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Molybdenum Sulphide Clusters as Redox Active Supports for Low-
Valent Uranium  
Kamaless Patra, William W. Brennessel, and Ellen M. Matson*  

The preparation of an actinide substituted cubane cluster, (Cp*3Mo3S4)Cp*UI2, and its reduced derivatives are reported. 
Structural and spectroscopic investigations provide insight into the unique interactions between the actinide and its redox-
active molybdenum sulfide metalloligand, serving as a model to study atomically-dispersed, low-valent actinide ions on MoS2 

surfaces. To probe the ability of the assembly to facilitate multielectron small molecule activation, the reactivity of the fully-
reduced cluster, (Cp*3Mo3S4)Cp*U, with azobenzene was investigated. Addition of the substrate results in the formation of 
a cis - bis-imido cluster, (Cp*3Mo3S4)Cp*U(=NPh)2. Cooperative reactivity between the actinide and redox-active support 
facilitates the 4 e- reduction of substrate.

 
The chemical and electronic interactions between actinide ions 
and redox-active surfaces is an important area of research, with 
implications in nuclear separations and catalysis.1-3 A class of 
materials that has recently emerged as an intriguing platform 
for actinide ions are Group(VI) chalcogenides (e.g. MoS2, WS2; 
Figure 1).4 These materials have demonstrated great promise in 
the context of the extraction of uranium from sea water. Results 
have emphasized the benefit of soft-soft interactions between 
the sulphur donors and uranium atoms to promote selectivity 
of uranium uptake over harder impurity ions, as well as for 
enhanced electronic communication between the material and 
the actinide ion.5-12   

The unique interactions between uranium and MoS2 
surfaces motivated our interest in the synthesis of molecular 
analogues to model uranium uptake and reactivity at a redox 
active support. Studying low-valent uranium on a redox-active 
surface will also allow us to model the reactivity of similar 
composites toward small-molecule activation. In this work, we 
demonstrate that molybdenum sulphide hemi-cubane clusters 
of the formula Cp*3Mo3S4n+ serve as redox-active ligands for 
low-valent uranium, effectively modelling interactions of the 
basal plane of MoS2 with reduced actinide ions. The use of 
Cp*3Mo3S4n+ as a tripodal metalloligand for transition metals 
has previously been reported; in a series of manuscripts, Ohki 
and co-workers have described the synthesis of Cp*3Mo3S4M 
complexes, where M = transition metals ranging from Group IV 
to Group X.13, 14 Of most relevance to this work, in the case of 
iron and titanium adducts of the thiomolybdate cluster, N2 
fixation has been demonstrated, with significant contributions 
of reducing equivalents stored at the “Mo3S4” core.15, 16 

To install a single actinide centre at the surface of the 
molybdenum sulphide hemi-cubane, we opted to explore the 
coordination chemistry of Cp*UI2(THF)3 with Cp*3Mo3S4. We 
hypothesized that the presence of the ancillary 
cyclopentadienide ligand on uranium would prevent formation 
of sandwich-type clusters that would limit subsequent 
investigations into the reactivity of the actinide centre. Addition 
of Cp*UI2(THF)3 to Cp*3Mo3S4 in toluene results in immediate 
dissolution of the semi-soluble starting materials and a colour 
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Figure 1. Uranium uptake on MoS2 surfaces. Prior DFT model predicted for 
U(VI) adsorbed on MoS2 (top). Molecular models of uranium uptake at MoS2 
surfaces (bottom).  
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change to brown-green. Volatiles were removed under reduced 
pressure, leaving a brown crystalline solid. Initial 
characterization of the reaction product by 1H NMR 
spectroscopy reveals two singlets with a 3:1 intensity ratio, 
consistent with formation of the anticipated product, 
(Cp*3Mo3S4)Cp*UI2 (Figure S3). The signal corresponding to 
protons of the Mo-bound Cp* ligands (d = 4.45 ppm) is shifted 
upfield in comparison to the starting material, Cp*3Mo3S4 (d = 
8.59 ppm), indicating that the protons of the metalloligand are 
more shielded upon product formation. In contrast, the methyl 
protons of U-Cp* (d = 7.39 ppm) are shifted downfield in 
comparison to Cp*UI2(THF)3 (d = 1.78 ppm), suggesting the 
actinide centre becomes electron deficient upon coordination 
to Cp*3Mo3S4.17, 18 We hypothesize that the observed changes 
in electron shielding/de-shielding of the methyl protons on the 
Cp* ligand(s) is a result of electron transfer from the low-valent 
uranium centre to Cp*3Mo3S4 upon complexation.  

