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Abstract

Chapter 1 reports the synthesis and characterization of U(IV) and Np(IV) selenium
bis(phenolate) complexes. The reaction of the U(IV) complex with half an equivalent of
p-benzoquinone results in the formation of a U(V)-U(V) species with a bridging reduced
quinone. This represents a rare example of high-valent uranium chemistry as well as a
rare example of a neptunium aryloxide complex.

In Chapters 2 and 3 the synthesis and characterization of a rare U(111) hydrocarbyl
complex, U[n*-Me2NC(H)CsHs]s, and the first structurally characterized transuranic
hydrocarbyl complex, Np[7*-Me2NC(H)CsHs]s, complex, has been generated with four
equivalents of the K[Me2NC(H)CsHs] ligand. In the analogous Th(IV) reaction, C—H
bond activation of a methyl group of one dimethylamine was observed yielding Th[n*-
Me,NC(H)CsHs]2[n°-(CH2)MeNC(H)CgsHs] with a dianionic DMBA ligand. The utility of
these complexes as starting materials has been analyzed using a bulky dithiocarboxylate
ligand to yield tetravalent actinide species for U and Th but Np maintains the trivalent
oxidation state.

Chapter 4 describes the on-going synthesis and reactivity of Np(OAr)sz (Ar = 2,6-di-tert-
butylphenoxide) utilizing Np[#*-Me2NC(H)CsHs]s as a Np(111) starting material. The
coordination and oxidation chemistry is explored with ["BusN]N3, (CeHsCO)202 and
Ph,S; resulting in a bridged Np(111)/Np(I11) azide complex with an outer sphere "BusN
and Np(IV) species, respectively.

Appendix A summarizes a systematic approach to comparing the molecular structure and
bonding in homoleptic transition-metal and actinide complexes by synthesizing a series

of dithiocarbamates, M(S2CN'Pr2)4 (M = Ti, Zr, Hf, Th, U, Np). These complexes have

Xiv



been characterized through spectroscopic and X-ray crystallographic analysis, and their
bonding has been examined using DFT calculations. Computational results indicate that
the covalent character associated with the M—S bonds shows the trend of Hf < Zr < Th <
Ti<U = Np.

Appendix B outlines a series of metallocene thorium complexes with mono- and
bis(phosphido) ligands with varying hues from dark red-purple to pale yellow. While all
of these complexes bear a mesityl group on phosphorus, the electronic structure observed
differs depending on the other substituent (Mes, Me, SiMes, or H). This sparked an
investigation of the electronic structure of these complexes using 3!P NMR and electronic

absorption spectroscopy in concert with time-dependent DFT calculations.
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Introduction

The United States is currently the world’s leading producer of nuclear energy. The U.S.
operates 65 pressurized water reactors and 33 boiling water reactors to produce over 800
billion kWh a year of electricity.! Both types of water reactors use enriched uranium as
their fuel source and have produced over 80,000 metric tons of spent nuclear fuel.? As a
byproduct from the irradiation of U-235 and U-238, there are large quantities of Np-237
commonly present in used nuclear waste. The long half-life of Np-237 (ti. = 2.14 million
years), via alpha decay (4.7 MeV),® makes Np-237 a long-term hazard that will be one of
the most significant contributors to the radioactivity found in nuclear waste 10,000 years
from now.* With over 3 metric tons of Np-237 produced every year,® a comprehensive
understanding of the chemical properties and speciation is necessary for the development
of advanced separation techniques and disposal. Applications of Np-237 are limited; Np-
237 can be used for the production of Pu-238, which is used as a thermoelectric generator
for NASA spacecraft,® but the main focus is on storage and disposal.

Disposal of nuclear waste is a major and growing public health threat. A large portion of
our waste is held in storage pools on site at the nuclear power plants where it was
generated.’” These pools are supposed to be used to hold the waste for a short period of
time because the isotopes with a short half-life contribute to: 1) the immediate high
radioactivity of the waste until the short-lived isotopes decay, and 2) once decayed the
radiological properties of the short-term isotopes are no longer an issue when selecting a
suitable waste container. However, we do not have a permanent solution for the long-

term storage of our nuclear waste, and we are currently dealing with the repercussions.



The Hanford site, for example, used for the production of plutonium during WWII, built
149 waste storage tanks prior to 1965, for the disposal of chemicals used to dissolve fuel
rods so plutonium could be recovered.® These tanks were designed as a temporary
measure with a lifetime up to 25 years, but a longer-term solution has not been
implemented. Now, over 60 tanks are leaking nuclear waste, damaging the surrounding
environment and ecology.® Designing containers based on specific chemical and
radiological properties of the waste contained is a start towards storage with a longer-
term solution in mind. In order to best understand the properties of the nuclear waste, it is
advantageous to separate the individual isotopes and elements to simplify reactivity.
Despite the prevalence of Np-237 in nuclear waste, the chemistry of neptunium is largely
unexplored, especially compared to the lighter actinides, thorium and uranium. This
discrepancy is exemplified by the number of crystal structures in the Cambridge
Crystallographic Data Centre (CCDC) for Th: 1087, U: 6816, and Np: 244.1° Most
neptunium chemistry has been conducted using aqueous and atmospheric conditions,
which is dominated by the trans-oxo neptunyl motif, to better elucidate the reactivity and
mobility under environmental conditions.

The inert atmosphere chemistry of neptunium has largely been neglected for a number of
reasons, such as a lack of starting materials, the cost of infrastructure required to safely
handle transuranic elements and the required safety support staff. However, conducting
chemistry under inert atmosphere allows access to low-valent oxidations states and
bonding motifs not accessible under oxygen; for example, Gaunt, Evans and co-workers
recently synthesized a molecule with a +2 formal oxidation state for neptunium.!! This

allowed for a density functional theory (DFT) investigation into the electronic



configuration across the series (Th-Pu, excluding Pa) of the divalent actinides. This study
showed that ground state electron configuration changes from 5f%6d? to 5f°6d° between
Th?* and Pu?*. The study of low-valent metals in nuclear waste is particularly relevant to
the Hanford site. A previously unknown Tc(l) complex was discovered in the waste tanks
due to the highly reducing conditions generated from radiolysis products.'?*® This
complex was not able to be removed by ion-exchange, which is effective for the removal
of TcOx', and was found to be difficult to oxidize.* Examining these complexes with
unique oxidation states can help elucidate the chemistry of elements in nuclear waste,
allowing for further methods to be developed for effective separation.

One of the methods for utilizing new ligands for separation of fission products in nuclear

waste is to capitalize on the differences in covalency between the metals and extractor

ligands.
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Figure 1. Radial Distribution Plot.*®



Lanthanides Transition Metals Actinides

Figure 2. Graphical representation of orbital extensions.®

The ability for the actinides to participate in covalent bonding may be why there is a
better selectively in extractor ligands that employ softer donor atoms. The radial
extension of the 5f-orbitals (Figure 1 and 2) allows the actinides to participate in bonding
with a higher degree of covalency than the more contracted 4f-orbitals of the lanthanides,
where the bonding is primarily ionic in nature. An approach to understanding the
differences in covalency between different metals is to investigate a series of complexes
where the metal varies but the ligand environment stays the same.

One of the goals of this research is to describe how to synthesize actinide complexes that
can be compared to the other complexes utilizing elements found in nuclear waste. This
has proved challenging for neptunium, in particular the +4 oxidation state, due to the lack
of starting materials. In 2014, Gaunt reported the procedure for NpCls(DME)2;’ this new
starting material allowed entry into neptunium chemistry that bypasses the need for
neptunium metal, which was necessary for the previous starting material Npls(THF)a.
Utilizing the new NpCls(DME)2, this research primarily explores the divergent chemistry

of low-valent Np and U conducted under inert atmosphere and allows for the study of



respective structure and bonding between transition metals, lanthanides and actinide

complexes.



Chapter 1: Structure and Properties of [(4,6-Bu2.CsH20).Se].An(THF),, An = U,
Np, and Their Reaction with p-Benzoquinone®

+ This chapter is based on a manuscript that was submitted to and accepted by Chemical
Communications and can be cited as: Myers, A. J.; Rungthanaphatsophon, P.; Behrle, A.
C.; Vilanova, S. P.; Kelley, S. P.; Lukens, W. W.; Walensky, J. R. Structure and
Properties of [(4,6-'Bu2CsH20)2Se].An(THF)2, An = U, Np, and Their Reaction with p-
Benzoquinone, Chem. Commun. 2018, 54, 10435.
Introduction
The coordination chemistry and reactivity of the actinides offer insight into their structure
and bonding, which in turn improves our understanding of the behavior of these elements
especially with regard to the nuclear fuel cycle. Transuranic actinides are particularly
understudied even compared with lighter actinides due to the difficulty in obtaining these
elements and the infrastructure required to handle them safely.
Alkoxide and aryloxide ligands have served a significant role in advancing our
understanding of actinide chemistry. The highly electronegative oxygen atoms provide a
more ionic interaction with the actinide, which enhances the stability of the resulting
complexes. Oxygen-based ligands have demonstrated the ability to isolate complexes
with U(11),28 U(111),1*2t U(V),% and U(VI1),Z but especially with respect to tetravalent
actinides.?*2°
We recently examined the structures of diamagnetic complexes with the selenium
bis(phenolate) ligand, [(4,6-'Bu2CsH20)2Se]*", A'0SeO0”".*° This dianionic, chelating
ligand effectively stabilizes tetravalent metal complexes of Ti, Zr, Hf, Ce, and Th, and we

endeavored to extend this study to uranium and neptunium. Herein, we report the



synthesis of the U(IV) and Np(1V) complexes. The reactivity of these complexes with p-
benzoquinone has been explored. With U(1V), this reaction affords a dinuclear U(V)—
U(V) compound bridged by p-hydroquinone dianion. However, the addition of p-
benzoquinone to the Np(IV) species produces no reaction. The magnetic, spectroscopic,
and structural properties of these complexes are detailed.

General considerations

The syntheses and manipulations described below were conducted using standard
Schlenk and glove box techniques. Reactions were conducted in a Vacuum Atmospheres
inert atmosphere (N2) glove box. [UCI4],%* and [NpCls(DME),]*" were synthesized as
previously described. Ko[A"0SeO”] was synthesized following the previously published
procedures using KN(SiMes): instead of NaN(SiMe3),.%° p-Benzoquinone was used as
received (Sigma-Aldrich). All solvents were dried by passing through a solvent
purification system, MBRAUN, USA and stored over activated 4 A molecular sieves.
Benzene-de (Cambridge Isotope Laboratories) was degassed by three freeze-pump-thaw
cycles and stored over activated 4 A molecular sieves. All *H NMR data were obtained
on a 600 MHz or 300 MHz DRX Bruker spectrometer. *H NMR shifts given were
referenced internally to the residual solvent peak at 6 7.16 ppm (Ce¢DsH) or 6 2.08 ppm
(C7D7H). Infrared spectra were recorded as KBr pellets on a Perkin-Elmer Spectrum One
FT-IR spectrometer. Elemental analyses were performed at the University of California,
Berkeley Microanalytical Facility using a Perkin-Elmer Series Il 2400 CHNS analyzer.
Single X-ray crystal structure determinations were performed at the University of

Missouri-Columbia.



General considerations for ’Np.

Caution! Z2’Np is an a-emitting radionuclide (4.958 MeV, t1, = 2.14 x10° years, a = 0.7
mCi g ). This research was conducted in a radiological laboratory with appropriate
counting equipment and analysis of hazards for the safe handling and manipulation of
radioactive materials. Reactions were performed in a Vacuum Atmospheres inert
atmosphere (Ar) glove box operated at negative pressure relative to the laboratory
atmosphere. Electronic absorption measurements were recorded on a sealed 1 cm quartz
cuvette with a Varian Cary 5000 UV/vis/NIR spectrophotometer.

Synthesis of U[A"OSeO*"]o(THF)y, 1. A 20 mL scintillation vial was charged with UCl4
(94 mg, 0.25 mmol), Kz[*"0Se0*] (280 mg, 0.49 mmol), and THF (10 mL). The
solution was stirred overnight at room temperature. THF was removed in vacuo, replaced
with toluene and stirred an additional 30 minutes. After filtering through Celite the
toluene was removed in vacuo (2 hours) to yield a green power (290 mg, 86%).
Depending on the extent of vacuum treatment, products with varying degrees of THF
were isolated. After exposing to vacuum overnight (>12 hours), the solvent free product
was isolated as confirmed by elemental analysis. X-ray quality crystals were grown from
a concentrated toluene solution at -20 °C. *H NMR (C¢Ds, 600 MHz, 298 K): § 15.2 (br s,
4H, ArH), 9.62 (br s, 4H, ArH), 6.07 (br s, 36H, 'Bu), 3.45 (br s, 44H, 'Bu and THF), -
10.3 (br s, 8H, THF). IR (cm™): 2960 (vs), 2904 (s), 2868 (s), 1460 (s), 1429 (vs), 1398
(m), 1360 (M), 1282 (vs), 1256 (vs), 1225 (m), 1203 (m), 1137 (w), 1095 (m), 1028 (m),
914 (m), 867 (m), 847 (W), 835 (s), 763 (M), 733 (s), 696 (W), 620 (W), 527 (m), 440 (m).

Anal. calcd for CsgHgoO4Se-U1: C, 55.44; H, 6.65. Found C, 55.50; H, 6.65.



Synthesis of Np[*"OSeO”2(THF),, 2. A 20 mL scintillation vial was charged with
NpCls(DME); (21.4 mg, 0.038 mmol), Ko[*0SeO”"] (43.3 mg, 0.077 mmol), and THF
(2.5 mL). The solution was stirred for 18 h at room temperature and the THF removed in
vacuo. The residue was extracted into toluene (2x2 mL) and filtered through Celite. The
toluene was removed in vacuo to yield a yellow power (54 mg). X-ray quality crystals
were grown from a concentrated toluene solution at -35 °C. *H NMR (C7Ds, 300 MHz,
298 K): 314.3 (br s, ArH), 11.2 (br s, ArH), 3.6 (br s, 'Bu), -5.7 (br s, 'Bu), -10.8 (br s,
THF).

Synthesis of {U[A"0SeO*"]o(THF)}2(n2-OCsH40), 3. A 20 mL scintillation vial was
charged with U[""0SeO0*2(THF)2 (200 mg, 0.15 mmol), p-benzoquinone (8 mg, 0.074
mmol), toluene (5 mL), and a stir bar. The solution was stirred overnight at room
temperature and then concentrated to ca. 1 mL before being placed in the freezer (-20 °C)
for several days. The precipitate was collected and dried to yield a black crystalline
powder (90 mg, 46%). X-ray quality crystals were grown from a concentrated toluene
solution at -20 °C. *H NMR (C¢Ds, 600 MHz, 298 K): § 9.73 (br s, 8H, ArH), 8.87 (br s,
8H, ArH), 1.50 (s, 72H, 'Bu), 1.25 (s, 72H, 'Bu). THF resonances were not observed. IR
(cm™): 2960 (vs), 2904 (m), 2868 (m), 1488 (m), 1461 (m), 1430 (vs), 1398 (m), 1361
(m), 1281 (s), 1244 (s), 1222 (m), 1203 (m), 1137 (w), 1094 (m), 1029 (w), 914 (m), 878
(m), 846 (m), 835 (vs), 759 (w), 734 (m), 695 (w), 618 (w), 533 (m), 446 (m). Anal. calcd
for C126H180012SesUz2: C, 56.50; H, 6.77. Found C, 56.65; 6.56.

Attempted Synthesis of {Np[*"OSeO”|o(THF)}2(u2-OCsH40). A 1 mL aliquot of a

7.2x107 M stock solution of p-benzoquinone in toluene was added to



Np[~"0Se0”2(THF), (19.7 mg, 0.015 mmol) and stirred for 15 h. The only product that
could be isolated was Np[*'OSeO”]2(THF)..

Crystallographic Data Collection and Structure Determination

The selected single crystals for the uranium complexes were mounted on nylon cryoloops
using viscous hydrocarbon oil. The selected single neptunium crystal was coated with
viscous hydrocarbon oil inside the glove box before being mounted

on a nylon cryoloop using Devcon 2 Ton epoxy. The X-ray data were collected on a
Bruker CCD diffractometer with monochromated Mo-Ka radiation (A= 0.71073 A). The
data collection and processing utilized the Bruker Apex2 suite of programs.®? The
structures were solved using direct methods and refined by full-matrix least-squares
methods on F? using Bruker SHELX-2014/7 program.®® All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen atoms were placed at
calculated positions and included in the refinement using a riding model. Thermal
ellipsoid plots were prepared by using Olex23* with 50% of probability displacements for
non-hydrogen atoms.

Table 1-1. X-ray crystallography data is shown for complexes 1, 2, and 3.

1 2 3
CCDC deposit
1851817 1851819 1851820
number
Empirical
Ce4Hos06Se2U*(C7Hg)2 | CoaHosOsSe2Npe(C7Hs)2 | C132H186012SesU>
formula
Formula
1541.63 1540.59 2756.70
weight (g/mol)
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Crystal habit, Prism, Plate, Prism,
color green yellow black
Temperature
173(2) 296(2) 100(2)
(K)
Space group P2, P2, P-1
Crystal system Monoclinic Monoclinic Triclinic
Volume (A%) 3742.5(7) 7351.8(9) 3812.7(5)
a (A) 10.6644(11) 17.5780(12) 14.3383(9)
b (A) 20.483(2) 20.5093(15) 14.4734(9)
c (A) 17.7085(18) 21.1111(15) 21.5834(19)
a (%) 90.00 90.00 102.642(1)
B() 104.649(1) 104.991(1) 98.558(1)
() 90.00 90.00 114.946(1)
z 2 4 1
Calculated
density 1.368 1.392 1.201
(Mg/m?®)
Absorption
coefficient 3.189 2.453 3.123
(mm™)
Final R indices R =0.0298 R =0.0722 R = 0.0360
[1>20(1)] Rw = 0.0609 Rw = 0.1193 Rw = 0.0931
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Table 1-2. Selected bond distance (A) and angles (°) for complexes 1, 2, and 3.

1 2 3

M1-01 2.189(3) 2.207(11) | 2.163(3)

M1-02 2.185(4) 2.228(11) | 2.149(3)

M1-03 2.214(4) 2.168(9) | 2.145(3)

M1-O4 2.223(4) 2.214(10) | 2.140(3)

M1-05 2.530(4) 2.490(9) | 2.097(3)

M1-06 (THF) 2.512(4) 2.488(11) | 2.508(3)
M1-Sel 3.2606(6) 3.1289(15) | 3.1475(5)
M1-Se2 3.1642(6) 3.2287(17) | 3.1995(5)
01-M1-02 105.86(15) 103.2(4) | 100.46(11)
03-M1-04 102.52(13) 107.4(4) | 93.11(11)
05-M1-06 144.82(14) 144.1(4) | 74.64(10)

Magnetic Measurements

In an argon filled glovebox, 1 (28.8 mg), 2 (11.2 mg) and 3a-c (9.6 mg, 16.5 mg, and 9.8
mg, respectively) and were loaded into 3 mm OD quartz tubes by sandwiching them
between two plugs of oven-dried quartz wool (1, 8.7 mg; 2, 13.3 mg; 3a-c, 9.7 mg, 4.4
mg, and 6.0 mg, respectively) (Hereaus, semiconductor grade). The samples were
compressed into a pellet by squeezing them between two quartz rods. The quartz rods
were removed, and the ends of the tube were capped by inserting them into septa for 7
mm tubing. The capped tube was removed from the glovebox and decontaminated. The

center of the tube was wrapped with a Kimwipe, saturated with liquid nitrogen, and
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sealed with a propane/oxygen or hydrogen/oxygen torch. Sample 2 was additionally
contained in a He-filled, 3.5 mm polypropylene straw and heat sealed on both ends.
Variable temperature magnetization data were recorded at 0.1 T,0.5T, 1T, (1-3)and 2 T
(2) using a Quantum Designs MPMS SQUID magnetometer. Variable temperature
magnetization was corrected for the diamagnetism of the quartz wool using Pascal’s
constants for covalent compounds, yow = 3.7 x 107 emu g™ (no correction for the
diamagnetism of the quartz tube or polypropylene straw is needed as they never leave the
SQUID coils). Molar susceptibility was calculated using the following equation:

(molecular weight) [(M peas — Mferro)
H — XQw | — Xdia

Xmol = (sample mass)

Figure 1-1. Equation used to calculate molar susceptibility.

Where ymol is the molar susceptibility, Mmeas iS the measured magnetization, Mferro IS the
ferromagnetic magnetization of the ferromagnetic impurity, which is temperature
independent; its field dependence, f, is 1 at fields greater than 0.2 T and is 0.64 at 0.1 T,
¥ow is the contribution to the susceptibility due to the quartz wool, ydia IS the diamagnetic
correction of the ligands, uranium and neptunium using Pascal’s constants, and H is the
applied field. Two ferromagnetic impurities are commonly encountered in laboratory
samples, steel or iron metal and magnetite or other ferrites from oxide coating on
stainless steel lab equipment. Of these, magnetite is far more likely to be encountered. In
general, the magnetization of ferromagnets is temperature independent below the Curie
temperature, which is 860 K for magnetite, so magnetization of the impurity is
temperature independent for this experiment. The magnetization of magnetite reaches

saturation at approximately 0.2 T, above which the magnetization is ~90 emu/g.* Below
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this field, the magnetization of magnetite is roughly linear with applied field. Based on
the assumption that the impurity is magnetite or a related ferrite resulting from the
abrasion of stainless-steel lab equipment, the data were corrected for a temperature and
field independent ferromagnetic impurity. Mrero Was allowed to vary to minimize the
least squares difference between ymor at different fields, which produced a saturation of
magnetization of Mrerro = 4.61x10° emu (~0.43 pg of magnetite) for 1, Mtero = 3.64x107°
emu (~0.31 pg of magnetite) for 2, Mrerro = 3.8x10° emu (~0.35 pg of magnetite) for 3a,
Méerro = 8.8x10°° emu (~0.08 pg of magnetite) for 3b, and Mrerro = 3.3x10° emu (~0.31 pg
of magnetite) for 3c. Variable field magnetization of 2 was collected at 2 K and 3 K from
-4 T to 4 T then back to -4 T to determine whether the sample displayed hysteresis. The
raw, variable temperature susceptibility data for 1 and 3a-c are shown in Figure 1-2 and
Figure 1-4. The susceptibility of 3 was repeated using three independently prepared
samples. Information about the samples of 3 is given in Table 1-3 along with the results.
The discrepancy between the data at different fields is consistent with the presence of a
ferromagnetic impurity, typically magnetite or other ferrites from the surface of stainless-
steel laboratory equipment as noted above. The data were corrected for the presence of a
ferromagnetic impurity. After correction for the ferromagnetic impurities of 1 and 3, the
data obtained at 0.5 T and 1.0 T are in good agreement, Figure 1-7, but the dataat 0.1 T
were in poor agreement for 3. In addition, the 0.1 T data has high uncertainty largely due
to the small signal at this field. Consequently, only the 0.5 T and 1.0 T data were used.
The raw, variable temperature susceptibility data for 2 was also consistent with a
ferromagnetic impurity, Figure 1-3. The data were corrected for the presence of the

impurity and after correction, the data obtained are in good agreement, Figure 1-9.
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Figure 1-3. Variable temperature magnetic susceptibility of 2 without ferromagnetic

correction.
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Table 1-3. Magnetic Susceptibility results for 3

Sample A Sample B Sample C
Mass (mg) 9.6 16.5 9.8
Quartz wool (mg) 9.7 4.4 6.0
Meerro (EMU) 3.8x10° 8.8x10° 3.3x10°
Mess per U (mg)? 0.82 0.86 0.86
TIP (emu)? 1.6x107 7.9x10% 8.8x10*
2] (K)° -0.8 -1.0 -0.9

a) Average of the values determined at 0.5 T and 1 T from 10 K to 300 K.
b) Determined from2 Kto 300 Kat 1 T.

