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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 C3 symmetry. 
The pseudo-C3 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 31P 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 
EHHQ�FKDUDFWHUL]HG�YLD�;5'�RU�105��6XEVWLWXWHG�DU\O�GHULYDWLYHV�H[KLELW�GL൵HUHQW�UHDFWLYLWLHV�DQG�
spectroscopic properties than the simple triphenylphosphine oxide framework, because the relative 
HOHFWURQ� GHQVLWLHV� RQ� WKH� SKRVSKRUXV� DQG� R[\JHQ� DWRPV� DUH� KLJKO\� LQÀXHQFHG� E\� WKH� HOHFWURQLF�
character of the organic substituents bound to the phosphorus. The nature of the organic substituents 
RQ�SKRVSKRUXV�WKHUHIRUH�KLJKO\�LQÀXHQFHV�WKH�QDWXUH�RI�WKH�PHWDO�R[\JHQ�ERQG�LQ�SKRVSKLQH�R[LGH�
coordination complexes. These axially symmetric four-coordinate silylamide phosphine oxide 
FRPSOH[HV�DUH�VXLWDEOH�PRGHOV�IRU�VWXG\LQJ�WKH�UHODWLYH�GL൵HUHQFHV�LQ�/Q�$Q�PHWDO�OLJDQG�FRYDOHQF\�
using 31P-NMR spectroscopy and X-ray emission spectroscopy. Expanding this structural framework 
to other Lanthanide and Actinide metals, and fully characterizing a series of pseudoisostructural 
complexes featuring various organic substituents on the phosphine oxide (beyond triphenylphosphine 
oxide), would provide considerable insight concerning phosphine oxide bonding interactions with 
f-block metals. In addition to being convenient ligands for spectroscopic studies of f-element 
electronic structure, phosphine oxides (and the details of their interactions with f-block metals) are 
directly relevant to the nuclear fuel cycle. The fundamental nature of f-block metal phosphine oxide 
bonds is not well understood, and deeper empirical insight into the nature of these interactions is 
needed in order to facilitate large-scale computational screening of potential extractants for trivalent 
/Q�$Q� VHSDUDWLRQV�� +HUHLQ� ZH� UHSRUW� WKH� V\QWKHVLV�� ;�UD\� FU\VWDOORJUDSK\�� DQG� SDUDPDJQHWLF�
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(SiMe3)2]3[OPPh3]. 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 
+33K2 that was observed decades ago for lanthanide tris(silylamide) phosphine oxide complexes, 
compared to their corresponding three-coordinate Ln[N(SiMe3)2]3 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 C3 
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 
³KDUG´� ÀXRULGH� DQG� R[\JHQ�GRQRU� OLJDQGV��
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 
OHG� WR� LPSRUWDQW� DGYDQFHV� LQ� WKH�¿HOG� >�����@��

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, ³VRIW�GRQRU´� VXO¿GR� >�����@�� VHOHQLGR�
[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 
VXO¿GR� �WKLRODWH�� FRPSOH[HV� KDYH� EHHQ� XVHG�
as precursors for the synthesis of high-purity 
ODQWKDQLGH� VXO¿GH� �/Q2S3) materials [2]. The 
tris-silylamides themselves can be used for the 
synthesis of lanthanide nitride (LnN) materials 
>������� ��@�� DQG� XUDQLXP� WULV�DPLGHV� FDQ� DOVR�
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 
FRQGXFWLYLW\��WKHUPDO�VWDELOLW\��DQG�¿VVLOH�PHWDO�

 

