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ABSTRACT: Uranium compounds supported by redox-active T
o-diimine ligands, which have methyl groups on the ligand .',’ Multi-slectron Reduction by U(IV)
backbone and bulky mesityl substituents on the nitrogen atoms . Sl i
{(MeDABM® = [ArIN=C(Me)C(Me)=NAr], where Ar = 2,4,6- i % ) S O P "5 T
trimethylphenyl (Mes)}, are reported. The addition of 2 equiv _ “® 7 ™ '”' ,§_',-fu\" _%‘ ?:NT"'; u{-Nj
of M*DABM® 3 equiv of KCg and 1 equiv of UL(THE), = % * "% e W I ¥

produced the bis(ligand) species (M*DAB™®),U(THF) (1). % - u(v) )
The metallocene derivative, Cp,U(M*DAB™*) (2) , was gener- "e""”:" a-Diine

gands
ated by the addition of an equimolar ratio of M*DAB™* and
KCg to Cp3U. The bond lengths in the molecular structure of both species confirm that the a-diimine ligands have been doubly
reduced to form ene-diamide ligands. Characterization by electronic absorption spectroscopy shows weak, sharp transitions in the
near-IR region of the spectrum and, in combination with the crystallographic data, is consistent with the formulation that tetravalent
uranium ions are present and supported by ene-diamide ligands. This interpretation was verified by U Ly-edge X-ray absorption
near-edge structure (XANES) spectroscopy and by variable-temperature magnetic measurements. The magnetic data are consistent
with singlet ground states at low temperature and variable-temperature dependencies that would be expected for uranium(IV)
species. However, both complexes exhibit low magnetic moments at room temperature, with values of 1.91 and 1.79 up for 1 and 2,
respectively. lTodomethane was used to test the reactivity of 1 and 2 for multielectron transfer. While 2 showed no reactivity with
CH;], the addition of 2 equiv of iodomethane to 1 resulted in the formation of a uranium(IV) monoiodide species,
(MeDABM®) (MEDABM?)UI {3; M*DABM®* = [ArN=C(Me)C(Me,)NAr]}, which was characterized by single-crystal X-ray
diffraction and U My- and Ms-edge XANES. Confirmation of the structure was also attained by deuterium labeling studies, which
showed that a methyl group was added to the ene-diamide ligand carbon backbone.

B INTRODUCTION

Late transition metals readily participate in numerous chemi-
cal transformations currently exploited for use in industrial and
pharmaceutical processes. Two-electron oxidative additions are
often invoked as key steps in many of these reaction pathways.

reducing equivalents must come from multiple uranium centers
to accomplish two-electron oxidative addition, resulting in the
addition of substrate to both uranium centers.

While multielectron processes have been observed for highly
electron-rich uranium centers, such as cleavage of the N=N

While this valuable reactivity is common for many d-block
elements, it is not typically available to the f-block metals.
Instead, for most lanthanides and actinides capable of redox
chemistry, such as uranium, one-electron processes occur. As a
result, oxidative addition chemistry analogous to that observed
with late transition metals has only been observed sporadically
with uranium.' Seminal studies have demonstrated the oxidative
addition of alkyl halides by uranium(I1I) species through radical
processes,” > while more recent examples have shown that high-
valent uranium (V) dimers are also capable.® In these examples,
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double bond in azobenzene to form uranium(VI) bis(imido)
species,” this type of electron transfer chemistry is less
common and difficult to access.'* 2 Recently, however, it has
been shown that combining the reactivity of redox-active ligands
with that of trivalent uranium facihtates the transfer of
two or more electrons to a substrate."* > For examzple, the
dimeric uranium(III) complexes supported by CgHg™,'¢™'®
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Figure 1. Uranium o-diimine complexes reported by Kiplinger et al.*’
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MeC¢Hs> " CoHs”,"® C4He>,*® and BPh, ,*° and the
monomeric species supported by 2,2"-bipyridine*** all com-
prised of arene ligands that house one electron per uranium
center. In combination with reducing equivalents from the
uranium, these species have been shown to react as potent
multielectron reductants toward small molecules.'”**** In
general, this reactivity relies on ligands that have energetically
low-lying lowest unoccupied molecular orbitals (LUMOs),
where electrons can be stored and transferred in discrete steps.
The advantage of these frameworks is that they provide control
for avoiding unwanted side reactions,” stabilize reactive species,
and allow redox-inactive metals to engage in electron-transfer
chemistry.”* Recent advances have shown that redox-active
ligands can control radical chemistry at readily available and
inexpensive metals, transformin§ them into viable reagents for
organometallic catalysis.'>'***~2¢

While the use of redox-active ligands sugoporting trivalent
uranium is documented in the literature, %%’ using redox-
active ligands with tetravalent uranium ions has only been
recently explored. Gambarotta et al. have demonstrated the
redox activity of the 1,3-bis(methylaryliminatobenzene) ligand
through synthesis of a family of reduced uranium complexes.”® In
these studies, crystallography was paired with computation to
show that electrons were stored in the 77 system of the ligand.
Kiplinger et al. synthesized the first example of actinide com-
pounds bearing t-diimine ligands by isolating uranium(III) and
uranium(IV) compounds with reduced 1,2-bis[ (2,6-diisopropyl-
phenyl)imino Jacenaphthylene (dppBIAN; Figure 1) ligands.”
The bis(ligand) species, (dppBIAN),U, features a tetravalent
uranium center with two dianionic ligands in both solution and
the solid state, whereas the tetrahydrofuran (THF) analogue,
(dppBIAN),U(THF), was found to show variance in its oxida-
tion state due to solvent coordination. This species has a
trivalent uranium center, with one dianionic and one mono-
anionic ligand in the solid state but in solution behaves more like
its base-free counterpart, with two dianionic dppBIAN ligands
supporting a uranium(IV) center. These compounds proved to
be highly reactive, and the preliminary studies showed that the
compounds were only stable under very controlled conditions
and readily decomposed to form complicated mixtures of
products.

We set out to explore the reactivity of uranium complexes
supported by the o-diimine ligand, M*DAB™®, for multielectron-
transfer chemistry (V**DAB™® = [ArN=C(Me)C(Me)=NAr],
where Ar = 2,4,6-trimethylphenyl (Mes); note that the label
MeSDABM® is used for both resonance structures of the ligand).
Because this ligand has a simple C—C backbone rather than the
conjugated framework associated with dppBIAN, we propose
that these ligands can better maintain the accessibility of the
stored electrons for oxidative addition given that the area for

delocalization is much smaller. Additionally, we reasoned that
MesDABM® may provide additional stability from deleterious side
reactions associated with dppBIAN. Herein we report the
synthesis of M**DAB™* uranium(IV) species and their character-
ization by "H NMR and X-ray absorption spectroscopies, as well
as X-ray crystallography and magnetometry. The reactivity of
these species for multielectron activation of alkyl halides and full
characterization of the subsequent products are also reported.

