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ABSTRACT: Reactions of the rigid thioether- and selenoether-containing ligand salts [{Li(AE;""®)}.] (E = S or Se; AE,? =
4,5-bis(phenylchalcogenido)-2,7,9,9-tetramethylacridanide) with ThCls(dme), or UCl, (for E = Se) afforded the actinide chal-
cogenoether complexes [(AE2"2),ThCl,] (E =S (1), Se (2)) and [(ASe;""?),UCI,] (3). X-ray crystal structures of 1-3 revealed tetravalent
actinide cations complexed to two «*-coordinated AE,"™ ligands, with Th-ER;, and U-ER; distances below the sum of the covalent
radii. Complexes 1-3 provide extremely rare examples of thorium-thioether, thorium—selenoether, and uranium-selenoether bonds,
and 1 and 2 contain the shortest known Th—-SR; and Th-SeR; distances. DFT and QTAIM calculations confirm the presence of signif-
icant An(IV)-ER; interactions in 1-3 and provide insight into the extent of covalency in the An—ER; bonds.

INTRODUCTION

Sulfur-donor ligands such as dithiophosphinates (R2PS;") have
been shown to be particularly effective for selective actinide com-
plexation, as required in nuclear fuel reprocessing.>® This selec-
tivity is thought to arise, in part, from increased covalency in
bonding with the early/mid actinides relative to the lanthanides,
stemming from the greater radial extension of the actinide 5f or-
bitals relative to the lanthanide 4f orbitals’ combined with the in-
creased polarizability and lower electronegativity of soft donor at-
oms. However, many questions remain regarding the extent to
which the character of actinide—soft donor interactions is affected
by the identity and oxidation state of the actinide metal, as well as
the nature of the soft donor and co-ligands.

A substantial number of actinide complexes bearing anionic
chalcogen donors, such as thiolates and sulfides, have been re-
ported.® Additionally, a smaller number of actinide complexes
have been prepared bearing ligands, such as dichalcogenophos-
phinates (R,PE,; E = S, Se)**? and imidodiphosphinochalcogeni-
des (N(PR:E);; E = S, Se, Te),®" with at least one resonance
structure that features a neutral chalcogen donor, and others that
place a negative charge on the chalcogen atom. By contrast, acti-
nide complexes bearing neutral L-type chalcogen donors such as
chalcogenoethers are scarce, especially for the heavier chalcogens
(vide infra), despite the potential for a reduced ionic component to
bonding.

At the time of writing, there are only 13 complexes containing
uranium-thioether (SR,) interactions in the Cambridge Structural
Database.” Complexes featuring monodentate thioether ligands
are [(MeCp)sU(tht)]*® and [{(x®-MeBHz),U(u-tht)},],*® in which
the tetrahydrothiophene (tht) ligand is terminal or bridging, re-
spectively. Uranium complexes bearing chelating thioether lig-
ands are the 1,2-bis(methylthio)ethane complex [(x3-
MeBHs3),U(k2:-MeSCH,CH,SMe)]? and the thiacrown complexes
[Ulg(K3-983)(MeCN)2] (983 = (SCH2CH2)3)21 and [(Ka-BH4)zU(K6-
1856)][BPh,] (1856 = (SCH,CH,)s).22 All other examples employ
more elaborate ligands containing one or more thioether in com-
bination with N- and/or O- donors.?% Structurally characterized
thioether complexes of actinides other than uranium are limited to

the thorium and plutonium compounds [Cp*Th(k®-{Bs(o-
02C6H4)6})(SM62)]30 and [PU|3(K3-9-ane-83)(MECN)z].31

In 2015, Walensky and co-workers reported the thorium(IV)
complex [{(4,6-'Bu,CsH,0),Se}.Th(THF);] which contains two
dianionic selenoether-containing ligands. The authors concluded
that although the Th-Se distances (3.2306(5) and 3.3262(5) A) lie
outside of the sum of the effective ionic radii, a significant differ-
ence between the "Se NMR resonance of the complex versus the
protonated ligand points to the existence of Th—-SeR; dative inter-
actions.®? Uranium and neptunium analogues of this complex were
subsequently reported by Lukens and Walensky et al., with An—
SeR; distances of 3.1642(6) and 3.2606(6) A (U) or 3.1289(15)
and 3.2287(17) A (Np). However, the authors concluded an ab-
sence of An-SeR; interactions based on An-Se distances outside
of the sum of Pyykkd’s covalent radii.®* Uranium complexes con-
taining a bridging Se,?" ligand have also been reported, and dative
interactions were proposed between uranium and the central sele-
nium atoms in the Ses chain (U-Secenral 3.001(1)-3.178(1) A).34%

