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Uranocenium: Synthesis, Structure and Chemical Bonding 

Fu-Sheng Guo,[a] Yan-Cong Chen,[b] Ming-Liang Tong,*[b] Akseli Mansikkamäki,*[c] and Richard A. 

Layfield*[a] 

In memory of Professor Paul O’Brien CBE FRS FREng 

Abstract: Abstraction of iodide from [(5-C5
iPr5)2UI] (1) produces the 

cationic uranium(III) metallocene [(5-C5
iPr5)2U]+ (2) as a salt of 

[B(C6F5)4]–. The structure of 2 consists of unsymmetrically bonded 

cyclopentadienyl ligands and a bending angle of 167.82° at uranium. 

Analysis of the bonding in 2 shows that the uranium 5f orbitals are 

strongly split and mixed with the ligand orbitals, leading to non-

negligible covalent contributions to the bonding. Studying the dynamic 

magnetic properties of 2 reveals that the 5f covalency leads to partially 

quenched anisotropy and fast magnetic relaxation in zero applied 

magnetic field. Application of a magnetic field leads to dominant 

relaxation via a Raman process. 

Sandwich compounds containing cyclopentadienyl (Cp) and 

cyclo-octatetraenyl (COT) ligands play a pivotal role in 

understanding the chemical bonding in f-block compounds and its 

implications for reactivity, spectroscopy and magnetism.[1] 

Organometallic sandwich compounds have yielded detailed 

insight into the balance of ionic and covalent factors in f-element 

chemistry and the important roles played by d- and f-orbitals,[2] 

leading to, for example, advances in catalysis[3] and small-

molecule activation,[4] and in the stabilization of unusual oxidation 

states[5] and bonding motifs.[6] 

 Few f-element sandwich compounds have had greater 

impact than uranocene, the iconic D8h-symmetric species [U(8-

C8H8)2] in which the uranium(IV) centre has a 5f2 ground-state 

configuration.[7] Extensive investigations into uranocene and its 

derivatives have established that the uranium-carbon bonds 

possess an appreciable degree of covalent character, which 

derives mainly from overlap of 6d orbitals with the ligand orbitals, 

but with a significant contribution from the 5f orbitals.[8] Whilst 

other bis(COT) actinide compounds are known,[9] homoleptic 

bis(n-ligand) sandwich compounds are otherwise rare,[10] and 

homoleptic bis(5-cyclopentadienyl)actinide complexes are 

unknown. Previous work on f-element metallocenes has led to the 

suggestion that the {(5-Cp)2M} structural motif is invariably bent 

regardless of the metal and its oxidation state,[11] although no 

base-free examples are known for the actinides. The isolation of 

a homoleptic uranium metallocene would therefore furnish new 

insight into the nature of metal-ligand bonding in actinide 

compounds. Furthermore, such a metallocene should feature 

strong magnetic axiality and quantum tunneling properties, which 

could either assist with the design of high-performance single-

molecule magnets or qubits for quantum computing, an area 

where lanthanides are prominent.[12] We therefore aimed to 

synthesize a cationic uranium(III) metallocene with the general 

formula [(CpR)2U]+, in which CpR is bulky cyclopentadienyl ligand 

capable of stabilizing a pseudo-two-coordinate geometry. 

The target compound was synthesized by abstracting iodide 

from [(5-C5
iPr5)2UI] (1) using the super-electrophile [(Et3Si)2(-

H)][B(C6F5)4],[13] resulting in the formation of [(5-

C5
iPr5)2U][B(C6F5)4] ([2][B(C6F5)4]), which was shown by X-ray 

diffraction to contain a uranocenium cation (Scheme 1).[14] 
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Scheme 1. Synthesis of [2][B(C6F5)4]. 

