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ABSTRACT: Uranium complexes (MesDAE)2U(THF) (1-
DAE) and Cp2U(

MesDAE) (2-DAE) (MesDAE = [ArN-
CH2CH2-NAr]; Ar = 2,4,6-trimethylphenyl (Mes)), bearing
redox-innocent diamide ligands, have been synthesized and
characterized for a full comparison with previously published,
redox-active diimine complexes, (MesDABMe)2U(THF) (1-
DAB) and Cp2U(

MesDABMe) (2-DAB) (MesDABMe =
[ArNC(Me)C(Me)NAr]; Ar = Mes). These redox-
innocent analogues maintain an analogous steric environment
to their redox-active ligand counterparts to facilitate a study
aimed at determining the differing electronic behavior around
the uranium center. Structural analysis by X-ray crystallog-
raphy showed 1-DAE and 2-DAE have a structural environ-
ment very similar to 1-DAB and 2-DAB, respectively. The main difference occurs with coordination of the ene-backbone to the
uranium center in the latter species. Electronic absorption spectroscopy reveals these new DAE complexes are nearly identical to
each other. X-ray absorption spectroscopy suggests all four species contain +4 uranium ions. The data also indicates that there is
an electronic difference between the bis(diamide)-THF uranium complexes as opposed to those that only contain one diamide
and two cyclopentadienyl rings. Finally, magnetic measurements reveal that all complexes display temperature-dependent
behavior consistent with uranium(IV) ions that do not include ligand radicals. Overall, this study determines that there is no
significant bonding difference between the redox-innocent and redox-active ligand frameworks on uranium. Furthermore, there
are no data to suggest covalent bonding character using the latter ligand framework on uranium, despite what is known for
transition metals.

■ INTRODUCTION
Redox-active ligands, those that participate in redox chemistry
with a metal rather than existing as spectators, have recently
risen to the forefront of inorganic and organometallic
chemistry.1−10 These ligands serve as electron reservoirs that
work in concert with metal centers to mediate multielectron
reactions that would not otherwise be possible.5,6 Along with
providing this unique capability to metals that are typically
redox-restricted, these ligands also impart additional complexity
to the electronic structures of coordination complexes.11 The
origin of this complexity lies in the very root of their
functionality, energetically accessible π* orbitals that can accept
electron density, or supply electron density subsequent to
filling. Pioneering studies have demonstrated the utility of
combining multiple analytical tools to elucidate ground state

electronic structures including NMR spectroscopy, X-ray
crystallography, X-ray absorption spectroscopy, Mössbauer
spectroscopy (where appropriate), computational modeling,
and magnetic studies.12−16

In recent years, our group17−22 and others23−26 have
extended these studies to the elements of the f-block, and
more specifically uranium, bringing additional complexity to the
already electronically diverse actinide elements. By utilizing the
above-mentioned techniques, uranium complexes bearing
redox-active ligands in a variety of ground states have been
established. These highly reduced, electron-rich uranium
spec i e s r e ad i l y pe r fo rm mul t i e l e c t ron t r an s f e r
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chemistry,20,27−29 showing that in appropriate chemical
environments, a metal that typically only does one-electron
chemistry, like uranium, can behave like a late transition metal.
In contrast, oxidation of redox-active salen ligands has also been
reported. Work from Leznoff and Storr highlights the oxidation
of neutral salen ligand derivatives of uranyl, which have been
isolated and characterized to contain localized salen ligand
radicals.30 Similarly, electrochemical oxidation of a tetrathia-
fulvalene-salphen actinide complex produced the corresponding
radical cation species in solution, which was proposed to be
stable due to delocalization over the extended π-system of the
complex as determined by computation.10

Studies of first row transition metal species bearing redox-
active ligands conclude that electrons are highly delocalized
over the entirety of the complex.15,31−33 This is in part due to
the energy match and orbital overlap between the ligand π*-
orbitals and the metal d-orbitals, generating species that are
highly covalent. It is well established that the actinides’ valence
5f-orbitals do not participate in covalent bonding equivalently
to the valence d-orbitals associated with the transition metals, in
part due to their more limited radial extension. Thus, there
remains the question as to whether redox-active ligands impart
additional covalent character to actinide complexes, given the
energetically similar metal and ligand orbitals.
In 2011, we reported a full electronic structure study of

uranium complexes bearing redox-active diazabutadiene ligands,
namely, (MesDABMe)2U(THF) (1-DAB) and Cp2U(