B EXPERIMENTAL SECTION

General Considerations. All air- and moisture-sensitive manip-
ulations were performed using standard Schlenk techniques or in an
MBraun or Vacuum Atmospheres inert-atmosphere drybox with an
atmosphere of purified nitrogen. The MBraun drybox was equipped
with a cold well designed for freezing samples in liquid nitrogen as well as
two —35 °C freezers for cooling samples and crystallizations. Solvents
for sensitive manipulations were dried and deoxygenated using literature
procedures with a Seca solvent purification system.”” The toluene used
for X-ray absorption near-edge structure (XANES) measurements was
dried using sodium benzophenone, vacuum distilled, and degassed by
three freeze—pump—thaw cycles. Benzene-ds was purchased from
Cambridge Isotope Laboratories, dried with molecular sieves and
sodium, and degassed by three freeze —pump —thaw cycles. Polystyrene
(PolySciences Inc.) was acquired as 3.0 Micron Dry Form and dried
under vacuum (103 Torr) for 24 h. Elemental analyses were performed
by the microanalytical laboratory at the University of California—
Berkeley, in Berkeley, CA, and Midwest Microlab, LLC, in Indianapolis,
IN. NaCp (2.0 M in THF), naphthalene, and sodium were purchased
from Sigma Aldrich and used as received. Methyl iodide and methyl-d;
iodide were purchased from Sigma Aldrich, dried over CaCl,, and
vacuum transferred before use. UlLy(THF)4> potassium graphite,31
D,4-CuCl,Cs,,** M*DAB™®** and the UO,>* XANES standard (UO;
and H, at 400 °C) were prepared according to literature procedures. The
tetravalent [NEt,],[UCls] XANES energy standard was synthesized
from a reaction between 2 equiv of [NEt,][Cl] and UCl, in THF, while
the pentavalent [NEt,][UClg] standard was synthesized by refluxing
[NEt,],[UO,Cl,] in thionyl chloride. Both molecular standards were
characterized by single-crystal X-ray diffraction prior to analysis by
XANES spectroscopy.

'"H NMR spectra were recorded on a Varian Inova 300 spectrometer
operating at 299.992 MHz. All chemical shifts are reported relative to the
peak for SiMe, using "H (residual) chemical shifts of the solvent as a
secondary standard. For paramagnetic molecules, the "H NMR data are
reported with the chemical shift, followed by the peak width at half-
height in hertz, the integration value, and, where possible, the peak
assignment. The spectra for paramagnetic molecules were obtained
using an acquisition time of 0.5 s; thus, the peak widths reported have
errors of +2 Hz. Electronic absorption spectroscopic measurements
were recorded at 294 K in THF in sealed 1 cm quartz cuvettes with
aJasco V-670 spectrophotometer. The mass spectrometry (MS) spectra
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were obtained on a Thermo Scientific LTQ_Velos with an attached
electrospray ionizer. The sample was diluted in acetonitrile and was
infused at S #L/min with 3.5 kV ionization potential. MS/MS analysis
was carried out in the linear ion trap with a variety of different collision
energies.

XANES samples were prepared in a helium-filled glovebox, and the
U Lyj-edge (M*DAB™*),U(THF) (1) and Cp,U(M*DAB™*) (2) sam-
ples were loaded into two nested aluminum sample holders equipped
with Kapton windows. One set of windows was glued on, and one set was
sealed with indium wire. The sample holder was shipped under helium in
a sealed container that was opened at the beamline, immediately
attached to the coldfinger of a liquid-N, cryostat, and quickly evacuated
(107 Torr). The XANES measurements were conducted at the
Stanford Synchrotron Radiation Lightsource (SSRL) under dedicated
operating conditions (3.0 GeV, 5%, 100 mA) on end station 10-2. A
single energy was selected from the white beam with a liquid-N,-cooled
double-crystal monochromator utilizing Si[220] crystals. The crystals
were run fully tuned, and a flat platinum-coated mirror, tilted to have a
cutoff energy of 20—22 keV, was used to eliminate harmonics. The room
temperature (294 K) and low-temperature (77 K) measurements were
calibrated to the energy of the first inflection point of a yttrium foil
(17 032.08 eV), whose spectrum was measured within the same scan as
the uranium analyte using the transmitted portion of the beam. The
spectra were measured in the fluorescence mode using a Lidle detector
and the transmission data measured using an ion chamber positioned
after the sample. Dead times were set at ~1.2 us. Using an in-house
program, the averaged spectra were normalized to a per-atom basis by
offsetting the spectrum so that the value of a polynomial fit through the
preedge region equaled zero at 17 185 eV and then scaled so that the
value of a polynomial fit through the postedge region equaled unity at
this same energy. The exact position of the inflection point of the rising
edge in each spectrum was determined by calculation of the first and
second derivatives of the data.

The U M;s- and My-edge XANES samples were prepared by finely
grinding the analyte (0.010 g) with polystyrene beads (0.120 g) to obtain
ahomogeneous mixture that contained, by mass, 8% analyte as described
previously.*® An aliquot of this mixture (0.020 g) was transferred to a vial
that contained polystyrene (0.060 g), and this new diluted mixture was
ground for 2 min to achieve small and finely divided particles. An aliquot
of this mixture (0.060 g) was transferred to a vial, and toluene
(0.400 mL) was added. The mixture was stirred with a glass rod until
the polystyrene dissolved, and the mixture was transferred intoa § x 11
% 4 mm well that had been bored into an aluminum block and fastened
to a piece of Teflon backing. The toluene was allowed to evaporate for 48
h under the helium atmosphere of the glovebox, at which point the
Teflon backing was removed, leaving a robust film fixed within the
aluminum block. Spectra were collected in a chamber, similar to that
previously described,>**® with the exception that the entire chamber was
isolated from the beam pipe by a beryllium window and that the I,
compartment was separated from the sample compartment by a 15 um
polypropylene film. The room temperature U M;- and M,-edge XANES
spectra were recorded at SSRL using the 54-pole wiggler beamline 6-2
with a nickel-coated harmonic rejection mirror and a Si(111) double
crystal monochromator that had been detuned by 50% (3150 V). Data
were collected under vacuum (10~ ° Torr), and the sample excitation
fluorescence was measured against the incident beam using pairs of
backward-facing International Radiation Detector XUV100-type photo-
diodes coated with 1000 A of aluminum. The photodiodes were closely
spaced so that a 1—2-mm-wide beam passed between them, and the
incident beam intensity was measured as the scatter off of the poly-
propylene window. The fluorescence from the sample was measured by
an identically configured photodiode pair, which was mounted facing the
sample at normal incidence to the oncoming beam. These detectors
were sensitive to fluorescence over a wide solid angle because of their

close proximity to the sample (S mm). The energy calibrations for the CI
K-edge X-ray absorption spectroscopy (XAS) were repeatedly con-
ducted between spectra and were based on the maximum of the first pre-
edge feature in the Cl K-edge XAS of D,;-Cs,CuCly at 2820.20 V. For
all XANES measurements, the exact position of the inflection point of
the rising edge in each spectrum was determined by calculation of the
first and second derivatives of the data.

