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Abstract

The ability of the actinide elements to covalently bond to ligands is not well understood. A
computational effort for compounds of the formula [Cp.AnS,C,H,]*°** where An = U, Np, or Pu
has shown that the angle between the plane formed by the two sulfurs and the plane formed by
the two sulfur atoms and the two carbons converges to 70 — 75° when the ligand is in the
dithiolate state (-2 charge on the ligand). Upon oxidation of [Cp2NpS2C2H2]° or [Cp2PuS,C:H;]°
the electron is removed from the dithiolate rather than the actinide and the dihedral angle is
reduced to planarity.

The reaction of NpCl,DME; with deprotonated benzene dithiol shows an intense color change

suggestive of a charge transfer complex. The binding of the benzene dithiol as the dithiolate to
the neptunium metal center is supported by visible, infrared and NMR spectroscopies.

Abstract ii
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Acronyms and Abbreviations

BDT Benzene dithiol

DME Dimethoxy ethane

FEP fluoroethylene polymer

FTIR Fourier transform infrared
NMR Nuclear magnetic Resonance
RBF round bottom flask

TMS tetramethyl silane

Acronyms and Abbreviations \Y
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Introduction

The role that f-electrons play in the chemical bonding of the actinide elements is not well
understood.(Pace et al. 2021) Historically, the actinide elements were thought to bond in a similar
manner to their lanthanide analogues. For the lanthanides, the 4f orbitals are contracted with a
shorter radius than the fully occupied 5d orbitals. Consequently, the 4f orbitals are blocked from
spatial overlap with ligands, and do not exhibit significant metal-ligand covalency. Since the 5d
orbitals are occupied in the lanthanides, they do not participate in covalent bonding, resulting in
primarily ionic interactions. However, for the actinide elements multiple phenomena occur that
allow for increased covalent bonding. The 5f orbitals radially extend far enough to not be entirely
blocked from overlap by the 6d orbitals, and the energy difference between the 6d and 5f orbitals
is lessened leading to partial occupancy of both orbital sets.(Pace et al. 2021) This leads to a
scenario where not only can the actinide elements exhibit covalent bonding with the 5f orbitals,
but the 6d orbitals as well. Consequently, the lanthanides are poor non-radioactive surrogates for
studying f-orbital covalency in the actinide series. Combined with a dearth of known actinide
compounds containing non-innocent ligand architectures it is difficult to ascertain what factors
drive covalent bonding in the actinides. The hazard associated with handling transuranic elements
has caused the primary focus of actinide research to be highly application based with few
fundamental studies relative to the transition metal series. Thus, the extensive studies which have
been performed for the transition metal series with non-innocent ligands from the 1960s through
present day are simply not abundant for the actinide series.

Dithiolenes as a ligand class first came to prominence in the early 1960s when they
revolutionized the understanding of covalent bonding in the transition metal series.(Eisenberg
and Gray 2011) The ability of dithiolene ligands to act “non-innocently” challenged the then held
theories on metal ligand interaction and shaped our modern understanding of ligand field theory.
The general ligand architecture of [Cp2M(S2C2R2)]%, has been used extensively to study the
redox interplay of transition metals with the dithiolene ligands.(Enemark et al. 2004; Cooney et
al. 2004; Cranswick et al. 2007; Joshi et al. 2003; Stein et al. 2018; Fourmigué 1998) In
particular, the dihedral angle between the plane formed by the metal and the two sulfur atoms
against the plane formed by the two sulfur atoms and the two attached carbon atoms has been
used to infer information about the oxidation state of the dithiolate ligand and the degree tow
hich it is stabilizing the metal oxidation state as an oxidized dithiolene ligand.