EPR Experimental
The sample was loaded inside a 5 mm PTFE NMR tube liner inside an inert atmosphere
glovebox. The liner was flame sealed inside a 5 mm quartz NMR tube, which had been
filled with He gas. Electron paramagnetic resonance (EPR) spectra were obtained at 3 K
with a Varian E-12 spectrometer equipped with a LHe cryostat, an EIP-547 microwave
frequency counter, and a Varian E-500 gaussmeter, which was calibrated using 2,2-
diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036). The spectrum was simulated and fit using
EasySpin by matrix diagonalization.®® The spectrum was initially fit by Monte Carlo
search using axial parameters with A; constrained to equal 1820 gi. Once a set of
parameters were identified that crudely fit the experimental spectrum, the constraints on
the fit were removed by allowing A, to vary independently of g, relaxing the g and A to
rhombic, allowing the A matrix to have a different origin from the g matrix, and finally

allowing A-strain in addition to normal line broadening. The experimental spectrum was
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fit alternately using downhill simplex minimization and Monte Carlo searches until the fit

to the experimental spectrum no longer improved. The final parameters are in Table 1-4.

Table 1-4. EPR fitting parameters (9.08528 GHz) using an effective S = %2 spin

Hamiltonian
g 0.446 1.632 2.846
A (MHz) 793.3 3256.5 5136.6
A-Frame (rad) -0.112 0.182 -0.365
A-Strain (MHz) 267 277.8 277.8
Linewidth (mT) 17.2

Results and Discussion

The salt metathesis reaction of UCls with two equivalents of Ko[*'OSeO”"] in THF

resulted in an emerald green solution, Figure 1-5. The *H NMR spectrum showed

paramagnetically shifted resonances between 15.2 and —10.3 ppm. X-ray quality crystals

were grown from a saturated toluene solution at —20 °C. Analysis of a single crystal

revealed the U(IV) complex, U[*OSeO”]»(THF)., 1, Figure 1-6. The THF molecules in

complex 1 are labile, and when exposed to vacuum for extended periods of time, the

unsolvated complex is observed by *H NMR spectroscopy.
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2 K,A"0Se0”" + AnCly(DME)x THF
-4 KCl

An=U,x=0;1
Np,x=2;2

Figure 1-5. Reaction scheme of AnCly(DME)x with two equivalents of Ko[*'0SeO0”] in

THF.

Similar to the previously reported thorium analogue, 1 displays a highly distorted
octahedral geometry where the phenolic oxygen atoms are cis to one another.*
Additionally, one selenium atom is above the aromatic rings while the other is below.
The U—Ophenoxide bond distances range from 2.185(4)—2.223(4) A and compare well with
other uranium aryloxide complexes. For example, U(O-2,6-'Bu-CeH3)4>" and [U(salan-
Buz)2]?” have U-O bond distances of 2.135(4) A and 2.219(2)-2.263(2) A, respectively.
The U-Se distances are 3.2606(6) and 3.1642(6) A, which are longer than the sum of the
covalent radii (X = 2.86 A)® suggesting no interaction exists between the selenium atom

and the uranium center.
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Figure 1-6. Thermal ellipsoid plot of 1 shown at the 50% probability level. The tert-butyl

groups and hydrogen atoms have been omitted for clarity.

The magnetic susceptibility of 1 is typical of U(IV). The magnetic moment of the ground
state can be determined from the value of y7 vs. T extrapolated to O K. For 1, y7'is zero at
0 K, so the ground state is a singlet and only displays temperature independent
magnetism, which is typical for U(1V) in low symmetry. 7 is linear in T to 20 K, which
indicates that the first excited state is approximately 40 to 60 K (27 to 40 cm™') above the

ground state.
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Figure 1-7. Variable temperature magnetic susceptibility of 1 corrected for the presence

of a ferromagnetic impurity.

The nominal ground state of U(1V) is ®Ha in Russell-Saunders coupling. Bonding in
U(IV) is expected to be largely ionic due to the poor energy match between the metal and
ligand orbitals. The Russell-Saunders ground state of U(1V), 3Ha, is split by the ligand
field into 9 substates characterized by my =4, 3, 2,...,—4, which will be mixed by the
crystal field due to the ligands. The free ion moment of *Hs when all the m; substates are
equally thermally populated, is 3.6 us, which is considerably greater than that of 1 at
room temperature, 2.5 ug. The low value of ues for 1 indicates that the total splitting of
3H,4 ground state by the crystal field is greater than kT at room temperature (200 cm ™).
The synthesis of Np[*0SeO*(THF)2, 2, as a yellow powder, was achieved using a
similar route as for 1, Figure 1-5. Crystallization from a concentrated toluene solution at
—35 °C gave X-ray quality crystals, Figure 1-8. The structural characterization of 2
revealed a six-coordinate, highly distorted octahedral Np** metal center nearly
isomorphous with 1. Like 1, the selenium bis(phenolate) ligands are arranged with the
phenolic oxygen atoms cis to one another. The Np—Ophenoxide bONds range from 2.168(9)

to 2.228(11) A and are shorter than the Np—O bonds found in the p-diketonate Np(FOD)a,
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(FOD = 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione), 2.290(7)-2.347(5) A%
and slightly longer than the Np—O bond distance in (CsHs)sNp(OPh), 2.136(7) A.*° The
NpP—Ophenoxide bond lengths in 2 are also much shorter compared to Np(I1V) glutaroimide—
dioxime complexes recently reported at 2.355(2) and 2.350(2) A and between 2.389(2)—
2.405(2) A.** The Np—Se distances of 3.1289(15) and 3.2287(17) A are larger than the
sum of the covalent radii of 2.87 A% as observed for 1. Despite the prevalence of actinide
aryloxide complexes,?* the only other structurally characterized neptunium alkoxide or

aryloxide is (CsHs)sNp(OPh).

Figure 1-8. Thermal ellipsoid plot of one of the two independent molecules of 2 shown at
the 50% probability level; the other molecular is very similar. The O2-Np-04 angles are
81.8(4)° in each molecule. The tert-butyl groups, hydrogen atoms, and solvent toluene

molecules have been omitted for clarity.

The magnetization of 2 decreases sharply at low temperatures, as illustrated in Figure 1-
9. However, the field dependence at low temperature indicates that the decrease is due to
saturation rather than coupling. The data of 2 from 25 K to 150 K at magnetic fields 0.1
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T,0.5T,1Tand 2T were used to determine the magnetic susceptibility of 1.67 ug at 0
K. The Russell-Saunders coupling ground state of Np(IV), *lor2, is split by the ligand
field into 10 substates characterized by my=9/2, 7/2, 5/2,...,—9/2, which will be mixed by
the crystal field due to the ligands. Once the ligand field is considered, the *loy2 state will
split into 5 Kramers doublets. In 2, the first energy of the first excited doublet state is
approximately 200-300 cm™! above the ground state as determined from the temperature
at which the plot of y7" vs. T deviates from linearity. Interestingly, the first excited state in

the Np(1V) compound is much higher in energy than the first excited state in U(1V).
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Figure 1-9. Variable temperature magnetic susceptibility of 2 from 10 K to 300 K.

Although Np(IV) complexes have the potential to exhibit single molecule magnet

behavior,*24% 2 does not display a hysteresis in the magnetization vs. field measurements

at 2 K, Figure 1-10.
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Figure 1-10. Variable field magnetization of 2 at 2 K (blue) and 3 K (orange) illustrating
a lack of hysteresis. Data were obtained as a full hysteresis curve from -4 Tto 4 T and

back to -4 T.

The EPR spectrum of 2 is shown in Figure 1-11 along with a spectrum simulated using
EasySpin®® and the parameters given in Table 1-4. The sharp feature at 300 mT (g = 2) is
due to a minor contribution from organic radical impurities. The simulated spectrum is in
general agreement with the experimental spectrum. The largest discrepancy is the
position of the two peaks at ~175 mT and ~190 mT. In addition, the linewidths of the
features above 400 mT are too narrow in the simulation. Given these differences, it is
possible that the simulation represents a local minimum rather than the best fit; however,
the largest g and A values, 2.85 and 5134 MHz must be close to the correct values due to
the position of the low field peaks. The g-values are related to uefr of the ground state by
Auer® = g1% + g2% + g3® for effective spin = 1/2. In 2, the EPR spectrum is consistent with a
ground state magnetic moment of 1.65 g, which is in excellent agreement with the value

determined by magnetic susceptibility, 1.67 us.
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Figure 1-11. EPR spectrum and simulation for 2. The 300 mT (g = 2) signal has 0.04%

of the intensity of the Np-237 signal.

While Np(1V) is generally EPR active, EPR studies of Np(IV) compounds are rare.*>2
The paucity of EPR studies is due in part to the very strong hyperfine coupling between
the unpaired electron and the large nuclear moment of Np. Accurate determination of the
spin Hamiltonian parameters g and A from the fields of spin transitions requires use of
the Breit—Rabi formula.*” For simulation of the spectrum, diagonalization of the full spin
Hamiltonian is required, which was accomplished here using EasySpin.3¢ As noted by
Poirot et al.,* the values of Ai/g; are relatively constant for Np(IV) and vary from 1807
MHz to 1869 MHz. In 2, these values are 1779 MHz, 1995 MHz, and 1805 MHz. The
first and last are in the range expected for Np(I1V) although the value of 1995 MHz is
slightly greater than expected. The discrepancy likely indicates the uncertainty in the g
and A values for this component, 1.632 and 3256.5 MHz, respectively. Attempting to
change either g or A for this component resulted in a much poorer simulation of the

experimental spectrum. While the g-values can reveal details of the electronic structures
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of Np complexes,*>4647:50.53-55 this typically requires at least axial symmetry for
meaningful discussion. The low symmetry of the Np(IV) site in 2 precludes such an
analysis.

Inspired by the use of p-benzoquinone to oxidize Ce(Ill) to Ce(1V),>*°" as well as
uranium bridging quinone structures,>® the reaction of 1 with 0.5 equivalents of p-
benzoquinone was examined. It resulted in a color change from green to black. The *H
NMR spectrum showed four resonances ranging from 9.73-1.25 ppm. Black, X-ray
quality crystals were grown from a concentrated solution of toluene to reveal the
structure as {U[*"OSeO0”"2(THF)}2(u2-OCsH40), 3, Figure 1-13. The structure of 3 has
the same coordination as 1 except for the addition of the bridging benzoquinone and loss
of one THF molecule. To confirm the uranium oxidation state, electronic absorption
spectroscopy was employed. A weak, sharp f—f transition was observed at 1488 nm (e =

136.6 M~' cm™!) indicative of U(V), Figure 1-12.
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Figure 1-12. Electronic absorption spectra of 3 in toluene with NIR region of interest in

the inset.
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The U—Ophenoxice bond distances of 1, 2.185(4)—2.223(4) A, contract upon oxidation to 3
2.163(3)-2.140(3) A. The U—Opnenoxice distances in 3 are longer than the 2.02-2.03(1) A
found for the terminal U-O'Pr distances in the U(V/V) dimer, U2(O'Pr)10, and shorter
than the 2.28-2.29(1) A of the bridging U-O'Pr bonds.>® These distances are similar to

those of U(V) aryloxide, [U(O'Bu)s]'", 2.05(1)—2.24(1) A.%

Figure 1-13. Thermal ellipsoid plot of 3 shown at the 50% probability level. The tert-

butyl groups and hydrogen atoms have been omitted for clarity. The (u>-OCsH40) moiety

lies about an inversion center.

The magnetic susceptibility of 3 is surprising. As illustrated in Figure 1-14, T is linear
from 10 K to 300 K, which indicates that only a single state is occupied or that multiple

states are occupied, but their splitting is very small, <2 K (1.2 cm™).
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Figure 1-14. Variable temperature magnetic susceptibility of 2 from 2 K to 20 K (left)

and 3bat 1 T from 2 K to 20 K (right).

Bonding in U(V) is expected to be more covalent than in U(1V) due to a better energy
match between the metal and ligand orbitals; consequently, the ligand field in 3 expected
to be strong relative to 1. The ground state of U(V) is 2Fs/2, which consists of 6 substates
with my=—5/2, =3/2,...,5/2. The ligand field will mix with these substates based on the
site symmetry of the U ion. In this case, the uranium center has low symmetry, and the
2Fsy, state will split into 3 Kramers doublets. The magnetic moment of each Kramer's

doublet is directly related to m; as shown in Table 1-5.

Table 1-5. Spectroscopic splitting factors and magnetic moments of 2Fs/, substates.

m; al gL Heft (U8)
1/2 0.86 2.57 1.87
32 2.57 0.00 1.29
52 4.29 0.00 2.14
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The measured ground state moment of 3 is ~0.85 ug per U center, which is not in
agreement with any of the “pure” m; states. Given the low symmetry at the U center and
the fact that the relatively strong crystal field of U(V) will strongly mix the m; states, this
result is not particularly surprising.

The most interesting aspect of the magnetic susceptibility of 3 is that only a single crystal
field state is significantly occupied below 300 K, which is unusual for an actinide or
lanthanide complex. In addition, the unpaired electrons on the two uranium centers are
weakly exchange-coupled with 2J = —0.9 K/kg (—0.6 cm!).%23 This could be the reason
why 3 was found to be EPR silent. The U1-O5-C57(quat) bond angle is 151.3(2)°

deviates greatly from linearity, so this weak coupling is not surprising.

0.8
3a
0.6 1 i X &9
. L x4
= 04 - kAT a0l T
O XXXXAAAA
0.2 AAA 05T
x1.0T
0.0 L] L] L]
0 100 1 () 200 300
0.5 — 0.5
A 3c
0.4 W L 0.4 A wxkh
0.3 qntk * 0.3 o x X
= % A0.1T = i A01T
£0.2 50.2 4
05T 05T
0.1 <1.0T 0.1 7 x1.0T
O L] L] L] 0 L] L]
0 100 200 300 0 100 200 300
T (K) T (K)

Figure 1-15. Variable temperature magnetic susceptibility of 3a (top right), 3b (bottom

left) and 3c (bottom right) corrected for the presence of a ferromagnetic impurity.
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Figure 1-16. Variable temperature magnetic susceptibility of 3 at 1T from 10 K to 300 K.

When the reaction of 2 with p-benzoquinone was attempted, no change was observed.
The standard reduction potentials of p-benzoquinone, UO,* and NpO;* are 0.7 V, 0.45 V
and 0.60 V, respectively.®* Since Np(1V) is more difficult to oxidize than is U(IV), the
potentials of p-benzoquinone and Np(V) are similar, and Np(V) aryloxide have been
reported as being unstable,? this reaction between 2 and p-benzoquinone is not favorable.
Conclusion

The synthesis and spectroscopic characterization of U(IV) and Np(IV) aryloxides as well
as their magnetism has been accomplished. This is the first Np(1V) EPR spectrum
reported since 2004, and only the second Np(1V) aryloxide complex structure published
to date. The reactivity of these complexes with p-benzoquinone has been studied. The
U(IV) complex affords a rare dinuclear U(V)-U(V) compound, while the Np(IV)
complex does not react. Overall, this represents a rare comparison of the reactivity of

uranium and an element to the right of it in the periodic table.
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Chapter 2: U(111) and Th(IV) Alkyl Complexes as Potential Starting Materials ¥
1 This chapter is based on a manuscript that was submitted to and accepted by Chemical
Communications and can be cited as: Behrle, A. C.; Myers, A. J. (co-first author);
Rungthanaphatsophon, P.; Lukens, W. W.; Barnes, C. L.; Walensky, J. R. U(lll) and
Th(1V) Alkyl Complexes as Potential Starting Materials, Chem. Commun. 2016, 52, 14373.
Introduction
During the Manhattan project, actinide alkyl complexes were desirable for their potential
as volatile compounds for separations, especially uranium enrichment.® More recently,
organoactinide chemistry has experienced increased attention as exemplified by the
Hayton and Bart groups. For example, Hayton has reported homoleptic U(1V),% U(V),
and U(VI) alkyl®” complexes as well as Th(IV) alkyl®® and aryl®® complexes, while Bart
has produced a series of U(I1V) benzyl compounds.®®7° Nevertheless, Th(I1V) and U(lI1)
alkyl complexes’*~"® remain scarce.
Recently, the Hayton group has used the lithium salt of dimethylbenzylamine (DMBA) to
synthesize Th(IV) and U(IV) complexes.’”®’” The lithiation of dimethylbenzylamine
produces an ortho-metalated phenyl anion. This salt may be converted to the benzyl anion
by reaction with potassium tert-butoxide,”®3° which is accompanied by a proton
migration from the alpha-position of the benzyl methylene to the ortho-position of the
phenyl. The only known complexes using this ligand transfer agent as a starting material
are a zirconium complex’® as well as most of the lanthanide series.® Since the Ln(111)
complexes are stabilized by this ligand, we surmised that U(111) would be stabilized in a

similar fashion.
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General considerations.

The syntheses and manipulations described below were conducted using standard
Schlenk and glovebox techniques. All reactions were conducted in a Vacuum
Atmospheres inert atmosphere (N2) glovebox or a double-manifold Schlenk line.
Anhydrous toluene, 1,2-dimethoxyethane, tetrahydrofuran, diethyl ether and hexanes
were purchased, stored over activated 4 A molecular sieves, and sparged with nitrogen
prior to use. All available reactants were purchased from suppliers and used without
further purification. [ThCly(DME)2],%° [Ul3(THF)4],218? K[Me,NC(H)CsHs],2 and
(Et20)2Li[CS2(2,6-(Mes)2CsH3)] (Mes = 1,3,5-trimethylbenzene),3* were synthesized
following the previously published procedures. Benzene-ds and toluene-dg (Cambridge
Isotope Laboratories) were dried over molecular sieves and degassed with three freeze-
evacuate-thaw cycles. All *H and 3C NMR spectra were obtained on a 300, 500 or 600
MHz DRX Bruker spectrometer. *H NMR shifts given were referenced internally to the
residual solvent peaks at § 7.16 ppm (CsDsH) and 2.08 ppm (C7D7H). 3C NMR shifts
given were referenced internally to the residual peak at 6 128.0 ppm (CsDs) and 138.0
ppm (C7Dg). Infrared spectra were recorded as KBr pellets on a Perkin-Elmer Spectrum
One FT-IR spectrometer. Elemental analyses were performed at the University of
California, Berkeley Microanalytical Facility using a Perkin-Elmer Series 11 2400 CHNS
analyzer.

Synthesis of MesterphCSzH. A 50 mL Schlenk flask was charged with
(Et20)2Li[CS2(2,6-(Mes)2CsH3)] (600 mg, 1.10 mmol) and 20 mL of Et20. 4 M HCl in
dioxane (0.3 mL) was added dropwise via syringe to a stirred solution of

(Et20)2Li[CS2(2,6-(Mes)2CsH3)] at 0 °C. The resulting cloudy red solution was allowed
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to warm to room temperature and stirred overnight. The volatiles were removed under
vacuum and the solid washed with hexanes and extracted with toluene. The cloudy red
solution was filtered through Celite and dried under vacuum to obtain MesterphCS2H as a
pink crystalline powder (260 mg, 51%). *H NMR (CsDs): & 7.07 (t, 1H, 3Ju.n = 7.8 Hz, p-
CeH3), 6.89 (d, 2H, 3Ju.1 = 7.8 Hz, m-CsHs), 6.83 (s, 4H, m-Mes), 5.61 (s, 1H, CS2H),
2.21 (s, 12H, 0-Mes), 2.16 (s, 6H, p-Mes). BC{*H} NMR (CDs, 298K): 229.2, 145.4,
138.2, 137.2, 137.0, 136.6, 129.6, 129.3, 128.5, 21.5, 21.2. IR (KBr, cm-1): 3046 (w),
2969 (W), 2941 (W), 2911 (m), 2852 (w), 2501 (vs, v(S-H)), 1611 (m), 1569 (w), 1449
(m), 1374 (m), 1266 (w), 1243 (w), 1184 (w), 1101 (s), 1056 (s), 934 (s), 851 (s), 783
(w), 751 (vs), 688 (m), 617 (w), 585 (w). Anal. Calcd for C2sH2S2: C, 76.87; H, 6.71; S,
16.47. Found: C, 76.66; H, 6.63; S, 16.08.