Recently, we reported the use of rigid ligands containing two
thioether or selenoether donors flanking a central amido anion,
AE,""? (E = S, Se; AE,"" = 4, 5-bis(phenylchalcogenido)-2,7,9,9-
tetramethylacridanide), for the synthesis of the uranium(IV) chal-
cogenoether complexes [(AE2""?),Ul,] (E = S, Se). These com-
plexes provided uncommon examples of U-SR, bonds and the
first reported U-SeR; interactions.?® Quantum chemical calcula-
tions and trends in crystallographic U-E distances (adjusted for
differences in the covalent radii of S and Se) revealed increased
covalency in the U-SeR; versus the U-SR; interactions.

Herein, we report the synthesis of the first thorium AE,""
complexes, [(AE;""),ThCl;] (E = S, Se), and for comparison, a
direct uranium(lV) dichloro analogue of the thorium selenoether
complex, [(ASe;""?),UCIl;]. Crystallographic and computational
analysis of actinide—chalcogenoether bonding in these complexes
is described.

RESULTS AND DISCUSSION

Reaction of one equivalent of [{Li(AS;""%)},] or [{Li(ASe;""?)},]
with ThCls(dme), in toluene afforded [(AS,""?),ThCl,] (1) and
[(ASe”")),ThCl,] (2) as orange solids in 29 and 40 % vyield,



respectively.® The dark brown uranium analogue [(ASe,""?),UCI;]
(3) was generated similarly via the reaction of one equivalent of
[{Li(ASe,""?)},] with UCIl, in THF, and was isolated in 33 % yield
(Scheme 1).5

Room temperature *H NMR spectra for diamagnetic 1 and 2
in CsDs each display a comparable set of four methyl and ten aryl
signals, and the "Se{*H} NMR spectrum of 2 contains two sin-
glets at 392.78 and 347.96 ppm (for comparison, the 7’Se chemical
shifts of H(ASe;""?), [{Li(ASe2"")},] and [K(ASe,""?)(dme),] are
295.39, 283.43 and 357.02 ppm, respectively).*® These data are
consistent with equivalent AE,”" (E = S or Se) ligands with top-
bottom and side-to-side asymmetry. However, most of the 'H
NMR resonances for 1 are broader than those of 2, suggestive of
fluxional processes in solution. At low temperature (Figure S4),
the *H NMR signals for 1 sharpened, whereas at high temperature
(381 K; Figure S3) several pairs of signals (ArMe, CHY®, CH3®
and m/p-CsHs, but not CMe,) broadened and coalesced to a single
peak, indicative of a fluxional process which removes side-to-side
asymmetry but not top-bottom asymmetry.

The *H NMR spectrum of the uranium-selenoether complex
(3) exhibits fourteen (4 x 6H, 4 x 4H, 6 x 2H) paramagnetically
shifted resonances between —15 ppm and +25 ppm, again con-
sistent with equivalent ligands lacking top-bottom and side-to-side
symmetry. A comparable set of signals was previously reported
for the uranium(lV) iodo complexes [(AS;""?),Ul;] and
[(ASezphZ)ZU I5] 28

Scheme 1. Synthesis of actinide complexes 1-3.
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X-ray quality crystals of the thorium complexes 1-2 hexanes and
2-toluene (Figure 1) and the uranium complex 3-toluene (Figure 2)
were obtained from o-difluorobenzene/hexanes (for 1) or tolu-
ene/hexanes (for 2 and 3) at —30 °C. Selenoether complexes 2 and
3 are isostructural and isomorphous in the solid state, crystallizing
in the centrosymmetric monoclinic space group C./c. By contrast,
the thorium thioether complex 1 crystallized in the orthorhombic
space group Pbca. All three compounds feature two x3-coordi-
nated ligands with the halide co-ligands cis to one another, as ob-
served in the previously reported uranium(lV) iodo complexes
[(AS:""?),Ul,] and [(ASe,""?),Ul,].% The coordination geometry in
1 and 3 is best described as distorted triangular dodecahedral,
whereas that in 2 is distorted biaugmented trigonal prismatic, ac-
cording to SHAPE analysis (Figure S14).