Classically, the transplutonium actinide elements are thought to demonstrate very little covalent
bonding, however recent work suggests that covalency may play a role in the bonding of
transplutonium complexes.(Goodwin et al. 2019; Silver et al. 2017; White, Dan, and Albrecht-
Schmitt 2019) Dithiolene f-element compounds are relatively unstudied with only a few examples
of U dithiolene compounds coming from Germany in the late 1960s and early 1970s,(Dietzsch
and Karl-marx-universitat 1967; Zimmer and Lieser 1971b; 1971a) and a limited number of
examples since 2000.(Thérese Arliguie et al. 2004; Roger, Belkhiri, et al. 2005; Therese Arliguie,
Fourmigue, and Ephritikhine 2000; Belkhiri et al. 2006) All are U or lanthanide analogues. The
“fold-angle” has been shown to vary with U oxidation state; furthermore, considerably more metal-
sulfur covalent interaction is observed for U" over Ln".(Roger, Belkhiri, et al. 2005; Meskaldji et
al. 2010) Thus, this ligand architecture may offer a mechanism to study electronic communication
in the actinide series with covalently bound ligands. This ligand class offers potential advantages
to studying covalency in transuranic elements:

o The “fold-angle” response to metal-ligand electronic communication offers an

easily measured geometric change with respect metal-ligand covalency
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o Modification of dithiolene substituents allows tuning ligand electron donation, and
consequently covalency

To explore the possibility of using these ligands, we have undertaken an experimental effort
supported by a computational study to determine the application of the dithiolene ligands to
studying covalency in transuranic chemistry.

Methodology

Computational Approach

For computational studies, Cp ligands are utilized in place of the methylated Cp* ligands to
conserve computational time and simplify relaxations. Further the dithiolene ligand was
truncated to its simplest form, S>C>H>. All DFT computations were performed in the NWChem
computational package,(Apra et al. 2020; Valiev et al. 2010) utilizing the PBEO exchange-
correlation functional.(Adamo and Barone 1999) The Stutgart/Cologne group of basis sets were
utilized with energy consistent pseudopotentials replacing 60 core electrons for the actinide
elements.(Dolg et al. 1993; Kiichle et al. 1994; Cao, Dolg, and Stoll 2003) For the light elements
(H, C, S) the 6-311G** basis set was used. .(Clark et al., n.d.; Gordon et al. 1982; Spitznagel et
al., n.d.; Hariharan and Pople 1973; Francl et al. 1982; Hehre, Ditchfield, and Pople 1972;
Ditchfield, Hehre, and Pople 1971) CASSCF calculations were performed with
OpenMolcas.(Fdez. Galvan et al. 2019)

To optimize geometries a z-matrix was utilized which allowed all parameters to be optimized
except the C-S-S-An dihedral angle which was fixed. A linear transit was performed in which the
dihedral angle was fixed at a given angle from 0° to 90° in a stepwise fashion while all other
parameters were allowed full relaxation.

Synthetic Approach

Organic solvents, triethyl amine, trimethyl silyl chloride, benzene dithiol, the potassium
pentamethylcyclopentadienide in THF solution and catechol were obtained from Sigma Aldrich.
Organic solvents, and triethyl amine were ordered as anhydrous solvents. Organic solvents
were further purified by drying over molecular sieves for at least 24 hours followed by removal of
residual air by freeze-pump-thawing. Glassware was heated in a vacuum oven under reduced
pressure until utilized for a given synthesis. Unless otherwise noted, all synthetic steps were
performed with a dual manifold Schlenk line under an Ar atmosphere. Argon gas was purified by
passing it through 5A molecular sieves and a copper catalyst to remove residual moisture and
oxygen respectively.

Synthesis of NpClsDME-2

To produce pure Np' source material for synthesis of NpClsDME,, a literature procedure was
followed in which the valence was adjusted in 2 M HCI with hydroxyl amine followed by fluoride
precipitation, removal of fluoride with boric acid, and purification by anion exchange. (Cary et al.
2018) From here, the synthesis of NpClsDME; roughly followed literature procedure developed
elsewhere.(Reilly et al. 2014; Whitefoot et al. 2021) Briefly, in a typical synthesis 200 mg of
NpCls would be dried to a residue under Ar gas and resuspended in DME followed by addition
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of trimethyl silyl chloride. The reaction was heated to 45-50 °C with stirring. After a period of 4
hours, the solution was cannula filtered to a fresh flask with additional DME added to wash the
solid precipitate generated from the reaction of trimethyl silyl chloride with residual moisture.
The resulting solution was evaporated to dryness under vacuum and rinsed with cold dimethyl
ether to obtain a nearly quantitative yield. Resuspension of the solid in DME yielded a visible
spectrum consistent with what has previously been reported in the literature.

