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ABSTRACT: Using a redox-active dioxophenoxazine ligand, DOPO Qujnone
(DOPO = 2,4,6,8-tetra-tert-butyl-1-oxo-1H-phenoxazine-9-olate), a ° o
family of actinide (U, Th, Np, and Pu) and Hf tris(ligand) coordination @:N\ f

[ihl Metrics & More | @ Supporting Information

compounds was synthesized. The full characterization of these species
using '"H NMR spectroscopy, electronic absorption spectroscopy,
SQUID magnetometry, and X-ray crystallography showed that these
compounds are analogous and exist in the form M(DOPO1?),(DOPO*?),
where two ligands are of the oxidized quinone form (DOPO?) and the 'V
third is of the reduced semiquinone (DOPO®Y) form. The electronic

structures of these complexes were further investigated using CASSCF

calculations, which revealed electronic structures consistent with metals

in the +4 formal oxidation state and one unpaired electron localized on

one ligand in each complex. Furthermore, f orbitals of the early actinides

show a sizable bonding overlap with the ligand 2p orbitals. Notably, this is the first example of a plutonium—ligand radical species
and a rare example of magnetic data being recorded for a homogeneous plutonium coordination complex.

oD

Semiquinone

B INTRODUCTION

Actinides appear in numerous areas within the nuclear fuel
cycle; therefore, a fundamental understanding of their
chemistry is essential.”” The cycle itself centers around
uranium and plutonium processing and enrichment, but the
minor actinides (Np, Am, and Cm) are the leading problem in
spent fuel due to their higher radioactivities and separations
issues. Thus, insight into the bonding and reactivity of these
elements could facilitate spent fuel separations and obviate

Besides the challenges of working with highly radioactive
material, a considerable obstacle in the generation of a
complete actinide series is that the earlier actinides tend to
exist in different oxidation states and adapt new morphologies
as compared to their later actinide counterparts.'>'* Moreover,
these earlier actinides (Th—Pu) have been established to show
small amounts of covalent character in their metal—ligand
bonds due to the mixing of energetically similar 6p, 6d, and 5f
orbitals.">'®"* Another challenge is that earlier actinides are

problems associated with the storage, treatment, and disposal
of these materials. A useful strategy is to study these elements
in a series, which highlights small differences in bonding trends
as the actinide series is traversed.

Actinides have been studied extensively for their nuclear
properties, but in comparison to the rest of the periodic table
the bonding trends and coordination chemistry of these
elements are not well understood. This is due, in part, to the
fact that few molecular actinide systems extending past
thorium and uranium have been established.” ° In one such
study, tris(cyclopentadienyl) trivalent actinide systems were
explored for 5f elements, extending all the way to californium;
however, the characterization of these heavier actinide
congeners is lacking.””'' Similarly, the dipicolinic acid
(DPA)"* and dithiocarbamate or phenanthroline’ derivatives
have been established, but those pertain only to the heavier
actinides (Am—Cf) and omit the lighter derivatives.
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prone to disproportionation under aqueous conditions; this
can be mitigated by adjusting the environment to nonaqueous
and anaerobic conditions, enabling one oxidation state to be
probed systematically.'”"®

Series or families of metals are often amenable to study using
redox-active ligands because these ligands stabilize various
metal ion oxidation states in highly delocalized systems while
remaining isostructural in the ligand environment. These
ligands are known for covalent bonding with transition metals,
making them of interest for exploring actinide covalency as
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well. Of particular interest is the dioxophenoxazine (DOPO)
(DOPO = 2,4,6,8-tetrta-tert-butyl-1-oxo-1H-phenoxazin-9-
olate)"” ligand, which has been studied with first-row transition
metals,”® main group metals,”’ and lanthanides.””** This
ligand is attractive as it can exist in three different oxidation
states, namely, the monoanionic quinone (DOPQ?) state, the
dianionic semiquinone (DOPO*?) state, and the trianionic
catecholate, (DOPO®') state (Figure 1).”* This redox
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Figure 1. Reduction properties of the DOPO ligand. Red indicates
atoms that will form anionic bonds to metals, and blue indicates
atoms that will form dative bonds to metals.

flexibility allows the metals to be in their thermodynamically
preferred oxidation state while potentially offering the ability to
engage in covalent bonding. Thus, if it were possible to make
covalent (i.e., delocalized) systems with actinides, electron-rich
metals would be ideal.

This hypothesis led us to study the synthesis of trivalent
derivatives of the DOPO ligand set of the form M(DOPO9Y),
(M = Ce, Gd, Nd, Sm, Am, Cf, and Bk)." These studies
focused on the lanthanides and the heavier actinides (Am—Cf),
as these metals prefer the trivalent oxidation state. The aim of
this study was to compare and contrast the electronic
structures of the lanthanide and actinide derivatives. Because
lanthanides are known for their ionic bonding, these species
would be an ideal baseline to look for degrees of covalent
bonding among the actinides. Interestingly, these studies
showed that all derivatives had very similar electronic
structures, with the majority of the bonding being ionic in
nature. While this was predictable for the majority of this
family, it was surprising to note that the californium derivative
did not show increased covalency when bonding to the ligands,
which is in contrast to previous reports of Cf(HDPA), (HDPA
= 2,6-pyridinedicarboxylate)."*

Given the lack of covalency in the trivalent system, our
attention next turned to the lighter actinides. In contrast to the
heavier actinides, the lighter actinides (Th—Pu) can access
higher oxidation states more easily due to their increased
reducing ability. Therefore, it is possible that the lighter
actinides could easily reduce the DOPO¢Y ligands, creating a
more delocalized system with larger degrees of covalent
bonding. Herein, we report a series of tetravalent coordination
compounds featuring the tris(dioxophenoxazine) framework
with Th, U, Np, Pu, and Hf. We postulated that this series
would facilitate a comparison of structural and electronic
trends across the actinides (Th, U, Np, and Pu) with a
transition metal comparison (Hf). These complexes were
synthesized, isolated, and fully characterized by structural,
spectroscopic, and magnetic techniques in tandem with
electronic structure theory calculations.