Unambiguous confirmation of the identity of the product 
was performed by single crystal X-ray diffraction (SCXRD; Figure 
2, Tables S2). Crystals of (Cp*3Mo3S4)Cp*UI2 suitable for X-ray 
analysis were grown from a concentrated solution of the 
product in benzene. Refinement of the data indicates 
coordination of the low-valent uranium centre to the trisulfide-

face of the metalloligand. The observed binding mode 
effectively models coordination of actinide centres to the basal 
plane of MoS2 proposed by density functional theory.7-9  

Support for charge transfer from the actinide to the 
molybdenum sulphide metalloligand upon formation of 
(Cp*3Mo3S4)Cp*UI2 is obtained through inspection of bond 
distances. The U-I bond lengths in (Cp*3Mo3S4)Cp*UI2 

(3.0681(3), 3.0825(3) Å) are considerably shorter than those 
reported for the starting material, Cp*UI2(THF)3 (3.161(1), 
3.179(1) Å), resembling more closely values reported for U(IV) 
complexes (UIV-I: 2.9588(10) – 3.1045(10) Å; average = 3.06 
Å).18-22 Changes are also observed in the bonding of the 
metalloligand that indicate reduction of the molybdenum 
sulphide assembly. The Mo-μ2S (avg) distance of the neutral 
metalloligand (Cp*3Mo3S4) is 2.309 Å,23 while in 
(Cp*3Mo3S4)Cp*UI2, this distance (Mo-μSU (avg)) is elongated to 
2.3644 Å. The observed Mo-μSU distances resemble those 
reported for the potassium adduct of the 1e- reduced assembly, 
[(Cp*Mo)3S4]-K+(18-C-6) (Mo-μSK (avg) = 2.343 Å).13 Moreover, 
the Mo-μSMo (avg) distance (2.3644 Å) and mean Mo-Mo 
distance (2.8776 Å) are similar to those reported for 
[(Cp*Mo)3S4]-K+(18-C-6) (Mo-μSMo (avg) = 2.343 Å, Mo-Mo (avg) 
= 2.8553 Å).13 Collectively these results support the hypothesis 

Scheme 1. Synthesis of (Cp*3Mo3S4)Cp*UI2 and sequential chemical reduction to generate (Cp*3Mo3S4)Cp*UI and (Cp*3Mo3S4)Cp*U. 
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Figure 2. Molecular structures of (Cp*3Mo3S4)Cp*UI2 (left), (Cp*3Mo3S4)Cp*UI (middle), and (Cp*3Mo3S4)Cp*U(=NPh)2 (right) are shown with 30% probability ellipsoids. Solvent 
molecules and hydrogen atoms included in the unit cell have been removed for clarity. Key: black ellipsoids, C; blue ellipsoids, N; yellow ellipsoids, S; purple ellipsoids, I; 
aquamarine ellipsoids, Mo; magenta ellipsoids, U. 
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that electron transfer is an important factor in promoting 
binding of the actinide ion to the metal chalcogenide 
metalloligand. 

