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Theoretical Probe for Tris(aryloxide)arene Complexed Low—valent Actinide
Ions and Their Structural/Redox Properties
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(Key Laboratory of Functional Inorganic Material Chemistry of Education Ministry, School of Chemistry and
Materials Science, Heilongjiang University, Harbin 150080, China)

Abstract It is of great significance to identify new oxidation state of actinide, which will enrich actinide coordination
chemistry and advance its exploration of chemical bond and reactivity. So far, uranium with +3~ 6 oxidation states has
been widely recognized in complexes. Comparatively, isolated, crystallographically identified U(II) complexes remain rare.
Inspired by the pioneering work of Evans and co-workers that Y[U"(Cp')s] (Y =[K(2.2.2-cryptand)]", Cp'=[CsH,SiMe;]")
was structurally characterized, several uranium(II) complexes such as Ye[ULF] (L®=[(**M°ArO);mesitylene]*, Ad=
adamantyl), [UINHAT"™),] (Ar™=2,6-(2,4,6-Pr;C¢H,),CsH;), Y*[U{N(SiMe3),}5] and [U(n’-Cs'Prs),] were synthetically
accessible. Inspection finds that all these U(II) complexes were prepared in the same route, i.e., utilizing potassium graphite
or potassium sphere to reduce respective U(III) parent at low temperature. Cyclopentadiene (Cp) and arene (Ar)-based lig-
ands are involved. They are key to determine U(II) electron configuration, leading to 5£°6d' and 5f*, respectively. Moreover,
o(U-Ar) bonds play a significant role in stabilizing arene-ligated complexes. With the supporting of Cp-derived ligands, acti-
nide(II) complexes were extended to Th, Np and Pu. Unfortunately, it is not the case for the arene ligands, even with massive
efforts. Given the prevailing route that actinide(II) complex was synthesized by reducing its trivalent parent, the exploration
of redox property will help to guide the synthesis of more novel U(II) and even other actinide(II) complexes. In this respect,
theoretical computation based on accurate methodology is greatly appealing. Herein, relativistic density functional theory was
exploited to investigate structural and redox properties of [AnL (An=Ac~Pu; L=[(M*M°ArOH);Ar]>; z=0 and —1),
where analogues of uranium complexes were experimentally known. It is found that the central arene moiety is redox-active
for Ac and Th complexes in the reduction reaction, while the metal center is reduced for other complexes. So Ac and Th in
reduced products still remain +3 oxidation states, whereas metals in others turn +2. The 5f" electronic configuration is
unraveled for actinide of [AnL] (An=Pa~Pu), having 3~6 electrons, respectively. Calculated redox potential (E°) increas-
es from Ac to Pu in general, where U and Np show lower values than adjacent elements. A good correlation has been built
between E° and A(An-Ca/An-Ar)/electron affinity. In brief, the study is expected to provide theoretical support for the
synthesis of novel arene-based actinide(II) complexes.

Keywords J(An-Ar)-type low-valent actinide complexes; tris(aryloxide)arene; electronic structure; redox reaction; relativ-
istic density functional theory
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Figure 1 Ligands of theoretically computed H;L (a) and experimentally
synthesized H;L® (b), where the central arene group is labeled as Ar and
the three arm ones are named as 3Ph
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Table 1 Optimized geometry parameters for [AnL] and [AnL] (Distance in nm and angle in (°))

