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Abstract: This work reports the synthesis and characterization of trivalent four-coordinate
tris(silylamide) phosphine oxide complexes of Uranium and Cerium with approximate C, symmetry.
The pseudo-C, symmetric four-coordinate tris[bis(trimethylsilyl)amido] triphenylphosphine oxide
framework has only been reported for La, Sm, Eu, Er, Lu, Y, and U. Only the Lanthanum and
Uranium derivatives have been characterized by X-ray crystallography, and 3'P NMR spectra
have only been reported for the diamagnetic derivatives (La and Y). To our knowledge, f-element
tris(silylamido) phosphine oxide complexes with substituted-aryl phosphine oxide ligands have not
been characterized via XRD or NMR. Substituted aryl-derivatives exhibit different reactivities and
spectroscopic properties than the simple triphenylphosphine oxide framework, because the relative
electron densities on the phosphorus and oxygen atoms are highly influenced by the electronic
character of the organic substituents bound to the phosphorus. The nature of the organic substituents
on phosphorus therefore highly influences the nature of the metal-oxygen bond in phosphine oxide
coordination complexes. These axially symmetric four-coordinate silylamide phosphine oxide
complexes are suitable models for studying the relative differences in Ln/An metal-ligand covalency
using *'P-NMR spectroscopy and X-ray emission spectroscopy. Expanding this structural framework
to other Lanthanide and Actinide metals, and fully characterizing a series of pseudoisostructural
complexes featuring various organic substituents on the phosphine oxide (beyond triphenylphosphine
oxide), would provide considerable insight concerning phosphine oxide bonding interactions with
f-block metals. In addition to being convenient ligands for spectroscopic studies of f-element
electronic structure, phosphine oxides (and the details of their interactions with f-block metals) are
directly relevant to the nuclear fuel cycle. The fundamental nature of f-block metal phosphine oxide
bonds is not well understood, and deeper empirical insight into the nature of these interactions is
needed in order to facilitate large-scale computational screening of potential extractants for trivalent
Ln/An separations. Herein we report the synthesis, X-ray crystallography, and paramagnetic
NMR spectroscopy of a series of trivalent Cerium and Uranium tris(silylamido) phosphine oxide
complexes, as well as the X-ray and gamma emission spectra for Ce[N(SiMe,),],[OPPh,]. It was
observed in this work that phosphine oxide coordination to the metal center increases the length
of the metal-amide bond, which could perhaps explain the enhanced protonolysis reactivity with
HPPh, that was observed decades ago for lanthanide tris(silylamide) phosphine oxide complexes,
compared to their corresponding three-coordinate Ln[N(SiMe,),], analogues.
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Introduction
This work reports the synthesis and

characterization of trivalent four-coordinate
tris(silylamide) phosphine oxide complexes
of uranium and cerium with approximate C,
symmetry. Cerium and uranium, along with the
rest of the lanthanide and actinide elements,
are considered “hard” Lewis acids and have
large ionic radii [1-9]. The coordination
chemistry of these elements is dominated by
high coordination numbers (typically CN=7 or
greater) and they tend to form complexes with
“hard” fluoride and oxygen-donor ligands.
Coordination numbers less than 6 are extremely
rare in f-block coordination chemistry, and
they were not observed for lanthanides until
the three-coordinate  tris[bis(trimethylsilyl)
amide] complexes were synthesized in the
1970’s [10-13]. These volatile, low-coordinate
complexes with bulky silyl-amide ligands have
led to important advances in the field [14-18].

Uranium(III) Complexes

They have served as gateways to new uncharted
areas of f-block coordination chemistry via the
“silyl-amide protonolysis route” [15, 19-23];
for example, the tris[bis(trimethylsilyl)amides]
of the lanthanides have been used to install
anionic, “soft-donor” sulfido [20,21], selenido
[21], tellurido [22], and phosphido [19] ligands
via protonolysis. The volatility of lanthanide
and actinide tris(silyl)amides makes them
naturally attractive for metal-organic chemical
vapor deposition (MOCVD) applications. The
sulfido (thiolate) complexes have been used
as precursors for the synthesis of high-purity
lanthanide sulfide (Ln,S,) materials [2]. The
tris-silylamides themselves can be used for the
synthesis of lanthanide nitride (LnN) materials
[15,24, 25], and uranium tris-amides can also
be used to make uranium nitride (UN) [26],
which has been attracting a lot of attention as a
next generation nuclear fuel [26]. Nitride fuels
have several advantages, such as high thermal
conductivity, thermal stability, and fissile metal

Figure 1: Sublimed U[N(SiMe,), |,
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Scheme 1: General Synthesis of M"' [OPR,][N(SiMe3)2]3

density; however, the synthesis of high purity
actinide nitrides has been proven very difficult
using conventional carbothermic reduction
methods from metal oxides [26]. Molecular
actinide amide precursors provide a potential
alternative for the synthesis of high purity
actinide nitride fuels [26].

Gd[N(SiMe,),], and Nd[N(SiMe,),], have
recently been used as single-source precursors
for the synthesis of bimetallic MRI contrasts
agents (Gd) [27] and efficient photoabsorbers
(Nd) [28], respectively. U[N(SiMe,),], and
Er[N(SiMe,), ], exhibit slow magnetic relaxation
and are single-ion magnets [29,30]. f~Element
single-ion magnets, and their potential
applications in quantum technologies, has been
the subject of a few excellent review articles in
recent years [30-33]. Ce[N(SiMe,),], (Figure
la) has served as a gateway for the synthesis of
four-coordinate Cerium(IV) halide complexes
[34-38]. These new tetravalent Cerium halide
compounds represent an important advance in
Ce" chemistry [38] and provide a high-symmetry
platform for investigating the uranium-like
covalency that has recently been observed in Ce™
metal-ligand bonding [8]. Tris(silyl)amides have
also provided straightforward and reliable routes
to low-coordinate tetravalent uranium [39,40]
and plutonium [24,25] halide compounds, as
well as tetravalent, pentavalent, and hexavalent

uranium complexes with metal-ligand multiple
bonds [33-38]. Indeed, it is an exciting time to
be involved in f~element coordination chemistry.