MesDABMe)
(2-DAB) (MesDABMe = [ArNC(Me)C(Me)NAr], where
Ar = 2,4,6-trimethylphenyl (Mes)).34 As determined by a
combined spectroscopic, structural, and computational study,
these species feature the doubly reduced ene-diamide ligands,
[MesDABMe]2−, along with uranium(IV) ions. An interesting
structural highlight was the association of the C−C π-bond of
the reduced ene-diamide ligand backbone to the uranium
center, which has recently also been observed for uranium35

and the lanthanides with similar ligand frameworks.36−39 At the
time, variable temperature magnetic data that were collected for
these species gave anomalous results with values that would not
be expected for uranium(IV) species. As an extension of this
study, we proposed that generating the redox-innocent version
of these complexes would provide insight into this unusual
magnetic behavior and perhaps be instructive toward under-
standing potential covalent behavior with actinides. Herein we
present our work on the redox innocent analogues to 1-DAB
and 2-DAB, (MesDAE)2U(THF) (1-DAE) and Cp2U(

MesDAE)
(2-DAE), which are simple uranium(IV) complexes with
diamide chelates (MesDAE = [ArN-CH2CH2-NAr]

2−, where
Ar = Mes) (Figure 1). To preserve the sterics of the original
MesDABMe system, the diamine ligand was synthesized with the
bulky mesityl substituents on the nitrogen atoms. Once again, a
study that combines spectroscopic, structural, and magnetic
measurements was undertaken to directly compare to the
redox-active ligand system.

■ EXPERIMENTAL SECTION
General Considerations. Caution: U-238 is a weak α-emitter with

a half-life of t1/2 = 4 × 109 years. This material should only be handled in
a laboratory equipped with proper detection equipment. All air- and
moisture-sensitive manipulations were performed using standard
Schlenk techniques or in an MBraun 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.40

Benzene-d6 and chloroform-d were purchased from Cambridge
Isotope Laboratories. Deuterated solvents were dried with molecular
sieves and degassed by three freeze−pump−thaw cycles. N,N′-
Dimesitylethane-1,2-diamine dihydrochloride,41 KCH2Ph,

42 and
UCl4

43 were prepared according to literature procedures. NaCp
solution (2.0 M in THF) was purchased from Sigma-Aldrich and used
as received.

1H NMR spectra were recorded on a Varian Inova 300
spectrometer at 299.992 MHz. All chemical shifts are reported relative
to the peak for SiMe4, using

1H (residual) chemical shifts of the
solvent as a secondary standard. The spectra for paramagnetic
molecules were obtained by using an acquisition time of 0.5 s; thus,
the peak widths reported have an error of ±2 Hz. For paramagnetic
molecules, the 1H 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. Elemental analyses
were performed by Complete Analysis Laboratories, Inc., Parsippany,
New Jersey. Electronic absorption measurements were recorded at 294
K in THF in sealed 1 cm quartz cuvettes with a Jasco V-6700
spectrophotometer. Infrared spectra were recorded using a Perki-
nElmer FT-IR spectrum RX I spectrometer. Samples were made by
crushing the solids, mixing with dry KBr, and pressing into a pellet.

Single crystals of 1-DAE or 2-DAE for X-ray diffraction were coated
with poly(isobutene) oil in a glovebox and quickly transferred to the
goniometer head of either a Bruker AXS APEXII CCD diffractometer
(1-DAE) or a Nonius KappaCCD diffractometer (2-DAE). Prelimi-
nary examination and data collection were performed with Mo Kα

radiation (λ = 0.71073 Å). See the Supporting Information for details
on single crystal structure determinations.

Solid-state magnetic data were collected using a Quantum Design
Multi-Property Measurement system (MPMS-7) warmed from 2−300
K and cooled from 300−2 K at 1 T and at 2 K from 0−7 T. Drinking
straws were used to house the samples for measurement and were
dried under a dynamic vacuum overnight before use in an inert
atmosphere (N2) drybox. While empty, the straws were crimped using
a hot pair of tweezers to melt the straw together. The samples were
added directly into the crimped straw and were massed to the nearest
0.1 mg using a calibrated and leveled Mettler-Toledo AL-204 analytical
balance. Approximately 10.0 mg of quartz wool was added to the straw
above the sample to hold it in place. The straw was then crimped
above the sample and quartz wool with hot tweezers to complete the
seal. The samples, contained in the sealed drinking straws for
measurement, were transferred to the MPMS under inert atmosphere
and immediately loaded into the inert atmosphere of the measurement
chamber with three evacuation/purge cycles. Corrections for the

Figure 1. Uranium complexes featured in this study.
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intrinsic diamagnetism of the samples were made using Pascal’s
constants.44

