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A Versatile Strategy for the Formation of Hydride-Bridged 
Actinide-Iridium Multimetallics 
Christopher Z. Ye,a Iker Del Rosal,b Michael A. Boreen,a Erik T. Ouellette,a Dominic Russo,a Laurent 
Maron,b John Arnold,*a and Clément Camp*c 

Reaction of the potassium pentamethylcyclopentadienyl iridate trihydride K[IrCp*H3] with UCl4 and ThCl4(DME)2 led to the 
complete replacement of the halide ligands to generate multimetallic complexes U{(μ-H)3IrCp*}4 (1) and Th{[(μ-
H2)(H)IrCp*]2[(μ-H)3IrCp*]2} (2), respectively. These analogues feature a significant discrepancy in hydride bonding modes; 1 
contains twelve bridging hydrides while 2 contains ten bridging hydrides and two terminal, Ir-bound hydrides. Use of a U(III) 
starting material, UI3(1,4-dioxane)1.5, resulted in the octanuclear complex {U[(μ2-H3)IrCp*]2[(μ3-H2)IrCp*]}2 (3). 
Computational studies indicate significant bonding character between U/Th and Ir in 1 and 2, with f-orbital involvement in 
the singly-occupied molecular orbitals of the uranium species 1. In addition, these studies attribute the variation in hydride 
bonding between 1 and 2 to differences in dispersion effects.

Introduction
Despite the pioneering works of Marks1 and Ryan,2,3 who 
reported the first actinide–transition metal (An–TM) complexes 
nearly forty years ago, there is still a wide range of unexplored 
space in the field of An–TM multimetallic complexes.4,5 The 
combination of their potential for f-orbital participation in 
bonding, access to unusual coordination environments, and 
diversity of accessible oxidation states set the actinides apart 
from the more comprehensively studied transition metals or 
the lanthanides, especially when considering multimetallic 
species with the potential for d-f intermetallic bonding. 
Incorporation of these elements, which have been 
demonstrated to facilitate unique activation of strong bonds6–11 
and small molecules,12–18 in multimetallic systems could unlock 
modes of cooperative reactivity currently inaccessible to 
transition metal multimetallic species. Even in light of this 
potential, as recently as ten years ago, f-element–metal 
bonding chemistry was still described as “in its infancy.”4 While 
impressive progress has been made since that time, there 
remain numerous transition metals for which the correct 
combination of ligand scaffolds to support An–TM bonding has 
not been discovered. 
The last decade has seen a proliferation of An–TM multimetallic 
species featuring bulky, multidentate N- or P-donor ligands, 

which allow for stabilization of both supported and 
unsupported An–TM multimetallic species.19–23 These have 
been especially effective for the lighter group 9 metals, as 
numerous singly- and multiply- bonded complexes with 
uranium and cobalt/rhodium have been reported,23–30 along 
with one example of a thorium–cobalt bond.25 Noticeably 
absent from this chemistry, however, is their third row 
analogue, iridium. Iridium has demonstrated varied reactivity 
with other transition metals,31–44 producing numerous 
catalytically active species, but current ligand scaffolds have 
been to date unable to stabilize iridium-actinide bonds. It was 
not until extremely recently that the first complexes to contain 
both iridium and an actinide were reported; however, these 
two uranium–iridium multimetallic nitrides feature bridging 
nitrides and azides between the metal centers along with fairly 
large U–Ir distances of 3.19 Å or greater.29 Therefore, a different 
bonding motif was pursued for the synthesis of An–Ir 
interactions, one that ideally would be generalizable across 
numerous actinide starting materials, and potentially 
transferrable to other transition metal species. 
Previous work with actinide-borohydrides has demonstrated 
the ability for multiple bridging hydrides to bring heteroatoms 
in relatively close proximity to actinide centers in high-
coordinate complexes. The polymeric, 14-coordinate species 
U(BH4)4