Figure 1: Sublimed U[N(SiMe3)2]3 
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density; however, the synthesis of high purity 
DFWLQLGH�QLWULGHV�KDV�EHHQ�SURYHQ�YHU\�GL൶FXOW�
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(SiMe3)2]3 and Nd[N(SiMe3)2]3 have 
recently been used as single-source precursors 
for the synthesis of bimetallic MRI contrasts 
DJHQWV� �*G�� >��@� DQG� H൶FLHQW� SKRWRDEVRUEHUV�
�1G�� >��@�� UHVSHFWLYHO\�� � 8>1�6L0H3)2]3 and 
Er[N(SiMe3)2]3 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(SiMe3)2]3 (Figure 
1a) has served as a gateway for the synthesis of 
four-coordinate Cerium(IV) halide complexes 
>3��3�@�� 7KHVH� QHZ� WHWUDYDOHQW� &HULXP� KDOLGH�
compounds represent an important advance in 
CeIV�FKHPLVWU\�>3�@�DQG�SURYLGH�D�KLJK�V\PPHWU\�
platform for investigating the uranium-like 
covalency that has recently been observed in CeIV 
PHWDO�OLJDQG�ERQGLQJ�>�@��7ULV�VLO\O�DPLGHV�KDYH�
also provided straightforward and reliable routes 
WR� ORZ�FRRUGLQDWH� WHWUDYDOHQW� XUDQLXP� >3����@�
DQG� SOXWRQLXP� >�����@� KDOLGH� FRPSRXQGV�� DV�
well as tetravalent, pentavalent, and hexavalent 

uranium complexes with metal-ligand multiple 
ERQGV�>33�3�@��,QGHHG��LW� LV�DQ�H[FLWLQJ�WLPH�WR�
be involved in f-element coordination chemistry.

Over the decades since Ln[N(SiMe3)2]3 
FRPSRXQGV� ZHUH� ¿UVW� V\QWKHVL]HG�� WKH\� KDYH�
also been used to synthesize four-coordinate 
trivalent adducts with Lewis-bases, such 
DV� WULSKHQ\OSKRVSKLQH� R[LGH� >�����@�� 7KH�
triphenylphosphine oxide adducts have 
exhibtied interesting reactivity. In a previous 
study, the four-coordinate triphenylphosphine 
oxide adducts showed enhanced protonolysis 
UHDFWLYLW\� ZLWK� GLSKHQ\OSKRVSKLQH� �+33K2) 
compared to the base-free three-coordinate 
Ln[N(SiMe3)2]3 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 
EH� IXUWKHU� H[SORUHG� VLQFH� LW� ZDV� ¿UVW� UHSRUWHG�
decades ago, and it is worth revisiting and 
investigating further. The pseudo-C3 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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Scheme 1: General Synthesis of Mf
III [OPR3][N(SiMe๘)๗]๘ 
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[19,39], and 31P 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 
DU\O�GHULYDWLYHV� H[KLELW� GL൵HUHQW� UHDFWLYLWLHV�
and spectroscopic properties than the simple 
triphenylphosphine oxide framework, because 
the relative electron density on the phosphorus 
DQG� R[\JHQ� DWRPV� LV� KLJKO\� LQÀXHQFHG� E\� WKH�
electronic character of the organic substituents 
bound to the phosphorus. The nature of the 
organic substituents on phosphorus therefore 

KLJKO\� LQÀXHQFHV� WKH� QDWXUH� RI� WKH� PHWDO�
oxygen bond in phosphine oxide coordination 
complexes. 

These axially symmetric four-coordinate 
silyl-amide phosphine oxide complexes are 
suitable models for studying the relative 
GL൵HUHQFHV� LQ� /Q�$Q� PHWDO�OLJDQG� FRYDOHQF\�
using 31P-NMR spectroscopy and X-ray 
emission spectroscopy. Expanding this 
structural framework to other lanthanide and 
actinide metals, and fully characterizing a series 
of pseudo-isostructural complexes featuring 
various organic substituents on the phosphine 
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Figure 2: Structurally Characterized Mf
III[OPAr3][N(SiMe3)2]3 Compounds
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oxide (beyond triphenylphosphine oxide), 
would provide considerable insight concerning 
phosphine oxide bonding interactions with 
f-block metals. In addition to being convenient 
ligands for spectroscopic studies of f-element 
electronic structure, phosphine oxides (and 
the details of their interactions with f-block 
metals) are directly relevant to the nuclear fuel 
F\FOH� >��@�� 3KRVSKLQH� R[LGHV� KDYH� EHHQ� XVHG�
H൵HFWLYHO\� IRU� DGYDQFHG� WULYDOHQW� ODQWKDQLGH�
DFWLQLGH� VHSDUDWLRQV� >�����@�� 7KH� IXQGDPHQWDO�
nature of f-block metal-phosphine oxide bonds 
LV�QRW�ZHOO�XQGHUVWRRG�>����������@��DQG�GHHSHU�
empirical insight into the nature of these 
interactions is needed in order to facilitate 
large-scale computational screening of potential 
H[WUDFWDQWV�IRU�WULYDOHQW�/Q�$Q�VHSDUDWLRQV�

+HUHLQ� ZH� UHSRUW� WKH� V\QWKHVLV�� ;�UD\�
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(SiMe3)2]3[OPPh3].

