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ABSTRACT: Uranium metallocenes have recently attracted ag®
attention driven by their use as catalysts in organometallic
synthesis. In addition to bent U(IV) and U(III), an U(II)
metallocene [(17°-C% Pr;),U] was synthesized with an unusual
linear Cp—U—Cp angle. In this work, we investigated 22 U(II)
metallocenes, (i) assessing the intrinsic strength of the U-ring
interactions in these complexes with a novel bond strength measure
based on our local vibrational mode analysis and (ii) systematically
exploring what makes these U(II) metallocenes bent. We included
relativistic effects through the NESCau Hamiltonian and
complemented the local mode analysis with natural bonding
orbital (NBO) and quantum theory of atoms in molecules (QTAIM) data. Our study led to the following results: (i) reduction of
bulky U-ring ligand substituents does not lead to bent complexes for alkyl substituents (‘Pr and ‘Bu) in contrast to SiMe, ring
substituents, which are all bent. (ii) The most bent complexes are [(1°-CsH,SiMe;),U] (130°) and [5°-PsH;),U] (143°). (iii)
Linear complexes showed one hybridized NBO with s/d character, while bent structures were characterized by s/d/f mixing. (iv) We
did not observe a correlation between the strength of the U-ring interaction and the amount of the ring-U-ring bend; the strongest
interaction was found for [17°-Cp),U] and the weakest for [1°-PsHs),U]. In conclusion, our results provide a foundation for the
design of U(II) metallocenes with specific physicochemical properties and increased reactivity.
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B INTRODUCTION
Uranocene, (7*-CgHy),U (1, Figure 1), is the most prominent

the uranium atom preferentially adopts a valence configuration
of 5£%6d" in U(II) sandwich complexes® but that a 5f*

and studied member of the actinide sandwich complex family.
1 is often regarded as the archetype actinocene since its first
synthesis in the late 1960s." One of the most intriguing
structural aspects of this U(IV) z—bonded sandwich complex
is its high Dg, symmetry with eclipsed cyclooctatetraenide
(COT) ligands and a COT—U—COT angle of 180°.

Subsequently, U(IV) derivatives of 1 were synthesized, e.g.,
substituting one COT ligand with two Si'Pr; (tri-isopropylsilyl)
groups and replacing the other COT with cyclopentadienyl
(Cp) substituted with one ‘Bu (tertiary butyl) group,” reducing
the oxidation state of uranium to U(III) (2, Figure 1). In
addition to Cp ligands, cyclobutadienyl (Cb) ligands were
reported resulting in bent U(III) metallocenes as well (3,
Figure 1).” Interesting to note is that such bulky substituents
were needed to isolate this compound. A 1,3,5-trimethyl-1,3,5-
triazacyclohexane (Mejtach) ligand was recently applied for
the first time in the synthesis of U(III) complexes with
metallocenes-like structures.*

In 2013, the first stable U(II) complex was isolated in the
form of [Cp;’ U], with Cp’ = C;H,(SiMe;).” In addition to
U(IV) and U(III) metallocenes,’ a stable U(II) [#°-C Prs),U]
sandwich complex was isolated with a linear Cp-U-Cp angle
(4, Figure 1), which was explained via the hybridization
between 6d,: and 7s orbitals,” in line with other reports that
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configuration is also possible when U-ligand bonding is
stabilized via & back-bonding.” While this work has been in
progress, the first U(I) sandwich complex (S, Figure 1),
obtained through the reduction of 1, has been added to the
repertoire.'’ It is important to note that such a compound
assumes a bent arrangement.

As an alternative to Cp ring ligands, metal sandwich
complexes with phosphorus-containing ring ligands have
been reported in the mid-90s such as 1,3-diphospholides
(C5P,) n° sandwich complexes with molybdenum,'" as well as
phospholides (C,P) yttrium, samarium, and lutetium #°
coordination compounds.'”"® Likewise, U(IV) and U(III)
metallocenes with phospholides (C,P) rings substituted with
methyl groups were experimentally observed.'*™"° Recently, an
inorganic version of ferrocene, [(174-P4)2Fe]2_, was exper-
imentally observed.'” However, to our best knowledge no
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Figure 1. Examples of synthesized linear and bent uranium sandwich complexes.

corresponding [(#*P,),] or [(17°-Ps),] uranocene has been
synthesized so far.

It has been observed that bent uranocenes show reductive
properties,"® selectivity,”'” and an overall increased reactivity
compared to their linear counterparts, making them favorable
candidates for catalysis.'”~>' For example, bent U(III)
containing COT and Cp rings exhibited higher reactivity/
selectivity toward CO and CO, than their linear counterparts
with highly substituted COT and Cp rings.”” It was speculated
that changing the geometry of a sandwich complex from linear
to bent obviously changes the physicochemical properties of
the complex, the steric interactions between the ring ligands,
and most important the electronic nature of U-ring bonding.*”
In this connection, the difference between -electron-with-
drawing silyl versus electron-donating alkyl substituents was
pointed out.”’ It has been further suggested that complex
bending is caused by increased covalent character of U-ring
bonding, however without providing a systematic and
quantitative assessment of the nature and strength of the U-
ring interaction.”?%** In particular, a systematic assessment of
(i) the nature and strength of the metal-ring interaction in
U(II) metallocenes and (ii) what induces bent or linear
structures has not been reported so far to our best knowledge.

In order to systematically address these two questions, we
investigated in this work 22 U(II) sandwich complexes
(starting from 4), divided into four groups shown in Figure
2. Group I complexes G1.0—G1.5 explored the question of
whether systematic removal of the bulky electron-donating Pr
ring substituents would lead to bent complexes. The same
question was addressed for Group II members G2.1-G2.4
with even bulkier ‘Bu ring substituents. In Group III complexes
G3.1—-G3.4, we investigated the effect of electron-withdrawing
SiMe; ring substituents, which obviously led to bent structures
in the case of 2 and 3. Inspired by the synthesis of the first
inorganic ferrocene analogue ([(7]4-P4)2Fe]2_),17 we inves-
tigated in Group IV potential U(II) metallocenes G4.1—G4.8,
with phosphorous Cp analogues, the so-called phosphacyclo-
pentadienyls with P,—C,_, (n = 1---5) being substituted with
Et (ethyl), ‘Bu, and/or SiMe;. Phosphacyclo-pentadienyl
ligands are known for their wide synthetic versatility, in
particular in coordination chemistry.”>~>’

The article is organized as follows. In the next section,
computational details are provided, including a brief
description of (i) the relativistic Hamiltonian NESCau applied
in this work, (ii) the local vibrational mode analysis (LMA)
and the associated bond strength measure utilized to assess the
strength of U-ring interaction, and (iii) how the covalent
character of this interaction was determined. Then our results
are discussed, focusing first on structural and steric aspects,
followed by electronic effects and their interplay with steric
effects, including the assessment of the strength of the U-ring
interaction via local mode force constants and their covalent
character via the energy density H(r) and an inspection of the
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Figure 2. Uranium divalent metallocenes studied in this work.