Synthesis of Cp*2NpCl2

The synthesis of Cp*;NpCl, was conducted in benzene under air free conditions. The starting
material, NpClsDME; was reacted with 2.1 molar equivalents of pentamethylcyclopentadienide
in THF at 50 ° C for five days. The resulting darkly colored solution was filtered by cannula
filtration to a fresh vial and the volume reduced to a viscous oil. The oil was resuspended in
benzene and stored at -20 °C overnight which afforded a precipitate and a lightly colored purple
solution. The liquid was decanted and the solid rinsed with dried diethyl ether for a 19 % yield.

Attempted Synthesis of Cp*2NpBDT

Isolated solids of Cp*;NpCl. were dissolved in THF in an inerted round bottom flask. In a
separate round bottom flask, two equivalents of benzene dithiol dissolved in THF and to
equivalents of triethylamine relative to the benzene dithiol were added. A slightly yellow colored
precipitate was observed to form. The solution of Cp*;NpCl, was then added to the flask
containing BDT in a dropwise fashion at 0 °C. The flask was allowed to stir overnight at room
temperature with the color of the solution darkening over time. The solution was filtered and
stored at -20 °C for 24 hours which produced small darkly colored crystals. Upon exposure to
atmosphere to mount a crystal for single crystal x-ray diffraction analysis the sample rapidly
decomposed. Due to the reactive nature of the solid and the time-consuming synthesis, further
attempts to remake this compound for alternative characterization were abandoned.

Synthesis of homoleptic neptunium complexes

Two separate routes synthetic routes were pursued. In the first route, BDT was dissolved in
DME and deprotonated with triethyl amine. This caused the precipitation of a slightly yello
colored solid. NpCl.DME; was dissolved separately in DME and added to the reaction flask
containing the deprotonated BDT solid. The BDT salt was precipitated as a salt, but upon
introduction of the NpCl.DME; solution, the color changed to a deep purple color with a visible
change in the solid occurring which we are attributing to the dissolution of the BDT and
precipitation of EtsNHCI. No noticeable change was noted between reaction times of 4 hours
and 24 hours.

In the second methodology, BDT dissolved in DME was added to a solution of NpCl.DME; and
allowed to stir for 10 minutes. No precipitation was observed and only a faint color change
occurred. Upon the dropwise addition of triethyl amine a deep purple color change occurred
accompanied by precipitation of a light colored solid.

Under both synthetic pathways it was found that the resulting product was stable for a period of
at least a week when stored under an inerted atmosphere as either a solid or in solution. Upon
exposure to air, the synthesized compound would change in color from purple to a tan color and
precipitate if in solution. The structure of this complex is not confirmed but is tentatively
assigned as [NpBDT;][EtsNH].. An analogous procedure was used to produce the homoleptic
neptunium catechol compound.
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FTIR Spectroscopy

FTIR spectra were collected inside of a radiological fumehood on a Bruker ALPHA I
spectrometer equipped with a single bounce diamond ATR plate. Presented spectra are the
average of at least 24 scans with a resolution of 2 cm™. Measurements were performed under
ambient temperature and atmosphere.

NMR spectroscopy

NMR experiments utilized [NpBDT3]* synthesized by the above procedure. Samples prepared
in deuterated pyridine and CDClIs, showed decomposition over the time period of the experiment
and are not being discussed herein.

For the NMR experiments utilizing DME solvent, the above synthetic procedure was utilized,
and the crude reaction mixture was analyzed without purification. The samples were transferred
in an air free manner into FEP NMR tube liners procured from Wilmad Glass which were
stoppered with a septum and subjected to 4 pump purge cycles utilizing Ar gas. The FEP NMR
tube liners were then placed in 8 mm glass nmr tubes which were further purged with Ar gas.

