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ABSTRACT: The electronic structures of a series of highly
reduced uranium complexes bearing the redox-active pyridine-
(diimine) ligand, M*PDI™¢ (M*PDI™® = 2,6-(2,4,6-Me;-C4H,-
N=CMe),C;H;N) have been investigated. The complexes,
(MespDIMe) UL, (THF) (1), (M*PDI™*)UL(THE), (2),
[M=PDI™)UI], (3), and [(M=PDI™)U(THF)], (4), were
examined using electronic and X-ray absorption spectroscopies,
magnetometry, and computational analyses. Taken together,
these studies suggest that all members of the series contain
uranium(IV) centers with 5f® configurations and reduced
ligand frameworks, specifically [M*PDIM]*/~, [MepDIMe]>-,
[MePDIM]*~ and [M=PDIM]*", respectively. In the cases of 2,
3, and 4 no unpaired spin density was found on the ligands,
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indicating a singlet diradical ligand in monomeric 2 and ligand electron spin-pairing through dimerization in 3 and 4. Interaction
energies, representing enthalpies of dimerization, of —116.0 and —144.4 kcal mol ™" were calculated using DFT for the monomers
of 3 and 4, respectively, showing there is a large stabilization gained by dimerization through uranium—arene bonds. Highlighted
in these studies is compound 4, bearing a previously unobserved pyridine(diimine) tetraanion, that was uniquely stabilized by

backbonding between uranium cations and the 7°-pyridyl ring.

B INTRODUCTION

Redox non-innocent ligands have proven to be useful tools in
organometallic and inorganic chemistry, due to their mediation
of multi-electron processes for metal complexes where such
processes could not otherwise occur.'”” Ligand-based redox
events can sometimes result in “ambiguous” oxidation states at
metal centers, as initially articulated by Jorgensen.® Thus, ligand
non-innocence can lead to unusual bonding and electronic
structures, in which traditional electronic descriptions fail to
accurately describe the metal—ligand interaction. The develop-
ment of advanced spectroscopic techniques and computational
methodologies has improved our ability to characterize
complicated interactions between non-innocent ligands and
metals. Often times, no single technique can definitively
determine electronic structures of complexes containing ligands
that engage in redox chemistry, but combining multiple
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techniques provides a compelling body of evidence for
electronic configuration assignments in these systems. When
such data support redox events occurring at both the metal and
ligand, the term “redox-active” is most appropriate to describe
the ligands.*

One such ligand class that has gained popularity in recent

years is the 2,6-pyridine(diimine) ligand, *PDI* (*PDI* = 2,6-
(R-N=CR’),C;H;N), in part due to its utility in the
generation of hlghly active iron and cobalt catalysts for olefin
polymerization.”"® Since this important discovery, the pyridine-
(diimine) family has supported a variety of metals that mediate
organometallic processes, including but not limited to olefin
hydrogenation'' (asymmetric'>'?), ester hydrogenation,'*
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Scheme 1. Synthesis of Compounds 1—4

“Red N atoms indicate anionic interactions; blue N atoms signify neutral (dative) interactions.

Table 1. Uranium—Nitrogen Distance Comparison for 2—4

bond 2 (A) 3 (A)
U=Ninine 2.493(7) 2.410(9)
U—N,ridine 2.324(9) 2.300(11)
U—Niine 2.493(7) 2.392(9)

4 (A) (MespDIM) UL (NMes) (THF)
2.427(7) 2.642(9)
2.305(6) 2.577(7)
2.407(6) 2.615(8)

olefin and ketone hydrosilylation,">™'® olefin hydrobora-
tion,'?*® cyclizations,”" 7>* reductive cyclizations,” lactide
polymerization,”* aldol reactions,” and formic acid dehydro-
genation.”® Complementing some of these synthetic studies are
investigations of redox chemistry of the pyridine(diimine)
metal complexes, which aim to determine their electronic
structures and the role ligand non-innocence plays in the
observed chemistry.”>**~** Combining spectroscopic, crystallo-
graphic, and computational techniques have shown that in
many cases, especially for first-row transition metals, rather than
a low-valent metal center supported by a neutral pyridine-
(diimine) ligand, a more appropriate description is of an
oxidized metal center supported by a reduced chelate. Further,
the electrons stored in the ligand framework are highly
delocalized throughout the pyridine(diimine) plane.

The utility of pyridine(diimine) ligands in stabilizing
transition-metal species prompted an investigation to deter-
mine if the pyridine(diimine) framework could act similarly as a
vehicle to support electron-rich uranium species. Our initial
work demonstrated the feasibility of this postulate with the
synthesis of the cyclopentadienyl uranium M<PDI™® series
(MespDIMe = 2,6-(2,4,6-Me;-C4H,-N=CMe),C H;N),
Cp*UL(M*PDI*), Cp*UI(M*PDI™), and Cp*U(M=PDI™*)-
(THF) (Cp* = 1°-CsMe;), whose members feature uranium-
(IV) centers ligated by reduced ligands [MesppIMe]*/-,
[MespDIMe]>, [MSPDIM]>, respectively.”” The extent of ligand
reduction was confirmed by examining ligand metrical
parameters as determined by X-ray crystallography. The
redox activity of Cp*U(M*PDIM®)(THF) was demonstrated
in the cleavage of the strong N=N double bond in azobenzene
with three reducing ligand equivalents and one from the
uranium cation.”® With this result in mind, we generated an
analogous series of reduced compounds without the cyclo-
pentadienyl substituent.”® The first compound in the series,
(MePDIM®)UL,(THF) (1), was synthesized by addition of
neutral M*PDI™® to UI,(THF),. Upon coordination of the
MespDIMe ligand, an electron transfer from uranium(III) to
MespDIMe ensued, generating a uranium(IV) cation ligated by a
radical anion, [M*PDIM®]*~ and three iodide ligands. In the
case of 1, reliable structural parameters could not be established
by X-ray crystallography due to poor crystal quality. The

ground-state electronic configuration was established by
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variable-temperature magnetometry measurements, in which
the low-temperature data supported the presence of a ligand
radical. The rest of the compounds in the series,
(MespDIM) UL (THF), (2), [(M*PDIM*)UI], (3), and
[(M=PDIM*)U(THF)], (4), were synthesized by subsequent
single electron reductions of complex 1 using KCq (Scheme 1).
High-quality X-ray diffraction data for 2—4 highlighted
distortions in the intraligand bonds, as compared to the free
MespDIMe ligand, consistent with each reduction being ligand-
centered rather than metal-centered.”