Laplacian of the electron density p(r) in the bonding region.
The quantum theory of atoms in molecules (QTAIM)
discussion is complemented by a natural bonding orbital
(NBO) analysis, focusing on the correlation between Sf orbital
occupation and complex structure. The article closes with
conclusions and some general remarks.

B COMPUTATIONAL DETAILS

NESCau Relativistic Hamiltonian. The theoretical
description of uranium requires a careful treatment of
relativistic effects that make sizable or even dominant
contributions to molecular properties of uranium compounds,
in particular uranium—ligand bonding. Effective core poten-
tials, which are widely used to describe relativistic effects in
DFT calculations,”® consider valence electrons in the non-
relativistic picture and were previously associated with non-
negligible errors in calculations involving large variations of
oxidation states.”
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Our Dirac-exact NESC (normalized elimination of the small
component) method®®?" is a Dirac-exact two-component (ZC)
relativistic approach® belonging to the X2C family,*"*” i.e., a
method that is capable of reproducing the one-electron results
from the original four-component (4c) Dirac equation. The
Dirac-exact NESC methodology allows for accurate calcu-
lations of first- and second-order response properties, including
vibrational frequencies and spin—orbit cougling via the
screened nuclear spin—orbit approximation,””**** for a
variety of DFT and correlation-corrected wave function
methods, thus guaranteeing a broad application range.’”*
To the best of our knowledge, current X2C releases, e.§., the
Cheng and Gauss approach, provide analytic first-* and
second-order*' derivatives, nonetheless at the spin-free level.
We recently expanded NESC to an atomic unitary trans-
formation (NESCau), which allows for efficient 2¢ calculations
of relativistic effects in large systems,” qualifying NESCau as
the optimal choice for this project, given the large size of the
systems under study and the unusual oxidation state of
uranium. It should be mentioned that the nomenclature
X2Cau, employed by Zou et al,,”” is a synonym for NESCau.

Detailed descriptions of both NESC and NESCau have been
previously reported.’’™>> Henceforth, this section aims at
providing an overview of NESCau’s main aspects. The starting
point is a modified 4c-Dirac equation,” with the usual split
into large ¥ and small ® components

(V-EY¥ + T® =0

O]

Il
o

™+ | SV - E)op) - T

(1)

where V and T account for potential and kinetic energy, ¢
contains Pauli spin matrices, p is the linear momentum vector,
and E is the energy eigenvalues. The restricted kinetic balance
allows for the obtainment of ® after ¥. Expansion of both ¥
and @ on a basis leads to eq 1 on its matrix form

T —W-T|\B 0o —T[\B
4 2 (2)

where W = (6-p)V(6'p), and S is the overlap matrix. One can
write B in terms of A

B = UA ©)
where U is a nonunitary transformation matrix given by

U=T[SE-V] 4)

Following algebraic manipulations lead to expressions for
modified kinetic

T=TU+UT - UTU ()
and potential energies

2
- a” .
V=V+ TU‘WU

(6)
and a modified overlap matrix
o
§=s+—U'TU
2 ™)

T, {7, and S comprise the NESC Hamiltonian L and its
eigenvalue equation

pubs.acs.org/IC
(T + V)A = LA = SAE (8)

where L is normalized through the relativistic metric S. The
extension to the many electrons systems requires a re-
normalization

HYC = GG )

where HYC replaces the Fock matrix on the SCF cycle. G is a
nonrelativistic metric given by

G = §7'/?ks!/? (10)
and
K = (§7/28s7/2)712 (11)

Matrix U is the core foundation of NESC, and it is calculated
iteratively in the original NESC formulation. Notwithstanding,
its computation is a critical drawback as it gets demanding as
system size increases, preventing the use of NESC on larger
systems. Based on the fact that most of the relativistic effects
take place locally,* we can further approximate U and G as
direct sums of atomic matrices Uy

D
U~ ZUA (12)
and G,
[
G~ Z G, (13)

Equations 12 and 13 define the NESCau method, which allows
for the inclusion of relativistic effects in larger systems,
achieving a good compromise between accuracy and efficiency.
Highly accurate results obtained with NESCau were reported
on the study of actinide sandwich complexes®® and uranium
molecules featuring multiple bonds.**

Local Vibrational Mode Analysis. LMA originally
developed by Konkoli and Cremer®’ has become over the
past years a versatile tool for extracting important chemical
information from vibrational spectroscopy data, often being
hidden because of the very nature of normal vibrational modes,
namely being delocalized in polyatomic molecules.*”*” LMA
has led to both a new quantitative measure of bond strength
based on local mode force constants*® and a new way to
analyze vibrational spectra, the so-called composition of
normal mode (CNM) analysis.*” The underlaying theory as
well as a comprehensive overview of LMA agplications have
been published in two recent review articles;*”>! therefore, in
the following, only some essentials of LMA are summarized.

