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Transition-metal-bridged bimetallic clusters with
multiple uranium-metal bonds

GenfengFeng', Mingxing Zhang', Dong Shao @', Xinyi Wang', Shuao Wang?, Laurent Maron ©3*

and Congqing Zhu®™

Heterometallic clusters are important in catalysis and small-molecule activation because of the multimetallic synergistic
effects from different metals. However, multimetallic species that contain uranium-metal bonds remain very scarce due to the
difficulties in their synthesis. Here we present a straightforward strategy to construct a series of heterometallic clusters with
multiple uranium-metal bonds. These complexes were created by facile reactions of a uranium precursor with Ni(COD), (COD,
cyclooctadiene). The multimetallic clusters’ cores are supported by a heptadentate N,P, scaffold. Theoretical investigations
indicate the formation of uranium-nickel bonds in a U,Ni, and a U,Ni, species, but also show that they exhibit a uranium-ura-
nium interaction; thus, the electronic configuration of uranium in these species is U()-5f26d". This study provides further
understanding of the bonding between f-block elements and transition metals, which may allow the construction of d-f hetero-

metallic clusters and the investigation of their potential applications.

ultimetallic molecules are of great interest because of
I\/\ their fascinating structures and multimetallic synergistic

effects for catalysis and small molecule activation'~”. Both
biological nitrogen fixation and industrial Haber-Bosch ammonia
syntheses, for example, are thought to utilize multimetallic cata-
lytic sites*”. Meanwhile, the chemistry of uranium-metal bonds has
also attracted many theoreticians and experimentalists'®'?, partly
because uranium exhibits intriguing properties in both catalysis
and energy'’*. Recently, Mazzanti and co-workers reported nitro-
gen functionalization by a multimetallic diuranium(1r) species®.
However, multimetallic diuranium species that contain uranium-
metal bonds remain undeveloped due to the absence of an efficient
synthetic strategy.

The first known complex to contain a uranium-metal bond was
reported in 1987 by Sternal and Marks®, but research on this chem-
istry was dormant for two decades and has only recently begun to
be revived*—**. Heterobidentate ligands are typically used to stabilize
transition metal-metal bond species®*, and are also effective for
the synthesis of complexes with supported uranium-metal bonds.
Two typical examples are the phosphinoamide ligand (I in Fig. 1a)
with a rigid nitrogen-phosphorus scaffold”” and the diphenylphos-
phine-substituted aryloxide ligand (II in Fig. 1a) with an oxygen-
phosphorus scaffold®>*. These ligands are useful in the synthesis of
heterobimetallic complexes with uranium-metal (Co, Ni, Pd, Pt and
Rh) bonds. Significantly, Arnold and co-workers reported a novel
synthetic route for a uranium-cobalt bond, which was generated
by photolysis of an isocarbonyl species with a heptadentate NP,
scaffold (III in Fig. 1a)*. These ligand scaffolds, however, support
only one uranium-metal bond and the oxidation state of uranium
in these species is +1v.

Here we report a straightforward strategy to construct a series
of unprecedented multimetallic bridged clusters with four or six
uranium-metal bonds by employing a new heptadentate N,P, scaf-
fold* with three rigid nitrogen-phosphorus units (IV in Fig. 1a).

This study offers a new opportunity to investigate d—f heteromul-
timetallic clusters with multiple uranium-metal bonds for small-
molecule activation and catalysis.

Results and discussion

Synthesis and structural characterization. Complex 1 (Fig. 1b),
a trilithium salt, was easily prepared in a nearly quantitative
yield by the reaction of N[CH,CH,NHPPr,]; with three equiva-
lents of n-Buli in tetrahydrofuran (THF). The structure of this
lithiated product was fully characterized by NMR spectroscopy
(Supplementary Figs. 1-3), elemental analysis and X-ray crystallog-
raphy. After reacting complex 1 with uranium tetrachloride (UCl,)
at room temperature (r.t.), complex 2 was isolated as a brown solid
in a 59% yield after recrystallization from toluene at —30°C. The
'"H NMR spectrum of complex 2 exhibits a broad range of peaks
from 430 to —10ppm and is consistent with the spectra of other
tetravalent uranium complexes that contain tren-based ligands
(Supplementary Fig. 4)*“. The *'P NMR resonance of complex 2
(739.71 ppm, Supplementary Fig. 5) strongly shifted downfield
compared with that of complex 1 (70.98 ppm).

