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Differences in actinide metal-ligand orbital interactions: comparison
of U(1v) and Pu(1v) B-ketoiminate N,O donor complexes¥
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Syntheses and characterization of UClz(A'acnac)z, UIz(Aracnac)z,
and Pul,(*"acnac), are reported (*"acnac denotes a bis-phenyl
p-ketoiminate ligand where Ar = 3,5-Bu,C¢Hs). Structural
analyses and computations show significant metal-ligand orbital
interaction differences in U(1v) vs. Pu(1v) bonding.

Comparative bonding studies of molecular compounds across
the actinide series are rare, with the exception of Th vs. U,
which have long-lived low specific activity radioisotopes readily
available for synthetic chemistry. For transuranic elements,
significantly higher radiotoxicity hazards require specialized
radiological facilities to allow safe manipulation.! Despite
these practical challenges, establishing bonding trends and
differences across the 5f series over a wide range of ligand
types is important to provide underpinning chemical knowledge
for nuclear fuel cycle applications.’

Historically, the majority of transuranic coordination chemistry
reported is with hard O donor chelates for which ionic
bonding to the metal is believed to be the only relevant
consideration (the obvious exception being the terminal dioxo
actinyl moieties which contain multiple bond character).? Such
donors were suitable for early actinide separation processes
that utilized differences in actinide redox chemistry to access
their markedly different chemical properties.> However, advanced
nuclear fuel cycles require alternative separations. For example,
soft donors (N and S) are being studied for Am(ir)/Cm(ir)
separation from the chemically similar Ln(m) ions by harnessing
increases in An(i) vs. Ln(i1) complex stability (likely due to
subtle covalency increases).* Here, we are interested in exploring
subtle variations in 6d and 5f orbital interactions, which may
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ultimately facilitate design of ligand sets for enhanced selective
separations of actinides in the same oxidation state (e.g. An(1v)),
and are of relevance to proposed group actinide extractions.’

B-Ketoiminate ligands have previously found utility in
stabilizing UYO," species through steric saturation of the
equatorial plane.® Their ability to form stable complexes with
uranyl(v), a relatively weak Lewis acid, indicates that they
should readily coordinate to An(1v) ions which are much stronger
Lewis acids. We believe that “*acnac complexes are interesting
candidates for comparison of U(1v) vs. Pu(1iv) bonding para-
meters because they contain two different donor atoms within
the same chelating ligand (O and N, respectively). These
ligands would allow us to look for differences in metal-ligand
interactions arising from 5f and 6d orbital participation. Our
synthetic approach was to first demonstrate that p-ketoiminates
can form stable U(1v) complexes and then attempt to isolate
isostructural Pu(iv) complexes.

Treatment of 2 equivalents of the B-ketoiminate ligand
Na(ArNC(Ph)CHC(Ph)O) (Ar = 3,5-'Bu,C¢H3) (generated
in situ) with UCly or UI4(OEt,), forms UCL(*"acnac), (1)
and ULy(*"acnac), (2), respectively (Scheme 1). Preliminary
attempts to synthesise the analogous Pu(iv) complexes,
PuX,(*"acnac), (X = ClI or I), were complicated by the lack
of readily accessible non-aqueous organic soluble Pu(1v) starting
materials, with the only well established example being various
salts of the [PuCl¢]>~ anion."® Reaction of [PPhy],[PuClg] with
two equivalents of Na(*Tacnac) did not lead to isolation of
PuCl,(*acnac),.” As an alternative strategy, the use of Pu® as
a precursor to a low valent Pu B-ketoiminate complex was
examined. We initially employed reaction conditions designed
to isolate a Pu(im) complex because prior observations
had suggested that direct oxidation to Pu(iv) was unlikely
(excess I, or Br, alone does not oxidize Pu’ to Pu"Y under inert
atmospheric/anhydrous conditions).® However, oxidation of
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Scheme 1 General preparative routes to 1-3.
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Pu® with 1.6 equivalents of I, in THF followed by treatment
with 2 equivalents of Na(“Tacnac) (in situ) afforded several
single crystals of Pu'VI,(“Tacnac),, rather than the anticipated
Pu(i) complex.” In light of this surprising result we increased
the initial stoichiometry of I, to two equivalents providing
isolation of Pu'VI,(*Tacnac), (3) in a low, but pure (single
crystals), 17% yield (Scheme 1). It is likely that access to the
Pu(1v) oxidation state is made possible by the strong electron
donating ability of the “Tacnac ligand shifting the Pu(i)/Pu(1v)
redox potential within the range of I.