Over the decades since Ln[N(SiMe,),],
compounds were first synthesized, they have
also been used to synthesize four-coordinate

trivalent adducts with Lewis-bases, such
as triphenylphosphine oxide [49-51]. The
triphenylphosphine  oxide  adducts have

exhibtied interesting reactivity. In a previous
study, the four-coordinate triphenylphosphine
oxide adducts showed enhanced protonolysis
reactivity with diphenylphosphine (HPPh,)
compared to the base-free three-coordinate
Ln[N(SiMe,),], compounds  [19].  These
protonolysis reactions resulted in the synthesis
of lanthanum, europium, and yttrium phosphido
complexes. Very few lanthanide complexes
with anionic phosphorus-donor ligands have
been reported in the literature [2,19,52,53]. This
observed enhancement in reactivity has yet to
be further explored since it was first reported
decades ago, and it is worth revisiting and
investigating further. The pseudo-C, symmetric
four-coordinate  tris[bis(trimethylsilyl)amido]
triphenylphosphine oxide framework has only
been reported for La [19], Sm [51], Eu [19],
Er [50], Lu [19], Y [19], and U [39]. Only the
lanthanum and uranium derivatives that have
been characterized by X-ray crystallography
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[19,39], and *'P NMR spectra have only been
reported for the diamagnetic derivatives (La
and Y) [19]. To our knowledge, tris(silylamido)
phosphine oxide complexes with substituted-
aryl phosphine oxide ligands have not been
characterized via XRD or NMR. Substituted
aryl-derivatives exhibit different reactivities
and spectroscopic properties than the simple
triphenylphosphine oxide framework, because
the relative electron density on the phosphorus
and oxygen atoms is highly influenced by the
electronic character of the organic substituents
bound to the phosphorus. The nature of the
organic substituents on phosphorus therefore
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highly influences the nature of the metal-
oxygen bond in phosphine oxide coordination
complexes.

These axially symmetric four-coordinate
silyl-amide phosphine oxide complexes are
suitable models for studying the relative
differences in Ln/An metal-ligand covalency
using 'P-NMR spectroscopy and X-ray
emission  spectroscopy.  Expanding  this
structural framework to other lanthanide and
actinide metals, and fully characterizing a series
of pseudo-isostructural complexes featuring
various organic substituents on the phosphine
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oxide (beyond triphenylphosphine oxide),
would provide considerable insight concerning
phosphine oxide bonding interactions with
Jf-block metals. In addition to being convenient
ligands for spectroscopic studies of f-element
electronic structure, phosphine oxides (and
the details of their interactions with f~block
metals) are directly relevant to the nuclear fuel
cycle [54]. Phosphine oxides have been used
effectively for advanced trivalent lanthanide/
actinide separations [54-56]. The fundamental
nature of f~block metal-phosphine oxide bonds
is not well understood [7,57,58,59], and deeper
empirical insight into the nature of these
interactions is needed in order to facilitate
large-scale computational screening of potential
extractants for trivalent Ln/An separations.

Herein we report the synthesis, X-ray
crystallography, and paramagnetic NMR
spectroscopy of a series of trivalent cerium
and uranium tris(silylamido) phosphine oxide
complexes, as well as the X-ray and gamma
emission spectra for Ce[N(SiMe,),],[OPPh.].

Experimental

All experimental operations were conducted
with rigorous exclusion of air and moisture
using Schlenk techniques, standard glove-box
methods using a Vacuum Atmospheres glovebox
with a recirculating dinitrogen atmosphere, and
standard glove-bag methods using a Captair
Pyramid disposable glove-box under Argon.
Solvents were bought anhydrous or HPLC
grade (pentane, hexane, toluene, acetonitrile,
THF, diethyl ether) and further purified using a
Vacuum Atmospheres Solvent Purifier System.
1,4-dioxane, THF, and diethyl ether were dried
over sodium benzophenone ketyl, and degassed
by three freeze-pump-thaw cycles prior to use.
All solvents were stored under dinitrogen in a
glove-box, and stored over 4 A molecular sieves
for at least 24 hours prior to use. Glassware
was dried at 150°C before use. 'H and *'P NMR
spectra were recorded using a Bruker 400 MHz
spectrometer at 298 K. Deuterated benzene
(Cambridge Isotopes) was stored over 4 A
molecular sieves for at least 24 hours prior to use.
Elemental analysis was conducted using particle-

109

induced X-ray emission spectrometry (PIXE)
and particle-induced gamma-ray emission
spectrometry (PIGE) using a 3 MeV proton
beam generated by a 3MV Tandem Accelerator
(National Electrostatics Corporation). X-rays
were detected using two high-energy Bruker
SDD detectors, and one low-energy Bruker
SDD detector. Gamma-rays were detected using
a liquid nitrogen-cooled high-purity germanium
(HPGe) detector. The sample for elemental
analysis was secured between two pieces of 8
pm Kapton film under nitrogen and brought
out into the atmosphere for external ion beam
analysis. Single crystal X-ray diffraction was
conducted using a Bruker XRD instrument with
a Mo-Ka X-ray source.

Oxide encrustations were removed from the
uranium metal using concentrated nitric acid
[60]. Once the turnings achieved a brilliant
lustre, the nitric acid was decanted, and the
turnings were rinsed with acetone and stored
in a dinitrogen atmosphere glovebox. lodine
(sublimed) was used as purchased (Aldrich).
KN(SiMe,), and CeCl, (anhydrous) was used
as purchased (Aldrich). Phosphine oxides
were synthesized from commercially obtained
tertiary-arylphosphines (Aldrich) using
literature methods [61, 62]. UL (1,4-dioxane),
was prepared using literature methods [60].
Ce[N(SiMe,),], [63] and U[N(SiMe,),], [60]
were synthesized using literature methods and
sublimed prior to use.