The molecular structure of complex 2 was determined by
single-crystal X-ray diffraction. As shown in Fig. 2a, complex 2
crystallizes with a three-fold symmetry, which is consistent with
the five resonances observed in its '"H NMR spectrum in solu-
tion (Supplementary Fig. 4). The uranium in complex 2 is eight-
coordinated to four nitrogen atoms, three phosphorus atoms and
one chlorine atom. This coordination pattern is slightly different
from that observed in the uranium complex that employs III as a
ligand®. In general, the bond lengths of the U-N, .40 U-N, e and
U-P bonds in complex 2 are similar to those previously reported for
uranium complexes with ligands I, IT and IIL.

With complex 2 in hand, we attempted to synthesize mul-
timetallic clusters with uranium-metal bonds. Treatment of 2
with one equivalent of Ni(COD), (COD, cyclooctadiene) at room
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Fig. 1| Synthesis of multimetallic bridged clusters. a, Representative ligands for supported uranium-metal bonds. b, Synthesis of the uranium precursor
2, the bimetallic bridged clusters 3-U,Ni,Cl, and 4-U,Ni, and the trimetallic bridged cluster 5-U,Ni;. The U-Ni bonds are shown in red. The green U atom

indicates uranium(iv) and the pink colour denotes uranium(i).

temperature (r.t.) in THF afforded the dark-brown, crystalline com-
plex 3-U,Ni,Cl, in a 46% yield (Fig. 1b). Using two or more equiva-
lents of Ni(COD), did not alter the reaction outcome. This complex
is an unusual example of a metal-bridged bimetallic cluster with four
uranium-metal bonds. The oxidation state of uranium in 3-U,Ni,Cl,
is +1v. Therefore, we explored reduction strategies to synthesize a
trivalent uranium-metal complex. A suspension of 3-U,Ni,Cl, and
two equivalents of potassium graphite (KC) was stirred at r.t. over-
night (Fig. 1b). Complex 4-U,Ni, was isolated as black crystals in a
35% yield after recrystallization from toluene at —30°C. The NMR
characterization of these d—f heterometallic clusters, 3-U,Ni,Cl, and
4-U,Ni,, was hindered by their poor solubility and, accordingly, ele-
mental analysis and powder X-ray diffraction were used to verify the
purities of the bulk samples (Supplementary Figs. 7 and 8).

The solid-state structures of 3-U,Ni,Cl, and 4-U,Ni, were
confirmed by X-ray crystallographic analyses (Fig. 2b,c), and the
structures feature a heterometallic U-Ni,~U core in which the two
uranium atoms are bridged by two transition metals. The UI1-Nil
bond length (3.086(4) A) in 3-U,Ni,Cl, is 10% longer than the sum
of the covalent radii for the uranium-nickel single bond (2.80 A)
(ref. ©). However, the U-Ni bond length is significantly shortened
after the reduction. The four U-Ni bond lengths in 4-U,Ni, have an
average length of 2.844(9) A (range of 2.688(9)-3.011(10) A), which
is close to the sum of the covalent single bond radii of uranium and
nickel (2.80 A). The bond lengths of U-N,,., (average of 2.278(2) A
in 3-U,Ni,Cl, and 2.281(6) A in 4-U,Ni,) and U-N, . (2.681(2) A
in 3-U,Ni,Cl, and an average of 2.684(6) A in 4-U,Ni,) are consis-
tent with those reported for uranium complexes with tren-based
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ligands*. These species feature transition-metal-bridged heterome-
tallic clusters with multiple uranium-metal bonds.