Synthesis of U[#*-Me2NC(H)CgHs]s, 1. A 20 mL scintillation vial was charged with
Ul3(THF)4 (363 mg, 0.4 mmol), diethyl ether (10 mL) and placed in a —25°C freezer for
30 minutes. A second 20 mL scintillation vial was charged with K[Me2NC(H)C¢Hs] (215
mg, 1.2 mmol) and added as a solid to the Ul3(THF)s mixture. The reaction was allowed
to stir for three hours at room temperature and the solvent was removed under vacuum to
yield a black solid. The solid was extracted with toluene (2 x 10 mL), filtered over Celite,
concentrated and placed in a —25°C freezer for 48 h. The product was recovered as a
black crystalline material (197 mg, 77%). X-ray quality crystals were grown from a
concentrated toluene solution at —25°C. *H NMR (C7Ds, —78°C): & 46.86 (s, 9H,
N(CHz)2), 39.65 (s, 3H, ArH), 24.50 (s, 3H, ArH), —9.39(s, 3H, ArH), —44.24(s, 3H,
ArH), —=53.39 (s, 3H, ArH), =71.63(s, 9H, N(CHs)2), —94.42(s, 3H, CH). IR (KBr, cm™):

3034 (m), 2959 (m), 2855
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8(s), 2773 (s), 1912 (w), 1785 (w), 1696 (w), 1654 (w), 1588 (s), 1525 (m), 1462 (s),
1326 (m),1220 (m), 1164 (s), 1028 (s), 968 (m), 851 (m), 734 (s), 634 (m). UV-vis (0.5
mM, C7H8): 401 nm (¢ = 5600 M*cm™). Anal. Calcd for C27H3sNsU: C, 50.62; H, 5.66;
N, 6.65. Found: C, 50.51; H, 5.42; N, 6.56.

Synthesis of Th[#*-Me2NC(H)CesHs]2[#°-(CH2)MeNC(H)CeHs], 2. An oven dried 100
mL Schlenk flask was charged with ThCl4(DME)2 (639 mg, 1.2 mmol) and 20 mL
oftetrahydrofuran and cooled to —78°C. An oven dried 250 mL Schlenk flask was
charged with K[Me2NC(H)CsHs] (799 mg, 4.6 mmol) and cooled to —78 °C. The solution
of ThCl4(DME)2 was added to K[Me2NC(H)CsHs] by cannula and stirred for 2.5 hat 0
°C. The volatiles were removed in vacuo, extracted with 30 mL of toluene and filtered
through Celite. X-ray quality crystals were grown at —25°C from a concentrated toluene
solution. Yield: 620 mg, 73%. *H NMR (C7Ds, -78 °C): 6 7.36 (d, J = 6.3 Hz, 1H, ArH),
7.10 (br s, 1H, ArH), 6.98 (br s, 1H, ArH), 6.90-6.84 (m, 2H, ArH), 6.80-6.73 (m, 2H,
ArH), 6.54-6.49 (m, 2H, ArH), 6.46-6.38 (m, 2H, ArH), 6.27 (d, J = 7.8 Hz, 1H, ArH),
3.83 (s, 1H, CH), 3.59 (d, J = 6.3 Hz, 1H, 0-H), 3.17 (d, J = 5.7 Hz, 1H, 0-H), 3.21 (s, 1H,
CH), 3.18 (s, 1H, CH), 2.98 (d, J = 6.3 Hz, 1H, 0-H), 2.43 (s, 3H, CHa), 2.19 (s, 6H,
N(CHs)2), 1.94 (s, 2H, CHy), 1.92 (s, 3H, CHs), 1.70 (s, 3H, CH3). 3C{*H} (C7Ds, -78
°C): 6 138.95, 138.61, 136.89, 135.31, 131.09, 130.40, 129.85, 128.92, 127.38, 124.44,
121.08, 120.77, 120.52, 114.24, 113.51, 108.76, 98.72, 98.27, 91.78, 90.84, 90.43, 72.08,
44.02, 43.41, 41.65, 40.29, 40.01. IR (KBr, cm™'): 3035 (m), 2959 (m), 2910 (m), 2863
(m), 2785 (M), 1599 (M), 1531 (m), 1479 (s), 1449 (m), 1332 (m), 1306 (m), 1259 (m),

1205 (m), 1171 (m), 1075 (m), 1028 (m), 1012 (m), 977 (m), 859 (m), 811 (M), 743 (s),
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708 (m), 666 (m). Anal. Calcd for C27H3sNsTh: C, 51.18; H, 5.57; N, 6.63. Found: C,
51.10; H, 5.53; N, 6.61.

Synthesis of U[S2C(2,6—Mes2CesH3)]s(THF), 3. A 20 mL scintillation vial was charged
with 1 (126 mg, 0.20 mmol) and 5 mL THF. A second 20 mL scintillation vial was
charged with MesterphCS2H (237 mg, 0.61 mmol) and 5 mL of THF. The solutions were
combined and stirred for 48 h. The brown suspension was centrifuged and the pellet
washed with pentane (2 x 2 mL). The pellet was extracted with toluene, filtered through
Celite and volatiles removed in vacuo resulting in a dark red solid (64 mg, 17%). X-ray
quality crystals were grown from a concentrated toluene solution layered with pentane at
~25°C. 'H NMR (CsDs): 6 6.83 (br s, 16H, m-CsHs), 6.76 (t, 4H, 34 = 7.2 Hz, p-CsHa),
6.33 (d, 8H, 3Ju.n = 7.2 Hz, m-CeHs), 6.87 (s, 8H, m-Mes), 2.55 (s, 24H, p-CHs). Due to
the paramagnetism of uranium, we were unable to unambiguously identify the 0-CHs and
THF chemical shifts. IR (KBr, cm™): 2950 (s), 2917 (s), 2856 (m), 1612 (m), 1568 (w),
1484 (w), 1450 (s), 1376 (m), 1208 (m), 1185 (w), 1101 (m), 1011 (s), 998 (s), 936 (W),
918 (m), 848 (s), 808 (m), 779 (w), 760 (m), 742 (m), 698 (w), 585 (w). Anal. Calcd for
C104H1080SsU: C, 66.86; H, 5.61. Found: C, 66.53; H, 5.35.

Synthesis of Th[S2C(2,6—Mes2CsH3)]4+(THF), 4. A 20 mL scintillation vial was charged
with 2 (104 mg, 0.17 mmol) and 7 mL of THF. A second 20 mL scintillation vial was
charged with MesterphCS;H (260 mg, 0.67 mmol) and 10 mL of THF. The solutions
were combined and stirred for 18 hours at room temperature. The resulting orange
suspension was centrifuged and the precipitate washed with pentane (2 x 2 mL). The
precipitate was dried under vacuum resulting in an orange powder (159 mg, 52%). X-ray

quality crystals were grown from a concentrated toluene solution at —25°C. 'H NMR
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(CeDe): 6 7.03 (t, 4H, 3Ju.n= 7.2 Hz, p-CgHs), 6.93 (s, 8H, m-CeHs3), 6.87 (s, 8H, m-Mes),
6.86 (s, 8H, m-Mes), 3.44 (s, 4H, THF), 2.45 (s, 24H, CHz), 2.33 (s, 24H, CHa), 2.00 (s,
24H, CHs), 1.39 (s, 4H, THF). BC{"H} NMR (CeDs): 5 252.11, 150.60, 139.74, 138.75,
137.66, 136.05, 135.49, 130.69, 129.22, 128.34, 127.90, 68.73, 25.80, 23.31, 22.32,
21.47. IR (KBr, cm™1): 2964 (m), 2916 (s), 2856 (m), 1611 (m), 1572 (w), 1450 (m),
1376 (m), 1263 (m), 1207 (m), 1184 (m), 1100 (s), 1009 (vs), 916 (m), 847 (s), 807 (m),
758 (m), 742 (w), 698 (w), 583 (w), 466 (m). Anal. Calcd for C104H10s0SgTh: C, 67.07,
H, 5.84. Found: C, 67.45; H, 6.05.

Crystallographic Data Collection and Structure Determination.

Selected single crystals were mounted on nylon cryoloops using viscous hydrocarbon oil.
X-ray data collection was performed at 100(2) K. The X-ray data were collected on a
Bruker CCD diffractometer with monochromated Mo-Ko. radiation (A = 0.71073 A). The
data collection and processing utilized Bruker Apex2 suite of programs.®? The structures
were solved using direct methods and refined by full-matrix least-squares methods on F2
using the Bruker SHELX-2014/7 program.® All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were placed at calculated
positions and included in the refinement using a riding model. Thermal ellipsoid plots
were prepared by using Olex2** with 50% of probability displacements for non-hydrogen
atoms. Crystal data and details for data collection for complexes 1, 2, 3, and 4 are also

provided in Table 2-1.
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Table 2-1. X-ray crystallography data is shown for complexes 1, 2, 3, and 4.

1 2 3 4
CCDC
deposit 1507960 1507961 1507963 1507962
number
Empirical
Co7H3sN3U | Ca7H3sN3sTh | C104H1080SsU | C104H10s0SsTh
formula
Formula
weight 640.63 633.62 1868.51 1862.52
(9/mol)
Crystal
Prism, Prism, Prism, Prism,
habit,
black yellow red orange
color
Temperature
100(2) 100(2) 100(2) 100(2)
(K)
Space group P2i/c P-1 P2i/c P2i/c
Crystal
Monoclinic Triclinic Monoclinic Monoclinic
system
Volume
2469.6(6) 1211.2(4) 10248.6(14) 10384.7(16)
(A3
a (A) 14.318(2) 9.590(2) 15.0040(12) 15.0263(13)
b (A) 11.5400(17) 11.143(2) 25.0884(19) 25.217(2)
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c(A) 14.975(2) 11.619(2) 27.253(2) 27.433(2)
a (%) 90.00 88.275(2) 90.00 90.00
L) 93.520(2) 77.613(2) 92.527(10) 92.5570(10)
7 (°) 90.00 87.316(2) 90.00 90.00
Z 4 2 4 4
Calculated
density 1.723 1.737 1.330 1.343
(Mg/md)
Absorption
coefficient 6.591 6.174 1.796 1.644
(mm)
Final R
R =0.0233 R =0.0262 R =0.0611 R =0.0517
indices
Rw =0.0496 | Rw=10.0648 | Rw=0.1276 Rw = 0.1264
[1>206(1)]

Magnetism Measurements.

In an inert atmosphere glovebox, uranium complex 1 (9.1 mg) was powdered using an
agate mortar and pestle, sandwiched between two plugs of quartz wool (Hereaus, 12.0
mg) within a 4 mm OD quartz tube, which was flame sealed on both ends. Variable
temperature magnetization data were recorded at 0.1 T, 0.5 T, and 1 T using a Quantum
Designs MPMS SQUID magnetometer. Variable temperature magnetization was
corrected for the diamagnetism of the quartz wool using Pascal’s constants (no correction

for the diamagnetism of the quartz tube is needed as the quartz tube never leaves the
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SQUID coils). Molar susceptibility was corrected for the presence of a small amount of
ferromagnetic impurity (Mrero), the diamagnetism of the quart wool (yqw), ligands and

uranium (ydia) using Pascal’s constants, and calculated using the following equation:

(molecular weight) [(Mpeas — Mferro)

Xmol = (sample mass) H ~ Xow | T Xdia

Figure 2-1. Equation used to calculate molar susceptibility.

where ymol IS the molar susceptibility, Mmeas IS the measured magnetization, Mferro IS the
magnetization of the ferromagnetic impurity, which is temperature independent and
assumed to be identical at all fields, yow is the contribution to the susceptibility due to
the quartz wool, ydia is the diamagnetic correction, and H is the applied field. For 1, this
equation was applied to the 0.5 T and 1 T data to determine, Mserro, Which were 1.6x10°
emu and 2.92x10° emu, respectively. The 0.1 T data was fit to the other data using Merro,
0.1 T = 0.63 Mterro because the 0.1 T data is below the anisotropy field of the
ferromagnetic impurity (see below); the value of 0.63 was determined by fitting the 0.1 T
datato the 0.5 T and 1 T data. For 1, the amount of ferromagnetic impurity was
determined using the 0.1 T, 0.5 T and 1 T data and Mferro, 0.1 T = 0.63 Mterro; Mterro =
2.7x10° emu.

Two ferromagnetic impurities are commonly encountered in laboratory samples, steel or
iron metal and magnetite or other ferrites from oxide coating on stainless steel lab
equipment. Of these, magnetite is far more likely to be encountered. In general, the
magnetization of ferromagnets is temperature independent below the Curie temperature,
which is 860 K for magnetite, so magnetization of the impurity is temperature

independent for this experiment. The magnetization of ferromagnets is also largely field-
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independent above the anisotropy field, which is approximately 0.2 T for magnetite,
above which the magnetization is ~90 emu/g.*® Below the anisotropy field, the
magnetization of a magnet is roughly linear with the applied field. Based on the
assumption that the impurity is magnetite or some other ferrite resulting from the
abrasion of stainless-steel lab equipment, the data were corrected for a temperature and
field independent ferromagnetic impurity. Mrerro Was allowed to vary to minimize least
squares difference between ymol at different fields, and produced a saturation
magnetization of Mrerro 0f 2.7x10™ emu, which corresponds to ~0.25 pg of magnetite.
Variable field magnetization data were collected at 2 K, 3 K, 5 K, and 298 K from -4 T to
4 T then back to -4 T to determine whether the sample displayed hysteresis. The data at 2
K, 3 K, and 5 K and low field were used to determine the magnetic susceptibility at 0 K.
Results and Discussion

Reaction of Ul3(THF)4 with three equivalents of K[Me2NC(H)CsHs] in Et.O for 3 h at
—25 °C (Figure 2-2) results in a dark colored solution. X-ray quality crystals were grown
from a saturated toluene solution at —25 °C, and diffraction revealed the U(11l) complex,
U[#*-Me2NC(H)CgsHs]s, 1 (Figure 2-3). Reaction with UCl4 also produced 1 along with
half an equivalent of 1,2-bis(dimethylamino)-1,2-diphenylethane. The *H NMR spectrum
of 1 is fluxional at room temperature but cooling to —78 °C made the spectrum
assignable. The *H NMR spectrum is paramagnetically shifted, and the amine methyl
resonances are inequivalent at 47 ppm and —71 ppm. The methine proton is located at
—94 ppm. Complex 1 is thermally unstable above room temperature but stable when
stored cold in the solid-state. As mentioned previously, this compound represents a rare

U(I1) hydrocarbyl complex.
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Figure 2-2. Reaction Scheme of Ul3(THF)s with three equivalents of K[Me2NC(H)C¢Hs]

in Et,0.

The U—Cipso distances are 2.766(3), 2.784(3), and 2.804(3) A while the U—Cortho distances
are 2.818(3), 2.813(3), and 2.816(3) A. These distances are far shorter than the closest U—
C interactions in U[CH(SiMes).]s but are similar to those found in [U(dddt)s]?, dddt =
5,6-dihydro-1,4-dithiine-2,3-dithiolate.®® Therefore, the best description of the
coordination of the DMBA ligand to uranium is #*-(N,C,C,C) instead of the k?-(N,C)
form resulting from the lithium salt. The uranium-methine carbon bond distances of
2.540(4), 2.521(4), and 2.550(3) A are between the 2.57(2) A observed in
Tp*2U(CH2CeHs), Tp* = hydrotris(3,5-dimethylpyrazolyl)borate, and 2.48(2) A in

U[CH(SiMe3)2]a.
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Figure 2-3. Thermal ellipsoid plot of 1 (left) and 2 (right) shown at the 50% probability

level. The hydrogen atoms have been omitted for clarity.

The magnetization of 1 was studied by variable temperature and variable field
experiments. The effective magnetic moment of 1 is shown in Figure 2-5. Under Russell-
Saunders coupling, U(I11) has a *lg;2 ground multiplet, which is split by the ligand field
into substates characterized by m;. The measured ground state moment of 1 is 1.11 pg,
which is in excellent agreement with that of them J = 3/2 substate (1.09 ug). Assignment
of this ground state to 1 is supported by a failure to observe an EPR spectrum at 2 K as
the J = 3/2 substate is not EPR active. The first excited state of 1 is ~100 cm™ above the
ground state as determined from the temperature at which the plot of yT vs. T deviates
from linearity. Although U(I11) complexes frequently exhibit single molecule magnet
(SMM) behavior,® 1 does not display a hysteresis in the magnetization vs. field

measurements at 2 K.
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Figure 2-4. Variable field magnetization data at 2 K (blue), 3 K (black), 5 K (green), and
300 K (orange). Data were obtained as a full hysteresis curve from -4 T to 4 T and back

to-4T.

The lack of single molecular magnet (SSM) behavior is surprising given the ~100 cm™
energy of the first excited state. We believe the mechanism for relaxation is tunneling due
to dipole—dipole coupling in analogy to the behavior of U(H2BPz,)3.8” The U-U distance
in 1is 8.0 A, which is shorter than the 8.2 A distance in U(H2BPz2)3,which does not
display SMM behavior, and is much shorter than that of U(Ph2BPz2)3 (10.8 A), which

does display SMM behavior.88

43



3.5

37 x & % & B
2 2 0.1
S 15§ 0.5T
=11 1.0T

0.5 1
0 . .
0 100 200 300

T (K)

Figure 2-5. Variable temperature magnetic moment of 1.

Thorium presented an interesting comparison since Th(lll) is only accessible using strong
reducing agents,® and since all previously reported compounds of the DMBA ligand
needed only three ligands to saturate the coordination sphere. The reaction of
ThCls(DME). with four equivalents of K[Me2NC(H)CsHs] at -78 °C (Figure 2-6)
produced an orange solution. The *H NMR spectrum revealed an asymmetric
coordination environment as well as a protonated ligand. Orange crystals suitable for X-
ray diffraction analysis were obtained from a saturated toluene solution at -25 °C. The
structure (Figure 2-3) is similar to previous complexes with three DMBA ligands;
however, one of the methyl groups has undergone C—H bond activation to afford a
dianionic DMBA ligand, Th[;*-Me,NC(H)CesHs]2[#°-(CH2)MeNC(H)CsHs], 2. Similar
systems in which U(1V) yields a U(I11) product and Th(IV) results in C—H bond

activation have been observed previously.%%%
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Figure 2-6. Reaction Scheme of ThCls(DME)2 with four equivalents of

K[MezNC(H)CsHs] in THF.

The Th1-C1, Th1-N2, Th1-C7, Th1-C4, and Th1-C8 bond distances are 2.545(4),
2.453(3), 2.578(4), 2.606(3), and 2.866(3) A, respectively, so the ligand with the C—H
bond activated methyl group is a dianionic, #°-ligand. The Th—Cnmethine bond distances in 2
(2.578(4), 2.608(4), and 2.620(3) A) are slightly longer than the Th—Cpenzyi bond length of
2.551(7) A in (CsMes), Th(CH2CgHs)2.%2 However, the Th-Cipso bond distances of
2.850(4), 2.908(4), and 2.851(4) A are significantly shorter than the Th—Cipso bond
distance of 2.979(6) A in (CsMes), Th(CH2CgsHs)2, but are similar to the 2.700(8)—
2.842(4) A observed for U-Cipso interactions in U(CH2CsHaR)4, R = H, 2-p-'Pr; 2-p-'Bu;
2-m-OMe; 2-o-picolyl, complexes,®® when the difference in ionic radii are taken into
account.

To demonstrate the utility of 1 and 2 as potential starting materials for further
substitution, both were treated with three and four equivalents of HS2C[2,6-(Mes)2CeH3],
Mes = 2,4,6-MesCgH> (Figure 2-7). In both cases, the product is a tetravalent species,
AN[S2C(2,6-(Mes)2CsH3)]4(THF), An = U, 3; Th, 4. Both 3 and 4 were characterized by
X-ray crystallography and were found to be structurally analogous (3 is shown in Figure

2-8). Both are nine-coordinate with eight sulfur atoms and one THF molecule completing
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the coordination sphere in a monocapped square antiprismatic geometry. It is surprising
that both thorium(IV) and uranium(1V) are large enough to accommodate four ligands as
well as a THF molecule since dithiocarbamate,® dithiophosphinate,® and dithiolene®
actinide(I'VV) complexes are typically eight-coordinate. Our rationale for the presence of
the THF molecule is that it may be bound to the metal center prior to or during the
addition of the [S2C(2,6-(Mes).CsHs)]* ligands, and upon coordination of the
dithiocarboxylate ligands, the THF is captured in the inner coordination sphere. The THF
molecule cannot be removed by heat or vacuum. The space filling model of the
compound is consistent with this explanation as is the observation that both complexes
precipitate from the reaction mixture when the reaction is performed in THF. Another
interesting feature of complexes 3 and 4 is that homoleptic sulfur-based complexes are
not typically produced by protonation reactions. For example, reaction of
[{(MesSi)2N}.U(CH2SiMe2NSiMes)] with one equivalent of 2,6-Me>CsH3SH yields
[(MesSi)2N]3U[S(2,6-Me2CgH3)], but using four equivalents results in intractable
products.®® In our case, reaction of 1 or 2 with four equivalents of HS,C[2,6-(Mes)2CsHs]
produced isolable compounds. Both compounds are viable starting materials, which may

be useful alternatives to the widely used U[N(SiMes)2]3.%%7
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An=U,3; Th, 4
(i) 4 equiv HS,C[2,6"(Mes),C¢H;]

Figure 2-7. Reaction scheme of 1 and 2 with four equivalents of HS,C[2,6-(Mes).CesH3]

in THF.

The average U-S bond distances in 3 of 2.8775(17) A are longer than those seen in
[U(dddt)s], which range from 2.717-2.760 A. This increase is attributed to the greater
steric properties of the terphenyl-based ligand. The average Th-S bond distances in 4 of
2.934(3) A is similar to the 2.932(2) A distance in the sterically crowded

dithiophosphinate complex Th(S2P'Bua)a.
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Figure 2-8. Thermal ellipsoid plot of 3 shown at the 50% probability level. The hydrogen

atoms have been omitted for clarity.