The solid-state structures of the thioether and selenoether com-
plexes differ significantly in the position of the phenyl substituents
on the chalcogen donors. In compound 1, the phenyl rings in each
ligand are positioned on the same side of the ligand backbone (rel-
ative to the plane of the ligand backbone), potentially allowing for
intra-ligand n-stacking between the phenyl rings on S(1) and S(2),
and on S(3) and S(4). By contrast, in 2 and 3, the phenyl rings in
each ligand are positioned on opposite sides of the ligand back-
bone, possibly allowing for in inter-ligand n-stacking between the
phenyl rings on Se(1) and Se(1").}

<

Se(1

Figure 1. X-ray crystal structures of a) [(AS;""?),ThCl] -2 hex-
anes (1-2 hexanes) and b) [(ASe,""?),ThCl,]-toluene (2-toluene).
Lattice solvent in 1-2 hexanes was badly disordered and was there-
fore treated with the BYPASS method.%” Hydrogen atoms and lat-
tice solvent in 2-toluene are omitted, and phenyl substituents are
presented in wireframe for clarity. Ellipsoids are shown at 75 %
(1-2 hexanes) and 50 % (2-toluene) probability.

The Th-S distances in 1 are 3.033(1)-3.076(1) A, which lie within
the sum of the covalent radii of thorium and sulfur (3.11 A)%® and
are slightly shorter (by 0.013-0.056 A) than those in the previ-
ously reported crystallographically characterized thorium thi-
oether complex, [Cp*Th(k®-{B3(0-0,CsHa)s})(SMe,)] (3.089(1)
A),® although it should be noted that crystal packing can have a
particularly significant impact on weak bonds with shallow poten-
tial energy surfaces. Both AS,” ligands have one longer and one
shorter Th-S distance; the shorter distance (Th-S(1) and Th-S(3))
is approximately trans to a chloride ligand, while the longer dis-
tance (Th-S(2) and Th-S(4)) is approximately trans to the amido
donor. The Th-Se distances in 2 are 3.1477(9) and 3.1707(8) A,
which also lie within the sum of the covalent radii (3.26 A),* and
for each ligand the longer Th-Se distance (Th—Se(2)) is trans to
chloride. The Th-Se distances in 2 are significantly shorter than
those in [{(4,6-Bu2CsH.0),Se}.Th(THF),] (3.2306(5) A and
3.3262(5) A).* The average Th-Se distance in 2 is 0.106(1) A
longer than the average Th-S distance in 1, which is less than the
difference in the covalent radii of S versus Se. (0.15 A),* poten-
tially indicative of stronger Th—-ER; bonding in the selenoether
complex. The Th-N distances in 1 and 2 are similar to one another
at 2.424(2)-2.440(2) A and 2.440(5) A, respectively, and the Th—
Cl distances in 1 and 2 are 2.637(1)-2.668(1) A and 2.666(1) A,
respectively. The geometries at sulfur and selenium in 1 and 2 are
pyramidal with the sum of the C-E-C and U-E-C angles (E = S
or Se) ranging from 306.8(2)° to 318.8(2)° in 1 and 289.8(4)° to
302.7(3)° in 2. The ligand backbones are bent by 21° and 32° in 1,



and 26° in 2, and thorium is located 1.81-1.85 A and 2.10 A out
of the plane of the SNS and SeNSe donors, respectively.
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Figure 2. X-ray crystal structure of [(ASe;”"2),UCI,]-toluene
(3-toluene). Only the dominant component of a two-part (62:38)
disorder affecting one of the aryl rings of the acridanide ligand
backbone is shown. Lattice solvent and hydrogen atoms are omit-
ted, and phenyl substituents are presented in wireframe for clarity.
Ellipsoids are shown at 50 % probability.