Magnetic data were collected using a Quantum Design Magnetic
Property Measurement System (MPMS-7) with a reciprocating sample
option at 0.1 T from 2 to 300 K and at 2 K from 0 to 7 T. The MPMS-7
was calibrated to the nearest 107> emu using a palladium standard.
Silylated, predried, and hardened gelatin capsules were used to hold the
samples for measurement. The capsules were pretreated for 48 h with
hexamethyldisilazane vapor followed by drying under a dynamic vacuum
at 100 °C for 24 h. Analytically pure samples were massed to the nearest
0.1 mg in an inert-atmosphere (N,) drybox using a calibrated and leveled
Mettler-Toledo AL-204 analytical balance. The loaded capsules, en-
closed in drinking straws for measurement, were transferred to the
MPMS under an inert atmosphere and immediately loaded into the
measurement chamber with three purge cycles. Corrections for the
intrinsic diamagnetism of the compounds were made using Pascal’s
constants.”” Measurements were made in duplicate on independently
synthesized samples to verify the gross magnetic behavior of the
compounds.

Single crystals for X-ray diffraction were coated with poly-
(isobutylene) oil in a glovebox and quickly transferred to the goniometer
head of a Rigaku Rapid II image-plate diffractometer equipped with a
MicroMax002+ high-intensity copper X-ray source with confocal optics.
Preliminary examination and data collection were performed with Cu
Ko radiation (4 = 1.541 84 A). Cell constants for data collection were
obtained from least-squares refinement. The space group was identified
using the program XPREP.*® The structures were solved using the
structure solution program PATTY in DIRDIFF99.* Refinement was
performed on a LINUX PC using SHELX-97.%® The data were collected
at a temperature of 150(1) K.

Synthesis of (MeSDABMe)zU(TH F) (1). A 20 mL scintillation vial
was charged with 0.317 g (0.350 mmol) of UI;(THF), and THF. During
stirring, a THE solution of 0.224 g (0.700 mmol) ™*DAB™* was added,
immediately followed by 0.142 g (1.05 mmol) of KCq. After stirring for
3 h, the solvent was removed from the dark-orange-brown solution in
vacuo. Ether was added, and the solution was filtered over Celite to
remove graphite and KI. The filtrate was concentrated and cooled to
—35 °C to crystallize out any unreacted M**DAB™* ligand. The solution
was decanted and dried under vacuum to afford (M*DAB™*),U(THF)
(1) as an orange-brown solid. The free ligand can be difficult to remove,
lowering the yield. Thus, an alternative synthesis is presented.

Alternative Synthesis for 1. A 20 mL scintillation vial was charged
with 0.020 g (0.883 mmol) of sodium and THF. During stirring, a
catalytic amount of naphthalene (0.002 g, 3 mol %) and 0.142 g (0.442
mmol) of M*DAB™® was added, affording a red solution. This was
stirred for 1 h or until all of the sodium was consumed. The red solution
was added to 0.200 g (0.221 mmol) of UL;(THF), in THF (blue
solution) and stirred for 3 h, followed by removal of the solvent in vacuo.
The residue was taken up in an ether/pentane mixture and filtered over
Celite, producing an orange-brown filtrate. The solvent was removed
under vacuum to afford 1 as an orange-brown solid. Dark-orange crystals
were obtained by recrystallization from pentane/ether (10:1) at —35 °C
(0.199 g, 0.208 mmol, 94%). X-ray-quality single crystals were obtained
under the same conditions. Elem anal. Calcd for C4sHgN,OU: C,
60.62; H, 6.70; N, 5.89. Found, C, 60.77; H, 6.51; N, 5.81. "H NMR
(C,Dg, 25 °C): 6 —32.13 (281, 6H, CH;), —15.39 (221, 6H, CH;),
—8.56 (378, 6H, CH5), —3.10 (204, 8H, ArH and CH;), —1.67 (222,
8H, ArH and CH3), 8.45 (204, 6H, CHy), 13.50 (18, 2H, ArH), 22.83
(187,2H, ArH), 27.42 (258, 6H, CH3), 68.91 (202, 6H, CH;). "H NMR
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(C,Dg, —40 °C): 0 —85.07 (25.7, 2H, THE-CH,), —58.56 (228, 2H,
THF-CH,), —37.98 (169, 6H, CH,), —30.88 (279, 2H, THF-CH,),
—25.59 (262, 2H, THF-CH,), —23.31 (242, 6H, CH;), —14.21 (193,
6H, CH,), —5.74 (124,2H, ArH), —5.19 (43, 6H, CH;), —3.11 (19, 6H,
CH,), —2.73 (44, 2H, ArH), 10.52 (26, 6H, CHy), 15.74 (34, 2H, ArH),
27.51 (89, 2H, ArH), 33.75 (185, 6H, CH;), 88.40 (605, 6H, CH;). 'H
NMR (C,Dg, —60 °C): & —93.52 (634, 2H, THE-CH,), —63.63 (481,
2H, THE-CH,), —40.47 (247, 64, CHs), —33.98 (276, 2H, THEF-
CH,), —26.94 (489, 8H, THE-CH, and CH;), —16.87 (285, 6H, CHs),
—7.46 (164, 2H, ArH), —6.13 (74, 6H, CH3), —3.81 (51, 8H, ArH and
CH,), 11.45 (39, 6H, CH;), 16.94 (49, 2H, ArH), 29.62 (182, 2H, ArH),
36.72 (300, 6H, CH3), 97.00 (848, 6H, CH).

Synthesis of CPZU(MQSDABme) (2). A 20 mL scintillation vial was
charged with 0.261 g (0.288 mmol) of UI;(THF), and THF. During
stirring, 0.089 g (1.01 mmol) of sodium cyclopentadienide (NaCp; 2 M
in THF) was added. An excess of this reagent was added to ensure that all
of the UL;(THF), reacted to produce Cp;U in situ. (Note: CpsU can
also be filtered at this point and isolated for future reaction.) If the excess
is not used, compounds 1 and 2 are made simultaneously. After 3 h, the
solution changed from blue to green with a white precipitate, and 0.092 g
(0.288 mmol) of M*DABM® and 0.117 g (1.75 mmol) of KCg were
successively added during stirring. After 3 h more, the solution color
changed from green to dark red-brown and was filtered over Celite to
remove KCp, Nal, and graphite. The volatiles were removed in vacuo. The
resulting solid was dissolved in a minimal amount of ether, transferred to a
scintillation vial, and cooled to —35 °C to crystallize out any unreacted
Mesp ABMe ligand. The mother liquor was decanted, transferred to a vial, and
dried under vacuum, affording Cp,U(™*DAB™*) (2) as a brown-red solid.
As is the case with 1, the free ligand can be difficult to remove, lowering the
yield. Thus, an alternative synthesis is presented.

