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Abstract: The study of the redox chemistry of mid-actinides (U — Pu)
has historically relied on cerium as a model, due to the accessibility of
trivalent and tetravalent oxidation states for these ions. Recently,
dramatic shifts of lanthanide 4+/3+ non-aqueous redox couples have
been established within a homoleptic imidophosphorane ligand
framework. Herein we extend the chemistry of the imidophosphorane
ligand (NPC = [N=PtBu(pyrr)2]"; pyrr = pyrrolidinyl) to tetrahomoleptic
NPC complexes of neptunium and cerium (1-M, 2-M, M = Np, Ce) and
present comparative structural, electrochemical, and theoretical
studies of these complexes. Large cathodic shifts in the M*"3* (M =
Ce, U, Np) couples underpin the stabilization of higher metal oxidation
states owing to the strongly donating nature of the NPC ligands,
providing access to the U***, US*%* and to an unprecedented, well-
behaved Np®*#* redox couple. The differences in the chemical redox
properties of the U vs. Ce and Np complexes are rationalized based
on their redox potentials, degree of structural rearrangement upon
reduction/oxidation, relative molecular orbital energies, and orbital
composition analyses employing density functional theory.

Introduction

Ligand development has proved an invaluable tool in actinide
chemistry and has afforded the isolation of many elusive oxidation
states in actinide complexes. The accessible low oxidation states
of the actinides have been redefined by novel coordination
complexes which move the redox potentials of these unique
species (Np?*, Pu®*, and U?*'™) into the solvent window.[ A

complementary ligand design approach has led to the
development of ligand systems that induce substantial cathodic
shifts of the metal redox couples and stabilize high-valent f-
element complexes.”! Due in no small part to the difficulty of
working with radioactive elements with the exclusion of air, a
detailed analysis of the ligand field effects on redox properties of
transuranic complexes is absent, and there is limited data to
compare to the studies of uranium redox chemistry.®! Developing
an understanding of the factors that govern actinide redox
behaviors, especially in non-aqueous solutions, is critical in
informing synthetic strategies to enable the characterization of
unusual transuranic molecules.

Previously, we have demonstrated dramatic shifts in the Ce****
couple to its most negative reported potentials through the use of
imidophosphorane (“NP”) ligands,?" 4 and have built on this redox
control to stabilize high-valent actinides.®! Herein we present the
effects of a homoleptic NPC (NPC = [N=PBu(pyrr)]”; pyrr =
pyrrolidinyl; where C indicates an alkyl substituent) ligand field on
the redox properties of mid-valent actinides (U, Np) and Ce, and
reveal the anomalous behavior of U and Np, particularly the
remarkable inaccessibility of U%*, a uniquely reducing Np®*
complex, and electrochemical access to the Np®/** couple. The
NPC ligand facilitates greater stabilization of the higher-valent
complexes than the previous iterations of NP ligands. These
results demonstrate the effect of ligand architecture on redox
properties and the resultant remapping of the accessible oxidation
states of the mid-actinides in this homoleptic ligand field.
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Figure 1. [a] Schematic of the synthesis of 1-Np, 1-U, 1-Ce, 2-Np, and 2-Ce. [b] Truncated crystal structure (all H atoms and all C except quaternary ‘Bu
removed for clarity) of 1-Np with thermal ellipsoids (pink, Np; blue, N; black, C; orange, P) shown at 50%. Core structure is representative of all complexes.