B RESULTS AND DISCUSSION

Synthesis. Based on previous work from our laboratory in
the synthesis of the trivalent M(DOPO?); (M = Ce, Nd, Sm,

Gd, Am, Bk, and Cf) lanthanide and actinide derivatives, the
first experiment was aimed at the synthesis of the analogous
uranium derivative. Treating a stirring pyridine solution of
UL;(THF), with 3 equiv of HDOPO? generated a dark green
solution (Figure 2). After filtration to remove pyridinium

3 KDOPO4

KCs B 3 Hpopos
MCl4(DME), MXa(THF )
M: HE 0 THF Pyridine
N ,n= . =
ThNp,n=2 -4KCl -3 [CsHgNH][X]  M: g(:xx—:l -

-2DME

Figure 2. Syntheses of tetravalent DOPO derivatives.

iodide, the volatiles were removed in vacuo, leaving a dark
green residue tentatively asssigned as U(DOPO);. Given that
the oxidation states of the ligands were not known prior to
characterization, the “DOPO” abbreviation for the ligand will
be used in the description in each case until the character-
ization is described.

This synthetic method was adapted for use with plutonium
by significantly scaling down the reaction due to the
radioactivity and availability of plutonium starting materials.
Treating S mg of PuBry(THF), with 3 equiv of HDOPO1 in
pyridine generated a dark blue solution (Figure 2). Workup
furnished the desired plutonium derivative Pu(DOPO);.

With the successful synthesis of the uranium and plutonium
congeners, the scope of this chemistry was expanded to target
thorium and hafnium derivatives for comparison. Since the
common starting materials for these metals are available as
tetravalent chlorides, an alternative synthetic method was
developed (Figure 2). To solutions of ThCl,(DME), and
HfCl, in THF was added 3 equiv of the potassiated ligand salt,
KDOPOY(THF). Subsequently, 1 equiv of the KCg reductant
was added to the reaction flask. In each case, a color change
from dark blue to dark green ensued. Following workup,
Th(DOPO); and Hf(DOPO), were isolated as solids and
characterized further.

After establishing this synthetic pathway for thorium and
hafnium, this method was applied to neptunium. As for
plutonium, the neptunium synthesis requires the scaling down
of the reaction (Figure 2). In an analogous matter, this
synthesis was accomplished with 10 mg of NpCL,(DME), in
THEF using 3 equiv of KDOPOY(THF) and 1 equiv of KCq,
generating Np(DOPO); after workup and the drying of the
volatiles.

Given that these derivatives are tris(ligand) compounds, by
charge balance it would be predicted that one of the ligands in
each compound is reduced by a second electron, forming the
semiquinone resonance form of the ligand that features a
ligand radical. With two monoanionic ligands and one
dianionic ligand, this formulation would support a tetravalent
ion.

'H NMR Spectroscopy. 'H NMR spectroscopy is a useful
tool in identifying and assessing the purity of these
paramagnetic species. Work by our group and others has
demonstrated that 'H NMR spectroscopy can be used to
identify ligand radicals, as protons in proximity to the unpaired
electrons are shifted significantly from their diamagnetic

425,26
reference values.
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Figure 3. Molecular structures of Hf(DOPOY),(DOPO%*), Th(DOPOY),(DOPO*), U(DOPOY),(DOPO*), Np(DOPO?),(DOPO*), and
Pu(DOPOY),(DOPO*) shown with 30% probability ellipsoids. Hydrogen atoms, tert-butyl groups, and cocrystallized solvent molecules have been

omitted for clarity.

Table 1. Metal-Ligand Bond Distances (A) for Ln/An DOPO Complexes”

Hf Th
M-01 2237 (3) 2453 (3)
M-N1 2.346 (4) 2.640 (3)
M-03 2253 (3) 2480 (3)
M-04 2.167 (3) 2.365 (3)
M-N2 2.258 (3) 2.524 (4)
M-06 2.159 (3) 2.372 (3)
M-07 2253 (3) 2480 (3)
M-N3 2.343 (4) 2.647 (4)
M-09 2250 (3) 2.486 (3)

“Those bolded are assigned as the semiquinone ligand.

U Np Pu
2.307 (4) 2.360 () 2.3434 (17)
2430 (5) 2.553 (6) 2.5428 (19)
2.349 (4) 2.416 (5) 2.4001 (17)
2.248 (4) 2.301 (5) 2.2886 (17)
2.529 (5) 2.414 (6) 2.4122 (19)
2.276 (4) 2.282 (5) 2.2890 (17)
2.330 (4) 2402 (5) 2.3869 (16)
2497 (4) 2.558 (6) 2.538 (2)
2.337 (4) 2419 (5) 2.4253 (16)

The 'H NMR spectrum (benzene-ds, 25 °C) of para-
magnetic U(DOPO); showed resonances at 0.45 and 1.52
ppm (54H each), which were assigned as the protons of the
tert-butyl groups, as well as a broad shifted singlet at —82.80
ppm (6H), which was assigned as the protons on the aryl rings.
The number and integration values of these resonances
support the formation of a symmetric product in solution,
which is expected. The significantly shifted aryl resonance is
indicative of a semiquinone ligand, which is consistent with the
formula U(DOPOY),(DOPO*) for a tetravalent ion.

