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Cooperative chemistry between two or more metal centres can show enhanced reactivity compared to the
monometallic fragments. Given the paucity of actinide—metal bonds, especially those with group 13, we
targeted uranium()—aluminum() and —gallium() complexes as we envisioned the low-valent oxidation
state of both metals would lead to novel, cooperative reactivity. Herein, we report the molecular
structure of [(CsMes),(MesO)U-E(CsMes)], E = Al Ga, Mes = 2,4,6-MesCgH,, and their reactivity with
dihydrogen. The reaction of H, with the U(i)—-All) complex affords a trinydroaluminate complex,
[(CsMes)>(MesO)U(u,-(H)3)-Al(CsMes)] through a formal three-electron metal-based reduction, with
concomitant formation of a terminal U(iv) hydride, [(CsMes),(MesO)U(H)]. Noteworthy is that neither U(in)
complexes nor [(CsMes)All, are capable of reducing dihydrogen on their own. To make the terminal
hydride in higher yields, the reaction of [(CsMes),(MesO)U(THF)] with half an equivalent of diethylzinc
generates [(CsMes),(MesO)U(CH,CH3)l  or  treatment of [(CsMes),U()(Me)]  with  KOMes
[(CsMes)>(MesO)U(CH3)]l, which followed by hydrogenation with either complex cleanly affords
[(CsMes)>(MesO)U(H)]. All complexes have been characterized by spectroscopic and structural methods
and are rare examples of cooperative chemistry in f element chemistry, dihydrogen activation, and
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Introduction

Cooperative chemistry' between heterobimetallic complexes
has attracted attention for years as they demonstrate enhanced
and unique reactivity compared to monometallic complexes or
their fragments alone.>” This has traditionally been done with
an early transition metal, redox-inactive but highly Lewis acidic
metal such as zirconium(v) paired with a low-valent middle or
late transition metal such as cobalt,®*® iron,** or iridium.'?
While this reactivity is well-established with transition metals,"
the focus with f elements has been on the synthesis of new f
element-metal bonds,"*** with very little reactivity demon-
strated with these complexes.***” In fact, reports of metal-metal
cooperativity in f element chemistry are rare,*® while there are
examples of using transition metals to enhance or form unusual
moieties with f elements.***>>°
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stable, terminal ethyl and hydride compounds with an f element.

Group 13 compounds bonded to f elements are rare,**
especially with the actinides. In fact, only one actinide-boron
interaction with a 1,4-diborabenzene ligand,** one uranium-
aluminium bond," and two uranium-gallium bonds'** have
been previously reported. Recently, our group has been inter-
ested in the interaction of low-valent aluminium with high-
valent uranium and reported the reduction of a U(vi) bis-
(imido)  complex, [(CsMe;),U{=N(4-'PrOC¢H,)},],  with
[Al(CsMes5)], to yield a U(w)/Al(m) heterobimetallic complex,
[(CSMe5)ZU{uZ—{N(4—iP1rOC6H4)}»2}A1(C5Me5)].65 The complex
revealed a short U-Al distance of 3.071 A, but no molecular
orbital containing a metal-metal bond was found. Subse-
quently, we reported the uranium(m) complex heteroleptic
ligand framework, [(CsMes),(MesO)U(THF)], 1, Mes = 2,4,6-
Me;CqH,,** and have been investigating the reactivity of this
complex with small molecules.®”*® We surmised the addition of
[E(CsMes)],, E = Al, n = 4, Ga, n = 1, given their strong Lewis
basicity, could produce a metal-metal bonded species by
displacement of the THF solvent molecule and lead to an
unsupported U-E bond, and the combination of these low-
valent fragments would lead to more enhanced reactivity.