Results and Discussion

We prepared a family of neutral, homoleptic, tetravalent U, Np,
and Ce complexes supported by the NPC ligand, 1-U,%a 1-Np,
and 1-Ce, (Figure 1). 1-Ce and 1-Np can be reduced to their
trivalent states with the resultant complexes (2-Ce and 2-Np)
supported by an outer sphere 2.2.2-cryptand, potassium cation,
([K(2.2.2-C)]""). Attempted reductions of 1-U resulted in no
reaction, and the use of U starting materials yielded large crops
of tetravalent 1-U as the only isolable product after workup (see
Sl for further synthetic details). Complex 1-U can be oxidized with
AgB(ArFs)s in THF to yield the tetrahedral U* complex, 3-U (t4 =
0.95) (Figure S47). Further oxidation cannot be achieved with
AgB(ArFs)s (see Sl for further synthetic details). The core
structures of these homoleptic complexes are consistent across
all oxidation states (Figure 1, Table 1, and Figures S43-S47). [11.
Np and 1-Ce are tetrahedral and isotypic with the previously
reported 1-U (average 4 = 0.95(3), Np; 0.94(4), Ce).d Bond
metrics across the three complexes are comparable and selected
metrics are reported in Table 1. For trivalent 2-Np and 2-Ce,
which crystallize as one [M3*(NPC)4] anion and one [K(2.2.2-C)]
cation per asymmetric unit, the elongation of M—N distances are
observed, consistent with one-electron reduction and an increase
of the metal ionic radii. The pyrrolidinyl N-atom pyramidalization
was examined for these complexes using the sum of angles (ZN°),
where 2N° = 360° corresponds to planar N (more donating) and
>N° < 345° represents a significantly pyramidalized N atom (less
donating). In NPC complexes, the two pyrrolidine substituents on
each ligand are crystallographically unique and typically present
divergent degrees of pyramidalization — two values are expected
for each independent ligand. We note that 1-Ce/Np follows the
same trend observed for 1-U (Figure S48), where these atoms'
collective geometry remains largely planar. The trivalent species
2-CelNp, however, each contains three ligands with one planar
and one pyramidalized pyrrolidinyl N atom, and the fourth ligand
consists exclusively of planar (Np) or near-planar (Ce) pyrrolidinyl
N-atoms (Table 1). N-atom pyramidalization in this ligand set is
therefore a reporter of metal oxidation state and differences in
electronic structure.®® 71 When geometry and ligand field are
conserved in these species, the more electron-deficient, higher-
oxidation state complexes feature more planar N (indicating a
more highly-electron-donating ligand), and more electron-rich
complexes show increased pyramidalization, consistent with a
less electron-donating ligand.
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Table 1. Selected bond metrics of M™(NPC)4 complexes (n = 3-5)
Distance (A)

Complex

M—N P=Nim ZNopIanar/ ZN°pyram
1-Ce 2.157(24) 1.531(1) 359.6(4)/342(6)
1-Np 2.156(22) 1.533(2) 358(2)/351(1)
1-U 2.167(25) 1.538(2) 357(2)/352(2)
2-Ce 2.315(23) 1.540(18) 359.6(4)/342(6)4
2-Np 2.291(10) 1.530(4) 359.7(4)/337(2)"!
3-U 2.101(24) 1.565(12) 359.6(4)/345(2)

[a] For three ligands. Aver. ZN° for fourth ligand = 358.8(5) (Np), and 353(3)
(Ce).

Calculated bond metrics show good agreement for these
complexes and are within 0.1% and 1.6% for M—N and N=P bonds
(Tables S11-12). Density functional theory (DFT) corroborates the
increasing effects of pyramidalization on reduction, particularly in
the smaller ZN°pyram values calculated for 2-M relative to 1-M,
albeit to a lesser extent: A=8.7-11.2° (exp.) vs. A=3.0-3.5° (theor.).
Mulliken spin density confirms metal-based reductions for all
considered complexes, with metal centers acquiring 0.93-1.03 |e|
upon reduction (Table S14). The electron gain is accompanied by
the elongation of the M—N bond distances by ~0.11-0.13 A
(exp.)/0.13-0.16 A (theor.), consistent with the (Ce/Np)**3*
effective ionic radii.l® This assignment also agrees with the
presence of the additional metal f-dominant molecular orbital
(MO) in 2-M compared to 1-M (Table S15). It is positioned as one
of the highest occupied molecular orbitals (HOMOs) in 2-M, which
are appreciably separated from the frontier ligand-dominant
occupied MOs by ~ 1.6-3.0 eV (Table 2, Figure S50).

Cyclic voltammetry studies of 1-M (M = Ce, U, Np) were
performed in 0.05 M [N("Bu)4][BPh4] in THF and referenced to
Fc*® (see Sl for special considerations; all literature values
discussed are vs Fc*?). Notably, only the reduction of 1-Ce is
observed electrochemically. Calculated potentials show that the
electrochemical reductions of 1-Np and 1-U are shifted
cathodically outside of the accessible solvent window. Most
deviations between experimental and calculated redox potentials
are within 0.05-0.16 V (Figure 2, Table 3), in accordance with the
expected calculation errors.®! The theoretical E12 for the US*5*
couple is overestimated by 0.29 V, underlining the challenge of
implicit solvent models to account for the increased polarization
that could compensate for the high charge of the most oxidized
U®* complex in a low dielectric solvent. The calculated



Table 2. a-MO energy levels € and orbital contribution from the metal (M) and ligand (L) for the M™(NPC)s4 complexes (M = Ce, Np, U; n = 3-6) calculated in THF.
MO diagrams and additional orbital contributions are shown in Figures S50-S53 and Tables S15-S16.