Insight into the electronic structures of 2—4 was gained by
examining the U—N bond distances for the pyridine(diimine)
chelate, which are typically indicators of ligand reduction.””!
Data for 2—4 are compiled in Table 1 along with a comparison
to (M=PDI™*)UL,(NMes)(THF), a uranium(IV) imido species
with a neutral M*PDI™ ligand. As previously established by our
group,zmg’31 U—Npp; bonds in the range of 2.3—2.4 A indicate
anionic character, arising from the localization of reducing
equivalents in the ligand framework, whereas U—Npp; bonds
that are 2.5 A or higher are consistent with dative interactions
to a neutral M*PDI™® ligand. The U—Npp, distances for 2
indicate two-electron ligand reduction, as they are consistent
with those for Cp*UI(M*PDI™) and Cp"UI(M*PDI™®) (Cp” =
°-CsH,CMe,Ph), both of which were reported to contain
[Mespp™Me]>~ ligands.27 The U—Npp; distances in 3, along with
intraligand parameters, are consistent with those reported for
the triply reduced chelate in Cp*U(M*PDI™®)(THF).*® Thus,
based on the short U—Npp, distances contrasting those in
(MePDIM*)UL,(NMes)(THF), 2 and 3 were best described by
crystallography as containing uranium(IV) centers supported
by [M*PDI™]*~ and [M*PDI™*]*~ ligands, respectively.

Although compound 4 was formed by reduction of 3, the
ligand oxidation state was more difficult to establish based on
structural parameters of 4 alone, since they are statistically
indistinguishable from those reported for 3. The structural
analyses of 3 and 4 are complicated by their dimeric nature,
which creates steric hindrance between the M*PDI™® ligands.
Thus, dimerization may be responsible for distortions observed
in the bond distances. Dimerization in 3 and 4 results from the
uranium centers interacting in an 7°-fashion with the pyridine
ring of the opposite M*PDI™® ligand, with respective U—C
bond distance ranges of 2.725(12)—2.820(11) and 2.707(8)—
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Figure 1. Electronic absorption spectra for compounds 1 (black), 2 (blue), 3 (green), 4 (red), and UL;(THF), (orange, for reference) recorded in
THEF at ambient temperature. The UV—vis region (left) is from 280 to 900 nm, and the near-infrared region (right) is shown from 800 to 2200 nm.

2.801(8) A. These #° interactions involve the same orbitals as
the n—arene—uranium interactions, which are well prece-
dented in the actinide literature with the majority of
coordinated arenes existing in their reduced form.**~> The
role of the arene interaction is significant in the formation of
dimers 3 and 4, as highly reduced transition-metal species with
pyridine(diimine) ligands have been established to form the

bis(ligand) derivatives, (*PDIV),M, saturating the metal center
and preventing further reactivity.”> With the metal—arene
interactions operative, the electronic structure of 4 could be
described in several ways when considering charge balance.
Compound 4 might result from reduction of the uranium
center in 3 to provide a uranium(IIl) center coordinated by a
[Mespp™Me]3~ ligand; alternatively, reduction of the ligand is
also possible to generate a uranium(IV) center ligated by
[MePDIM]*". Given the highly reducing nature of uranium-
(II1)**7%° and that a pyridine(diimine) tetraanion has not been
previously observed, one can also imagine configurations
between these canonical oxidation state assignments.

Despite their complicated electronic structures, compounds
2—4 show rich redox chemistry that is easily characterized. For
instance, oxidation of 2, 3, and 4 with varying equivalents of
mesitylazide (N;Mes) resulted in formation of the correspond-
ing pyridine(diimine) uranium mono-, bis-, and tris(imido)
compounds, respectively.”” Each oxidized species was sup-
ported by a neutral [M*PDI™]° ligand, as determined
crystallographically, indicating that reducing equivalents stored
in the ligand, along with electrons from uranium for 3 and 4,
were used in the activation of the organoazide. Given the
formation of the interesting uranium imido products, including
the previously unobserved tris(imido) derivative, along with the
unprecedented multi-electron redox chemistry, further inves-
tigation of 1—4 to evaluate their ground-state electronic
structures is warranted. Herein, we report the characterization
for this unusual family, 1—4, by magnetometry, computational,
and electronic, and X-ray absorption spectroscopic measure-
ments supported by redox chemistry.

B RESULTS AND DISCUSSION

Electronic Absorption Spectroscopy. Studies on 1—4
were initiated using solution-phase electronic absorption
spectroscopy, as this technique has been established as a useful
tool in elucidating the oxidation states of redox-active
ligands***” and low- and mid-valent uranium species. >~
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This technique can be helpful in differentiating uranium centers
of varying oxidation states, as near-infrared and UV—vis spectra
provide fingerprints for compounds with uranium 5f° Sf*, 5f2,
and 5f* configurations. Data for complexes 1—4 were collected
from 280—2200 nm at ambient temperature in THF and are
presented in Figure 1, along with the spectrum of UL;(THF),
for comparison.