Herein, we report the successful conclusion to our hypoth-
esis of forming both U-Al, 2, and U-Ga, 3, bonds from 1. In
determining substrates to examine the reactivity of 2 and 3,
cooperative chemistry has been previously shown with
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dihydrogen activation with heterobimetallic transition metal
and main group complexes.®®*”” We demonstrate that the U-E (E
= Al, Ga) bonds reported here can activate dihydrogen, which
shows cooperativity as neither U(ur) complexes nor [(CsMes)Al],
reduce H, alone. In the case of U-Al, a trihydroaluminate is
formed as well as a mononuclear U(w) hydride complex, which
occurs due to the cooperation of both uranium(m) and alumi-
num(i) working in concert to reduce dihydrogen in a formally
three-electron reduction. In the case of U-Ga, only the U(w)
hydride is observed. Mechanistic investigations show that the
U(wv) hydride is mostly likely formed through hydrogenation of
a ‘tuck-in’ species, and not through reduction by U(m). Finally,
the characterization of the rare, kinetically and thermally stable,
terminal U(wv) hydride complex is reported through more effi-
cient syntheses.

Results and discussion

When 1 is reacted with 0.25 equiv. of [Al(C5Mes)], at 60 °C or one
equiv. of [Ga(CsMes)] in toluene at room temperature, coordi-
nation was observed, leading to complexes with uranium-
aluminium or -gallium bonds, [(CsMes),(MesO)UE(CsMes)], E
= Al, 2; Ga, 3. Heating of [Al(CsMes)], is known to break up the
tetramer to form the monomeric species in solution. We note
that the aryloxide complex, [(CsMes),(2,6-Bu,-4-MeCgH,0)U],”®
does not react with [Al(CsMes)], (at 60 °C) or [Ga(CsMes)] after
stirring overnight, leaving only starting material present in the
"H NMR spectrum, presumably due to insufficient access to the
metal centre from the steric bulk of the aryloxide ligand. Dark
brown-green, for 2, and black-green, for 3, crystals, suitable for
X-ray crystallographic analysis, Fig. 1, were obtained from
a saturated pentane solution at —14 °C.

Two unique molecules are in each unit cell of complex 2. In
each molecule, the geometry about the uranium centre is
pseudo-tetrahedral. One molecule has the two (CsMes)'™
ligands eclipsed and has a U-Al distance of 3.232(2) A, while the
other molecule has staggered (CsMes)'~ ligands and a U-Al
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distance of 3.201(3) A. This is slightly longer than the sum of the
covalent radii of U and Al of 3.17 A.” The U-O bond distances
are 2.179(5) A and 2.169(7) A, and the U-O-C(ipso) angles of
176.4(5)° or 177.9(9)°, respectively. While close to linear, U-O-
C(ipso) bond angles in uranium(um) aryloxides are typically
found in the 160-170° range.*® The Al-U-O angle is 100.37(15)°
and 96.7(3)° in 2a and 2b, respectively, and we observe no
interaction between the Al1 and O1 with a distance of 4.072(9) A
in 2a and 4.211(6) A in 2b.

The "H NMR spectrum for 2 shows two equivalent (CsMe;)" ™
resonances at —12.96 ppm, which is further upfield than
observed for many [(CsMe;s),U(X)(L)]', X = monoanionic
ligand, L = neutral donor ligand, complexes. For example,
complex 1 has a (CsMes)'~ resonance at —4.03 ppm, [(Cs-
Mes),(4-"BuCqH,O)U(THF)] is observed at —7.72 ppm, (Cs-
Mes;),U(1)(THF) is at —1.09 ppm.** These signals are similar to
the —12.87 ppm in (CsMe;),U(hpp), hpp = 1,3,4,6,7,8-hexahy-
dro-2H-pyrimido[1,2-a]pyrimidinato.®> The (Cs;Mes)'” reso-
nance on Al(1) was located at —10.45 ppm which is upfield
compared to [(CsH,SiMe;);UAI(CsMes)] at —6.89 ppm.** The
ortho-methyl groups split in two singlets found at —14.45 and
—27.09 ppm, and the para-methyl group of the mesityl
substituent appears at +4.31 ppm. These resonances are similar
to those found in 1 with the ortho- and para-methyl groups
observed at —16.00 ppm and +2.97 ppm, respectively. Further-
more, the meta-hydrogens also split in 2 into two singlets at 7.54
and 10.79 ppm. This indicates restricted rotation of the mesityl
group in solution due to (CsMej5)Al coordination.