Caution! Depleted uranium (primary isotope
28U) is a weak o-emitter (4.197 MeV) with a
half-life of 4.47 x 10° years; manipulations and
reactions should be carried out in monitored
fume hoods or in an inert atmosphere drybox
in a radiation laboratory equipped with a- and
B-counting equipment.

Synthesis of Ce|OPPh,][N(SiMe,),],

0.739 grams (1.19 mmol) of freshly sublimed
Ce[N(SiMe,),], was dissolved in 10 mL of
toluene, and added to a flask with 0.331 grams
(1.19 mmol) of triphenylphosphine oxide, and
stirred overnightatroomtemperature. The vibrant
yellow color of the Ce[N(SiMe,), |, slowly fades
to transparent as the triphenylphosphine oxide
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coordinates to the Cerium ion. The solvent was
removed in-vacuo, and the residue was extracted
with 20 mL of pentane, and filtered through a
Celite-padded, medium porosity fritted-filter.
The pentane was removed from the product in
vacuo, and a beige-tan solid was afforded in
87% yield (0.928 grams). Large crystals were
grown from a concentrated pentane solution
with a minimal amount of toluene. The crystals
initially submitted were twinned, and the
product was recrystallized from a pentane/
toluene solution to yield a large (ca. 0.5 g)
crystal with smaller single crystals surrounding
it. The smaller crystals were submitted for
single crystal X-ray diffraction, and the crystal
structure obtained confirmed that the compound
was indeed the four-coordinate complex
tris(silyl) amide phosphine oxide complex. The
proton NMR for the complex features a large,
broad, paramagnetically shifted SiMe, peak at
-0.78 ppm, which is relatively more deshielded
than the three-coordinate precursor (-3.3 ppm).
Very broad aromatic NMR signals also show up
at 6.4 ppm and 4.6 ppm, relatively more shielded
compared to the free ligand. The observation
of only two aromatic signals is consistent with
the isostructural Yttrium complex [49]. Only
one P NMR resonance was observed at 54

Uranium(IIT) Complexes

ppm, significantly deshielded compared to the
free ligand at 29 ppm. The large crystal was
submitted for ion beam analysis, and the X-ray
spectrum obtained via PIXE nearly confirms
the correct stoichiometry of the complex.
The relative Ce and Si concentrations were
almost correct; however, the P concentrations
were somewhat high, presumably due to the
phosphine oxide crust that formed on the crystal
over time. Crystal Data: C,H, CeN,OPSi,
(1-Ce), M = 899.57, triclinic, space group
, a = 12.3341(10) A, b = 12.3809(10) A, ¢
= 19.7051(17) A, a = 100.0905(13)°, B =
93.0661(14)°, y=118.9017(12)°, U =2560.0(4)
A3 Z=2, D_=1.167 g cm”, Mo-Ka radiation [A
=0.71073 A, n(Mo-Ka) = 1.087 mm™']. NMR
Data (C,D,): 'H-0.78 ppm (SiMe, 54H), 5 6.4
ppm (aromatic 9H), 6 4.6 ppm (aromatic 6H);
3P 8 53.57 ppm. Elemental Analysis (PIXE):
Calculated Ce 15.58 P 3.44 Si 18.73; Found: Ce
15.58 P 6.48 Si 19.67.

Synthesis of Ce|OP(p-anisyl),][N(SiMe,),|,

0.021 grams (0.034 mmol) of freshly
sublimed Ce[N(SiMe,),], was dissolved in
3 mL of toluene, and added to a flask with
0.012 grams (0.034 mmol) of tris(p-anisyl)
phosphine oxide, and stirred overnight at room
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Figure 3: Energy-Dispersive X-ray Emission Spectrum for Ce[OPPh,][N(SiMe,),|,
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temperature. The vibrant yellow color of the
Ce[N(SiMe,), ], slowly fades to transparent as
the tris(p-anisyl)phosphine oxide coordinates
to the cerium ion. The solvent was removed in-
vacuo, and the residue was extracted with 10
mL of pentane, and filtered through a Celite-

3)2]3

padded, medium porosity fritted-filter. The
pentane was removed from the product in vacuo,
and a colorless solid was afforded in ca. 100%
yield (0.033 grams). Single crystals were grown
from a concentrated pentane solution via slow
evaporation at room temperature after a few

Proc. Okla. Acad. Sci. 103: pp 105 - 129 (2023)
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triclinic

P1

Figure 6: Single-Crystal XRD Structure for Ce[OPPh,][N(SiMe,), |,

days and submitted for X-ray diffraction. Crystal
Data: C,,H .CeN,O,PSi, (2-Ce), M = 989.65,
monoclinic, space group P2 /c, a = 16.1035(9)
A, b =13.8776(8) A, ¢ = 23.0565(13) A, a =
90°, B =91.9766(9)°, y = 90°, U= 5149.6(5) A3,
Z=4,D, = 1276 g cm®, Mo-Ka radiation [A
=0.71073 A, p(Mo-Ka) = 1.092 mm™']. NMR
Data (C,D,): 'H 6 -0.77 ppm (SiMe, 54H), &
6.14 ppm (aromatic 6H), & 4.92 ppm (aromatic
6H), 6 2.98 ppm (OCH, 9H); *'P  54.39 ppm.