From previous studies,” compound 1 was found to include a
radical delocalized throughout the plane of the [M*PDIM¢] /-
ligand, thus its absorption spectrum should be unique as
compared to 2—4. Inspection of the UV and visible regions for
1 indeed show a more pronounced absorption profile as
compared to complexes 2—4. For compound 1, the absorption
at 399 nm (1824 M~! cm™") is similar to that observed for the
family of tetravalent uranium complexes (NN®)UL(THF)
(NN® = fc(NR),, fc =1,1'-ferrocenediyl, R = SiMes, Si'BuMe,,
SiMe,Ph), which have similar absorptions in the 400—500
range with modest molar absorptivities (1100—1900 M~
cm™') and are indicative of S5f—6d transitions within the
uranium ion and iodide-uranium charge-transfer transitions.>®
This is also reminiscent of [((‘BuArO);tacn)U(dbabh)], which
has an absorption at 408 nm (1943 M~! cm™).*” Compound 1
displays a second absorption at 479 nm (522 M™' cm™),
similar to the uranium-iodide charge transfer observed
previously in tetravalent UL,(OEt,), as well,*® albeit with a
lower molar absorptivity. Comparing the absorption profiles
throughout the visible region in the spectra of 1 with
UL (THF), shows spectral characteristics, with significantly
higher molar absorptivities in the trivalent case,*® supporting
the uranium(IV) oxidation state in 1. While the UV and visible
regions for 2—4 are similar to each other, they are strikingly
different when compared to 1. The well-defined bands seen for
1 are absent and are replaced by broadened transitions. These
absorptions have line shapes and molar absorptivities that are
comparable to those observed for the uranium(IV) ion in
(NN®)U(CH,Ph),(THF).>*® As with this family of hetero-
bimetallic species, 2—4 have strong absorptions at ~300 nm
(1500—4000 M~ cm™), which may indicate 5f—6d transitions
within the uranium core. These line shapes are similar to those
in the tetravalent ketimido derivative Cp*,U[N=C(Ph),],
(~10,000 M™' cm™) but have significantly lower molar
absorptivities.>”

Examination of the near-infrared spectra for 1—4 further
highlights the differences in these complexes. The spectrum for
1 shows a broad band spanning 1200—1800 nm, which is
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Figure 2. Variable-temperature molar magnetic data (u.g) for 1 (black, @), 2 (blue, W), 3 (green, @), and 4 (red, A) (left) and variable field data
collected at 2 K (right). Data plotted per uranium ion. Lines are provided as guides to the eye.

Table 2. Summary of Magnetic Data for Compounds 1—4 and Selected Literature Benchmarks

compound uranium oxidation state
[((*4ArO);tacn)U] 11
[((**Ar0);tacn)U(CO,"")] v
[((“ArO) tacn)U(N,)] v
1 v
2 v
3 v
4 v

“Estimated from graphical data reported in ref 43. “Not reported.

MesppMe oxidation state

M Q2K 7T, us)
b

Hegr (300 K, pi3) et (2/5 K, pg)

2754 1.73

2.89 1.51 b
2.85% 0.70% b
2.85 1.52 0.85
294 1.06 0.50
2.66 1.03 041
273 0.71 0.23

shifted as compared to the similar broad bands observed for 2—
4. The molar absorptivities of these transitions (50—100 M™*
cm™") are in line with those observed for previously published
uranium (IV) complexes containing redox-innocent li-
gands,38_40 however, the bands in 1—4 are broader than
those typically observed. Previous studies have shown that f—f
transitions are difficult to resolve in the presence of
uranium—amine and uranium—arene functionalities, owing to
intense charge transfer bands as has been noted in
[(('BuArO);Mes)U]. Further, the broadness observed for 1
contrasts those for other tetravalent uranium species with
radical anionic ligands. [((*®"ArO);tacn)U(7-NNCPh,*)],*!
[((*B*ArO);tacn)U(OC*®Ph,*)],** and [((*‘ArO);tacn)U-
(CO,*)]* all display sharp but weak f—f transitions character-
istic of the uranium(IV) oxidation state, but in these cases, the
radical electron is localized on the axial ligand in the seventh
coordination site, rather than delocalized. While the electronic
absorption spectra do support the initial assignments of the
uranium series 1—4 as containing tetravalent uranium centers,
these data do not provide definitive assignments of electronic
configurations on their own. Additional analytical tools were
enlisted to more thoroughly probe the electronic structure of
these species.

Magnetometry Studies. Variable-temperature and field-
dependent magnetic measurements were performed to further
elucidate the electronic structures and spin states of para-
magnetic complexes 1—4, with an emphasis on establishing the
ligand and uranium oxidation state in 4. In general, room-
temperature magnetic data alone do not allow differentiation
between U(III) and U(IV) complexes due to their similar
expected Curie magnetic moments.** Using L—S coupling, the
predicted RT moment for the *H, U(IV) ion is 3.58 y, while
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that for the *I,,, U(III) ion is 3.62 pg. In both cases, the
observed moments are typically smaller than the predicted
ones, due to ligand field states that split the ] = 4 or 9/2 ground
terms by more than kT at room temperature.**~** Data for 2—
4 are plotted with data previously reported for 1> for
comparison in Figure 2. For compound 1, the variable-
temperature iy data showed a depopulation of ligand field
states consistent with a Sf? *H, uranium(IV) cation. At low
temperatures, the magnetic behavior of 1 was dominated by
[MePDIMe]*/~ ligand radical. This is further supported by the
magnetization versus field curve for 1 at 2 K, which showed the
onset of magnetic saturation with a value of 0.85 y5 at 7.0 T,
close to the theoretical value of 1.00 g for a [M“PDIM]*/~
ligand radical when g = 2.0. Thus, the magnetometry data for 1
supported an electronic structure assignment of a Sf?
uranium(IV) ion and a radical M*PDI™ ligand (doublet).
Ligand radical character was supported by EPR spectroscopy,
which shows a room-temperature signal at g = 2.0016 (Figure
S13).

