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Abstract

The existence of divalent bis(pentaisopropylcyclopentadienyl) actinocene compounds,
An(Cp'F*s),y for An = (Th, U, Pu, Am, Bk, No, Lr), is assessed by density functional
theory (DFT) calculations with scalar-relativistic small core pseudopotentials. The
calculations predict ground states with significant 6d occupation for Th, U, and Lr,
whereas Am, Bk, and No exhibit 5f ground states. A mixed ground state with pre-
dominant 5f character is found for Pu. The complexes exhibit a linear coordination
geometry and high S;g symmetry except for Pu(Cp't*s)y and Am(Cp'F™),, which are
found to be bent by 11° and 12°, respectively. Absorption spectra are simulated with
time-dependent density functional theory (TD-DFT) and compared to experimental
spectra of known tris(C4H4SiMes) and tris(CsHg(SiMes)2) compounds [M. E. Fieser
et al., J. Am. Chem. Soc. 2015, 137, 369-382] as well as recently synthesized diva-
lent lanthanide analogs Dy(Cp'F™)y and Th(Cp'F*s)y [C. Gould et al., J. Am. Chem.
Soc. 2019, 141, 12967-12973]. Thermodynamic stability is assessed by calculation of
adiabatic reduction potentials of the trivalent precursors [An(Cp'*s),]*, and the fea-
sibility of further reduction to obtain as yet unknown monovalent molecular actinide

complexes is discussed.



Introduction

Bis(cyclopentadienyl) metallocenes of the transition-metal elements are prototypical organo-
metallic compounds.'™ The interaction of metal-centered valence d orbitals with ligand 7
orbitals in these species gives rise to rich coordination chemistry, enabling applications in

5 olefin poly-

numerous synthetic and catalytic purposes including stereoselective addition,
merization,®® and Ny activation.? A central goal of organoactinide chemistry is the discov-
ery, isolation, and characterization of new compounds which exhibit chemistry similar to
the transition-metals. However, m-bonded coordination compounds in low valence states are
rare for the actinide elements, and no bis(cyclopentadienyl) actinocene analog exists. ! From
an electronic structure perspective, this discrepancy may be rationalized by the properties
of the actinides” 5f valence shell, which is less favorable for coordinative bonding due to
its contracted nature and high nodality. ! Rather than forming bis(cyclopentadienyl) metal-
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locenes known from transition metal elements, it was predicted by early calculations®
experimentally verified'® that the actinides instead preferred tetravalent bis(COT) (COT =
n® — CgHg) structures with primarily electrostatic bonding. 4" Synthetic attempts towards
bis(cyclopentadienyl) structures have produced linear or nearly linear species that include
equatorial donor ligands bound to the metal.'® 2 Nevertheless, the higher metal oxidation
states of these compounds preclude much of the organometallic activity exhibited by their
transition-metal congeners.

2125 have led to the isolation of divalent lanthanide

Substituted cyclopentadienyl ligands
compounds containing three equatorial Cp” (Cp” = (CsH3(SiMe)y)™1)?¢ and Cp’ (Cp' =
(C5H4SiMes) 1) ligands. 22 Isolation of the actinide compounds [Th'(Cp”)s]~!, [UM(Cp")s]
and [Pu(Cp”)s]~" followed soon after, with those for Th and U analogously exhibiting
(5f)°(6d)? and (5f)3(6d)* configurations akin to transition-metal species.3%33 A (5f)5(6d)! /(5f)°
electron configuration was observed for [Pu(Cp”)s]~!, whose HOMO has both d.> and f.s

character. The unexpected discovery of divalent actinide compounds with substituted cy-

clopentadienyl groups suggested that other organoactinide compounds with unconventional



electronic structure could be accessed with suitable ligands.

Recently, divalent Dy and Tb complexes with bis(Cp™*?) ligands (iPr = —CH(CHs),)
were synthesized by reduction of trivalent Ln(Cp™™),I intermediates and characterized by
X-ray crystallography, magnetic measurements, and density functional theory (DFT) calcu-
lations. Although bis(cyclopentadienyl) lanthanide species have been known since 198434
these compounds represent the first linear or nearly-linear examples of lanthanide metal-
locenes.®® These structures maintain a (4f)"(5d)! ground state configuration and exhibit
covalent o-bonding between the cyclopentadienyl ligands and metal-based orbitals, resem-
bling the bonding in transition-metal metallocenes.