These distances are significantly longer than the 2.9075(5) A and 2.911(4) A distances in
the less crowded complexes Th(S2P'Pr2)4% and Th[S2P(CsHa11)2]4,%° respectively. The
difference in bond distances of 3 and 4 (~0.057 A) is consistent with the Shannon radii of
nine-coordinate U** (1.19 A) vs. Th** (1.23 A).2®

Conclusion

In summary, using the potassium salt of dimethylbenzylamine, we have synthesized and
characterized a rare U(111) hydrocarbyl complex. When the analogous reaction is
attempted with a uranium(IV) starting material, ligand coupling is observed along with
reduction to U(II). The thorium complex featured C—H bond activation of one of the
methyl groups on the dimethylamine moiety. The synthetic utility of these complexes
was evaluated using a sterically demanding dithio-carboxylate ligand, HS,C(CsHzMes,),

which produced analogous products, An[S2C(2,6-(Mes)2CsH3)]4(THF), An = U; Th.
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Chapter 3: Synthesis and Utility of a Neptunium(l11) Hydrocarbyl Complex®
1 This chapter is based on a manuscript that was submitted to and accepted by
Angewandte Chemie and can be cited as: Myers, A. J.; Tarlton, M. L.; Kelley, S. P;
Lukens, W. W.; Walensky, J. R. Synthesis and Utility of a Neptunium(l11) Hydrocarbyl
Complex, Angew. Chem. Int. Ed. 2019, 58, 14891.
Introduction
Since the synthesis of Ni(CO)4!* and ferrocene, %2 significant advances in organometallic
chemistry continue to be made with respect to metal-based catalysis,'>% materials
chemistry,% and biomimetic studies.® Historically, the Manhattan Project drove the
progress of organoactinide chemistry for the potential use of actinide alkyl complexes in
separation,®® and although the focus has changed, organometallic chemistry of the
actinides in particular has experienced a renaissance in the past 30 years.%-11% This
renaissance is especially true of recent advances in low-valent actinide chemistry, that is,
divalent and trivalent organoactinide complexes. For example, Th2* 111 g2+ 112-114
Np2*, 11115 and Pu?*,1® complexes have all been isolated, along with an organometallic
americium complex, (CsMesH)sAm.*" However, because of their lack of thermal
stability, actinide alkyls,'!8122 especially low-valent actinides, are rare.1?*-132 These
complexes are of interest for their small-molecule activation,*333* spectroscopic and
magnetic properties,®*® and as starting materials for advancing the fundamental
coordination chemistry and reactivity of low valent actinides.**® To date, the
organometallic chemistry of the actinides, particularly transuranic chemistry, has been

dominated by n-ligands such as cyclopentadienyl and other derivatives.*®’
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The coordination chemistry of transuranic elements has lagged behind that of thorium
and uranium because of the lack of easily accessible starting materials, as well as the
associated cost and infrastructure required to obtain and handle these elements. Since
transuranic elements are byproducts of irradiating uranium with neutrons, exploring the
chemistry of these elements is necessary to better understand how to separate the minor
actinides from complex matrices when recycling spent nuclear fuel. Despite its relevance
in the fuel cycle, the chemistry of neptunium has been largely neglected compared to its
neighboring elements, uranium and plutonium.*®

The organometallic chemistry of neptunium has recently been thoroughly reviewed by
Arnold.®*® There are only a few examples of hydrocarbyl complexes with neptunium and
all of them tetravalent. For example, only one neptunium(111) alkyl complex,
Np[CH(SiMes).]3, has been claimed, but only characterized by a color change and IR
spectroscopy as the compound decomposes rapidly in solution.*° The reactivity of
(CsHs)3sNpCl with alkyl lithium reagents has been reported but characterized based on
percent Np obtained as well as Mdssbauer spectroscopy.'#! Additionally, the group of
Arnold has suggested these studies warrant further investigation.3%42 Further reactivity
of (CsHs)sNpCl has been reported to produce alkyl species, (CsHs)sNpX (X= Me, Et,
CCH and Ph), and characterized by UV-vis-nIR, IR, EPR spectroscopy and magnetic
measurements.'* But, to our knowledge, these studies have not been published. It should
be noted that the reactivity of (CsHs)sNpClI with alkyl lithium reagents does form a
significant amount of (CsHs)sNp'"!, which is not unexpected given the Np(I1V/I11) redox
couple.*? Recently, Gaunt and co-workers reported NpCls(DME)2,'” NpCls(THF)s, and

NpCls(pyridine)s,*** which have replaced Npls(THF)4,%! as a useful neptunium starting
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materials since neptunium metal is required to prepare Npls(THF)4. Here, we report the
synthesis of a stable transuranic hydrocarbyl complex, Np[#*-Me;NC(H)CgsHs]s, directly
from NpCls(DME), circumventing the need for an alkali-metal reducing agent.*** This
work is analogous to our recent synthesis of a uranium(l11) hydrocarbyl complex, U[# -
Me;NC(H)CesHs]s, from reaction with UCl4.22°> We demonstrate the utility of the Np
complex and show that, unlike the uranium analogue, the products maintain the trivalent
oxidation state after protonolysis reactions.

General considerations

The syntheses and manipulations described below were conducted using standard
Schlenk and glove box techniques. Reactions were performed in a Vacuum Atmospheres
inert atmosphere (Ar) glove box operated at negative pressure relative to the laboratory
atmosphere. [NpCly(DME)2],*” K[Me2NC(H)CsHs],2 HS2C(2,6-Mes,CsH3),*?° and
HO,C(2,6-Mes,CgsH3), *° were synthesized as previously described. All solvents were
dried by passing through a solvent purification system, MBRAUN, USA and stored over
activated 4 A molecular sieves. Toluene-ds (Cambridge Isotope Laboratories) was
degassed by three freeze-pump-thaw cycles and stored over activated 4 A molecular
sieves. All NMR data was obtained on a 300 or 600 MHz DRX Bruker spectrometer. *H
NMR shifts given were referenced internally to the residual solvent peak at 6 2.08 ppm
(C7D7H). *C NMR shifts given were referenced internally to the solvent peak at & 20.43
ppm (C7Dg). HMQC experiments were conducted to correlate the mesityl methyl protons
with their respective carbons. Single X-ray crystal structure determinations were

performed at the University of Missouri-Columbia.
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General considerations for ’Np.

Caution! Z2’Np is an a-emitting radionuclide (4.958 MeV, t1, = 2.14 x10° years, a= 0.7
mCi g ). This research was conducted in a radiological laboratory with appropriate
counting equipment and analysis of hazards for the safe handling and manipulation of
radioactive materials. Electronic absorption measurements were recorded on a sealed 1
cm quartz cuvette with a Varian Cary 5000 UV/vis/NIR spectrophotometer

Synthesis of Np[#*-Me2NC(H)CsHs]s, 1. A 20 mL scintillation vial was charged with
NpCls(DME)2 (27.0 mg, 0.048 mmol) and THF (2 mL). The solution was placed in a -35
°C freezer for 30 min before adding it to K[Me2NC(H)Ce¢Hs] (33.3 mg, 0.192 mmol). The
solution was stirred for 2.5 h and the volatiles removed in vacuo. The residue was
extracted with toluene (2x2 mL), filtered through Celite and the volatiles were removed
in vacuo to give a black solid. X-ray quality crystals were grown from a concentrated
toluene solution layered with pentane at -35°C. (Yield = 13.7 mg, 44%). *H NMR (C7Ds,
300 MHz, 233 K): § 20.45(s, 3H, CH), 9.19 (s, 3H, CH), 7.99(s, 3H, CH), 7.70 (br s, 9H,
CHs), 0.04 (s, 9H, CHs), -2.21 (s, 3H, CH), -15.01 (br s, 1H, CH), -62.53 (br s, 1H, CH).
Synthesis of [(2,6-Mes>-CsH3z)CO2]sNp(THF)2, 2. A 20 mL scintillation vial was
charged with Np[#*-Me,NC(H)CsHs]s (19.8 mg, 0.031 mmol) and THF (2 mL). A second
20 mL scintillation vial was charged with HO2C(2,6-Mes2CsH3) (33.3 mg, 0.093 mmol)
and THF (2 mL). The vials were placed in a -35 °C freezer for 10 minutes and then the
solutions were combined and stirred at room temperature for 4 h. The volatiles were
removed in vacuo resulting in a pale-yellow solid. X-ray quality crystals were grown
from a concentrated toluene solution layered with pentane at -35°C. (Yield = 7.8 mg,

17%). *H NMR (C7Ds, 600 MHz, 273 K): The 12H peak for ArCH is buried under the
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solvent peaks, & 6.43 (d, 6H, CH), 2.56 (s, 18H, CH3), 1.79 (s, 36H, CHs3), unable to
definitively assign the (3H, CH) or coordinated THF peaks. 1*C NMR: 21.83 (Mes-CHj),
20.59 (Mes-CHy).

Synthesis of [(2,6-Mes>-CsH3)CS2]sNp(THF)2, 3. A 20 mL scintillation vial was
charged with Np[#*-Me2NC(H)CeHs]s (11.4 mg, 0.018 mmol) and THF (1 mL). A second
20 mL scintillation vial was charged with HS>C(2,6-Mes.CsHs) (20.9 mg, 0.053 mmol)
and THF (1 mL). The vials were placed in a -35 °C freezer for 15 minutes and then the
solutions were combined and stirred at room temperature for 4 h. The volatiles were
removed in vacuo resulting in a dark green solid. X-ray quality crystals were grown from
a pentane solution at -35°C. (Yield = 9.7 mg, 35%). *H NMR (C;Ds, 300 MHz, 253 K): §
6.75 (t, 3H, CH), 6.62 (s, 12H, CH), 6.24 (d, 6H, CH), 2.41 (s, 36H, CH3), 2.14 (s, 18H,
CHa), 1.93 (br s, 8H, THF), 1.16 (br s, 8H, THF). 3C NMR: 23.89 (Mes-CHs), 21.29
(Mes-CHG).

Crystallographic Data Collection and Structure Determination.

The selected single crystal was coated with viscous hydrocarbon oil inside the glove box
before being mounted on a nylon cryoloop using Devcon 2 Ton epoxy. The X-ray data
were collected on a Bruker CCD diffractometer with monochromated Mo-Ka radiation (A
=0.71073 A). The data collection and processing utilized Bruker Apex2 suite of
programs.® The structures were solved using direct methods and refined by full-matrix
least-squares methods on F2 using Bruker SHELX-2014/7 program.® All non-hydrogen
atoms were refined with anisotropic displacement parameters. All hydrogen atoms were

placed at calculated positions and included in the refinement using a riding model.
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Thermal ellipsoid plots were prepared by using Olex2** with 50% of probability

displacements for non-hydrogen atoms.

Table 3-1. X-ray crystallography parameters of complexes 1-3.

1 2 3
CCDC deposit
1910635 1910634 1910633
number
Empirical formula C27H36N3Np CssHo10sNp Cs3H9102S6Np
Formula weight
639.59 1453.60 1549.91
(9/mol)
Prism, Block, Plate,
Crystal habit, color
black orange brown
Temperature (K) 100 100 253(2)
Space group P2i/c C2lc Cmcm
Crystal system Monoclinic Monoclinic Orthorhombic
Volume (A%) 2463.2(4) 15785.6(18) 8398.6(11)
a (A) 14.2807(13) 20.4620(14) 26.036(2)
b (A) 11.5458(10) 21.0845(14) 18.8814(13)
c(A) 14.9662(13) 36.609(2) 17.0846(13)
a(’) 90.00 90.00 90.00
L) 93.4450(10) 91.879(2) 90.00
7 () 90.00 90.00 90.00
z 4 8 4
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Calculated density
1.725 1.346 1.226
(Mg/m?®)
Absorption
4.237 1.374 1.427
coefficient (mm™)
Final R indices R =0.0418 R =0.0570 R =0.0276
[1 >20(D)] Rw = 0.0560 Rw =0.1110 Rw = 0.0697

Magnetic Measurements

In an argon filled glovebox, 2 (7.79 mg) and 3 (9.66 mg) were loaded into 3 mm OD
quartz tubes by sandwiching them between two plugs of oven-dried quartz wool (2, 16.5
mg; 3, 9.8 mg;) (Hereaus, semiconductor grade). The samples were compressed into a
pellet by squeezing them between two quartz rods. The quartz rods were removed, and
the ends of the tube were capped by inserting them into septa for 7 mm tubing. The
capped tube was removed from the glovebox and decontaminated. The center of the tube
was wrapped with a Kimwipe, saturated with liquid nitrogen, and sealed with a
propane/oxygen torch. The samples were additionally contained in a He-filled, 3.5 mm
polypropylene straw and heat sealed on both ends. Variable temperature magnetization
data were recorded at 0.1 T,0.5 T, 1 T and 4 T (2-3) using a Quantum Designs MPMS
SQUID magnetometer. Variable temperature magnetization was corrected for the
diamagnetism of the quartz wool using Pascal’s constants for covalent compounds, yow =
3.7 x 107" emu g (no correction for the diamagnetism of the quartz tube or
polypropylene straw is needed as they never leave the SQUID coils). Molar susceptibility

was calculated using the following equation:
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(molecular weight) [(Mpeas — Mferro)
H — XQw | ~ Xdia

Xamol = (sample mass)

Figure 3-1. Equation used to calculate molar susceptibility.

Where ymol is the molar susceptibility, Mmeas is the measured magnetization, Mferro IS the
ferromagnetic magnetization of the ferromagnetic impurity, which is temperature
independent; its field dependence, f, is 1 at fields greater than 0.2 T and is f is ~0.65 at
0.1 T, xow is the contribution to the susceptibility due to the quartz wool, ydia IS the
diamagnetic correction of the ligands and neptunium using Pascal’s constants, and H is
the applied field. Two ferromagnetic impurities are commonly encountered in laboratory
samples, steel or iron metal and magnetite or other ferrites from oxide coating on
stainless steel lab equipment. Of these, magnetite is far more likely to be encountered. In
general, the magnetization of ferromagnets is temperature independent below the Curie
temperature, which is 860 K for magnetite, so magnetization of the impurity is
temperature independent for this experiment. The magnetization of magnetite reaches
saturation at approximately 0.2 T, above which the magnetization is ~90 emu/g.*® Below
this field, the magnetization of magnetite is roughly linear with applied field. Based on
the assumption that the impurity is magnetite or a related ferrite resulting from the
abrasion of stainless-steel lab equipment, the data were corrected for a temperature and
field independent ferromagnetic impurity. Mrerro Was allowed to vary to minimize the
least squares difference between ymol at different fields, which produced a saturation of
magnetization of Mrerro = 7.57x10™° emu (~0.69 ug of magnetite) for 2, Mrerro = 4.99x10°

emu (~0.45 ng of magnetite) for 3.

56



Results and Discussion

The reaction of NpClsa(DME)2 with four equivalents of K[Me>NC(H)CsHs] produced an
immediate color change from pink to black (Figure 3-2).The reaction was conducted in
THF at -35 °C since the potassium salt will react with THF at room temperature.After
2.5 hours, the solution was filtered through Celite, and the volatiles were removed under

vacuum leaving a black powder.

[S)]
NpCly(DME), + 4 ©/\

+ 3 HE,C(2.6-Mes>-CgHz) l - 3 CgllsCH-NMe,

Figure 3-2. Reaction scheme of the synthesis of complexes 1, 2, and 3.

The resonances for the Np product in the *H NMR spectrum in toluene-ds range from & =
20.45 to 62.53 ppm with features in the nIR spectrum consistent with Np'"' ions having
weak 5f-5f transitions.**® The *H NMR spectrum also contained the reductive coupling of
two ligands which, because of similar solubilities, could not be separated from the
neptunium complex. The reduction of Np' to Np''is not unexpected given the relative

stability of Np'"' compared to U"'. A variety of elements undergo similar reductions with
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alkali metal substrates. #6147 Crystals suitable for X-ray crystallographic analysis were
obtained from a concentrated toluene solution layered with pentane at -35 °C. The
crystalline yield was approximately 44%. The structure (Figure 3-3) revealed Np[;*-
Me2NC(H)CsHs]s, 1, which is ¢ previously reported. Complex 1 is the first structurally
characterized neptunium(111) hydrocarbyl complex. Similar *H NMR resonances are
observed in both THF-dg and toluene-ds, and no decomposition was observed by heating

1 to -50 °C in THF overnight, demonstrating its thermal stability.

Figure 3-3. Thermal ellipsoid plot of 1 shown at the 50% probability level.[“)1 The

hydrogen atoms have been omitted for clarity.

In 1, the NpC(methine) bond distances are 2.592(4) A (NpC7), 2.581(4) A (NpC16), and
2.574(4) A (NpC25), while the NpN1, NpN2, and NpN3 distances are 2.552(3), 2.605(3),
and 2.626(3) A, respectively. The NpC bond lengths are shorter than those found in
Np(CsH4SiMes)s which all range from 2.734(6)—2.786(4) A, but longer compared to the
Np-centroid distances of 2.485(2), 2.481(2), and 2.479(2) A.1*> The NpN bond distances

in 1 are similar to those observed in Np(CsHs)s(NCMe): of 2.665(4) A.*42 Additionally,
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NpC(ipso) distances in 1 are 2.787(4) A (NpC1), 2.766(4) A (NpC10), and 2.769(4) A
(NpC19), while the NpC(ortho) distances are 2.802(4) A (NpC6), 2.813(4) A (NpC11),
and 2.805(4) A (NpC20). These distances are similar to those observed in the uranium
analogue,'? and much shorter than the agostic interactions seen in Pu[N(SiMes)]s of
2.968(9) A.1*8 Therefore, we consider this ligand having an #* coordination mode with the
agostic interactions being a reasonable explanation for the stability of 1.

As a final comparison, the ionic radii of six-coordinate Np'"'and Ce'"' are both 1.01 A,
hence we can compare the distances in 1 to the Ce'"' analogue,®® which sits on a pseudo
threefold axis of symmetry. However, the CeC(methine) bond distances are 2.617(3) A,
which are A=0.025(3) A (Np C7), 0.036(3) A (NpC16), and 0.043(3) A (NpC25) longer
than the NpC(methine) distances in 1. The closest lanthanide with similar bond distances
to 1 is the Nd analogue which has an ionic radius of 0.953 A. The analogous Nd complex
has NdC(methine) distances of 2.588(3) A, with the average NpC(methine) distance in
1 being 2.582(4) A. This comparison demonstrates the enhanced actinide—ligand bonding
that is well-established in 4f versus 5f complexes.149-1

To demonstrate that 1 can be used as a starting material to obtain other trivalent
neptunium complexes, the reaction of 1 with three equivalents of HO.C(2,6-Mes,-
CeHs)* was performed (Figure 3-2). A pale-yellow solution was afforded. Upon
crystallization from a concentrated pentane solution at -35° C, X-ray crystallography
revealed the structure of the trivalent product, [(2,6-MesCsH3)CO2]sNp(THF). (Figure 3-
5). The crystalline yield was approximately 17%. The UV-vis-nIR spectrum shows an
absorption at 400 nm. In addition, features around 1350 nm in the nIR region are

indicative of Np'!".
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[(2,6-Mes,-C4H;)CO,]sNp(THF),
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Figure 3-4. Electronic absorption spectrum of 2 in toluene.

The three carboxylate ligands are situated in the equatorial plane while the two THF

adducts are in an axial position. The NpO(carboxylate) bond distances range from

2.435(3)-2.552(3) A and are longer than the only other Np''-alkoxide, K(DME)n{(LA"

HYNp(OCHa3)}2 (LA =trans-calix[2]benzene[2]pyrrole), reported at 2.288(9) A.*° The
elongation of the NpO bond distances in 2 are presumably a result of the steric
encumbrance and chelating ability of the carboxylate ligand. The NpO(THF) bond
distances of 2.469(3) and 2.479(3) A are similar to those NpO(THF) of 2.487(4),

2.513(5) and 2.538(6) A in (LAr)Np2Cla(THF)3.115
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Figure 3-5. Thermal ellipsoid plot of 2 shown at the 50% probability level. The hydrogen

atoms have been removed as well as the THF molecules shown in wireframe for clarity.

To observe whether Np'"'would oxidize upon reaction with a dithiocarboxylate in a
similar manner as its uranium analogue, the reaction of 1 with HS;C(2,6-Mes,CsH3) was
attempted (Figure 3-2). The color instantly turned from black to dark green. The product,
[(2,6-MesCeH3)CS2]sNp(THF)2, 3, was characterized by X-ray crystallography (Figure 3-
6) and obtained in 35% crystalline yield. Complex 3 has a mirror plane on a C-axis of
symmetry, which results in two of the dithiocarboxylate ligands being equivalent. The
NpS distances in 3 range from 2.9286(10)—2.9550(10) A with the Np-O(THF) distances
similar to those in 2 at 2.467(3) A. Only one other Np'"' complex has been reported with
sulfur-based ligands, [NEts][Np(S2CNEt2)4]. For comparison, its NpS distances range

from 2.86(3)-2.91(3) A.*%®
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Figure 3-6. Thermal ellipsoid of 3 shown at the 50% probability level.*% The hydrogen

atoms have been omitted for clarity.

The magnetism of 2 and 3 were measured to corroborate the assignment of a trivalent
oxidation state. Given similar solubilities, the coupled ligand could not be removed from
1 satisfactorily, therefore the magnetism of 1 was not measured. The ground state of Np'"
is °14 under Russell Saunders (RS) coupling, and its free ion moment is 2.68 ps. Under
intermediate coupling, the ground state of Np'"" is primarily (80%) °ls and the free ion
moment is larger 2.88 g as determined using ps =gs[J(J+1)]*2and g,, for intermediate
coupling, 0.644.2¢ Unlike U"'and U'"Y, Np''and Np'Y have quite different moments in the
ground state, 2.88 psand 3.82 s, respectively, for intermediate coupling. This large
difference allows the oxidation states to be determined from the magnetic moments at

room temperature if the splitting of the ground-state multiplets is small (less than 200
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cm, the value of kT at 300 K). Since the splitting is often larger, especially for
tetravalent actinide ions, which experience a larger crystal field, the room-temperature
magnetic moments do not allow differentiation between Np'"'and Np'V.

For 3, the value of yT approaches zero as the temperature approaches zero, which
indicates that the ground state is a singlet state (Figure 3-7). This result is common for a
5f* configuration as illustrated by PuO, which also has a singlet ground state.*®"°8 This
situation is also common among U'V, 2, complexes. The ground states of both UClg?"and
UBrs> are singlets,*%1%% as is the ground state of (1,3-'Bu2CsH3)2UCL.1% At high
temperature, the magnetic moment of 2.7 ug approaches the free ion moment and
indicates that the splitting of the °l4 state by the ligands is relatively small. The magnetic

susceptibility results support a Np'"' ground state for 3.

3_
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Figure 3-7. Variable-temperature magnetic moment of 2and 3at 0.1 T.