Synthesis of U[OP(p-anisyl),|[N(SiMe,),|,
0.719 grams (1.03 mmol) of freshly sublimed
Proc. Okla. Acad. Sci. 103: pp 105 - 129 (2023)

U[N(SiMe,),], was dissolved in 10 mL of
toluene, and added to a flask with 0.379 grams
(1.03 mmol) of tris(p-anisyl)phosphine oxide,
and stirred overnight at room temperature.
The reddish-purple color of the U[N(SiMe,),],
appears to gradually change to a darker shade
of purple very subtly as the tris(p-anisyl)
phosphine oxide coordinates to the uranium
ion. The solvent was removed in-vacuo, and the
residue was extracted with 20 mL of pentane,
and filtered through a Celite-padded, medium
porosity fritted-filter. The pentane was removed
from the product in vacuo, and a purple solid
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Figure 7: Single-Crystal XRD Structure for Ce[OP(p-anisyl),][N(SiMe,), |,

was afforded in 46% yield (0.519 grams).

Alternative procedure 0.051 grams (0.068
mmol) of UL(1,4-dioxane), ; was dissolved in 5
mL of THF. Three equivalents of KN(SiMe,), and
a threefold excess of t tris(p-anisyl)phosphine
oxide (with respect to uranium) was dissolved
in 5 mL of THF, and added dropwise to the UL/
THF solution while stirring at room temperature
with slight evolution of fumes upon addition.
The dark brown (almost black) solution was
stirred overnight, and the solvent was removed
in vacuo. The residue was extracted with toluene,
and the potassium iodide salts were removed
by filtering the extract through a Celite-padded

medium porosity fritted filter. The solvent
was removed in vacuo yielding a dark-brown/
black solid, and the residue was extracted with
n-pentane. The remaining salts and unidentified
insoluble by-products were removed by filtering
the purple n-pentane extract through a Celite-
padded medium-porosity fritted filter. The
solvent was removed in vacuo, affording a purple
solid in ca 50% yield. Purple single-crystals of
the complex were grown from a concentrated
pentane solution via slow evaporation at -30°C
after a few days and submitted for X-ray
diffraction. Crystal Data: C,H N,O,PSi U
(3-U), M= 1087.56, monoclinic, space group
P2 /e, a = 16.063(2) A, b = 13.9300(19) A, ¢
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Figure 10: Single-Crystal XRD Structure for U[OP(p-anisyl),][N(SiMe,), |,

=23.043(3) A, a =90°, B = 91.895(2)°, y = 90°,
U=51532(12) A%, Z=4, D_= 1.402 g cm?,
Mo-Ka radiation [A = 0.71073 A, p(Mo-Ka) =
3.357 mm™']. NMR Data (CD,): '"H 6 -5.68 ppm
(SiMe, 54H), 6 4.47 ppm (aromatic 6H), 5 -2.51
ppm (aromatic 6H), & 2.56 ppm (OCH, 9H); *'P
6 102.6 ppm.

Synthesis of Ce[OP(p-tolyl,][N(SiMe,),|,

0.009 grams (0.0148 mmol) of freshly
sublimed Ce[N(SiMe,),], was dissolved in 3 mL
of toluene, and added to a flask with 0.005 grams
(0.0148 mmol) of tris(p-tolyl)phosphine oxide,

and stirred overnight at room temperature. The
vibrant yellow color of the Ce[N(SiMe,),],
slowly fades to transparent as the tris(p-tolyl)
phosphine oxide coordinates to the cerium ion.
The solvent was removed in-vacuo, and the
residue was extracted with 10 mL of pentane,
and filtered through a Celite-padded, medium
porosity fritted-filter. The pentane was removed
from the product in vacuo, and a beige solid
was afforded in 52 % yield (0.007 grams). NMR
Data (CD,): 'H 6 -0.74 ppm (SiMe, 54H), &
5.45 ppm (aromatic 9H), & 4.67 ppm (aromatic
6H); *'P 6 54.55 ppm.

Proc. Okla. Acad. Sci. 103: pp 105 - 129 (2023)



116

Structural Investigations of High-Symmetry Low-Coordinate Cerium(III) and
Uranium(IIT) Complexes

Table 1. Crystallographic Data for R,P=0-Met-[N(SiMe,),|,

bond length (A) bond angle (°)
R Met| Met-O O-P Met-N1 Met-N2 Met-N3 |M-N,,| Met-O=P |N1-Met-N2 N1-Met-N3 N2-Met-N3|N-Met-N,,, ref
MeOPh Ce [2.3952(12) [1.5161(12) [2.3612(14) 2.4000(14) 2.4065(14) | 2.389 [174.44(7) [107.37(5) 114.43(5) 121.53(5) 114.44
Ph Ce |2.403(2) |[1.512(2) [2.357(2) 2.373(3) 2.388(2) | 2.373 |176.85(13) [108.83(9) 110.90(9) 116.96(9) 112.23
MeOPh U [2.376(3) [1.519(3) |[2.344(4) 2.390(4) 2.398(4) | 2.377 |174.2(2) |108.55(14) 112.84(14) 120.88(14) | 114.09
Ph U [2.382(2) [1.512(2) |2.343(4) 2.362(4) 2.367(3) | 2.357 |176.5(2) [109.8(1)  110.7(1)  115.6(1) 112.03 |[26]
Ph La |2.40(2) 1.522) [2.38(2) 2.40(3)  2.41(2) 2.397 |174.6 109.2(9)  112.7(8)  116.4(6) 112.77 |[49]
Table 2. Data for Ph,P=0O-Met-[N(SiMe,),], NMR data (ppm)
31 1y, o 1 .