Alternative Synthesis for 2. As described above, Cp;U was generated.
In parallel, a 20 mL scintillation vial was charged with 0.013 g (0.546
mmol) of sodium and THF. During stirring, a catalytic amount 0.002 g
(3 mol %) of naphthalene and 0.860 g (0.442 mmol) of M*DAB™* were
added, affording a red solution. This was stirred for 1 h or until all of the
sodium was consumed. This red solution was added to the previously
prepared green solution of Cp3U at room temperature. After 3 h, the
solution color changed from green to dark brown-red and the volatiles
were removed in vacuo. The residue was taken up in ether/pentane and
filtered over Celite to remove Nal and NaCp, yielding a brown-red
filtrate, which was dried under vacuum, affording 2 as a brown-red solid.
Dark-red crystals were obtained by recrystallization from pentane/ether
(10:1) at —35 °C (0.277 g 0.402 mmol, 91%). X-ray-quality single
crystals were obtained under the same conditions. Elem anal. Calcd for
CyHyN,U: C, 55.81; H, 5.56; N, 4.07. Found, C, 55.59; H, 5.55; N,
3.97. "HNMR (C¢Dg, 25 °C): 6 —40.73 (4, 6H, CH;), —19.87 (5, 6H,
CH;), —7.02 (3, 6H, CH3), —0.35 (S, 2H, ArH), 2.62 (2, SH, CpH),
12.53 (5, SH, CpH), 12.83 (S, 2H, ArH), 24.53 (4, 6H, CHs).

Synthesis of (M*DABM®)(M**DABM®?)UI (3). A 20 mL scintilla-
tion vial was charged with 0.146 g (0.153 mmol) of 1, a stir bar, and
toluene. While stirring, 19 #L (0.30S mmol) of iodomethane was added.
Upon addition, the orange suspension dissolved to form a brown solution
that was subsequently stirred for 1 h. A white solid precipitated during the
course of the reaction, and was removed by filtering the reaction mixture
through Celite. The filtrate was dried in vacuo to yield 3 as a brown solid
(0.132 g, 0.129 mmol, approximately 80%). Because of the difficulty in
removing the white solid, a reliable combustion analysis could not be
obtained. "H NMR (C¢Dy, 25 °C): 6 —45.71 (14, 6H, CHs), —15.79 (36,
3H, CH;), —12.22 (6, 3H, CH;), —11.63 (12, 3H, CH;), —5.94 (4, 3H,
CH3), —2.14 (3, 6H, CHs), 2.87 (3, 12H, p-CH; on M*DAB™*), 4.83 (36,
3H, CH; derived from CH;l/CD;], determined by deuterium labeling),
6.70 (6, 2H, ArH on M*DAB™M®?), 7.20 (4, 2H, ArH on M*DAB™*?), 7.84
(3, 6H, CH;), 16.95 (6, 3H, CHs), 46.63 (21, 4H, ArH on M*DAB™*),
53.04 (27, 3H, CH,).
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Figure 2. Variable-temperature "H NMR spectra for 1 in toluene-ds.

B RESULTS AND DISCUSSION

Synthesis of Uranium Derivatives. Initial experiments were
aimed at metalation of the 0t-diimine ligand, Mesp ABM®, followed
by reduction of the new uranium species to access the redox-
active nature of the ligands. A total of 2 equiv of M*DAB™® was
stirred with 1 equiv of UL;(THF), for 16 h in THF. After removal
of the solvent, analysis by '"H NMR spectroscopy confirmed that
no reaction had occurred, likely because the soft nitrogen donor
ligands are not suitable for such an electron-rich uranium center.
Because the neutral ligands would not create an isolable species,
metalation and reduction chemistry were attempted in a single
step. The addition of 2 equiv of M **DAB™® and 3 equiv of KCs to
UIL;(THF), resulted in an orange-brown solution after 3 h.
Following filtration and crystallization, the solid obtained was
assigned as 1 (eq 1) because very little free M*DAB™® was
recovered.

Analysis by "H NMR spectroscopy (benzene-ds) revealed a
paramagnetically shifted and highly broadened spectrum with 10
peaks ranging from —33 to +70 ppm, which is surprising given
that f* uranium complexes generally display narrower lines than
those observed for 1. At ambient temperature, the spectrum
shows eight resonances, consistent with inequivalent methyl
groups throughout the ene-diamide ligand. Further, these peaks
have integration values for six protons, indicating that the ligands
are in a C, arrangement in solution. The spectrum also shows two
resonances at 13.50 and 22.83 ppm that integrate to 2H,
assignable to the aryl groups of the ligand. The final two
resonances for these aryl groups expected at this temperature
are not visible because of overlap of two of the broad methyl
resonances. Those resonances for the THF ligand are broadened
into the baseline and are not visible at this temperature.

The extreme broadness of the spectrum of 1 is most likely due
to the dynamics of the compound in solution. To further
elucidate the "H NMR spectrum of 1, variable-temperature data
were collected from room temperature to —70 °C in 10 °C
increments (toluene-dg), and selected spectra are presented in
Figure 2 (a full chemical shift table and all variable-temperature
spectra are presented in the Supporting Information, Table S1
and Figures S1—S3). Upon cooling to 10 °C, the methyl
resonances begin to sharpen, making the two additional aryl
resonances visible between 0 and —4 ppm. They are practically
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baseline-resolved at 0 °C, and at —10 °C they begin to shift
upfield. At —20 °C, the aryl resonance on the right (—3.76
ppm at —10 °C) is completely obscured by the adjacent methyl
peak at —4.44 ppm and, upon reaching —40 °C, now appears on
the other side of the methyl peak. At —60 °C, the aryl resonance
between 0 and —2 ppm displays similar behavior and is now
completely obscured by its adjacent methyl peak, remaining
there even at —70 °C.

Cooling the samples also makes the resonances for the THF
ligands visible. At —30 °C, the broad resonances for the
coordinated THF peaks begin to appear in the baseline. Four
distinct peaks are observed at —40 °C at —25.59, —30.88,
—58.56, and —85.07 ppm and become larger in intensity as the
sample is cooled. At —60 °C, the resonance at —25 ppm shifts
slightly to —26.94 ppm and is fully obscured by a methyl peak
moving in an upfield direction. The other THF resonances
between —60 and —80 ppm shift upfield during the change to
low temperature.