For 2, the value of T decreases as T approaches zero, but it does not approach zero.

Instead, the low-temperature moment of 2 is 1.1 pg. The magnetic moment at room
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temperature is 3 pg, which is slightly greater than the free-ion moment of the lowest state
of Np'"", but considerably less than the free-ion moment for Np'V in intermediate
coupling, 3.82 ps. The *H NMR spectra of 2 and 3 support a greater magnetic moment
for 3. The chemical shifts of the mesityl methyl protons are & = 1.99 ppm and 2.36 ppm
for the ortho and para methyl groups, respectively. In 3, these resonances are found at 6
= 2.41 ppm and 2.14 ppm, respectively. In 2, the chemical shifts are further from their
diamagnetic values at & = 2.56 ppm and 1.79 ppm. A potential explanation of the
difference between the magnetic susceptibilities of 2 and 3, especially the greater
moment of 2, is the difference in the crystal fields of sulfur- and oxygen-based ligands.
As illustrated with chromium halides by Burdett,** destabilization of metal orbitals is
proportional to the ligand ionization potential as well as to the overlap between the metal
and ligand orbitals. Because the carboxylate orbitals involved in bonding with Np are
more stable than the corresponding dithiocarboxylate orbitals, the crystal field of the
carboxylate ligand is expected to be greater than that of the dithiocarboxylate ligand even
if the overlap is similar in both complexes. The obvious effect of this difference is to
change the energies of the low-lying excited states created by splitting ground multiplet
(°lzin RS coupling). As a result, the shapes of the pes vs. T curves of 2 and 3 are
different. However, the crystal field also mixes excited multiplets (e.g., °lsin RS
coupling) into the ground state, which can increase the magnetic moment of the complex
(the moment of °Is state is 4.93 pg in RS coupling). The larger magnetic moment of 2
relative to 3 is consistent with the larger crystal field expected for the carboxylate ligand

relative to the dithiocarboxylate.
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Conclusion

In summary, the synthesis and characterization of a neptunium(l11) hydrocarbyl complex
is reported. This compound is the first structurally and thoroughly characterized
hydrocarbyl complex beyond uranium and has been demonstrated to be a starting
material to form further Np'"' complexes. Given the stability of 1, it is plausible that this
moiety could be applied to other transuranic elements such as plutonium and americium,
which have even greater stability of the trivalent oxidation state and for which the starting
materials already exist.1”152 These also represent rare examples of Np'"! complexes for
which further chemistry can be explored by utilizing the Np(I\V/I11) or potentially the

Np(V/I11) redox couple.
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Chapter 4: Formation of Np(IV)-Chalcogenido Bonds from E-E Bond Cleavage with
a Np(111) Aryloxide Complex

This chapter is based on a manuscript that is currently in progress.
Alexander J. Myers, Michael L. Tarlton, Steven P. Kelley, and Justin R. Walensky*
Introduction
The chemistry of low-valent actinide has been of great interest due to the isolation of
actinides in rare divalent oxidation states,'**11® small molecule activation,***** and
examining metal-ligand bonding.'41%3-1%° This is especially true of U(111), a powerful
reducing agent.*’® However, when one traverses the actinide series, there is a propensity
to favor the trivalent oxidation state, much like their lanthanide counterparts.
Our group has an interest in low-valent actinide complexes, especially of neptunium,
since this is rarely studied.® It is important to understand the fundamental chemistry of
neptunium due to its formation after irradiating uranium with neutrons, as well as the
need for neptunium, and other byproducts, to be removed when reprocessing spent
nuclear fuel. Furthermore, under highly reducing conditions, like the ones found in
storage tanks, it is conceivable that Np(lI1) and Np(IV) species may persist.'? Hence, the
coordination chemistry and redox properties of Np"""' complexes can provide valuable
insight into advanced separation techniques, in addition to advancing our understanding
of this understudied element.
Actinide-chalcogen bonds have been extensively studied since extractants with sulfur-
based donor atoms such as Cyanex 301 show higher affinity for actinides over their
lanthanide counterparts.”* The reduction of E-E bonds is a common method for the

installation of f-element-chalcogenide bonds. Recently, we described the synthesis of a
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Np(111) hydrocarbyl complex, Np[#*-Me2NC(H)CsHs]s,*"? and its ability to produce other
Np(111) complexes through protonolysis reactions. Here, we demonstrate that Np[#*-
Me2NC(H)CgHs]s with three equivalents of 2,6-'Bu,C¢HsOH forms the previously
reported, Np(O-2,6-'Bu2CgsHs)3, 1, which can reductively cleave the chalcogen-chalcogen
bond in benzoyl peroxide and PhSSPh, to form (2,6-'Bu2CsH30)sNp(k>-02CCsHs), 3, and
(2,6-'Bu2CsH30)sNp(SPh), 4. Similar oxidation chemistry with uranium was explored by
Burns.1’

Additionally, the weaker redox properties of Np(I11) compared to U(I1l) was
demonstrated. The uranium(ll) tris(anilide) complex (THF)U(N[t-Bu]Ar)s, (Ar = 3,5-
Me2CsH3) reported by Cummins reduces [N("Bu)2]Ns to form a bridging nitride.*"
However, attempting a similar reaction with Np(O-2,6-'Bu2CsH3)s, 1, and half an
equivalent of [N("Bu)4]Ns, forms the bridging azide complex [(Np(O-2,6-'Buz-C¢H3)s3)2-
1-Ns][N("Bu)4], 5. This represents one of the first studies of Np(I11) redox chemistry.
General Considerations for Np-237

Caution!?*’Np is an a-emitting radionuclide (4.958 MeV, t12 = 2.14 x 10° years, and a =
0.7 mCi g1). This research was conducted in a radiological laboratory with appropriate
counting equipment and analysis of hazards for the safe handling and manipulation of
radioactive materials. Reactions were performed in a Vacuum Atmospheres inert-
atmosphere (Ar) glovebox operated at negative pressure relative to the laboratory
atmosphere. [NpCly(DME)2]*" and Np[#*-Me2NC(H)CsHs]3'"? were synthesized as
previously described. Benzoyl peroxide was dried over magnesium sulfate before use.
2,6-di-tert-butylphenol was recrystallized out of pentane and dried before use. All other

reagents were used as received

67



Synthesis of Np(O-2,6-'Bu2-CsHs)s(THF)2, 1. A 20 mL scintillation vial was charged
with Np[#*-Me2NC(H)CsHs]s (11.5 mg, 0.018 mmol) and pentane (2 mL). A second 20
mL scintillation vial was charged with HO-2,6-'Bu,CsH3 (11.5 mg, 0.056 mmol) and
pentane (1 mL). The solutions were combined and stirred for 1 hour at room temperature
before 3 drops of THF were added. The solution was filtered through Celite and
concentrated. X-ray quality crystals were grown from a concentrated pentane solution at -
35°C.

Synthesis of Np(O-2,6-'Bu2-CeHs)s, 2. A 20 mL scintillation vial was charged with
NpCls(DME)2 (12.5 mg, 0.022 mmol) and THF (1 mL). A second 20 mL scintillation vial
was charged with KO-2,6-'Bu2C¢Hs (22.0 mg, 0.089 mmol) and THF (1 mL). The
solutions were combined and stirred for 2 hours at room temperature. The volatiles
removed in vacuo, extracted into Et,O and filtered through Celite. X-ray quality crystals
were grown from a slow evaporation of Et,O at -35°C.

Synthesis of Np(O-2,6-'Bu2-CsH3)3(02C(CsHs)), 3. A 20 mL scintillation vial was
charged with Np[#*-Me2NC(H)CsHs]s (22.8 mg, 0.036 mmol) and toluene (2 mL). A
second 20 mL scintillation vial was charged with HO-2,6-'Bu,CsH3 (22.1 mg, 0.11
mmol) and toluene (1 mL). The solutions were combined and stirred at room temperature
for 30 minutes at room temperature before a precooled solution of (CsHsCO)20: (4.3 mg,
0.018 mmol) in toluene (1 mL) was added. The solution was stirred for an additional 2
hours at room temperature and the volatiles removed in vacuo. The resulting dark-red
residue was extracted into pentane, filtered through Celite, and concentrated. X-ray

quality crystals were grown from a concentrated pentane solution at -35°C.
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Synthesis of Np(O-2,6-"Bu,-CsH3)3(S(CsHs)), 4. A 20 mL scintillation vial was charged
with Np[#*-Me2NC(H)CsHs]s (24.8 mg, 0.039 mmol) and toluene (3 mL). A second 20
mL scintillation vial was charged with HO-2,6-tBu>CsHs (24.1 mg, 0.12 mmol) and
toluene (1 mL). The solutions were combined and stirred for 30 minutes at room
temperature before a precooled solution of Ph2S> (4.2 mg, 0.019 mmol) in toluene (1 mL)
was added. The solution was stirred for an additional 2 hours and the volatiles removed in
vacuo. The resulting dark-red residue was extracted into pentane, filtered through Celite,
and concentrated. X-ray quality crystals were grown from a concentrated pentane
solution at -35°C.

Synthesis of [(Np(O-2,6-'Buz-CsH3)3)2-pu-Ns][N("Bu)s], 5. A 20 mL scintillation vial
was charged with Np[#*-Me;NC(H)C¢Hs]s (17.8 mg, 0.028 mmol) and toluene (2 mL). A
second 20 mL scintillation vial was charged with HO-2,6-'Bu,CsH3 (17.3 mg, 0.084
mmol) and toluene (1 mL). The solutions were combined and stirred for 30 minutes at
room temperature before a precooled solution of [N("Bu)4]N3 (4.0 mg, 0.014 mmol) in
toluene (1 mL) was added. The solution was stirred for an additional 2 hours and the
volatiles removed in vacuo. The resulting yellow residue was extracted into THF, filtered
through Celite, concentrated and layered with pentane. X-ray quality crystals were grown
from a concentrated THF solution layered with pentane at -35°C.

Crystallographic Data Collection and Structure Determination.

Selected single crystals were mounted on nylon cryoloops using using Devcon 2 Ton
epoxy. X-ray data collection was performed at 100(2) K. The X-ray data were collected
on a Bruker CCD diffractometer with monochromated Mo-Kao. radiation (A = 0.71073 A).

The data collection and processing utilized Bruker Apex2 suite of programs.® The
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structures were solved using direct methods and refined by full-matrix least-squares

methods on F2 using Bruker SHELX-2014/7 program.®® All non-hydrogen atoms were

refined with anisotropic displacement parameters. All hydrogen atoms were placed at

calculated positions and included in the refinement using a riding model. Thermal

ellipsoid plots were prepared by using Olex234 with 50% of probability displacements for

non-hydrogen atoms. Crystal data and details for data collection for complexes 1-5 are

also provided in Table 4-1.

Table 4-1. X-ray crystallography data is shown for complexes 1-5.

1 2 3 4 5
Empirical
CsoH7905Np Cs6HsaO4Np Ca9HesOsNp CusHesO3S1Np | Ci00H16206NaNp2
formula
Formula
997.13 1058.23 974.03 962.08 1990.37
weight (g/mol)
Crystal habit, Plank, dark
Prism, yellow Prism, red Block, red Prism, red
color violet
Temperature
100(2) 100(2) 100(2) 100(2) 100(2)
(K)
Space group P121/in1 -4 P12i/cl C12/cl P-1
Crystal system Monoclinic Tetragonal Monoclinic Monoclinic Triclinic
Volume (A3) 4771.1(3) 2636.79(17) 4415.3(3) 17665(2) 5252.0(4)
a(A) 10.0899(3) 14.0240(4) 11.5431(4) 77.138(6) 17.2966(8)
b (A) 20.5612(7) 14.0240(4) 38.8666(11) 10.0147(8) 17.6087(9)
c(A) 23.0086(7) 13.4070(4) 10.4800(4) 23.1937(18) 18.9127(9)
a () 90.00 90.00 90.00 90.00 94.488(2)
L) 91.7690(10) 90.00 110.1050(10) 99.632(2) 111.421(2)
7 () 90.00 90.00 90.00 90.00 98.312(2)
Z 4 2 4 16 4
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Calculated
density 1.730 1.333 1.465 1.447 6.489
(Mg/m?)

Absorption
coefficient 2.221 2.012 2.398 4,173 2.018

(mm't)
Final R indices R =0.0571 R =0.0129 R =0.0813 R =0.0218 R =0.0877
[1>20(1)] Rw =0.0368 Rw =0.0129 Rw =0.0648 Rw =0.0427 Rw = 0.0599
Results
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Figure 4-1. Thermal ellipsoid plots of 1 shown at the 50% probability level. The

hydrogen atoms been omitted for clarity.
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Figure 4-2. Thermal ellipsoid plots of 2 shown at the 50% probability level. The

hydrogen atoms and tert-butyl groups have been omitted for clarity.

Figure 4-3. Thermal ellipsoid plots of 3 shown at the 50% probability level. The

hydrogen atoms and tert-butyl groups have been omitted for clarity.
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Figure 4-4. Thermal ellipsoid plots of 4 shown at the 50% probability level. The

hydrogen atoms and tert-butyl groups have been omitted for clarity.

Figure 4-5. Thermal ellipsoid plots of 5 shown at the 50% probability level. The

hydrogen atoms and tert-butyl groups have been omitted for clarity.
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Appendix A: Influence of Substituents on the Electronic Structure of Mono- and
Bis(Phosphido) Thorium(l1V) Complexes

+ This chapter is based on a manuscript that was submitted to and accepted by Inorganic
Chemistry and can be cited as: Rungthanaphatsophon, P.; Duignan, T. J.; Myers, A. J.;
Vilanova, S. P.; Barnes, C. L.; Autschbach, J.; Batista, E. R.; Yang, P.; Walensky, J. R.
Influence of Substituents on the Electronic Structure of Mono- and Bis(Phosphido)
Thorium(1V) Complexes, Inorg. Chem. 2018, 57, 7270.
Note: My contribution to this project was the synthesis and characterization of complexes
1and 4.
Introduction
While actinides prefer harder Lewis bases such as oxygen and nitrogen, the lower
congeners of these elements, such as phosphorus, have been understudied. Interest in the
heavier main-group elements stems from the observation that metal ligand orbital mixing
in the actinide—ligand bond increases!*®%>175 going down a group. Hence, while the
actinides typically show a preference for 2p elements, the energy between the 5f and np
orbitals decreases with increasing n,*°%167.176 thus presenting the paradox that covalent
bonding does not necessarily translate into strong covalent bonds. This concept is not
shared in transition-metal and main-group elements*® because the overlap between nd
orbitals and np orbitals is significantly greater than the overlap between 5f and np
orbitals.
While changing the steric properties of ligands is the typical focus for altering the
reactivity of actinide complexes, electronic effects can have a profound influence on the

chemical properties of the molecule. In the initial report of actinide— phosphorus bonds,
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the reaction of (CsMes)>ThCl> with 2 equivalents of KPPh, produced a dark purple
complex, (CsMes)2Th(PPh2)2.1"" A similar result was obtained for (CsMes),Th(PEt.)..
While purple is an expected color for a paramagnetic species such as Th(l11)8or a
radical-based ligand,'"®!8the 'H NMR spectrum of this complex appeared diamagnetic,
suggesting the presence of a ligand-to-metal charge transfer (LMCT) in the ground state.
Previously, we have reported bis(phosphido) complexes of thorium,

(CsMes)> Th[PH(CsH2R3-2,4,6)]2 (R = CH3, '8 Pri®2), but these complexes were pale
yellow, similar to (CsMes).Th(CI)[P(SiMes)2].18 This indicates that the ligand-to-metal
charge transfer can be manipulated with respect to secondary versus primary phosphido
ligands as well as a change in the substituents associated with secondary phosphidos.
Curiously, the zirconium analogue (CsMes)2Zr[PH(Mes)]2*®* is described as having a red
wine color; thus, not all metallocene bis(phosphido) metal complexes are the same.
Finally, metallocene complexes of thorium bis(amides) are pale in color. 8 For example,
(CsMes)Th(NMey): is light yellow.!88 Again, phosphorus seems to be playing a
significant role in the electronic structure of organothorium complexes.

Herein, we report a series of thorium phosphido complexes with the metallocene ligand
framework. The colors of these complexes range from pale yellow to dark purple
depending on the phosphorus substituents. The electronic structure has been investigated
using UV-vis spectroscopy as well as time-dependent density functional theory
calculations to show that the LMCT band originates from the donating properties of the
phosphorus substituents. We correlate the donating strength of the substituents associated

with phosphorus with the 3P NMR
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chemical shift but show that this does not translate into a convenient pattern for the
UV-vis spectrum, indicating that there are additional factors contributing to the thorium—
phosphorus bond.

General Considerations

All syntheses were carried out under a N2 atmosphere using glovebox and Schlenk
techniques. All solvents used were dried by passing through a solvent purification system
(MBraun, USA). AgOTf and KN(SiMes)2 were obtained from Sigma-Aldrich.
HP(Mes)2,'®” HP(Mes)(SiMes), 88 HP(Mes)(CHs),'®° (CsMes)2ThCl,, 1%
(CsMes)2ThMe2,'%° (CsMes). Th(CH3)CI,*# (CsMes), Th[PH(Mes)]2, ™
(CsMes)2Th(CI)[P(SiMes)2],*8® (CsMes).Th(CHs)[P(SiMes),],*8 and benzylpotassium?®!
were synthesized as previously described. K[P(Mes)2] was prepared from HP(Mes). and
KN(SiMes) in toluene.'®* KP(Mes)(CHs) was prepared from HP(Mes)(CHs) and
KN(SiMez3): in toluene. Benzene-ds (Cambridge Isotope Laboratories) was degassed by
three freeze—pump-thaw cycles and stored over activated 4 A molecular sieves. All *H
and 3C{*H} spectra were taken on either 500 or 600 MHz Bruker spectrometers. All
31p{1H}, 2°Si INEPT, and °F spectra were taken on a 300 MHz Bruker spectrometer. All
NMR chemical shifts are reported in ppm. *H NMR shifts are referenced internally to the
residual solvent peak of C¢DsH at 7.16 ppm. *C NMR shifts were referenced internally
to 13CsDg at 128.06 ppm. 3'P{*H} NMR shifts were referenced externally to 85% H3PO4
at 0 ppm. 2°Si NMR shifts were referenced externally to TMS at 0 ppm. *°F NMR shifts
were referenced externally to hexafluorobenzene at —164.9 ppm. All infrared spectra

were taken on a PerkinElmer Spectrum One FT-IR spectrometer, recorded as KBr pellets.
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Elemental analyses were performed at the University of California, Berkeley
Microanalytical Facility, using a PerkinElmer Series 11 2400 CHNS analyzer.

Synthesis of KP(Mes)(SiMe3). In a scintillation vial charged with benzylpotassium (182
mg, 1.4 mmol), toluene (5 mL), and a magnetic stir bar, HP(Mes)(SiMes) (313 mg, 1.4
mmol) was added at room temperature. The suspension was stirred at room temperature
for 48 hours. The solution was then filtered through Celite to yield a yellow solution. The
solvent was removed in vacuo to yield KP(CsH2Mez-2,4,6)(SiMe3) as a yellow powder
(196 mg, 54%). *H NMR (CeDs, 600 MHz, 298 K): & 6.92 (s, 2H, m-Mes), 2.57 (s, 6H,
CH3-0-Mes), 2.14 (s, 3H, CHs-p-Mes), 0.29 (d, 9H, 3Jnp = 4.2 Hz, -Si(CHa)3). 3.C{*H}
NMR (CsDs, 150 MHz): § 145.1 (d, 2Jc_p = 4.5 Hz, 0-Mes), 143.0 (d, 2Jc_p = 45 Hz, ipso-
Mes), 132.9 (p-Mes), 128.8 (m-Mes), 27.9 (d, 2Jc » = 10.5 Hz, CH3-0-Mes), 20.9 (p-
Mes), 5.5 (d, 2Jc_p = 12 Hz, -Si(CHs)3). *'P{*H} NMR (CeDs, 121 MHz): 5 —180.2. 2°Si
INEPT NMR (CsDs, 60 MHz): § 2.14 (d, YJsi_p = 47.9 Hz, -Si(CHa)s).

Synthesis of (CsMes). Th(CI)[P(Mes):], 1. In a scintillation vial, K[P(Mes).] (118 mg,
0.38 mmol) in Et20 (10 mL) was added to (CsMes).ThCl2 (220 mg, 0.38 mmol) in Et.O
(10 mL) and the mixture stirred for 2 hours at room temperature. The resulting red-purple
solution was filtered over a plug of Celite, and the volatiles were removed in vacuo to
yield a red-purple solid (172 mg, 56%). X-ray-quality crystals were grown from a
concentrated diethyl ether solution at —35 °C. *H NMR (CsDs, 500 MHz, 298 K): § 6.93
(s, 4H, m-Mes), 2.63 (s, 12H, 0-Mes), 2.18 (s, 6H, p-Mes), 2.01 (s, 30H, CsMes).
BC{'H} NMR (CsDs, 125 Hz, 298 K): 144.1 (d, 2Jp-c = 7.9 Hz), 139.7, 136.1, 129.3 (d,
3Jp-c=5.2 Hz), 128.7, 25.8 (d, 3Jp-c = 10.4 Hz), 21.0, 11.9. 3'P{*H} NMR (CsDs, 120

MHz): 5 114.8. IR (KBr, cm™): 2965 (s), 2917 (s), 2856 (s), 1606 (m), 1445 (s), 1378
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(m), 1262 (m), 1085 (s), 1031 (s), 952 (w), 848 (s), 802 (M), 654 (w). UV—vis (0.25 mM,
toluene): 534 nm, £ = 375 Mt cm™. Despite multiple attempts, a satisfactory elemental
analysis could not be obtained due to the similar solubilities of 1 and HPMes;.