Met P HSiMe; HAromatic ref

U 105.19 -5.66 6.46-4.56

Ce ([53.57 -0.78 6.40, 4.63

La (39 0.07 7.57 [49]

Y 38 0.3 6.8-7.9 [49]

Sm |N/A N/A N/A [51]

Eu |N/A -1.43 4.9 [49]

Er |N/A N/A N/A [50]

Lu |N/A 0.1 7.5 [49]
Results and Discussion 5

room temperature or -30°C.
Reactions of extremely air sensitive Single-crystal ~ X-ray  structures  were

Ce[N(SiMe,),], (CeN*)) and U[N(SiMe,),],
(UN*)) with one equivalent of aryl-phosphine
oxide ligands in toluene at room temperature
for several hours afforded M[OPAr,J[N*],
compounds in moderate to excellent yields
(46%-100%). Optimum yields were obtained for
the para-methoxy substituted aryl-phosphine
oxide derivative (quantitative), and in general,
cerium derivatives were obtained in better yields
than the uranium derivatives. U[OP(p-anisyl),]
[N(SiMe,),], could also be obtained in one
step from directly UI,(1,4-dioxane), ., thereby
circumventing the difficulties involved with
obtaining impurity-free U[N(SiMe,),],. The
four-coordinate aryl-phosphine oxide adducts,
unsurprisingly, are more air-stable and robust
than their three-coordinate tris-amide precursors;
however, the phosphine oxide adducts are still
extremely air/moisture-sensitive, just less so
than the extremely coordinatively unsaturated
three-coordinate  precursors. These aryl-
phosphine oxide adducts are highly crystalline,
and large single-crystals can be obtained via
slow evaporation of n-pentane and/or toluene at
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obtained for U[OP(p-anisyl),][N(SiMe,),],,
Ce[OP(p-anisyl),][N(SiMe,), ], and
Ce[OPPh,][N(SiMe,),],,  which  facilitated
useful comparisons with the two other
structurally ~ characterized  tris(silyl)amido-
triphenylphosphine oxide complexes reported
in the literature, La[OPPh,][N(SiMe,),], and
U[OPPh,][N(SiMe,),],. These compounds also
facilitated useful comparisons with the base-free
tri-coordinate  M[N(SiMe,),], complexes that
have been structurally characterized [M = Ce
[64], Pr[65],Nd [66], Sm [67], Eu [68], Tb [69],
Dy [70], Er [70], Tm [71], Yb [72], Lu [73], Y
[74], Sc [68], U [75], and Pu [76]). Additional
comparisons can also be made with other
f-element phosphine oxide complexes that have
been structurally characterized [59]; however, to
limit the scope of this discussion, attention will be
focused on the extremely short list of monomeric
four-coordinate  tris[bis(trimethylsilyl)amido]
Lewis-base adducts of the f~elements that have
been structurally characterized. The three crystal
structures obtained, along with the previously
reported La and U derivatives, are pseudo-
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isostructural, and feature nearly linear metal-
oxygen-phosphorus bond angles (174-176°).
Bond lengths and bond angles for this pseudo-
isostructural series are given in Table 1. Table
4 gives the average metal-nitrogen bond lengths
for the structurally characterized M[N(SiMe,), ],
derivatives for comparison.

The XRD data obtained in this work, in
conjunction with previous XRD results, indicate
that coordination of an aryl-phosphine oxide
ligand to the tris(silyl)amido framework results
in a subtle, but noticeable, lengthening of the
metal-nitrogen bonds compared to the three-
coordinate base-free analogues. The cerium-
nitrogen bond in CeN*, (2.320 A) increases
to 2403 A in Ce[OPPh,][N(SiMe,),], and
2.395 A in 2-Ce. The uranium-nitrogen bond
in UN*, (2.320 A) increases to 2.382 A in
U[OPPh,][N(SiMe,),], and 2376 A in 3-U.
The metal-oxygen-phosphorus (M-O-P) bond
angles are nearly linear in all the complexes.
The M-O-P angles for the triphenylphosphine
oxide  complexes  Ce[OPPh,][N(SiMe,),],
and U[OPPh,][N(SiMe,),], are ca. 176°, and
174° for Ce[OP(p-anisyl),][N(SiMe,), ],
U[OP(p-anisyl),][N(SiMe,),],, and La[OPPh,]
[N(SiMe,),],. The three triphenylphosphine
oxide complexes have N-M-N angles of
about 112° (average), and the angles for the
substituted aryl derivatives are slightly larger,
114° (average). As a whole, the geometrical
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parameters are extremely similar for the five
tris(silyl)amido-phosphine oxide complexes that
have been structurally characterized by XRD in
this work and previous work.

The data in Table 4 shows a gradual decrease
in lanthanide-nitrogen bond distances across
the 4f series from Ce-Yb as the relative ionic
radius of the lanthanide ion decreases. The
metal-nitrogen bond lengths in Ce[N(SiMe,),],
and U[N(SiMe,),], are identical (2.320 A),
which is consistent with their nearly identical
trivalent ionic radii. Since the ionic radii of
La* (117.2 pm), Ce* (115 pm), and U** (116
pm) [2] are so similar, one might expect there
to be little to no difference in the metal-oxygen
bond lengths shown in Table 1. However, the
uranium-oxygen bonds are measurably shorter
than the cerium and lanthanum bonds. The
differences in bond lengths are very subtle (only
about 0.02 A); however, this could be evidence
of increased metal-ligand covalency in the
uranium complexes compared to the cerium
and lanthanum analogues, presumably due to
slightly increased ligand 2p orbital mixing into
6d and 7p manifolds. However, very little can
be said definitively about the orbital interactions
involved based on this slight difference in bond
length.

The bonding in these f-element amide
complexes is largely ionic in character, and most

Table 3. Data for R,P=0-Met-[N(SiMe,) ], NMR data (ppm)

R Met| P 'HSiMe; 'HAromatic 'HAIlkyl| ref
t-Bu Ce [91.77 -1.17 - -5.14
MePh  Ce |54.55 -0.74  5.45,4.67 1.56
MeOPh Ce [54.39 -0.77  6.14,4.92 2.98
Ph Ce [53.57 -0.78  6.40,4.63 -
MePh U |98.34 -553  6.25,4.63 -7.22
t-Bu U |368.58 -3.16 - -8.75
MeOPh U [102.6 -5.68  4.47,-2.51 2.56
Phy(tolyl) U |104.48 -5.52  6.85-4.51 -2.83
Ph U |105.19 -5.66  6.46-4.56 -
Ph la |39 0.07 7.57 - [49]
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Table 4. M [N(SiMe,), |,