Two uncoordinated phosphorus atoms (P3 and P6 in Fig. 2c)
were observed in the solid state of 4-U,Ni,. In principle, complex
4-U,Ni, can react with Ni(COD), to generate a trimetallic-bridged
cluster, but our attempts in this regard were unsuccessful. To synthe-
size this species, a U(111) precursor was generated in situ by reducing
complex 2 with KC; at r.t. (Fig. 1b). The filtrate was treated with 1.5
equivalents of Ni(COD), in THF at r.t. overnight and then crystal-
lized at —30°C to yield the trimetallic-bridged diuranium cluster
5-U,Nij as black crystals in a 38% yield. The NMR characterization
of 5-U,Ni, was also hindered by its poor solubility and, accordingly,
the purity of the bulk samples was confirmed by elemental analy-
sis and powder X-ray diffraction (Supplementary Fig. 9). Complex
5-U,Ni, is extremely sensitive to air and moisture, but is relatively
stable in an inert atmosphere.

The molecular structure of complex 5-U,Ni, was confirmed
by single-crystal X-ray diffraction (Fig. 2d). The crystallographic
analysis revealed that the molecule crystallizes in a monoclinic sys-
tem with a C2/c space group. The average bond lengths of U-N, 4,
(2.242(10) A) and U-N__,.. (2.720(11) A) are consistent with those
reported for uranium complexes with tren-based ligands*. The
most salient structural feature of 5-U,Ni, is that the two uranium
atoms are connected by three nickel(0) atoms. The uranium-nickel
bond distances range from 2.775(3) to 2.967(2) A, which are close to
the bond distances of uranium-nickel observed in 4-U,Ni, (range
of 2.688(9)-3.011(10) A). These U-Ni distances are slightly longer
than those recently reported by Arnold and co-workers®. The high
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Fig. 2 | Molecular structures of 2, 3-U,Ni,Cl,, 4-U,Ni, and 5-U,Ni,. a-d, Solid-state structures of 2 (a), 3-U,Ni,Cl, (b), 4-U,Ni, (c) and 5-U,Ni, (d) by
X-ray crystallography with 50% probability ellipsoids. Solvent molecules, hydrogen atoms and isopropyl moieties in P'Pr, are omitted for clarity. The U-Ni
bonds are shown in red. Uranium(iv), dark green; uranium(in), pink; nickel, cyan; phosphorus, violet; nitrogen, blue; chlorine, light green; carbon, grey.

number of uranium-nickel bonds observed in 5-U,Ni, is notewor-
thy. We also tried to synthesize the corresponding bimetallic clusters
with multiple U-Pt bonds by using Pt(COD), or Pt(PPh,), as the
precursor’**¥. Unfortunately, no single crystals suitable for X-ray
diffraction are obtained as yet. Nevertheless, 3-U,Ni,Cl,, 4-U,Ni,
and 5-U,Ni, represent rare examples of transition-metal-bridged
clusters with multiple uranium-metal bonds.