Significant changes to structure of the metallocene unit occur 

upon formation of 2 from 1 (Figure 1, Table S1). In 1, the two 

cyclopentadienyl ligands interact in a similar way with the uranium 

centre, as shown by the U–C distances, i.e. 2.767(4)-2.862(4) Å 

and 2.786(3)-2.854(4) Å, respectively, with associated U–Cpcent 

distances of 2.5323(15) Å and 2.5408(15) Å (cent = centroid). The 

resulting Cp-U-Cp angle is 152.63(6)° and the U–I bond length is 

3.0721(3) Å. In the cation 2, one cyclopentadienyl ligand 

coordinates unsymmetrically to uranium, with U–C distances of 

2.702(5)-2.804(6) Å and a U–Cpcent distance of 2.472(3) Å. The 

other cyclopentadienyl ligand in 2 bonds more symmetrically, with 

U–C distances of 2.744(6)-2.802(6) Å and U–Cpcent = 2.496(3) Å. 

The Cp-U-Cp angle in 2 is much wider at 167.82(8)°. 

 Since 2 is the first base-free actinide bis(cyclopentadienyl) 

sandwich complex, an understanding of the metal-ligand bonding 

in uranocenium is of importance from a fundamental perspective, 

whilst also providing insight into properties such as magnetism 

and chemical reactivity. The uranium-carbon interactions in 2 

were studied by means of DFT calculations as implemented in the 

Amsterdam Density Functional code.[15] A schematic molecular 

orbital diagram for the frontier orbitals in 2 (Figure 2) shows that 
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Figure 1. Molecular structure of 1 (left) and 2 (right). Thermal ellipsoids at 50% 

probability and hydrogen atoms omitted for clarity. 

the bonding can be understood by considering the 5f and 6d 

orbitals of uranium(III) and the two near-degenerate -type 

HOMO and HOMO–1 of the ligands. Mixing of the metal and 

ligand orbitals is weak in all the interactions and the bonding is 

dominated by electrostatics. However, covalency makes a non-

negligible contribution, the main form of which is dative electron 

donation from the ligand HOMO and HOMO–1 to the unoccupied 

uranium 6dxz and 6dyz orbitals; the contribution from the 6d orbitals 

to the composition of MOs 196 and 197 varies between 14-18% 

(Figure S21). 

 The radial extension of actinide 5f orbitals allows them to 

contribute to covalency in metal-ligand bonds, as typified by 

uranocene and related compounds with n-bonded ligands.[2,15] In 

2, the 5f contribution to the valence orbitals is 4-8%, which 

although small overall should have implications for the splitting of 

the various spin-orbit-coupled states arising from the 5f3 

configuration. Since it is difficult with DFT calculations to isolate 

the f-orbital space in the complete space of orbitals, an average-

of-configurations calculation was performed on 2. The three 

unpaired -electrons were evenly distributed across seven 

orbitals to produce a set of seven clearly distinct, fractionally 

occupied f-orbitals. The full decomposition of these orbitals is 

shown in Table S2. Five of the orbitals show 94-98% 5f character, 

however two orbitals show much smaller 5f contributions of 62% 

and 12%, respectively. Summation over the contributions from 

each 5f orbital to the seven average-of-configuration MOs also 

shows that the 5fz(x2–y2), 5fxz2, 5fx(x2–3y2) and 5fy(3x2–y2) are relatively 

weakly occupied, with total occupations of 66-79% (Figure S22). 

This indicates that the splitting of the 5f orbitals in 2 is so strong 

that it becomes energetically unfavourable in the average-of-

configurations calculation to occupy them all, and a partial 

quenching of the orbital angular momentum occurs. 