Samples of Cs2UO2Cl4, 1-DAE, 2-DAE, 1-DAB, and 2-DAB were
analyzed by U L3-edge X-ray absorption spectroscopy measurements.
Samples were prepared under an argon atmosphere. The samples were
diluted with boron nitride (BN), which was dried at elevated
temperature (200 °C) under a vacuum (10−3 Torr) for 24 h prior
to use. A mixture of the analyte and BN were weighed out, such that
the edge jump for the absorbing atom was calculated to be at 1
absorption length in transmission (∼30−50 mg of sample and 50−30
mg of BN). Samples were ground using a Wig-L-Bug, a Teflon bead,
and a polycarbonate capsule. The finely ground powders were pressed
as a pellet into a slotted aluminum sample holder equipped with
Kapton windows (1 mil); one was fixed with super glue, and the other
was Kapton tape. This primary holder was nested within a secondary
aluminum holder equipped with Kapton (2 mil) windows that were
sealed with indium wire. The samples were sealed in Mylar bags and
shipped to the Stanford Synchrotron Radiation Lightsource (SSRL).
Once unpackaged, the samples were immediately attached to the
coldfinger of a liquid N2 cryostat and quickly evacuated (10−7 Torr).
The cryostat was attached to the beamline 11-2 XAFS rail (SSRL),
which was equipped with three ionization chambers through which
nitrogen gas was continually flowed. One chamber (10 cm) was
positioned before the cryostat to monitor the incident radiation (I0).
The second chamber (30 cm) was positioned after the cryostat so that
sample transmission (I1) could be evaluated against I0 and so that the
absorption coefficient (μ) could be calculated as ln(I0/I1). The third
chamber (I2; 30 cm) was positioned downstream from I1 so that the
XANES spectrum of a calibration foil could be measured against I1. A
potential of 1600 V was applied in series to the ionization chambers.
Samples were calibrated in situ to the energy of the first inflection
point of the K-edge of an yttrium foil (17,038.4 eV).
The X-ray absorption near edge spectra (XANES) were measured at

the SSRL, under dedicated operating conditions (3.0 GeV, 5%, 500
mA using continuous top-off injections) on end station 11-2. This
beamline was equipped with a 26-pole, 2.0 T wiggler, utilized a liquid
nitrogen-cooled double-crystal Si(220) monochromator, and em-
ployed collimating and focusing mirrors. A single energy was selected
from the white beam with a liquid-N2-cooled double-crystal
monochromator utilizing Si(220) (φ = 0) crystals. Although the
crystals were run fully tuned, higher harmonics from the
monochromatic light were removed using a 370 mm Rh-coated
harmonic rejection mirror. The Rh coating was 50 nm with 20 nm
seed coating, and the substrate was Zerodur. Vertical acceptance was
controlled by slits positioned before the monochromator. The
harmonic rejection cutoff was set by the mirror angle, thereby
controlling which photons experience total external reflection. The
horizontal and vertical slit sizes were 15 and 1 mm, respectively (10
mm horizontal slit for Cs2UO2Cl4). The XAS spectra were collected as
a true absorption measurement, ln(I0/I1).
Data were treated as previously described.17,22,34 Data were

background subtracted by fitting a line to the pre-edge region, which
was subsequently subtracted from the experimental data to eliminate
the background. Data were normalized by fitting a first-order
polynomial to the postedge region of the spectrum and setting the
edge jump to an intensity of 1.0.
Preparation of H2(

MesDAE). A 500 mL round-bottom flask was
charged with N,N′-dimesitylethane-1,2-diamine dihydrochloride
(1.750 g, 4.74 mmol) and 300 mL of a saturated, aqueous NaHCO3
solution. This suspension was stirred until approximately 90% of the
solid was dissolved (1 h) before the product was extracted with
dichloromethane (3 × 200 mL). After the dichloromethane solution
was dried over MgSO4 and concentrated in vacuo, a clear, colorless oil
was obtained, which solidified overnight to a crystalline, white solid
assigned as H2(

MesDAE) (1.100 g, 3.71 mmol, 78%). 1H NMR
spectrum in CD3Cl matches previously published data.45 1H NMR
(C6D6, 25 °C): δ = 2.18 (s, 6H, CH3), 2.22 (s, 12H, CH3), 2.95 (s, 4H,
CH2), 3.40 (bs, 2H, NH), 6.79 (s, 4H, Ar−CH).
Preparation of (MesDAE)2U(THF) (1-DAE). A 20 mL scintillation

vial was charged with H2(
MesDAE) (0.468 g, 1.58 mmol) and 15 mL of

THF. An orange solution of KCH2Ph (0.414 g, 3.18 mmol) in 5 mL of
THF was added dropwise to the H2(