The solid-state structure of uranium complex 3 features U-Se dis-
tances of 3.0886(8) and 3.1128(8) A, and as in 2, the longer An—
E distance (U-Se(2)) is trans to chloride. The U-Se distances in 3
are longer than those in the uranium(lVV) iodo complex
[(ASex”?),Ul,] (3.049(1) and 3.067(1) A),?® but remain well
within the sum of the covalent radii of uranium and selenium (3.16
A).® The average U-Se distance in 3 is 0.059(1) A shorter than
that in the thorium analogue (2), which is slightly greater than the
difference in the 8-coordinate ionic radii for Th(IV) and U(IV)
(0.05 A).* The U-N distance in 3 is 2.375(5) A, which is statisti-
cally equivalent to that in [(ASe2""?),Ul;] (2.378(9) A),% and the
U-Cl distance is 2.619(1) A. The selenium atoms in 3 are pyram-
idal, with the sum of the C-Se-C and U-Se—C angles equal to
291.8(6)° and 304.2(3)° in the dominant component of a two-part
disorder (62:38; affecting one of the aryl rings of the acridanide
ligand backbone), and 289.8(6)° and 291(1)° in the minor com-
ponent. Uranium is located 2.03 A out of the SeNSe-donor plane,
and the ligand is bent by 26° in the major disorder component and
36° in the minor component.

DFT (ADF/AMS, gas-phase, all-electron, PBE, D3-BJ, TZ2P,
ZORA,; spin-restricted for 1-2; spin-unrestricted with a net spin
polarization of 2 for 3) and QTAIM calculations were employed
to gain insight into the nature of actinide—chalcogenoether bond-
ing in 1-3. The geometry optimized structures are in good agree-
ment with the X-ray crystal structures, with calculated An-Cl,
An-N and An-E distances within 0.02, 0.05 and 0.05 A of the ex-
perimental values, respectively (Table S2-S3). The three com-
pounds feature (a) average An—E Mayer bond orders of 0.42-0.44,
(b) QTAIM bond delocalization indices, 3, of 0.27-0.33, (c) aver-
age values for the total energy density of Cremer and Kraka at the
bond critical point (Hy; positive values are indicative of negligible
covalency)*# ranging from 5.1 x 102 a.u. to -5.8 x 102 a.u.,
and (d) average actinide atomic orbital contributions to the
NLMOs for An—E bonding pairs (An %; normalized to include
only An and E contributions) of 9.8-14.7 %, all of which are in-
dicative of significant and partially covalent An—ER; interactions;
see Table 1. These values contrast those for the M—ER; interac-
tions in recently reported lithium and potassium complexes of the
AS,""2 and ASe,”™ ligands: Mayer bond orders below 0.13 (K) or
0.29 (Li), & values below 0.1, positive Hy, values, and alkali metal

atomic orbital contributions to the NLMOs for M-E (M = Li, K)
bonding pairs below 0.5 % (K) or 2.7 % (Li).%

The 8, Hy and An % values for Th-SR; bonding in 1 versus
Th-SeR; bonding in 2 (Table 1) are suggestive of slightly in-
creased covalency in the latter compound, consistent with the ex-
perimentally observed Th-E bond lengths which differ by less
than the difference in the covalent radii of S and Se (vide supra).
It is also notable that most computational metrics (8, An %, Mayer
bond order) point to increased covalency in the U-Se bonds in 3
compared with the Th—Se bonds in 2, consistent with trends ob-
served in studies of An—Se bonding in U and Th diseleno-phos-
phinate and -phosphonate complexes.®'! The Hirshfeld charge
on the metal center in thioether complex 1 is 0.401, compared with
0.376, and 0.379 in selenoether complexes 2 and 3, respectively.
These data are also consistent with increased covalency in the se-
lenoether complexes.

In 1-3, the metal orbitals that contribute to the An—E bonding
pair NLMOs are primarily of 5f-, 6d- and 7s-character, with neg-
ligible 7p-orbital involvement. For thorium complex (1), the aver-
age metal orbital participation follows the order d > f > s (50.3 %
d, 32.3% f, 17.3 % s). Relative to compound 1, the percentage of
d-orbital participation in the selenoether analogue (2) is reduced
and the s-orbital contribution is increased (43.1 % d, 32.3 % f, 24.5
% s), whereas in the uranium selenoether complex (3), the per-
centage of d-orbital participation is reduced and f-orbital involve-
ment is increased (40.9%d, 42.8 % f, 16.3 % s). The relative metal
orbital contributions for the iodo analogue [(ASe;™"?),Ul,] are sim-
ilar (36.8%d, 45.8 % f, 17.3 % s) to those for compound 3, albeit
with slightly increased f-orbital and decreased d-orbital participa-
tion. However, An % (the average actinide atomic orbital contri-
butions to the NLMOs for U-E bonding pairs, normalized to in-
clude only An and E contributions) is higher in the iodo com-
pound, and in fact, all metrics for An—E bond covalency in Table
1 point to increased covalency in the U-SeR, bonds of
[(ASe,”"),Ul,] versus 3. The reason for this is unclear, but it may
stem from a significantly lower Hirshfeld charge on uranium in
the iodo compound (0.320) resulting from the lower electroneg-
ativity of iodine versus chlorine.

