
and, as such, are confined to fewer atomic centers, can better de-
scribe the bonding patterns and charge transfer within a molecular 
system, and are more useful for translating electronic structure 
changes into chemical insights.47,48 For example, a second-order per-
turbation theory analysis can help quantify the charge transfer be-
tween sub-molecular units.49  

The natural charges of selected atoms are provided in Table 2 
(and Figure S83).  Upon reduction of UVI to UV, the NBO charge 

analysis reveals a slight difference in charge between the species, 
with UVI having a charge of +1.603 |e| and UV having a charge of 
+1.518 |e|, emphasizing the difference between the formal oxidation 
state and formal charge in this case. Consequently, the natural 
charges at the oxygens in the uranyl moiety in UVI are lower, averag-
ing –0.534|e| compared to –0.713 |e| in UV. This is consistent with 
increased oxo-centered basicity in UV. 

Upon inspecting the U–Ooxo bonding in UVI, the NBOs for the U–
Ooxo σ-bond show mostly 5𝑓!!  character (see Figure 7, panel a and 
Figure S85). This behavior closely resembles the natural orbitals 
present in the isolated uranyl ion (Figure S84). Second-order per-
turbation analysis of the Fock matrix in the NBO basis50 allows fur-
ther quantification of the bonding interaction energies. In principle, 
larger interactions energies are indicative of the stronger integra-
tions between the atoms and charge transfer. This analysis reveals 
strong electron donation between the donor (bonding) and accep-
tor (anti-bonding) orbitals for U–O3oxo and U–O4oxo moieties. Spe-
cifically, there is a significant donation from U–O3oxo to the anti-
bonding of U–O4oxo, and vice versa, with interaction energies of 2.4 
eV (55.69 kcal/mol) and 1.7 eV (29.22 kcal/mol), respectively. The 
analysis is also consistent with the existence of a triple bond between 
U and the Ooxo atoms in UVI.51 
Table 2. Natural charges for selected atoms in UVI, UV, UVB1, and 
UVB2 complexes in [e]. 

 UVI UV UVB1 UVB2 

U 1.603 1.518 1.705 2.201 

O3oxo –0.534 –0.713 –0.767 –0.850 

O4oxo –0.537 –0.714 –0.716 –0.849 

N1imine –0.439 –0.437 –0.434 –0.482 

N2imine –0.428 –0.427 –0.429 –0.481 

C1imine 0.182 0.155 0.154 0.184 

C14imine 0.178 0.148 0.173 0.183 

N3amine –0.389 –0.387 –0.395 –0.445 

O1phenoxide –0.596 –0.615 –0.630 –0.711 

O2phenoxide –0.595 –0.617 –0.627 –0.712 

B1 - - 0.507 0.507 

B2 - - - 0.212 

 
A similar NBO picture emerges in the reduced complex UV (Fig-

ure 7, panel b and Figure S86); however, the extent of the charge 
transfer is diminished compared to UVI. Here, the electron donation 
from U–O4oxo to the anti-bonding acceptor U–O3oxo is approxi-
mately 1.1 eV (ca. 25 kcal/mol) compared to the UVI system. Simi-
larly, the donation from U–O3oxo to the U–O4oxo anti-bonding ac-
ceptor is also decreased by about 0.5 eV (ca. 12 kcal/mol). These 
findings further support overall weakening of the U–O bonding in 
UV and increased basicity of the reduced form, UV. 
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Figure 7. Representative natural bond orbitals (NBOs) associated with bonding in the [UO2]-derived cores of the complexes reported in this 
work. Panel (a) for UVI and panel (b) for UV show the U–O3oxo and U–O4oxo NBOs in the upper and lower structures, respectively.  
Panel (c) shows the U–O3oxo bond orbitals in UVB1. Panel (d) shows the uranium-only natural orbital in UVB2. Hydrogens are omitted for 
clarity. Images generated for 0.15 isovalue. For more details, see SI p. S65-S75. 

 
The UVB1 structure results from the addition of 1 equiv. BPh3 and 

functionalization of one U–Ooxo moiety (Figure 7, panel c; Figures 
S87 and S88). NBO analysis revealed that the lone pair of the O4oxo 
atom donates electrons to the anti-bonding acceptor U–O3oxo, re-
sulting in an interaction energy of 0.4 eV. Additionally, the lone pair 
of O4oxo atom donates electron density to the vacant orbital of the 
boron atom. However, in the UVB1 system, no charge transfer be-
tween the bonding/anti-bonding orbitals of U–O3oxo and U-bonds 
is observed. As expected, the inclusion of BPh3 leads to an increase 
of the U–O4 oxo bond length and an increase in the uranium natural 
charge (+1.71 |e|). Interestingly, the natural charges of the O4oxo do 
not change significantly before/after this process (–0.7 |e| for both 
UV and UVB1) despite binding to the B1 atom; however, the O3oxo 

atom shows an increase in natural charges to –0.77 |e|. Overall, the 
addition of BPh3 to form UVB1 can be concluded to result in electron 
density increase towards U–O3oxo bond, meaning that the terminal 
oxo moiety is predicted to retain high enough Lewis basicity that it 
can undergo borylation as well when sufficient exogeneous borane is 
available.  