Following isolation of (Cp*3Mo3S4)Cp*UI2, our attention 
turned to the reduction of the heterometallic assembly 
(Scheme 1). Addition of 2.2 equiv. of potassium graphite (KC8) 
to a toluene solution of (Cp*3Mo3S4)Cp*UI2  results in the 
formation of the mono-reduced assembly, (Cp*3Mo3S4)Cp*UI, 
in good yield (65 %). (Cp*3Mo3S4)Cp*UI was initially 
characterized by 1H NMR spectroscopy; the spectrum of the 
reduced assembly exhibits a comparable pattern to that of 
(Cp*3Mo3S4)Cp*UI2, with a downfield shift of the resonances 
assigned to the Cp*-methyl protons of the ancillary ligands 
bound to both molybdenum (d = 4.88 ppm) and uranium (d = 
8.05 ppm) centres (Figure S6). The molecular structure of 
(Cp*3Mo3S4)Cp*UI was confirmed by SCXRD (see below). 
Addition of 4.4 equiv of KC8 to (Cp*3Mo3S4)Cp*UI2 results in the 
formation of a distinct product, identified as the di-reduced 
assembly, (Cp*3Mo3S4)Cp*U (Yield = 61 %). The 1H NMR 
spectrum of (Cp*3Mo3S4)Cp*U possesses two major resonances 
with a 3:1 ratio, corresponding to the methyl-protons of the Cp* 
ligands bound to molybdenum and uranium, respectively. 
Notably, there is a striking upfield shift observed for both signals 
in comparison to those observed in the 1H NMR spectra of 
(Cp*3Mo3S4)Cp*UI2 and (Cp*3Mo3S4)Cp*UI (Figure S7; Cp*Mo = -
0.44 ppm; Cp*U = -7.89 ppm). Independent synthesis of 
(Cp*3Mo3S4)Cp*U is accomplished via addition of 2.2 equiv of 
KC8 to (Cp*3Mo3S4)Cp*UI (Yield = 64 %), providing support for 
the formation of the suggested product. Unfortunately, 
attempts to crystallize (Cp*3Mo3S4)Cp*U have thus far been 
unsuccessful, preventing its characterization by SCXRD. 

Analysis of structural data obtained via X-ray diffraction of 
single crystals of (Cp*3Mo3S4)Cp*UI offers insight into changes 
in interactions between the actinide centre and the redox active 
support upon reduction (Figure 2, Table S2). The coordination 
environment of the uranium centre is composed of a single 
iodide moiety, the h5-Cp* ligand, and the three sulphide atoms 
of the face of the hemi-cubane scaffold. The U-S bond distances 
range from 2.6300(14) – 2.7012(17) Å, substantially shortened 
from the values observed in (Cp*3Mo3S4)Cp*UI2 (U-S: 
2.7724(11) – 2.7770(10) Å). We inspected the distance between 
the uranium centre and the centroid defining the plane of three 
μ2-bridged sulphur centre of Cp*3Mo3S4 (Ssurf) to quantify the 
extent of interaction between the actinide and metalloligand. In 
(Cp*3Mo3S4)Cp*UI2, the uranium centre is situated at a distance 
of 1.8554(6) Å away from the [MoS] surface. Consistent with the 
shortening of the U-S contacts, this distance decreases 
substantially upon formation of (Cp*3Mo3S4)Cp*UI (U-Ssurf = 
1.6623 (9) Å). This observation indicates a stronger interaction 
between actinide and metalloligand following reduction.  

Considering the significance of work in understanding 
actinide uptake on redox-active surfaces, the bond metrics of 
(Cp*3Mo3S4)Cp*UI2 and (Cp*3Mo3S4)Cp*UI have been 
compared with those modelled for uranyl uptake on MoS2 
surfaces, irrespective of the ancillary ligand bound to uranium. 
While in both cases, the uranium centre binds to cluster surface 
in a mode similar to that predicted for uranyl binding at the 

basal plane of MoS2, the contacts between the model of the 
MoS2 surface and the uranium centre are much shorter than 
predicted for UO22+ and MoS2.6-8 These observations indicate a 
more robust interaction between uranium and the molecular 
model of the [MoS] surface. We hypothesize this is due to 
discrepancies in oxidation state of the uranium ions; the low-
valent uranium centres investigated in this work bind more 
strongly to the surface of the metalloligand. This hypothesis is 
supported by the shortening of contacts between uranium and 
Cp*3Mo3S4 upon reduction of the assembly. Indeed, recent 
reports describe the utility of an applied potential for improved 
extraction of uranyl ions at exceptionally dilute concentrations 
(~100 ppm).7 Application of a positive voltage facilitates the 
release of the uranium centre from MoS2, leveraging electro-
swing technologies for purification of uranium from sea water 
samples. Similarly, our results suggest reduction of either the 
actinide or MoS2 materials will serve to increase the affinity of 
the surface for actinide ions, improving sequestration strategies 
for uranium ions. 