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. 
6ROYHQWV� ZHUH� ERXJKW� DQK\GURXV� RU� +3/&�
grade (pentane, hexane, toluene, acetonitrile, 
7+)��GLHWK\O�HWKHU��DQG�IXUWKHU�SXUL¿HG�XVLQJ�D�
9DFXXP�$WPRVSKHUHV�6ROYHQW�3XUL¿HU�6\VWHP��
����GLR[DQH��7+)��DQG�GLHWK\O�HWKHU�ZHUH�GULHG�
over sodium benzophenone ketyl, and degassed 
by three freeze-pump-thaw cycles prior to use. 
All solvents were stored under dinitrogen in a 
JORYH�ER[��DQG�VWRUHG�RYHU���Å molecular sieves 
IRU� DW� OHDVW� ��� KRXUV� SULRU� WR� XVH�� *ODVVZDUH�
was dried at 150°C before use. 1+�DQG�31P NMR 
VSHFWUD�ZHUH�UHFRUGHG�XVLQJ�D�%UXNHU�����0+]�
VSHFWURPHWHU� DW� ���� .�� 'HXWHUDWHG� EHQ]HQH�
�&DPEULGJH� ,VRWRSHV�� ZDV� VWRUHG� RYHU� �� Å 
PROHFXODU�VLHYHV�IRU�DW�OHDVW����KRXUV�SULRU�WR�XVH��
Elemental analysis was conducted using particle-

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 
�+3*H�� GHWHFWRU�� 7KH� VDPSOH� IRU� HOHPHQWDO�
DQDO\VLV�ZDV� VHFXUHG� EHWZHHQ� WZR� SLHFHV� RI� ��
ȝP� .DSWRQ� ¿OP� XQGHU� QLWURJHQ� DQG� EURXJKW�
out into the atmosphere for external ion beam 
DQDO\VLV�� 6LQJOH� FU\VWDO� ;�UD\� GL൵UDFWLRQ� ZDV�
conducted using a Bruker XRD instrument with 
a Mo-KĮ 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. Iodine 
(sublimed) was used as purchased (Aldrich). 
KN(SiMe3)2 and CeCl3 (anhydrous) was used 
as purchased (Aldrich). Phosphine oxides 
were synthesized from commercially obtained 
tertiary-arylphosphines (Aldrich) using 
literature methods [61, 62]. UI3�����GLR[DQH�1.5 
was prepared using literature methods [60]. 
Ce[N(SiMe3)2]3 [63] and U[N(SiMe3)2]3 [60] 
were synthesized using literature methods and 
sublimed prior to use.

Caution! Depleted uranium (primary isotope 
238U) is a weak Į-emitter (4.197 MeV) with a 
half-life of 4.47 x 109 years; manipulations and 
reactions should be carried out in monitored 
fume hoods or in an inert atmosphere drybox 
in a radiation laboratory equipped with Į� and 
ȕ�counting equipment.