In 3, the geometry is also best described as pseudo-
tetrahedral. The U-Ga bond of 3.1709(9) A in 3 is at the limit
of the sum of the covalent radii of U and Ga of 3.18 A.” The U-
Ga bond is longer than the 3.0648(12) A in [(CsH,SiMe;);-
UGa(CsMes)],** but shorter than U-Ga bonds of 3.2115(8) and
3.2983(9) A in the two molecules obtained in the asymmetric
unit of a single crystal of [[TREN™%)U{Ga(NArCH),(THF)}],
TREN™S [N(CH,CH,NSiMe;);], Ar = 2,6-Pr,C¢H;.
Commensurate with the shorter U-Ga bond distance, the O-U-

Fig. 1 Thermal ellipsoid plot of 2 (left) and 3 (right) shown at the 50% probability level. The hydrogen atoms have been omitted for clarity.
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Ga angle is more acute at 95.97(11)°. The Ga1-O1 distance is
also quite long at 4.022(4) A, hence no interaction is taking
place.

The difference in U-E bond distances can be traced to their
respective E-centroid distances. In 2a and 2b the distances are
indistinguishable at 1.895 and 1.899 A, respectively, while the
Ga-centroid distance in 3 is ~0.1 A longer at 1.984 A. Because of
this longer E-centroid distance in 3, the (CsMes)'~ group on
(CsMes)Ga has greater flexibility in positioning itself towards
the uranium centre. Therefore, a shorter bond distance is
observed in 3, despite Ga(i) being a weaker Lewis base than Al().

At room temperature, no evidence of an equilibrium between
1 and [(CsMe;)Ga] is observed, and only 3 is found in solution.
The two (CsMes)"~ coordinated to uranium have resonances at
—11.02 ppm as a broad singlet, while the (CsMes)'~ for Ga(i)
appears at —5.64 ppm. In addition, the mesityl ring is
symmetric with only one resonance for the ortho-methyl groups
at —18.76 ppm, the para-methyl group at +3.86 ppm, and one for
the meta-hydrogens at +8.53 ppm. However, when we performed
an NMR titration experiment as done with [(Me;SiCsH,);U] and
[(CsMes5)Ga], an equilibrium is observed over all temperatures
examined (213-333 K), Fig. S7,} with a coalescence temperature
around 260 K. This should allow us to extract thermodynamic
data based on the chemical shift measurements, but the data
obtained did not align with previous literature reported values
for the enthalpy and entropy, so this system is more compli-
cated than previous homoleptic systems examined. However,
the qualitative observations that a soft donor such as [(CsMes)
Ga] outcompetes THF is unexpected, as well as only two
equivalents of [(CsMes)Ga] are needed to form the metal-metal
bonded complex versus 10 equivalents with [(Me;SiCsH,);U]
indicates the unique features of this ligand environment.

Bonding analysis of both 2 and 3 were examined using
density functional theory. For the U-Al complex, the calculated
U-O distance of 2.17 A is identical to the crystal structure, while
the U-Al distance of 3.202 A, compares well with the experi-
mentally determined lengths of 3.232(2) or 3.201(3) A in 2. The

Fig. 2
isosurface).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Natural Bond Orbital (NBO) analysis found a dative U-Al bond
(Fig. 2) that is 20% uranium sd-character and 80% aluminium
sp-character, with a Mayer bond order of 0.58. No other bonding
NBOs involving the uranium were seen in the U-Al complex.
The U-Ga complex has a similar calculated U-O distance, also
at 2.17 A, and a U-Ga distance of 3.188 A, similar to the
experimental length of 3.1709(9) A in 3. However, the NBO
analysis for the U-Ga complex did not find any bonding NBOs
involving uranium. Instead, we find a lone pair NBO on the
gallium that is primarily Ga 4s, shown in Fig. 2 (red isosurface).
Note that NBOs correspond to Lewis-like bonds and lone pairs.
One way to assess the role non-Lewis contributions to the
bonding is to estimate donor-acceptor interactions via second-
order perturbation analysis in the NBO basis. We find that the
dominant contribution to the second-order energy is due to the
donation of the lone pair NBO on gallium to a lone valence NBO
on uranium (E, = 64 kcal mol '), shown in Fig. 2 (green iso-
surface). This uranium lone valence NBO is relatively delo-
calized and extends over the cavity region created by the
(CsMe;)' ™ and aryloxide ligands.