2-Ce 1-Ce [-ur 1-U 3-u [1-upP* 2-Np 1-Np [1-Np]*

LUMO 0.93 -1.08 1.08 0.02 -1.96 -3.17 1.08 -0.54 2.73

M 71.0% 92.7% 23.5% 96.1% 97.6% 96.6% 22.2% 97.4% 96.8%

L 29.0% 7.3% 76.5% 3.9% 2.4% 3.4% 77.8% 2.6% 3.2%
HOMO -3.06 -5.49 -1.52 -3.90 5.97 -6.91 -2.55 -5.11 -6.17

M 98.2% 3.0% 96.7% 96.6% 84.3% 2.1% 97.7% 58.2% 5.0%

L 1.8% 97.0% 3.3% 3.4% 5.7% 97.9% 2.3% 41.8% 95.0%

vertical/adiabatic detachment energies (VDE/ADE) and  Epc=-2.91V (Epa =-2.28 V; AEp = 0.63 V), rendering it the most

vertical/adiabatic electron affinities (VEA/AEA) benchmark the
degree of structural rearrangement associated with the redox
processes (vertical, none; adiabatic, total). For 1-Ce, the
appreciable absolute differences ([VDE-ADE], 0.90 V and [VEA—
AEA], 0.79 V) indicate substantial structural rearrangement,
suggesting the irreversibility of the couple. In contrast, the [VDE—
ADE] and [VEA—-AEA] differences are much smaller for the quasi-
reversible Np®*4* (0.42 V and 0.49 V), U%*#* (0.39 V and 0.50 V),
and U®*%* (0.31 V and 0.51 V) waves, indicating smaller structural
changes.

The Ce*®* couple shares the same features as previously
characterized imidophosphorane complexes,?® 21 and is
electrochemically irreversible. The reduction of 1-Ce occurs at
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Figure 2. Cyclic voltammograms of 1-Ce, 1-U, and 1-Np (~3 mM; 0.05 M
TBABPh, in THF), and comparison of experimental and theoretical E1/2 values.

Table 3. Experimental and theoretical redox potentials (V vs Fc%*)

E..(V) E.(V) E.(V)

Exp. Theor. Exp. VDE ADE Exp. VEA AEA
Ce*/Ce™ -2.60 -2.44 -228 149 -239 291 -319 24
Np*/Np** -3.23 -250 -3.15 -3.68 -3.22
Np%*/Np**  -0.70 -0.75 -062 -033 -0.75 -0.77 -1.24 -0.75
Ut -3.85 -340 -3.85 -423 -3.85
ustiu* -1.57 -1.72 -1.47 -1.47 -1.71 -1.67 221 171
usus -0.32 -0.03 -0.22  +0.28 -0.03 -042 -054 -0.03

negatively shifted Ce*”** couple reported, highlighting the
stabilization afforded by this ligand. Reduction of 1-U is not
observed chemically or electrochemically, and the calculated E12
of -3.85 V (AEA = -3.85; VEA = -4.23 V) places this event far
outside of the solvent window, similar to [U(pyNO)s.?d This
predicted potential is far more negative than reported U*3*
couples for trivalent and tetravalent organouranium complexes (-
0.94V1to-1.46V, and -1.41V to —2.23 V, respectively),[', and is
approximately 2.0 V more negative than that of [U(N(TMS)2)4] (-
2.05 V).I""l Remarkably, the reduction potential for 1-U surpasses
even those reported for U3/?* couples (~ -2.45 V to -3.11 V).[1b. 10d]
Both the US*** and U®*®* couples (E1z = -1.57 V, -0.32 V,
respectively) are observed for 1-U and are quasireversible. Few
comparable systems exist in which both of these couples are
accessible—this generally requires higher coordination numbers
and/or metal ligand multiple bonds (MLMBs).[?> "2 Tetravalent 1-
U features redox couples that are markedly similar to those
reported for pentavalent imido (U®*®* = -0.42 V)'?a and
organouranium imido/ketimido complexes (US"** = -1.21 V to -
1.84 V; US*® = +0.36 V to -0.34 V)2 which are stabilized
significantly by covalent MLMB interactions. The readily
accessible U®*5* couple in 1-U represents a highly-stabilized
hexavalent state comparable to those of higher-valent, higher-
coordinate, and MLMB complexes (-0.23 V to -1.51 V)12
Relative to similar complexes with monoanionic donors, including
U(NCyTMS)s (-0.37 V), and U[N(TMS)2ls, (+0.49 V), the US4
couple in 1-U is cathodically shifted by ~-1.2 V and -2.1 V,
respectively, though solvent and electrolyte differences
complicate direct comparisons.['" ¥ The stabilization of the
pentavalent state in [1-U]* is confirmed synthetically, as the
species 3-U is chemically isolated as a tetrahomoleptic
[B(ArFs)s]' salt (Figure S47) featuring the expected contracted
U-N distances relative to 1-U.5% 3@ We note that isolable
(pseudo)tetrahedral U%* are quite rare.l'¥ Additionally,
comparison between 1-U and [U(N=PBu(pip)2)s] (pip =
piperidinyl), reveals more cathodic redox potentials for 1-U
(Figure S31), further supporting the higher electron-donating
capacity of [N=PBu(pyrr)] .14