Here we assess the viability of bis(pentaisopropylcyclopentadienyl) actinocene compounds
(Figure 1) by characterizing the electronic structure of An(Cp™), for An = (Th, U, Pu,
Am, Bk, No, Lr). These species were chosen to illustrate variations in electronic structure
between the early, intermediate, and late actinide elements due to the crossover of the 5f
and 6d orbitals with increasing nuclear charge. Our computational methodology has been
extensively validated in prior work on crystallographically characterized lanthanide com-
plexes such as Dy/Th(Cp''**)y,% [Ln{N(SiMes)s}s]*,% [Ln(CsMesH)s]~",2® [Ln(Cp')s] ™,
[Ln(Cp”)3]~1,2"% as well as the organoactinide complexes [Th(Cp”)s]~*,3% [U(Cp')s]~*,3°
[Pu(Cp”)3]~*,3! and U(C5Me, H)3NO.3” The current study focuses on key qualitative features
of bis(Cp™™®) actinide compounds including trends in dominant electronic configurations of
the metal, symmetries, and properties relevant to guide synthetic efforts. More detailed
calculations including spin-orbit interactions, a quantitative treatment of near-degeneracy
effects, and a more complete description of low-lying excited states with different spin mul-

tiplicities are left to future work.



Figure 1: Side-on and end-on views of An(Cp™"™*), molecular structure. Hydrogen atoms are

omitted for clarity.
Computational Details

Structure optimizations in the spin unrestricted formalism using the TPSS meta-generalized
gradient approximation (meta-GGA)3® density functional were performed for An(Cp™™),
starting from the X-ray structure of Dy(Cp™"”),.% The An = (Th, No) compounds were
found to possess closed shell valence configurations, and subsequent calculations on these
species were performed with restricted spin orbitals. Stuttgart-Cologne scalar-relativistic
small core effective core potentials (ECPs) were used for An = (Th, U, Pu, Am, Bk, No,
Lr).? The corresponding valence basis set *%4! was used for the actinide atoms, and a double-
¢ quality basis set (def2-SV(P))*? was used for the ligands. The exchange-correlation terms
were evaluated on a DFT quadrature grid of size m4 and total energies were converged in the
SCF procedure to a tolerance of 10~7 hartrees. The resolution of the identity approximation
(RI-J)*3 and D3 dispersion corrections by Grimme and co-workers** were employed.
Optimized structures were obtained to a maximum Cartesian gradient norm of 10~* a.u.
Each converged structure was verified to be a minimum by harmonic vibrational analysis.*®
Electronic configurations were assigned based on inspection of molecular orbitals and their
natural atomic orbital populations.® Molecular coordinate files, orbital occupations, and
visualizations of frontier orbital contours are available as supporting information (SI).

TD-DFT calculations to study electronic excitations were performed at optimized ge-



ometries with the gauge-invariant TPSSh hybrid functional.3¥47 Absorption spectra were
simulated from the results using normalized Gaussian functions scaled by predicted os-
cillator strength. A root mean square width of 0.15 and empirical blue shift of 0.15 eV
were used, consistent with parameters chosen to fit experimental spectra for the divalent
lanthanocenes Dy/Th(Cp'***)y.3> The lowest 10 dipole-allowed electronic excitations were
computed for the Sjg-symmetric structures An = (Th, U, Bk, No, Lr), and the lowest 30
dipole-allowed excitations were computed for the C;-symmetric structures An = (Pu, Am).
These numbers of roots approximately cover a spectral range of 250-1000 nm. To study the
synthetic accessibility of the divalent and monovalent bis(Cp'"™*?) actinide compounds, im-
plicit solvent corrections were included in DF'T through the Conductor-like Screening Model
(COSMO).*® These calculations were performed using the dielectric constant for tetrahy-
drofuran (e = 7.520).%° The harmonic oscillator-rigid rotor approximation at 298.15 K was
used for free-energy calculations.

Molecular orbital plots were generated using the Visual Molecular Dynamics (VMD)
program with a contour value of 0.03.50 All electronic structure calculations were performed

with the TURBOMOLE 7.3 quantum chemistry software package. !

Results

Electronic Structure

Dominant An electron configurations, ground state term symbols, frontier orbital energies,
and metal-centroid distances are displayed in Table 1 and Figure 2. In all An(Cp"™),
species, the An 6d orbitals split into orbitals transforming according to the ag4, e14 and ey,
irreducible representations of the S;y point group, ordered by increasing energy in the ligand
field. The 5f shell is split into two sets of degenerate orbitals transforming as ey, one set of
degenerate orbitals as ey, and one orbital as a,. The relative energies of the An 5f orbitals

differ by actinide: Th, Am, No, and Lr possess an « spin orbital ordering of (ea,, €24, @y, €14)
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Figure 2: Frontier molecular orbital diagram in the spin unrestricted formalism for « (left)
and A3 (right) spins labeled by term symbol and function for Ac(Cp™™), An = (Th, U, Pu,
Am, Bk, No, Lr). Orbital energies were computed with DFT using the TPSS functional and
small core ECPs for each An atom. Fermi levels are denoted with a dashed line. Visualiza-
tions of each orbital contour are provided as SI. The 6d orbitals transforming as ey, occur
above 1 eV and are not included for simplicity.