The magnetic data for complexes 2—4, provided on a per ion
basis, are very similar to each other and to complex 1 (Figure 2
and Table 2). The temperature dependences of 2—4 similarly
follow a monotonic decrease with temperature as with 1, also
indicating depopulation of ligand field levels due to the
uranium cations. All the compounds 1—4 show pg values at
300 K in a small range of 2.66—2.94 uy, characteristic of
uranium(IV) cations.***~>" The pi.; values at 2 K for 2—4 also
fall in a small range of low values from 0.71—-1.06 up per
uranium cation. Unlike complex 1, complexes 2—4 exhibit a
gradual increase in their magnetization versus field data at 2.0 K
and do not approach magnetic saturation. The range of values
obtained for 2—4 at 7.0 T is 0.23—0.50 yg. The similarities in
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the field- and temperature-dependent data for 2—4 are
surprising, given the range and extent of their reduction. The
room-temperature moments, temperature dependences, and
low-temperature field-dependent data taken together suggest
that all members of the series include uranium(IV) cations.

The range of high-temperature moments for 1—4 is similar
to those observed by Meyer and co-workers for
[((*ArO);tacn)U™] and [((*¥ArO);tacn)UY(L)] (L
CO,*~ or N;7; ((*ArOH)stacn = 1,4,7-tris(3-adamantyl-5-
tert-butyl-2-hydroxybenzyl) 1,4,7-triazacyclononane) (Table
2).¥ In the Meyer series, the oxidation states of U(III) and
U(IV) were assigned on the basis of [((*ArO),tacn)U™]
having a ligand field doublet ground state from its Sf°
configuration that retained a moment of 1.5 yy at 2 K, whereas
the 5f2 [((*9ArO);tacn)UY(N;)] exhibited a ligand field
singlet with only a small moment ~0.5 pp at 2 K. Similar to
complex 1, [((*4ArO);tacn)U"(CO,)] exhibited a LT moment
of ~1.51 g, attributed to the single unpaired electron on the
CO,*’ ligand and a non-magnetic singlet from a uranium(IV)
ion.

Given the similar temperature- and field-dependent magnetic
data for 2—4 and the data reported by Meyer, the data support
the postulate that compounds 2—4 all contain uranium(IV),
5f? centers. Furthermore, the low-temperature data points to
the absence of unpaired spins on the M“PDIM® ligand
frameworks for 2—4. Using charge balance, complex 2 contains
two iodide ligands and a dianionic [M*PDI™*]*~ ligand,
whereas complex 3 contains one iodide ligand with a
[MePDIM]*~ moiety. Similarly in complex 4, each uranium(IV)
cation is coordinated by a formally [M*PDI™®]*" ligand such
that the paramagnetism is only due to the 5f” configuration.
These magnetic data corroborate the findings from the
electronic absorption measurements. The dimeric nature of
complexes 3 and 4 facilitates spin pairing of the six
[MePDIMe],5~ or eight [M*PDIM],*” ligand electrons per
dimer as supported by DFT calculations (vide infra). Overall,
the magnetic data for 1—4 indicate the reducing equivalents in
this system for the activation of small molecules reside primarily
in the ligands.

X-ray Absorption Near Edge Spectroscopy. To further
probe the valency at the uranium center, X-ray absorption near
edge spectroscopy (XANES) was used. Data were collected in
transmission mode at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beam line 11-2 (See Supporting
Information for experimental details). The background
subtracted and normalized U Ly-edge XANES spectra for 1—
4 are presented in Figure 3. Collectively, the spectra are similar
to other U Ly-edge XANES reports of formally tri- and
tetravalent uranium compounds, in that they contain a single
edge peak between 17167 and 17170 eV superimposed on a
step-like absorption threshold.>>~>” From the perspective of the
free ion, the edge features in these spectra primarily originate
from electric-dipole allowed transitions from uranium 2p
orbitals to unoccupied states that contain U d- and s-character,
e.g, for tetravalent uranium a 2p®--5f%6d° — 2p%--5f%6d’
transition is expected. The step-like absorption threshold
represents the ionization potential of the uranium ion. It has
been shown that the energy of the first inflection point of the
rising X-ray absorption edge could be correlated with the
effective nuclear charge of the absorbing uranium atom.>*~>’
However, it has been well documented that many factors
influence the exact absorption energy, ie., the coordination
geometry and amount of orbital mixing in a given uranium-—
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Figure 3. U Ly-edge XANES from the following compounds listed
top to bottom; U[N(SiMe,),]; (black trace), UL THF, (indigo trace),
1 (violet trace), 2 (blue trace), 3 (green trace), 4 (yellow trace),
(PPh,),U"Cl, (orange trace), and Cs,U"'0,Cl, (red trace). The
circular markers represent the inflection point.

ligand bond. Herein, we have compared the inflection point
energies for compounds 1—4 with that of tri- and tetravalent
uranium standards, namely UIH[N(SiMe3)2]3,58_60
U"L,(THF),,*"%* and (PPh,),U"Cl,.% These inflection points
were quantified by determining the point at which the second
derivative of the data equals zero, and the results are
represented graphically as the circular markers in Figure 3
and summarized in Table 3.

The data for 1—4 and the standards were calibrated to the
yttrium K-edge from a yttrium calibration foil (17038.4 eV)
measured in situ. However, to better compare our experimental
values with those previously published on some tri- and
tetravalent uranium complexes, the energy difference between
the inflection points determined for hexavalent CszUOZCI464
and compounds 1—4, U™[N(SiMe;),];, U™,(THF),, and
(PPh,),U™Cl, were also calculated and tabulated in Table 3.
The —6.2 eV energy difference between U™[N(SiMe;),]; and
Cs,UO,Cl, measured here is in excellent agreement with the
—6.3 €V value reported by Lukens and co-workers.”> Similarly,
the energy for the U"I,(THF), inflection point was —5.8 eV
lower than that of Cs,UO,Cl,. The rising edge for the
(PPh,),U"Cly standard was approximately 2 €V higher in
energy than the trivalent standards and found to be —3.4 eV
from Cs,UO,Cl,. Although the inflection points for com-
pounds 1—4 were bracketed by the tri- and tetravalent
standards, the energy value for compound 1 (=54 eV from
Cs,UO,Cl,) was approximately 2 eV lower than that of 2—4,
which was on average —3.7 eV from Cs,UO,Cl,.
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Table 3. Energy for the First Inflection Point of the U Lyy;-
Edge XANES Data from Compounds 1—4 vs Formally Tri-
and Tetravalent Standards”

inflection inflection point minus that of
compound point (eV) Cs,UO,Cl, (eV)
U[N(SiMe,), ] 17,167.0 —-62
UL(THE), 17,1674 -58
1 17,167.7 -55
2 17,169.3 -39
3 17,169.5 -37
4 17,169.6 -36
UMSDABM®),(THF)’ 17,169.32° -39
U(CiHy),(M*DABM)S  17,169.32° -39
(PPh,),UCl, 17,169.8 —34
Cs,U0,Cl, 17,1732 0.0