45 and Th(BH4)4
46 have been known since the 1950s, and 

more recently a 15-coordinate thorium aminodiboranate has 
been described.47 In addition, previous work in the Arnold group 
has demonstrated the effectiveness of bridging hydrides in 
stabilizing Th–Al and U–Al bonds.48 The 
pentamethylcyclopentadienyl (Cp*) iridium polyhydride species 
IrCp*H4 has demonstrated the ability to form highly reactive 
complexes when paired with other metal species (Scheme 1). 
For instance, Camp and coworkers showed that when reacted 
with several isobutylaluminum derivatives,43,49 the resulting 

a.Department of Chemistry, University of California, Berkeley, California 94720, 
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Laboratory, Berkeley, California 94720, United States.
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31077, France.

c. Laboratory of Catalysis, Polymerization, Processes and Materials, CP2M UMR 
5128, Université de Lyon, Institut de Chimie de Lyon, CNRS, Université Lyon 1, 
ESCPE Lyon, 43 Bd du 11 Novembre 1918, F-69616 Villeurbanne, France.
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iridium aluminum complexes promote cooperative 
heteroallene cleavage, while reactions with group 4 and group 
5 neopentylidene species40,50 led to hafnium- and tantalum-
iridium complexes that facilitate H/D exchange.40,42 Promisingly, 
Hou and coworkers had also previously demonstrated the 
ability to form hydride-supported lanthanide–iridium bimetallic 
complexes of ytterbium, dysprosium, and lutetium in high 
yields.51 
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Scheme 1. Previously reported syntheses of reactive multimetallic complexes from 
IrCp*H4.40,43,49,50,51

Previous efforts towards the formation of iridium–metal bonds 
with IrCp*H4 have primarily focused on protonolysis pathways, 
which are typically dependent on metal-alkyl or metal-aryl 
species as starting materials.40,41,43,49,50 Due to the greater 
prevalence and variety of actinide-halide starting materials, the 
previously reported, closely-related potassium iridate species 
K[IrCp*H3] was targeted for the formation of An–Ir 
multimetallic species via salt-elimination pathways.49 Here, we 
report joint efforts from the Arnold and Camp groups to 
synthesize uranium- and thorium-iridium multimetallic species 
via salt-elimination reactions between U(IV)/Th(IV) halides and 
K[IrCp*H3] with unique actinide–iridium interactions. The 
synthesis of an octanuclear U2Ir6 complex featuring close metal-
metal contacts from U(III) halide or aryl starting materials is also 
described. A host of computational studies were carried out to 
elucidate actinide oxidation states, frontier orbital 
compositions, and bond order information in order to better 
understand the bonding in these unusual complexes.

Results and discussion
The potassium iridate species K[IrCp*H3] was formed in situ by 
the addition of benzylpotassium to IrCp*H4 in THF, resulting in 

a light-yellow solution.49 Four equivalents of K[IrCp*H3] reacted 
rapidly with UCl4 or ThCl4(DME)2 in THF to form the uranium(IV) 
and thorium(IV) complexes U{(μ-H)3IrCp*}4 (1) and Th{[(μ-
H2)(H)IrCp*]2[(μ-H)3IrCp*]2} (2), as orange and colorless crystals, 
respectively (Scheme 2). Both complexes are soluble in 
hydrocarbon solvents and crystallize from n-hexane as thin 
plates at −40 °C. Only one resonance, a sharp peak at 4.98 ppm, 
attributed to the Cp* protons, was detected in the 1H NMR 
spectrum of 1 in C6D6. No additional resonances were observed 
within a range of 200 to −200 ppm. The 1H NMR spectrum of 
diamagnetic species 2, however, contains two resonances, one 
at 2.08 ppm corresponding to the Cp* protons, and a hydride 
resonance at -11.30 ppm, which integrate in a 15:3 ratio. This 
suggests the presence of three hydrides per IrCp* fragment and 
twelve hydrides total in 2. The solution state IR spectra of 1 and 
2 in C6D6 are nearly identical, each exhibiting an intense, broad 
bridging hydride stretching signal at 1951 cm-1 and 1962 cm-1 
(Figures S4 and S6), respectively. These values are in excellent 
agreement with values reported for systems featuring a 
Cp*Ir(μ-H)3 bridging motif, such as [Hf(CH2tBu)3(μ-H)3IrCp*] 
(νM–H = 1982 cm–1) and [Cp*Ir(μ-H)3{Ln(η5-C5Me4SiMe3)2}] (Ln = 
Y, Dy, Lu; νM–H = 1990, 1988 and 1994 cm–1, respectively).51,52 
Given the similarities in both the synthesis and spectroscopic 
data of 1 and 2, as well as considering chemically reasonable 
reaction pathways and structures, twelve hydrides are assigned 
to complex 1 as well.
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Scheme 2. Synthesis of 1 and 2.