Uranium(IIT) Complexes

Ln"'[N(SiMe3)2]3 '"HNMR|ref |Ln-N Bond |ref
La 0.25 |[10]
Ce -3.39 |[63](2.320(3) |[64]
Pr -8.64 |[10](2.31(4)  |[65]
Nd -6.25 |[63][2.29(4) [66]
Sm -1.58 |[10]]2.284(3) |[67]
Eu 6.43 |[10]]2.259(9) |[68]
Gd -11.07 |([63]
Tb 2.233(12) |[69]
Dy 2.212(2) |[70]
Ho
Er 62.89 |[63]]2.21(1)  |[70]
Tm 2.198(9) |[71]
Yb 2.158(13) |[72]
Lu 0.1 |[10](2.168(12) |[73]
Y 0.28 |[10]|2.224(6) [74]
Sc 2.047(6) |[68]

An"[N(SiMe3),]5
u -11  |[14]]2.320(4) |[75]
Np 3.01 |([14]
Pu 0.74 |([14]|2.315(10) |[76]

of the structural data can be rationalized in terms
of'the ionic radius of the central metal cation, and
the steric properties of the ligand framework.
However, the relative amount of metal-ligand
covalency in lanthanide amide complexes
appears to have been initially underestimated,
with the assumption that the limited radial extent
of the core-like 4f orbitals prevented nitrogen-
metal 7-interactions, leading to negligible
metal-ligand covalency. Photoelectron studies
seemed to confirm this assertion [77]. However,
subsequent computational studies suggested
that lanthanide amides have a considerable
degree of covalent character. While affirming
the conclusions of previous studies with respect
to the non-involvement of the 4f electrons in
chemical bonding, some computational results
emphasize the importance of the 54 and 6p
orbitals in lanthanide-nitrogen bonds [93].
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Empirical structural and spectroscopic data
for lanthanide amide and phosphine oxide
complexes are scarce, and more isostructural
complexes of the other members of the
lanthanide series and actinide series need to be
synthesized and characterized. Sophisticated
computational and spectroscopic studies must
also be conducted on these complexes before
any real conclusions about the nature of the
metal-ligand bonds in these complexes can be
made. This work is a small step in that direction.

Paramagnetic 'H and *'P NMR spectra were
obtained for Ce[OP(p-anisyl),][N(SiMe,),],,
Ce[OPPh,][N(SiMe,),],, and U[OP(p-anisyl),]
[N(SiMe,),],, along with other substituted aryl-
and alkyl-derivatives. Derivatives other than
Ce[OP(p-anisyl),][N(SiMe,), ], Ce[OPPh, ]
[N(SiMe,),],, and U[OP(p-anisyl),][N(SiMe,), ],
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have not yet been fully characterized or obtained
in pure form; however, tentative assignments for
additional aryl and alkyl derivatives could still
be made for the paramagnetically shifted NMR
resonances that were observed, so they are
included here for comparison. Table 2 features
the NMR data for Ce[OPPh.][N(SiMe,),],,
as well as all the NMR data available in the
literature for M[OPPh,][N(SiMe,),],complexes.
Table 3 features the NMR data for Ce[OP(p-
anisyl),][N(SiMe,),],, Ce[OPPh.][N(SiMe,),],,
and U[OP(p-anisyl),][N(SiMe,),],, along with
additional data for complexes that have not been
fully characterized or obtained in pure form.
Tables 2 and 3 also include NMR data for the
previously reported U[OPPh,][N(SiMe,),]..
No NMR data was previously reported for
this complex, though its crystal structure
was reported in Stewart’s 1988 dissertation.
Synthetic difficulties were encountered in this
work while trying to reproduce the U[OPPh,]
[N(SiMe,), ], complex, similar to the difficulties
Stewart reported in her 1988 dissertation.
Presumably the instability of the complex is what
prevented the NMR data from being acquired.
Stewart reported that the purple solid complex
decomposed to a brown microcrystalline solid
after prolonged exposure to vacuum. In our
hands, the characteristic purple color of the
complex persisted for a short time while in an
inert-atmosphere glove-box; however, by the
time the compound was worked-up, isolated,
and analyzed by NMR, the purple color had
turned to brown, and complex NMR spectra
were obtained that were difficult to assign.
However, synthesis of U[OPPh,][N(SiMe,),],
directly from UL (1,4-dioxane) ; (described
in the experimental section for the alternative
synthesis U[OP(p-anisyl),][N(SiMe,),],),
yielded NMR spectra that could be assigned with
arelatively high degree of confidence. One of the
more interesting results of this work is that the
para-methoxy-substituted aryl-phosphine oxide
complex, U[OP(p-anisyl),][N(SiMe,),],, seems
to be more stable than U[N(SiMe,),],[OPPh.].
U[OP(p-anisyl),][N(SiMe,), ], repeatedly
gave clear, easily assignable NMR spectra.
The alternative route directly from UIL(1,4-
dioxane), , gave cleaner, reproducible results for
the synthesis of U[OP(p-anisyl),][N(SiMe,),],
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and the other aryl- and alkyl-substituted
phosphine oxide complexes shown in Table 3.