'H NMR spectroscopy

Single pulse, direct excitation *H NMR spectra were collected on a 7.05 T superconducting
magnet, corresponding to a *H Larmor frequency of 300.130 MHz. The instrument is equipped
with a Redstone console from TecMag Inc. *H NMR spectra were acquired with an acquisition
time of 819.2 ms enumerated with 8192 points, a sweep width of 10000 Hz, a collection of 16
transients, a recycle delay of 60 s, and a 71.8 us excitation pulse equivalent to approximately a
/2 pulse length. The pulse length was calibrated using a sample of anhydrous methanol, and
the *H chemical shift was externally referenced to the chemical shift of tetramethylsilane (& = 0
ppm) in deuterated chloroform. The *H NMR spectra were processed in Mestrenova (version
14.01-23559, released 2019-06-07, Mestrelab Research S.L.), where the free induction decay
was zero-filled three times to 65536 points and 5 Hz of exponential line broadening was applied.
'H NMR spectra were also predicted in Chem Draw Professional (Perkin Elmer, v.
16.0.0.82(68)).

13C NMR spectroscopy

Proton-decoupled 3C NMR spectra were also collected on the 7.05 T NMR spectrometer. At
7.05 T, the Larmor frequency of 3C is 75.468 MHz. The proton-decoupled *C NMR spectra
were acquired with an acquisition time of 409.6 ms enumerated with 16384 points, a recycle
delay of 10 minutes, a 7.3 ps pulse equivalent to a 11/2 pulse length. The 11/2 pulse length was
calibrated using a sample of anhydrous methanol. The 3C chemical shift was externally
referenced to the chemical shift of tetramethylsilane (& = 0 ppm) in deuterated chloroform.
Proton decoupling was performed using the WALTZ90 scheme using 71.8 s (11/2) pulses on
the proton channel. The proton decoupled **C NMR spectra were processed in Mestrenova,
where 2 Hz of exponential line broadening was applied. 1*C NMR spectra were also predicted in
Chem Draw Professional.
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Results and Discussion

Computational

A computational study was undertaken to determine if the dithiolenes through their fold angle
(Figure 1) could be used as reporter ligands to study the covalency between actinide ions and
sulfur bearing ligands. It should be noted that the computationally examined structure is likely
not the most synthetically accessible compound due to ligand modifications made to simplify the
calculations. The methyl groups have been removed from the synthetically attempted
pentamethylcyclopentadienide analog, and the dithiolene ligand has been simplifiedto R = H in
order to simplify the computations.

Figure 1. Computationally investigated structure of [Cp2An(S2C2R2)]* with the examined fold
angle highlighted. Computational structures utilized a molecular charge of -1, 0, or +1 with An =
U, Np, or Pu.

Computational efforts were limited to the compound Cp2AnS,C;H, where the An was U, Np, or
Pu. A molecular charge of +1, 0, or -1 was assigned to the complex, which corresponds to an
actinide oxidation state of +3, +4, or +5 if the dithiolate ligand remains in the reduced -2 state.
For the case of uranium, the fold angle is largely independent of the uranium oxidation state as
shown in Table 1. The potential energy well for variation in fold angle is relatively shallow as
shown in Figure 2, and the influence of crystal packing in synthesized samples would likely have
a larger impact than the electronic interaction between the dithiolene ligand and the uranium
center. However, for Np, there is a steep dependance between the fold angle and the Np
oxidation state. For [CpNpS.C2H2]* and [CpNpS2C:H.]° the fold angle is near identical to the
uranium compounds and the formal oxidation states of Np'"' and Np'V based on excess f-orbital
occupation are consistent with the results obtained for the uranium series. However, upon
oxidation of the complex to [CpNpS.C,H,]** the fold angle becomes planar and the electron is
removed from the dithiolene ligand rather than from the metal center. It appears this is a
mechanism by which the dithiolene ligand is stabilizing the overall complex charge and upon
oxidation of the dithiolene ligand the fold angle is decreased, breaking covalency between the
actinide and the ligand in order to prevent further loss of electron density from the dithiolene
ligand.

For the two plutonium oxidation states examined a similar trend to the Np case is seen, where
upon oxidation to the state of [CpPuS,C,H,]" the fold angle is reduced to planarity when the
ligand is oxidized in place of the actinide center.
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Table 1. Energy optimized fold angle, spin multiplicity and assigned metal oxidation state for
Cp2AnS,C2H. complexes.