 The electronic structure of 2 creates an interesting 

juxtaposition with implications for the magnetic properties: whilst 

donation of electrons from the Cp ligand to the uranium 6dyz and 

6dxz orbitals means that the 5f electrons experience an axial 

crystal field, the splitting of the 5f orbitals diminishes the 

anisotropy of the configuration, which impacts on the potential for 

observing slow magnetic relaxation. To investigate this aspect, 

the static and dynamic magnetic properties of [2][B(C6F5)4] were 

measured, along with those of 1 for comparative purposes. Firstly, 

the temperature dependence of MT, where M is the molar 

magnetic susceptibility, was measured in an applied field of 1 kOe 

for both compounds. The values of MT at 300 K are 1.38 cm3 K 

mol–1 and 1.71 cm3 K mol–1 for 1 and [2][B(C6F5)4], respectively, 

both of which are in the expected range for monometallic 

uranium(III) compounds.[16] On decreasing the temperature, only 

a slight decrease in MT was observed for 1, with a value of 1.28 

cm3 K mol–1 being reached at 2 K (Figure S7). The decrease in 

MT with temperature is more pronounced for [2][B(C6F5)4], with a 

sharp drop observed below about 20 K and a value of 0.67 cm3 K 

mol–1 at 2 K (Figure S9). The field (H) dependence of the 

magnetization (M) was measured at 2, 3 and 5 K for both 

compounds, with the same general features being observed. A 

relatively rapid increase in the magnetization occurs as the field 

increases to approximately 20 kOe, and at higher fields the 

increase is more gradual but does not saturate. At 2 K and 70 kOe, 

1 and [2][B(C6F5)4] attain magnetization values of 1.60 B and 

1.10 B, respectively (Figures S9 and S10). 

 For the oblate spheroidal f-electron density of uranium(III), 

axially symmetrical environments tend to stabilize crystal field 

states with large MJ values and, therefore, the ground state can 

have a large magnetic moment.[17] This situation can lead to field-

induced slow magnetic relaxation and occasionally to true single-

molecule magnet properties (i.e. without the need for an applied 

field), although the effective energy barriers (Ueff) to reversal of 

the magnetization are typically very small.[18] This simple design 

principle has recently been used to great effect in a series of 

related cationic dysprosium metallocene SMMs, in which the 4f9 

configuration of Dy3+ also has oblate spheroidal electron 

density.[19] Having established computationally that the 5f3 

electrons in 2 experience a strong axial crystal field, the possibility 

of observing slow magnetic relaxation was therefore explored. 

 Using a small oscillating magnetic field of 5 Oe, zero DC 

field and frequencies in the range  = 5-1488 Hz, it was not 

possible to observe peaks in the temperature dependence of the 

out-of-phase magnetic susceptibility (��
�� ) for either compound 

(Figures S11, S16). However, using an optimized field of 1 kOe 

for 1 and 1.5 kOe for [2][B(C6F5)4] (Figures 2, S12-S14, S17-S19), 

well-defined maxima were observed in the ��
�� () plots from 3-6 K 

for 1 and from 2-5 K for [2][B(C6F5)4], with the maxima shifting to 

higher frequencies as the temperature increases. The lack of slow 

relaxation in zero field for the two compounds is likely to indicate 

efficient quantum tunneling of the magnetization (QTM), which is 

suppressed upon application of a DC field. For the in-field 

measurements, accurate fits of the temperature dependence of  

 

   

Figure 2. Frequency dependence of ��
��  in 1 (left) and [2][B(C6F5)4] (right) at 

various temperatures, using DC fields of 1 kOe and 1.5 kOe, respectively, and 

an AC field of 5 Oe. 
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Figure 3. MO diagram for the frontier orbitals of [(5-C5
iPr5)2U]+ (2). 

the relaxation time () were obtained for 1 and [2][B(C6F5)4] using 

only the Raman expression ��� = ��� in which C and n are the 

Raman coefficient and Raman exponent, respectively. The fit 

parameters are C = 0.0033(9) and n = 8.1(2), and C = 0.26(9) and 

n = 6.4(3), for 1 and for [2][B(C6F5)4], respectively, with the values 

of n being typical of an f-element SMM.[19,20] These data indicate 

that Orbach relaxation processes involving real excited states, 

such as those commonly observed in dysprosium metallocene 

SMMs, are not significant in these uranium(III) metallocenes. 

To gain further quantitative insight into the electronic 

structure and magnetism of 2, a series of multireference ab initio 

calculations were carried out using the complete active space 

self-consistent field (CASSCF(3,7)) and restricted active space 

self-consistent field (RASSCF(15,22))  methods (Figure S23). 

Importantly, both levels of theory provide qualitatively similar 

outcomes but with some variations in the quantitative results. This 

suggests that electron correlation effects cannot be contained in 

the 5f orbital space, but instead that metal-ligand correlation and 

covalency are decisive in determining the properties. 