MesDAE) solution, causing a color
change from colorless to yellow. After being stirred for 10 min, a
yellow solid suddenly precipitated from the solution. This suspension
was then added dropwise to a 100 mL round-bottom flask containing a
green solution of UCl4 (0.300 g, 0.790 mmol) in 30 mL of THF,
causing an immediate color change to dark orange. After being stirred
for 1 h, the solution was concentrated in vacuo to a sticky, orange
solid. Pentane (80 mL) was added, and the solution was allowed to stir
for 1 h before KCl was removed by filtration. The resulting yellow
solution was concentrated to 10 mL and cooled to −35 °C, causing
the precipitation of a yellow solid. After the pentane was decanted, the
yellow solid was dried in vacuo and assigned as (MesDAE)2U(THF)
(1-DAE) (0.330 g, 0.367 mmol, 46%). Brown crystals suitable for X-
ray analysis were grown by slow evaporation from diethyl ether at −35
°C. Analysis for C44H60N4OU: Calcd C, 58.78; H, 6.73; N, 6.23.
Found C, 58.61; H, 6.79; N, 6.42. 1H NMR (C6D6, 25 °C): δ =
−15.88 (38, 24H, CH3), 5.61 (12, 12H, CH3), 10.71 (15, 8H, Ar−
CH), 62.03 (31, 8H, CH2).

Preparation of Cp2U(
MesDAE) (2-DAE). A 20 mL scintillation vial

was charged with H2(
MesDAE) (0.234 g, 0.789 mmol) and 10 mL of

THF. An orange solution of KCH2Ph (0.207 g, 1.59 mmol) in 5 mL of
THF was added dropwise to the H2(

MesDAE) solution, causing a color
change from colorless to yellow. After being stirred for 10 min, a
yellow solid suddenly precipitated from the solution. This suspension
was then added dropwise to a 100 mL round-bottom flask containing a
green solution of UCl4 (0.300 g, 0.790 mmol) in 30 mL of THF,
causing an immediate color change to dark orange. Quickly, NaCp
(0.138 g, 1.57 mmol) was added as a solid, causing the solution to
darken. After being stirred for 1 h, the solution was concentrated in
vacuo to a sticky, brown solid. A total of 80 mL of pentane was added,
and the solution was allowed to stir for 1 h before KCl and NaCl were
removed by filtration. The resulting orange solution was concentrated
to 10 mL and cooled to −35 °C causing the precipitation of an orange
solid. After the pentane was decanted, the orange solid was dried in
vacuo and assigned as Cp2U(

MesDAE) (2-DAE) (0.212 g, 0.307 mmol,
39%). Orange crystals suitable for X-ray analysis were grown from a
concentrated pentane solution at −35 °C overnight. Analysis for
C30H36N4U: Calcd C, 54.38; H, 5.48; N, 4.23. Found C, 54.27; H,
5.65; N, 4.47. 1H NMR (C6D6, 25 °C): δ = −11.53 (6, 12H, CH3),
1.18 (13, 6H, CH3), 1.35 (9, 10H, Cp−CH), 4.32 (4, 4H, Ar−CH),
31.12 (8, 4H, CH2).

■ RESULTS AND DISCUSSION

Synthesis of Redox-Innocent Analogues. Herein, we
prepared molecular systems where redox-active and redox-
innocent ligands can be directly compared on uranium. To
achieve this, we designed a ligand that would retain the steric
properties of MesDABMe while providing amide linkages to
uranium via amine deprotonation. We proposed the most
straightforward method for the amine synthesis would be by
reduction of MesDABMe with sodium borohydride. However,
upon workup, the complexity associated with separation of
diastereomers precluded a suitable platform for scalable
chemistry. Thus, we selected a ligand with an ethylenediamine
backbone, which eliminates diastereomer formation, but still
allows installation of the bulky mesityl groups. This ligand was
prepared by deprotonating the previously synthesized N,N′-
dimesitylethane-1,2-diamine dihydrochloride with excess so-
dium bicarbonate, which generates H2(

MesDAE) in moderate
yield as a colorless oil.41 In its purest form, H2(

MesDAE)
solidifies over the course of days, but no difference in
spectroscopic properties or metalation reactivity was observed
between the two phases of matter.
Deprotonation of 2 equiv of H2(