“Also included are the differences in inflection point energies from
that of Cs,UO,Cl,. All data are calibrated against the Y K-edge from
an Y foil measured in situ (17038.04 eV). “In the original report™® the
U Ly-edge spectra were calibrated to the yttrium K-edge of our
yttrium calibration foil at 17032.08 eV. Values for U-
(M=DABM*),(THF) and Cp,UM*“DAB™®) have been reworked
using the latest calibration value of 17038.4 eV.

Using the inflection point metrics described above,
compounds 2—4 exhibited spectra similar to that of
(PPh,),U"Cl,. Consequently, these values also agreed quite
well with our recent U Ly;-edge XANES analyses for
UMSDABM®),(THF) and Cp,UM®DAB™®),® To facilitate
comparison with compounds 1—4, data in the original report
were recalibrated to 17038.4 eV, and the results showed
inflection points that were offset by —3.9 eV from that of
Cs,UO,Cl,. Hence, the U Ly-edge XANES suggested that
descriptions of 2—4 invoking Sf? uranium ions and
[MepDIM]?", [M=PDIM]*", and [M*PDIM]*" ligands, respec-
tively, were appropriate. Surprisingly, the data for compound 1
closely resembled that of U™[N(SiMe;),]; and U™IL,(THF),.
Based on these data alone, it is tempting to describe 1 (under
these experimental conditions) as having a neutral M*PDIM®
ligand and a uranium atom with three relatively localized Sf
electrons. However, the inflection point for 1, which contains
three nitrogen donors and three iodide donors, was still 0.7 eV
higher than that of the trisamido U[N(SiMe;),]; complex and
0.3 eV higher than triiodide UL;(THF), complex. Given the
electronic absorption spectroscopic measurements and the
magnetometry data (described earlier) as well as the DFT
calculations (vida infra), we attribute the difference in rising
edge positions to substantial orbital mixing between a
[MespDIMe]*/~ radical anion, the iodine ligands, and the
uranium metal center. Hence, in spite of the limitations
associated with formal oxidation state assignments, we believe
that the most reasonability description of compound 1 is as
containing a U(IV) ion with covalent U-M*PDI™® and/or U-I
bonding interactions. Future work is focused on attempting to
better characterize the U-N(M*PDI™*) interaction using N K-
edge X-ray absorption spectroscopy.

Computational Analysis. Monomeric Species, 1 and 2.
To further probe the metal and ligand oxidation states in 1 and
2, geometry optimizations were performed, and their calculated
structural parameters from the PBE functional are tabulated
(Table 4, Figure 4). Because reliable metrics from crystallog-
raphy could not be determined for compound 1, its calculated
U-N bond distances (2.467 (U—prr) and 2.623 A) do not
have the benefit of an experimental comparison to the same
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Table 4. Calculated Bond Lengths for 1 and 2 and
Experimental Bond Lengths for Cp*U(O,C,Ph,)(M*PDI™*)
and 2. The calculated structural parameters were obtained
with the PBE functional. U-I,, and U-I,, are the axial and
equatorial U—I bond lengths, respectively

1 Cp’U(0,C,Ph,) (M=PDI*) 2
caled (A) expt. (A) caled (A) expt. (A)

U-NI 2.623 2.607(4) 2.518 2.493
U-N2 2.467 2.434(4) 2.318 2.324
U-IL, 3.013 - 3.068 3.080
U-L, 3.039 -

U—Oryr 2492 - 2.604 2.546
N1-C2 1.320 1.305(6) 1.349 1377
N2-C3 1.319 1.383(7) 1.343 1.369
C2-C3 1.450 1.440(7) 1.416 1.400
C3-C4 1.398 1.384(7) 1.398 1.414
C4-Cs 1.392 1.385(8) 1.393 1.373

molecule. However, these distances can be compared to the U—
N distances in Cp"UL (M=PDI™®) (2.522(10), 2.368(10) (U—
N,,.), and 2.484(9) A) and Cp"U(O,C,Ph,)(™*PDI*)
(2.679(4), 2.434(4) (U-N,,,), and 2.607(4) A), both of
which have been established to have monoanionic
[MesPDIMe]*/~ ligands by X-ray crystallography and SQUID
magnetometry.2

The Mulliken spin density for the uranium center in 1 was
calculated to be ~2.3; although this value is slightly higher than
expected for a pure U(IV) ion, it is still in an acceptable range
for the U-5f* conﬁguration.és’66 The corresponding spin
density for the M*PDI™ ligand in 1 was calculated to be
~0.7, suggesting population of an energetically low-lying ligand
7% orbital by a single electron, supporting the formulation of a
monoanionic [M*PDIM®]*/~, This description is consistent with
the magnetic data for 1. Inspection of the Kohn—Sham orbitals
of 1 shows that the HOMO and HOMO-1 orbitals (Figure 4)
contain two singly occupied 5f orbitals with unpaired electron
density, consistent with a uranium(IV) center. The additional
unpaired electron in 1 is situated in the HOMO-2 orbital,
whose parentage is primarily ligand in character (~80%).
However, this HOMO-2 orbital also has a moderate degree of
uranium character, ~18% Sf and 2% 6d, where some unpaired
electron density is present. This is likely to explain the elevated
spin density value found for the uranium atom, as the 7* of the
MespDIMe ligand has significant overlap with the uranium Sf
orbitals. However, we cannot rule out that the magnitude of
this value could be due to the propensity of GGA functionals to
delocalize electron density.