Ar

Ar o] Ar
N tol ‘N ‘
= oluene "
2 I + Ul(THF)y + 3KC; — o N M
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\ -3Kl N /
Ar Ar Ar

Ar= ggj% 1

The synthesis of a uranium complex with cyclopentadienyl
ligands was attempted to determine the extent of reduction of a
1:1 uranium-ene-diamide complex. Unsubstituted cyclopenta-
dienyl ligands were used as supporting ligands and were meta-
lated via salt metathesis. The addition of 3.5 equiv of NaCp to a
stirring solution of UI;(THF), in THF resulted in a white
precipitate (Nal) and a green solution assigned as Cp;U. An
excess of NaCp was necessary to ensure that all of UI;(THEF),
was consumed, preventing the formation of 1 during subsequent
reduction. After workup, a single resonance was visible by 'H
NMR spectroscopy, supporting the formation of Cp3U. To this
THF solution was added 1 equiv of M*DAB™®, followed by
1 equiv of KCg. Filtering, isolation, and recrystallization pro-
duced a brown-red solid assigned as 2 (eq 2).

Ar

\
Ar
THF KCs @\ Ar,
-3Nal -Cs

N 5 -4 THF -KCp % 2 N\Ar

Ul3(THF); + 3.5 NaCp

The 'H NMR spectrum of 2 recorded in benzene-dy at
ambient temperature greatly contrasts that of 1. The spectrum
shows peaks over a smaller range, —40.73 to +24.53 ppm (see the
Supporting Information, Figure S4). Comparatively, the reso-
nances are much sharper and have the appropriate number and
integration for a Ci-symmetric molecule that is static at room
temperature on the NMR time scale. The two resonances for the
inequivalent cyclopentadienyl ring hydrogen atoms each inte-
grate to five protons and appear at 2.62 and 12.53 ppm. Two
peaks are observed for the inequivalent protons on the aryl

groups appearing at —0.35 and +12.83 ppm. The rest of the
methyl peaks on the mesityl rings and the ligand backbone
each integrate to six protons and are indistinguishable based on
these values. Heating of this sample to 50 °C in the NMR probe
did not result in coalescence of the resonances but led to
decomposition, as evidenced by the formation of a free ligand.

X-ray Crystallography. Aryl-substituted a-diimine ligands
have been thoroughly studied on transition metals and
lanthanides.**~** Population of their energetically low-lying 77*
LUMOs (Figure 3a) has been established to cause structural
distortions along the NCCN frame in accordance with the
respective antibonding and bonding interactions depicted.*
Compared to the neutral 0-diimine ligand, the reduced version
displays elongation of the C—N imine bonds and a contraction of
the adjacent C—C bond by X-ray crystallography. Uncomplexed,
neutral Q-diimine ligands that have methyl substituents on the
carbon atoms and substituted aryl groups typically have C=N
double-bond distances ranging from 1.27 to 1.28 A and C—C
single-bond distances ranging from 1.49 to 1.51 A*™* The
transfer of one electron from the metal center to the ligand
results in moderate distortions, creating C—N bond distances of
1.32—1.35 A with variable C—C distances. More extreme dis-
tortions occur from two-electron reduction where C—N dis-
tances of 1.40—1.42 A and C—C distances of 1.35—1.40 A are
typically observed,** *” generating the ene-diamide resonance
form of the ligand (Figure 3b). Another useful diagnostic feature
for these species is the metal—nitrogen bond distance, which
shortens as this interaction changes from a dative bond to an
anionic bond.

Compound 1 was characterized by X-ray crystallography to
determine the molecular structure and degree of reduction
occurring in the ligand. Orange crystals suitable for X-ray
diffraction were grown by cooling a concentrated THF solution
of 1 to —35 °C. Analysis confirmed the identity of 1 as
(M*DABM®),U(THF) (Figure 4), as was predicted based on
the stoichiometry of the reaction. Compound 1 consists of a five-
coordinate uranium center with a distorted square-pyramidal
geometry. The THF molecule in the apical position of the
pyramid is disordered.

The structural parameters for 1 (Table 1) reveal that a
complete reduction of the a-diimine ligands has occurred; the
magnitude of the structural distortions in the ligands is consistent
with the formation of ene-diamide ligands, indicating that 1
contains a tetravalent uranium center. The N—C distances of
1.431(7), 1.419(6), 1.432(6), and 1.418(6) A are increased
significantly compared to those in the free M*DAB™ ligand of
1.278(2) A, whereas the C—C distances of 1.361(8) and
1.364(7) A have contracted greatly [compared to 1.500(2) A
in free M*DABM®].** These distortions confirm population of
the 77* orbitals and support two-electron reduction because they
are even more extreme than those observed by Kiplinger et al. for
the trivalent (dpp-BIAN),U(THF), which has both dianionic
and monoanionic ligands. Despite coordination of THF, the
more appropriate comparison is with the solvent-free uranium-
(IV) complex, (dpp-BIAN),U, which is established to have two
doubly reduced chelators. This complex exhibits N—C distances
ranging from 1.378(11) to 1.415(11) A and C—C distances of
1.410(12) and 1.412(12) A. Thus, the strong deviation of the
distances in 1 from the free ligand values supports the formula-
tion of 1 as a uranium(IV) species with two dianionic ligands.

In addition to distortions within the ligand, the U—N bond
distances are also indicative of ligand reduction. The dative U-N
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Figure 4. Molecular structure of 1 shown with 30% probability
ellipsoids. Hydrogen atoms and solvent molecules have been omitted
for clarity. The structure on the right shows the core of the molecule with
the aryl groups removed.

Figure 5. Molecular structure of 2 shown with 30% probability
ellipsoids. Hydrogen atoms and solvent molecules have been omitted
for clarity. The structure on the right shows the core of the molecule with
the aryl groups removed.