Single crystals of 1 and 2 suitable for X-ray diffraction were 
isolated from n-hexane at −40 °C, and their solid-state 
structures were determined accordingly (Figure 1).‡ The 
uranium species 1 crystallizes in the space group C2/c, with two 
of the iridium centers generated through symmetry, and co-
crystallizes with an equivalent of n-hexane. The thorium species 
2 is also monoclinic, crystallizing in the space group P21/n with 
no solvent present in the lattice. Both species display a distorted 
tetrahedral geometry, albeit with greater distortion in the 
uranium species, as 1 has a τ4 value§ of 0.87 (calculated with α, 
β = 118.94(1)°), while 2 has a significantly higher τ4 value of 0.97 
(calculated with α = 113.02(3)°, β = 109.77(4)°).52 However, the 
most notable discrepancy in the solid-state structures of 1 and 
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2 involves the significant deviation from linearity in two of the 
Th–Ir –Cp*centroid angles, a feature which is present in 2 but 
absent in 1. The U–Ir–Cpcentroid angles in 1 are all nearly linear at 
174°. However, in 2 there are two nearly linear Th–Ir–Cpcentroid 
angles of 172° and 173°, and two significantly bent angles of 
126° and 129°. This suggests the presence of a terminal iridium-
bound hydride in two iridate moieties in 2, giving ten bridging 
and two terminal hydrides for this complex, as opposed to the 
twelve bridging hydrides in 1. The discrepancy between the 
uranium and thorium species was unexpected and, to our 
knowledge, has not been reported in actinide polyhydride 
complexes, which are often isostructural between their 
uranium and thorium counterparts.53–55 In addition, the close 
average An–Ir distances of 2.954(1) Å (1) and 2.993(1) Å (2) are 
well within the sum of covalent radii for U/Ir (3.37 Å) and Th/Ir 
(3.47 Å),57 suggesting the possibility of An–Ir bonding 
interactions.

Figure 1. Solid-state molecular structures of 1 (top) and 2 (bottom). Ellipsoids are 
presented at the 50% probability level. Hydrogen atoms and co-crystallized solvent 
molecules have been omitted for clarity. Selected bond distances (Å) and angles (deg) 
for 1: U1–Ir1 2.9508(5), U1–Ir2 2.9587(5), Ir1–U1–Ir2 106.40(1), Ir1–U1–Ir2 104.24(2), 
Ir1–U1–Ir2' 118.94(1). U1–Ir1–Cp*centroid 173.61(1). Selected bond distances (Å) and 
angles (deg) for 2: Th1–Ir1 2.9639(11), Th1–Ir2 2.9827(10), Th1–Ir3 3.0153(12), Th1–Ir4 

3.0103(12), Ir1–Th1–Ir2 113.02(3), Ir3–Th1–Ir4 107.96(3), Ir1–Th1–Ir3 107.80(4), Ir1–
Th1–Cp*centroid 128.83(4), Ir3–Th1–Cp*centroid 172.41

