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ABSTRACT: Reduction of IU(NHAr™), (Ar™® = 2,6
(2,4,6-Pr;C¢H,),C¢H;) results in a rare example of a
U(II) complex, U(NHAr"™),, and the first example that is
a neutral species. Here, we show spectroscopic and
magnetic studies that suggest a 5f*6d° valence electronic
configuration for uranium, along with characterization of
related U(III) complexes.

Recent exploration into the available oxidations states of
uranium has led to discovery of U(II) complexes.' * So
far, two motifs have been reported, and surprisingly, these have
had differing valence electron configurations. In the tris-
(cyclopentadienyl) systems reported by the Evans group, the
geometry of the complex enforces a S$f°6d' electron
configuration.' In the tris(aryloxide)—arene system reported
by Meyer, a 5f*6d° electronic configuration was determined.”

It has been established that low valent uranium species can
be stabilized through interactions with arenes.”>~'* Shown
recently, steric bulk of terphenyl substituents might be ideal to
protect the large radius of uranium."® We found that terphenyl
substituents bound through an amide adopt an orientation that
allows uranium—7°-arene interactions. In fact, the complexes
prepared are rare examples of uranium bis(arene) sandwich
complexes.'® In this study, investigations were done using the
amide HNAr"™, where Ar'™ = 2,6-(2,4,6-'Pr;C¢H,),C4H;, as a
ligand.'”"®

Reaction of ULy(THF), with two equivalents of NaNHAr""
in diethyl ether results in a dark purple solution of
IU(NHAr"™®), (1). In the solid state, 1 is approximately C,-
symmetric (Figure 1). The two amide nitrogens, uranium, and
iodide reside in a plane with the sum of the angles between
these ligands totaling 359.9(1)°. Additionally, one triisopro-
pylphenyl group from each amide substituent is #°-bound to
uranium along the axis of an approximate trigonal bipyramidal
structure. The U-=N—C bond angles and U—N bond lengths
are all consistent with monoanionic amide ligands. The quality
of the data obtained in the crystal structure allowed location
and refinement of the N—H hydrogen positions.

The solid-state structure of 1 incorporates an equivalent of
solvent of crystallization when prepared from either ether or n-
hexane. From ether, the arene attached to N(1) has a U-
centroid distance of 2.788(1) A and the arene attached to
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Figure 1. Synthesis of 1 and structure of [U(NHAr"),-hexane from
X-ray diffraction. Hydrogens on carbon are not shown. Solvent not
shown for clarity. Selected metrical parameters: U—N distances (A):
2.390(3), 2.372(3). U—Ar(centroid) (A): 2.777(1), 2.790(1). U-N—
C (deg): 137.5(2), 135.6(2).

N(2) 2.897(1) A. Crystals grown from n-hexane have similar
U-centroid distances at 2.790(1) and 2.776(1) A. These
relatively large changes due to solvent identity suggest shallow
potential energy surfaces describing the U—arene interaction.

Ambient temperature '"H NMR spectroscopy only shows
signals for solvent of crystallization. However, on cooling the
solution to —30 °C, the expected number of signals for the C,-
symmetric molecule become distinguishable between +87 and
—82 ppm, consistent with fluxionality of the arene substituents.
Compound 1 was also investigated with absorption spectros-
copy in the visible and near-infrared. A large absorption in the
visible region along with broad but distinct f—f transitions in
the near-infrared are consistent with the assignment of 1 as a
U(III) species (vide infra)."

Abstraction of iodide from 1 with silver or sodium salts did
not give clean products. However, reduction of 1 with excess
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KCq in THF (Figurg 2) results in generation of a deep green
solution of U(NHAr"™), (2). Uranium(II) complex 2 is stable
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Figure 2. Synthesis of 2 and structure of U(NHAr"™), - THF from X-
ray diffraction. Hydrogens on carbon not shown. Solvent in the lattice
is not shown for clarity. The molecule resides on a crystallographic 2-
fold axis. Selected metrical parameters: U—N distance (A): 2.330(2).
U—Ar(centroid) (A): 2.405(1). U-N—C (deg): 130.26(2).

both in the solid-state and in solution, especially in comparison
to previous U(II) reports."

The structural data of 2 were also of high enough quality to
locate and refine the N—H hydrogen. The U-N—C angle is
130.2(2)°, consistent with an amide and more acute than any
reported terminal uranium—imido bonds.”° Further, the U-N
bond distance of 2.330(2) A is consistent with the assignment
of N1 as a monoanionic amide ligand, U-NHAr"".