MesDAE) was accomplished
in situ using 4 equiv of benzyl potassium in THF (eq 1),
signified by precipitation of a yellow solid. Addition of this
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suspension to 1 equiv of UCl4 in THF at room temperature
generated a dark-orange solution. Following concentration of
the solution, extraction, and recrystallization from pentane,
(MesDAE)2U(THF) (1-DAE) was isolated as a yellow powder
in moderate yield. It should be noted that using this ligand
solution for metalation prior to ligand precipitation left
substantial H2(

MesDAE) impurities in the final product. Analysis
of a KBr pellet of 1-DAE by IR spectroscopy confirmed that no
N−H functionalities were present (Figure S4).
Analysis of 1-DAE by 1H NMR spectroscopy reveals a sharp,

paramagnetically shifted, C2v-symmetric spectrum. All mesityl
groups appeared equivalent. Resonances at −15.88 and 5.61
ppm correspond to the methyl groups of the mesityl
substituents, while a resonance at 10.71 ppm is observed for
the aryl protons of the mesityl groups. An additional downfield
shifted resonance is observed at 62.03 ppm corresponding to
the backbone methylene groups. Similar to 1-DAB, no THF
resonances are observed in the spectrum at room temperature;
however, addition of excess pyridine-d5 to a known amount of
1-DAE liberated 1 equiv of THF, as determined by 1H NMR
spectroscopy by integration with a mesitylene standard. The
THF resonances are likely not observable at room temperature
due to broadening from dynamic behavior.
The sharpness and symmetry observed in the 1H NMR

spectrum of 1-DAE contrast that of 1-DAB, which has very
broad resonances. The origin of this broadness was proposed to
originate from dynamic behavior in benzene-d6 solution at
ambient temperature. It seems likely that the uranium is
interacting with one of the ligand “ene” backbones in solution.
This interpretation was supported by sharpening of the
resonances in the low temperature 1H NMR spectrum
(toluene-d8, 10 °C).34

Following the isolation of 1-DAE, the redox-innocent ligand
analogue to 2-DAB, Cp2U(

MesDAE) (2-DAE), was targeted.
Synthesis was again accomplished by in situ deprotonation of 1
equiv of H2(

MesDAE) in THF, followed by transfer of this slurry
to a THF solution of UCl4 with subsequent quick addition of 2
equiv of solid NaCp (eq 2). Following workup, 2-DAE was

isolated in moderate yield as an orange powder. The new
compound was characterized by IR spectroscopy to confirm the
absence of N−H functional groups (Figure S5).

The 1H NMR spectrum of 2-DAE was reminiscent of 1-
DAE, again showing sharp, paramagnetically shifted resonances
and an overall C2v-symmetric spectrum. Resonances assigned to
the methyl groups for the mesityl substituents are observed at
−11.53 and 1.18 ppm, while the aryl protons on the mesityl
rings appear at 4.32 ppm. A large resonance, observed at 1.35
ppm, is assignable to the Cp protons, whereas the backbone
methylene protons appear downfield (31.12 ppm). The
symmetry of 2-DAE in solution contrasts that of the analogous
MesDABMe compound, as 2-DAB displays a Cs-symmetric
spectrum, likely resulting from a static backbone interaction
in solution that is missing in 2-DAE.

X-ray Crystallography. The molecular structures of newly
generated 1-DAE and 2-DAE compounds were interrogated by
single crystal X-ray diffraction measurements. The results were
directly compared with the 1-DAB and 2-DAB analogues.
Although the symmetries of the MesDAE and MesDABMe series
differ in solution, for this study it is imperative that the solid-
state geometries are analogous to eliminate ligand electronic
influences other than the ligand backbone interactions.
Furthermore, since a majority of the electronic characterization
techniques are performed on solid-state samples, X-ray
crystallographic analysis will aid in understanding structural
elements and possible molecular interactions.
Brown crystals of compound 1-DAE suitable for single

crystal X-ray diffraction analysis were grown by slow
evaporation from a concentrated diethyl ether solution at
−35 °C. Refinement of the data confirmed the identity of 1-
DAE as (MesDAE)2U(THF) (Figure 2, right; Table 1). Slight
structural deviations are noted between 1-DAB and 1-DAE.
While 1-DAB is consistent with a distorted trigonal bipyramidal
geometry (τ = 0.735), 1-DAE is more consistent with a
distorted square pyramidal geometry (τ = 0.305).
The U−N bond distances of 1-DAE, ranging from