In the cases of the thorium and hafnium derivatives, the 'H
NMR spectra were also recorded. However, these spectra were
not helpful for the structural assignment as they were
extremely broad, with inconsistent numbers of resonances.
Given that these metals are generally in their +4 state, i.e., 0
(thorium), or d° (hafnium) electron configurations, the broad

15244

spectra were indicative of paramagnetism, which could only
come from a ligand radical. Thus, these species were tentatively
assigned as Th(DOPO9),(DOPO®?) and Hf-
(DOPOY),(DOPOY). Due to concerns with the increased
radioactivity of the neptunium and plutonium derivatives,
NMR spectroscopic data were not obtainable.

X-ray Crystallography. Allowing pyridine solutions of all
these new dioxophenoxazine derivatives to stand over
approximately 1 h produced crystals suitable for single crystal
X-ray diffraction. Analysis of these crystals confirmed the
molecular structures of all derivatives as tris(ligand) chelates
with nine coordinate metal ions (Figure 3, metrical parameters
are shown in Table 1). An examination of the metrical
parameters of these structures showed variations among the
ligands within each complex, supporting that different ligand
oxidation states are likely present in the solid state. Previous

https://doi.org/10.1021/acs.inorgchem.1c01766
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studies from our group have demonstrated that the metal—
ligand bond distances of uranium derivatives are effective
indicators of ligand reduction and the oxidation state,™’
which will be applied here.

In the case of uranium, which crystallized in the P2,/c space
group, the U—O bond lengths range from 2.307(4) to
2.349(4) A on two of the ligands, which is the average of an
anionic and dative uranium bond. This is expected based on
the DOPOY resonance form. The third ligand shows
contracted U—O bonds that are out of the range for the
quinone ligand with distances of 2.248(4) and 2.276(4) A,
supporting two anionic U—O bonds for the DOPO* ligand.
This is corroborated by the U—O distances of tetravalent
(DOPO*)UL,(THEF)** of 2.203(4) and 2.231(4) A, a
molecule which has been established to contain a semiquinone
ligand. These findings from crystallography support the
previous assignment as U(DOPO%),(DOPO™).

The intraligand distances are also a useful metric for probing
ligand reduction; to quantify this, Brown and co-workers have
developed the metrical oxidation state (MOS) model for ONO
ligands (Table 2)."” This model describes the degree of z-

Table 2. Metrical Oxidation State (MOS) Values for Ligands
in Tris(dioxophenoxazine) Complexes”

compound DOPO (a) DOPO (b) DOPO (c)
Nd —0.98 —1.01 —-1.11
U -1.59 -1.70 -2.19
Np -1.03 -121 213
Pu —-1.21 —-1.22 —-2.06
Hf —1.13 —1.16 —-1.95
Th —1.44 -1.26 —-2.12

“Nd(DOPOY), is shown for reference.

bonding based on distances obtained from X-ray crystallog-
raphy and provides a MOS value that is indicative of the
oxidation state (with negative value). The values for the
species studied here and those of the previously established
Nd(DOPOY),; are listed in Table 2. In the case of
Nd(DOPOY),, all ligands are in the quinone form and have
MOS values of —0.98, —1.01, and —1.11, which are consistent
with this oxidation state. The investigation of the intraligand
bond distances in tris(dioxo-phenoxazine) uranium using the
MOS method shows that the two quinone ligands have MOS
values of —1.59 and —1.70, which are slightly higher than
expected; however, the ligand oxidation state is corroborated
by the other metrical parameters and additional character-
ization data. The third ligand has a MOS value of —2.19, which
is consistent with the semiquinone variant and confirms the
formula as U(DOPOY),(DOPO%).

The molecular structures of the plutonium derivative
displayed similar phenomena as U(DOPO%),(DOPO),
which crystallized in the P2,/c space group. The Pu—O
bond lengths for two of the ligands range from 2.3434(17) to
2.4253(16) A, and also is consistent with the DOPOQ1
formulation (Table 1). These distances are similar to those
noted for the Pu—carbonates in [NagPu(COs;)],-Na,CO5-
33H,0, which range from 2.381(6) to 2.430(6) A.”® The third
ligand exhibited contracted Pu—O bond lengths of 2.2886(17)
and 2.2890(17) A. In comparison to a N,O-donor f-
ketoiminate system, Pu"(*acnac), (Ar = 3,5-tBu2CéH3),29
the Pu'v center has Pu—O distances of 2.177(10) and 2.197(8)
A, which are consistent with the semiquinone derivative.

The MOS model for intraligand distances shows that the
pair of ligands are in the quinone resonance form with values
of —1.21 and —1.22, whereas the third ligand has a MOS value
of —2.06, supporting the semiquinone form of the ligand in
Pu(DOPOY),(DOPO™) (Table 2).

X-ray diffraction studies showed the tris(chelate) system to
be the same for Hf, Th, and Np, with the same phenomenon of
a change of the ligand oxidation state of DOPOY to DOPO*
for one of the ligands. Hf(DOPOY),(DOPO*Y crystallizes in
the P2,/n space group with Hf—O bond lengths that range
from 2.237(3) to 2.53(3) A for the quinone ligands, and these
ligands have MOS values of —1.13 and —1.16. The reduction
of the third ligand causes a decrease in the Hf—O bond
distances to 2.159(3) and 2.167(3) A, which is consistent with
semiquinone formation. For comparison, Rothwell reports a
Hf—O(phenoxide) bond of 1.926(3) A in HfCI(OC¢H,Bu,-
2,6);.° That in the dioxophenoxazine hafnium compound is
slightly longer, likely due to the extreme sterics imparted by the
12 tert-butyl groups. The MOS value of —1.95 corresponds to
the Hf—O distances, confirming the semiquinone formulation
of Hf(DOPOY),(DOPO™).