Reactivity with H,

Next, we examined the reactivity of 2, Scheme 1, and 3, Scheme
2, with dihydrogen. Treatment of 2 with 1 atm H, at 60 °C
results in the formation of a red coloured solution. Crystals
suitable for X-ray crystallography were grown to reveal a trihy-
drido-bridged complex, [(CsMes),(MesO)U(p,-(H)z)-Al(CsMes)],
4, Fig. 3. Complex 4 is the result of a formal three-electron
metal-based reduction of 1.5 equivalents of H, with two elec-
trons from Al(1) oxidation to Al(m) and one electron from U(ur)
oxidizing to U(wv). An important note is that [(CsMe;)Al], does
not react with H, alone,®#®* thus the formation of 4 is via
cooperation between the U(u) and Al(1) metal centres.

The structure of 4 is a rare example of an actinide hydro-
aluminate complex.®*®* It is noteworthy that the hydrides were
not modelled but located in the Fourier map and refined. The
U-H1, U-H2, and U-H3 distances of 2.33(3), 2.22(3), and 2.25(3)

(Left) U-Al dative bond from NBO analysis and (Right) Ga 4s lone pair (red isosurface) donating to an empty U valence orbital (green

Chem. Sci, 2023, 14,12255-12263 | 12257
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Scheme 2 Reaction of 1 with [(CsMes)Gal and the resulting complex,
3, with Ha.

A, respectively, are consistent with other bridging uranium
hydride complexes.** Complex 4 has Al-H bond distances of
1.57(3), 1.54(3), and 1.59(3) A. The U-O distance of 2.1519(16) A
is similar to other U(v)-aryloxide complexes previously reported.
The U-Al distance shortened from 3.201(3) A or 3.232(2) A in 2
to 2.907 A in 4, but no NBOs were observed between U and Al
Three NBOs between U and each H with approximately 30% U
(10-30% 7s with the rest evenly split between 6d and 5f) and
70% hydrogen bonding character were found.

To explore the mechanism in the formation of 4 we investi-
gated the reaction of 1 with H,. This reaction is slow at room
temperature, but goes to completion after 12 hours at 60 °C. The
"H NMR spectrum of the reaction mixture showed two products
with one resonance at 272.8 ppm, similar to other terminal U(wv)
hydrides previously described by Marks and co-workers.* Thus,
we postulated the complex to be [(CsMes),(MesO)U(H)], 5.
Indeed, when crystals suitable for X-ray diffraction analysis were
grown from a saturated Me;SiOSiMe; solution at —45 °C, the
unit cell matched that of the Zr analogue containing a terminal
hydride.” This result is surprising as there is little known about
the reduction of H, with the actinides, and nearly all known
hydride complexes are formed via hydrogenolysis, protonolysis,
or the result of Si-H bond activation.”” To our knowledge,

12258 | Chem. Sci, 2023, 14, 12255-12263
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Fig. 3 Thermal ellipsoid plot of 4 shown at the 50% probability level.
Only the hydrogen atoms bridging between U1 and All are shown for
clarity.

besides reduction of H, with uranium metal to form UH3,”® the
only molecular examples of H, reduction are a U(u) complex,
[K(2.2.2-cryptand)][(Me;SiCsH,);U] has been reported to reduce
H, to form the U(m) hydride complex, [K(2.2.2-cryptand)]
[(Me;3SiCsH,);U(H)].** Likewise, the Th(u) complex, [K(18-crown-
6)][{(SiMe;),CsH3};Th] with H, results in a mixed-valent thor-
ium(ui/iv) hydride complex.®® Hence, a highly reducing divalent
actinide centre has been shown in the past to reduce dihy-
drogen. Even more surprising is that a stirring solution of
[(CsMes),U(H),] in toluene releases one equivalent of hydrogen
with concomitant metal-based reduction to form U(uu).***

For comparison, reaction of the U-Ga complex, 3, with H, was
conducted to afford a red coloured solution with black precipi-
tate. From the "H NMR spectrum, the only uranium-containing
product based on paramagnetically shifted resonances were
those consistent with 5, Scheme 2. In addition, resonances for
CsMe;sH were also observed, thus we conclude that the precipitate
was Ga metal. This is the consequence of a heterolytic cleavage of
H, with the hydride forming with the electropositive uranium(wv)
centre, while the proton is delivered to the (CsMe;)"~ anion. This
difference in reactivity is due to the redox potential of monovalent
Al and Ga: Al(1) being more favourable to oxidize to Al(m), while
Ga(1) is more easily reduced to Ga(0) in the presence of U(m) as
well as thermal instability of gallium hydrides. This is not
surprising given the propensity for Ga(i) to disproportionate when
undergoing reaction chemistry.”'* However, in either case, the
group 13 metal cooperates with uranium to form a U(w) hydride.