The starting point is the Wilson equation of spectroscopy*®
for a system containing N vibrating atoms

F'L = MLA (14)
where F is the force constant matrix (i.e., Hessian) in Cartesian
coordinates x, L is the matrix that collects the normal
vibrational vectors (here denoted by iﬂ) in Cartesian
coordinates column-wise and M = diag(m,, my, my, .., m;, m,
M .., My, My, My), i.e.,, a diagonal mass matrix in which each
atomic mass m; appears three times. A, on its turn, is a diagonal
matrix containing 4, eigenvalues, which are related to the
harmonic vibrational frequencies ), through 1, = 47°c’w;, (cis
the speed of light). The tilde symbols above L and I account
for mass-weighting, whereas the superscript x denotes the use

of Cartesian coordinates. Renormalization of the normal mode
vectors I and subsequent diagonalization of eq 14 leads to

https://doi.org/10.1021/acs.inorgchem.3c01761
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transformation from Cartesian to normal coordinates Q and
the diagonal force constant matrix K.*

It is often more convenient to express the molecular
geometry in terms of N, internal coordinates q (with Ny, =
3N — § for linear and 3N — 6 for non-linear molecules) rather
than 3N Cartesian coordinates x. Doing so, the Wilson
equation adopts the following form™

FD = G DA (15)

where D collects the normal mode vectors d, (n = 1, .., N,3)
column-wise. The Wilson G matrix

G=BM'B (16)

represents the kinetic energy in terms of internal coordinates.
The elements of the B matrix in eq 16 are defined by the
partial derivatives of internal coordinates with regard to
Cartesian coordinates. It is important to note that the B matrix
plays a central role in the Wilson equation of spectroscopy,
namely connecting different sets of coordinates (internal,
symmetry, curvilinear, etc.) with the Cartesian coordinates.*®
Therefore, whenever a new set of coordinates is introduced,
the first step is to derive the appropriate B matrix. This is an
important point for deriving a new bond strength measure for
metal-ring interactions, as discussed below.

Vector d, and diagonal force constant matrix K (the
standard output of a normal mode analysis performed in most
modern quantum chemistry packages) are the only ingredients
needed to derive local mode vector a,

K'd

a = —_1_{
d,Kd, (17)

n

and the corresponding local mode force constant kj, is defined
as

1

ka = aTKa = 7_11_
dK"d, (18)

n n n

In a recent work’> we derived a unique local mode
stretching force constant for the quantitative description of
metal—7 interactions, a necessary prerequisite for a detailed
understanding and assessment of how these interactions
influence molecular properties and reactivity, an important
tool, which so far is still missing. One could think of calculating
the local modes for all M-ring atom interactions and averaging
over the corresponding local mode force constants. However,
such an averaged local force constant leads to redundancies as
shown in ref 52. Therefore, the use of one interaction
parameter is not only physically meaningful, but it also
characterizes the collective effects of the whole 7-system. In
this study, we used the local stretching force constant k*(U—
X’) between uranium and the ring center X' (see Figure 3a)
and the local mode force constant k*(X'—U—X’) associated
with the angle between the ring centers and uranium (see
Figure 3b).

For the comparison of a large number of k*(U—X") values, it
is convenient to resort to relative bond strength orders (BSO
n) which can be derived from local mode force constants via a
generalized Badger rule®***

BSO n = u[k*(U — X))V’ (19)

u and v are defined via two reference molecules with known
BSO 7 and k*(U—X’) values and the request that a zero value
of k*(U-X') implies a zero BSO n value. For metal—ligand

a) —A b —A
X 8 xe 8
T

VA LZ‘
U Cu
o, KU\
I, KE(U-X) % %
A A Ap A
A=C,P

Figure 3. (a) Definition of the local mode parameter r and local mode
force constant k*(U—X') describing the U—X' ring interaction. (b)
Definition of the local mode parameter @ and related local mode force
constant k*(X'—U—X') describing (X'~U—-X') angle.

interactions, it is appropriate to use the Mayer bond order”> >’

to obtain BSO n values for the reference molecules: the Mayer
bond order for the single bond is set to a BSO n value of 1 and
the double bond value is scaled accordingly. In this work, we
used H;C—UH and H,C=UH, as reference molecules for
uranium-carbon single and double bonds, respectively. The
corresponding k” values, calculated with the PBEO/NESCau
level of the theory with cc-pVDZ and SARC-DKH2(U) basis
sets, are 1.409 mdyn/A (single bond) and 3.355 mdyn/A
(double bond) with corresponding single and double bond
lengths of 2.3653 and 2.0230 A, respectively. These values are
in good agreement with the previously published results.”>*”
The corresponding scaled Mayer bond orders of 1 and 1.983
for single and double bonds (unscaled values: 0.981 and 1.945)
led to 0.7629 and 0.7891 for u and v, respectively. Equation 19
was applied for both uranium—Cp and uranium—phospholide
interactions. In essence, BSO n translates the local force
constant into a chemically more cogent and understandable
bond strength measure.>*

Topological Analysis of the Electronic Density. The
quantum theory of atoms in molecules (QTAIM)®*~%* was
utilized to evaluate the covalent character of uranium—rilég
interactions. According to the Cremer—Kraka criterion,®*”

the energy density H(r;,)
H(r,) = G(x,) + V(x,) (20)

evaluated at the bond critical point, ry, is a measure of the
covalent character of a chemical bond or weak chemical
interaction.”*”®® r, is defined as the (3, —1) saddle point of
electronic density p(r) along the bond path between the two
atoms under consideration. Its occurrence is the necessary
condition of the Cremer—Kraka criterion (G(r,) and V(r,) in
eq 20, account for the kinetic and potential energy densities,
respectively). The sufficient condition for predominant
covalent character of the chemical bond or weak chemical
interaction is a negative value of H(r,), i.e., V(r,)
predominates over the positive G(r,). A positive value of
H(r,) relates to a predominantly electrostatic interaction
between the two atoms.

Since there is no bond critical point U=X', we had to resort
to calculating H(r,) for each of the U-ring atom interactions
(C and/or P) and averaging over the H(r;) values of all U-ring
atom interactions (i.e, sum over the five H(r,) values and
divide by five), an often applied procedure.”**” For some
complexes, only m U-ring atom bond critical points could be
found with m < S. In these cases, we summed over the m H(r)
values and divided by m. This protocol has to be kept in mind
when comparing averaged H(r,) with k*(U-X') values.”

https://doi.org/10.1021/acs.inorgchem.3c01761
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Figure 4. Summary of structural and LMA results. U-ring distances (green); k*(U—X') (orange), and BSO n (pink). Electronic term symbols,
symmetry point groups, and X'—U—X' angles are given as well as ring labels A and B. PBE0/NESCau/cc-pVDZ/SARC-DKH2(U) level of theory.

Computational Procedures. Geometry optimizations
were performed for molecules displayed in Figure 2 at the

Potential shortcomings of this approach are discussed in more
detail in the Results and Discussion section.
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Table 1. Summary of Geometric, Electronic, and Vibrational Data™?