The geometries of 1 (Figure 1) and 2 (Figure 2) are
substantially different. The U(II) compound 2 crystallizes as a
C,-symmetric molecule with only half of the molecule
occupying the asymmetric unit. On reduction, the U—arene
centroid bond distances shorten significantly, from an average
of 2.843(1) A in 1 to 2.405(1) A in 2. This contraction is
consistent with increased backbonding between U(II) and
arene. From 1 to 2, the (arene centroid)—U—(arene centroid)
angle decreases from 158.785(2)° to 134.240(9)°, respectively.
Additionally, the N—U—N angle decreases from 149.92(7)° in
1 to 99.22(11)° in 2. Analysis of the C—C bond lengths in the
coordinated arene of 2 shows an avg. C—C bond length of
1.415(4) A. This is essentially unchanged from both 1 (avg.
C—C 1.402(5) A) and from free H,NAr"™®>'

The 'H NMR of 2 displays sharp signals at room
temperature, with no detectible fluxionality; this, too, is
consistent with a stronger interaction between uranium and
arene 7-system in 2 relative to 1. Complete assignment of the
NMR spectrum of 2 was complicated by large paramagnetic
shifts, but the number of peaks is consistent with a C,-
symmetric molecule with static U—arene bonds on the NMR
time scale containing diastereotopic methyl groups within the
iso-propyl substituents.

Absorption spectroscopy in the visible to near-infrared on 2
in ether is mostly featureless except for a strong absorption at
400 nm and a very broad absorption at ~600 nm. The

spectrum of 2 is similar to that observed by the Meyer group
for their uranium(II) species.” The absorptions in this region,
when present, are generally assigned to f—f transitions. The
absence of noticeable features in the near-infrared for the U(II)
complex may be indicative of higher bonding participation of
the f-orbitals in 2, which would be expected to lead to peak
broadening as the f-orbitals hybridize with other valence
orbitals and interact with ligand orbitals. In addition, the Evans
group notes intense transitions due to 6d to 7*/5f excitations
consistent with their proposed 6d'Sf configuration; these
intense absorptions are absent from our spectrum of 2.
Reaction of 2 in ether with [FeCp,][BArF,,] (Figure 3)
results in a rapid color change from green to brown and
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Figure 3. Synthesis 3 and structure of [U(NHAr"),][BArF,,]-OEt,
from X-ray diffraction. Hydrogens on carbon are not shown. A solvent
molecule in the lattice and counterion are not shown for clarity. At the
bottom are space filling structures of uranium(III) complexes
IU(NHAr"), (1) (left) and [U(NHAr"),]* (3) (right). Selected
metrical parameters for 3: U—N distances (A): 2.283(6), 2.282(6).
U—Ar(centroid) (A): 2.573(3), 2.583(3). U-N—C (deg): 133.5(5),
131.6(5).

production of uranium(III) [U(NHAr"®),][BArF,,] (3),
where BArF,,” = B(3,5-(CF;),C¢H;),~. The metrical param-
eters of 3 are intermediate between 1 and 2. The distances
between the uranium and 7%-arene centroids are 2.570(3) and
2.583(3) A. The (arene centroid)—U—(arene centroid) and
N—U—-N angles also fall between those of 1 and 2 at 145.8(1)°
and 111.2(2)°, respectively. The uranium arene distances in 1
seem to be affected by the large radius of the iodide, which
seems to pry apart the bulky Ar' ™ groups when compared with
the cationic 3 (Figure 3, bottom).

The ‘H NMR spectrum of 3, contrary to 1, does not show
fluxionality in the uranium-—arene interactions. It is worth
mentioning, however, that 3 was insoluble in many common
solvents. To solubilize 3, we used THF-dg, and the compound
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reacts with this solvent slowly. Surprisingly, dissolving 3 in
toluene resulted in a color change from brown to bright red.
The uranium(III) cation apparently decomposes in this
solvent; however, attempts at characterization of the products
yielded colorless crystals containing the BArF,,” anion with an
unresolvable cation, as well as crystals of H,NAr'"™, In fact, 3 is
unstable under most conditions. Even when isolated as crystals
and kept in an inert atmosphere at 238 K, samples of 3
decompose in just a few days.