The reactivity of the potassium iridate species was also 
investigated with a U(III) starting material. Three equivalents of 
K[IrCp*H3] reacted with UI3(1,4-dioxane)1.5 in THF to form the 
octanuclear cluster {U[(μ2-H3)IrCp*]2[(μ3-H2)IrCp*]}2 (3), which 
was extracted into toluene before the removal of solvent in 
vacuo to afford a yellow-brown powder (Scheme 3). The solid-
state IR spectrum features a strong bridging hydride peak at 
1951 cm-1 (Figures S7 and S8), identical to the peak found in 1. 
This powder was sparingly soluble in benzene, allowing for the 
collection of 1H and 13C NMR spectra, but resisted all 
crystallization attempts from benzene or toluene. The limited 
solubility of 3 in aliphatic, aromatic, and ethereal solvents 
impeded attempts at recrystallization, and 3 reacted with 
halogenated solvents such as CCl4, CDCl3, and CD2Cl2 to form 
intractable mixtures, so an alternative synthetic route was 
explored. Layering of hexane solutions of U(Terph)3 (Terph = 
4,4′′-di-tert-butyl-m-terphenyl-2′-yl)57 and IrCp*H4 at room 
temperature afforded yellow-black crystals of 3 after 18 h which 
were suitable for X-ray diffraction. These crystals were 
confirmed to match the powder afforded through the salt 
metathesis route, with increased purity, using NMR and IR 
spectroscopy in addition to elemental analysis (see SI).
The X-ray crystal structure of 3 contains two molecules in the 
asymmetric unit, one in which the terminal IrCp* moieties are 
staggered, and one in which they are eclipsed, which will 
hereafter be referred to as 3s and 3e (Figure 2).‡ For both 
conformations, half of the molecule is generated through 
symmetry. The terminal U–Ir distances in 3s are slightly shorter, 
at 2.9653(3) Å and 2.9718(3) Å, than in 3e, with distances of 
2.9728(3) Å and 2.9899(3) Å. With a τ4 value of 0.94 (α = 
113.65(1)°, β = 113.47(1)°), 3s is also significantly more 
tetrahedral than 3e, which has a τ4 value of 0.89 (α = 120.85(1)°, 
β = 113.64(1)°). These variations may be due to a slight 
reduction in steric stress between the Cp* rings in the eclipsed 
conformation, allowing both slightly closer U–Ir contacts and a 
more tetrahedral angle between the terminal IrCp* moieties. 
The central parallelogram formed by the U and bridging Ir 
centers features U–Ir distances of 2.8135(3) Å and 2.8406(3) Å 
in 3s compared to 2.8266(3) Å and 2.8392(3) Å in 3e. Compared 
to 1, both 3s and 3e feature more tetrahedral coordination 
environments around their uranium centers, and have slightly 
elongated U–Ir distances, averaging 2.969 Å and 2.981 Å, 
respectively.
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Scheme 3. Synthetic routes to 3.

Figure 2. Solid-state molecular structures of 3s and 3e. Ellipsoids are presented at the 
50% probability level. Hydrogen atoms have been omitted for clarity. Selected bond 
distances (Å) and angles (deg) for 3s: U1–Ir1 2.8135(3), U1–Ir2 2.9718(3), U1–Ir3 
2.9653(3), U1–U1' 3.7945(4), Ir1–U1–Ir2 109.34(1), Ir1–U1–Ir1' 95.70(1), Ir2–U1–Ir3 
113.47(1), U1–Ir2–Cp*centroid 175.55(1), Ir1'–Ir1–Cp*centroid 179.06(1). Selected bond 
distances (Å) and angles (deg) for 3e: U1–Ir1 2.8392(3), U1–Ir2 2.9899(3), U1–Ir3 
2.9728(3), U1–U1' 3.7819(4), Ir1–U1–Ir2 113.64(1), Ir1–U1–Ir1' 96.25(1), Ir2–U1–Ir3 
120.85(1), U1–Ir2–Cp*centroid 177.89(1), Ir1'–Ir1–Cp*centroid 174.19(1). 

Although no hydrides could be located in the X-ray structure, it 
is proposed that each terminal U–Ir interaction features three 
μ2-bridging hydrides, while each bridging U–Ir interaction 
features two μ3-bridging hydrides centered around the iridium 
atoms Ir1 and Ir1’.§§ This configuration balances the charge of 
two U(IV) cations with four [IrCp*H3]– and two [IrCp*H2]2– 