As with hafnium, Th(DOPOY),(DOPO) crystallizes in the
same space group. The Th—O distances range from 2.453(3)
to 2.486(3) A for the pair of quinone ligands, with a decrease
in the lengths of these bonds to 2.365(3) and 2.372(3) A
following reduction to DOPO®? (Table 1). For comparison,
the length of the Th—O(phenoxide) bond in Th(O-
2,6-Bu,C4H;), has been established to be 2.189(4) A.*' As
with Hf, the Th—O bonds for the DOPO® ligand species are
longer due to the extreme steric hindrance imparted by the
tert-butyl groups.” The MOS model corresponds well these
data (Table 2), as the values for the quinone ligands are —1.44
and —1.26 while that for the semiquinone ligand is —2.12,
consistent with the assignment as Th(DOPOY),(DOPO*).

The final example is that of neptunium, which resides
between uranium and plutonium on the Periodic Table. The
same trend holds for neptunium as for both of its neighbors.
Np(DOPO9),(DOPO*) crystallizes in the P2,/c space group.
The Np—O bond distances range from 2.360(S) to 2.558 (6)
A for the pair of ligands assigned as the quinones, and these
distances decrease to 2.282(5) and 2.301(5) A upon the
reduction to the semiquinone form. Although this difference is
not as substantial as in other cases, there is a small change as
would be expected. For reference, the Np—O distances in
Np[#"0SeO*"],(THEF), (*"0SeO0%" =
[(4,6-Bu,C¢H,0),Se]*”) range from 2.168(9) to 2.228(11)
A whereas that in Cp;NpOPh was found to be 2.136(7) A.*’
Again, the large size of the dioxophenoxazine ligand likely plays
a role in the slight discrepancy in distances. The MOS model
supports the ligand oxidation states as well, with values of
—1.03 and —1.21 for the quinone ligands and —2.13 for the
semiquinone ligand.

Electronic Absorption Spectroscopy. The electronic
absorption spectroscopic properties of the M-
(DOPOY),(DOPO*) (M = U, Np, and Pu) family were
explored to help gain insight into the electronic structures of its
members (Figure 4). In the cases of the dioxophenoxazine
derivatives, the high molar absorptivity of this redox-active
ligand dominates these spectra. In each case, the absorptions
arising at 416—422 and 741—753 nm are indicative of DOPO1
species from the z-to-7* electron absorptions. These
absorptions are analogous to those observed in the previously
reported trivalent series where only DOPOY ligands were
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present. Compared to this homoleptic system, the spectra
acquired for the tetravalent system feature a new absorption at
504—512 nm, which can be assigned to the semiquinone ligand
that contains the radical. Like the trivalent system, the
absorbances around 730, 753, and 745 nm are responsible
for the dark green color of these powders. Solution data for
M(DOPO9?),(DOPO*?) (M = Th and Hf) show spectra with
analogous features (Figure S2).

Magnetometry Studies. Variable-temperature and field-
dependent magnetic measurements (2 K) were performed to
further support the ligand and metal oxidation states in the
M(DOPO9),(DOPO*) (M = U, Th, Hf, and Pu) family
(Figure S). In the case of the uranium derivative, the following
two possible formal electronic configurations were proposed:
(a) U(IV)(DOPOY),(DOPO*), which was supported by the
solid-state data, and (b) U(VI)(DOPO*),, which would be
symmetric in the solid state. At room temperature, the p.g
value for the uranium derivative was 2.93 pup, which is
consistent with reported magnetic data for tetravalent
(DOPO*)UL,(THF),”* and other uranium(IV) complexes
that include one (S = 1/2) ligand radical.*>**** The
temperature dependence of the p.s value for this molecule
follows a monotonic decrease, indicating the depo;)ulation of
ligand field levels due to the uranium cation.” ™ The pq
value at 2 K is 1.42 pg, which is smaller than the expected spin-
only magnetic moment of one ligand radical (1.73 ug) but
comparable to the magnetic moment of other uranium(IV)
complexes bearing ligand radicals, including (M*PDI™®)UL,.**
Therefore, the magnetic moment at 2 K was attributed to a
magnetic singlet U(IV) cation and a ligand-based doublet.
Opverall, the magnetic measurements indicate the spin state as a
5£ U(IV) and a S = 1/2 DOPO* radical (case a) rather than a
5f° U(VI) and three S = 1/2 DOPO radicals (case b).
Moreover, field-dependent data at 2 K reached 0.74 pz at 7 T
(Figure S6), supporting the assignment of one unpaired
electron per molecule at a low temperature, namely, U(IV)-
(DOPOY),(DOPO).*7

The thorium and hafnium derivatives differ from uranium as
Th and Hf are generally found in the +4 oxidation state. As Sf°
and 5d° metals, respectively, they are diamagnetic. In these
cases, these species should display a magnetic behavior
consistent with only one unpaired spin in the ligand. Analysis

0O 50 100 150 200 250 300
T(K)
Figure 5. Variable-temperature magnetic susceptibility data for
U(DOPOY),(DOPO®Y), Th(DOPOY),(DOPOI), Hf-
(DOPOY),(DOPO*), and Pu(DOPO?),(DOPO*Y) in Bohr magne-
tons (ug) (top) and yy (bottom) units. The inset in the bottom plot
displays a smaller temperature range.

reveals effective magnetic moments of 1.44 and 1.37 y for the
hafnium and thorium cases, respectively, at 2 K (Figure $).
Although these magnetic moments are lower than the spin-
only value for one unpaired electron, these are consistent with
what would be expected for a ligand radical, supporting the
formulation of the M(IV)(DOPO?),(DOPO*) electronic
structure. There is little change in these magnetic moments
throughout the temperature range, indicating that the radical
stays constant, which is as expected.

The plutonium derivative, Pu(DOPO?),(DOPO*?), was also
analyzed to confirm the presence of the ligand radical. These
measurements were done separately due to the higher levels of
radioactivity associated with this element. While magnetic
measurements of transuranium elements are rare compared to
those of their Th and U counterparts, in this case the magnetic
properties were important to establish as, to our knowledge,
this is the first plutonium species with a ligand radical
Additionally, very little magnetic data have been reported for
homogeneous monomeric plutonium coordination com-
pounds,””™*' meaning this example will serve as a useful
comparison for future work.