Computational analysis. Density functional theory (DFT) calcu-
lations were used to elucidate the bonding in these multimetallic-
bridged clusters. Geometry optimizations were carried out on
3-U,Ni,Cl, assuming an oxidation state of +1v for the uranium
centres. The optimized geometry (B3PW91) is in good agreement
with the experimental geometry (in particular, the optimized U-Cl
and U-Ni distances are 2.9 A and 3.2 A, respectively, which agree
with the experimental average values of 2.890(7) A and 3.156(4) A).
Natural bonding orbital analysis was then used to analyse the bond-
ing. As expected, the formation of two strongly polarized U-ClI
bonds (92% Cl and 8% U) was observed, but, more interestingly, a
donor-acceptor interaction between Ni and U was found (donation
from a d orbital of Ni into a hybrid d/f orbital of U). This bond-
ing situation is corroborated by the Wiberg bond indexes (WBIs).
The two WBI values for U-Cl are 0.46 (for comparison, the U-N
ones are 0.40), and two U-Ni WBI values of 0.20 were also found,
which indicates the presence of a U-Ni interaction. A similar com-
putational procedure was applied to 4-U,Ni,. The uranium in this
complex initially appears to be U(111), and therefore a 5f configura-
tion is expected. The geometry was first optimized using small-core
(explicit treatment of the 5f electrons) relativistic core potentials in
either a septet or a quintet spin state. In this calculation, unexpect-
edly, the quintet was found to be lower in energy by 6.4 kcal mol™!
(0.28 V). This means that in all the geometry optimizations the
nickel atoms were found to exhibit a low-spin d® configuration.
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Before applying multireference calculations to understand this
intermediate spin state, the validity of the small-core DFT calcula-
tion was tested by fixing the felectron configuration using f-in-core
relativistic core potentials. Using this procedure (computational
details given in the Supplementary Information), a geometry
optimization was carried out assuming the expected 5f configu-
ration (that means, similar to the septet spin state as ferromag-
netic coupling is enforced with the fixed 5f core configuration).
Surprisingly, the optimized geometry did not match with the exper-
imental geometry at all (the U-Ni distances are 3.5 A, that is, 0.7 A
longer than the experimentally determined distance and the U-U
bond length is 4.6 A versus the experimental 4.248(1) A. The coor-
dinates of the optimized structure are given in the Supplementary
Information). Then, the geometry was optimized using the 5/
electronic configuration, and the optimized geometry agreed with
the experimental geometry (the computed average U-Ni distance
is 2.9 A versus 2.844(9) A experimentally and the U-U distance is
4.4 A versus the experimental 4.248(1) A). The molecular orbitals
obtained from the small-core calculations indicate the formation
of a U-U interaction in a four-centre bond (Fig. 3a). This bond is
formed using a s/d hybrid orbital from each U. This hybrid orbital
is built on a mixture of the 7s (coefficient of 0.262 in the molecular
orbital expansion) and the 6dz* (coefficient of +0.195 or -0.195,
depending on the U centre, to yield a bonding interaction). The
contribution from the Ni atoms to this highest occupied molecu-
lar orbital (HOMO) involves the 4s orbital (coefficient of 0.09 on
each Ni), which indicates that the main contribution comes from
uranium. This orbital is occupied by two electrons and results in a
U(111)-5%6d" configuration. The associated U-U WBI value is 0.20,
which is the same as that for U-Ni in 3-U,Ni,Cl,. The four U-Ni
WRBI values in 4-U,Ni, are between 0.35 and 0.40, so that it is simi-
lar to the U-CI interactions in 3-U,Ni,CL. The same holds true
when analysing the density from an f-in-core calculation.
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Fig. 3 | Highest doubly occupied molecular orbital of 4-U,Ni, and 5-U,Ni,. a,b, The HOMO indicates a U-U interaction in a four-centre bond in 4-U,Ni,
(a) and a five-centre bond in 5-U,Ni; (b). The colour code is the same as for Fig. 2.

DFT calculations were also used to elucidate the bonding in
5-U,Ni,. Geometry optimizations were carried out without symme-
try constraints with the same procedure applied as for 4-U,Ni, and
the optimized geometry was in good agreement with the experi-
mental data. The calculated U-N bond distances were found to aver-
age 2.32 A for the equatorial bonds and 2.70 A for the apical bonds,
which are in good agreement with the experimental bond lengths
(U-N, 4, average of 2.242(10) A and U-N,, .. of 2.720(11) A). The
optimized U-Ni distances were 3.05A on average, which was, due
to the lack of crystal packing effects in the calculation, slightly lon-
ger than the value (average 2.894(3) A) determined experimentally.
The molecular orbitals, from the small-core calculation, revealed
the formation of a U-U interaction in a five-centre bond (Fig. 3b).
This bond uses a s/d hybrid orbital from each U, which is occupied
by one electron to give a U(t11)-526d" configuration, and involves
the empty p, orbital on the three Ni centres. In the HOMO that is
depicted, a hybrid s/d orbital on uranium is formed (0.383 from 7s
and 40.274 or —0.274 from 6dz?, depending on the U centre) and
each of the Ni interacts through an empty p orbital whose coeffi-
cients are 0.08 each (in fact, it is 0.08 on each p,). The associated
U-U WBI value is 0.19, which is consistent with the bonding inter-
action found in the HOMO of the system. For comparison, the U-N
WBI values are 0.40 and the U-Ni WBI values are 0.27, which shows
that the U-U interaction is not weak. Therefore, these multimetal-
lic clusters, 4-U,Ni, and 5-U,Ni,, contain multiple U-Ni bonds and
also a U-U bonding interaction.