Table 1. Bond Distances for Free M*DAB™* for 1—3
compound C—N c-C U-N  U—Cliimine U—Cgp

MepaBMe* 1278(2)  1.500(2)

1 1.431(7) 2251(4)  2.749(5)
1.419(6) 1.361(8) 2.252(4)  2.773(4)
1432(6) 1.364(7) 2.255(3)  2.787(6)
1.418(6) 2255(4)  2.788(5)
2 2.637(7) 2.701(9), 2.715(8)

2.685(5) 2.720(9), 2.735(9)
2.735(8), 2.759(8)
2.764(8), 2.772(9)
2.788(9), 2.792(9)
3 1.30(2) 2.492(11)  2.708(15)
1.42(2) 149(2)  2.320(14) 2.710(18)
1.41(2) 1.37(2)  2.197(13)
1.37(2) 2.272(15)

1.425(10) 1.399(1) 2.224(6)
1.407(9) 2.198(6)

interaction associated with diimine groups has a long bond,
which shortens considerably when an anionic bond between the
nitrogen atoms and the uranium is made in the ene-diamide
resonance form. The U—N bond distances in 1 of 2.251(4),
2.253(4), 2.255(3), and 2.255(4) A are comparable to those
reported for (dpp-BIAN),U [ranging from 2.242(7) to 2.283(7)
A]. In addition, both compounds have U—N distances similar to
those reported in uranium(IV) amide comglexes, supporting the
formulation of these ligands as dianionic.*

As shown in the resonance structure for the ene-diamide
ligand (Figure 3), extreme reduction of the o-diimine ligand
results in the formation of a double bond between the two carbon
atoms of the ligand backbone. The molecular structure of 1
shows that the ligands are, in fact, not flat with respect to the
uranium ene-diamide plane but bent toward the uranium
ion, resulting in an interaction of the C—C 7 bond with the

uranium ion. The observed U—C distances of 2.749(5),
2.773(4), 2.787(6), and 2.788(5) A are on the order of those
observed previously for uranium interactions with C—C 77 bonds.*’

Red hexagonal crystals of 2 were grown by cooling a concen-
trated THEF solution to —35 °C. Analysis confirmed the identity
of 2 as Cp,U(M*DAB™®) (Figure S), with a four-coordinate
uranium center with pseudotetrahedral geometry. Structural
parameters for 2 (Table 1) indicate that “*DAB™® has again
been reduced, with C—N bonds elongated to 1.425(10) and
1.407(9) A and a C=C distance contracted to 1.399(1) A from
the bonds in free M*DAB™*.** As anticipated, the U—N bond
distances are shorter in 2 [2.224(6) and 2.198(6) A] than in 1
and are attributed to the reduced steric crowding about the metal
center, allowing for a tighter ligand coordination. Nonetheless,
the metrical parameters of 2 support two-electron reduction of
the o-diimine ligand, indicating a tetravalent uranium center.

Similar to 1, compound 2 features an association of the C=C
bond of the ligand backbone to the uranium, causing the back of
the ligand to rise from the U-N—N plane (dotted bonds in
Figure S). This results from the sterically accessible uranium
center, a direct result of the unsubstituted cyclopentadienyl
ligands in 2 compared to the additional ene-diamide and THF
ligands in 1. The U—C bond distances of 2.673(7) and 2.685(8)
A are shorter than those observed from the uranium to the
cyclopentadienyl rings, indicating that this is a potentially
important bonding interaction in these complexes. These dis-
tances are similar to those previously observed by Cloke for the
uranium deltate dimer, [U,(*-COT"),(17°-Cp*)]5(u-n":n*
C303) [COT" = 1,4-bis(triisopropylsilyl)cyclooctatetraenide;
Cp* = 122,3,4,5-pentamethylcyclopentadienide], which has
U—C distances of 2.654(4) and 2.670(4) A.>°
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Figure 6. Electronic absorbance spectra of free M*“DAB™® (green), 1
(red), and 2 (blue) recorded in THF. The UV—vis region is presented
on the left and the near-IR region on the right. Note: Sharp peaks at
~1650—1750 nm in both spectra are due to the second harmonic of the
THE solvent.
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Figure 7. U Ly-edge XANES data for 1 (blue, solid) and 2 (red, solid)
overlaid on some representative XANES standards, namely, [NEt,],-
[UClg] (gray, dotted), UO, (brown, dashed), and [NEt,][UCl]
(green, dashed).

Although derivatives 1 and 2 were synthesized using uranium-
(III) starting materials and potassium graphite, oxidation of the
uranium center occurs under these reducing conditions to
generate uranium(IV) products. While this transformation is
complicated, it seems highly likelz{that the uranium(I1T) ion plays
a part in the reduction of the “**DAB™® ligands, thus taking
advantage of the redox-active nature of 0-diimines. Attempts at
synthesizing the THF free analogue of 1 in analogy to
(dppBIAN),U either by use of UCl, and reducing agents or by
thermolysis of 1 under vacuum have been unsuccessful, indicat-
ing that THF plays an important role in stabilization.

Electronic Absorption Spectroscopy. Characterization by
electronic absorption spectroscopy was performed to examine
the formulation of 1 and 2 as uranium(IV) species. Spectra for 1
(blue), 2 (red) and free M**DAB™® (green) were collected from
300 to 2200 nm in THF at ambient temperature (Figure 6). For
uncoordinated M*“DAB™®, there is an intense absorption at
300 nm, which is assignable to a ligand-based 71—s* transition.
The uranium species exhibit a peak at A,,,, = 355 nm, with ¢
values of 3640 M~ ecm ™' (1) and 9240 M~ ecm ™" (2), and are
assigned as ligand-to-metal charge-transfer bands. At lower
energy in the near-IR region, a series of sharp bands with weak
intensity can be observed for 1 and 2; the band positions

and intensities are characteristic of f> uranium(IV) com-
pounds.’”** These are assigned as f—f transitions because
their energy and molar absorptivities, which range from about
10 to 140 M~' cm !, are consistent with those observed
previously for tetravalent uranium in (dpp-BIAN),U(THF).>

X-ray Absorption Spectroscopy. In order to evaluate the
effective nuclear charge on the uranium ions in 1 and 2, U Ly
edge XANES experiments were carried out on samples at room
temperature and 77 K (Figure 7). All spectra were calibrated
in energy to the first inflection point of an yttrium foil
(17032.08 eV), whose spectrum was measured within the same
scan as the uranium analyte using the transmitted portion of the
beam. For both compounds, the XANES spectra collected at
294 K are nearly identical with the spectra obtained at 77 K. The
first and second derivative analyses show that both data sets
contain a single postedge peak at 17 169 eV, and the inflection
points for the rising edges in both spectra occur at 17 163 eV. In
Figure 7, these data are compared with the U Ly-edge XANES
spectra collected on some representative standards, namely,
UO,, [NEt,],[UClg], and [NEt,][UClg]. This shows that the
rising edges for compounds 1 and 2 are significantly lower in
energy than that observed for the pentavalent [UClg] ™ com-
pound and bracketed by the rising edges for the tetravalent UO,
and [UClg]*~ species. Overall this analysis suggests that com-
pounds 1 and 2 are supported by dianionic M*DAB™* ligands
and contain uranium ions with two 5f electrons.