With the knowledge that 1 can react with H, to form 5, we
treated 5 with a species that might feasibly be generated from 2
and H,, the trimeric [(CsMes)Al(H),]3,'** which yielded 4 quan-
titatively, Scheme 1. As mentioned, a second product is
observed in the "H NMR spectrum of the reaction of 1 with H,,
with approximately the same ratio. Four resonances ina 2:2:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2:2 pattern, characteristic of a THF ring-opened n-butanolate
complex, [(CsMes),(MesO)U(OCH,CH,CH,CHj3;)], 6, were found
and we explored the possibility of the byproduct involving the
coordinated THF in 1. Complex 6 can be independently
synthesized by oxidizing 1 with half an equivalent of I, to form
[(CsMes5),(MesO)U(1)], 7, followed by salt metathesis with
KO"Bu. The "H NMR spectrum of this product showed identical
resonances to those found in the byproduct of 1 with H,. Hence,
the reduction of H, by 1 forms [(CsMes),(MesO)U(X)], X = H, 5,
and O"Bu, 6. We note a recent report by the Anwander group of
a lanthanide aluminate complex showing ring-opening of
THF.* Complexes 6 and 7 were also structurally characterized
by X-ray crystallographic analysis, Fig. $19.}

To examine the kinetics of the reaction of 1 with H,, a valved
NMR tube charged with 1 atm H, or D,, a solution [(CsMes),(-
MesO)U(THF)] in benzene-de, was heated to 60 °C. The reaction
was observed by taking the "H NMR spectrum every 30 minutes
for 5 hours. The disappearance of [(CsMes),(MesO)U(THF)] pro-
ceeded with first-order or pseudo-first order behaviour. Lowering
the pressure of dihydrogen from 0.5 atm and then 0.25 atm did
not affect the value of ks for the reaction. The reaction showed
a minimal kinetic isotope effect, 1.07(1) ky,/kp,, and addition of
THF (50 : 50 mixture with benzene-ds) did not change the kops.
These observations suggest the rate limiting step is possibly an
internal rearrangement of [(CsMes),(MesO)U(THF)], most likely
through a ‘tuck-in’ intermediate,'**~**® which have been proposed
as intermediates in C-H bond activation as well as structurally
isolated in thorium'” and uranium chemistry.'®**"* Hence,
rather than a reduction of H,, this is most likely a hydrogenation-
type reaction. While it does not fit our kinetic data, we cannot
rule out the possibility of a bimetallic reaction similar to that
observed with Zr.'*?

108-

Synthesis of U(v) hydride

Next, we turned our attention to the U(v) hydride, 5, since, while
terminal hydrides are known,""'**'*” they are not well charac-
terized. A higher yielding synthesis of the hydride was desired
since the hydride is formed in addition to other byproducts in
the reaction of 2 and 3 with H,. Reaction of 1 with half an

\ WO
; \Ulll"\o \ 0.5 ZnEt, é vy
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equivalent of ZnEt, leads to the U(wv) ethyl complex, [(Cs-
Me;),(MesO)U(CH,CHj3)], 8, Scheme 3, in quantitative yield by
"H NMR spectroscopy (94% crystalline yield) and can be readily
separated from Zn metal. We also isolated the methyl complex,
[(CsMes),(MesO)U(CH3)], 9, by treatment of [(CsMes),-
U(CH;)(D]*** with KOMes. The 'H NMR spectrum of each
complex are similar with a (CsMes)' ™ resonance at 4.31 ppm
and 4.41 ppm for 8 and 9, respectively, and a characteristic peak
at —182.76 ppm for the methylene of the ethyl group and
—183.1 ppm for the methyl. Crystals suitable for X-ray crystal-
lographic analysis were grown from a saturated pentane solu-
tion at —45 °C. While terminal ethyl complexes of the f elements
have been reported,'*>***"*% this is the first solid-state struc-
ture determination of an ethyl complex with an actinide
and a rare example of an f element complex containing a -
hydrogen. We do not observe any B-hydride elimination with 8,
and it is stable at room temperature. Complexes 8 and 9 show
the typical pseudo-tetrahedral geometry (Fig. 4). The U-C(ethyl)
bond distance of 2.42(1) A and U-C(methyl) bond length of
2.474(3) A are similar to other U-C(alkyl) complexes such as
2.424(7) and 2.414(7) A in (CsMes),U(CH3),."**