As hybrid functionals often favor the localization of electrons,
and systems with redox active ligands are generally delocalized,
the presence of a ligand radical in compound 1 was also probed
using the PBEO functional, by constraining the unpaired
electrons in two different configurations. The first model
considered had three unpaired electrons all localized in
uranium orbitals giving rise to a neutral ligand, (M*PDI™*)",
and U(III) center, while the second model constrained one
electron to (MSPDIM®)*/-, leaving two unpaired electrons on
uranium, and U(IV). The former configuration, (M“PDI¢)°
and U(III), was confirmed to be an excited state relative to the
latter configuration, (M*PDI™®)*~ and U(IV), by using time-
dependent DFT with both the PBE and PBEO functionals. The
energy of this ligand-to-metal charge transfer (LMCT) is
approximately 11.8 kcal/mol (2431.1 in nm) (see Supporting
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eigenvalues. Spin density plot for 2, showing unpaired spin density is localized on uranium rather than the ligand.

Information). Thus, formation of 1 most likely involves
coordination of neutral M*PDIM® to the uranium(III) center,
followed by a metal to ligand charge transfer, which generates a
[MespDIMe]*/~U(IV) monomer. This analysis supports the
assignment that the U 5f* bearing a radical ligand configuration
is indeed the lowest energy, electronic ground state of 1, and is
consistent with the electronic absorption spectroscopic and
low-temperature magnetic data.

For compound 2, the calculated structure from the PBE
functional is an accurate model for the experimentally
determined metrical parameters, as shown by agreement of
the calculated bond lengths generally within 0.03 A of the
crystal structure (Table 4). An exception to this is the U—Orpyp
bond distances for 2, which are overestimated by ~0.06 A. The
calculated Mulliken spin density for the uranium center of ~2.2
compares favorably with that calculated for 1, supporting that 2
is a uranium(IV) species. By charge balance considerations for
neutral 2, the M*PDI™® ligand should be reduced by two
electrons, which is supported by the parameters observed in the
solid-state structure. Confirmation of ligand reduction is seen in
the visualization of the valence orbitals of 2, where the HOMO-
2 a-spin orbital is nearly identical to that in 1 (Figure S). In
both cases, this orbital consists primarily of ligand unpaired
electron density, with only partial contribution from the
uranium center (27.2% Sf and 1.5% 6d). The HOMO f-spin
orbital of 2 is analogous to the HOMO-2 a-spin orbital, with
both having identical atomic orbital contributions and
eigenvalues. Furthermore, the HOMO and HOMO-1 a-spin
orbitals of 2 are similar to those in 1 in that they are primarily
Sf in nature and thus confirm the assignment of 2 as a U(IV)
ion with a ligand dianion, [M*PDI™]>~ (Figure S3).

Next, the electronic structure of the dianionic [M*PDIM¢]?~
ligand was further explored. To determine if the ligand
electrons are paired, resulting in a singlet, closed-shell
configuration, or unpaired, giving an open shell ligand triplet.
Examining the spin density plot for 2 confirms the singlet
configuration (Figure S), which shows that unpaired electron
density is localized exclusively on the uranium center, with no
ligand participation. The spin density value for the ligand has
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also dropped to approximately zero (~ —0.1), which is in
contrast to 1 (~0.7) and confirms that the electronic structure
of [M*PDIM]*" is best described as a singlet, corroborating the
low-temperature magnetometry data which depicts a singlet
ground state. The ligand triplet, corresponding to an overall
quintet electronic state for 2, is about 5.15 kcal/mol higher in
energy, suggesting it is not the preferred electronic arrange-
ment. The U-N bonds are significantly shorter in 2 as
compared to 1 as a result of the greater electrostatic
interactions between the U(IV) center and the [MePDI™M¢]*~
as compared to a configuration comprising a U(III) center and
(M=PDI*)*/~ ligand. Further confirmation of the ground states
of 1 and 2 was obtained by inspection of the Nalewajski—
Mrozek®” bond indices, which include ionic contributions to
the interatomic bonds. For the U—N bonds in 1, these values
range between 0.64 and 0.78, while for 2 this range is 0.76 to
1.21, establishing ligand electronic ground states of
[MespDIMe]*~ and [M*PDIM*]*~ for 1 and 2, respectively.
The calculated U—N distances for 1 are elongated with respect
to the experimentally determined structure of 2, indicating a
lesser extent of ligand reduction for 1 as compared to 2, further
supporting assertions for their mono- and dianionic ligand
assignments.

Dimeric Species, 3 and 4. Geometry optimizations were
performed to understand the electronic structures of dimeric 3
and 4, but due to their complexity, they were handled
separately from monomeric 1 and 2. Using the PBE functional,
the geometry optimization of 3 had good agreement with the
experimental values (Tables S and S1), with the largest
deviation between the calculated and experimental bond
lengths being only ~0.04 A. Single point calculations performed
on the experimental and optimized structures of 3 show that
the broken-symmetry singlet state is the ground state at the
DEFT level. The PBE functional shows this singlet ground state
for 3 is approximately 4.2, 10.6, 12.1, and 49.9 kcal/mol more
stable than the triplet, quintet, septet, and nonet states,
respectively. The calculated spin densities for the uranium
centers in 3 are between 1.8 and 2.1 (DFT), confirming a Sf>
electronic configuration (Table S2), which is supported by
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Table 5. Calculated and Experimental Bond Lengths (A) in 3
and 4

3 4
caled expt. caled expt.
U-N1 2419 2.392(9) 2431 2.427(7)
U-N2 2303 2.300(11) 2310 2.305(6)
U-1 3.008 3.0157(10)
U-u 3.703 3.741 3.686 3.668
U=Oupyp 2.603 2.525(6)

examination of the Kohn—Sham orbitals (Figure S4) and
magnetic data. By charge balance considerations, a uranium(IV)
oxidation state for neutral 3 means the pyridine(diimine) must
be reduced by three electrons, which is not surprising given the
third reduction of the M*PDIM® ligand has recently been
established for s,°® d,°° and f£-block®>”**3! metals. However, the
calculated spin densities for the ligands in 3 are negligible,
suggesting no radicals are present despite the fact that they are
each reduced by three electrons (Figure 6). Thus, the
distribution of unpaired spin density and the presence of a-
and f-spin orbitals suggest that 3 is formally a
[U*],L[(M*PDI™),%"] system, containing four unpaired
electrons populating only four uranium 5f orbitals.