Table 1: Assigned electronic configurations, term symbols, HOMO and LUMO energies
(eV), HOMO-LUMO energy gaps (eV), metal-centroid bond lengths (A), and bond length
differences with known tris(Cp’/Cp”) structures for An(Cp™)y, (An = Th, U, Pu, Am, Bk,
No, Lr).

Config.  Term Egpomo(eV) Epumo(eV) AEgp(eV) M-Cp(A) A[(Cp)s — (Cp™™)a](A)
Th (6d)? A, —2.218 —1.982 0.236 2.534 0.004
U | (5£)3(6d) 54,  —2.378 ~1.948 0.430 2.483 0.038
Pu | (5£)61  TA  —2.007 1785 0.289 2.490° 0.032
Am | (5f)7 SA —2.408 1758 0.233 2.542*
Bk (5f)° 64, —1.746 —1.531 0.215 2.455
No | (5f)"  'A,  —3.836 ~1.434 2.402 2.442
Lr | (5£)4(6d)" 24,  —3.019 ~1.863 1.156 2.417

T Pu possesses a mixed configuration with (5f)% and (5f)°(6d)! character

* Averaged between the two M-Cp't™s distances

in increasing order, whereas U and Pu possess orderings that place the a, orbital between
or before the two sets of ey, orbitals, respectively. For Bk, the placement of orbitals with
both a, and e;, symmetry results in an « spin orbital ordering of (a,, €2, €14, €2,).

Ground state configurations of (5f)°(6d)? and (5f)3(6d)* were found for Th(Cp'***), and
U(Cp'™™s),, respectively, giving rise to a highest occupied molecular orbital (HOMO) with
both 6d.2 and 7s character. Symmetry-allowed 6d.2 — 7s mixing increases the stabilization
of this orbital relative to the 5f shell. The orbital contour for U(Cp'**®), is visualized in
Figure 3. Qualitatively similar HOMOs are also found in the Ln(II) metallocenes Dy (Cp'**#),
and Th(Cp™™),, suggesting that the linear coordination environment facilitates such orbital
mixing. Indeed, the corresponding tris(Cp’) and tris(Cp”) structures for both Ln(IT) and
An(II) species contain a HOMO lacking significant s character.

The HOMO of Pu(Cp™™), has mixed 5f and 6d,2/7s character, indicating that the Pu
compound corresponds to a configurational crossover between the (5f)"(6d)! configurations
of the early Th and U compounds and the (5f)""! configurations of the later Am and
Bk compounds in the series. Natural atomic populations arising from the actinide atom
for the HOMO are presented in Table 2, along with those for the U and Bk compounds
to illustrate the orbital mixing. The configurational crossover near Pu is also observed

in both the tris(Cp”) and tris(Cp’) environments,?! demonstrating its tendency to exhibit



Figure 3: Contour plot of HOMO and LUMO for U(Cp'™™*?), at 0.03 isovalue computed with
DFT using the TPSS functional.

nearly-degenerate 6d and 5f shells in structures with cyclopentadienyl ligands. A precise
characterization of the ground state for these systems may require multireference wavefunc-

tion approaches beyond DFT. The HOMO and LUMO contours for the Pu structure are

visualized in Figure 4.

Figure 4: Contour plot of HOMO and LUMO for the divalent Pu metallocene at 0.03 isovalue
computed with DFT. The predicted electron configuration is predominantly (5f)° with 6d.»
and 7s admixture.

The Am, Bk, and No compounds adopt (5f)""! ground states. This is due to the
stabilization of the 5f orbitals with increasing nuclear charge, which is greater than ligand
field stabilization of the 6d shell.? The HOMO and LUMO contours for Bk are visualized

in Figure 5, illustrating the assigned (5f)"*! configuration.



Table 2: Natural atomic populations of the HOMO arising from the An atom for An(Cp™™)

(An = U, Pu, Bk).

b

‘ S p d f
U ]0.388 0.000 0.408 0.000
Pu | 0.162 0.017 0.168 0.538
Bk | 0.000 0.000 0.000 0.959

e
e

Figure 5: Contour plot of HOMO and LUMO for the Bk compound at 0.03 isovalue computed
with DF'T.