U-X' A U-X'B X'—U-X' U config. AE,,
r k*(U-X') BSOn H(r,) r k*(U-X') BSOn H(r,) angle kY(X'-U-X)

G1.0 2.526 1.270 0.921 -1.42 2.526 1.270 0.921 -1.42 180.0 0.728 52864107500 1.920
Gl.1 2.505 1.275 0.924 -1.93 2.505 1.275 0.924 -1.93 180.0 0.342 5£16d%075%° 1.755
Gl1.2 2.480 1.332 0.957 —1.88 2.480 1.403 0.997 -1.76 174.7 0.216 52564157500 1.909
G1.3 2452 1.466 1.032 -2.18 2452 1.415 1.003 -2.15 171.6 0.325 5P46d"475%° 2.121
Gl1.4 2.479 1.466 1.032 -1.73 2.479 1.466 1.032 -1.73 180.0 0.068 5286d41075%7 1.900
GL.S 2482 1.543 1.074 -1.62 2482 1.543 1.074 -1.62 180.0 0.081 5£86d'975%7 1.915
G2.1 2.488 1.204 0.883 —3.31 2.486 1.233 0.900 —3.67 177.9 0.781 566d1575%3 2.170
G2.2 2.458 1.362 0.974 -221 2.467 1.338 0.960 -2.97 171.0 0.371 52664147504 2.156
G2.3 2468 1.371 0.979 -2.28 2.465 1.449 1.022 -1.82 172.5 0.171 5£266d1575% 2.126
G2.4 2.453 1.523 1.063 -2.05 2.453 1.523 1.063 -2.05 180.0 0.212 5P16d>475%4 1.599
G3.1 2.488 0.914 0.711 -3.72 2.467 1.068 0.804 -2.25 1732 0.607 52664147504 2.098
G3.2 2.454 1.252 0.911 -2.07 2.441 1.293 0.934 —3.30 163.0 0.361 5256447754 2.140
G3.3 2.450 1.371 0.979 -2.11 2436 1.375 0.981 -2.91 159.3 0.227 52664157504 2.117
G3.4 2430 1.461 1.029 —2.95 2437 1.469 1.033 —222 130.0 0.659 5£266d1375%7 2.192
G4.1 2.481 1.011 0.806 —3.46 2.486 1.018 0.810 —4.01 175.6 0.896 5£296d1775%%
G4.2 2.446 1.198 0.959 -5.20 2.431 1.265 1.000 —4.05 168.4 0.514 525647752
G4.3 2.418 1.184 0.989 -527 2414 1.159 0.973 -527 165.3 0.240 5226d%175%3
G4.4 2419 1.226 1.056 -5.03 2.356 1.263 1.080 —4.70 156.8 0.747 5246d*075%3
G4.5 2.2845 1.016 0.953 —-6.05 2.2846 0.985 0.931 —6.05 142.74 0.644 5£2164%675%3
G4.6 2.410 0.986 0.826 —4.82 2.406 1.057 0.871 —4.82 169.0 0.319 5£56d575%2
G4.7 2442 1.070 0.842 -2.86 2436 1.512 1.057 —2.68 174.5 0.500 52564167504
G4.8 2.447 1.127 0.877 -3.76 2.446 1.517 1.060 -2.91 176.0 0.299 5216d%375%4

“For an explanation about labels A and B, see the geometries section and Figure 4. bt values are displayed in A; k*(U-X'), in mdyn/A; k*(X'-=U—

X’), in mdynA /rad; angle in degrees and H(r;), in 107> Ha/A>. U config. refers to uranium electronic configuration. AE

«ap 15 the HOMO—-LUMO

gap and it is given in eV. PBEO/NESCau/cc-pVIZ/jorge-DZP-DKH(U)//cc-pVDZ/SARC-DKH2(U) level of theory.
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Figure S. (a) Average of U-X' distances r with respect to X'~U—X" angles. For complexes G4.7 and G4.8, the individual results of each ring are
displayed instead of the average values: A: phosphacyclo-pentadienyl ring ligand, B: Cp ring (see Figure 4). (b) Correlation between X'—U—X'
angle and number of ring substituents for Group III and Group IV members. PBEO/NESCau/cc-pVDZ/SARC-DKH2(U) level of theory.

NESCau/ PBEO level of the theory.”***~7° SARC-DKH2"'
basis functions were used for uranium, whereas cc-pVDZ’*>">
was employed for the remaining atoms (C, H, P, and Si).”*~7
An extensive prior study was performed on G1.0 to validate
our choice of basis set; for more information, see the
Supporting Information. Calculations were performed under
the unrestricted open-shell formalism and spin contamination
was never greater than 0.022. Once the stationary geometry
was found, the Hessian was calculated to confirm that the
structure was indeed a minimum in the potential energy
surface. NESCau/DFT calculations were performed using the
COLOGNE2020 package’” interfaced with Gaussian16.”*

NBO analysis’”® was done to address U electronic
configuration and its orbitals’ nature. For this step in particular,
we found that jorge-DZP-DKH80 basis, for uranium, and cc-
pVTZ,”>” for the remaining atoms, gave a better description.
Calculations were performed at optimized geometries obtained
with SARC-DKH2 and cc-pVDZ. NBO calculations were
performed with the code NBO.*' For LMA, the LmodeA
code® was used. QTAIM calculations were done with the

AIMALL package.”’
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Figure 6. (a) Bond strength order curve for U-ring interactions. (b) Average of k*(U—X") vs the number of substituents on each ring. (c) Average
of U-X' distances vs averaged local force constant k“(U—X'). For complexes G4.7 and G4.8, the individual results of each ring are displayed
instead of the average values: A: phosphacyclo-pentadienyl ring ligand, B: Cp ring (see Figure 4). (d) X'—=U—X' angles vs local force constant
k*(X'=U=X’). Calculated at PBEO/NESCau/cc-pVDZ/SARC-DKH2(U) level of theory.