Magnetic and electronic absorption studies. Variable-temperature
magnetic measurements were performed with a superconducting
quantum interference device (SQUID) to elucidate further the elec-
tronic structures of these multimetallic-bridged clusters (Fig. 4a).
The magnetic moment of 3-U,Ni,Cl, at 300K (6.33 u;;) was found
to be higher than the theoretical magnetic moment for two inde-
pendent uranium(1v) centres with a 5f configuration (5.06 y;). The
magnetic moments of 3-U,Ni,Cl, exhibit a significant temperature
dependence, which decrease steadily to 1.39 y at 5K. The Curie and
Curie—Weiss constants for 3-U,Ni,Cl, are 6.95(8) cm®*Kmol~! and —
122(9) K, respectively (Supplementary Fig. 11). The negative Curie-
Weiss constant and the steadily descending curve of the magnetic
moment mainly result from the thermal depopulation of the Stark
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sublevels and the possible antiferromagnetic coupling®-*’. The mag-
netic moments of 4-U,Ni, (4.94 u;) and 5-U,Ni, (5.06 y;) at 300K
are slightly lower than the theoretical value for two independent
uranium(1ir) centres (5.12 ;). With decreasing temperatures, the
magnetic moments of 4-U,Ni, and 5-U,Ni, persistently decrease to
1.30 4 and 0.82 yy at 5K, respectively (Fig. 4a). In general, the mag-
netic moment for mononuclear U(111) species at low temperature is
usually larger than 1.0y (ref. *°). The smaller magnetic moments
for 4-U,Ni, (0.92 y;, per U) and 5-U,Ni; (0.58 y¢; per U) at 5K are
probably due to the U-U interactions and consequent intramolecu-
lar antiferromagnetic coupling, which is also in agreement with the
negative Curie-Weiss constants (Supplementary Fig. 11). Therefore,
the SQUID results are consistent with the theoretical analysis, which
proposes the U-U interactions in both 4-U,Ni, and 5-U,Ni,.

The ultraviolet-visible (UV-vis) absorption spectra of
3-U,Ni,Cl,, 4-U,Ni, and 5-U,Ni, were recorded in THF at r.t.
(Fig. 4b). All the multimetallic-bridged clusters displayed a broad
absorption from 300 to 900 nm, which corresponds with the black
crystals observed after recrystallization. The molar absorption coef-
ficients of 4-U,Ni, and 5-U,Ni, were significantly higher than that
of 3-U,Ni,Cl, from 300 to 500 nm. In addition, in the near-infrared
region, the uranium(1r) complexes display two absorption peaks
at 1,060nm (molar absorption coefficient (¢)=~108 M~'cm™)
and 1,178nm (e=~98M'cm™) for 4-U,Ni, (Supplementary
Fig. 13) and at 1,125nm (¢=~180M"'cm™) and 1,185nm
(e=~170M~'cm™) for 5-U,Ni, (Supplementary Fig. 14).

Conclusions
In summary, we report a straightforward strategy to construct a series
of transition-metal-bridged bimetallic clusters with multiple ura-
nium-metal bonds, which were supported by a heptadentate N,P,
scaffold with three rigid N-P units. The high number of uranium-
metal bonds observed in these heterometallic clusters is noteworthy.
Both experimental and computational analyses show that the oxida-
tion states of uranium in 4-U,Ni, and 5-U,Ni, are +111 and that the
electronic configurations of uranium in these species are U(111)-5£64".
This unique N,P; ligand provides an efficient platform for the
synthesis of multimetallic clusters with bonding between the f-block
elements and transition metals. This study offers new opportunities
to investigate the possible role of d-f heterometallic clusters with
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