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We report the synthesis of a heterobimetallic U(lll)-Ir species
which reacts with CS, to form the novel ethanetetrathiolate
fragment via hydride insertion and C—C coupling. Computational
studies suggest the formation of a radical intermediate which may
couple with another equivalent to form the final product.

Transition metal (TM) hydrides play important roles in
organometallic chemistry and catalysis, being implicated as
intermediates in numerous catalytic reactions, such as olefin
hydrofunctionalization,! redox electrocatalysis,? and small
molecule reduction/activation.34 TM polyhydrides appear well-
suited to forming heterobimetallic complexes, typically
consisting of an electron-rich transition metal hydride in concert
with an electron-deficient Lewis acid; some of these complexes
are capable of novel cooperative reactivity. Main-group Lewis
acids and cationic coinage metals in particular have been shown
to be competent partners for electron-rich transition metal
hydrides,
reduction, H; activation, and olefin polymerization.>6

Given the well-established Lewis acidity of the actinides
(An),7 itis surprising that relatively few efforts to pair them with
transition metal hydrides have been reported, though An
borohydrides and aluminohydrides are well known.8-11
Ephritikhine synthesized the first hydride-bridged An—-TM
complexes with a series of U-Re species; no reactivity was
reported,2-14 and the field has laid dormant in the subsequent
years. We recently demonstrated that salt metathesis reactions
with K[Cp*IrH3] and actinide halide starting materials led to the

enabling transformations including carbonyl
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hydride-supported U(IV)—Ir species U{(u-H)slrCp*}s (A).1> As
with the U-Re complexes above, we found no evidence for
reactivity towards small molecules such as alkenes, CO,, and
CS,. This was surprising to us, given the documented ability of
Lewis acid-coupled iridium hydrides to promote reactions such
as ketone hydrogenation,’® H/D exchange,'’-2! cleavage of
heteroallenes,?2 and alkene dehydrogenation.23

In attempts to increase the reactivity of An—Ir polyhydride
species, we first aimed to synthesize a heterobimetallic system
with only one metal-metal interaction, which would allow for a
second, we sought a
potentially more reactive U(lll) center.24 CS, reduction is well-

more accessible actinide center;

precedented for U(lll) complexes, producing numerous anionic
fragments such as CS,27, CS32-, C3S427, C3S4%, and C3Ss2 (Figure
1a).25-33 On the other hand, the insertion of CS, into metal-
hydride bonds is documented for transition metal systems,
resulting in the formation of metal dithioformate complexes
(Fig. 1b).34-38 Here, we report the use of the U(lll) metallocene
(CpiPr4),UI32  (CpiP* = tetra(isopropyl)cyclopentadienyl) to
support a reactive U(lll)-Ir complex which combines the
reductive C—C coupling chemistry of U(lll) with the insertion
chemistry of transition metal hydrides, resulting in a novel
bridging ethanetetrathiolate fragment (Figure 1c).
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Figure 1 Previously reported reactivity of CS, with U(IIl) species (a) and transition
metal hydrides (b), compared to the U(lll)—Ir polyhydride in this work (c).
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Equimolar amounts of K[Cp*IrH3] and (Cp'P™),Ul were
combined as THF solutions at room temperature to yield the
U(Ill) iridate trihydride (Cp®),U(u-H)slrCp* (1) after two hours
(Scheme 1). Compound 1 is highly soluble in nonpolar solvents,
requiring the cooling of concentrated solutions in
hexamethyldisiloxane (HMDSO) to —40 °C to isolate solid
product as dark green crystals in 51% yield. The influence of the
paramagnetic U(lll) center is clear in the 'H NMR spectrum; it
contains only two sharp resonances. The first is assigned to the
iridium-bound Cp* ligand at 4.41 ppm, slightly upfield relative
to the signal of tetrairidate A at 4.98 ppm.1> The second appears
at 0.12 ppm and corresponds to 0.5 equivalents of co-
crystallized HMDSO, as observed in the crystal structure (see
below). Two of the remaining broad resonances, at 6.25 ppm
and —6.55 ppm, each integrate to ca. 12 protons and are
tentatively assigned to isopropyl methyl groups of the CpiPr4
ligands. A third, less intense resonance is located at —31.0 ppm,
but cannot be assigned with confidence to either the bridging
hydrides or the CpiP™ ligands. The IR spectrum of 1 contains a
strong hydride stretch at 1955 cm~1 with a shoulder at 2033 cm~
1, comparable to the hydride stretch of 1951 cm~! found in A.1>