2.242(2)−2.264(2) Å, are consistent with those observed in
1-DAB (2.251(4)−2.255(4) Å) and indicative of anionic
uranium−nitrogen interactions. From the structural parameters,
it is also evident that the C−C bonds in the backbone of the
MesDAE ligands are consistent with C−C single bonds,
displaying distances of 1.523(4) and 1.529(4) Å. These values
differ significantly from those of the CC bonds (1.361(8)
and 1.364(7) Å) in 1-DAB.46−49 Additionally, in compound 1-
DAE the U−C contacts are too long (ranging from 3.022(3) to
3.171 Å) to be considered as bonded; this contrasts the U−C
distances of 1-DAB, which are much shorter at 2.749(5) to
2.788(5) Å and are clearly interacting.50

Single orange crystals of compound 2-DAE suitable for X-ray
crystallography were grown from a concentrated pentane
solution at −35 °C overnight. Analysis confirmed the identity
of 2-DAE as Cp2U(

MesDAE) (Figure 3, right; Table 1),
featuring a distorted tetrahedral geometry (when considering
the Cp centroids) similar to 2-DAB.
The U−N distances in 2-DAE (2.221(3) and 2.204(3) Å)

are consistent with those observed in 2-DAB (2.224(6) and
2.198(6) Å) and are indicative of anionic uranium−nitrogen
interactions. Charge balancing suggests that 2-DAE contains a
U(IV) cations. Similar to compound 1-DAE, the C−C bond
distance in the ligand backbone of compound 2-DAE (1.540(5)
Å) is consistent with a C−C single bond, again contrasting the
CC double bond in the backbone of 2-DAB (1.399(11) Å).
As for 1-DAE, the uranium interaction with the ligand
backbone is diminished in compound 2-DAE, as the U−C
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distances of 2.875 and 3.068 Å are substantially longer than
those noted in 2-DAB (2.637(7) to 2.685(5) Å).
Electronic Absorption Spectroscopy. To corroborate

our oxidation state assignment of U(IV) for both 1-DAE and 2-
DAE, as well as to serve as a comparison to the MesDABMe

derivatives, electronic absorption spectroscopy was performed.
Spectra for 1-DAE and 2-DAE were recorded in THF solution
at room temperature in both the UV−visible (Figure 4, left)
and near-infrared regions (Figure 4, right). In the UV−visible
region, both 1-DAE and 2-DAE have nearly featureless spectra,
except for absorbances around 300 nm that are only partially

discernible. These absorbances are likely charge-transfer bands
and are consistent with those observed for the MesDABMe

compounds.34 Similarly, the near-IR region shows sharp but
weakly intense bands that are characteristic of f−f transitions
typically observed for U(IV), f2 complexes.51,52

X-ray Absorption Spectroscopy. The effective nuclear
charge on uranium within a series of compounds containing
redox-active MesDABMe versus redox-innocent MesDAE ligands
was compared using X-ray absorption near edge structure
(XANES) spectroscopy (Figure 5). The U L3-edge XANES
spectra for 1-DAE, 1-DAB, 2-DAE, and 2-DAB collected at 80

Figure 2. Molecular structures of (MesDABMe)2U(THF) (1-DAB)34 and (MesDAE)2U(THF) (1-DAE) shown with 30% probability ellipsoids.
Selected hydrogen atoms, solvent molecules, and mesityl groups have been omitted for clarity.

Table 1. Bond Distances (in Å) for MesDABMe and MesDAE Compounds34

compound C−N C−C U−N U−Cbackbone

(MesDABMe)2U(THF) (1-DAB) 1.431(7) 1.361(8) 2.251(4) 2.749(5)
1.419(6) 1.364(7) 2.252(4) 2.773(4)
1.432(6) 2.255(3) 2.787(6)
1.418(6) 2.255(4) 2.788(5)

(MesDAE)2U(THF) (1-DAE) 1.485(4) 1.523(4) 2.264(2) 3.022(3)
1.471(4) 1.529(4) 2.242(2) 3.141(3)
1.477(4) 2.264(2) 3.171(3)
1.466(4) 2.259(2) 3.058(3)

Cp2U(
MesDABMe) (2-DAB) 1.425(10) 1.399(11) 2.224(6) 2.637(7)

1.407(9) 2.198(6) 2.685(5)
Cp2U(

MesDAE) (2-DAE) 1.473(4) 1.540(5) 2.221(3) 3.069(3)
1.495(4) 2.204(3) 2.874(3)