With the low-valent uranium adducts of the redox active 
metalloligand in hand, our attention turned to the investigation 
of the multielectron reactivity of the system. Initial experiments 
explored the addition of azobenzene to the fully reduced form 
of the cluster, (Cp*3Mo3S4)Cp*U (Scheme 2). We hypothesized 
that this reaction would serve as an excellent probe of 
cooperative reactivity of the metalloligand and actinide centre, 
modelling small molecule activation of atomically dispersed 
uranium centres at the surface of redox-active supports. The 1H-
NMR spectrum of the crude reaction mixture revealed 
quantitative conversion of starting materials to a single product. 
Signals corresponding to the methyl protons of the Mo-Cp* 
(9.77 ppm, 45 H) and U-Cp* (3.63 ppm, 15 H) are shifted 
downfield in comparison to the starting material (Figure S9), 
consistent with oxidation of the cluster. Three additional 
resonances are observed at 6.63, 6.46, and 5.91 ppm, 
suggesting formation of phenyl imido substituents at the 
actinide centre following activation of the substrate.  
 
Scheme 2. Synthesis of (Cp*3Mo3S4)Cp*U(=NPh)2. 
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to values reported for high-valent uranium-bis(imido) 
complexes (1.950(7) – 2.047(8) Å).24-27 Most significantly, the U-
Ssurf distance increases substantially upon oxidation of the 
assembly (U-Ssurf = 2.0187 (15) Å); the U-Ssurf distance of 
(Cp*3Mo3S4)Cp*U(=NPh)2 resembles more closely predicted 
contacts between the uranyl ion and MoS2 (UO22+-Ssurf = 2.47 Å).  

The activation of azobenzene by low-valent uranium 
complexes supported by redox-active ligands has been 
observed previously. Most similar to the studies reported here, 
Bart and co-workers have described the formation of a series of 
uranium bis-imido complexes following addition of azobenzene 
to Cp*U(PDI)(THF) complexes (PDI = 2,6-diiminopyridine).28 In 
both examples, reduction of the substrate is facilitated by 
cooperative reactivity of the redox active ligand and uranium 
centre. However, a notable difference between these two 
examples lies in the relative positions of the imido substituents 
following azobenzene activation. In the case of 
CpRU(=NPh)2(PDI), the imido moieties are located trans to one 
another; the inverse trans influence operative in actinide 
complexes results in shortening of the U=N bonds. By 
comparison, the three-dimensional structure of the 
molybdenum sulphide metalloligand enforces a cis 
arrangement of the imido moieties, resulting in elongation of 
the U=N bonds. This result translates to imido substituents that 
are substantially activated and poised for further reactivity.  

In summary, we report the synthesis and characterization of 
low-valent uranium complexes supported by a redox-active 
molybdenum sulphide metalloligand. Our results indicate the 
extent of interaction between the actinide centre and the 
metalloligand increases as the cluster is reduced, providing 
insight into strategies of electrochemically cyclable actinide 
uptake at the basal plane of Group(VI) chalcogenide surfaces. 
Furthermore, our foray into the reactivity of the reduced form 
of our cluster, (Cp*3Mo3S4)Cp*U, with azobenzene models the 
reactivity of reduced uranium atoms deposited on redox active 
supports. The cleavage of the N=N bond of azobenzene by the 
reduced form of the cluster, (Cp*3Mo3S4)Cp*U, results in the 
formation of a uranium bis-imido product, 
(Cp*3Mo3S4)Cp*U(=NPh)2, providing evidence for cooperative 
reactivity between the metalloligand and actinide centre. 
Indeed, by storing electron density in the molybdenum sulphide 
metalloligand, uranium functions as a U(I) or U(II) synthon and 
delivers four electrons to substrate. Ongoing investigations 
focus on probing the implications of the cis-geometry of the bis-
imido product in catalysis, as well as the full scope of reactivity 
of the reduced assembly with small molecule substrates. 
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