Complexes. Approaches An-Cy, ¢ An-Areen ” An-O“ An-O;¢ Car-Car ¢ O-An-O¢
[AcL] Calc. 0.2897 0.2523 0.2400 0.0380 0.1426 117.6
[ThL] Calc. 0.2654 0.2237 0.2286 0.0622 0.1443 113.0
[PaL] Calc. 0.2554 02111 0.2230 0.0772 0.1440 108.7
[UL] Calc. 0.2576 0.2143 0.2213 0.0685 0.1431 110.9
Expt. ¢ 0.2615 0.2180 0.2236 0.0668 0.1432 111.5
[NpL] Calc. 0.2595 0.2168 0.2214 0.0655 0.1428 111.6
[PuL]” Calc. 0.2700 0.2298 0.2262 0.0580 0.1418 113.8
[AcL] Calc. 0.3078 0.2737 0.2334 0.0065 0.1408 119.9
[ThL] Calc. 0.2767 0.2373 0.2207 0.0439 0.1425 116.2
[PaL] Calc. 0.2658 0.2244 0.2163 0.0554 0.1425 113.7
[UL] Calc. 0.2692 0.2288 0.2154 0.0479 0.1418 115.2
Expt. ¢ 0.2749 0.2350 0.2168 0.0480 0.1433 1153
[NpL] Calc. 0.2716 0.2319 0.2156 0.0449 0.1415 115.8
[PuL] Calc. 0.2765 0.2378 0.2172 0.0411 0.1412 116.5

“ Average value; ” The distance between An and the centroid of arene; ¢ An-Oj denotes the normal distance from the An ion to the plane defined by three oxygen

donors. Noting that a positive value means that An is situated between the O; and Ar planes. ¢ Experimental values from Ref. [8].
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Figure 4 Difference of electron-spin density of each fragment (ASg.g)
upon reducing [AnL] to [AnL]
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Table 2 Number of singly-occupied d(An-Ar) and An(5f) orbitals of
[AnL}

[AnL] [AnL]
J(An-Ar) An(5f) J(An-Ar) An(5f)
Ac 0 0 1 0
Th 1 0 2¢ 0
Pa 2 0 3 0
U 2 1 3 1
Np 2 2 3 2
Pu 0 5 2 4

“ Due to its singlet ground state, [ThL] has doubly-occupied orbitals.
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Figure 5 Calculated reduction potential (£° in V on the left side) of
[AnL])/[AnL]  relative to the reference electrode Fc'/Fc in THF, along
with various reaction energies (eV on the right side) where the minus
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Table 3 Energies (eV) of the single-electron reduction reactions of complexes from [AnL] to [AnL]", along with reduction potential £° (V, versus Fc'/Fc)

in THF
An AE’ AEy" A,G(gas)” AG(sol)’ A.G(s01-50)" E’(sol)° E°(sol-s0)"
Ac —0.62 —0.78 —0.75 —1.57 —1.59 —3.42 —3.40
Th —1.01 —1.09 —1.04 —2.10 —2.10 —2.89 —2.88
Pa —1.06 —1.18 —1.19 —2.37 —2.39 —2.62 —2.59
U —0.96 —1.08 —1.15 —2.29 —2.37 —2.70 —2.62
Np —0.95 —1.08 —1.10 —2.20 —2.32 —2.79 —2.67
Pu —1.36 —1.45 —1.43 —2.51 —2.50 —2.48 —2.49

“The total energy (AE), total energy including zero-point vibrational energy (A.Eo) and free energy A,G(gas) in the gas phase for the single-electron reduction reac-

tions of actinide complexes. * The solvation energy is included in A,G(sol), and both solvation and spin-orbit energies are added in A.G(sol-s0). These energies were
calculated by the ADF code. ¢ The free energies, both A,G(sol) and A.G(sol-s0), for the reference electrode of Fc'/Fc were calculated to be —4.99 ¢V. Thus, reduc-

tion potentials, £°(sol) and E°(sol-s0), were obtained according to Eq. (2).
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MHBEGZER DR, P IT T RS ES
DFT iH5, FHRH 2 HARN.

BT LER), IEH ADF BFEFRHE TR A
7E THF #7000 (0 B 2546 . TR BE(Geo) BT -0
& BE(Go). Rt S S5k 6.0%6.0%6.0. M H
COSMO F BB THF 7 I IR BTN, HoA i %
N 7.58. KA bR EFE-FURRA HXT IR ZORA B2
PBE iZ b fil Slater % TZP F4H, HAissih 1s~4f 1)
60 NAAZHT, STANZE 32 ANH T A
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