SUMMARY AND CONCLUSIONS

Rigid 4,5-bis(phenylchalcogenido)-2,7,9,9-tetramethylacrida-
nide anions, AS,”"2 and ASe,™, have been used to access the tho-
rium(IV) thio- and seleno-ether complexes [(AE,""?),ThCl,] (E =
S (1) and Se (2)) and the uranium(IV)-selenoether analogue
[(ASe""3),UCl,] (3). In the solid-state structures of 1-3, the tetra-
valent actinide cations are «°-coordinated to two AE,"" ligands,
with Th-ER; and U-ER; distances below the sum of the covalent
radii. Complexes 1-3 provide extremely rare examples of Th-SRy,
Th-SeR; and U-SeR; interactions, and 1 and 2 contain the shortest
known Th-SR; and Th-SeR; distances. DFT and QTAIM calcu-
lations confirm the presence of significant and partially covalent
An(IV)-ER; interactions in 1-3, with increased covalency in the
U-SeR; versus Th—-SeR; interactions, and slightly increased cova-
lency in the Th-SeR; versus Th-SR; bonds. Crystallographically
determined bond lengths and DFT calculations also indicate lower
covalency in the U-SeR; bonds in 3 relative to the previously re-
ported iodo analogue, [(ASe;""?),Ul,], illustrating the impact of
co-ligands on bonding. These findings provide insight into the
bonding between actinide cations and soft neutral donors, with po-
tential relevance to the development of improved ligands for se-
lective actinide complexation in nuclear fuel reprocessing.



Table 1. Selected computational data for compounds 1-3 and previously reported [(AS,""2),Ul,] and [(ASe;""),Ul,]:® Hirshfeld
charge, QTAIM bond delocalization index (8) and the total energy density of Cremer and Kraka at the bond critical point (Hy), percent
contribution of actinide atomic orbitals to NLMOs for An—E bonding pairs (normalized to include only An and E contributions), and

Mayer bond orders; An=ThorU; E=Sor Se; X=Clor .

Compound Hirshfeld Avg.s  Avg. Hp Avg. % An in Avg. An-E Avg. An—-X Avg. An-N
Chargeat (An-E) (a.u) An-E NLMOs  Mayer bond Mayer bond Mayer bond or-
ThorU (An-E) order order der
[(AS""),ThCl,] (1)  0.401 0.272 -5.1x10° 9.8-10.0 0.42 1.04 0.45
[(ASe,"™),ThCl;] (2) 0.376 0.292 -58x10° 9.9-106 0.42 1.04 0.44
[(ASe""),UCI;] (3)  0.379 0.326 -56x10° 11.4-14.7° 0.44 1.05 0.52
[(AS"?),U15]% 0.353 0.329 -6.0x10° 10.7-12.8 0.48 0.94 0.53
[(ASe;"2),Ul1,]%® 0.320 0.362 -7.1x10°% 125-15.8° 0.48 0.90 0.56

2 range includes a and B spin NLMOs.

EXPERIMENTAL SECTION

General Details: An argon-filled MBraun UNIlab glovebox equipped
with a =30 °C freezer was employed for the manipulation and storage of
all oxygen- and moisture-sensitive compounds. Air-sensitive reactions
were performed on a double-manifold vacuum line equipped with an Ed-
wards RV 12 vacuum pump using standard techniques. The vacuum was
measured periodically using a Kurt J. Lesker 275i convection enhanced
Pirani gauge and was always between 5 and 10 mTorr. ThCla(dme)z,*?
UCl4,* [{Li(AS2"")}2]* and [{Li(ASe2""?)}.]% were synthesized follow-
ing previously reported procedures. Caution! Natural abundance thorium
(primary isotope 22Th) and uranium (99.3% 2%U; 0.7 % 2*°U) are a-emit-
ters with long half-lives (1.41 x 10 years for 2%2Th, 4.47 x 10° years for
238y, and 7.04 x 108 years for 2U), and other elements in the decay chains
for these elements are a- or f-emitters, and in some cases also y-emitters.
Manipulations and reactions should be carried out in fume hoods or in an
inert atmosphere glovebox in a laboratory equipped with appropriate
monitoring equipment.