Strikingly, 1-Np can be chemically reduced to 2-Np unlike 1-U,
but the Np**** couple is not electrochemically observable, with a
calculated potential modestly outside the solvent window (E1.2 = -
3.23 V), consistent with previous theoretical analyses.["]
Experimentally determined nonaqueous Np*"* couples are
scarce, but range from -0.68 V to -1.38 V for organoneptunium
species, 9% 19 and -1.85 V for (Tren™"S)Np**CL.["® Trivalent 2-Np



is an exceptionally potent reductant which readily reduces Teflon,
and the deep brown crystalline material partially decomposes
within a few days at -35 °C to the characteristic magenta crystals
of 1-Np. The Np°*#* couple, however, is accessible (E12 = -0.70,
AE, = 150 mV), and is shifted anodically from that of 1-U,
consistent with the expected trend in redox potentials across the
actinide series.['l This data agrees exceptionally well with the
calculated E12 potential (-0.75 V). This result is important, as there
are currently no known Np%* complexes that are not supported by
MLMB interactions.': '8 Non-actinyl Np® complexes are
notoriously difficult to stabilize, which significantly restricts the
isolation and study of such molecular compounds.l'® 18 We also
note that nonaqueous electrochemical measurements of
transuranic species are still rare [0 14-15.16. 19 gnd this is to our
knowledge the first non-aqueous measurement of a well- defined
Np®/#* couple. Recently, the irreversible oxidation of
(Tren™P$)Np**Cl was putatively assigned at +0.86 V.['®! Given the
trends observed with this ligand to cathodically shift redox
potentials, non-actinyl Np% compounds are rational targets for
NPC ligand systems.

The differences in redox behavior of 1-U/[1-U]" vs. 1/2-(Np/Ce)
were further rationalized based on the MO compositions and their
energy diagrams. The lowest unoccupied MOs (LUMOs) of the
tetravalent species are all f-dominant (Table 2), consistent with
metal-centered reductions of 1-M (Table S14). However,
significant differences are noted in their positions for 1-(Np/Ce)
vs. 1-U. The LUMO of 1-U (+0.02 eV) resides appreciably higher
in energy, i.e., by +1.10 eV and +0.56 eV from that of 1-Ce and 1-
Np (Table 2, Figure S50). Qualitatively,?® the relative positions of
the LUMOs clearly indicate the following order in the capacity of
these species to be reduced: 1-Ce>1-Np>1-U. While the NPC
ligand brings the U 5f-dominant LUMO level too high in energy in
1-U, making trivalent [1-U]" inaccessible, the electron donating
nature of this ligand provides ample support to higher oxidation
states, up to U%* inclusively. In the U%* compound, 3-U, the HOMO
5f-dominant orbital is decreased in energy by 2.07 eV (Table 2);
however, it is still sufficiently separated from the frontier ligand-
dominant MOs (-5.97 eV vs. -6.21 eV) to facilitate a subsequent
metal-based oxidation to produce the U%* species, [1-UJ?* (Table
S14).

Conclusion

This work reports the synthesis, electrochemical, and DFT studies
of homoleptic NPC complexes of cerium, neptunium, and
uranium. The cathodically shifted M**** redox potentials afforded
by this NPC ligand are rationalized by their relative LUMO energy
values, which can therefore be instrumental in guiding the
synthesis of similar f-element complexes. Stabilization of higher-
valent actinides is particularly evident from the isolation of
pentavalent 3-U, and access to both the U®*/5* and Np°*#* redox
couples. The typically modest redox potentials of neptunium often
place it at the fulcrum of thermodynamic dominance of the 4+
oxidation state in the early actinides and of the 3+ state in the mid-
to-late actinides.['”: 2 The NPC ligand field not only pushes the
Np*”** couple out of the electrochemical window, strongly

favoring Np** over Np®*, but also brings the Np®* oxidation state
into the accessible anodic region. This homoleptic ligand field, in
effect, shifts the conventional redox stabilities of the mid-actinides
to redefine the readily accessible oxidation states.
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