As in the cases for the U, Th, and Hf analogous, the Pu
compound was measured across a temperature range from 2 to
300 K in the solid state. As for uranium, there are two main
resonance structures here that can be considered. The first is
consistent with the experimental data as Pu-
(DOPOY),(DOPO*™?), which features a plutonium(IV) ion
and a ligand radical. This would mean four 5f electrons for
plutonium plus a ligand radical for a total of five unpaired
electrons. The second case to consider is the resonance
structure with a Pu(IIl) ion and no ligand radical—a Sf
system. The effective magnetic moment at high temperature
(300 K) of ~4.8 py is consistent with the first case, as the
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Pu(IV) ion is expected to have magnetic properties in the
context of j—j coupling (due to the strong spin—orbit
interaction). With four unpaired electrons on plutonium(IV)
plus one on the ligand, this would be a S = 5/2 system. If this
were a Pu(III) ion with no ligand radical, there would also be
five unpaired electrons in the system; thus, room temperature
magnetic data are not useful for discerning between these
possibilities. However, the effective magnetic moment is as
expected for five unpaired electrons in an actinide system.'
Additionally, the presence of the ligand radical is supported by
ligand structural parameters as well as Pu—O distances as
determined by crystallography.

At a low temperature, the effective magnetic moment of
~0.75 pg was observed for Pu(DOPOY),(DOPO*) (Figure
5). Examples of magnetic moments determined for molecular
plutonium species at low temperatures are lacking, making the
meaning behind this value more difficult to interpret.
Considering the first resonance structure with Pu(IV) and a
ligand radical, it would be expected that the Pu ion would
behave similarly to the uranium example, where at low
temperatures the Pu ground state is S = 0, reflecting a low
magnetic moment. Because the magnetic moment observed at
low temperatures is not close to 0 yj, it is possible to conclude
the presence of the ligand radical at this temperature. This is
supported by the fact that in Pu(COT),, Pu(IV) was found to
be diamagnetic in the temperature range from 4.2 to 45 K, as it
has a °I, ground state.”” Recent work from the Gagliardi lab
corroborates this finding.*' Their studies have shown that due
to spin orbit coupling in the Pu(IV) ion, the J = 4 term splits
into nine states, and the ligand field stabilizes the *I, ground
state. At low temperatures, the amount of thermal energy
precludes the population of these excited states; thus, the
magnetic properties reflect the 5], state.

In the other scenario with a Pu(IIl) ion with five unpaired f
electrons, previous work has established a moment for
KPu(COT),-2THF of 1.25 yy at a low temperature, featuring
a SHy), sextet ground state.”” The moment agrees with the
free-ion moment for Pu(III) with intermediate coupling taken
into account. Because the moment observed for Pu-
(DOPOY),(DOPO%) is lower than that for the free Pu(III)
ion, which would be the case if there were no ligand radical,
the best formulation for this compound is as a Pu(IV)—ligand
radical species.

Computational Studies. To gain further insight into the
electronic structure, we used computational methods to
analyze the electronic properties of all the metal-DOPO
complexes. For the Np—DOPO derivative, a CASSCF
calculation with an active space of eight electrons in 12
orbitals was carried out. The active-space natural orbitals of the
Np—DOPO complex together with the occupation numbers
(Figure 6) clearly show two 7 orbitals (and two 7* orbitals) on
the ligands together with the f orbitals on Np and one orbital
delocalized on the other ligand. The sum of the occupation
number on Np is 2.99 electrons, which is consistent with a
formal oxidation state of +4. The other unpaired electron is
mainly localized on a nitrogen center in one of the DOPO
ligands. These results suggest an electronic structure in which
the neptunium exists as a +4 £ ion together with two DOPO
ligands in the monoanionic quinone state (DOPOY) and one
DOPO ligand in the dianionic semiquinone state (DOPO*).

Next, the spin-state energetics were analyzed (Table S11).
The quintet and triplet spin states are within 0.2 (using
CASSCF) and 0.3 kcal/mol (using CASPT2) of each other.

(1.93) ) (1.94) ‘ (0.05) ‘ (0.94) ‘ (0.04) (0.94) ‘

©004) (003 (095 (100  ©o07) (006

Figure 6. Active-space orbitals of the quintet spin state of the Np—
DOPO complex (occupation numbers are in brackets).

The singlet state is higher in energy by ~33.3 kcal/mol and
~23.3 kcal/mol when using the CASSCF and CASPT2 levels
of theory, respectively, compared to the quintet and triplet
states (Table S11). In the CASSCF method, the quintet state is
more stable, whereas using CASPT2 shows that the triplet
state is more stable. Further, Mulliken spin density analyses
(see Table S12) reveal that in the triplet state Np and the
radical N center on the ligand are antiferromagnetically
coupled. From the orbital pictures in the quintet spin states,
we do not see any covalency between the metal and ligand
orbitals. However, in the triplet spin state, which is almost
degenerate to the quintet spin state (active orbitals in Figure
S9), there is a sizable covalency between the unpaired electron
on the DOPO ligand and one f orbital on Np. Furthermore, we
analyzed the multireference character of the wave function for
different spin states of the metal—-DOPO complexes. As shown
in Table S13, the dominant electronic configuration in the
quintet spin state for Np—DOPO is 71 3 f1 f3* f3f5* fo fo f 7 73"
74 7. However, for the triplet and singlet spin states the largest
configurations have weights below 40%, indicating the clear
multiconfigurational character. A similar behavior was
observed for all the other metal-DOPO complexes (see
Table S13), where all spin states except the highest one have
the multiconfigurational character.