Complex 1 crystallizes in the space group P1 with 0.5
equivalents of HMDSO. Unlike many previously isolated
hydride-supported An—TM complexes,!® the hydrides in 1 were
located and refined, though the presence of nearby heavy metal
centers increases the uncertainty of these measurements.
(Figure 2). Given the monoanionic nature of Cp*IrH3~,1522,18,40
the structure is consistent with a U(lll) product with two anionic
CpiP4- ligands in addition to the Cp*IrHs;~ moiety. The U-Ir
distance of 3.0308(3) A is longer than the average U—Ir distance
of 2.954(1) A in A, which is unsurprising given the larger size of
the U(lll) ion in comparison to U(IV). The Ir-H and U-H bond
lengths average 1.52(5) A and 2.44(5) A, respectively. The highly
linear U—Ir—Cp*centroia angle of 176.56(6)°
three bridging hydrides, as observed in numerous multimetallic
complexes with Cp*IrHs~ moieties.1541-43

With this heterobimetallic U(lll)-Ir species in hand, we
began to probe whether it was more reactive to small molecules
than the U(IV) complex A. Upon addition of 1 equivalent of CS,
to a hexane solution of 1 at room temperature, there was a
rapid color change from dark green to red. Cooling the red
solution to —40 °Cyielded red crystals of the ethanetetrathiolate
dimeric complex 2 after 24 hours (Scheme 1). These red crystals
exhibited poor solubility in benzene and THF, which in
conjunction with the paramagnetism of the compound made
assignment of the 1H NMR spectrum unfeasible. IR spectroscopy
reveals several bridging hydride stretches at 2040, 1958, and
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1915 cm™ for 2, shifted slightly higher in frequency relative to
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Figure 2 Solid-state molecular structure of 1. Ellipsoids are drawn at the 50%
probability level. Non-hydride hydrogen atoms have been omitted and |sopro?
roups have been wireframed for clarity. Selected bond distances (A) and angle:
®): Ul-Irl 30308(3) U1-CpPré(cent) 2.5233(3)/2.5387(3), Ul—H, 2.42(5), Ul=Hg
2.43(4), Ul-Hc 2
Cp*cent. 176.56(6)

46(4), Irl=H, 1.47(5), Irl-Hg 1.54(5), Irl-H¢ 1.51(4), Ul-Irl—

Complex 2 crystallizes with one equivalent of n-hexane in
the space group C2/c, with half of the molecule generated
around a C; axis perpendicular to the central C—C bond (Figure
3). The U-Ir distance is significantly lengthened in 2 compared
to 1, at 3.1382(6) A. The average metal hydride distances are
within error of those found for 2, at 2.47(7) A (U-H) and 1.56(6)
A (Ir—H). The U-S bond is significantly shorter for the non-
bridging sulfur atom compared to the U-S—Ir bridging atom, at
2.6618(13) A and 2.8204(13) A, respectively, with a shorter Ir=S
bond length of 2.3585(14) A. The U=S bond lengths fall between
the average bond lengths reported for the ethenetetrathiolate
complexes [Na(DME)s]2[{((*9ArO)sN)U},(u-C2S4)] (2.951(1) A)
and [{(n3-1,3-(MesSi)2CsH3)UNu-C2S4)] (2.633(2) A).2633 The
carbon atoms in the C,S4H.* moiety have near-tetrahedral
geometries (14 = 0.96, with o = 113.38(15)°, 8 =112(3)°), and the
C—C bond length (1.543(8) A) is that of a C—C single bond.

Each molecule of CS,, therefore, has been reduced by three
electrons in order to form the C;S4H,* moiety. Two electrons
originate from the hydride bond into which CS; inserts, while
the third is transferred from the U(lll) center of 1, which oxidizes
to U(IV) in 2. This is further corroborated by the UV-vis/NIR
spectra of 1 and 2 (Figure S1). The spectrum of complex 1
contains higher intensity, broader NIR absorption features, in
line with a U(ll) center, compared to the numerous sharp, lower
intensity features indicative of a U(IV) species found in the
spectrum of 2.4445 The iridium oxidation state remains
unchanged, with a bridging hydride replaced with a bridging
sulfide.