fragments. The formation of [IrCp*H2]2– 
 fragments bridging two 

metal centers has previous precedent with iridium–aluminum 
species.49 A redox process involving the loss of one equivalent 
of H2 for each molecule of 3 is required for this final product. 
Evidence of this formation of H2 was confirmed by 1H NMR 
monitoring of the protonolysis pathway (see SI for details).
In order to further probe the oxidation states of the actinide 
centers in 1 and 3, variable temperature data on the magnetic 
moments of these compounds were obtained with a 
superconducting quantum interference device (SQUID). The 
tetrairidate complex 1 behaved as a typical monometallic U(IV) 
species (Figure 3, top),58 with a room temperature magnetic 

moment (μeff) of 2.70μB which decreased to 0.47μB at 2 K. The 
behavior of the octametallic complex 3 is also consistent with 
U(IV) designations for the uranium oxidation state (Figure 3, 
bottom). These two metal centers contribute to its higher room 
temperature μeff of 3.61μB, but due to the singlet ground state 
at low temperature, the μeff still approaches zero with 
decreasing temperature, reaching 0.66μB at 2 K. UV-Vis spectra 
were collected for 1 and 3 as well (Figures S1 and S2), but are 
not particularly insightful beyond the lack of broad bands 
characteristic of f-d transitions in U(III) compounds.59–61
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Figure 3. Temperature-dependent SQUID magnetization data (4 T) for 1 (blue) and 3 (red) 
plotted as μeff (filled circles) and χ (open squares) versus temperature. Data were 
corrected for diamagnetic contributions.

Quantum chemical calculations were subsequently utilized to 
gain deeper insight into the structure and bonding of these 
systems, especially with regards to the level of metal–
metalinteractions, uranium oxidation state, and hydride 
quantity and geometry. All calculations were carried out at the 
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B3PW91 level of theory including dispersion corrections within 
the D3-BJ scheme (see SI for details).
Given our interest in metal–metal bonding, the Natural Bonding 
Orbital (NBO) calculations of the Wiberg Bond Indices (WBIs) 
between U/Th and Ir in 1 and 2 are particularly intriguing. The 
WBI calculated between the U and Ir centers for 1 is 0.97, 
suggesting a high degree of covalency in the U–Ir interaction, 
and although the WBI found between Th and Ir in 2 is lower at 
0.65, it is still quite significant and strongly implies a metal-

metal bonding interaction. The WBI calculated for the U–Ir 
interaction in 1 is higher than the published WBIs of 0.8 for the 
U–Pt bonds in a U2Pt3 cluster,22 as well as 0.720 and 0.625 for 
the U–TM bond in IUIV(μ-OArP-1κ1O,2κ1P)3M0 (M = Ni, Pd).19 The 
Ir–H WBIs are 0.53 in 1 and 0.57 in 2 while the An–H WBIs are 
0.29 for U and 0.24 for Th. As expected, the Ir–H bond is more 
covalent than the An–H bond, but it is noteworthy that these 
M–H bonds are not affected by the nature of the actinide 
center. 

Figure 4. Renderings of the calculated SOMOs (a, b) and LUMO (c) of 1 (isovalue = 0.03)

The bridging hydrides’ interactions with the two metals are 
similar in complexes 1 and 2 and therefore do not explain the 
difference in An–Ir WBIs, but certainly account for the 
formation of such An–Ir bonds. These calculations suggest that 
these actinide iridate compounds contain hydride-supported 
actinide–iridium bonds. DFT analysis of the singly occupied 
molecular orbitals (SOMOs) of 1 revealed that these orbitals 
have contributions from uranium f-orbitals (mixture of three 
different f orbitals, see SI for details) and iridium d-orbitals 
(mixture of different d orbitals, see SI) with a 51-49 ratio 
between U and Ir, while the lowest unoccupied molecular 
orbital (LUMO) is an essentially non-bonding uranium fxyz orbital 
(Figure 4). This contrasts with the f0 species 2, which has no 
signs of f-orbital participation in either the HOMO or LUMO (see 
SI).
These calculations also delivered greater insight into the 
oxidation states of the actinide centers in each compound, 
especially for the less-straightforward compound 3. The 
computational results for compounds 1-3 suggest the +4 
oxidation state is the most stable, and therefore plausible, 
configuration. For compound 1, the triplet state (corresponding 
to U(IV)) is favourable over the singlet or quintet states by 30.3 
and 41.0 kcal/mol, respectively. The dimer 3 favours the quintet 
state (corresponding to two U(IV) centers) over singlet and 
triplet states by 55.3 and 7.3 kcal/mol, respectively.
Assuming an assignment of two U(IV) centers in 3, charge-
balancing would suggest the presence of four terminal 
[IrCp*H3]–