 At both levels of theory, the ten lowest states, which consist 

of five Kramers doublets (KDs), form a distinct manifold separated 

from the next manifold by approximately 2000 cm–1. This is 

consistent with a 4I9/2 ground term with the J = 9/2 multiplet split 

by the crystal field, hence all states relevant to the magnetic 

properties arise from the 5f3 configuration, with other 

configurations (e.g. 5f2 6d1) contributing less than 0.25%. The 

energies, g-tensors, and principal magnetic axes of the five lowest 

doublets calculated at both levels of theory are listed in Tables S3 

and S4. The principal magnetic axis in the ground KD of 2 

calculated at the CASSCF(3,7) level (Figure 4) coincides with the 

pseudo-symmetry axis and passes through the centre of each Cp 

ligand, with the axes in the higher doublets being close to co-

linear. The axis at the RASSCF(15,22) level tilts away from the 

pseudo-symmetry axis, suggesting that covalency also affect the 

direction of the principal axis. 

 All the g-tensors have significant transverse components, 

which explains the lack of slow relaxation in zero field and the 

need for an external field to suppress the QTM. This is consistent 

with the metal-ligand covalency breaking the free-ion character of 

the uranium 5f orbitals and inducing strong mixing of the free-ion 

terms. Suppression of the QTM allows relaxation to proceed, in 

principle, via Orbach or Raman processes, however fitting the 

experimental data requires only a Raman term. This proposal is 

consistent with the calculations since the two calculated energy 

gaps between the ground and first-excited KDs (296 cm–1 and 366 

cm–1 at CASSCF(3,7) and RASSCF(15,22)) levels, respectively) 

would typically correspond to maxima in ��
�� () at much higher 

temperatures that observed for [2][B(C6F5)4].[12] Furthermore, the 

difference between the two calculated values is notable, 

suggesting that the electron correlation effects are not necessarily 

sufficiently accounted for at these levels of theory. The 

dependence of calculated KD energies on the level of theory is 

well known for uranium,[21] which further underscores the 

importance of covalent factors. 

 It is instructive to compare the electronic structure and 

magnetism of 2 with that of its dysprosium analogue [(5-Cp*)(5-

C5
iPr5)Dy]+ (3), a high-temperature SMM with a zero-field energy 

barrier of 1541 cm–1 and a blocking temperature of 80 K.[19a] In 3, 

the contribution of the 5dxz and 5dyz orbitals to the metal-ligand 

interaction is calculated to be 16-19%, i.e. similar to the d-orbital 

participation in 2. In contrast, the contribution of the 4f orbitals to 

the valence orbital composition of 3 is 1-4%, i.e. less than half the 

5f contribution in 2. In the average-of-configurations calculation 

on 3, the seven 4f orbitals housing the five unpaired -electrons 

all feature 4f character of 87-98%, with five orbitals showing more 

than 96% 4f character. The occupation of all seven 4f orbitals in 
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Figure 4. Principal magnetic axis in the ground KD of 2 calculated using 

CASSCF(3,7) (left) and RASSCF(15,22) (right) methods. 

3 is more than 82% with the occupation of five orbitals being more 

than 96%. Hence, the splitting is very weak, resulting in 

essentially unquenched orbital angular momentum, strong 

magnetic anisotropy and the observed SMM properties. 

 In conclusion, the relatively diffuse uranium 5f orbitals in 

[(5-C5
iPr5)2U]+ (2) experience strong splitting due to mixing with 

the ligand orbitals, which leads to appreciable metal-ligand 

covalency and partially quenches the orbital angular momentum. 

The impact of this electronic structure is an absence of slow 

magnetic relaxation in zero field in 2 due to efficient QTM. 

Therefore, unsymmetrical actinide metallocenes such as 

uranocenium are unlikely to produce exceptional SMMs, and a 

more suitable approach would be to enforce orbital degeneracy 

by designing systems with strict, high point symmetry. From a 

synthetic perspective, the method developed for 2 may prove to 

be extendable to sandwich compounds of trans-uranic actinides. 
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