For the U-DOPO complex, a CASSCF calculation with an
active space of seven electrons in 12 orbitals was performed.
The active-space orbitals of the U-DOPO complex (in the
quartet spin state, Figure S7) together with their occupation
numbers show that the number of electrons in the U f orbitals
is 2.0, which is consistent with a +4 oxidation state. An
unpaired electron on one DOPO ligand was also observed,
indicating the same electronic structure as that for Np—
DOPO. In total, U-=DOPO has three unpaired electrons. The
spin-state analyses revealed that the quartet and doublet states
are close to each other, within 0.1 kcal/mol using the CASSCF
method and within 0.5 kcal/mol using CASPT2 method
(Table S11). Because the energy difference between the
quartet and doublet states is less than 1 kcal/mol (i.e., within
the limit of the computational accuracy), one can consider
both spin states as degenerate. In the doublet spin state, the
radical N center on the ligand is antiferromagnetically coupled
to the U center (Table S12). From the orbitals in the quartet
spin state, a sizable covalency between the metal and the
ligands was not noted. However, in the doublet state (active
orbitals in Figure S8), some covalency between the DOPO
radical ligand and one f orbital of the metal was evident.

For the Pu—DOPO complex, the active space orbitals of the
Pu-DOPO complex as determined from a CASSCF(9,12)
calculation are presented in Figure S10. The sextet and quartet
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spin states are nearly degenerate (i.e., within 0.3 and 0.1 kcal/
mol using CASSCF and CASPT2, respectively (Table S11)).
The doublet spin state is 44.1 and 37.6 kcal/mol higher in
energy when using CASSCF and CASPT2 levels of theory
when compared to those of the sextet and quartet states (Table
§12). Analogously to U-DOPO and Np—DOPO, the
Mulliken spin density analysis of the quartet state of Pu—
DOPO also shows antiferromagnetic coupling between the
radical N center on the ligand and the Pu center. The orbital
picture for the sextet spin state does not show any covalency
between the metal and the ligand, but in the quartet spin state
(Figure S11) the electron on one DOPO ligand orbital where
the unpaired electron resides is mixed with one f orbital on Pu,
inducing some covalency.

The analyses for Th—DOPO and Hf—DOPO complexes
also reveal that the unpaired electron is localized on one of the
DOPO ligands in each case, mostly centered on the N of the
ligand. The Mulliken spin density difference is almost zero on
the metal centers, confirming the closed-shell nature of the
Th(IV) and Hf(IV) ions. The active-space orbitals (together
with their occupation numbers) of Th—DOPO and Hf-
DOPO are shown in Figures S12 and S13, respectively.

In each case, the computational analyses support the
tetravalency of the metals in this family of derivatives and
show that there is electron spin density localized on one ligand
in each complex through the occupation of 7*-orbitals. Thus,
the best formulation for these derivatives is as M-
(DOPOY),(DOPO™), where each complex supports two
quinone ligands and one semiquinone ligand. This finding
supports the experimental data, which were corroborated
through multiple techniques. Specifically, X-ray crystallography
shows one reduced ligand in each case, which is evident from
the distortions in the corresponding structural parameters.
This charge is clearly relegated to one ligand and it is not
delocalized to the other ligands, as indicated by starkly
different metrical parameters.

B CONCLUSIONS

In summation, a redox-active dioxophenoxazine ligand has
been used to generate a new family of tris(ligand) metal
complexes, where M = U, Th, Np, Pu, and Hf. Using a
combination of spectroscopic, structural, magnetic, and
computational techniques, these species have all been
established to have analogous electronic structures. In each
case, X-ray crystallography supports the presence of a ligand
radical based on structural parameters, and the magnetic data
support tetravalent metal centers with ligand radicals. The
computational results confirm this electronic structural assign-
ment, and these complexes can best be thought of as
M(IV)(DOPOY),(DOPO).

This work captures a rare series of nonaqueous early actinide
(and Hf)—ligand complexes that are all tetravalent in nature
and all contain a ligand radical. Although uranium and thorium
species have been well established to support such electronic
structures, this is new for neptunium and plutonium.
Additionally, the magnetic data obtained for plutonium are
quite rare. This study goes well with other studies that
highlight a comparison of the bonding in tetravalent transition
metals with early actinides, which analyze both structural and
computational data.'***

Our previous work with the same ligand system where
M(DOPOY); (M = Am, Cf, and Bk) were generated shows
that early actinides prefer tetravalency, while the later actinides

show trivalency. Additionally, the earlier actinides are reducing
enough to generate and stabilize ligand radicals. Computa-
tional work in this study revealed that certain spin states of
each of these early actinide examples show true covalency,
where ligand orbitals overlap significantly with f orbitals just as
d orbitals do with ligand orbitals in transition metal
organometallic complexes.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
using standard Schlenk techniques or in an MBraun inert atmosphere
drybox with an atmosphere of either purified nitrogen (Hf, Th, and
U) or ultrahigh purity argon (transuranics). Hafnium(IV) chloride
(99.9%), was purchased from Strem Chemicals and used as received.
Pentane, tetrahydrofuran, and toluene were dried and deoxygenated
using literature procedures with a Seca solvent purification system.*
Anhydrous pyridine was purchased from Sigma-Aldrich and was used
without further purification. Benzene-ds was purchased from Cam-
bridge Isotope Laboratories, degassed by three freeze—pump—thaw
cycles, and dried over molecular sieves and sodium. 2,4,6,8-Tetra-tert-
butyl-9-hydroxy-1H-phenoxazin-1-one (HDOPOY),"” potassium
2,4,6,8-tetra-tert-butyl-9-hydroxy-1H-phenoxazin-1-one (KDOPO?),**
potassium graphite,** U[N(SiMe;),];,** ThCl,(DME),*°
UL(THF),,*” NpCl,(DME),,"® and PuBr;(THF)," were prepared
according to literature procedures.