Upon addition of the second BPh3 equivalent and formation of 
UVB2, there is a further shift in the electron density away from the 
uranium center (Figure 7, panel d; Figures S89 and S90). The natu-
ral charge of uranium now increases to +2.20 |e|, and no back-bond-
ing interactions are observed between the bonding/anti-bonding or-
bitals in the [UO2]-derived moiety. The natural charges of both Ooxo 
atoms are increased to –0.85 |e|, consistent with the higher charge 
on the U atom. Similar to UVB1, the lone pair on the O4oxo donates 
electron density to the lone valence orbital of B1 atom, with an in-
teraction energy of 5.6 eV.  O3oxo donates to the B2 atom with a sim-
ilar interaction energy of 5.4 eV. As a result of these interactions, 
both UVB1 and UVB2 complexes are stabilized, making them energet-
ically more favorable than the related open shell system present in 
the UV species. 

Discussion 
In this work, we set out to explore the use of electrochemical 

methods for activation and functionalization of the uranyl ion, and 
to compare their use with traditional chemical reagents. In our ap-
proach, we substituted a polarized electrode as a source of reducing 
equivalents in place of a chemical reductant, enabling us to electro-
generate the formally uranium(V) form of a model uranyl-contain-
ing starting material, and then use electrochemical signatures to 
track the products of reactivity of the uranium(V) complex with a 
model mild electrophile, BPh3. To the best of our knowledge, such 
molecular reactivity of a well-defined set of coordination complexes 
has not been initiated or tracked electrochemically, adding molecu-
lar insights into electrochemical routes for uranium processing. In 
context, this electro-activation strategy is related to ongoing work in 
the field on molten salt electrolysis of used nuclear fuels, an up-and-
coming strategy for handling, processing, and recycling of actinide 
materials.52,53 Considering all this, we anticipate that further devel-
opment of systems for interrogating electro-induced actinide reac-
tivity could be attractive.  

In this work, we substituted the electrophile BPh3 in place of its 
more commonly investigated analogue B(C6F5)3. This represents a 
substantial change, as the fluorination of the former reagent makes it 
a significantly stronger Lewis acid than the latter. However, based on 
the structural data reported here, we can conclude that BPh3 can fa-
cilitate oxo activation much like B(C6F5)3. In this context, our new 
BPh3 adducts feature quite long U–Ooxo bonds of 1.96-1.97 Å (Table 
1), in line with a high degree of loss of the multiple bond character 
between U and the former oxo ligands in these species. Further ex-
ploration of oxo activation with weaker Lewis acids and more sus-
tainable reagents appears called for on the basis of this work, as 
strongly electrophilic reagents may not be required. An attractive as-
pect of the use of weaker electrophiles is the avoidance of direct 
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electron transfer to these species under functional conditions; this 
mode of reactivity was virtually completely avoided here as BPh3 di-
rect reduction at electrodes does not compete for charge transfer 
with the uranium species in our study.  

In our view, this work opens the attractive possibility of accessing 
meta-stable or transient uranium-containing species for study with 
electrochemical methods, an approach that will complement prior 
work in chemical conversion of uranyl species to more reactive 
forms. As noted here, our complexes are accessible cleanly under 
electrochemical conditions but, in some cases, could not be isolated 
in pure form due to concentration-dependent speciation chemistry. 
Similarly, we note that we have quantified potentials associated with 
generation of various species in this work, and assembled qualitative 
evidence associated with observation of new reaction pathways. An 
additional opportunity which we are now pursuing is quantification 
of the rates of the various chemical reactions involved in uranyl oxo 
activation; electroanalytical methods appear well poised to allow ac-
cess to quantitative data in this realm, a particularly attractive pro-
spect for understanding the properties of key transient intermediates 
identified through this work.  

Conclusions 
In conclusion, we have described here an electrochemical ap-

proach to generating and characterizing species involved in uranyl 
activation and functionalization. The use of electrochemical meth-
ods to electrogenerate reactive uranium complexes appears to be an 
attractive opportunity for further development, as some cross-reac-
tivity that can affect conventional chemical systems was avoided 
here through the use of electrochemical methods. Computational 
studies of the electronic structures and NBO analysis revealed that 
the addition of BPh3 stabilizes the open shell reduced complexes 
compared to the original UV complex, providing support for the role 
of this electrophile in the reactivity scheme. In particular, the binding 
of BPh3 disrupts essential back donor effects involved in the U–O 
bonds in the uranyl moiety, leading to weakening and activation of 
these bonds as confirmed in the structures of the borylated products. 
These observations highlight the power of synergistic chemical, elec-
trochemical, and theoretical work in approaching future studies of 
reactive actinide-containing coordination complexes.  
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eration of a model U(V) complex has been achieved at the surface of a carbon working electrode, and addition of a BPh3 as electrophile 
results in generation of borylated species that have been fully characterized, revealing how the electrochemical reduction drives oxo 
functionalization. Computational work has been used to quantify the energetics and understand the electronic structures of both the 
isolable species and transient intermediates involved in this reactivity, affording insights into the bonding patterns that drive the electro-
chemical reactivity.  

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

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