Synthesis of Ce[OPPh3][N(SiMe3)2]3

0.739 grams (1.19 mmol) of freshly sublimed 
Ce[N(SiMe3)2]3 was dissolved in 10 mL of 
WROXHQH��DQG�DGGHG�WR�D�ÀDVN�ZLWK���33��JUDPV�
(1.19 mmol) of triphenylphosphine oxide, and 
stirred overnight at room temperature. The vibrant 
yellow color of the Ce[N(SiMe3)2]3 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 
ZLWK� ���P/�RI� SHQWDQH�� DQG�¿OWHUHG� WKURXJK� D�
&HOLWH�SDGGHG�� PHGLXP� SRURVLW\� IULWWHG�¿OWHU��
The pentane was removed from the product in 
vacuo�� DQG� D� EHLJH�WDQ� VROLG� ZDV� D൵RUGHG� LQ�
���� \LHOG� ������� JUDPV��� /DUJH� FU\VWDOV� ZHUH�
grown from a concentrated pentane solution 
with a minimal amount of toluene. The crystals 
initially submitted were twinned, and the 
SURGXFW� ZDV� UHFU\VWDOOL]HG� IURP� D� SHQWDQH�
toluene solution to yield a large (ca. 0.5 g) 
crystal with smaller single crystals surrounding 
it. The smaller crystals were submitted for 
VLQJOH�FU\VWDO�;�UD\�GL൵UDFWLRQ��DQG� WKH�FU\VWDO�
VWUXFWXUH�REWDLQHG�FRQ¿UPHG�WKDW�WKH�FRPSRXQG�
was indeed the four-coordinate complex 
tris(silyl) amide phosphine oxide complex. The 
proton NMR for the complex features a large, 
broad, paramagnetically shifted SiMe3 peak at 
������SSP��ZKLFK�LV�UHODWLYHO\�PRUH�GHVKLHOGHG�
than the three-coordinate precursor (-3.3 ppm). 
Very broad aromatic NMR signals also show up 
DW�����SSP�DQG�����SSP��UHODWLYHO\�PRUH�VKLHOGHG�
compared to the free ligand. The observation 
of only two aromatic signals is consistent with 
WKH� LVRVWUXFWXUDO� <WWULXP� FRPSOH[� >��@�� 2QO\�
one 313� 105� UHVRQDQFH� ZDV� REVHUYHG� DW� ���

SSP�� VLJQL¿FDQWO\� GHVKLHOGHG� FRPSDUHG� WR� WKH�
free ligand at 29 ppm. The large crystal was 
submitted for ion beam analysis, and the X-ray 
VSHFWUXP� REWDLQHG� YLD� 3,;(� QHDUO\� FRQ¿UPV�
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: C36+69CeN3OPSi6 
(1-Ce), M  � �������� WULFOLQLF�� VSDFH� JURXS�
, a�  � ���33������� Å, b�  � ���3�������� Å, c 
= 19.7051(17) Å, Į = 100.0905(13)°, ȕ = 
�3���������°, Ȗ� �������������°, U  �����������
Å3, Z = 2, Dc = 1.167 g cm-3, Mo-KĮ radiation [Ȝ 
= 0.71073 Å, µ(Mo-KĮ�� �������PP-1].  NMR 
Data (C6D6):  

1+�į�������SSP��6L0H3���+���į�����
SSP� �DURPDWLF� �+��� į� ���� SSP� �DURPDWLF� �+���
313� į� �3���� SSP�� Elemental Analysis (PIXE): 
&DOFXODWHG�&H�������3�3����6L�����3��)RXQG��&H�
������3������6L�������

Synthesis of Ce[OP(p-anisyl)3][N(SiMe3)2]3

������ JUDPV� ����3�� PPRO�� RI� IUHVKO\�
sublimed Ce[N(SiMe3)2]3 was dissolved in 
3� P/� RI� WROXHQH�� DQG� DGGHG� WR� D� ÀDVN� ZLWK�
������ JUDPV� ����3�� PPRO�� RI� WULV�p-anisyl)
phosphine oxide, and stirred overnight at room 

 
Figure 3: Energy-Dispersive X-ray Emission Spectrum for Ce[OPPh3][N(SiMe3)2]3
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temperature. The vibrant yellow color of the 
Ce[N(SiMe3)2]3 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 
P/� RI� SHQWDQH�� DQG� ¿OWHUHG� WKURXJK� D� &HOLWH�

SDGGHG�� PHGLXP� SRURVLW\� IULWWHG�¿OWHU�� 7KH�
pentane was removed from the product in vacuo, 
DQG�D�FRORUOHVV�VROLG�ZDV�D൵RUGHG�LQ�FD�������
yield (0.033 grams). Single crystals were grown 
from a concentrated pentane solution via slow 
evaporation at room temperature after a few 

 

1-Ce 
31P 

Figure 4: 31P NMR Spectrum for Ce[OPPh3][N(SiMe3)2]3

 