Benzene was purchased from Sigma Aldrich. Hexanes, toluene, Et20,
and THF were purchased from Caledon, o-difluorobenzene was purchased
from Oakwood, and deuterated solvents were purchased from Cambridge
Isotope Laboratories, Inc. Hexanes, Et2O, THF, and toluene were initially
dried and distilled at atmospheric pressure from sodium/benzophenone
(hexanes, Et2O, THF) and sodium (toluene). o-difluorobenzene and ben-
zene were dried by stirring over 4 A molecular sieves for 1 week, degas-
sing, and distilling under reduced pressure. All solvents were stored over
an appropriate drying agent (Et20, toluene, benzene, THF, CeDs, toluene-
ds = Na/Ph2CO; hexanes = Na/Ph.CO/tetraglyme) and introduced to reac-
tions or air-free solvent storage flasks via vacuum transfer with condensa-
tion at =78 °C or inside of an argon-filled glovebox. Argon gas was pur-
chased from Air Liquide.

'H, BC{*H} and ""Se{*H] NMR spectra of all air-sensitive samples
were acquired at room temperature in J-Young tubes on either a Bruker
AV-600 or AV-500 MHz spectrometer. *H and 3C{*H} spectra were ref-
erenced relative to the residual proteo signals of the solvent (CsDs or tol-
uene-ds) or the solvent carbon resonances, respectively (CeDe: *H = 7.16
ppm; 3C = 128.06 ppm/toluene-d8: *H = 7.09, 7.01, 6.97, 2.08 ppm; *C
=137.48, 128.87, 127.96, 125.13, 20.43 ppm). ""Se{*H} spectra were ref-
erenced by indirect referencing® from a *H NMR spectrum. Peak assign-
ments in the spectra of all new compounds were made with the aid of
DEPT-q, COSY, HSQC, and HMBC experiments. All $3C{*H} signals are
singlets unless otherwise specified.

X-ray crystallographic analyses were performed with suitable crystals
coated in paratone oil on either a STOE IPDS Il diffractometer equipped
with a 3 kW sealed tube Mo generator or a Bruker Dual Source D8 Ven-
ture diffractometer using the 1::S 3.0 Mo source at 70 W with a HELIOS
Mo focusing optic (ELM33) in the McMaster Analytical X-ray (MAX)
Diffraction Facility. Raw data was processed using XPREP (as part of the
APEX v4 software) and solved by intrinsic (SHELXT)*> methods. Struc-
ture refinement was performed with SHELXL* in OLEX 2.#7 In the struc-
ture of 1-2 hexanes, hexane solvent molecules were badly disordered and
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could not be satisfactorily modelled and were therefore treated with the
BYPASS method.%” Images were rendered using Ortep3 and POV-Ray.
Images were rendered using Ortep3 and POV-Ray.

Combustion elemental analyses were carried out at McMaster Univer-
sity.

Geometry optimization calculations were conducted with ADF within
the AMS DFT package (SCM, version 2021.104, 2022.103 or
2023.102).48%0 Calculations were performed in the gas phase within the
generalized gradient approximation using the 1996 Perdew—Burke—Ern-
zerhof exchange and correlation functional (PBE),% using the scalar ze-
roth-order regular approximation (ZORA)%2%¢ for relativistic effects, and
Grimme’s DFT-D3-BJ dispersion correction.5”8 These calculations were
conducted using all-electron triple-{basis sets with two polarization func-
tions (TZ2P), and fine integration grids (Becke®*% very good quality) with
default convergence criteria for energy and gradients. All uranium calcu-
lations were performed with the UNRESTRICTED command and a spin
polarization of 2. Analytical frequency calculations®'-6% were performed to
ensure that each geometry optimization led to an energy minimum. Quan-
tum theory of atoms in molecules (QTAIM)% properties were obtained
using the QTAIM keyword with an analysis level of Full,%72 and NBO™
analysis was carried out using NBO 6.0 within the AMS DFT package.