Synthesis of (CsMes). Th[P(Mes)(CHs3)]2, 2. In a scintillation vial, (CsMes)>ThCl» (140
mg, 0.24 mmol) in toluene was added to KP(Mes)(CHz) (100 mg, 0.49 mmol) in toluene
and the mixture stirred overnight at room temperature. The formation of a precipitate was
observed immediately following the addition. The resulting deep red-purple solution was
filtered over a plug of Celite, and the volatiles were removed in vacuo to yield a red-
purple solid (168 mg, 83%). X-ray-quality crystals were grown from a concentrated
diethyl ether solution at =35 °C. *H NMR (C¢Ds, 600 MHz, 298 K): & 7.08 (s, 4H, m-
Mes), 2.86 (s, 12H, 0-Mes), 2.33 (d, 6H, 2Ju_p = 5.4 Hz, P-Me), 2.24 (s, 6H, p-Mes), 2.07
(s, 30H, CsMes). BC{"H} NMR (C¢Ds, 150 Hz, 298 K): 144.1, 142.8, 129.0, 126.0, 25.0
(dd, Jp_c = 4.0 Hz, Jp.c = 5.2 Hz), 21.2, 15.2 (d, 2Jp_c = 6 Hz), 11.6. 3*P{*H} NMR
(CeDs, 120 MHz): § 117.5. IR (KBr, cm™): 2972 (m), 2954 (s), 2893 (vs), 2856 (s), 1599
(W), 1484 (W), 1448 (s), 1347 (s), 1289 (w), 1262 (w), 1118 (w), 1053 (w), 1021 (m), 886
(m), 844 (s), 821 (w), 716 (w), 683 (w), 616 (w), 608 (w), 552 (w). UV-vis (0.25 mM,
toluene): 533 nm, £ = 260 M~ cm™. Anal. Calcd for CsHssP,Th: C, 57.68; H, 7.02.
Found: C, 57.32; H, 7.13.

Synthesis of (CsMes). Th(CH3)OTHT, 3. In the absence of light, AQOTf (117 mg, 0.46
mmol) in THF (5 mL) was added to (CsMes).Th(CHz)2 (243 mg, 0.46 mmol) in THF (5
mL) and stirred overnight. The resulting dark gray suspension was filtered over a plug of
Celite, and the volatiles were removed in vacuo to yield a white solid (264 mg, 87%). X-

ray-quality crystals were grown from a concentrated toluene solution at =35 °C. 'H NMR
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(CeéDe, 600 MHz, 300 K): & 2.05 (s, 30H, CsMes), 0.52 (s, 3H, Th-Me). BC{*H} NMR
(CeDs, 150 MHz, 300 K): § 125.9, 68.6, 11.6; the CF3 resonance could not be located. 1°F
NMR (CsDs, 283 MHz, 300 K): 5 —71.2. IR (KBr, cm): 2917 (m), 2867 (m), 1440 (w),
1382 (w), 1314 (m), 1252 (s), 1217 (vs), 1122 (w), 1020 (vs), 805 (w), 629 (m). This
compound has been previously reported but with triflic acid.1%219

Synthesis of (CsMes). Th(CH3)[P(Mes)2], 4. A 20 mL scintillation vial was charged with
(CsMes)2Th(CH3)CI (330 mg, 59.8 mmol) and toluene (3 mL) and placed in a —25 °C
freezer to cool for 30 min. A second vial was charged with KPMes; (184 mg, 59.8
mmol). The KPMes; as a solid was then transferred to the cooled solution of
(CsMes)2Th(CH3)CI, with about 5 mL of toluene. The reaction mixture was stirred for
about 1.5 h, resulting in a cloudy red solution. The volatiles were removed under reduced
pressure. The resulting red-purple crude solid was triturated in diethyl ether and filtered
over Celite to remove any free phosphine generated. The remaining solid was then
washed through the filter using toluene, until the red-purple solution ran clear, leaving a
yellow solid behind (KPMes.). The toluene solution was concentrated and layered with
pentane. From the layered solution, a red-purple solid (127 mg, 47% yield) deposited out
overnight. Through subsequent recrystallizations, more material was able to be isolated.
IH NMR (600 MHz, CeDs): 5 6.92 (s, 4H, m-Mes), 2.54 (s, 12H, 0-Mes), 2.18 (s, 6H, p-
Mes), 1.93 (s, 30H, Cs(CHa)s), 0.41 (s, 3H, Th-CHs). *C{*H} NMR (CsDs, 150 MHz): 5
143.54 (d, Xc_p = 9 Hz, P—C_wes), 140.88 (d, 2Jcp = 1.5 Hz, ArC_ortho), 135.43 (s, ArC_
para), 129.18 (d, 3Jcp = 4.5 Hz, ArC_meta) 125.13 (s, Cs(CHs)s), 72.77 (s, Th-CH3), 25.68
(d, *Jc-p = 10.5 Hz, Mes-CHa.ortho), 21.04 (s, Mes-CHa-para), 11.59 (s, Cs(CH3)s). 3'P{*H}

NMR (CsDe, 120 MHz): 5 105.3. IR (KBr, cm %): 2971 (s), 2909 (vs), 2861 (s), 1601 (w),
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1546 (W), 1462 (W), 1446 (vs), 1396 (w), 1396 (w), 1373 (m), 1290 (w), 1260 (W), 1176
(w), 1108 (m), 1087 (w), 1050 (w), 1030 (m), 1018 (w), 950 (w), 847 (vs), 801 (w), 711
(w), 618 (w), 556 (m), 545 (W), 517 (W). UV—vis (0.6 mM, toluene): 525 nm, £ = 640 M*
cm. Anal. Calcd for CsoHssPTh: C, 59.53; H, 7.05. Found: C, 59.40; H, 7.11.

Synthesis of (CsMes).Th(CH3)[P(Mes)(SiMe3)], 5. In a scintillation vial,
KP(Mes)(SiMez) (79 mg, 0.3 mmol) in toluene (5 mL) was added to
(CsMes)2Th(CH3)OTTf (201 mg, 0.3 mmol) in toluene (5 mL) and the mixture stirred
overnight at room temperature. The resulting orange solution was filtered over a plug of
Celite, and the volatiles were removed in vacuo to yield an orange solid (169 mg, 76%).
X-ray-quality crystals were grown from a concentrated diethyl ether solution at —35 °C.
IH NMR (CsDs, 600 MHz, 300 K): & 7.04 (s, 2H, m-Mes), 2.80 (s, 6H, 0-Mes), 2.22 (s,
3H, p-Mes), 1.99 (s, 30H, CsMes), 0.43 (s, 3H, Th-Me), 0.39 (d, 9H, 2Jn p = 4.8 Hz,
SiMes). *C{*H} NMR (CsDs, 150 MHz, 300 K): 144.9 (d, 2Jcp = 5.1 Hz), 137.3 (d, YJc_
p=9.45 Hz), 135.3, 128.5 (d, 3Jp-c = 4.2 Hz), 125.2, 71.3, 27.5 (d, 3Jr_c = 9.15 Hz), 21.1,
11.7, 4.57 (d, 2Jp_c = 11.4 Hz). 3P{*H} NMR (C¢Ds, 120 MHz): & 11.9. 2°Si INEPT
NMR (CsDs, 60 MHz):  6.44 (d, Wsip = 7.8 Hz). IR (KBr, cm™): 2968 (s), 2944 (s),
2909 (vs), 2859 (s), 1488 (w), 1437 (m), 1377 (m), 1237 (s), 1106 (m), 1044 (m), 1022
(m), 948 (w), 836 (vs), 747 (w), 677 (w), 629 (m). UV—vis (0.10 mM, toluene): 455 nm, €
=285 M cmL. Anal. Calcd for Ca3HssPSiTh: C, 53.50; H, 7.21. Found: C, 52.56; H,
7.05.

Synthesis of (CsMes).Th[P(Mes)(SiMes)]2, 6 and (CsMes)Th(CI)[P(Mes)(SiMes)], 7.
KP(Mes)(SiMes) (92 mg, 0.35 mmol) in toluene (5 mL) was added to (CsMes)2ThCl,

(100 mg, 0.17 mmol) in toluene (5 mL) and the mixture stirred overnight. The resulting
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orange solution was filtered over a plug of Celite, and the volatiles were removed in
vacuo to yield a tacky orange solid (117 mg). 3P NMR shows that the crude material
contains both (CsMes)Th(CI)[P(Mes)(SiMes)] and (CsMes)>Th[P(Mes)(SiMes)]2 (9:1
ratio). Recrystallization from DME vyielded a small quantity of X-ray-quality crystals of
(CsMes), Th[P(CsH2Mes-2,4,6)(SiMes)]2 (6). *H NMR (CeDs, 600 MHz, 298 K): § 7.11
(s, 4H, m-Mes), 2.86 (s, 12H, 0-Mes), 2.25 (s, 6H, p-Mes), 2.09 (s, 30H, CsMes), 0.51
(br-s, 18H). 3C{*H} NMR (C¢Ds, 150 Hz, 298 K): 145.4, 138.2 (d, 1Jc p = 7.5 Hz),
135.8,128.8, 128.1, 27.6, 21.1, 12.3, 4.37 (t, 2Jc p = 6 Hz) . 3'P{'H} NMR (CsDs, 120
MHz): § 48.5. 2°Si INEPT NMR (C¢Ds, 60 MHz): § 7.14 (t, 1Jsip = 1.9 Hz). UV-vis
(0.25 mM, toluene): 490 nm, £ = 390 M~! cm™. Recrystallization from Et.0O yielded a
small quantity of X-ray-quality crystals of (CsMes). Th(CI)[P(Mes)(SiMes)] (7). *H NMR
(CeDs, 600 MHz, 298 K): 6 7.04 (s, 2H, m-Mes), 2.80 (s, 6H, 0-Mes), 2.21 (s, 3H, p-
Mes), 2.06 (s, 30H, CsMes), 0.43 (d, 9H, 2Ju-p = 4.8 Hz). *C{*H} NMR (CsDs, 150 Hz,
298 K): 145.0 (d, Ncp = 4.5 Hz), 137.3 (d, 2Jc_p = 4.5 HZ), 135.69, 128.6 (d, *Jcp = 4.5
Hz), 128.2, 24.5, 21.1, 12.0, 4.6 (d, 2Jc » = 10.5 Hz). 3P{*H} NMR (C¢Ds, 120 MHz): &
24.8. 2Si INEPT NMR (CsDs, 60 MHz): § 6.56 (d, 1Jsi_p = 6 Hz). Despite multiple
attempts, a satisfactory elemental analysis could not be obtained due to the similar
solubilities of (CsMes).Th(CI)[P(Mes)(SiMes)] and (CsMes).Th[P(Mes)(SiMes)]..
Computational Details

Theoretical calculations were carried out with Kohn—Sham density functional theory
(KS-DFT) using the Amsterdam Density Functional (ADF2017) package.**1% The
scalar zeroth-order regular approximation (ZORA) relativistic Hamiltonian® and the

Perdew, Burke, and Ernzerhof (PBE) functional*®” and TZP Slater-type basis sets®® with
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small frozen cores were used for geometry optimizations. Due to the charge transfer like
nature of valence excitations, the Coulomb attenuated method Becke three-parameter
Lee, Yang, and Parr (CAM-B3LYP) functional*®® was employed for excitation spectra
simulations using time-dependent DFT (TD-DFT) linear response calculations.

Crystal Structure Determination and Refinement

Selected single crystals of 1-7 were mounted on nylon cryoloops using viscous
hydrocarbon oil. X-ray data collection was performed at 100(2) or 150(2) K. The X-ray
data were collected on a Bruker CCD diffractometer with monochromated Mo Ka.
radiation (A = 0.71073 A). The data collection and processing utilized the Bruker Apex2
suite of programs.3? The structures were solved using direct methods and refined by full-
matrix least-squares methods on F? using the Bruker SHELX-97 program.* All non-
hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen
atoms were placed at calculated positions and included in the refinement using a riding
model. Thermal ellipsoid plots were prepared by using Olex234with 50% probability
displacements for non-hydrogen atoms. Crystal data and details of data collection for
complexes 1-7 are provided in Table A-1.

Table A-1. X-ray crystallography data is shown for complexes 1-7.

Complex 1 2 3 4
CCDC deposit 1834568 1834569 1834570 1834571
number
'i’:f::]rljf:' CasHs:CIPTh | CaHssPoTh | CsiH7aFeOsSoThe | CaoHssPTh
Formula
weight 807.25 832.84 1425.3 786.84
(g/mol)
Crystal habit, Prism, Prism, Prism, Plate,
color Red Red Colorless Pink
Temperature
'?K) 100(2) 100(2) 100(2) 100(2)
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Space group P2i/n C2/c P2i/c P12,/n1
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Volume (A% 3411.4(8) 4216.8(11) 5329.9(10) 3441.3(6)
a(A) 11.7219(15) 17.321(3) 11.6583(12) 11.6978(11)
b (A) 20.910(3) 13.840(2) 25.044(3) 20.919(2)
c(A) 14.0570(18) 17.800(3) 19.140(2) 14.2090(13)
a (%) 90° 90° 90° 90°
L) 98.072(2)° 98.821(2)° 107.4960(10)° 98.2090(10)°
7 () 90° 90° 90° 90°
Z 4 4 4 4
Calculated
density 1.572 1.312 1.776 1.519
(Mg/m®)
Absorption
coefficient 4,521 3.635 5.719 4.404
(mm™)
Final R
indices R1 =0.0368, R1 =0.0439, R1=0.0213, R1 =0.0204,
wR2 =0.0840 | wR2 =0.1066 WR2 = 0.0454 wR2 =0.0451
[1> 20(D)]
Complex 5 6 7
CCEqu%eeﬁOS” 1834572 1834574 1834573
Egrprlr::flzl CasHssPSiTh | CaHroP2SizTh | CaHsoCIPSITh
Formula
weight 740.85 949.16 761.27
(g/mol)
Crysctsllor;ablt, Prism, Yellow OP:;snrgé g:::]ge
Temperature 100(2) 100(2) 100(2)
(K)
Space group P-1 C2/c P-1
Crystal system Triclinic Monoclinic Triclinic
Volume (A3 3274.8(5) 4506.8(2) 3239.3(6)
a(A) 9.4091(8) 15.4033(4) 9.4027(9)
b (A) 14.9346(13) 18.6254(5) 14.8838(15)
c(A) 23.706(2) 15.7119(4) 23.531(2)
a (%) 89.868(2)° 90° 90.122(2)°
B() 87.257(2)° 91.091(2)° 93.183(2)°
7 (") 79.804(2)° 90° 99.858(2)°
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Z 4 4 4
Calculated
density 1.503 1.399 1.561
(Mg/m®)
Absorption
coefficient 4.658 12.044 4.791
(mm™)
Final R
indices
[1>20(1)]

R1 =0.0369, R1 = 0.0226, R1=10.0173,
WR2 =0.0545 | wR2=0.0570 | wR2=0.0444

Results and Discussion

Reaction of (CsMes).ThCl, with KP(Mes). results in an immediate color change from
colorless to dark purple. The *H NMR spectrum of the reaction indicated the product as
(CsMes)2Th(CI)[P(Mes)2] (1; Figure A-1), with coordination of only one phosphido
ligand. Allowing the reaction to proceed for more than 2—-3 h produces large amounts of
phosphine and the coupled phosphido species Mes,PPMes,,2% which is observed in the
3P NMR spectrum. The reaction with 2 equiv of KP(Mes)2 does not yield the
bis(phosphido) complex, presumably due to the steric properties of the phosphido ligand.
We note that (CsHs)2Zr(AsMes;) is known,?%! but this is most likely due to the use of
(CsHs) ™ instead of (CsMes) ™ as well as arsenic being much larger than phosphorus,
producing longer Zr—As bonds. When the steric properties are decreased using
KP[(Mes)(CHs)], the bis(phosphido) complex (CsMes)> Th[P(Mes)(CHs)]2 (2) can be
isolated (Figure A-2). Complex 2 is also dark red-purple. This is in contrast to our
previously reported bis(phosphido) complex (CsMes)> Th[PH(Mes)]2, which is pale

yellow. Hence, the substituents on phosphorus make a large difference in the electronic
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structure of the thorium complex.

Mc\
/; ? \\\.\\(I + KP(Mes), _ \\\{\\P
r.t., Et,0, 2h es (1)
\c 1 -KCl \%\'ﬂ

Figure A-1. Reaction scheme of (CsMes)>ThCl, with KP(Mes)2 in Et20.

Mes
é ? W +2 KP(Mes)(CH) P
r.t., toluene, overnight Th‘“& Me @)
\ -KCl Me
cl \T/
Mes

Figure A-2. Reaction scheme of (CsMes)2ThCl2 with KP(Mes)(CHs) in toluene.

\

Next, we attempted to replace the chloride with a methyl group to see if any effect was
observed. For this, [(CsMes)2Th(CH3)(OTf)]2 (3; OTf = OSO2CFs) was used. Complex 3
can be made in a way analogous to that for the uranium complex through the reaction of
(CsMes), Th(CHs), with AgOTf.2%2 Complex 3 is isostructural with the uranium analogue
[(CsMes)2U(CH3)(OTf)]2.2% Reaction of 3 or (CsMes).Th(CH3)Cl with KP(Mes)
produced a dark red-purple solution for which the product was identified as

(CsMes)2Th(CH3)[P(Mes)2] (4; Figure A-3). Next, we varied the phosphido ligand by
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replacing the methyl with a silyl group. The reaction of 3 with KP[(SiMes)(Mes)]

produces an orange solution of (CsMes)>Th(CHz)[P(SiMes)(Mes)] (5), not dark purple.

_"ii 23
+ KP{Mes); o P "
- g ¥les

r.t., toluene, overnight Th ~
/ -KOTf % Me
.-"“\}1 e + AgOTf I“\&[)'rf
Th r.1., toluene, overnight Th (3
e -Ag" ke
Mes
3
+RP{Mes)(SiMesq) =

r.t, toluene, overnight

o T

Figure A-3. Reaction scheme of (CsMes)>Th(CH3)Cl with KP(Mes). and with .

KP(Mes)(SiMes).

To probe this further, (CsMes).Th[P(Mes)(SiMes)]2 (6) and
(CsMes)2Th(C[P(Mes)(SiMes)] (7) were both made upon reaction of (CsMes)>ThCl
with 2 equiv of K[P(Mes)(SiMes)] (Figure A-4). Both of these complexes are also
orange. We found that the reaction favors 7; however, approximately 10% of the product
is 6 and could not be separated except by crystallization. Using 1 equiv or slightly less

than 1 equiv produces 7, however, remaining (CsMes)2ThCl; is observed, which was not
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easily removed due to its solubility being similar to that of 7.

Mes Mes

Wl + 2 KP(Mes)(SiMes) P
i . P
o Sil o
Th r.t., toluene, overnight TH :Inll? + o \\ﬂi\lul’ (4)
SiMe, T Sin
W, -KCl -~
(] \Il’ g
Mes
6, ~10% 7, ~90%

Figure A-4. Reaction scheme of (CsMes)>ThCl, with 2 equivalents of K[P(Mes)(SiMe3)].

Structural Analysis

Complexes 1-7 were structurally characterized using single-crystal X-ray diffraction
analysis. All phosphido complexes are monomeric with a pseudotetrahedral geometry
featuring two (CsMes)~ ligands and one or two phosphido groups. Selected bond
distances and angles can be found in Table A-2. All thorium—phosphorus bond distances
are in the range of 2.7872(15)-2.8713(12) A, and most are within the sum of the ionic
radii for a thorium—phosphorus single bond of 2.86 A.2% These bond lengths are typical
in metallocene complexes, as 2.861(7) and 2.887(8) A are observed in
(CsMes),Th(PPh),*" and 2.888(4) A in (CsMes), Th(CH3)[P(SiMes)]. %

Table A-2. Selected bond distances (A) and angles (deg) for complexes 1, 2, and 4—7.

Bond
1,E=CI 2,E=P 4,E=CHs | 5E=CHs | 6,E=CI 7,E=P
distance/angle

Th-P 2.8525(14) | 2.7872(15) | 2.8682(8) | 2.8713(12) | 2.8472(8) | 2.8377(8)

Th-E 2.6295(14) | 2.7872(15) | 2.472(3) | 2.473(4) | 2.6297(7) | 2.8376(8)

P-Th-E 104.45(4) | 84.88(6) | 101.81(8) | 90.94(10) | 91.69(2) | 91.45(4)
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Figure A-5. Thermal ellipsoid plots of 1 (left) and 4 (right) shown at the 50% probability

level. The hydrogen atoms have been omitted for clarity.
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Figure A-6. Thermal ellipsoid plot of 2 shown at the 50% probability level. The

hydrogen atoms have been omitted for clarity.
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Figure A-7. Thermal ellipsoid plot of 6 shown at the 50% probability level. The

hydrogen atoms have been omitted for clarity.

Figure A-8. Thermal ellipsoid plot of 7 shown at the 50% probability level. The

hydrogen atoms have been omitted for clarity.
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Spectroscopy and TD-DFT Calculations

We note that, in the 13C NMR spectra, we observe coupling to the 3P nuclei in some
cases, but not all. There is currently no explanation for this. The 3P NMR chemical shifts
for each complex are given in Table A-3. A trend emerges from the data, with more
electron donating groups causing 3P shifts at lower frequency (“upfield”, more shielded)
while more withdrawing groups have !P signals at higher frequency (“downfield”, less
shielded). Resonances at 114.8, 117.5, 48.5, and 15.4 ppm were observed for
(CsMes)2ThX[P(Mes)(R)] (R = mesityl, methyl, silyl, and proton substituents,
respectively). The difference in mesityl and methyl is likely due to a mono(phosphido)-
versus bis(phosphido)-ligated complex. As such, a direct comparison could not be made,
since we were unsuccessful in making (CsMes)Th[P(Mesz)]2. Given this trend, the 3'P
NMR shifts of (CsMes)2.Th(X)[P(SiMes)2] (X = Cl and CH3) were reported at +109.0 and
+115.2 ppm, respectively,'8® but we found that these resonances are —109.0 and —115.2
ppm and have been corrected in Table A-4. This aligns nicely with the 3P NMR signals
for the recently reported (Tren®)Th[P(SiMes)2] (Tren = N(CH2CH:NR)3; R = DMBS =
Si'Prs, —100.09 ppm; R = TIPS = SiMe,'Bu, —66.45 ppm).2®® As the substituent on
phosphorus becomes more donating, from mesityl to SiMez to H, a shift to lower
frequency is observed. For example, on comparison of (CsMes). Th(CI)(PMes;) (1),
(CsMes)2 Th(CI)[P(SiMes)(Mes)] (7), and (CsMes)2Th(CI)[P(SiMes)], the 3P NMR
resonances move from +114.8 to +24.8 to —109.0 ppm, respectively, by changing from
two to one to zero aryl groups on the phosphido phosphorus and from zero to one to two
silyl groups. This is also true of non-metallocene complexes such as (Tren"'"S)ThPH,,

which shows a 3'P NMR resonance at —144.08 ppm,?% further upfield from the —66.45
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ppm for (Tren"'PS)Th[P(SiMes),]. Additionally, Th[P(CH2CH2PMe2)]4 has a 3P NMR
resonance at 83 ppm for the phosphido phosphorus,?°” which fits into our general scheme
of the signal for a phosphido phosphorus with alkyl or aryl substituents being >75 ppm.
When the phosphido phosphorus has one aryl or alkyl substituent with a more donating
group such as silyl or hydrogen, then a shift to lower frequency is observed between —50
and 75 ppm. Two silyl groups or hydrogens on phosphorus are typically located <—50
ppm. These trends parallel the current literature, even with different ancillary ligands. By
comparison, the bis(phosphido) complexes bis(NHC)borateTh(PHMes)> and

(CsMes), Th(PHMes), have similar 3P NMR chemical shifts at 21.7%% and 15.4 ppm,*8!
respectively. We also note that the 3'P NMR resonances for the phosphines also display a

similar trend (Table A-3).