B RESULTS AND DISCUSSION

In this section, we report our findings on (i) the effects
inducing bent U(II) sandwich complexes and (ii) what
determines the strength of uranium-ring interactions exploring
the effect of (i) removing bulky substituents (Group I and II);
(ii) replacing electron-donating alkyl ring substituents with
electron-withdrawing SiMe; ring substituents (Group III); and
(ili) replacing one of the two ring ligands Cp carbon atoms
with phosphorous atoms (Group IV). After presenting a
summary of results, we focus in more detail on steric effects
reflected in the geometries of Group I—Group IV members,
followed by LMA, complemented with electron density and
NBO analyses to capture electronic effects. Ring ligands are
labeled as A and B as defined in Figure 4. Table 1 and Figure 4
present geometric, electronic, and vibrational data obtained in
our work with both ring A and B data reported separately. In
Figures 5—7, average results for rings A and B are presented for
better readability, except for G4.7 and G4.8. Optimized
Cartesian coordinates for all complexes investigated in this
work can be found in the Supporting Information.
Summary of Results. Figure 4 summarizes the essential
findings of our study. The first important result is that
systematically reducing the number of bulky 'Pr ring

substituents, G1.0 to GL.5 (Group I), and ‘Bu ring
substituents, G2.1 to G2.4 (Group II), does not lead to a
significant bending of the sandwich complexes, opposed to
what one may assume. The most bent Group I member is
G1.3 with an X'=U-X' angle of 171.6°, whereas G1.4 with
one ‘Pr group per Cp ring is linear. Interesting to note is that
U—X' distances show a different behavior, namely as expected,
less crowded ligands lead to shorter U—X' distances and
stronger U—X' interactions, ranging from 2.526 A in G1.0 to
2.479 A in G1.4 with corresponding BSO # values of 0.921 and
1.074, respectively. Group II shows the same trend. Reducing
the number of bulky ‘Bu ring substituents does not significantly
increase complex bending. The smallest X'—U—X’ angles of
171.0 and 172.5° are found for G2.2 and G2.3 (with three and
two ‘Bu ring substituents per Cp ring, respectively). On the
other hand, for Group I less crowded ring ligands lead to
somewhat shorter U—X' distances and stronger U—-X'
interactions, ranging from 2.486 A in G2.1 to 2453 A in
G2.4 with corresponding BSO n values of 0.883 and 1.063,
respectively. These findings suggest that steric effects do not
play the only role in determining if the U(II) complex is bent.
In contrast to Groups I and II, all Group III members with
SiMe; instead of alkyl ring substituents are bent. Successive
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Figure 7. (a) Energy density H(r,) averaged over U—C (U—P) bond critical points, with regard to the number of P atoms in the ring. For
complexes G4.7 and G4.8, only results pertaining to rings A, phosphacyclo-pentadienyl, are shown. (b) Energy density H(r,) vs the average of local
force constant k*(U—X'). For complexes G4.7 and G4.8, the individual results of each ring are displayed instead of the average values: A:
phosphacyclo-pentadienyl ring ligand, B: Cp ring (see Figure 4). (c) Representatives with minor (G1.0), larger (G4.5), and mixed covalency
(G4.7). Calculated at PBEO/NESCau/cc-pVDZ/SARC-DKH2(U) level of theory.

reduction of the SiMej; ring substituents leads to a decrease of
the X'—U—X' angle but only to somewhat shorter and stronger
U-X' bonds with U—X’ distances slightly decreasing from
2.467 A in G3.1 to 2.437 A in G3.4 and corresponding BSO n
values increasing from 0.840 to 1.033, respectively. G3.4 has
130°, the smallest X'—U—-X’ angle of all complexes
investigated in this work. This clearly shows that electronic
effects play the most significant role for Group III, whereas
Group IV is an example of the interplay of steric and electronic
effects. Successively replacing carbon Cp atoms with
phosphorous atoms while reducing ‘Bu ring substituents
leads to bent complexes as shown for the series G4.1—G4.5.
Interesting to note is that G4.5 with all carbon ring atoms
being replaced by phosphorous atoms and all ‘Bu ring
substituents with hydrogen is with an X'—=U—X' angle of
142.7°, the second most bent U(II) sandwich complex
investigated in this work. It also has the shorted U-X'
distance (2.285 A) of all complexes, although this U—X’ bond
is not the strongest. This is another exception to the rule that
the shortest bond should also be the strongest.”*" Interesting
to note is that replacing ‘Bu with SiMe; ring substituents do
not significantly increase bending, as reflected by the X'—U—
X' angles of 168.4 and 169.0° of G4.2 and G4.6, respectively,
suggesting that effects resulting from replacement of Cp carbon
atoms and changing ring substituents are not necessarily

additive. Furthermore, as the results for G4.1, G4.6, and G4.7
show, at least two Cp ring carbon atoms have to be replaced
with phosphorous to produce a notable effect on complex
bending.

Structural and Steric Effects. Figure S illustrates in more
detail the relationship between the U—X’ distance and the X'—
U-X' angle. As already suggested, there is no correlation
between these two quantities for Group I and Group II
members. However, for Groups III and IV, we observed that
bent complexes tend to have shorter U—X' distances. As
reflected by the R* value of 0.909, for Group IV members this
tendency is more pronounced, i.e., successive replacement of
the carbon Cp ring atoms with phosphorous decrease both
X'—=U-X' angle and U-ring distance, as shown in Figure Sa.
Interesting to note is that G4.5 with two cyclo-Ps ring ligands
has the smallest Group IV X'—=U—X" angle, whereas removing
all SiMe; ring substituents in Group III leads to the linear G1.5
complex as shown in Figure 5b.

In summary, complex bending cannot entirely be attributed
to a reduction of steric repulsion, the electronic structure of the
U(II) metallocene has to be changed too, as demonstrated by
the effect of SiMe; ring substituents or by the introduction of
phosphacyclo-pentadienyl ring ligands.

Electronic Effects and Their Interplay with Steric
Effects. To elucidate these electronic effects and their
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interplay with the steric effects, in this section local mode force
constants k*(U—X') and corresponding BSO n values are
presented and compared with U-X' distances and X'-U-X'
angles. This is followed by a QT AIM analysis, first focusing on
the covalent character of the U-ring interaction and then
providing further insights via the Laplacian of p(r). Finally, the
NBO analysis addresses the question of 5f orbital occupation
in these complexes.

The local mode force constant k*(U—X') (defined in Figure
3) is the perfect tool for assessing the individual strength of the
U-ring ligand interaction and comparing the U-ring ligand
strength across the four groups. Figure 6a shows BSO n as a
function of k*(U—X'), derived via eq 19. The BSO n values
range from 0.75 (G3.1) to 1.08 (G1.5) identifying the U-ring
interactions of all complexes investigated in this work as single
bonds, in accordance with the valence of Cp and
phosphacyclo-pentadienyl C(s_,P, (x = 1--5) ring ligands''
and the U(II) valence. The phosphacyclo-pentadienyl ring
ligand interactions of Group IV complexes fall into the lower
BSO range; Group I-III U-ring interactions, including the U-
Cp-ring interactions of G4.7 and G4.7, fall into the higher
BSO range, with the exception of G3.1.