Figure 3. Molecular structures of Cp2U(
MesDABMe) (2-DAB)34 and Cp2U(

MesDAE) (2-DAE) shown with 30% probability ellipsoids. Select
hydrogen atoms, solvent molecules, and mesityl groups have been omitted for clarity.
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K were background subtracted and normalized. As character-
istic for U L3-edge XANES,17,53−56 each spectrum was
dominated by a large edge feature superimposed on a step-
like absorption threshold. It has been shown that the energy of
this absorption peak can be correlated with the effective nuclear
charge of the absorbing uranium atom.34,55,57−60 Data were
calibrated in energy to the inflection point of the Y K-edge
XANES spectrum from an Y foil measured in situ (17038.4
eV). Note, the 1-DAB and 2-DAB compounds were measured

in 2011, but the original spectra were referenced to 17032.08
eV, not the more conventional 17038.4 eV. For this reason, the
MesDABMe compounds were re-evaluated experimentally in this
study, and the results are presented herein. To ensure robust
calibration, the U L3-edge XANES energies were additionally
evaluated against an external standard, namely, Cs2UO2Cl4. Not
only does this external calibration standard guard against
energy drift over time (accompanying oxidation of the Y
calibration foil), it also facilitates comparison of inflection point
measurements previously reported in the literature.53,57

Edge-positions for the four analytes were characterized by
their individual inflection points (Table 2). These values were
defined by the point at which the second derivative of the data
equaled zero. Overall, the analytes’ inflection points were
similar in energy, spanning only 1 eV. Uncertainty associated
with such inflection point measurements is typically between
±0.5 and 0.1 eV. All inflection point values were on the order
of 4.2 to 2.8 eV lower in energy than the Cs2UO2Cl4 external
standard, consistent with the uranium ions being described as
+4.53 For 1-DAB and 2-DAB, the measured 17169.3 ± 0.1 and
17169.7 ± 0.6 eV inflections points were equivalent to that
observed in 2011 (i.e., 17169.3 eV), once the experimental
uncertainties were considered. The inflection point energies
showed no statistically relevant dependence on diamide
identity, comparing reduced MesDABMe to MesDAE. However,
the inflection point energies dropped by 0.4 to 0.7 eV when
changing from a combination of a single diamide with two
cyclopentadienides (2-DAE) to a ligand environment com-
prised of two diamides and a THF molecule (1-DAE). The
peak maxima (where the first derivative of the data equaled
zero) were also determined. Again, these values spanned a small
energy range (only 0.9 eV). Like the inflection points, the peak

Figure 4. Electronic absorption spectra in the UV−visible region (left) and near-infrared region (right) for (MesDAE)2U(THF) (1-DAE) and
Cp2U(

MesDAE) (2-DAE) in THF at ambient temperature. THF solvent overtones between 1675 and 1775 nm have been omitted for clarity.

Figure 5. U L3-edge XANES spectra from Cs2UO2Cl4 (pink), 1-DAE
(brown), 1-DAB (black), 2-DAE (orange), and 2-DAB (red) collected
at 80 K.

Table 2. U L3-Edge XANES Data from 1-DAE, 1-DAB, 2-DAE, and 2-DAB

compound inflection pointa analyte inflection point minus that of Cs2UO2Cl4 peak maxima

Cs2UO2Cl4 17173.2 ± 0.2 0 17177.3 ± 0.2
Cp2U(

MesDAE) (2-DAE) 17170.4 ± 0.6 −2.8 17175.8 ± 0.2
Cp2U(

MesDABMe) (2-DAB) 17169.7 ± 0.5 −3.5 17175.4 ± 0.2
(MesDABMe)2U(THF) (1-DAB) 17169.3 ± 0.1 −3.9 17176.8 ± 0.2
(MesDAE)2U(THF) (1-DAE) 17169.0 ± 0.1 −4.2 17176.7 ± 0.2

aInflection points and peak maxima are included (eV), as well as the inflection point energy differences between the analyte and the Cs2UO2Cl4
external standard. All data were calibrated against the Y K-edge from an Y foil measured in situ (17038.4 eV).
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maxima could be grouped in pairs, compounds 1 vs compounds
2. However, in contrast to the inflection point measurements,
moving from compounds 2 to compounds 1 causes an
approximate increase (not a decrease) in peak maxima energy
of 1.2 eV, which was statistically relevant. This energy shift
highlights electronic structure differences between metallocene
and bis(diamide) ligand environments. Unfortunately, the
resolutions associated with the U L3-edge measurement were
not sufficiently rigorous to evaluate the exact origin of this
energy shift. Hence, we conclude from X-ray absorption
spectroscopy that the switch to redox-innocent ligands
imparted negligible electronic differences on the uranium
cations in these complexes. In other words, the redox-active
ligands in this system do not appear to significantly contribute
to covalency at the uranium, in contrast to transition metal
examples.13,15,31,32,61,62