[(AS;”"2),ThCl;] (1): In the glovebox, ThCls(dme). (80.0 mg, 0.144
mmol) and [{Li(AS2"")}2] (133 mg, 0.289 mmol) were charged to a 20
mL scintillation vial, dissolved in ~ 5 mL of toluene and stirred for 20
minutes. The orange solution was filtered through a small celite plug to
remove LiCl and collected in a 25 mL round-bottom flask. The solution
was evaporated in vacuo to an oily orange residue which was then brought
into the glovebox and dissolved in minimal (~2 mL) of toluene, layered
with ~5 mL hexanes and then placed in the freezer. After 4 days, a crop of
orange-yellow crystals was produced. The supernatant was decanted, and
the solids washed with 3 x 1 mL hexanes. The precipitate was then dis-
solved in benzene and evaporated to dryness to liberate trapped toluene
and dried in vacuo for 3 hours, yielding [(AS2""?);ThCl2] (1) as a yellow-
orange solid in 29 % vyield (50.8 mg). X-ray quality crystals of
[(AS2""?),ThCI2]-2 hexanes (1-2 hexanes) were grown from an o-
difluorobenzene solution layered with hexanes cooled to —30 °C for one
week. 'H NMR (CsDs, 600 MHz): § 7.49 (s, 2H, AcridanCH), 7.29 (s, 2H,
AcridanCH), 7.27-7.26 (d, Ju-+ 6.21 Hz, 4H, 0-Ph), 7.06-7.04 (m, 4H, o-
Ph), 7.04 (s, 2H, AcridanCH), 6.70 (s, 2H, AcridanCH), 6.69-6.65 (m,
6H, m,p-Ph), 6.61-6.58 (m, 6H, m,p-Ph), 2.14 (s, 6H, CMe), 2.03 (s, 6H,
CMe), 1.84 (s, 6H, CMe2), 1.83 (s, 6H, CMey). *C{*H} NMR (Ce¢Ds, 150
MHz): § 151.32 (AcridanCSe), 150.16 (AcridanCSe), 136.15 (PhCSe),
136.00 (AcridanCH), 135.27 (AcridanC), 135.12 (PhCSe), 133.57 (Acrid-
anC), 132.22 (o-Ph), 130.74 (CMe), 130.27 (CMe), 129.94 (o-Ph/Acrid-
anCH), 128.95 (m,p-Ph), 128.81 (m,p-Ph), 127.04 (2 x m,p-Ph), 126.93
(AcridanCH), 126.80 (AcridanCH), 120.56 (AcridanCN), 112.92 (Acrid-
anCN), 37.62 (CMey), 33.03 (CMe), 25.36 (CMe), 20.74 (2 x CMe).
Anal. Calcd. (CssHs2Cl2N2S4Th): C, 57.66; H, 4.34; N, 2.32. Found: C,
57.86; H, 4.83; N, 2.29 %.

[(ASe”"2), ThCl,] (2): In the glovebox, ThCls(dme). (80.0 mg, 0.144
mmol) and [{Li(ASez""?)}-] (160 mg, 0.289 mmol) were charged to a 20