Net molecular Optimized fold Spin multiplicity Assigned actinide
charge angle (degrees) oxidation state
U +1 75 2 uv
0 72 3 uv
-1 70 4 y
Np +1 0 5 Np'
0 72 4 Np'
-1 74 5 Np!
Pu +1 0 6 Pu'v
0 70 5 Pu'v
L] L] 1 1 L] 1 1 1 L] 1 1 L] 1 L] L] 1 L] 1 L] L]
30 CpaUS,CoHy + CpoNpSCaHo + Cp2PuS,CoHs i
”’E +1 doublet +1 triplet +1 quartet
ur= 20 neutral triplet T neutral quartet T neutral quintet 7
U _§ 10 +1 quartet +1 quintet +1 sextet
0 \,_ = B —
-
Y
s 15 T + -
Q —
o
o + T -
[%2]
8 —————
X 05 + + 1
0 L L L L L L L L L L L L L L L L L L L L
L] n I I L] |} I I L] I I L] L n L] I L] I I ]

14 T + /
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o _/—-A)
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Figure 2. Relative energy as a function of fold angle (top) where the energy has been set to 0
for a given oxidation state of the complex. Excess f-orbital occupation (middle), and C-C
distance as a function of fold angle (bottom).




Homoleptic neptunium compounds

The infrared spectrum of the homoleptic neptunium catechol compound, Figure 3, shows a
small residual amount of unreacted catechol at 1618, and 1596 cm™. The main feature of
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interest is the resonance at 1574 cm* which is attributable to the C=C stretching frequency.
This is a decreased stretching frequency by comparison to what we observed for deprotonated
cathechol (1600 cm-1) but is slightly higher in frequency than what has been reported in the
literature for homoleptic (EtsNH).V(cat).CH3sCN of 1569 cm™ (Cooper, Bai Koh, and Raymond
1982) This is consistent with the catechol being bound directly to the neptunium center through

the oxygen atoms.

When the same reaction was performed but with benzene dithiol in place of catechol, the

resulting infrared spectrum, Figure 4, shows a C=C resonance at 1560 cm™ with a shoulder at
1560 cm™. This again is consistent with the C=C resonance shifting due to binding to the metal
center due to the shift from a value of 1571 cm™ for unbound benzenedithiol.

0.18
0.16
(Et,NH),V(cat),CH,CN = 1569 cm® 0.14
(Et;NH),cat = 1600 cm? 012
Solid cat=1617, 1595 cm™! Ty
01 §
2
! 008
Triethyl ammonium . =
chloride ﬁ 1574 cm ’ 0.06
c=C \‘ 0.04
0.02
0
3900 2400 1900 1400 900 400

Figure 3. FTIR spectrum of the solid reaction product of homoleptic neptunium catechol.

Frequency, cm
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1600 1580 1560 1540 1520 1500 L 0.4
Frequency, cm™
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0.3

- 0.2

3900 3400 2900 2400 1900 1400 900 400
Frequency, cm-1

Figure 4. FTIR spectrum of the solid reaction product of homoleptic neptunium dithiolene.

The most convincing evidence for electronic communication between the dithiolene ligand and
the neptunium center is the intense color change that is observed upon mixing and the resulting
visible absorbance spectrum (Figure 5). Benzene dithiol is a faint yellow color, including after
deprotonation with triethyl amine. The NpCl.DME: starting material is a light orange in color and
the visible absorbance spectrum has sharp absorbances characteristic of the f — f transitions of
the actinide elements. Upon reaction between the deprotonated benzene dithiolene and
NpCl:.DME; the solution immediately turns a very dark purplish red color. The visible absorption
spectrum shows a single broad absorbance at short wavelength which is more characteristic of
the d-block or a charge transfer occurring.
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Figure 5. Visible absorption spectrum of the neptunium dithiolate complex.

The *H and *C NMR spectra were initially collected for DME solutions containing either
benzene dithiol or triethylamine in the absence of Np. These spectra are then compared to *H
and *C NMR spectra obtained with the reaction product of NpCl;DME-. In the reaction mixture,
benzene dithiol is deprotonated to form benzene dithiolate and triethylamine is protonated to
become triethylammonium. The chemical structure of benzene dithiolate and the anticipated
number of distinct proton and carbon resonances are shown in Figure 6. Based on the
molecular structure of benzene dithiolate, two proton resonances and three carbon resonances
are anticipated.