Stronger U-ring interactions, characterized by the higher
values of k*(U—X'), emerge for Groups I and II. Group III
exhibits intermediate results for k*(U—X'), while the
incorporation of phosphorus in the Cp ring ligands weakens
U-ring interaction (see Figure 6b). Among Groups I-III, the
successive removal of substituents increases k*(U—X'), with its
maximum value arising on the non-substituted G1.5 (see
Figure 6b). The strong interaction found for G1.5 compares
well with the strength of Fe-rin% interactions found for
ferrocene and ferrocene analogs.”>>” The rate of increase on
k*(U-X') is different in each group, as can be seen in the
linear regression curves in Figure 6b. From the slopes, one
perceives the pronounced weakening effect the successive
inclusion of the electron-withdrawing SiMe,”” exerts on U-ring
interactions, when compared to the alkyl substituents. In
contrast to Groups I-III, complexes with phosphacyclo-
pentadienyl ring ligands do not display a correlation between
k*(U—X') and the number of substituents, as can be perceived
by the scattered pattern exhibited by Group IV. Uranium-ring
interaction in G4.6 with SiMej; ring substituents is weaker than
in G4.2, which contains the same number of ‘Bu groups,
suggesting that the weakening effect brought on by SiMe; and
the incorporation of P into the ring is additive. The lowest
local force constants shown by Group IV have been previously
observed in further metallocenes featuring phosphacyclo-
pentadienyl rings.'>* G4.5, with cyclo-Py rings, displays an
extreme result, as it has the weakest U-ring interaction.

Figure 6c¢ displays the relationship between U-ring distances
r and local force constants k?(U—X’). There is no direct
correlation between these two quantities for Groups I, II, and
IV, only a weak trend that stronger interactions tend to have
smaller U-ring distances r, where G4.5 is a clear outlier. In
contrast, Group III exhibits a Badger power relationship
between r and k*(U—X') with R* = 0.993 comparable to what
we observed for actinide metallocenes.”> G4.7 and G4.8
illustrate the distinct effects of Cp and phosphacyclo-
pentadienyl ligands on U-ring interactions, synchronized in
one complex. Although in these complexes U-ring distances r
are nearly identical for both ring ligands, their k*(U-X’),
reflecting their different electronic structure, are considerably

distinct, with phosphacyclo-pentadienyl rings being clustered
with the remainder of Group IV and Cp, close to Group L

The relationship between X'—U—X’ angles and k*(U-X’)
force constants is inspected in Figure 6d focusing on the
question if stronger U-ring interactions lead to bent complexes.
The interplay between electronic and steric effects is
illuminated from the local vibrational mode point of view. As
reflected by Figure 6d, there is no direct correlation between
these two quantities, opposing previous suggestions that
electronic effects would act in conjunction with the steric
repulsion which prevents a greater bend to define the complex
geometry.”” Most points cluster in the range of 165—180° with
Group I and II members occupying the range of 170—180°,
independent of the number of bulky Cp ring substitutes.
Within Group III, there is a weak trend that the complex bends
as the U-ring interactions strengthen, going in line with the
reduction of bulky ring substituents. The most bent complex,
G3.4 is also the strongest in the Group III series and the one
with only one SiMe; substituent per Cp ring. Group IV
members follow the same trend, with one distinct outlier,
G4.5. Although it has the second largest X'—U—X' angle
found in this work and pure cyclo-P; ring ligands, i.e., no bulky
groups, it has one of the weakest U-ring interactions found.
Another interesting Group IV result concerns the complexes
featuring mixed rings, G4.7 and G4.8. As observed for the U-
ring distances r, we find that the Cp ring data points in the
Group I region, whereas phosphacyclo-pentadienyl ring data
can be found in the Group IV area, illustrating that
phosphacyclo-pentadienyl ring ligand and Cp ring ligand
prevail their distinct character even if they appear as ligands in
the same complex.

In summary, LMA reveals how different ligands tune the
strength associated with U-ring interactions and how the
interaction strength coordinates with complex bending and
ring substituent effects. Complexes containing mixed ring
ligands exhibit distinct k*(U—X’') constants being based on
their different electronic nature. This opens the possibility to
include strong and weak U-ring interactions in the same
complex, an interesting aspect for catalyst design.

The topological analysis of the electronic density was
employed as supplementary machinery in conjunction with
LMA to further characterize U-ring interactions. We used the
energy density H(r,) as a tool to assess the covalency of the U-
ring interactions, according to the procedure described above.
H(ry,) results, averaged over each U-ring atom bond critical
points, are displayed in Table 1. Overall, we observed small
covalent contributions (i.e., slightly negative H(r,) values) for
all U-ring interactions investigated in this work, in agreement
with the past and current literature data on uranocenes in
particular"*®” and on actinides metallocenes in general,gé’87
both featuring carbon U-ring ligands. Cp U-ring ligands with
alkyl substituents (Groups I and II) tend to exhibit a smaller
covalent character compared to other uranium ligand
interactions, such as U—CO.®” Introduction of SiMe, Cp
ring substituents increases covalency to some extent. The
SiMe; group has been previously pointed out as more prone to
induce U-ring covalency than CHj ring substituents.”* In this
regard, Groups I and II results can be considered as natural
extensions to Pr and ‘Bu groups. A different scenario arises for
phosphacyclo-pentadienyl ring ligands displaying a more
substantial increase in U-ring covalency. As an example,
G4.5 with pure cyclo-Ps ring ligands has an H(r,) value of
—6.05 X 1072 Ha/A? for all U—P interactions, which is 3.7
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G4.4

A=C, P

Figure 8. (a) Laplacian of the electronic density in the ring plane for G2.4, G3.4, and G4.4. (b) Laplacian of the electronic density in the plane
containing both ring midpoints X' sandwiched by uranium for G2.4, G3.4, and G4.4. Red dashed lines account for negative V*(p(r)) values
(charge concentration) and for negative values and blue solid lines for positive V2(p(r)) values (charge depletion). Obtained with a resolution of
0.01. The dotted red lines in the bottom part visualize the location of X'—U—X'. Calculated at PBEO/NESCau/cc-pVDZ/ SARC-DKH2(U) level of

theory.

times greater than that found for the Cp ring ligand analog
G1.5.