mL scintillation vial, dissolved in ~8 mL of toluene and stirred for 30
minutes. ~1 mL of hexanes was added to the solution, which was allowed
to stir for another 5 minutes, after which, the orange solution was filtered
through a small celite plug to remove LiCl and collected in a 25 mL round-
bottom flask. The solution was evaporated in vacuo to an oily orange res-
idue which was then brought into the glovebox and dissolved in minimal
(~3 mL) of Et20, layered with ~15 mL hexanes and then placed in the
freezer. After 1 day, a crop of orange-yellow crystals was produced. The
supernatant was decanted, and the solids washed with 2 x 1 mL hexanes.
The precipitate was then dried in vacuo for 1 hour, yielding
[(ASez"?);ThCl2] (2) as a yellow-orange solid in 40 % yield (80.4 mg).
X-ray quality crystals of [(ASe2""?),ThCl,]-toluene (2-toluene) were
grown from a toluene solution layered with hexanes cooled to —30 °C for
two weeks. *H NMR (CsDs, 600 MHz): § 7.56-7.55 (d, Jn-+ 7.06 Hz, 4H,
0-Ph), 7.51 (s, 2H, AcridanCH), 7.24-7.23 (m, 4H, o-Ph), 7.21 (s, 2H,
AcridanCH), 6.93 (s, 2H, AcridanCH), 6.90 (s, 2H, AcridanCH), 6.79—
6.74 (m, 12H, (2 x m,p-Ph), 2.24 (s, 6H, CMe), 2.02 (s, 6H, CMe), 1.95
(s, 6H, CMez), 1.84 (s, 6H, CMez). BC{*H} NMR (CsDs, 150 MHz): &
151.72 (AcridanCSe), 150.75 (AcridanCSe), 136.37 (AcridanCH), 135.51
(AcridanC), 133.73 (AcridanC), 132.51 (o-Ph), 131.48 (PhCSe), 131.07
(CMe), 130.94 (AcridanCH), 130.57 (CMe), 130.31 (m,p-Ph), 129.66 (2
x m,p-Ph), 129.36 (PhCSe), 129.24 (AcridanCH), 128.92 (o-Ph), 127.60
(m,p-Ph), 125.42 (AcridanCH), 120.53 (AcridanCN), 113.27 (Acrid-
anCN), 37.82 (CMe), 31.76 (CMey), 25.04 (CMey), 20.83 (CMe), 20.80
(CMe). "Se{*H} NMR (CeDs, 114 MHz): & 392.78 (s), 347.96 (s). Anal.
Calcd. (CssHs2Cl2N2SeqTh): C, 49.91; H, 3.75; N, 2.01. Found: C, 50.43;
H, 3.45; N, 2.13 %.

[(ASes""?),UCI,] (3): In the glovebox, UCIs (50.0 mg, 0.132 mmol) and
[{Li(ASe2"")}2] (145.5 mg, 0.132 mmol) were charged to a 20 ml scintil-
lation vial with a stir bar. The solids were dissolved in ~3 ml of THF and
stirred. After 20 minutes ~1 ml of hexanes was added to the dark brown
solution and the reaction was allowed to stir for an additional 5 minutes
before filtering the supernatant through a celite plug to remove LiCl. The
dark brown solution was collected in a 25 ml round-bottom flask and dried
in vacuo, leaving a black residue. The flask was brought back into the
glovebox and the residue was taken up in 1-2 ml of Et20O, which was then
layered with ~16 ml hexanes and placed in a —30 °C freezer to recrystallize
overnight. The dark brown supernatant was decanted and the remaining
solid washed with 2 x 1 ml hexanes. The precipitate was dried in vacuo
for 1 hour and brought back into the glovebox. 60.2 mg of dark brown
[(ASe2""?),UClI] (3) was collected in 33% yield. X-ray quality crystals of
[(ASe2""?);UCl:]-toluene (3-toluene) were grown from a toluene solution
layered with hexanes cooled to —30 °C for one week. *H NMR (CsDs, 600
MHz): & 22.17 (s, 2H), 19.12 (s, 6H, CHs), 15.52 (s, 2H), 9.85 (s, 6H,
CHa), 8.55 (s, 6H, CHs), 7.69 (s, 2H), 7.61 (br s, 4H, o,m-Ph), 7.55 (br s,
4H, o,m-Ph), 7.09 (br s, 2H), 0.45 (br s, 2H), —0.55 (s, 4H, 0,m-Ph), —-3.35
(s, 6H, CHs), —6.66 (s, 4H, o,m-Ph), —14.06 (s, 2H). Anal. Calcd.
(CssHs2Cl2N2SesU): C, 49.69; H, 3.74; N, 2.00%. Found: C, 49.17; H,
4.13; N, 2.03 %.

FOOTNOTES

+ CSD version 5.45, updated June 2024.

1 In 1, each ligand features nine inter-ring C---C distances below
4.0 A, and the shortest C--C distance for the two ligands is 3.510
or 3.518 A; in 2, five C--C distances are below 4.0 A, and the
shortest distance is 3.633 A; in 3, three C--C distances are below
4.0 A, and the shortest distance is 3.585 A.™

§ Compounds 1-3 were formed as the major reaction product, and
the low yields are attributed to losses during recrystallization.
Attempts to prepare a uranium analogue of compound 1 were not
undertaken.
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