The H spectrum of benzene 1,2 dithiol in DME (Figure 7) shows two resonances for the
aromatic protons before reaction with neptunium. After reaction with neptunium in DME bearing
triethylamine, the resonances are slightly broadened and the two resonances are shifted to
lower chemical shift values. The *H resonances of triethylamine are also sensitive to formation
of triethylammonium, with the resonance assigned to the CH, groups splitting into two
resonances, and the emergence of a resonance in the aromatic region which shifts to lower
frequencies over time. Based on the variation of the chemical shift of this peak, the labile
resonance is assigned to the HNR; of triethylammonium.
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g S
Figure 6. Chemical structure of benzene dithiolate with magnetically equivalent protons and

carbons shown within the same ellipsoid.
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Figure 7. *H NMR spectra following the reaction of deprotonated benzene dithiol with
NpCl.DME; over time. The data is shown in black, the fits of the individual resonances are
shown in green, and the summation of the fits is shown in orange. The chemical shift of two *H
resonances of benzene 1,2 dithiolate bound to Np are 7.9 and 7.1 ppm. The chemical shift of
the two 'H resonances of benzene 1,2 dithiol are 8.1 and 7.7 ppm. The chemical shifts of the *H
resonances of triethylammonium in solutions of Np are 3.2, 1.8 and 1.5 ppm. The chemical
shifts of the *H resonances of triethylamine are at 3.2 and 1.7 ppm.

The corresponding **C spectra of the reference solutions and reaction mixture are shown in
Figure 8. Comparing between the spectra of the reference solutions of the benzene 1,2 dithiol
and triethylamine in the absence of Np with the reaction mixture leads to observations
consistent with the *H NMR spectra. Note that in the solution with the protonated benzene
dithiol, only two resonances are observed corresponding to the aromatic carbons, whereas
three are predicted based on Figure 6. This is likely due to the *C environments shown in
orange and yellow in Figure 6 having resonances with near equivalent chemical shielding
tensors leading to overlapping peaks. Upon complexation to neptunium two relatively sharp
resonances are present upfield which we believe belong to the carbons from the orange and
yellow environment. Upon complexation to neptunium, an additional broad resonance occurs at



PNNL-33295

145 ppm which we hypothesize to be associated with the alpha carbons relative to the dithiolate
(gray in Figure 6).
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Figure 8. 13C NMR spectra following the aromatic carbons of BDT upon reaction with
NpCIl.DME;. The data is shown in black, the fits of the individual resonances are shown in
green, and the summation of the fits is shown in orange. The asterisks mark a trace impurity
found in the reaction mixture. The chemical shift of three 13C resonances of benzene 1,2
dithiolate bound to Np are 144.1, 129.7, and 122.3 ppm. The chemical shift of the two *C
resonances of benzene 1,2 dithiol are 131.3 and 126.9 ppm. The chemical shifts of the *C
resonances of triethylammonium in solutions of Np are 46.4 and 10.1 ppm. The chemical shifts
of the 13C resonances of triethylamine are at 47 and 12.4 ppm.

Given that only two proton resonances and three carbon resonances are observed in the *H and
13C spectra of the reaction mixture with Np, we hypothesize that the dithiolate ligands bound to
the neptunium center either result in equivalent proton and carbon environments when
comparing between dithiolate ligands in the Np solvation shell. Alternatively, if the dithiolate
ligands in the Np solvation shell are inequivalent, the observation of only two proton
environments in the *H spectra would necessitate fast interconversion between dithiolate ligand
fold angles in the Np solvation shell which result in the observation of ensemble resonances
corresponding to the two observed proton environments and three observed carbon
environments of benzene 1,2 dithiolate in the presence of Np. The alternative hypothesis of fast
interconversion between fold angles is consistent with prior work with homoleptic uranium
dithiolate complexes which showed fast interconversion at room temperature due to ring
inversion. (Roger, Arliguie, et al. 2005) It should be noted that when an attempt was made to
collect the NMR spectrum of benzene dithiol which was deprotonated with triethyl amine in the
absence of Np, the dithiolate precipitated in under 10 minutes which prevented collection of the
NMR spectrum. Thus, these shifted aromatic resonances of the aromatic ring on the dithiolate
are from interaction with the neptunium center, because the solubility (activity) of benzene
dithiolate in an unbound state is negligible.
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