Figure 7a exemplifies these results; there are two major
groups, complexes of smaller covalency for complexes
containing Cp rings either with alkyl substituents (Groups I
and II) or SiMe; substituents and complexes with larger
covalency for Group IV members with two phosphacyclo-
pentadienyl ring ligands. Group (IV) members G4.7 and G4.8
with one Cp ring ligand and one phosphacyclo-pentadienyl
ligand display smaller covalency for the Cp ring and larger
covalency for the phosphacyclo-pentadienyl ring.

As obvious from Figure 7a, there is no direct correlation
between H(r,) and k*(U—X'). As discussed above, k*(U-X")
is defined between the U atom and the ring center and as such
captures all electronic effects of the U-ring ligand interaction.
Averaging over the H(r,) values of the U-ring atom bonds
cannot represent U-ring interactions in the same precise way,
in particular as H(r,) values may fluctuate for each U-ring
atom bond depending on the U-ring atom bond length and the
type of substituent. However, there is a trend for Group IV
members that with increasing number of P ring atoms, the
covalency increases, as depicted in Figure 7b. Figure 7c¢
displays the network of U-ring atom bonds, for a complex with
weak covalency (G1.0), for a complex with stronger covalency
(G4.5), and for a complex with mixed ring ligands (G4.7). The
covalency of the phosphacyclo-pentadienyl ring in G4.7, H(r},)
= —2.86 X 107> Ha/A? is slightly larger than that of the Cp
ring, H(r,) = —2.68 X 107> Ha/A%; however the covalency of
such Cp ring is greater than that found for G1.0, H(r,) =
—1.42 X 107 Ha/A? which may be caused by the fact that
only three U-Cp atom bond paths were found. This again
shows that a direct comparison of H(r,) and k*(U—X") has to
be made with care.

To gain further insight into the electronic structure specifics
of the U-ring interaction, we explored higher derivatives of the
electron density p(r), namely the gradient vector field
V(p(r)), providing the network of bond paths and the
Laplacian of the electronic density, V*(p(r)), disclosing local
regions of charge concentration (negative values of V*(p(r)))
and depletion (positive values of V2(p(r))).°**® This is
illustrated for complexes G2.4, G3.4, and G4.4 shown in
Figure 8. Similar contour maps for the remainder of the

complexes are provided in the Supporting Information. The
Laplacian maps were generated (i) in a plane containing one of
the ring ligands (Figure 8a) and (ii) in a plane containing both
ring midpoints X’ sandwiched by the uranium atom (Figure
8b). As an overall picture of the planes encompassed by the
ring ligands, one perceives that Cp rings with alkyl substituents
exhibit a somewhat uniform pattern on the electronic density
distribution (see G2.4 in Figure 8a). Replacement of the ‘Bu
ring substituent by SiMe; perturbs the distribution of
V2(p(r)), where a region of charge depletion arises in the
vicinity of silicon provoking an abrupt change in the V*(p(r))
signal along the Cp ring C—Si bond path. Such discontinuity
breaks the charge flux between the ring and substituent
previously observed in G2.4, reflecting the electron-with-
drawing character of the SiMe, ring substituent,”" when
compared to alkyl ring substituents. In contrast, the
incorporation of P increases regions of charge concentration,
as can be seen in Figure 8a in G4.4, suggesting the higher
electron donor character of phosphacyclo-pentadienyl rings,
when compared to the Cp ring. It should be mentioned that
the V2(p(r)) pattern for our Group IV molecules is similar to
the ones exhibited by transition-metal metallocenes featuring
phosphacyclo-pentadienyl rings.”” Contour maps displayed in
Figure 8b disclose the electronic profile along the U-ring
interaction, where charge depletion regions predominate. Such
a finding corroborates the weak covalent character of U-ring
interactions, as previously discussed. In essence, the
introduction of novel chemical species into the Cp ring ligand
with alkyl substituents altered the electronic environment in
the complex, culminating in a nonuniform electronic
distribution. This suggests that a higher reactivity can be
associated with G3.4 and G4.4, while G2.4 would exhibit a
more inert profile.

To accomplish our investigation of electronic effects
associated with the geometry of U(II) metallocenes, we
evaluated uranium electronic configuration in Groups I-III
through NBO analysis. The electronic configuration, partic-
ularly the role of f electrons in the molecular arrangement, has
been previously investigated for U(III), U(IV), and U(V)
complexes through molecular orbital analysis.*” We focused
our attention on uranium valence, considering particularly the
participation of Sf electrons in the chemical bonding. Our
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NBO results indicate that U electronic configuration ranges
from 5£86d1075%7 to 5£216d>47s%4, confirming the existence of
4 unpaired electrons in singly occupied molecular orbitals
(SOMOs) and the formal oxidation state of +2. Given the
range of Sf occupation and the fact that linear U(II)
metallocenes display 3 electrons in Sf orbitals,”® we initially
investigated whether the absolute 5f occupancy would display
any relationship with regard to the X'—U—X' angle. As can be
seen from Figure 9, there is no direct correlation between

2.8 [ ]
J,SlMeg —
< e
Me,si~&% an™
2.74 /) u B U B
Messi”Y "y S Bu, B
. Me,Si“=="SiMe, By &"Bu
é 264 @ < SiMe, A .~ v
2
Z 25 3 *
S
S 244 A
—Pr
8 Pro
g 2.31 @ co l Gis G3.1 !
v ey
W o1 W G21 ) cs2
2.24 @ o2 @ c22 A cas
A ci3 A ces [ cs4
214 W o+ @ c24 ) §
T T T T
135° 150° 165° 180°
X'-U-X"angles

Figure 9. 5f occupation number vs X'—U—X' angles. Calculated at
PBE0/NESCau/cc-pVDZ/SARC-DKH2(U)//cc-pVDZ/SARC-
DKH2(U) level of theory.

those two quantities, suggesting that further investigation into
the existence of hybridized orbitals should be considered.
Similar to G1.0, further U(II) metallocenes displayed at least
one hybridized orbital. Nonetheless, in addition to the s/d
orbital mixture, hybridizations containing f character arose, in
particular on complexes of bent structure.