Figure 5: 1H NMR Spectrum for Ce[OPPh3][N(SiMe3)2]3
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GD\V�DQG�VXEPLWWHG�IRU�;�UD\�GL൵UDFWLRQ��Crystal 
Data: C39+75CeN3O�PSi6 (2-Ce), M  � ��������
monoclinic, space group P21�c, a = 16.1035(9) 
Å, b�  � �3���������Å, c = 23.0565(13) Å, Į = 
90°, ȕ = 91.9766(9)°, Ȗ = 90°, U  �����������Å3, 
Z�  � ���Dc = 1.276 g cm-3, Mo-KĮ radiation [Ȝ 
= 0.71073 Å, µ(Mo-KĮ�� �������PP-1].   NMR 
Data (C6D6):

 1+� į -0.77 ppm (SiMe3� ��+��� į�
�����SSP��DURPDWLF��+���į������SSP��DURPDWLF�
�+���į������SSP��2&+3��+���

313�į����3��SSP�

Synthesis of U[OP(p-anisyl)3][N(SiMe3)2]3

0.719 grams (1.03 mmol) of freshly sublimed 

U[N(SiMe3)2]3 was dissolved in 10 mL of 
WROXHQH��DQG�DGGHG�WR�D�ÀDVN�ZLWK���3���JUDPV�
(1.03 mmol) of tris(p-anisyl)phosphine oxide, 
and stirred overnight at room temperature. 
The reddish-purple color of the U[N(SiMe3)2]3 
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, 
DQG� ¿OWHUHG� WKURXJK� D� &HOLWH�SDGGHG�� PHGLXP�
SRURVLW\�IULWWHG�¿OWHU��7KH�SHQWDQH�ZDV�UHPRYHG�
from the product in vacuo, and a purple solid 

 

Figure 6: Single-Crystal XRD Structure for Ce[OPPh3][N(SiMe3)2]3
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ZDV�D൵RUGHG�LQ�����\LHOG��������JUDPV��

Alternative procedure� ������ JUDPV� �������
mmol) of UI3�����GLR[DQH�1.5 was dissolved in 5 
P/�RI�7+)��7KUHH�HTXLYDOHQWV�RI�.1�6L0H3)2 and 
a threefold excess of t tris(p-anisyl)phosphine 
oxide (with respect to uranium) was dissolved 
LQ���P/�RI�7+)��DQG�DGGHG�GURSZLVH�WR�WKH�8,3�
7+)�VROXWLRQ�ZKLOH�VWLUULQJ�DW�URRP�WHPSHUDWXUH�
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 
E\�¿OWHULQJ�WKH�H[WUDFW�WKURXJK�D�&HOLWH�SDGGHG�

PHGLXP� SRURVLW\� IULWWHG� ¿OWHU�� 7KH� VROYHQW�
was removed in vacuo \LHOGLQJ� D� GDUN�EURZQ�
black solid, and the residue was extracted with 
n�SHQWDQH��7KH�UHPDLQLQJ�VDOWV�DQG�XQLGHQWL¿HG�
LQVROXEOH�E\�SURGXFWV�ZHUH�UHPRYHG�E\�¿OWHULQJ�
the purple n-pentane extract through a Celite-
SDGGHG� PHGLXP�SRURVLW\� IULWWHG� ¿OWHU�� 7KH�
solvent was removed in vacuo��D൵RUGLQJ�D�SXUSOH�
VROLG�LQ�FD�����\LHOG��3XUSOH�VLQJOH�FU\VWDOV�RI�
the complex were grown from a concentrated 
pentane solution via slow evaporation at -30oC 
after a few days and submitted for X-ray 
GL൵UDFWLRQ�� Crystal Data: C39+75N3O�PSi6U 
(3-U), M  � ��������� PRQRFOLQLF�� VSDFH� JURXS�
P21�c, a = 16.063(2) Å, b = 13.9300(19) Å, c 

 
Figure 7: Single-Crystal XRD Structure for Ce[OP(p-anisyl)3][N(SiMe3)2]3
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Figure 8: 31P NMR Spectrum for U[OP(p-anisyl)3][N(SiMe3)2]3

 

Figure 9: 1H NMR Spectrum for U[OP(p-anisyl)3][N(SiMe3)2]3
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 ��3���3�3��Å, Į =90°, ȕ� ����������°, Ȗ = 90°, 
U = 5153.2(12) Å3, Z�  � ���Dc�  � ������J� FP