The X-band EPR spectrum of 1 collected at 6 K (Figure 4a)
shows well-resolved peaks at g = 5.17 and g = 4.56 that are

a) IU(NHArP®),
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Figure 4. EPR spectra of (a) IU(NHAr'™), (1) and (b)
[U(NHAr"®),][BArF,,] (3). Measurement parameters for both
spectra were: microwave frequency = 9.40 GHz, microwave power
0.79 mW; field modulation amplitude = 1 mT; and sample
temperature = 6 K.

better shown in the inset. These were the only peaks resolved
over a field range that extended from S0 to 850 mT (g = 13 to
g =0.8). While broad features at higher fields were observed in
our spectra (Figure 4a), they could not be distinguished from
typical baseline distortions that remain after subtracting
background contributions.

No EPR response was detected for 2 in either perpendicular
or parallel detection modes at 6 K. Absence of a signal here
supports our assignment of 2 as a U(II) species with neutral
arene substituents.

The EPR spectrum of 3 collected at 6 K is provided in
Figure 4b and shows a broad peak at g = 4.3 with a shoulder at
g = 3.6. A resonance with a narrower line shape was also
resolved at ¢ = 2.003. The resonance at g = 2.003 is unusual
because its narrow line shape makes it unlikely that it arises
from the U(III) paramagnetic center. This signal was observed
in three separate preparations of 3 that were carried out in two
different solvents. It is possible that oxidation of 2 resulted in a
species best described as a U(III) center, but with a small
contribution of U(II) and ligand radical, or a small
contribution from solvent radical. The EPR spectra of 1 and
3 bear a modest resemblance to those reported for a series of
tris(cyclogentadienyl)U(IH) complexes by Lukens and co-
workers.”* However, in that study, the low-field features of the
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EPR spectrum were resolved over a g-value range from 3.0 to
2.4, as opposed to the g = 5.2—4.3 range found for 1 and 3.
The significance of these differences in terms of the electronic
structure of the actinide ion will require further investigation.

Solution state magnetic susceptibility studies were carried
out on 2 using the Evans method. The resulting temperature
dependent paramagnetism was determined in 10 K intervals
from 299 to 219 K in dg-toluene with hexamethyldisiloxane as
a reference. At room temperature, the effective magnetic
moment value of 2 is 0.78 cm® K mol™" (p. = 2.50), which
decreases slightly to 0.72 cm® K mol™" (u.4 = 2.40) at 219 K.

Solid-state magnetic properties of 1—3 were also probed by
SQUID magnetometry (Figure 5). While the magnetic
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Figure S. Temperature dependence of the magnetic susceptibility for
1-3, collected at 5000 Oe.

moments for 1 and 3 are significantly different, both are in
the range for previously reported U(III) complexes,”'**’ see
the SI for more details. The magnetic susceptibility for the
divalent species, 2, at 300 K is yT = 0.67 cm® K mol™ (p o5 =
2.32). Upon decreasing the temperature, the yuT value
decreases monotonically until ~100 K, where the decrease
becomes more dramatic; at 2 K, y,T = 0 cm® K mol™" (p.q =
0). The temperature dependent profile of 2 tracks lower in the
solid state than in solution. Differences observed between
solution and solid-state behavior are common given the very
different environments. For the one other U(II) species where
magnetic studies were done in solution and the solid state, the
solid state susceptibilities also tracked lower than the solution
values.” The solid-state behavior is similar to what was
observed for previously published U(II) complexes, although
the downturns for the other U(II) complexes are observed at
lower temperatures (~15—20 K) compared to 2.>* Similar to
the other two complexes reported previously, the magnetic
susceptibility approaches 0 cm® K mol™ (u.s = 0) at low
temperature, suggestive of an integer spin system where spin—
orbit coupling leads to a ground state singlet. This agrees with
the absence of an EPR signal in 2. While not diagnostic, the
temperature profile for 2 is qualitatively similar to Meyer’s
U(II) complex (Figure S14).2

In summary, the Ar’™™ ligands allowed isolation of a neutral
U(II) complex, U(NHAr"®), (2), where the large arenes act
as n°-donors toward the metal center. Analysis of 2 by visible-
NIR absorption spectroscopy, SQUID magnetometry, and
EPR spectroscopy are consistent with a S5f'%6d° electron
configuration. EPR spectroscopy and magnetometry studies
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clearly display integer spin properties expected from a U(II)
center. This suggests that the 3-fold symmetrical tris-
(cyclopentadienyl) coordination environments employed by
the Evan’s group may impart the unexpected S£6d" electronic
configuration in [U(Cp)3]_.l’3’4 In addition, two uranium(III)
complexes with NHAr"™ ligands were prepared, IU-
(NHAr"), (1) and [U(NHAr"),]* (3). The uranium(II)
complex has metrical parameters consistent with much
stronger U—arene interactions than these U(III) complexes,
presumably due to stronger metal—arene backbonding in the
lower oxidation state.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.8b10888.