As with 2 and 3, the optimized structure of 4 compares
favorably with the experimental results (Table 6). Single-point
DFT calculations on the experimental geometry of 4 also reveal
a broken-symmetry unrestricted singlet ground state (Tables 6
and S3). Energetically, the quintet state, containing four
unpaired electrons, is only slightly higher (~0.5—1.3 kcal/
mol) in energy with respect to the singlet ground state and is
found whether the local or hybrid functionals are employed.
This would imply the quintet state would be partially populated
at room temperature; however, there is no evidence for such a
population in the magnetometry data. This discrepancy could
be due to the fact that DFT can have difficulty handling the
broken-symmetry multireference nature of the S = 0 state. As
such, the energies of the true singlet wave function is likely
lower than what is obtained by DFT. For the ground state, the
calculated Mulliken spin densities on the uranium atoms in 4
vary from 2.2 to 2.4 (Table 6). Again, these spin densities are
elevated for canonical uranium(IV) centers but are on the order
of those seen for 2. Examination of the orbitals of 4 reveals that
each uranium center has a S5f? electronic configuration, by the
occupation of two orbitals, HOMO and HOMO-1, that are
primarily Sf in character (Figure 7).

As evident from the experimental and calculated structures,
dimeric 3 and 4 are partially stabilized by the N,U,-cores

between the pyridine nitrogen atoms of each M*PDI™® and the
opposing uranium centers. The N,U, core is characterized by
an outer o-type ring and an inner accumulation of electron
density between the pyridine nitrogen atoms and the two
uranium centers (Figure 7, HOMO-4). Further stability for 3
and 4 can be attributed to the interactions between the z*
orbitals of the pyridine in M*PDIM® and the corresponding Sf
orbitals on the opposing uranium centers, which can be
characterized as §-backbonding interactions (Figure 7). This
type of bonding mode has been identified previously for
reduced toluene and benzene complexes bearing bulky
amide®"***” and cyclopentadienyl®® ligands. In the cases of 3
and 4, the extreme steric hindrance of the dimeric species
prevents a meaningful discussion of bond distances, as the
longer U—C distances (2.707(8)—2.820 A) are out of range as
compared to these sterically less encumbered systems.

In the synthesis of 4 from 3, reductive cleavage of two U—I
bonds results in two additional electrons that must be
accommodated. These electrons are housed in a fourth ligand
7* orbital, one of a- and one of B-spin that is unoccupied in 3
(Figure 7, HOMO-2). These results suggest that the #*
manifold of the M*PDI™ ligand is populated by four electrons
in 4, suggesting that the [M*PDI™*]*~ electronic state is indeed
accessible in this dimeric coordination geometry through an
additional #-backbonding interaction. Thus, compound 4 is
assigned as an [U"],[(M*PDI™®),]*" electronic system. This
broken-symmetry solution is stable with respect to electronic
excitation within the time-dependent DFT formalism. Thus, all
the reduction processes leading to 2—4 appear to be ligand
based, and a uranium(IV) center is retained in the compounds
at this level of theory.

The interaction energies, or the energies of dimerization, of
the monomers of 3 and 4, were calculated at the PBE/ZORA/
STO-TZ2P level. This AH value describes the extent of
stabilization obtained by dimerization of the monomers (eq 1).

For compound 3, the energy of dimerization was found to be
—116.0 kcal/mol and has a lower absolute value as compared to
that for 4, calculated to be around —144.4 kcal/mol. Thus, 4 is
considered to be more stable than 3, which follows logically

Figure 6. Spin density plots for complexes 3 (left) and 4 (right), showing unpaired electron density is localized on uranium rather than the ligand.
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Table 6. Relative Energies and Mulliken Spin Densities of the Various Electronic States of 4 Obtained with DFT“

broken-symmetry singlet triplet quintet septet nonet
Relative energies (kcal/mol)
PBE 0.0 10.6 12 12.0 48.3
MO06-L 0.0 31.0 0.5 12.1 25.6
PBEO 0.0 54.7 1.5 30.3 38.8
Spin densities
PBE 2.3(0.0) 1.2(-0.2) 2.4(-0.3) 2.7(0.3) 3.0(0.9)
MO6-L 2.4(0.1) 1.2(-0.2) 2.5(—0.4) 2.9(0.2) 3.3(0.7)
PBEO 2.2(0.0) 12(-0.1) 2.3(—0.1) 2.6(0.4) 3.0(1.0)
“The spin densities on M*PDI™® are given in parentheses.
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Figure 7. a-spin Kohn—Sham orbitals of the broken-symmetry singlet ground state of 4.

from the presence of the additional 6-backbonding interaction
in 4. This is observed experimentally, as 4 is stable in the solid
state at room temperature for days, whereas decomposition of 3
is noted after several hours under the same conditions. To
further examine the stability of 4, dispersion corrections at the
DFT-D37° level were included in the computational analysis.
Without the dispersion considerations, 4 is calculated to be 28.4
kcal/mol more stable than 3. This value decreases only slightly
to approximately 23.3 kcal/mol with the inclusion of the
dispersion correction. Thus, 4 is considerably more stable than
3, as inclusion of long-range dispersion effects’" only reduces
the stabilization of 4 dimer relative to 3 by 5.1 kcal/mol.