-3, 
Mo-KĮ radiation [Ȝ = 0.71073 Å, µ(Mo-KĮ�� �
3.357 mm-1]. NMR Data (C6D6):

 1+�į�������SSP�
(SiMe3���+���į������SSP��DURPDWLF��+���į�������
SSP��DURPDWLF��+���į������SSP��2&+3��+���

31P 
į�������SSP�

Synthesis of Ce[OP(p-tolyl3][N(SiMe3)2]3

������ JUDPV� �������� PPRO�� RI� IUHVKO\�
sublimed Ce[N(SiMe3)2]3 was dissolved in 3 mL 
RI�WROXHQH��DQG�DGGHG�WR�D�ÀDVN�ZLWK�������JUDPV�
��������PPRO��RI� WULV�p-tolyl)phosphine oxide, 

and stirred overnight at room temperature. The 
vibrant yellow color of the Ce[N(SiMe3)2]3 
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, 
DQG� ¿OWHUHG� WKURXJK� D� &HOLWH�SDGGHG�� PHGLXP�
SRURVLW\�IULWWHG�¿OWHU��7KH�SHQWDQH�ZDV�UHPRYHG�
from the product in vacuo, and a beige solid 
ZDV�D൵RUGHG�LQ������\LHOG��������JUDPV�� NMR 
Data (C6D6):  1+�į� ������ SSP� �6L0H3� ��+��� į�
�����SSP��DURPDWLF��+���į������SSP��DURPDWLF�
�+���313�į�������SSP�

 

Figure 10: Single-Crystal XRD Structure for U[OP(p-anisyl)3][N(SiMe3)2]3
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Results and Discussion

Reactions of extremely air sensitive 
Ce[N(SiMe3)2]3 (CeN*3) and U[N(SiMe3)2]3 
(UN*3) with one equivalent of aryl-phosphine 
oxide ligands in toluene at room temperature 
IRU� VHYHUDO� KRXUV� D൵RUGHG� 0>23$U3][N*]3 
compounds in moderate to excellent yields 
������������2SWLPXP�\LHOGV�ZHUH�REWDLQHG�IRU�
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)3]
[N(SiMe3)2]3 could also be obtained in one 
step from directly UI3�����GLR[DQH�1.5, thereby 
FLUFXPYHQWLQJ� WKH� GL൶FXOWLHV� LQYROYHG� ZLWK�
obtaining impurity-free U[N(SiMe3)2]3. 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 
H[WUHPHO\� DLU�PRLVWXUH�VHQVLWLYH�� MXVW� OHVV� VR�
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�SHQWDQH�DQG�RU�WROXHQH�DW�

room temperature or -30°C.

Single-crystal X-ray structures were 
obtained for U[OP(p-anisyl)3][N(SiMe3)2]3, 
Ce[OP(p-anisyl)3][N(SiMe3)2]3, and 
Ce[OPPh3][N(SiMe3)2]3, which facilitated 
useful comparisons with the two other 
structurally characterized tris(silyl)amido-
triphenylphosphine oxide complexes reported 
in the literature, La[OPPh3][N(SiMe3)2]3 and 
U[OPPh3][N(SiMe3)2]3.   These compounds also 
facilitated useful comparisons with the base-free 
tri-coordinate M[N(SiMe3)2]3 complexes that 
have been structurally characterized [M = Ce 
>��@��3U�>��@��1G�>��@��6P�>��@��(X�>��@��7E�>��@��
Dy [70], Er [70], Tm [71], Yb [72], Lu [73], Y 
>��@��6F�>��@��8�>��@��DQG�3X�>��@���$GGLWLRQDO�
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-

 

R Met Met-O O-P Met-N1 Met-N2 Met-N3 M-Navg Met-O=P N1-Met-N2 N1-Met-N3 N2-Met-N3 N-Met-Navg 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) 1.52(2) 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]

bond angle (˚)bond length (Å)
Table 1. Crystallographic Data for R3P=O-Met-[N(SiMe3)2]3

Table 1. Crystallographic Data for R3P=O-Met-[N(SiMe3)2]3

 

Met 31P 1H SiMe3
1H Aromatic 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]