 fragments and two bridging [IrCp*H2]2– fragments. 
Given the linearity of the U–Ir–Cp*centroid angle for the terminal 
fragments, it is most likely that the three hydrides bridge the U–
Ir interaction. However, the location of the hydrides in the 
bridging fragments is far less clear, and was the subject of 
further computational study. An energy difference of 13.6 

kcal/mol was calculated between the two found local minima, 
Geometries A and B, with Geometry A at the lower energy 
(Figure 5). In addition, accommodation of the U–Ir bridging 
hydrides in Geometry B requires a tilting of the Cp* moiety 
relative to the central U2Ir2 plane, a feature which is not 
observed in the X-ray crystal structure of 3. However, the Cp* 
moieties in Geometry A are nearly perpendicular to the U2Ir2 
plane, an excellent match to the experimentally determined 
structure.

Geometry A

Geometry B

Figure 5. Calculated geometries for two local energy minima of 3. The hydrides on the 
bridging [IrCp*H2]2– fragments for Geometry A (top) are equidistant from the U atoms, 
and extend outward from the Ir atom so that the H–Ir–H and Ir–U–Ir planes are nearly 
perpendicular. In Geometry B (bottom), the hydrides on the [IrCp*H2]2– fragments bridge 
the Ir–U interactions on the same side of the U–Ir–U plane, resulting in significant tilting 
of the Cp* planes with respect of the U2Ir2 plane.
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Computations were also able to further elucidate the causes of 
the structural discrepancies between species 1 and 2. Initial 
models without a dispersion correction found that the linear 
conformation was most stable for both 1 and 2, with a 
difference of about 15-20 kcal/mol between the linear and bent 
conformations. After the inclusion of a dispersion correction 
(within the Grimme’s correction scheme),62 however, the linear 
conformation for 1 remained favourable by a small barrier of 
4.0 kcal/mol, while the bent conformation for 2 was lower in 
energy than the linear conformation by 9.4 kcal/mol. This 
observation is in line with the in-depth study of the influence of 
London dispersion forces by Power.63 Given the calculated 
energy difference for the two conformations of 2, observation 
of the decoalescence of the terminal hydrides in the 1H NMR 
spectrum at low temperatures was attempted, but no splitting 
of the NMR signal was observed down to a temperature of –80 
°C. The difference in the preferred conformation for 1 and 2 can 
be partially explained by analysis of the WBIs, which suggest a 
greater loss in U–Ir bond order from bending in 1 (0.98 to 0.83) 
than to the Th–Ir bond order from bending in 2 (0.65 to 0.64). 
The bent conformation remains beneficial for 2 because of 
additional stability gained from dispersion interactions between 
the Cp* ligands, which are placed in closer proximity to one 
another. 2 is therefore yet another example of a metal complex 
which is capable of isomerization in order to maximize 
dispersion interactions.63 A similar stabilization is present in 1 
but appears to be outweighed by the destabilization of bonding 
interactions between the U and Ir centers from bending. 

Conclusions
In conclusion, a generalizable salt metathesis strategy involving 
a potassium iridate tris-hydride has been developed, resulting 
in a series of multimetallic uranium– and thorium–iridate 
complexes, all obtained in good yield. This strategy has utilized 
bridging hydrides to stabilize and enable the generation of the 
first reported actinide-iridium bonding interactions. These 
complexes display subtle differences in coordination number, 
which, based on computational analysis, arise from dispersion 
effects in the Cp* ligands. Computational studies also indicate 
significant bonding character between U/Th and Ir in 1 and 2, 
with f-orbital involvement in the SOMOs of 1 and no 
involvement, as expected, in the f0 species 2. Reactivity studies 
for these complexes are ongoing, as well as studies with other 
actinide halide starting materials and attempts to extend this 
synthetic strategy to other analogous metal polyhydrides.
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