Synthetic details, spectra (NMR, absorption, EPR), and
magnetic property details (PDF)
Crystallographic data (CIF)

H AUTHOR INFORMATION

Corresponding Authors
*odom@chemistry.msu.edu
*mccracken@chemistry.msu.edu
*boncella@lanl.gov
*shores@colostate.edu

ORCID

Brennan S. Billow: 0000-0002-7560-9369
Brooke N. Livesay: 0000-0002-8549-9458
Charles C. Mokhtarzadeh: 0000-0002-2515-4669
Matthew P. Shores: 0000-0002-9751-0490
James M. Boncella: 0000-0001-8393-392X
Aaron L. Odom: 0000-0001-8530-4561

Notes

The authors declare no competing financial interest.

CCDC deposition numbers 1870051, 1870052, 1870053, and
1870054 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.
ccde.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

B ACKNOWLEDGMENTS

B.S.B. acknowledges support from the DOE Office of Science
Graduate Student Research (SCGSR) program. J.M.B.
acknowledges support from the DOE Office of Science
through the Heavy Element Chemistry program for X-ray
crystallography and spectroscopy at LANL as well as Materials
and supplies for B.S.B. We thank the National Science
Foundation for financial support (CHE-1562140 for A.L.O.
and B.S.B; CHE-1800554 for M.P.S. and B.N.L). We thank Dr.
R. F. Higgins for helpful conversations on uranium magnetism.
A.L.O. and B.S.B. thank Remi Beaulac for helpful discussion
and use of his UV—vis-NIR instrument.

B REFERENCES

(1) MacDonald, M. R.; Fieser, M. E.; Bates, J. E; Ziller, J. W,;
Furche, F.; Evans, W. J. Identification of the + 2 Oxidation State for
Uranium in a Crystalline Molecular Complex, [K(2.2.2-Cryptand)]-
[(CsH,SiMe;);U]. J. Am. Chem. Soc. 2013, 135, 13310—13313.

(2) La Pierre, H. S.; Scheurer, A.; Heinemann, F. W.; Hieringer, W;
Meyer, K. Synthesis and Characterization of a Uranium(II)
Monoarene Complex Supported by §-Backbonding. Angew. Chem.,
Int. Ed. 2014, 53, 7158—7162.

(3) Windorff, C. J.; MacDonald, M. R.; Meihaus, K. R; Ziller, J. W.;
Long, J. R; Evans, W. J. Expanding the Chemistry of Molecular U**
Complexes: Synthesis, Characterization, and Reactivity of the
{[CH;(SiMe;),]5U}~ Anion. Chem. - Eur. J. 2016, 22, 772—782.

(4) Huh, D. N.; Ziller, J. W.; Evans, W. J. Chelate-Free Synthesis of
the U(II) Complex, [(CsH;(SiMe;),);U]'", Using Li and Cs
Reductants and Comparative Studies of La(Il) and Ce(II) Analogs.
Inorg. Chem. 2018, 57, 11809—11814.

(S) Cesari, M.; Pedretti, U,; Zazzetta, Z.; Lugli, G.; Marconi, W.
Synthesis and structure of a s-arene complex of uranium(III) -
aluminum chloride. Inorg. Chim. Acta 1971, 5, 439—444.

(6) Cotton, F. A; Schwotzer, W. Preparation and structure of
[U,(CeMeg),CL]%, the first uranium(IV) complex with a neutral
arene in #°-coordination. Organometallics 1985, 4, 942—943.

(7) Baudry, D.; Bulot, E.; Ephritikhine, M. Pentadienyl, cyclo-
hexadienyl, and arene uranium borohydride complexes. J. Chem. Soc,
Chem. Commun. 1988, 1369—1370.

(8) Van der Sluys, W. G; Burns, C. J.; Huffman, J. C.; Sattelberger,
A. P. Uranium alkoxide chemistry. 1. Synthesis and the novel dimeric
structure of the first homoleptic uranium(III) aryloxide complex. J.
Am. Chem. Soc. 1988, 110, 5924—5925.

(9) Atliguie, T.; Lance, M.; Nierlich, M.; Vigner, J.; Ephritikhine, M.
Inverse cycloheptatrienyl sandwich complexes. Crystal structure of
[U(BH,),(OC,Hy)s][(BH,);U([u-n","-C;H;)U(BH,);]. ]. Chem.
Soc., Chem. Commun. 1994, 847—8438.