Caution! **Th>3U*'Np, *°Pu, and ***Pu represent serious health
risks due to their a-emission and the radiotoxicity associated with their a-,
P and y- emitting daughters. All studies with these transuranic elements
were conducted in a laboratory dedicated to studies on transuranic
elements. This laboratory is located in a nuclear science facility at
Florida State University and is equipped with HEPA-filtered hoods
and gloveboxes. A series of instruments continually monitor the
radiation levels in the laboratory. All free-flowing actinide solids are
handled in gloveboxes, and products are only examined when coated
with immersion or Krytox oil. Significant limitations exist to
accurately determining yields of these actinide compounds because
drying, isolating, and weighing a solid is required, which creates an
inhalation hazard and manipulation difficulties given the small
quantities of products from these reactions.

NMR Spectroscopy. Where possible, '"H NMR spectra were
recorded on a Varian Inova 300 spectrometer 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. The
spectra for paramagnetic molecules were obtained using an
acquisition time of 0.5 s; thus, the peak widths reported have an
error of +2 Hz. For paramagnetic molecules, the 'H NMR
spectroscopic data are reported with the chemical shift, followed by
the peak width at the half height in Hertz, the integration value, and
the peak assignment where possible.

Crystallography. Single crystals of Hf(DOPO1),(DOPO*) were
coated with polybutenes and quickly transferred to the goniometer
head of a Nonius Kappa CCD diffractometer. equipped with an
Oxford Cryosystems low-temperature device. Examination and data
collection were performed with Mo Ke radiation (1 = 0.71073 A) at
100 K using Nonius Collect software. The data were processed using
HKL3000 and data were corrected for absorption and scaled using
Scalepack.

Single crystals of Th(DOPOY),(DOPO*) were coated with
polybutenes and quickly transferred to the goniometer head of a
Bruker Quest diffractometer with k-geometry, an I-4-S microsource
X-ray tube, a laterally graded multilayer (Goebel) mirror single crystal
for monochromatization, a Photon-II CMOS area detector, and an
Oxford Cryosystems low-temperature device. Examination and data
collection were performed with Cu Ka radiation (4 = 1.54178 A) at
100 K.

Single crystals of U(DOPOY),(DOPO*Y), Np-
(DOPOY),(DOPO*), and Pu(DOPO?),(DOPO*) were mounted
on MiTiGen mounts with krytox oil, and the crystals were optically
aligned on a Bruker ApexIl X-ray diffractometer using a built-in
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camera. Preliminary measurements were performed using an I-u-S X-
ray source (Mo Ka, A= 0.71073 A) with high-brilliance and high-
performance focusing quest multilayer optics. APEXIII software was
used for solving the unit cells, data collection, and integration.
PLATON was used to finalize the structure for any issues. CIF files
are available from the Cambridge Crystallographic Data Centre
(CCDC) under nos. 2050818 (Hf), 2050819 (Th), 2050820 (U),
2050821 (Np), and 2050822 (Pu).

Electronic Absorption Spectroscopy. Electronic absorption
spectroscopic measurements were recorded at 294 K with a Craic
Technologies microspectrophotometer. Single crystals of each
compound were placed on a quartz slide in immersion oil, and the
data were collected from 300 to 1100 nm. Solution electronic
absorption spectroscopic measurements were recorded at 294 K in
sealed 1 cm quartz cuvettes with a Cary 6000i UV-—vis-NIR
spectrophotometer.

SQUID Magnetometry. Magnetic data were collected on a
Quantum Design magnetic property measurement system (MPMS-7).
Temperature-dependent data were collected under applied 1 T DC
fields from 2 to 300 K, and field-dependent data were performed at 2
K with applied magnetic field strengths that varied from 0 to 7 T.
Corrections for the intrinsic diamagnetism of the samples were made
using Pascal’s constants.>

Each magnetism sample was prepared in the glovebox and placed
in a heat-sealed compartment of a plastic drinking straw. The plastic
drinking straws were evacuated overnight prior to use. These straws
were then sealed at one end (~9.5 cm from the top) by heating a pair
of forceps and crimping the sides of the straw until the two sides were
fused together. The microcrystalline compound (10—20 mg) was
loaded into the straw, capped with <10 mg of quartz wool (dried at
250 °C prior to use), and packed in tightly using a Q-tip. The other
end of the plastic drinking straw was then sealed directly above the
quartz wool, forming a small compartment (<1 cm). The sample and
quartz wool were massed four times each to the nearest 0.1 mg, and
the values used were the averages of these mass measurements.

Computational Methods. For the computational study, we used
the experimental structures of metal—-DOPO complexes, replaced the
t-butyl groups with hydrogen atoms, and optimized only the
geometries of those hydrogen atoms with unrestricted density
functional theory (DFT) using the ADF2016 software package,®' >
employing the B3LYP functional.>**> A TZP quality basis was used
for the metals, while a DZP quality basis was employed for the other
atoms (H, C, O, and N). Scalar relativistic effects were included by
means of the zeroth-order regular approximation (ZORA) to the
Dirac equation.S(”57