Hydrogenation of 8 or 9 leads to the clean formation of 5 in
high yield (Scheme 3). While 5 was shown to be isostructural
with the zirconium analogue having a terminal hydride, we
wanted to investigate the hydride more closely. When 8 or 9 are
reacted with D,, a resonance in the *H NMR spectrum at
264.6 ppm is observed, similar to the 272.8 ppm observed in the
'"H NMR spectrum. However, we do see several resonances in
the >H NMR spectrum, indicating that scrambling is occurring
into the (CsMes)' ™ and aryloxide ligands. This is well known to
occur in (CsMes)'™ ligated systems®°® and it is thought to
occur through a ‘tuck-in’ intermediate,'**'* thus providing
further evidence for our ‘tuck-in’ mechanism in the reaction of
[(CsMes5),(MesO)U(THF)] with H,, which showed first-order
kinetics. We see no evidence of an additional species in the
'H or ?’H NMR spectra, which we would expect if a monomer-
dimer equilibrium was occurring which is the case for
[(CsMes),U(H)], and [(CsMes),U(H)].°®® In the IR spectrum, an
absorption at 1384 cm ™" is observed which we assign to the U-H

4 WO
\Ulv'

121-123

H, (1 atm)
g CgDg, RT, 12 h
~~THF ~
- THF R -HR (é H
-0.5Zn
1 R=Et,8 5
Me, 9
+ KOMes | - KI

s

Scheme 3 Synthesis of terminal alkyl, [(CsMes),(MesO)U(R)], R = Et, 8; Me, 9, and hydride, [(CsMes),(MesO)U(H)], 5, complexes.
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Fig. 4 Thermal ellipsoid plot of 8 (left) and 9 (right) shown at the 50% probability level. The hydrogen atoms have been omitted for clarity.

stretch, which is similar to other literature values as well as that
absorption being absent in the deuteride spectrum.** An
absorption with medium intensity at 1017 cm™" is observed in
the IR spectrum which is close to the ~1000 cm ' that is
anticipated based on the reduced mass, and we therefore assign
this to the U-D stretch. These U-H and U-D stretching
frequencies are similar to the 1395 cm™ ' and 1015 cm™*,
respectively, reported in [(CsH,Bu);U(H)]."*® When 5 is treated
with CCl,, the formation of CHCl; is observed in the 'H NMR
spectrum. If stored in a glove box at —25 °C, complex 5 is stable
for weeks. This evidence establishes complex 5 to be a thermally
and kinetically stable, U(wv) terminal hydride complex.

Conclusions

The synthesis of uranium-metal bonded complexes, [(CsMes),(-
MesO)UM(CsMes)], M = Al, Ga, has been reported. When treated
with H,, the U-Al compound forms a trihydroaluminate complex
along with a U(wv) hydride. In the case of the U-Ga complex, Ga()
is reduced to Ga metal while the hydride migrates to make the
same U(wv) hydride previously observed with the U-Al complex,
and the proton from H, forms CsMes;H. These are rare examples
of dihydrogen activation with a uranium complex as well as
observing cooperative chemistry between a metal and an f
element. We further investigated the formation of the U(w)
hydride through kinetic and isotopic labelling studies, which
indicate that the reaction of 1 with H, is not a reduction of H,,
but most likely the result of a hydrogenation reaction of a U(w)
tuck-in complex. Further, we found a higher yielding synthesis of
the hydride through hydrogenation of a rare ethyl complex,
formed from the alkylation with ZnEt,. We continue to search for
new examples of cooperative chemistry with our uranium-metal
bonded systems, and hope this report inspires further
dihydrogen-based activation in f element chemistry.
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