Table A-3. Summary of 3P NMR chemical shifts (ppm) in C¢De.

1P NMR Chemical Shift
Phosphine
(ppm) in CeDs

HP(Mes)2 -79.6
HP[(CH3)(Mes)] -105.6
HP[(SiMes)(Mes)] -158.8
HP[(H)(Mes)] -155.4
HP(SiMes), -236
HP(CeHs)2 -27.1
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The observation that more strongly electron donating substituents on phosphorus lead to
lower frequency (upfield) 3P NMR signals, i.e. these P nuclei are more shielded, seems
intuitive, although it is worthwhile reiterating that the nuclear magnetic shielding is not

only related to the ground state electron density.2%°

Table A-4. 3P NMR Resonances for Metallocene Thorium Phosphido Complexes (Mes

= CsH2Mes-2,4,6).

P NMR
Visible
Complex resonance Color
absorbance (nm)
(ppm)

(CsMes), Th(CH[P(Mes).] (1) 114.8 red-purple 534
(CsMes), Th[P(Mes)(CH3)]2 (2) 117.5 red-purple 533
(CsMes), Th(CHs)[P(Mes):] (4) 105.3 red-purple 525

(CsMes)2Th(CHs)[P(Mes)(SiMes)] (5) 11.9 orange 455
(CsMes),Th[P(Mes)(SiMe3)]. (6) 48.5 orange 490
(CsMes). Th(CDH[P(Mes)(SiMe3)] (7) 24.8 orange
(CsMes), Th[PH(Mes)]. 15.4 yellow 445
(CsMes)2Th(PPhy), 144 purple 570, 498
(CsMes)2Th[P(Et):])2 136 purple

(CsMes)2Th(CD[P(SiMes)2] -109.0% yellow

(CsMes)zTh(CHs)[P(SiME3)2] -115.2% yellow

aCorrected from ref 183.
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A trend is also reflected in the observed colors of aryl- versus silyl- or hydrogen-
substituted phosphido ligands (Table A-4). The electronic absorption spectra of
complexes 1, 2, and 4 have absorption maxima of 525-535 nm; hence, a red-violet color
is observed. However, when the substituent is a hydrogen or silyl, then absorption
maxima are found between 440 and 500 nm. This corresponds to a yellow to yellow-
orange color. Again, this fits with other substituted phosphido ligands with non-
metallocene frameworks. For example, (Tren™™)ThPH; is colorless, 2%
Th[P(CH2CH2PMe)]4 is an intense red,?’” and (BIMA)sTh(PHMes) is yellow, while
(BIMA)sTh(PPhy), BIMA = MeC(N'Pr),, is bright orange.?*

DFT and TDDFT calculations were performed on the complexes (CsMes)> Th[PH(Mes)].
(referred to as Th[PH(Mes)]2), (CsMes)2Th(Cl)(PMes.) (1), (CsMes)> Th[P(CHs)(Mes)]
(2), (CsMes)2Th(CHs)[P(Mes)(SiMe3)] (5), and (CsMes).Th[P(SiMes)(Mes)] (6) to
explore their electronic structure. The thorium-ligand bond lengths as well as nearest-
neighbor atom bond lengths and Cp—Cp plane angles are reproduced well in the
optimized geometries. An overview of the electronic structure of the complexes is
detailed in the molecular orbital (MO) diagram of Figure A-9. The MO levels correspond
to the energy scale on the left of the figure and inlaid for the complexes are isosurfaces
(£0.03 atomic units) of the highest occupied MO (HOMO) and lowest unoccupied MO

(LUMO).
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Figure A-9. Molecular orbital (MO) diagram of (CsMes)>Th[PH(Mes)]. (left) and
(CsMes)2Th[P(CH3)(Mes)]2 (2) (right). Orbital energy levels are colored according to the
largest contribution of Th 5f or 6d in a given MO. Inlaid are isosurfaces (+0.03) of the
HOMO (below) and the LUMO (above). An MO diagram of all complexes and a table of

numerical values used in generating this plot can be found in Figure A-10.
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Figure A-10. MO diagrams of 1, 5, and 6. Overall the character of the orbitals follows the
same trend as established in the main document; nonnegligible mixing with Th 6d in the

occupied frontier orbitals and primarily Th 6d and 5f virtual frontier orbitals.

The HOMO for all complexes is dominantly phosphorus 3p with very little thorium
mixing. In the case of the bis(phosphido) complexes, HOMO-1 is of similar character.
The doubly substituted phosphidos exhibit larger 5f contribution in the HOMO, whereas
the primary substituted phosphido shows larger 6d contribution in the HOMO. In the case
of direct Cl ligation, Th mixing is negligible. Below the HOMO, there are numerous
delocalized Cp and mesityl & orbitals. For all complexes, the LUMO is primarily Th 6d in
character, with orbitals above the LUMO consisting heavily of significant mixes of Th 5f,
6d, and 7s. In a further examination of the bonding, as the principal quantum number
increases down a group, typically an increase in the mixing of actinide and ligand orbitals
is observed. Upon comparison of complex 1 with the nitrogen analogue

(CsMes)Th(CI)[N(Mes).], natural bond order (NBO) analysis does indicate an increase
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in covalent character in the thorium—phosphorus bond in comparison to the thorium-—
nitrogen bond (Table A-5). This is due to the energetics of the 2p of N versus 3p of P in

relation to the 5f orbitals of thorium.

Table A-5. Natural bonding orbitals (NBOs) in 1 and a nitrogen-substituted analog, N.

NBO [N (L=N) NBO |1 (L=P)

Population | % Th | %L Population | % Th | %L

Th-Cl | 1.9917 9.65 90.35 | Th-CI | 1.9906 9.74 90.26

Th-L |1.9263 6.89 93.11 | Th-L |1.9541 12.64 | 87.36

Th-L* | 0.0701 93.11 |6.89 Th-L | 1.8548 12.73 | 87.27

Th-L* | 0.0710 87.36 | 12.64

Th-L* | 0.0638 87.27 |12.73

Initial spectral simulation using the PBE functional was found to be inadequate and can
be seen in Figure A-12. Therefore, absorption spectra were simulated with a range-
separated hybrid exchange functional due to the significant charge transfer character of

the transitions of interest.
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Figure A-11. Comparison between experimental and theoretical spectra when using a

GGA functional.

Theoretical spectra were generated by Gaussian broadening (full width at half-maximum
of 0.06 eV) of excitation energies weighted by their corresponding oscillator strengths. A
comparison of experimental and theoretical absorption spectra of (CsMes).Th[PH(Mes)]2
and 6 can be seen in Figure A-12. The overall agreement of energies and peak intensities
between the experimental and theoretical spectra is good. To inspect further the nature of
the features seen in the experimental spectra, natural transition orbitals (NTOs) were

computed and analyzed for all complexes. Given the similarity of the complexes, it is not
surprising to see the same theme across the series. The shapes of all occupied NTOs

correspond to phosphorus 3p orbitals. The virtual NTOs of the lowest energy excitations
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are identifiable as 6d in nature. For the higher energy excitations, there is subtle
competition between 6d and 5f character, making a clear identification in some cases
difficult. The picture that emerges is that the absorbance spectra of these Th complexes

are largely dominated by LMCT excitations from P to Th.

b
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Figure A-12. Comparison of experimental and theoretical absorption spectra for
(CsMes)2Th[PH(Mes)]2 (left) and (CsMes)2Th[P(Mes)(SiMes)]2 (6) (right). Theoretical
spectra were generated by Gaussian broadening of 0.06 eV fwhm. The peak onset is well

reproduced for most complexes. The lowest energy excitation contributing to the onset
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features is depicted using isosurfaces (£0.03) of natural transition orbitals (NTOs) with

the occupied orbital below the plot and the virtual orbital above the plot.

While a trend exists that the more donating the substituent on phosphorus, the lighter the
color observed for the resulting thorium complex, the rationale is not so simple for
correlating the UV-vis spectra to the donating strength as in 3P NMR spectroscopy. As
the donation to phosphorus increases from mesityl to silyl to hydrogen, this should
destabilize the phosphorus 3p orbitals more and lower the energy difference for the
LMCT transitions. Therefore, the group with more electron donation should have a lower
energy difference between the 3p and 5f/6d manifold. However, the UV-vis data indicate
that the groups with more electron donation absorb at lower wavelength (400-500 nm
range) in comparison to aryl substituents (>500 nm). For example,
(CsMes)2Th[PH(Mes)]2 has an absorbance maximum at 445 nm, while

(CsMes)2 Th[P(CHz)(Mes)]2 (2) has a maximum at 533 nm. The reason for this is not
entirely understood. However, given the significantly different extents to which the
occupied NTOs in Figure A-12 exhibit ligand to metal donation bonding, and the fact that
this orbital shows 7 conjugation of the P lone pairs with the mesityl group for PH(Mes)
but not for P(Mes)(SiMes), it is clear that a simple argument based only on the energy of
the phosphorus 3p lone pair orbital to explain the absorption energy trend should not be
made.

Conclusion

The synthesis of the new thorium phosphido complexes (CsMes) ThX[P(Mes)R] has

been conducted to understand the electronic structures that produce varying spectroscopic
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features when the other substituents on phosphorus, R = H, Me, Mes, and SiMes, are
varied. When X is another phosphide ligand, chloride, or methyl, the electronic structure
does not change significantly, and the phosphido ligand seems to control that aspect of
the molecule. A ligand-to-metal charge transfer (LMCT) from the 3p orbital of
phosphorus to the thorium orbital, either 5f or 6d or a hybrid, is responsible for the
different hues on the basis of the time-dependent density functional theory calculations.
Due to the similar energetics of the 5f and 6d orbitals, the exact orbital cannot be
definitively determined. The differences in structure and bonding are supported by 3P
NMR spectroscopy, which indicates the trend of increasing donating strength Mes < Me
< SiMes < H, and leads to decreasing frequency in the NMR spectra. We have further
correlated our data with other phosphido complexes, showing that the trend exists beyond
metallocene compounds. However, a similar rationale for the donating strength of the
phosphido substituents and LMCT cannot be made; therefore, further investigations are
needed. This highlights the complex nature of actinide—ligand bonding. Overall, we have
shown that thorium phosphido complexes can have unique electronic structures on the
basis of changes in energies of the states due to changing the substituents coordinated to
phosphorus, which differ in comparison to group IV—phosphorus and thorium—nitrogen

bonds.
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Appendix B: Coordination Chemistry and QTAIM Analysis of Homoleptic
Dithiocarbamate Complexes, M(S2CN'Pr2)s, M = Ti, Zr, Hf, Th, U, Np

+ This chapter is based on a manuscript that was submitted to and accepted by Inorganic
Chemistry and can be cited as: Behrle, A. C.; Myers, A. J.; Rungthanaphatsophon, P.;
Kerridge, A.; Walensky, J. R. Coordination Chemistry and QTAIM Analysis of
Homoleptic Dithiocarbamate Complexes, M(S2CN'Prz)s, M = Ti, Zr, Hf, Th, U, Np, Inorg.
Chem. 2018, 57, 10518.
Note: My contribution to this project was the synthesis and characterization of complex
7.
Introduction
The covalent character of actinide—ligand bonding is at the forefront of research in f-
element chemistry?'1212 pecause the 4f orbitals have been presumed to be buried within
the core orbitals and lack the radial extension to overlap with ligand-based orbitals.
However, recent studies have indicated that this notion could be in error because orbital
interactions have been observed in lanthanide complexes.?**2%* In contrast, transition
metals have a high degree of covalent bonding due to strong nd and np orbital
interactions. Interestingly, density functional theory (DFT) calculations in concert with
X-ray absorption near-edge spectroscopy measurements have produced a vastly different
picture of bonding in the f-block elements, which vary with the energetics of the metal-
(5f) and ligand-based (np) orbitals.6”-?1216 According to first-order perturbation theory
(Figure B-1), the mixing between the actinide and ligand in a molecular orbital is directly
proportional to the overlap between the metal and ligand orbitals, , with an inverse

relationship between the energies of the orbitals, £.1%1"® Therefore, an actinide—ligand
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bond could appear more covalent than a transition-metal bond due to Figure B-1, because
the difference in energy between the 5f and np orbitals will decrease upon going down a
group, thus making the denominator small, and an increase in the covalent character is
typically observed. However, the increased covalency could also be accompanied by a
weaker metal-ligand bond.?!"-?18 For the lanthanides, the B term is virtually zero, but the
energy difference between 4f and np is what could be the origin of covalent bonding. To
continue to examine this phenomenon, our objective was to design a series of complexes
with the same coordination sphere and oxidation state, hence creating a situation where
the only differences are in the valence orbitals, ionic radius, and energy differences
between the metal- and ligand-based orbitals.
W= +
Ep = &

Figure B-1. First-order perturbation theory equation.

Dithiocarbamates are an important class of ligands in the coordination chemistry of
metals and main-group elements. The actinides are no exception because homoleptic
dithiocarbamate complexes of thorium(1V),?%22 yranium(IV),??*?? neptunium(111), %
neptunium(1V),?2?2 and plutonium(1V)?*2 have been reported. Dithiocarbamate
complexes bearing isopropyl groups have been examined but not structurally
characterized, and we saw the opportunity to create a series of tetravalent complexes of
group 1V (titanium,?*22% zirconium,?2%22” and hafnium?28), thorium, uranium, and
neptunium to investigate their molecular and electronic structures. This represents a rare

study comparing transition-metal and actinide elements with identical oxidation states
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and coordination environments, despite differences in their ionic radii.*®”2'® Surprisingly,
calculations indicate that similar covalent character is observed in the metal—sulfur bonds
in transition metal and actinide complexes.

General Considerations.

The syntheses and manipulations described below were conducted using standard
Schlenk and glovebox techniques. All reactions were conducted in a Vacuum
Atmospheres inert-atmosphere (N2) glovebox. TiBr4, ZrCls, HfCls, and "BuL.i (Aldrich)
were used as received. [ThCls(DME)],?*° [UCl4],% and [NpCls(DME)2]*" were
synthesized as previously described. Toluene-ds (Cambridge Isotope Laboratories), CSa,
and HN'Pr, (Aldrich) were dried over molecular sieves and degassed with three freeze—
evacuate—thaw cycles. All *H and 3C NMR data were obtained on a 300 MHz DRX
Bruker spectrometer. *H NMR shifts given were referenced internally to the residual
solvent peak at 2.08 ppm (C7D~H). For paramagnetic compounds, the *H NMR
resonances included the peak width at half-height given in Hertz. 3C NMR shifts were
referenced internally to the residual peak at 20.42 ppm (C7Dg). IR spectra were recorded
as KBr pellets on a PerkinElmer Spectrum One FT-IR spectrometer. Elemental analyses
were performed by Atlantic Microlab, Inc. (Norcross, GA), or Microanalytical Facility,
University of California, Berkeley, using a PerkinElmer Series 11 2400 CHNS analyzer.
Single-crystal X-ray structure determinations were performed at the University of
Missouri—Columbia.

General Considerations for 2’Np.

Caution!?"Np is an a-emitting radionuclide (4.958 MeV, t1, = 2.14 x 10° years, and a =

0.7 mCi g1). This research was conducted in a radiological laboratory with appropriate
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counting equipment and analysis of hazards for the safe handling and manipulation of
radioactive materials. Reactions were performed in a Vacuum Atmospheres inert-
atmosphere (Ar) glovebox operated at negative pressure relative to the laboratory
atmosphere. *H NMR spectra were recorded on a 300 MHz DRX Bruker spectrometer.
Neptunium samples were contained by placing a 4 mm polytetrafluoroethylene NMR
tube liner inside a 5 mm glass NMR tube. Electronic absorption measurements were
recorded on a sealed 1 cm quartz cuvette with a Varian Cary 5000 UV/vis/near-IR (NIR)
spectrophotometer.

Li(S2CN'Pr,), 1. An oven-dried Schlenk flask was charged with HN'Pr, (1.93 g, 19.10
mmol), followed by 10 mL of tetrahydrofuran (THF). The reaction flask was cooled to 0
°C, and "BuLi (1.60 M in hexanes, 13.13 mL, 21.01 mmol) was added via syringe. The
reaction was stirred for 1 h and cooled to —78 °C. CS; (1.45 g, 21.01 mmol) was added to
the reaction via syringe, and the reaction was allowed to stir for 0.5 h at =78 °C. The
reaction was stirred for an additional 12 h at room temperature to yield a clean bright-
orange solution. The solvent was removed in vacuo to yield a tacky orange/red solid
(3.45 g, 99%). 'H NMR (C7Ds, —40 °C): & 6.60 (sept, 1H, 3Jn_n = 6.6 Hz, CH(CH3)2),
3.76-3.72 (m, 8H, THF), 3.53 (sept, 1H, 3Jun = 6.6 Hz, CH(CHs)2), 1.90 (d, 6H, 33w =
6.6 Hz, CH(CH3)2), 1.40-1.34 (m, 8H, THF), 1.02 (d, 6H, 3Ju 1 = 6.6 Hz, CH(CHa3)2.
BC{'H} NMR (C7Dsg, 25 °C): § 211.06, 68.58 (THF), 55.43, 50.24, 25.10 (THF), 21.09,
19.57. IR (cmY): 2980 (s), 2922 (m), 2851 (m), 2459 (m), 1480 (s), 1420 (s), 1387 (s),
1329 (s), 1155 (s), 1146 (s), 1055 (s), 832 (m), 800 (M), 583 (M), 472 (m).
Ti(S2CN'Pr2)4, 1. An oven-dried 20 mL scintillation vial was charged with 1 (300 mg,

1.64 mmol) and dissolved in toluene. The reaction mixture was cooled to —20 °C, and
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TiBrs (147 mg, 0.399 mmol) was added to the stirring solution. An immediate color
change to dark red was observed, and the reaction was allowed to stir at room
temperature for 12 h. The reaction mixture was centrifuged and filtered over a bed of
Celite. The reaction mixture was concentrated and layered with hexanes to yield a red
microcrystalline powder (230 mg, 77%). X-ray-quality crystals were grown from a
THF/hexanes mixture at room temperature. *H NMR (C7Dg, —40 °C): § 5.27 (s, br, 4H,
CH(CHs3)), 3.27 (s, br, 4H, CH(CHz3)), 1.51 (s, br, 24H, CH(CHz3)), 0.66 (s, br, 24H,
CH(CHs3)). ¥C{*H} NMR (C7Dg, —40 °C): § 207.39, 51.08, 49.64, 20.58, 18.70. IR (cm”
1): 2970 (s), 2930 (M), 2872 (M), 2419 (M), 1480 (s), 1446 (s), 1384 (s), 1322 (s), 1198
(s), 1148 (s), 1043 (s), 836 (m), 800 (m), 587 (m), 477 (m). Anal. Calcd for
Ca8Hs6N4SeTi: C, 44.65; H, 7.49; N, 7.44. Found: C, 44.71; H, 7.56; N, 7.39.
Zr(S2CN'Pr,)s, 3. An oven-dried 20 mL scintillation vial was charged with 1 (300 mg,
1.64 mmol) and dissolved in THF. The reaction mixture was cooled to —20 °C, and ZrCls
(93 mg, 0.399 mmol) was added to the stirring solution. An immediate color change to
orange/red was observed, and the reaction was allowed to stir at room temperature for 12
h. The reaction mixture was centrifuged and filtered over a bed of Celite. The solvent was
removed, and the yellow solid was extracted twice with toluene, filtered over a bed of
Celite, and concentrated to yield a yellow microcrystalline powder (210 mg, 66%). The
solvent was reduced to one-third of its original level and layered with hexanes. X-ray-
quality crystals were grown from a THF/hexanes mixture at room temperature. *H NMR
(C7Ds, =40 °C): & 5.44 (s, br, 4H, CH(CH3)), 3.20 (s, br, 4H, CH(CH3)), 1.51 (s, br, 24H,
CH(CHa)), 0.61 (s, br, 24H, CH(CHz)). 3C{*H} NMR (C7Ds, —40 °C): § 206.31, 51.67,

49.99, 20.23, 18.60. IR (cmL): 2971 (s), 2929 (s), 2872 (s), 1480 (vs), 1463 (s), 1444 (s),
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1370 (s), 1324 (vs), 1198 (s), 1149 (s), 1120 (w), 1041 (s), 948 (w), 908 (s), 898 (w), 849
(w), 586 (m). Anal. Calcd for C2sHseNaSeZr: C, 42.22; H, 7.09; N, 7.03. Found: C, 42.45;
H, 7.16; N, 6.86.