Magnetism. Temperature- and field-dependent magnetic
data were collected for 1 and 2 in the range of 2—300 K at 0.1
T and from 1 to 7 T at 2 K (Figure 8). The data for the two
compounds are similar and show moments of 0.68 and 0.40 x5 at
2 K for 1 and 2, respectively, calculated at those temperatures
from their y T products. The negligible moments at 2 K and the
field-dependent data (Figure 8, insets) indicate singlet ground
states for both complexes, which is typical for molecular
uranium(IV) complexes with low site symmetry at the metal
ion.>*”%° The temperature dependencies for 1 and 2 also support
this oxidation-state assignment. The yT products decrease
gradually with the temperature until ~100—150 K, where the
onset of the singlet ground state begins to dominate the data with
depopulation of crystal-field excited states. Reported room
temperature magnetic moments of 5f uranium(IV) compounds
with tetragonal or lower symmetry rarely achieve the Curie value
of 3.58 uy because of crystal-field splitting of the *H, ground
term. In this case, the room temperature magnetic moments of 1
and 2 are 1.91 and 1.79 ug, respectively. These values are quite
low considering that empirical room temperature magnetic
moments for previously regorted uranium(IV) complexes range
from ~2.5 to 3.1 up.'%**%07%8

The origin of the unusually low room temperature magnetic
moments of 1 and 2 is unclear. The related U(dpp-BIAN), has a
room temperature magnetic moment of 2.77 up, which is larger
than that of 1 and typical for molecular uranium(IV) com-
plexes.”” Reported pentamethylcyclopentadienyluranium(IV)
bis(ketimide) complexes provide a useful comparison for 2.%
Both 2 and the reported bis(ketimides) have C,, site symmetries
and roughly similar ligand fields comprising anionic nitrogen
donors. The uranium(IV) bis(ketimides) show room tempera-
ture moments of ~2.7 up, which is also typical for molecular
uranium(IV) compounds and larger than the moment found for
2.3 Considering the small room temperature moments of 1 and
2, covalent uranium—ligand bonding has been suggested in the
literature as one factor in attenuating the moments of such
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Figure 8. Temperature- and field-dependent (insets) magnetic data for 1 (left) and 2 (right). Temperature-dependent data were collected at 0.1 T, and

field-dependent data were collected at 2 K.

59,12 , . .
complexes.”” ~ However, in cases where Sf-orbital covalency is

specifically implicated, the characteristic temperature-dependent
behavior of low-symmetry uranium is altered.”” Because of the
normal temperature dependencies displayed by 1 and 2, ura-
nium—ligand covalency is not expected to play a primary role in
determining their room temperature moments, as is supported
by the XANES data for these complexes. Further, 1 and 2 are
stable in air in the solid state, attesting to the fact that decom-
position is not suspected to be responsible for the unusual
magnetic data.

Because both 1 and 2 consistently show the lower than
expected moments in duplicate measurements on unique sam-
ples, we postulate that their low moments are the result of a
common electronic phenomenon arising from interaction of the
redox-active ene-diamide ligand with the uranium ions.®" A
positive correlation between the uranium—ene bond distances
and the room temperature magnetic moments of 1 and 2 is
noted. Although the magnetic data are unusual, the physico-
chemical data for 1 and 2 support an assignment of the uranium
ions as tetravalent with two redox non-innocent dianionic ene-
diamide ligands. It must be cautioned that detailed analysis of the
magnetic data is, at present, underparametrized with respect to
ligand-field splittings, electronic state mixing, and the potential
for redox noninnocence. Further studies are underway to expand
the correlation of the uranium—ene bond distances and the room
temperature magnetic moments of the complexes. Additional
work is ongoing using the tools of theory to elucidate non-
innocence contributions to the uranium—ligand bonding in 1
and 2 toward a comprehensive model of the electronic structures
of the complexes.

Reactivity toward lodomethane. Compounds 1 and 2 were
explored to determine the role, if any, of the redox-active
0.-diimine ligands in subsequent reactivity. Specifically, multielec-
tron activation of alkyl halides to the uranium center was targeted
to determine if the electrons localized on the ligand are a source
of reducing equivalents for subsequent chemistry. Because of
the extremely bulky mesityl groups on the supporting ligands, the
smallest alkyl halide, iodomethane CHj;l, was explored. The
addition of 1 equiv of iodomethane to 1 resulted in the formation
of a new product in 50% conversion, as judged by "H NMR
spectroscopy. Exposing 1 to a second equiv of CH;I resulted in

9845

complete conversion to a brown uranium-containing product (3)
and the formation of a white solid, which was separated from
3 by vacuum filtration (eq 3). Characterization of the brown
complex, 3, by "H NMR spectroscopy revealed a paramagneti-
cally broadened and shifted spectrum consistent with a C;-
symmetric uranium species exhibiting 14 resonances distributed
between —46 and +54 ppm (see the Supporting Information,
Figure $4). The use of iodomethane-d; produced the isotopomer
of 3 (3-d;), which shows a broad methyl resonance at 4.83
ppm by *H NMR spectroscopy; the absence of the correspond-
ing methyl resonance was observed in the '"H NMR spectrum
of 3-ds.

Ar o Ar 1
s Ar
‘N | B Toluene H | '?' ‘
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Interestingly, the product from the reaction with iodo-
methane, 3, does not retain the THF ligand present in the
starting material 1. Over the course of this reaction, however, a
white precipitate is observed in the reaction and is proposed
to be the product of the THF ligand reacting with 1 equiv
of iodomethane. Although difficult to firmly identify by 'H
NMR spectroscopy because it is generated in small quantities,
mass spectrometry confirmed the formula of the organic com-
pound as CsH;;0OI, formed by the reaction of CH,I with
coordinated THF.

Single crystals of 3 grown from a concentrated pentane
solution cooled to —35 °C were further characterized by X-ray
diffraction. The molecular structure of 3 revealed (M*DAB™*)-
(Me<DABM?)UI {(M*DABM* = [ArN=C(Me)C(Me),-NAr]},
the product of iodomethane addition to 1 (Figure 9). Complex 3
features a five-coordinate uranium center in a distorted square-
pyramidal geometry, with an iodide ligand coordinated to the
uranium ion and a methyl group appended to one of the two
diimine ligand backbones to form a localized monoanionic ligand
with an imine substituent. Because of the presence of the new
methyl group, the double-bond character in the C12—C13
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o-diimine backbone is lost, and direct U—C bonding interac-
tions are not observed for the M*DAB™*” ligand.