The NMR spectra obtained for Ce[OP(p-
anisyl),][N(SiMe,),],, Ce[OPPh,][N(SiMe,),],,
and U[OP(p-anisyl),][N(SiMe,),],, and other
less characterized systems, exhibited large
paramagnetic shifts in both the 'H and *'P
NMR spectra. The paramagnetic shifts for the
uranium complexes were much larger than the
cerium complexes, which is consistent with the
fact that uranium has more unpaired f-electrons
with an £ configuration compared to cerium
with an f' configuration. The pseudocontact
contribution is the primary influence on the
NMR spectra of f-elements [2,10,49,78,79],
and the large shifts caused by the interactions
between unpaired f-electrons and ligand nuclei
in Ce[OP(p-anisyl),][N(SiMe,),],, Ce[OPPh,]
[N(SiMe,),],, and U[OP(p-anisyl),][N(SiMe,), ],
are mainly dipolar in origin [2,80]. f~electrons
are very localized and core-like, and do not
tend to delocalize onto ligand atoms to a large
extent.  f-electron interactions with ligand
nuclei are “through-space” interactions [2,80].
These “through-space” interactions require the
f-metal ion to have an anisotropic distribution of
f-electrons [81]. The following equation predicts
the relative variation in dipolar shifts for the
lanthanide series (assuming axial symmetry):

sves _ “Ho GFHBIU +1)(2 ~ 1)(2J +3) D,(3cos?6 — 1)

4m 60(kT)? r3
where
L JUH D LE D +SE+ )
9= 270+ 1)

Cerium(IIl) has a °F,, ground state [2,81];
therefore, the Landé¢ factor (g)) is equal to 6/7.
Uranium(III) has a ¥/, , ground state [2,82], with
a Land¢ factor (g)) equal to 8/11. In some rare
cases, when suitable delocalization mechanisms
are involved, a small covalent contribution to
metal-ligand bonding in f~element systems can
occur. As a result, a “contact” shift can occur
due to delocalization of unpaired f-electron
density onto the ligand atoms [2,80,81]. The
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mechanism of the spin density delocalization is
due to weak covalent bonding involving the 6s
orbital, which in turn can transfer unpaired spin
density onto ligand nuclei via spin polarization
from 4f orbitals [81].

NMR  studies of Ln[N(SiMe,),], and
Ln[N(SiMe,),],[OPPh.] demonstrate the
predominance of the pseudo-contact contribution
to the paramagnetic shifts in this series [10,49];
however, some of the data suggest that a contact
contribution isinvolved, and there is considerable
evidence that lanthanide amides have significant
contact contributions to their paramagnetic
shifts [10,49]. Separating the pseudocontact
and contact contributions for the shifts observed
for Ce[OP(p-anisyl),][N(SiMe,),],, Ce[OPPh,]
[N(SiMe,),],, and U[OP(p-anisyl),][N(SiMe,), ],
is beyond the scope of this discussion, and is the
subject of future work using Density Functional
Theory (DFT) and Quantum Theory of Atoms
in Molecules (QTAIM). QTAIM has recently
been used to analyze the paramagnetic NMR
shifts of actinide complexes in order to estimate
relative metal-ligand covalency via the QTAIM
delocalization index [83].

The X-ray emission spectrum for Ce[OPPh, ]
[N(SiMe,),], (obtained using a low-energy
SDD detector) is shown in Figure 4.3. The
characteristic X-ray lines for cerium, phosphorus,

Uranium(IIT) Complexes

and silicon are present, and concentrations
obtained from the Ce La (4.84 keV), PKa (2.015
keV), and Si Ka (1.739 keV) peaks are close to
the predict values (Calculated: Ce 15.58 P 3.44
Si 18.73; Found: Ce 15.58 P 6.48 Si 19.67). The
relative cerium/silicon ratio is almost correct,
but the relative phosphorus concentration is
a little high (presumably due to the formation
of a phosphine oxide crust on the crystal and
sample decomposition over time). Potassium is
also present in trace amounts (6578 ppm, 0.65
wt. %) due to the presence of unremoved KCI
or unreacted K(SiMe,),. This result shows that
multiple sublimations are indeed necessary to
remove the potassium salts, as has been done
by some researchers [77]. The cerium Ka peak
was also observed at 34.717 keV in the high-
energy X-ray emission spectrum with very low
statistics.

In addition to the cerium Lo, X-ray emission,
the LB, LB, ,, Ly, Ll emissions were also
observed (Figures 4.3 and 4.12). The 4.84 keV
La, X-ray emissionisa M, — L., (3d,, — 2p, )
electronic transition. The 4.3 keV LI X-ray
emission isa M, — L, (3s,, — 2p,,,) electronic
transition. The 5.262 keV LB, X-ray emission is
aM,— L, (3d,, — 2p,,) electronic transition.
The LB, and LB, X-ray emissions at ca. 5.7 keV
are N.— L,and N,— L, (4d,, — 2p,,and 4d

3 3/2
— 2p, ) electronic transitions, respectively. The

Table 5. *'P NMR Chemical Shifts for M[N(SiMe,),],[OPR,] NMR data (ppm)

3

f"IM| R |M[N(SiMes),]s[OPR;] |[OPRs]| A8 | ref
f'lce| t-Bu 91.77 41 |50.77
f'lce| MePh 54.55 29.88 | 24.67
f'|ce| MeOPh 54.39 29.3 | 25.09
f'lce| Ph 53.57 29.65 | 23.92
fAlu | t-Bu 368.58 41 |327.6
f2lu | MePh 98.34 29.88 | 68.46
f2lu | MeOPh 102.6 29.3 | 73.3
2 {u | Phy(tolyl) 104.48 27.71 | 76.77
2 lu Ph 105.19 29.65 | 75.54
f°ltal Ph 39 29.65 | 9.35 |[49]
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Table 6. "TH NMR Chemical Shifts (SiMe,-54H) NMR data (ppm)

JAREY R |M[N(SiMes),];[OPRs]|Free M[N(SiMes),]s| A8 | ref
fllce| t-Bu -1.17 -3.39 2.22
f'lce| Meph -0.74 -3.39 2.65
f'|ce| MeoOPh -0.77 -3.39 2.62
f'|ce| Ph -0.78 -3.39 2.61
f2lu| t-Bu -3.16 -11 7.84
2lu| Meph -5.53 -11 5.47
2| u| MeoPh -5.68 -11 5.32
2| u [Phy(tolyl) -5.52 -11 5.48
£2lu| ph -5.66 -11 5.34
f°lla| Ph 0.7 0.25 -0.45([10,49]
Lyl pn 0.3 0.28 -0.02([10,49]
| Ph 0.1 0.3 0.2([10,49]
f°|Eu| Ph -1.43 6.43 -7.86([10,49]