Molecular Structure and Bond Length

Highly symmetric structures with S;p symmetry were obtained for An = (Th, U, Bk, No, Lr).
The Sy structures obtained for Pu(Cp™"?), and Am(Cp™™), compounds are saddle points;
subsequent optimization in C; symmetry resulted in slightly bent structures with dihedral
angles of 11° and 12° as illustrated in Figure 6. Similar distortions were also observed
in the crystal structure of [Pu(Cp”)s3]™,3" and may be rationalized as pseudo-Jahn-Teller
effects indicating the presence of two nearly degenerate ground state configurations. The
lower symmetry predicted for the Pu and Am compounds could be experimentally tested by
structural and magnetic characterization.

The predicted metal-centroid bond lengths for An(Cp™”), are reported in Table 1. A
decreasing trend across the actinide series is observed for compounds with both (6d) con-
figurations (An = Th, U, Lr) and (5f)""! configurations (An = Am, Bk, No), as expected
due to f-block contraction. However, this trend is interrupted by the Pu and Am species
showing an increase in metal-centroid distance compared to the earlier actinides. This may

reflect the loss of bonding interactions with the ligand as the 6d orbital is depopulated and



Figure 6: Converged structure of the Pu metallocene compound overlaid with the general S
structure, computed with DFT. The structure deviates from linearity, leading to a dihedral
angle of 11°.

an increased electron repulsion in the 5f shell.

In general, bond lengths were shorter than that observed for the corresponding tris-
(Cp’/Cp") compounds, [An(Cp’/Cp”)3]™" (An = Th, U, Pu). These results are consistent
with the lower coordination number of bis-coordinate compounds, and analogous to the
decrease in bond lengths from tris(Cp’) to bis(Cp'™™®) structures observed for the Ln(II)
species. Compared to U(COT), and Th(COT),, the U(Cp™™), and Th(Cp™™), metal-
centroid distances are larger by 0.559 A and 0.530 A, respectively, which may be rationalized
by the higher formal charge of the COT ligands compared to the present cyclopentadienyl

ligands.

Absorption Spectra

Simulated electronic absorption spectra for An(Cp™™), (An = Th, U, Pu, Am, Bk, No,
Lr) are reported in Figure 7. Detailed assignments are provided as SI. The spectra for
Th(Cp™™#), and U(Cp™™), show strong peaks in the UV-VIS region, which correspond to
metal-ligand charge transfer (MLCT) excitations out of the 6d,2 orbital transforming as a,.
Such excitations from a HOMO with 6d character are also observed for the tris(Cp’/Cp”)

r5) lanthanide species.

actinide and bis(Cp

Strong MLCT bands are not predicted for the spectra of Pu(Cp™™)y, Am(Cp™™),,
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Figure 7: Comparison of absorption spectra for An(Cp™™), (An = Th, U, Pu, Am, Bk, No,
Lr) computed with TD-DFT using the TPSSh functional. Spectra were fit using normalized
Gaussians with a root mean square width of 0.15 and an empirical blue shift of 0.15 eV. These
parameters are consistent with those used in the previous study of Ln(IT) metallocenes.3
The broad peak in the infrared part of the spectrum for the Pu compound occurs off the
plot at 1112 nm.
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Bk(Cp™™®),, and No(Cp''*),; instead, the main features are low intensity transitions from
the occupied 5f shell to the 6d-type orbital transforming as e;,. The Pu species exhibits
small MLCT excitations out of the HOMO near 390 nm that are absent with the Am species,
likely a consequence of its mixed orbital character. The f to d transition near 315 nm for
No is more intense than that of other compounds with (5f)"*! configurations due to the
closed shell ground state. Going across the series, Lr(Cp'*™@), again exhibits strong MLCT
excitations in the predicted spectral range, as expected from a (6d)! configuration.

For An(Cp'™™®), (An = Th, U, Pu, Am, Bk), a broad peak of low intensity in the 600 to
1000 nm region was observed. This peak was found to originate from a 6d to 5f transition
for An = (Th, U) and a 5f to 6d transition for An = (Pu, Am, Bk). Such excitations are
also present in the spectra of the Dy(II) and Tb(II) metallocenes. Peak maxima of common
MLCT transitions between Th/U(Cp™*), and Dy/Th(Cp™**), are slightly red-shifted, but

otherwise remain in the same energy range.