(10) Diaconescu, P. L.; Arnold, P. L.; Baker, T. A.; Mindiola, D. J.;
Cummins, C. C. Arene-Bridged Diuranium Complexes: Inverted
Sandwiches Supported by 6-Backbonding. . Am. Chem. Soc. 2000,
122, 6108—6109.

(11) Evans, W. J.; Kozimor, S. A,; Ziller, J. W. [(CsMes),U][(u-
Ph),BPh,] as a four electron reductant. Chem. Commun. 2005, 4681—
4683.

(12) Bart, S. C.; Heinemann, F. W.; Anthon, C.; Hauser, C.; Meyer,
K. A New Tripodal Ligand System with Steric and Electronic
Modularity for Uranium Coordination Chemistry. Inorg. Chem. 2009,
48, 9419—-9426.

(13) Halter, D. P.; Heinemann, F. W.; Maron, L.; Meyer, K. The role
of uranium—arene bonding in H,O reduction catalysis. Nat. Chem.
2017, 10, 259.

(14) Li, J.; Bursten, B. E. Bis(arene) Actinide Sandwich Complexes,
(7°-C4H3R;),An: Linear or Bent? J. Am. Chem. Soc. 1999, 121,
10243—10244.

(15) Boreen, M. A.; Parker, B. F.; Lohrey, T. D.; Arnold, J. A
Homoleptic Uranium(III) Tris(aryl) Complex. J. Am. Chem. Soc.
2016, 138, 15865—15868.

(16) Arnold, P. L.; Farnaby, J. H; Gardiner, M. G.; Love, J. B.
Uranium(III) Coordination Chemistry and Oxidation in a Flexible
Small-Cavity Macrocycle. Organometallics 2015, 34, 2114—2117.

(17) Schiemenz, B.; Power, P. P. Synthesis of Sterically Encumbered
Terphenyls and Characterization of Their Metal Derivatives
Et,0LiC¢H;-2,6-Trip, and Me,SCuC¢H;-2,6-Trip, (Trip = 2,4,6-i-
PryCgH,). Organometallics 1996, 1S, 958—964.

(18) Gavenonis, J.; Tilley, T. D. Synthesis and Reactivity of Alkyl,
Hydride, and Silyl Derivatives of the (Terphenyl)imido Fragments
Cp*(ArMesN)Ta (Cp* = 5°-CyMes; ArMes = 2,6-(2,4,6-
Me;C¢H,),C¢H;) and Cp*(ArTripN)Ta (ArTrip = 2,6-
(2,4,6-PryC¢H,),C4H,). Organometallics 2004, 23, 31—43.

(19) Cantat, T.; Scott, B. L.; Morris, D. E.; Kiplinger, J. L. What a
Difference a Sf Element Makes: Trivalent and Tetravalent Uranium
Halide Complexes Supported by One and Two Bis 2-(diisopropyl-
phosphino)-4-methylphenyl amido (PNP) Ligands. Inorg. Chem.
2009, 48, 2114—2127.

(20) Cambridge Structural Database. November 2016 ed., Version
5.38.

DOI: 10.1021/jacs.8b10888
J. Am. Chem. Soc. 2018, 140, 17369—17373



Journal of the American Chemical Society

Communication

(21) Twamley, B.; Hwang, C. S.; Hardman, N. J; Power, P. P.
Sterically encumbered terphenyl substituted primary pnictanes ArEH,
and their metallated derivatives ArE(H)Li (Ar = -CgH;-2,6-Trip,;
Trip = 2,4,6-triisopropylphenyl; E = N, P, As, Sb). J. Organomet.
Chem. 2000, 609, 152—160.

(22) Lukens, W. W.; Speldrich, M; Yang, P.; Duignan, T. J;
Autschbach, J.; Kogerler, P. The roles of 4f-and Sf-orbitals in bonding:
a magnetochemical, crystal field, density functional theory, and multi-
reference wavefunction study. Dalton Transactions 2016, 45, 11508—
11521.

(23) Franke, S. M.; Tran, B. L.; Heinemann, F. W,; Hieringer, W.;
Mindiola, D. J; Meyer, K. Uranium(III) Complexes with Bulky
Aryloxide Ligands Featuring Metal-Arene Interactions and Their
Reactivity Toward Nitrous Oxide. Inorg. Chem. 2013, 52, 10552—
10S5S8.

17373

DOI: 10.1021/jacs.8b10888
J. Am. Chem. Soc. 2018, 140, 17369—17373