Electronic structures of the metal-DOPO complexes are
complicated due to their multiconfigurational nature. Thus, electronic
structures of metal—-DOPO complexes were analyzed using the single-
point complete active space self-consistent field (CASSCF)*® method
as implemented in the Openmolcas software package.” All-electron
ANO-RCC-VTZP basis sets® were used on metal centers and the six
oxygen and three nitrogen centers directly bonded to the metal
centers. The ANO-RCC-VDZ basis set was used for C, H, and the
three oxygen centers that are not directly bonded to the metal centers.
For U, Np, and Pu, an (n,12) active space was used (where n =7, 8,
and 9 for U, Np, and Pu respectively); for Hf and Th, a (5,5) active
space was used. In the cases of U, Np, and Pu, all seven Sf-orbitals of
the metals, two 7-orbitals, the correlating 7* orbitals of the ligands,
and one singly occupied 7 orbital containing the radical electron were
included in the active space. Hf and Th are d° systems in their +4
oxidation state. Thus, for these systems we only included ligand
orbitals in the active space. Further relative energies of various spin
states were computed using the CASSCF method. To recover the
dynamic correlation on the spin state ordering, we also performed
second-order perturbation theory calculations on top of the CASSCF
reference wave functions (CASPT2)*"** for U, Np, and Pu DOPO
complexes. To account for the intruder state problem, we used an
imaginary shift of 0.2 au and an IPEA shift of 0.25 au in CASPT2
calculations. Scalar relativistic effects were included using the
Douglas—Kroll-Hess Hamiltonian. Resolution of identity Cholesky

decomposition (RICD)® was used for all the calculations to decrease
the computational cost of the two electron integrals evaluation.

Preparation of Hf(DOPOY),(DOPO®9). A 20 mL scintillation vial
was charged with HfCI, (0.010 g, 0.031 mmol) and S mL of THF. A
solution of KDOPO! (THF) (0.058 g, 0.106 mmol) dissolved in S
mL of THF was added to the vial, causing a color change from blue to
green. To the vial was added 1 equiv of KCg (0.00S g, 0.037 mmol),
and the solution was allowed to stir for 1 h before it was concentrated
in vacuo. The resulting green powder was extracted into toluene,
filtered to remove KCl and graphite, and concentrated in vacuo to a
dark green powder assigned as Hf(DOPO?),(DOPO™). Single
crystals for X-ray crystallography were grown from a concentrated
pyridine solution at room temperature. Analysis for Cg,H,,,N;O,Hf:
Calcd C, 67.79; H, 7.82; N, 2.71. Found: C, 69.69; H, 8.69; N, 2.72.
'"H NMR (CDy, 25 °C): 6 (s, 1.52), (5,2.08), (s, 2.73).

Preparation of Th(DOPO9),(DOPO*9). A 20 mL scintillation vial
was charged with ThCl,(DME), (0.084 g, 0.152 mmol) and S mL of
THF. A solution of KDOPO! (THF) (0.250 g, 0.456 mmol)
dissolved in S mL of THF was added to the vial, causing a color
change from blue to green. To the vial was added 1 equiv of KCq
(0.021 g, 0.155 mmol), and the solution was allowed to stir for 1 h
before it was concentrated in vacuo. The resulting green powder was
extracted into toluene, filtered to remove KCl and graphite, and
concentrated in vacuo to a dark green powder assigned as
Th(DOPOY),(DOPO*). Single crystals for X-ray crystallography
were grown from a concentrated pyridine solution at room
temperature. Analysis for Cg,H,;,N;0,Th: Caled C, 65.43; H, 7.45;
N, 2.73. Found: C, 64.51; H, 7.80; N, 2.57. '"H NMR (C,D,, 25 °C):
5 (s, 123), (s, 0.98).

Preparation of U(DOPQ9),(DOPO*9). A 7 mL scintillation vial
was charged with UI;(THF), (0.005 g, 0.0104 mmol) and 2 mL of
pyridine. A solution of HDOPO? (0.0135 g, 0.0311 mmol) dissolved
in 2 mL of pyridine was added to the vial, causing a color change from
purple to dark green. Upon standing, dark green block crystals
suitable for X-ray analysis formed and were immediately analyzed.

Alternative Route to the Preparation of U-
(DOPQ9),(DOPO®*). A 20 mL scintillation vial was charged with
U[N(SiMe;),]5 (0.025 g, 0.035 mmol) and S mL of THF. A solution
of HDOPO! (0.046 g, 0.105 mmol) in S mL of THF was slowly
added to the stirring solution of U[N(SiMe;), ], resulting in a color
change from violet to green. After stirring for 1 h, the volatiles were
removed in vacuo, resulting in a green powder (0.051 g, 0.033 mmol,
94%) that was assigned as U(DOPO?),(DOPO™). Green crystals
suitable for X-ray analysis were grown by slow evaporation from
pentane over a week at room temperature. Analysis for
Cg,H;14,N;0,U: Caled C, 65.18; H, 7.42; N, 2.71. Found: C, 65.07;
H, 7.28; N, 2.82. 'H NMR (C¢Dg, 25 °C): 6 —82.80 (38, 6H, Ar—
CH), 0.45 (3, 54H, —C(CH,),), 1.52 (4, 54H, —C(CH,)s).

Preparation of Np(DOPOQY),(DOPO*9). A 20 mL scintillation vial
was charged with NpCl,(DME), (0.010 g, 0. 0.0178 mmol) and 2 mL
of THF. A solution of KDOPOY (THF) (0.009 g, 0.0178 mmol)
dissolved in 2 mL of THF was added to the vial, causing a color
change from blue to green. To the vial was added 1 equiv of KCy
(0.002 g, 0.0178 mmol), and the solution was allowed to stir for 1 h
before it was concentrated in vacuo. The residue was dissolved in 2
mL of pyridine. The resulting green solution was allowed to stand
overnight to produce single crystals suitable for X-ray crystallography.

Preparation of Pu(DOPQ9),(DOPO*9). A 7 mL scintillation vial
was charged with pale blue hydrated ***PuBr; (0.005 g, 0.0104 mmol)
and 2 mL of pyridine. A solution of HDOPO! (0.0135 g, 0.0311
mmol) dissolved in 2 mL of pyridine was added to the vial, causing a
color change to dark green-blue. Overnight, dark block crystals
suitable for X-ray analysis formed and were immediately analyzed.
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