The '"H NMR spectra of 1-3 exhibit paramagnetic shifting
and contain resonances consistent with the formulation of the
proposed complexes (Fig. S6-87). Interestingly, the addition
of 1 equiv of THF to a C¢Dg solution of 1 results in a change
of the resonance profile, suggesting possible coordination to
the complex (Fig. S6A-Bt). Additionally, in the '"H NMR
spectrum of 2 in CD,Cl,, the broad resonances at —1.10 ppm
and —3.84 ppm are consistently present (independent of
the synthetic method) and we have tentatively assigned them
as the two inequivalent ‘Bu environments arising from the
presence of a minor cis isomer (Fig. S77).

In the solid state, 1-3 are geometrically isostructural consisting
of a six coordinate An(iv) metal centre with a ligand arrange-
ment best described as distorted octahedral (Fig. 1, S3-5%). In
each case, the halides sit frans to one another in axial positions
and the two bidentate “Tacnac ligands occupy the equatorial
plane in a trans configuration. In addition to being geometri-
cally isostructural, the bond lengths and angles between
uranium and the “"acnac ligand in 1 and 2 are identical within
statistical errors (Table 1), thus the identity of the coordinated
halide has no significant effect upon the metrical parameters
associated with the coordination of the “Tacnac ligand to
uranium.

The structural similarity of 2 to 3 offers a very rare
opportunity for a direct comparison of U(1v) vs. Pu(1v) solid
state molecular structures (Table 1). Firstly, considering the
An-I bonding, the U-I distance in 2 is 3.0288(5) A, whilst the
Pu-1 distance in 3is 0.043 A shorter, with a length of 2.9859(3) A.
This represents the first example of a Pu(iv)-I bond. Secondly,
considering the An—-N bonding to the “"acnac ligand, the U-N
distance in 2 is 2.409(5) A and the Pu-N distance in 3 is
2.3635(19) A. As expected from the actinide contraction and
increasing effective positive charge of the An(iv) ions across
the series, the Pu—N bond is shorter than the U-N bond,

Fig. 1 Solid-state structure of 3 with 50% probability ellipsoids.
H atoms and solvent have been omitted for clarity. 1 and 2 are
geometrically isostructural. Lattice solvation also differs between 1-3.

although the difference of 0.046 Ais perhaps slightly larger
than might be anticipated (the ionic radii for the 6-coordinate
metal ions differ by 0.03 A; 0.89 A for U and 0.86 A for Pu).'?
Thirdly, considering the An—O bonding to the “"acnac ligand,
the U-O distance in 2 is 2.163(4) A and the Pu-O distance in 3
is 2.1727(17) A. These bonds differ by just 0.01 A, are within
statistical error of each other, and thus do not follow the
expected trend of a similar shortening of the U-O vs. Pu-O
bond in the way that the U-N vs. Pu-N bond shortens. The
fact that the O and N donor atoms in 2 and 3 are contained
within the same ligand (“"acnac), yet do not exhibit similar
changes in bond lengths upon moving from U(1v) to Pu(1v)
(i.e. An—O remains the same while An—N shortens), suggests
that the bonding changes in these complexes across the An(1v)
series are not adequately explained by the actinide contraction
and ionic bonding models alone.

The only other U(1v)/Pu(1v) discrete molecular isostructural
comparison that we are aware of in the literature is the
polyoxometalate anion [An(as-P,W,06)5]'®” (An = Th, U,
Np, Pu, Am), which afforded an isostructural comparison of
An-O bonds across the An(iv) series.'! In that study, the
average Pu-O distance is shorter than the average U-O
distance by 0.03 A, and was attributed to the effect of the
different ionic radii of the 8-coordinate metal centres (1.00 A
for U and 0.96 A for Pu).'® The scarcity of literature comparisons
and the unexplained bond length trends in 2 and 3 motivated
us to probe the metal-ligand interactions further.

We turned to hybrid DFT modeling, demonstrating reasonable
agreement between the experimental and calculated structures,
and although actinide-ligand bond distances tend to be over-
estimated by DFT,'? the larger variation in the An—N (0.04 A)
distances vs. the An—O distances (0.01 10\) between 2 and 3
is accurately captured (Table 1). Natural orbital analysis
indicates a clean unpaired spin density with ground state
configurations triplet U(5f%) for 2 and quintet Pu(5f*) for 3
(Fig. S17-18%). Further 5f and 6d electronic density from the
U and Pu (0.7 and 1 e, respectively) is involved in bonding
interactions with the I, O, and N ligands. Natural orbitals
indicate the 5f density is involved in three o-type bonds
between U or Pu and the three ligand types. The 6d density
participates in ¢ bonding with the I and © bonding with the
O and N atoms, however, it is challenging to deconvolute all
three interactions as the ligands interact with one another. We
then performed a Natural Bond Orbital (NBO) analysis. The
metal was identified as a fragment by itself in both 2 and 3 and
so was the iodine, while the oxygen and nitrogen fragments are
represented as core and lone-pair orbitals (LP) plus bonding
orbitals with the neighboring carbon. The level of interaction
and energy stabilization via charge transfer from occupied natural
atomic orbitals was obtained by second order perturbation
analysis in that basis (Table S2-3t). The largest interaction
corresponds to dative bonds from the occupied oxygen
and nitrogen lone pairs to the virtual lone pairs of the metal
(Fig. S19-24% show all LPs).