Thus, the computational results on complexes 3 and 4 are
supported by the experimental data. This is especially true for
the magnetic data, which shows singlet ground states for these
uranium(IV) complexes. While the ligands in both 3 and 4 are
in fact reduced, the ligand electrons are all paired, leaving the
uranium S5f orbitals as the only sites for unpaired spin density
within the series of 2—4. Additionally, while the electrons are
primarily restricted to the ligand, they are delocalized
throughout the pyridine(diimine) plane.

Redox Reactivity. With the electronic structures of the
series of 1—4 established, further demonstration of the stepwise
redox chemistry was sought through reactivity studies, as
analysis by electrochemical methods was not possible due to
side reactions with electrolytes required for the experiments.
Our previous studies for 2—4 showed that electrons stored in
the ligands could undergo multi-electron oxidation in the
presence of organoazides, yielding uranium imido products
with neutral M*PDI™® ligands. While multi-electron chemistry
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is attractive for many chemical processes, in this case, we sought
to examine single preparative electron oxidation events to
demonstrate the reverse of the single electron reductions. To
determine if such oxidative events were possible for 1—4, each
compound was treated with molecular iodine (Scheme 1).
Reactions were assayed by 'H NMR spectroscopy by
comparison to an authentic sample of the reaction products.
Addition of 1 equiv of I, to dimeric 4 resulted in the
quantitative formation of 3. Analogously, adding 1 equiv of I, to
dimeric 3 produced 2 equiv of monomeric 2. One-half
equivalent of I, effectively oxidized 2 to compound 1 as well.
Using an excess of elemental iodine was successful for complete
oxidation of all complexes to form 1. Oxidation reactions were
also successfully performed using Cul as the oxidant.
Interestingly, the oxidation of the dimeric complex 4 by 0.5
equiv of I, or 1 equiv of Cul, did not lead to the formation of
the mixed (MePDIM)UI-(M*PDIM*)U(THF) dimer but
instead resulted in 0.5 molar equiv of both 3 and 4. Similarly,
single electron oxidation of 3 results in the formation of an
equimolar solution of 2 and 3. Thus, the stepwise ligand
oxidation chemistry with iodine shown here supports the earlier
claim of sequential ligand-based reduction steps in the presence
of potassium graphite. Dimeric complexes 3 and 4 can serve as
potent reductants toward monomeric 1 and 2 by utilizing their
stored reducing equivalents. For example, dimeric 4 effectively
reduces 2 to form complex 3 in quantitative yield by
comproportionation. Analogous reactivity is seen in mixing 3
and 1, which generates 2.
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B CONCLUDING REMARKS

In summary, we have described a unique series of highly
reduced uranium compounds that are stabilized by the ability of
the redox-active pyridine(diimine) ligand to store electron
equivalents. Using spectroscopic, magnetic, and computational
techniques, we have provided compelling evidence for the
electronic structures of 1—4. Electronic absorption spectro-
scopic measurements are consistent with uranium(IV) centers
in each case and assignment that is corroborated by
magnetometry experiments. For compound 1, low-temperature
data support the presence of a ligand radical, showing the
uranium is oxidized to U(IV) and the M*PDI™® ligand is
reduced upon complex formation. For compounds 2—4, the
magnetic data are consistent with singlet ground states for each,
demonstrating uranium(IV) species. In the case of X-ray
absorption spectroscopy, compound 1 seems to have a rising
edge values in between U(II) and U(IV), whereas 2—4 match
uranium(IV) standards very well. Computational experiments
model the metrical parameters for 1—4 effectively and provide
insight into the electronics of the series. In addition to
supporting the spectroscopic and magnetic data, these studies
establish that for 3 and 4, there is a large driving force leading
to the observed dimeric species, as evidenced by the magnitude
of the calculated interaction energies. Additionally, this explains
the favorable formation of the M*PDI™ ligands with formally
3— and 4— charges, the latter of which has not previously been
observed.

The studies of 1—4 presented herein highlight the role of the
redox-active ligand in stabilizing these electron-rich uranium
species. Population of the low-lying 7* orbitals of M*PDIM®
allows isolation of complexes that would otherwise be unstable.
For instance, while compound 3 is described as a uranium(IV)
species based on ligand reduction, it could formally be
considered a monovalent uranium equivalent. This is also the
case for 4, which could be formally described as a source of
zerovalent uranium, but spectroscopically has an oxidized
uranium(IV) center. In this regard, these ligands stabilize
electron-rich uranium centers in much the same way as has
been observed for transition metals.”>””* Like the metals of the
d-block, our studies show that whether electrons are ligand- or
metal-based, it is clear that the electrons are highly
delocalized.”

Interestingly, there are also several important lessons to be
learned in the chemistry of these redox-flexible ligands for
uranium specifically. First, while uranium is not typically known
for its ability to backbond effectively relative to transition
metals, in the presence of few ligands besides a z-accepting
MesppIMe  backdonation can occur readily. Second, there is
clearly a large driving force for the formation of uranium—arene
interactions. While this has been known in the literature for
some time via the synthesis of uranium—7,°—arene complexes,
our theoretical results provide insight into their interaction
through the calculated interaction energies gained during the
dimerization reaction. Formation of the dimers featuring the
actinide—arene bonds is a significant finding as compared to
transition-metal chemistry with this class of ligands. With
transition-metal cations, monomeric bis(pyridine(diimine))
metal complexes are formed and those compounds have
limited reactivity.32 Third, our reactivity studies presented both
here and elsewhere*”*”*" show that electrons stored in the
ligand, in concert with those at uranium, are easily accessible
and potent reductants for activating small molecules. Based on
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the synthesis of the unprecedented uranium(VI) tris(imido),
(Me=pDI™¢)U(NMes), from electron-rich 4, future studies will
be aimed toward examining the reactivity of this unique series
toward small molecule activation and catalysis.
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