2Cs,

red crystals, 34%

Scheme 1 Synthesis of (Cp'*™),U(u-H);IrCp* (1) and subsequent reactivity with CS, to form 2.
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Figure 3 ORTEP diagram of 2, with ellipsoids drawn at the 50% probability level.

Hydrogen atoms of the Cp* and "Cp ligands have been eliminated, and the

ligands have been wireframed for clarity. Selected bond distances (A) and angles

(‘%: U1-Ir13.1382(6), Ul—-Hp 2.41§6), Ul-Hy 2.51(8), Ir1-H, 1.59(6), Ir1-Hp 1.52(2),

gzlzgl %.(626;18(12), U1-S2 2.8204(12), Ir1-S2 2.3585(12), C1-C1' 1.542(9), S1-C1—
7. .

Additions of CO, were investigated for similar reactivity, but
the only metal-containing species observed was Cp*IrH;(CO), a
CO;, cleavage product observed in several other systems.?2

Calculations were carried out at the DFT level (B3PW91
functional including solvent and dispersion). Three different
spin states (Table S2) were considered for complex 1; a quartet
ground state was found to be lowest in energy, while the
doublet and sextet are significantly higher (16.0 and 61.4
kcal/mol, respectively). This quartet spin state is in line with the
presence of a U(lll) center and is corroborated by the unpaired
spin density plot (Figure S8). The optimized geometry of
complex 1 compares well with experiment; among others, the
U-Ir distance is well-reproduced (3.07 A vs. 3.03 A
experimentally) and the U-H and Ir—H distances are also
correctly described (see Figure S11 in ESI).

The mechanism of the formation of 2 from 1 was
investigated as well (Figure 4). The reaction begins by the CS;
insertion into the U—H-Ir three-center bond with a low
activation barrier (6.3 kcal/mol). At the transition state (TS), one

AH

G
(kcal.mol)

COMMUNICATION

sulfur atom binds to uranium to allow nucleophilic assistance
for CS; bending as well as disruption of the U—H interaction. This
forms an empty orbital at the carbon atom that is used to
abstract the hydride from iridium, yielding a thioformate
intermediate (-6.3 kcal/mol) that readily isomerizes by
coordinating the second sulfur to both uranium and iridium (—
30.2 kcal/mol). Interestingly, this intermediate (Intl) displays
radical character at carbon (Figure S8) although it is still a U(lIl)
complex in a quartet ground state. This prompted us to
investigate the radical coupling between two of these
intermediates to form 2 (Figure 4). A low-lying radical coupling
TS was found (Figure 4) with an associated barrier of 11.5
kcal/mol. This barrier height is expected for a radical coupling,
which must be rapid. Following the intrinsic reaction
coordinate, it yields complex 2 whose formation is exothermic
by 99.8 kcal/mol. The optimized geometry of 2 (Figure S10)
compares well to experiment. In particular, the U-S distances
are correctly reproduced (2.67 A (non-bridging) and 2.84 A
(bridging) vs. 2.66 A and 2.82 A experimentally) as well as the
short Ir=S distance (2.38 A vs. 2.36 A). As with 1, three different
spin states were computed, with the lowest energy found for
the quintet state. The unpaired spin density plot (Figure S9)
clearly shows the presence of two U(IV) centers in complex 2.

In conclusion, the heterobimetallic U-Ir trihydride 1 reveals
unprecendented reactivity by synergistically combining
uranium-driven reductive C—C coupling with the hydride
insertion typical of transition metals. This results in the
conversion of CS; to the novel C,S4H,* fragment, highlighting
the potential for new reactivity mediated by actinide/transition
metal hydride species. This could open new avenues in small
molecule activation and catalysis, enabling both electron and
hydride transfer processes within a single complex.

Figure 4 Computed enthalpy (Gibbs free energy in parentheses) profile for the formation of 2 from complex 1. Energies are given in kcal/mol.

This journal is © The Royal Society of Chemistry 20xx
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