For the An—N interactions, the overall strength is very
similar for U(1tv) vs. Pu(iv) and there are two main contri-
butions in both cases: in the Pu complex (3) the stabilization
energies are 21 and 7 kcal mol™', and in the U complex (2)
they are 25 and 8 kcal/mol. In both cases the interacting
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Table 1 Selected bond distances (A) and angles (°) for 1-3

Calculated

1 2 3

M=1UX=C(C M=UX-=1 M=PuyX-=1 2 3
M-X 2.6315 (12) 3.0288 (5) 2.9859 (3) 3.073 3.045
M-O 2.173 (3) 2.163 (4) 2.1727 (17) 2.185 2.198
M-N 2.406 (3) 2.409 (5) 2.3635 (19) 2.462 2.422
X-M-X 180 180 180 180 180
O-M-N 71.19 (11) 71.06 (15) 73.29 (7) 72.67 75.58

orbitals are almost the same: the N lone pair (25% s + 75% p)
couples with a 100% 5f orbital in the smaller contribution, and
in the larger contribution the N lone pair couples with a metal
virtual LP of 6d and 7s orbital composition. Analysis of the
An-O interactions indicates that the U-O orbital interactions
are stronger than the Pu-O orbital interactions. In contrast to
the An—N interactions, the interacting pairs in the An—O bonds
are different between 2 and 3 (see Fig. 2 for representations of
the strongest An—O interactions in 2 and 3). Three dominating
pairs are found in the U-O bond: the first of energy 23 kcal mol ™!
involving the LP1 in oxygen (40% s + 60% p) and a virtual LP
in the U (70% 6d + 30% 7s), the second of energy 15 kcal mol !
involving the LP2 in oxygen (16% s + 84% p) and the same
virtual LP in U, and the third of energy 13 kcal mol™" involving
the LP2 in oxygen and a virtual LP in U (100% 5f). There are
another three minor interactions of 5.5, 4.7 and 4.3 kcal mol ™!
for the U-O bond. Turning to the Pu-O bond, there is
one main interaction of 16.5 kcal mol™' between LP1 of the
oxygen (46% s + 54% p) and a 100% 6d orbital of Pu. The
rest of the Pu—O interaction comprises four minor contri-
butions of 8.9, 6.5, 5.7, and 5.4 kcal mol™! all involving the
same oxygen LP2 (12% s + 88% p) with a 100% 6d orbital, a
100% 5f, a 52% 6d + 48% 7s orbital, and a 100% 5f,, orbital,
respectively. A fifth minor interaction of 6.1 kcal mol™' is
between the oxygen LP3 (100% p) and a 100% 6d LP in Pu.
We interpret the increased sum of the orbital interactions
for the U-O bond (65.5 kcal mol™') vs. the Pu—-O bond
(49.1 kcal mol™") as an explanation for the observed shortening
of the U-O bond with respect to the Pu—O bond. Since the
U-N vs. Pu-N interaction compositions and total strength (33 and
28 kcal mol ™!, respectively) are similar, we attribute the experi-
mentally observed shorter Pu—N vs. U-N bond to the effect of

Fig. 2 The strongest An—O orbital interaction in 2 compared to 3: a
23 keal mol™! U-O couple with 30% 7s and 70% 6d character for the
metal contribution (left), and a 16.5 kcal mol™! Pu-O couple with
100% 6d character for the metal contribution (right).

the actinide contraction. This finding is significant because,
upon considering the role of covalency in f-eclement separations,
it is usually the softer donors (N or S atoms) which are
anticipated to exhibit differences that can result in selectivity
for a particular actinide ion. NBO analysis of the relative charges
on the O vs. N atom in 2 and 3 confirm that the O atom is
‘harder’ than the N atom in the “Tacnac ligand (—0.744 and
—0.757 on O in 2 and 3, compared to —0.617 and —0.632 on N;
about 17% smaller) and yet it is this ‘hard” oxygen donor which
is the origin of metal-ligand orbital overlap differences rather
than the relatively ‘soft” N atom. However, further comparisons
of isostructural O-donor actinide complexes are required to
facilitate development of how these bonding differences can be
exploited in ligand designs for advanced nuclear fuel cycle
separation processes.
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