6.1 keV Ly, X-ray emissionisa N,— L, (4d,,
— 2p,,) electronic transition. The 6.33 keV
Ly, X-ray emission is a N,— L, (4p,, — 2s, )
electronic transition. The 6.53 keV Ly, X-ray
emission is a O,— L, (5p,, — 2s, ) electronic
transition. A fair degree of fine structure can
also be seen in the Ly emissions. TD-DFT
calculations could potentially be used to analyze
the fine structure observed. The L emission
series of cerium is sensitive to the chemical
state of the complex, especially the higher
energy transitions. It has recently been shown
that the L emission energies and intensity ratios
in energy-dispersive X-ray emission spectra
vary depending on the chemical environment
of rare-carth cations [84,85]. Comparison of
the L emissions for a variety of Ce™ and Ce'
compounds should be the subject of future work.

In addition to the silicon and phosphorus
Ko X-ray emissions peaks (L,; — K or 2p —
s transitions), the phosphorus Kf emission
was also observed (Figure 4.13), albeit with
very low statistics. The phosphorus Kf, X-ray
emission is a M, — K, or 3p,, — 1s, electronic
transition. This transition is highly sensitive to
the chemical environment of the phosphorus
atom because it is a valence-to-core transition.
However, high resolution wavelength-dispersive
X-ray emission using a crystal monochromator
is required in order to achieve high enough

resolution to carry out phosphorus Kf analysis.
Recent studies have shown that small ion
accelerators can be used to perform wavelength-
dispersive phosphorus Kf X-ray emission
spectroscopy (WD-PIXE) [89]. These studies
demonstrated that WD-PIXE yields results
comparable to those obtained from advanced
synchrotron light sources [89]. Phosphorus
X-ray emission studies from other groups over
the past several decades [86-89] have motivated
us to use WD-PIXE for phosphorus K§f
analysis for a variety of lanthanide and actinide
compounds with phosphorus-based ligands. The
phosphorus KB X-ray emission from phosphine
oxides and other phosphorus-based ligands has
the potential to provide great insight into the
nature f~metal-ligand bonding, especially when
combined with results from phosphorus-31
NMR spectroscopy. This XES/NMR approach
can facilitate the investigation of both orbital-
energy near-degeneracy driven covalency, and
symmetry-restricted overlap driven covalency in
lanthanide and actinide coordination complexes.
This should be the subject of future work. Such
studies could potentially reveal periodic trends
in metal-ligand orbital mixing for the f~block
elements.

The proton-induced gamma emission
spectrum for Ce[OPPh,][N(SiMe,), ], is shown is
Figure 4.14. The gamma-emission at 1266 keV
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Figure 11: External Ion Beam Analysis setup at AGLAE, Louvre Museum, Paris, France. a)

Ce[OPPh,][N(SiMe,),], in sample holder, b) low-energy SDD X-ray detector, c) high-energy
SDD X-ray detectors, d) HPGe Gamma detector, ¢) 3 MV Tandem Accelerator, f) 3 MeV

proton beam exit window (Si,N,).
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Figure 12: Cerium L X-ray Emission Series for Ce[OPPh,] [N(SiMe3)2]3.
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Proton Induced X-ray Emission Spectrum (1-Ce)
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Figure 13: Silicon and Phosphorus K X-ray Emissions for Ce[OPPhS] [N(SiMe3)2]3.
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Figure 14: Proton-Induced Gamma Emission Spectrum for Ce[OPPh,][N(SiMe,),]..

corresponds to the non-resonant *'P(p, py)*'P
nuclear reaction. The e"e” annihilation peak was
also observed at 511 keV. The observation of the
emission resulting from the *'P, , —*'P, A nuclear
transition has inspired us to use this signal for
nuclear electric field gradient studies f~metal
complexes, similar to NQR (nuclear quadrupole
resonance) electric field gradient studies that
have been conducted on metal fluorides using
time-differential perturbed angular distribution
analysis (TD-PAD), which involves using an
MeV proton beam to induce fluorine gamma-
emission [90-92]. This should be the subject of
future work.

Conclusion

Four-coordinate complexes of the lanthanides
and actinides are extremely rare, and Ce[OP(p-
anisyl),][N(SiMe,),],, Ce[OPPh,][N(SiMe,),],,
and U[OP(p-anisyl),][N(SiMe,),], are valuable
contributions to  f-element  coordination
chemistry. The X-ray crystal structures and
paramagnetic NMR spectra for Ce[OP(p-
anisyl),][N(SiMe,),],, Ce[OPPh,][N(SiMe,),],,
and U[OP(p-anisyl),][N(SiMe,),], are reported
in this work, along with X-ray and gamma
emission spectra for Ce[OPPh,][N(SiMe,),]..
The results were presented in the context of
data available from the previous literature,
which allowed further insight into the nature
of monomeric cerium(Ill) and uranium(III)
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Increase of Metal-Nitrogen Bond Due to Phosphine Oxide
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Figure 15: Increase in Metal-Nitrogen Bond Length with Phosphine Oxide Coordination

complexes with silylamide and phosphine oxide
ligands. More insight will be achieved in future
theoretical and experimental investigations
of these model complexes. Ce[OP(p-anisyl),]
[N(SiMe,),],,  Ce[OPPh,][N(SiMe,),],, and
U[OP(p-anisyl),][N(SiMe,),], can be used to
investigate the previously observed enhancement
in protonolysis reactivity of phosphine oxide
adducts  with  diphenylphosphine  (HPPh,)
compared to the base-free three-coordinate
Ln[N(SiMe,),], compounds [19]. It was
observed in this work that phosphine oxide
coordination to the metal center increases the
length of the metal-amide bond (see Figure
4.15), which could perhaps explain the enhanced
protonolysis reactivity observed for similar rare-
earth complexes decades ago [19].
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