Magnetism. To further compare the electronic structures of
compounds 1-DAE and 2-DAE to the previously reported
unsaturated analogues, 1-DAB and 2-DAB, magnetic data were
collected. Temperature-dependent data for compounds 1-DAE
and 2-DAE were collected at 1 T in the range of 2−300 K
(Figure 6, left). The data were consistent with a simple 5f2

U(IV) cation as evidenced by the low temperature moments of
0.51 and 0.88 μB, which increased to 2.64 and 2.69 μB at room
temperature. These low and room temperature moments, as
well as the overall line-shape, are consistent with data reported
for many other U(IV) complexes.63 Additionally, field-depend-
ent data at 2 K were collected from 0−7 T (Figure 6, right),
which revealed low moments consistent with singlet ground
states, expected for uranium(IV) complexes.64−66

Previously, the temperature- and field-dependent data for 1-
DAB and 2-DAB were reported with samples prepared using
annealed gelatin capsules as sample holders.34 While it has been
shown that simple room temperature moments are not
diagnostic tools alone for assigning oxidation states of uranium
cations,63 the room temperature moments for 1-DAB and 2-
DAB were surprisingly low for U(IV) cations at 1.91 and 1.79
μB, respectively. The low moments were purported to arise as a
result of an electronic effect from the direct structural
interaction between the ene-diamide ligands and uranium
cations.34

For the current work, magnetism data for 1-DAB and 2-DAB
were recollected using very low background plastic straw
sample holders described in the Experimental Section, for
consistency with the sample preparation that was used in the

data collection for 1-DAE and 2-DAE (Figure 6). These
measurements revealed little difference between 1-DAE and 1-
DAB, and between 2-DAE and 2-DAB respectively. These new
results are at odds with the previous report. Upon examining
the new data, 1-DAB has a low temperature moment of 1.04 μB
that increases to 2.61 μB at room temperature. These values are
quite consistent with 1-DAE, which has a low temperature
moment of 0.88 μB and achieves a moment of 2.69 μB at room
temperature. Additionally, upon comparing the temperature
dependent data for 2-DAB and 2-DAE, similar moments of
0.43 and 0.51 μB at 2 K, and moments of 2.41 and 2.64 at room
temperature are observed. Field-dependent plots attained low
moments for all of the derivatives without saturation. In light of
these new measurements, it can be concluded that 1-DAB and
2-DAB, which have the potential to have redox-active ligand
systems, have electronic structures that are very similar to those
of 1-DAE and 2-DAE, which contain redox-innocent ligand
frameworks. Furthermore, the low moments we reported
previously emerged from experimental artifacts associated
with the sample holders.

■ CONCLUSION

Compounds 1-DAE and 2-DAE, which possess redox-innocent
ligands, were synthesized as analogues to (MesDABMe)2U(THF)
(1-DAB) and Cp2U(

MesDABMe) (2-DAB), which contain
redox-active, α-diimine ligands that were fully reduced to
their ene-diamide forms. Crystallographic analysis determined
that the uranium ions in both 1-DAE and 2-DAE were
structurally analogous to their redox-active counterparts,
differing only by the absence of ligand backbone interactions
in the redox-innocent series. This allowed for a detailed analysis
of the electronic effects imparted by the interaction of the π-
system with the uranium center.
Analysis of 1-DAE and 2-DAE using the same spectroscopic

techniques as 1-DAB and 2-DAB allowed for a direct
comparison to elucidate the bonding and electronic structure
between the two families of compounds. Data obtained from
electronic absorption spectroscopy, X-ray absorption spectros-
copy, and magnetic measurements are all in agreement,
suggesting that the additional MesDABMe ligand interaction in
the ene-diamide form has a negligible electronic influence on
the uranium center. Furthermore, the updated magnetic data
now show magnetic moments consistent with typical uranium-
(IV) species. Thus, there is no covalency imparted to uranium

Figure 6. Temperature (left) and field-dependent (right) magnetic data for (MesDAE)2U(THF) (1-DAE) (black), (
MesDABMe)2U(THF) (1-DAB)

(blue), Cp2U(
MesDAE) (2-DAE) (red), and Cp2U(

MesDABMe) (2-DAB) (purple). Temperature-dependent data were collected at 1.0 T, and field-
dependent data at 2 K.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b00663
Inorg. Chem. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.inorgchem.8b00663


from using the redox-active α-diimine ligand, MesDABMe. This is
in contrast to transition metals, where large degrees of electron
delocalization are noted when redox active ligands are utilized.
Currently, we are studying other redox-active ligand systems in
a similar fashion to better understand the electronic demands of
these ligands, allowing us to more effectively understand
bonding in actinide complexes with organic ligands.
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