Thermodynamic Stability

Synthetic feasibility of the bis(Cp™#) actinocenes can be assessed by considering their en-
ergetic stability, which is controlled by both kinetic and thermodynamic factors. Predicting
kinetic stability, on the other hand, is much more difficult and typically requires knowledge
of specific experimental conditions. Our discussion thus focuses mainly on thermodynamic
stability of the bis(Cp™™) structures, which is a necessary but not a sufficient condition for
their synthetic feasibility.

To investigate the thermodynamic stability of the bis(Cp*™@) actinocenes, reduction of
[An(Cp'™™)y] ™ to obtain An(Cp™™), was modeled with DFT including solvation effects with
COSMO. The trivalent bis(Cp'**?) compound for uranium was isolated recently,? indicat-
ing that these species may be stable synthetic precursors. For comparison, reduction of
known [Ln(Cp™"®),]* (Ln = Tb, Dy) species was also studied.>5® Adiabatic reduction po-

tentials including zero point energy and thermal corrections were computed from the free
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energy differences of the metallocenium cations and corresponding neutral species. Op-
timized structures for the cations did not deviate significantly from those of the neutral
species.

The absolute computed reduction potentials in Table 3 need to be interpreted with cau-
tion, since they refer to an artificial reference of a free electron in the gas phase, and may
be affected strongly by errors inherent in the implicit solvation model used here. However,
the results suggest that the reduction of cationic to neutral bis(Cp'**®) actinide complexes
is indeed thermodynamically favorable. Furthermore, these reduction potentials are of the
same order as those computed for the analogous Tb and Dy compounds, suggesting that the

actinocene complexes may be accessible by a similar synthetic route.

Table 3: Adiabatic reduction potentials for An(Cp'*™®), (An = Th, U, Pu, Am, Bk, No,
Lr) and Ln(Cp™™), (Ln = Dy, Tb) computed with DFT using the TPSS functional and
COSMO implicit solvation model.

EFAH(CpiPr5 )a]* —An(CpiPr5)y (eV)

Th

U 3.99
Pu 4.20
Am 3.97
Bk 4.25
No 5.06
Lr 3.90
Dy 4.34
Tb 3.57

Monovalent Bis(Cyclopentadienyl) Actinides

To assess whether monovalent bis(cyclopentadienyl) actinide compounds might also be acces-
sible, the adiabatic reduction potential of Th(Cp'™*#), was computed with the same method-
ology as the above. Th(CpiPrS)g was selected because it has an unoccupied 6d orbital with
comparatively low orbital energy.

Optimized structures for the neutral and anionic species were obtained with DFT includ-

ing COSMO solvent corrections. The additional electron of the anion was found to occupy
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the metal-like 6d orbital transforming as ej4. A slightly lower metal-centroid bond length
of 2.52 A was observed. Results are given in Table 4, and show that the 64 HOMO of the
monovalent species remains bound. Furthermore, the calculated reduction potential suggests
that anion formation is favored for this species.

To test if modification of the substituted cyclopentadienyl ligands with electron with-
drawing groups could further stabilize this state, this energy calculation was repeated for
optimized bis(pentafluorocyclopentadienyl) structures. A larger reduction potential is ob-
served and the electron in the HOMO is further bound.

Table 4: Adiabatic reduction potentials and HOMO energy for Th(Cp™™)y and Th(C5F5),
computed with DFT using the TPSS functional and COSMO implicit solvation model.

- ‘ E° (eV) EHOMO (GV)
Th(Cp™™), | 1.93 —0.38
Th(CsF5)s | 2.30 —1.70

Conclusions

The present results suggest that the divalent actinocenes An(Cp"™), (An = Th, U, Pu,
Am, Bk, No Lr) are worthwhile targets for synthesis and experimental characterization. If
experimentally confirmed, these compounds would represent the first examples of low-valent
cyclopentadienyl actinide complexes with linear or nearly linear coordination. In particular,
the Th and U compounds appear promising for initial synthetic attempts, whereas synthetic
access to the latter actinides is limited by their short lifetimes.

Both (5f) and (6d) ground state configurations were observed, with the Pu compound
representing a borderline case. Further judicious ligand modifications could make it possible
to extend the (6d) configuration to the later actinides, or even access the +1 oxidation state
for the early actinides. The chemistry of these compounds is expected to be closer to that

of transition metal metallocenes than typical actinide complexes in higher oxidation states.

54,55 21,56

Potential applications include catalysis and separation of nuclear fission products.
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Given the unusual magnetic behavior of their lighter Dy and Tbh congeners, actinocenes

should also be evaluated for their suitability as single-molecule magnets.
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1 TOC synopsis

Density  functional theory calculations suggest that linear
bis(pentaisopropylcyclopentadienyl) actinocenes are worthwhile synthetic
targets.
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