Linear representatives in Groups I and II exhibited
voluminous orbitals featuring s/d hybridization (see Figure
10a, G1.4), in line with previous findings on linear U(II)
metallocenes.”” Such a large spatial extent has been previously
associated with the absence of a bend. Additionally, one can
correlate the higher sphericity and non-directional character
with the previous findings, where we associated small
covalency and lower reactivity with U(II) metallocenes
featuring Cp ring ligands with alkyl substituents. The
remainder of the three SOMOs in linear structures are not
hybridized, exhibiting pure f character. The exceptions are
G1.1 and G2.4, which exhibited one NBO of pure d content
and two of f character. Orbital plots for the remainder of the
structures are available as Supporting Information. G2.1
exhibits SOMOs with minor hybridization, where f and d
contents are greater than 90% (see Figure 10a, G2.1). The lack
of rigorousness in those orbitals’ purity reflects on their small
directionality, which can be associated with the minor bend
manifested by G2.1 (X'~U-X' equals 177°). Furthermore,
small covalency arose on this complex, as it was located at a
bonding orbital containing 71% of U contribution. This finding
agrees with the more negative energy density result displayed
by G2.1 (see Figure 7b).

Hybridized orbitals with f content arose in Group III and
bent structures from Groups I and II, as can be seen in Figure
10b. Similar to the s/d mixture, these orbitals exhibit a large
extent, nonetheless the previously observed uniform shape is
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Figure 10. (a) NBO plots for G1.4 and G2.1. (b) NBO plots for
G1.3 and G3.4. Purple: carbon; black: uranium; Green: silicon.
Hydrogens were omitted for clarity. Calculated at 0.05 isovalue.
Calculated at PBEO/NESCau/cc-pVTZ/jorge-DZP-DKH(U)//cc-
pVDZ/SARC-DKH2(U) level of theory.

lacking. The inclusion of f orbitals into the hybridization brings
on directionality,”® which can be related to the nonuniform
electron density distribution previously observed. From Figure
10b, one perceives that SOMOs from G3.4 are highly
asymmetric, which correlates with the greater bend observed
on this molecule and the more pronounced covalent character
when compared to the alkyl substituted complexes, Groups I
and II (see Figure 7b). In contrast, the shape of SOMOs in
G1.3 has higher uniformity, reflecting the minor bend
exhibited by the complex. In Maynadié et al’s*” study, the
participation of f electrons and the directionality of hybridized
orbitals have been associated with the bend exhibited by
uranium metallocenes.

Complementing the conjecture of s/d hybridization as the
main aspect involved in the linear arrangement exhibited by a
U(II) metallocene, we suggest the participation of f orbitals in
such mixing as a factor that brings bend to the structure. The
higher the asymmetry of the hybrid orbitals’ shape, the more
directional the U-ring interaction would be, increasing the
covalent character. Henceforth, NBO results agree with the
previous QTAIM analysis.

B CONCLUSIONS

This study performed all-electron relativistic calculations, using
the NESCau Hamiltonian, on 22 U(II) metallocenes,
containing up to 117 atoms. Electronic aspects of U-ring
interactions were extensively investigated through local
vibrational mode analysis, topological analysis of the energy

K https://doi.org/10.1021/acs.inorgchem.3c01761
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and electronic densities, and natural bonding orbital analysis.
Our results shed light on important aspects of U(II)
metallocenes properties, in particular on what concerns the
structure and nature of their chemical bonding. The major
findings of this study can be summarized as:

e Complexes featuring alkyl ring substituents tend to be
either linear or exhibit minor bends. G1.4 and G2.4 with
one 'Pr and ‘Bu ring substituent per ring, respectively,
and the non-substituted G1.5 are linear, reflecting that
steric hindrance is not the major aspect to be considered
with regard to the linearity of U(II) metallocenes. In
contrast, the SiMe; ring substituent and phosphacyclo-
pentadienyl ring ligands favor bent arrangements. In
particular, optimized structures for G3.4 (Cp ring
ligands with one SiMe; ring substituent per ring) and
G4.5 (P ring ligand) are highly bent, reflecting the
pronounced effect provided by the change on the
electronic structure in conjunction with the lack of steric
effects.

e BSO n provided a chemical transcription to LMA results,
indicating that U-ring interactions considered in this
study are of the single bond type, despite the broad
range of local force constant results. LMA demonstrates
that alkyl substituents have stronger interactions with
uranium, while phosphacyclo-pentadienyl ring ligands
display weaker interactions. Electron-withdrawing
groups, such as the SiMe; ring substituent, display
intermediate k“(U—X') values. For a given ring
substituent on the Cp ring ligand, (i) the strength
associated with U-ring interaction decreases with the
addition of ring substituent groups and (ii) the bond
distance weakly correlates with the local force constant
with a Badger-like relationship.

e QTAIM analysis, through the Cremer—Kraka criterion,
quantified the covalency associated with U-ring inter-
actions. The smaller covalent character observed on Cp
ring ligands with alkyl ring substituents might be
associated with their stronger U-ring interactions.
Nonetheless, a formal correlation between energy
density and LMA results cannot be established because
of the different protocols utilized for the assessment of
k*(U=X') and H(r,). The inclusion of P atoms into the
ring increases covalent contributions. Laplacian maps of
the electronic density in the ring plane illustrated how
the electronic environment is altered as SiMe; ring
substituents and phosphacyclo-pentadienyl ring ligands
are included. The electronic profile on the plane
encompassed by uranium and each ring midpoint X’
validated the weaker covalency that we associated with
U-ring interactions.

e NBO analysis on novel linear U(II) metallocenes
demonstrated the existence of s/d hybridization, in
line with previous observations on linear U(II) metal-
locenes. Such hybrid orbitals are of higher sphericity and
display a large spatial extent. Furthermore, bent
molecules exhibit a novel type of hybridization, with f
orbitals contributions. These mixed orbitals have a
nonuniform shape and can be associated with higher
covalency and the bend of the complex.

In essence, the different quantum chemical tools applied in
this work perfectly complement each other providing a holistic
picture of the structural and electronic features of these U(II)

metallocenes including structural and electronic changes driven
by the inclusion of SiMe; ring substituents and/or
phosphacyclo-pentadienyl ring ligands. As our results reveal,
the bent structure of a U(II) metallocene, such as G1.0, can be
induced by (i) modifying Cp ring substituents, such as the
introduction of the electron-withdrawing ring substituent
SiMe,, or (ii) incorporating P into the ring. The same
elements can be utilized in tuning U-ring interaction strength
and covalency, allowing for the design of U(II) metallocenes
with specific physicochemical properties and higher reactivity.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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