Hf(S2CN'Pr2)4, 4. Following the procedure for 3, 1 (300 mg, 1.64 mmol) and HfCl, (128
mg, 0.399 mmol) yielded an orange microcrystalline precipitate (116 mg, 33%). X-ray-
quality crystals were grown from a THF/hexanes mixture at room temperature. *H NMR
(C7Ds, —40 °C): & 5.38 (s, br, 4H, CH(CHs)), 3.18 (s, br, 4H, CH(CH3)), 1.54 (s, br, 24H,
CH(CHs)), 0.64 (s, br, 24H, CH(CHz3)). 3C{*H} NMR (C7Ds, —40 °C): § 206.25, 52.06,
49.86, 20.12, 18.31. IR (cm™1): 2969 (s), 2928 (s), 2873 (S), 1476 (s), 1447 (s), 1373 (s),
1323 (s), 1197 (s), 1146 (s), 1042 (s), 957 (w), 856 (w), 797 (w), 582 (m), 532 (w). Anal.
Calcd for CogHssN4SgHT: C, 38.05; H, 6.39; N, 6.34. Found: C, 37.49; H, 6.15; N, 6.26.
Th(S2CN'Pr2)s, 5. An oven-dried 20 mL scintillation vial was charged with 1 (334 mg,
1.82 mmol) and dissolved in THF. ThCls(DME). (246 mg, 0.444 mmol) was added to the
solution at room temperature, resulting in an orange/red solution, and stirred for 12 h.
The solvent was removed in vacuo, extracted twice with toluene, filtered over a bed of
Celite, and concentrated to yield a colorless precipitate (233 mg, 56%). X-ray-quality
crystals were grown from a concentrated THF/hexanes mixture at room temperature. *H
NMR (C7Ds, —40 °C): & 5.64 (s, br, 4H, CH(CH3)2), 3.26 (s, br, 4H, CH(CHs)2), 1.51 (S,
br, 24H, CH(CHz).), 0.68 (s, br, 24H, CH(CHs),). *C{*H} NMR (C7Ds, —40 °C): §
204.16, 52.81, 50.47, 20.06, 18.36. IR (cm™1): 3003 (M), 2972 (s), 2930 (s), 2876 (M),
2414 (m), 1479 (s), 1444 (s), 1383 (s), 1319 (s), 1194 (s), 1144 (s), 1118 (m), 1039 (s),
943 (m), 835 (m), 790 (m), 584 (m), 475 (m). Anal. Calcd for C2sHs6N4SsTh: C, 35.88;

H, 6.02; N, 5.98. Found: C, 36.11; H, 5.84; N, 6.16.
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U(S2CN'Pr2)4, 6. An oven-dried 20 mL scintillation vial was charged with 1 (349 mg,
1.90 mmol) and dissolved in THF. The reaction mixture was cooled to —20 °C, and UCl4
(176 mg, 0.465 mmol) was added, resulting in a brown/yellow color change. The mixture
was stirred for 12 h at room temperature. The solvent was removed in vacuo, and the
solid was extracted twice with toluene, filtered over a bed of Celite, and concentrated to
yield a dark-brown precipitate (206 mg, 47%). X-ray-quality crystals were grown from a
concentrated THF/hexanes mixture at room temperature. *H NMR (C7Ds, —40 °C): & 8.27
(s, br, 4H, CH(CH3)2, v12 = 49 Hz), 3.76 (s, br, 4H, CH(CH3)2, v1i2 = 49 Hz), 3.14 (s, br,
24H, CH(CHz3)2, v = 24 Hz), 1.84 (s, br, 24H, CH(CHs3)2, vi2 = 26 Hz). IR (cm™): 2970
(s), 2928 (s), 2877 (m), 1474 (s), 1446 (s), 1373 (s), 1320 (s), 1192 (s), 1145 (s), 1036 (5),
933 (m), 913 (m), 849 (w), 792 (w), 584 (m), 525 (w), 473 (w). Anal. Calcd for
CosHssN4SgU: C, 35.64; H, 5.98; N, 5.94. Found: C, 35.77; H, 5.78; N, 5.76.
NpP(S2CN'Pr2)s, 7. An oven-dried 20 mL scintillation vial was charged with
NpCls(DME)2 (17.5 mg, 0.032 mmol) and dissolved in 1.5 mL of THF. After cooling to
—35 °C, the solution was added to solid Li(S2.CN'Pr,) (23.5 mg, 0.13 mmol), resulting in a
red/orange color change. The mixture was stirred for 18 h at room temperature and the
solvent removed in vacuo. The solid was extracted twice with toluene and filtered over a
bed of Celite, and the solvent removed in vacuo to yield a red/orange solid (20.7 mg,
70%). X-ray-quality crystals were grown from a concentrated THF/hexanes mixture at
room temperature. *H NMR (C7Ds, —40 °C): § 6.91 (s, br, 4H, CH(CHs)2, v12 = 29 Hz),
2.70 (s, br, 24H, CH(CHa)2, vii2 = 16 Hz), 1.50 (s, br, 4H, CH(CHa)2, vi = 24 Hz), 0.41

(s, br, 24H, CH(CHs3)2, vi2 = 13 Hz). Vis/NIR [THF, 2.0 mM, 25 °C; A, nm (g, L mol™
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cm1)]: 684 (59), 746 (112), 773 (133), 789 (141), 885 (57), 891 (178), 966 (142), 952
(160), 1037 (75), 1578 (39), 1867 (30).

Crystallographic Data Collection and Structure Determination

Selected single crystals for the non-neptunium complexes were mounted on nylon
cryoloops using viscous hydrocarbon oil. A selected single neptunium crystal was coated
with viscous hydrocarbon oil inside the glovebox before being mounted on a nylon
cryoloop using Devcon 2 Ton epoxy. X-ray data collection was performed at 173(2) or
100(2) K. The X-ray data were collected on a Bruker CCD diffractometer with
monochromated Mo Ka radiation (A = 0.71073 A). The data collection and processing
utilized the Bruker Apex2 suite of programs.3? The structures were solved using direct
methods and refined by full-matrix least-squares methods on F? using the Bruker SHELX-
2014/7 program.®® All non-H atoms were refined with anisotropic displacement
parameters. All H atoms were placed at calculated positions and included in the
refinement using a riding model. Thermal ellipsoid plots were prepared by using Olex23*
with 50% of probability displacements for the non-H atoms. Crystal data and details for

data collection for complexes 2—7 are also provided in Table B-1.
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Table B-1. X-ray crystallographic data shown for complex 2-7.

2 3 4
CCDC deposit number 1411381 1411382 1411383
Empirical .
fo rF;nuI 3 C2sHseNaSsTi | CagHseNaSeZr | CogHseN4SgHTF
Formula weight 753.14 796.46 883.73
(9/mol)
Crystal habit, Prism, Prism, Prism,
color red yellow yellow
Temperature (K) 173(2) 100(2) 100(2)
Space group P21212; P21212; P21212;
Crystal system Orthorhombic | Orthorhombic | Orthorhombic
Volume (A%) 3937.8(3) 4006.4(4) 4003.2(4)
a (A) 13.7423(6) 13.8180(8) 13.8045(8)
b (A) 14.4550(6) 14.5805(9) 14.5839(8)
c(A) 19.8231(9) 19.8855(12) | 19.8845(11)
a(°) 90 90 90
L) 90 90 90
7 (*) 90 90 90
VA 4 4 4
Calculated
density 1.27 1.32 1.466
(Mg/m®)
Absorption
coefficient 0.665 0.715 3.047
(mm™)
Final R R=0.0215 | R=0.0190 | R=0.0121
indices
[I>20(D)] Rw =0.0542 | Rw=0.0457 | Rw =0.0291
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5 6 7
CCDC deposit number 1411384 1411385 1583533
Empirical
forF;nula C28Hs6N4SsTh | CogHseNaSsU | CasHssN4aSsNp
Formula weight 937.28 943.27 942.24
(9/mol)
Crystal habit, Prism, Prism, Prism,
color yellow brown red
Temperature (K) 100(2) 100(2) 100(2)
Space group P2/c P2, P2,
Crystal system Monoclinic Monoclinic Monoclinic
Volume (A%) 3996.1(6) 2018.0(2) 2007.8(3)
a (A) 17.5846(15) | 10.2466(7) 10.2184(9)
b (A) 10.5094(9) | 14.0423(10) | 14.0444(12)
c(A) 21.9226(19) | 14.7375(10) | 14.6986(13)
a(°) 90 90 90
B() 99.477(1) 107.8860(10) | 107.8560(10)
7 (*) 90 90 90
VA 4 2 2
Calculated
density 1.558 1.552 1.559
(Mg/m®)
Absorption
coefficient 4.173 4.459 3.027
(mm™)
Final R R=0.0218 | R=0.0298 | R=0.0199
indices
[I>20(D)] Rw =0.0427 | Rw=0.0696 | Rw=0.0413

Computational Details
All calculations were performed at the DFT level using version 6.6 of the TURBOMOLE
quantum chemistry software package.?*® XRD-derived structural parameters were used as

the basis for geometry optimizations. The hybrid generalized gradient approximation
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(GGA) Perdew-Burke—Ernzerhof (PBE0)?%! exchange-correlation functional, which
incorporates a perturbatively derived 25% contribution of exact exchange, was used
throughout. In all calculations, basis sets of polarized triple-{ quality were used. For
geometry optimizations, Ahlrichs-style basis sets?3223* were employed, incorporating
effective core potentials replacing 28 core electrons of Zr and 60 core electrons of Hf, Th,
U, and Np.2235 We have successfully applied this model chemistry in previous studies
of f-element complexes.?%2%” All complexes considered in this study were identified as
energetic minima through vibrational frequency analysis.

The topological properties of the resulting electron densities were obtained via
application of the Quantum Theory of Atoms in Molecules (QTAIM),?® as implemented
in version 14.11.23 of the AIMAII code.?®® In order to perform analysis of the integrated
properties of the density via QTAIM, all-electron single-point-energy calculations were
performed at the optimized geometries. These calculations employed the Zr TZVPalls2
basis set of Ahlrichs and May?*° and the Hf, Th, U, and Np SARC basis sets of Pantazis
et al.?*»%%2 and incorporated scalar relativistic effects via the second-order Douglas—
Kroll-Hess Hamiltonian.

Results

The isopropyl derivative was targeted for its solubility properties in arene solvents, which
made for facile isolation. Deprotonation of HN'Pr, with "BuLi, followed by the addition
of CSy, affords LiS2CN'Pr2, 1. The reaction of 4 equiv of 1 with MCl, yields the
corresponding homoleptic metal dithiocarbamate complexes M(S2CN'Pr2)s (M = Ti, 2;

Zr, 3; Hf, 4; Th, 5; U, 6, Np, 7; Figure B-2) in moderate-to-good crystalline yields.
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MCl, + 4 LiS,CN'Pr,
1

THF
—. S

-4 LiCl /

M =Ti, 2
Zr, 3

S
Hf, 4
A A s

U, 6
Np, 7

Figure B-2. Reaction scheme of MCls with four equivalents of 1.

All complexes displayed fluxional behavior in solution, as observed using *H NMR

spectroscopy at room temperature. This has been seen previously?*® with this ligand set;

hence, *H NMR spectra were taken at —40 °C. Resonances for the isopropyl methyl and

methine protons are summarized in Table B-2. The resonances do not show any particular

pattern for the diamagnetic species but are paramagnetically shifted for the uranium(1V)

and neptunium(1V) complexes. The visible and NIR spectra (Figure B-3) of 7 showed

features similar to those observed in Np[S2P(CeHs)2]4.2%

Table B-2. *H NMR Resonances for the Isopropyl Methyl and Methine Protons for

Complexes 1-7.

CH(CHs)2 *H NMR resonances CH(CHs3), *H NMR resonances
Complex, M
(ppm) (Ppm)
1, Li 1.90, 1.02 6.60, 3.53
2, Ti 1.51, 0.66 5.27,3.27
3, Zr 1.51,0.61 5.44, 3.20
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4, Hf 1.54, 0.64 5.38,3.18
5, Th 1.51, 0.68 5.64, 3.26
6,U 3.14,1.84 8.27,3.76
7, Np 2.70,0.41 6.91, 1.50
\
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Figure B-3. Electronic absorption spectrum of 7 from 600-1000 nm.

The solid-state structures of complexes 2—7 were determined using X-ray crystallography
analysis, with selected bond distances shown in Table B-3. Representative examples,
complexes 4 and 7, are shown in Figure B-4. Each complex is eight-coordinate in a
trigonal-dodecahedral arrangement about the metal center. The M-S bond distances
mimic the ionic radii of these complexes with the shortest M-S distances found with Ti (r
=0.74 A) and the longest with Th (r = 1.05 A).2%° The M-S bond lengths are similar to
others reported. For example, the average Ti-S bond distance of 2.552 A in 1 is similar to
the range of bond lengths of 2.522(8)-2.606(8) A in Ti(S2CNEt2)4.2%* In 2, an average

Zr-S bond distance of 2.655 A was observed, which is similar to 2.69 A in
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(CsHs)Zr(S2CNMez)s.2** While no dithiocarbamate ligated complexes of Hf could be
found, the average Hf-S bond distance of 2.640 A in 4 is reasonable given that Hf** (r =
0.97 A) is slightly smaller than Zr** (r = 0.98 A),2% thus having a slightly shorter bond
distance. The homoleptic complexes An(S2CNEt2)s (An = Th,?2 Np?'®) compare well
with the average Th-S and Np-S distances of 2.87 A (2.870 A in 5) and 2.795 A (2.787
A'in 7), respectively. The average U-S bond length of 2.803 A in 6 is similar to the U-S
distances of 2.801(7) and 2.810(7) A in [(CsHs)U(S2CNEt2)(THF)2][BPhs].?? The
decrease in the M-S bond distances from Th to U to Np is consistent with the actinide
contraction. We note that the coordination chemistry of Np, especially non-neptunyl

species, is rare compared to that of Th and U.*1013°

Fow,
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Figure B-4. Thermal ellipsoid plots of 4 (left) and 7 (right) shown at the 50% probability

level. The hydrogen atoms have been omitted for clarity.

Structural Parameters
The M-S bond lengths, averaged over the eight bonds in each complex, are compared in
Table B-4. Theoretical values are in very good agreement with the experiment, typically

accurate to within 0.01 A.
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Table B-3. Selected bond distances (A) and angles (deg) for complexes 2—7.

2, Ti 3,Zr 4, Hf 5 Th 6, U 7, Np
M1-S1 | 2.5154(4) | 2.6471(6) | 2.6185(6) | 2.8824(8) | 2.818(3) | 2.7640(8)
M1-S2 | 2.6086(4) | 2.6509(6) | 2.6728(6) | 2.8445(7) | 2.791(3) | 2.7791(11)
MI1-S3 | 2.5873(4) | 2.6635(6) | 2.6500(6) | 2.9016(7) | 2.835(2) | 2.7878(11)
M1-S4 | 2.5200(4) | 2.6488(6) | 2.6279(6) | 2.8557(8) | 2.788(3) | 2.7928(7)
M1-S5 | 2.5727(4) | 2.6614(6) | 2.6528(6) | 2.8731(7) | 2.800(3) | 2.8079(9)
M1-S6 | 2.5288(5) | 2.6487(6) | 2.6299(6) | 2.8811(8) | 2.8078(19) | 2.7786(9)
M1-S7 | 2.5598(4) | 2.6827(6) | 2.6382(6) | 2.8530(7) | 2.806(3) | 2.7762(9)
M1-S8 | 2.5253(4) | 2.6371(6) | 2.6303(6) | 2.8725(8) | 2.781(2) | 2.7992(10)
S1-M1-S2 | 66.872(14) | 65.581(18) | 65.635(19) | 61.68(2) | 62.74(6) | 63.31(3)
S1-M1-S6 | 156.435(16) | 160.746(19) | 158.45(2) | 167.57(2) | 162.92(8) | 161.31(3)

Table B-4. Comparison of the Experimental and Theoretical M-S Bond Lengths in

M(S2CN'Pr2)4 (M = Ti, Zr, Hf, Th, U, Np). Mean average deviations are given in

parentheses. All values are in angstroms.

Complex Exp PBEO
Ti(S2CNPr2)s 2.552 (0.001) 2.548 (0.048)
Zr(S2CNPr2)s 2.655 (0.002) 2.665 (0.019)
Hf(S2CN'Pr2)4 2.640 (0.002) 2.665 (0.022)
Th(S2CN'Pr2)s 2.870 (0.002) 2.879 (0.001)
U(S2CN'Pr2). 2.803 (0.008) 2.809 (0.012)
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Np(S2CNPr2)s 2.787 (0.003) 2.799 (0.008)

Topological Properties of the Electron Density

The properties of the electron density at QT AIM-derived M-S bond critical points
(BCPs) are summarized in Table B-5. While these properties are indicative of
predominantly ionic interactions, p < 0.1, the magnitude of the electron densities at the
M-S BCP of the uranium and neptunium complexes are noticeably higher than that in the
thorium analogue, implying greater covalency in the former two. This trend is mirrored
by the BCP energy densities H and is as seen previously,?7245 although the difference
between the values obtained for uranium/neptunium and thorium complexes is less
pronounced here. The Laplacian of the electron density, V2p, is positive, indicative of a
predominantly ionic interaction, although, interestingly, it is larger in the neptunium and
uranium complexes. We have previously shown that positive values of the Laplacian are
found in uranium complexes even when the covalency is pronounced?*® and that
decreasing covalency can be accompanied by an increasing Laplacian: in this context, the
Laplacian data presented here are commensurate with other metrics.

Considering the transition-metal complexes, no periodic trend is found in p, although the
electron density is very similar in all complexes and comparable to that found in the
uranium/neptunium analogues. V2p and H exhibit periodic and opposing trends,
suggestive of a weakly increasing covalency but perhaps simply reflective of a softening

of the ions.
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Table B-5. Topological Properties at the M—S BCPs of the PBEO-Derived Electron

Densities.?

Complex p Vp H
Ti(S2CN'Pr2)s 0.055 0.089 -0.0113
Zr(S2CN'Pr2)s 0.055 0.082 -0.0126
Hf(S2CN'Pr2)4 0.054 0.081 -0.0134
Th(S2CN'Pr2)4 0.052 0.063 -0.0117
U(S2CN'Prp)s 0.056 0.078 -0.0134
Np(S2CNPr2)s 0.056 0.078 -0.0135

3p = electron density, V2p = Laplacian of the density, and H = energy density. All values

are in atomic units.

Integrated Properties of the Electron Density

The QTAIM definition of an atom allows for the evaluation of both one- and two-
electron integrated properties. The atomic charge g (a one-electron property) and the
localization and delocalization indices A and & (two-electron properties) are summarized
for Ti, Zr, Hf, Th, U, Np, and S in Table B-6. Here, a periodic trend is found: the atomic
charge, q(M), increases from Ti to Hf, while the sulfur charge, q(S), drops, suggesting
increased ionic interaction. Consideration of the two-electron properties supports this
assertion: the M-S delocalization indices (the number of electrons shared between the
two atoms), which can be considered an alternative measure of the covalent

character, 3724247 decrease from Ti to Hf (0.438 to 0.416 to 0.400), implying a reduction
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in the covalent character. The one- and two-electron data combined therefore describe a
weak transition in the nature of the M-S bond from Ti to Hf. The data support the
characterization of uranium and neptunium, 0.481 and 0.482, respectively, as exhibiting
greater covalent character than Th (0.421) and, in fact, imply that the U/Np-S (0.481 and
0.482, respectively) bond is the most covalent of any considered here. Previous work on
actinide complexes?"245247 led us to conclude that delocalization indices provided a
more robust description of the covalency than that provided by the topological properties
of the electron density alone. In comparison, the delocalization indices for the thorium
and uranium complexes are very similar to those observed in dithiophosphinate and
dithiophosphonate complexes. 11023

Table B-6. Integrated QT AIM Properties of the PBEO-Derived Electron Densities.?

Complex q(M) MM) q(S) oM, S)
Ti(S2CNPra)s +1.89 18.21 -0.14 0.438
Zr(S2CN'Pr2)a +2.15 36.05 -0.19 0.416
Hf(S2CNPra)s +2.28 68.00 -0.21 0.400
Th(S2CN'Pr2)s +2.43 85.74 -0.25 0.421
U(S2CNPry)s +2.23 87.67 -0.22 0.481
Np(S2CN'Pr2)s +2.17 88.73 —0.21 0.482

8g = atomic charge, A = localization index, and & = delocalization index. All values are in

atomic units.

We have previously noted that the difference between the atomic number Z and the

localization index A correlates with the oxidation states in f-element complexes,237*248'249
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and we also find this correlation here: Z — A values fall in the range 3.79-4.33, close to
the formal 4+ oxidation state and with a trend toward larger values for heavier elements.
Discussion

A few studies have been conducted comparing the molecular and electronic structures of
transition-metal and actinide complexes.?*° In one report, the bonds in (CsMes),MCl. (M
=Ti, Zr, Hf, Th, U) complexes were compared, and it was concluded that half the amount
of covalent character was observed in the U-CI bond versus the transition-metal
analogues.??® In that study, titanium had the greatest covalent character. Interestingly,
when looking at MCls>~ complexes, the same group concluded that UClg?~ had a greater
covalent character in the M—CI bond than the transition-metal analogues.®® In this study,
we have examined homoleptic transition-metal and actinide complexes, and while
admittedly based only on the delocalization indices from QTAIM calculations, an
increase in covalent character between the actinide—sulfur bonds is observed in
comparison to their transition-metal counterparts. The similarity between MClg>~ and
M(S2CN'Pr)4 is related to their homoleptic nature as well as the energy difference of the
3p versus 5f orbitals of the actinides. As we traverse the actinide series from Th to U to
Np, the 5f orbitals will decrease in energy; hence, the energy difference between the 5f
and 3p orbitals of S will decrease, thus leading to an increase in the delocalization indices
in the actinide complexes and the indication of enhanced covalent character. This is not
the case for the transition metals, and there is a decrease in the metal-ligand overlap
between the 4d (Zr) and 5d (Hf) orbitals compared to the 3d (Ti) orbitals because the d

orbitals become more diffuse down group IV.
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Conclusion

Elucidation of the role of the valence orbitals of the actinides remains a challenge. Here,
we investigated the homoleptic dithiocarbamate complexes M(S.CNPr2)4 (M = Ti, Zr,
Hf, Th, U, Np) and have shown using DFT that these complexes show a higher degree of
covalent bonding in the actinide (uranium and neptunium) complexes than the group 1V
analogues. Interestingly, this ordering does not match previous studies with
(CsMes)2MCl, (M = Ti, Zr, Hf, Th, U); however, the homoleptic system MClg? (M = Ti,

Zr, Hf, U), has an ordering similar to the complexes reported here.
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