The metrical parameters for 3 are presented in Table 1. The
large uncertainties associated with the data set for 3 preclude a
detailed discussion of the bond distances within the ligand
framework. The U—N distances, however, are precisely deter-
mined and are reliable reporters on the extent of ligand reduc-
tion. The U—N distances for N21 and N24 of 2.197(13) and
2.272(15) A, respectively, are in accordance with those observed
for complexes 1 and 2 [2.198(6)—2.255(4) A], consistent with a
doubly reduced o-diimine ligand. The U—N bond distances in
the imine—amide supporting ligand differ as expected based on
the presence of the additional methyl group located at C13. The
presence of the methyl group creates an sp>-hybridized carbon,
forcing a single bond between C13 and N14 [1.42(2) A] and an
anionic bond between Ul and N14. The latter distance is
2.320(14) A and slightly longer than that observed for the
U—N distance for the reduced ligand in the starting complex
1. Another result from the addition of the methyl group at the
C13 position is the restoration of a double bond between C12

Figure 9. Molecular structure of 3 shown with 30% probability thermal
ellipsoids. Hydrogen atoms and solvent molecules are omitted for

and N11 [1.30(2) A], which creates a dative U1—N11 interac-
tion. The long bond length of 2.492(11) A confirms this because
it is significantly longer (greater than 30) than the anionic U-N
distances in the starting complex. Although less significant, the
C12—C13 distance [1.49(2) A] for this ligand is much longer
than those in 1 and the reduced lizgand in 3, further indicating the
loss of an electron in this ligand.4 Overall, the U—N distances in
3 support the theory that one ligand is dianionic and the other is
monoanionic with a dative interaction. Coupling these observa-
tions to the presence of the iodine ligand, an oxidation state of
uranium(IV) can be formulated for the uranium center in 3. The
observed reaction of 1 with iodomethane is in sharp contrast to
that previously reported with cyclopentadienyluranium(III)
species” * because the ene-diamide derivatives do not require
2 equiv of uranium for C—I bond cleavage.

Understanding the molecular structure of 3 allows a more
detailed discussion of the observed "H NMR spectrum (benzene-
ds, with the labeling scheme and spectrum presented in the
Supporting Information, Figure SS). There are 14 paramagneti-
cally broadened and shifted resonances that appear with the
following integration values (no. of resonances in parentheses):
12(1): 6 (3) : 4 (1) : 3(7) : 2 (2). The inequivalency in the
spectrum is due to the presence of two different ligands,

“DAB™® and M*DAB™*?, coordinated to the uranium center.
In addition, the number and integration values of the resonances
for the aryl rings indicate that they are not rotating on the NMR
time scale. The resonance at 3.02 ppm integrates to 12 protons
and is assigned to all of the p-methyl groups on the aryl rings
because these protons are far removed from the paramagnetic
center and the inequivalency of the ligands. The three resonances
that integrate to six protons each are assigned to the methyl
groups on the backbone of the M*DAB™* ligand, the o-methyl
groups that point parallel to the U—Ibond on this ligand, and the
o-methyl groups that point antiparallel along this bond for
Mesp ABME, For this ligand, the aryl CH protons are equivalent
and assigned to the peak at 46.78 ppm integrating to four
protons. The remaining resonances are assigned to M*DABM*

(=]

clarity. The structure on the right shows the core of the molecule with
- Cp,U(MeDABMe)

the aryl groups removed.
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because introduction of the additional methyl group from methyl
iodide destroys the symmetry in the ligand. The three methyl
groups on the ligand backbone are all inequivalent, as are the
four o-methyl groups on the aryl rings; thus, these seven peaks
integrate to three protons each. The remaining resonances at
6.85 and 7.35 ppm both have integration values for two protons,
indicatinlé equivalence, and are assigned to the m-CH in
MesD AB el‘

In order to verify that complex 3 is best described as containing
a tetravalent uranium ion, XANES measurements were made on
3 at the U Ms- and My-edges in comparison to analogous
measurements on 2 (Figure 10). All spectra were calibrated in
energy to the maximum of the first preedge feature of D,
Cs,CuCl, (2820.20 eV). The Ms- and M,-edge XANES spectra
for 2 are quite similar to those for 3, with the exception being the
postedge regions (>3554 and >3730 eV for the M- and M,-edge
XANES spectra, respectively) for 3 containing more structure
than that observed for 2. The first and second derivative analyses
show that the inflection points for the rising edges for 2 and 3
occur at similar energies. The U Ms-edge inflection points for 2
and 3 appear at 3551.58 and 3551.99 eV, respectively, and the U
My-edge inflection points were determined to be at 3726.62
and 3726.13 eV, respectively. Given that the UV—vis/near-IR,
variable-temperature magnetic susceptibility, and U Ly-edge
XANES measurements all indicate that 2 contains a uranium(IV)
5f ion and because the U M,- and Ms-edge XANES analyses
show that the effective nuclear charge for 3 is quite similar to
that of 2, the overall analysis suggests that the uranium ion in
3 is of valence similar to that in 2 and is best described as
containing U*".

The addition of iodomethane to produce 3 results in a
multielectron reduction, whereby both the methyl group and
the iodide come to rest on a mononuclear uranium species that
has been confirmed to be tetravalent using XANES. This is
significant because previous studies of iodomethane reduction
have been demonstrated by a uranium(IIl) precursor to ulti-
mately synthesize two new uranium(IV) products, one contain-
ing a new uranium—methyl moiety, and the other featuring a new
uranium—iodide bond.>>* This reactivity occurs because one
electron from each uranium center is donated to cleave the C—1
bond. Utilizing the reduced ene-diamide framework creates an
electron-rich uranium complex that can now perform the desired
reaction on its own rather than bimolecularly. Transferring
electrons to and from the system of the ligand enables two
electron reductive HC5-I bond cleavage. Since the valency of the
metal does not change and the reduction chemistry originates
from the ligand, overall this represents a new mode of chemistry
observed for tetravalent uranium.

B CONCLUSION

Uranium compounds, 1 and 2, have been synthesized with the
mesityl-substituted o.-diimine ligand M**DAB™*. The combined
structural and spectroscopic studies presented here support both
compounds as containing reduced ene-diamide ligands with
uranium(IV) centers. This is further supported by magnetic
measurements because both species show the characteristic
temperature dependencies expected for tetravalent uranium
centers despite the fact that their magnetic moments at room
temperature are low compared to literature values. The addition
of iodomethane to the bis(ligand) species 1 results in the
activation and addition to the uranium complex, where the

methyl group sits on the backbone of one of the enedia-
mide ligands and the iodide becomes coordinated to uranium,
forming 3. In contrast, the cyclopentadienyl derivative 2 does not
react with iodomethane, even at elevated temperatures.

The results reported herein highlight the use of redox-active
ligands on uranium. Storing multiple electrons in the ligand
framework gives the uranium(IV) complex the ability to perform
multielectron activation of an alkyl halide. The chemistry pre-
sented here is in contrast to that previously observed, which
requires reducing equivalents from two uranium centers for bond
activation. Taking advantage of the redox activity of O.-diimines
with uranium facilitates multi-electron addition chemistry that
has been previously unobserved at a single uranium complex.

B ASSOCIATED CONTENT

© Supporting Information. X-ray crystallographic data in
CIF format, NMR spectra, spectra with peak labels, a table of
peak shifts versus temperature, and additional X-ray crystal-
lographic information. This material is available free of charge
via the Internet at http://pubs.acs.org.
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