Table 2.  Data for Ph3P=O-Met-[N(SiMe3)2]3

NMR data (ppm)Table 2. Data for Ph3P=O-Met-[N(SiMe3)2]3 NMR data (ppm)
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isostructural, and feature nearly linear metal-
R[\JHQ�SKRVSKRUXV� ERQG� DQJOHV� ��������°). 
Bond lengths and bond angles for this pseudo-
isostructural series are given in Table 1. Table 
��JLYHV�WKH�DYHUDJH�PHWDO�QLWURJHQ�ERQG�OHQJWKV�
for the structurally characterized M[N(SiMe3)2]3 
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*3 (2.320 Å) increases 
WR� ����3� c� LQ� &H>233K3][N(SiMe3)2]3  and 
2.395 Å in 2-Ce. The uranium-nitrogen bond 
in UN*3� ���3��� c�� LQFUHDVHV� WR� ��3��� c� LQ�
U[OPPh3][N(SiMe3)2]3 and 2.376 Å 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[OPPh3][N(SiMe3)2]3 
and U[OPPh3][N(SiMe3)2]3 are ca. 176°, and 
���° for Ce[OP(p-anisyl)3][N(SiMe3)2]3, 
U[OP(p-anisyl)3][N(SiMe3)2]3, and La[OPPh3]
[N(SiMe3)2]3. 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, 
���° (average). As a whole, the geometrical 

SDUDPHWHUV� DUH� H[WUHPHO\� VLPLODU� IRU� WKH� ¿YH�
tris(silyl)amido-phosphine oxide complexes that 
have been structurally characterized by XRD in 
this work and previous work.

7KH�GDWD�LQ�7DEOH���VKRZV�D�JUDGXDO�GHFUHDVH�
in lanthanide-nitrogen bond distances across 
WKH� �f series from Ce-Yb as the relative ionic 
radius of the lanthanide ion decreases. The 
metal-nitrogen bond lengths in Ce[N(SiMe3)2]3 
and U[N(SiMe3)2]3 are identical (2.320 Å), 
which is consistent with their nearly identical 
trivalent ionic radii.  Since the ionic radii of 
La3+ (117.2 pm), Ce3+ (115 pm), and U3+ (116 
pm) [2] are so similar, one might expect there 
WR�EH�OLWWOH�WR�QR�GL൵HUHQFH�LQ�WKH�PHWDO�R[\JHQ�
ERQG� OHQJWKV� VKRZQ� LQ� 7DEOH� ��� +RZHYHU�� WKH�
uranium-oxygen bonds are measurably shorter 
than the cerium and lanthanum bonds. The 
GL൵HUHQFHV�LQ�ERQG�OHQJWKV�DUH�YHU\�VXEWOH��RQO\�
about 0.02 Å); 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�PDQLIROGV��+RZHYHU�� YHU\� OLWWOH� FDQ�
EH�VDLG�GH¿QLWLYHO\�DERXW�WKH�RUELWDO�LQWHUDFWLRQV�
LQYROYHG�EDVHG�RQ�WKLV�VOLJKW�GL൵HUHQFH�LQ�ERQG�
length. 

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

 

R Met 31P 1H SiMe3
1H Aromatic 1H Alkyl 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 -5.53 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
Ph2(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]

NMR data (ppm)
Table 3.  Data for R3P=O-Met-[N(SiMe3)2]3

Table 3. Data for R3P=O-Met-[N(SiMe3)2]3  NMR data (ppm)
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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. 
+RZHYHU�� WKH� UHODWLYH� DPRXQW� RI� PHWDO�OLJDQG�
covalency in lanthanide amide complexes 
appears to have been initially underestimated, 
with the assumption that the limited radial extent 
RI� WKH� FRUH�OLNH��f orbitals prevented nitrogen-
metal ʌ-interactions, leading to negligible 
metal-ligand covalency. Photoelectron studies 
VHHPHG�WR�FRQ¿UP�WKLV�DVVHUWLRQ�>��@��+RZHYHU��
subsequent computational studies suggested 
that lanthanide amides have a considerable 
GHJUHH� RI� FRYDOHQW� FKDUDFWHU�� :KLOH� D൶UPLQJ�
the conclusions of previous studies with respect 
WR� WKH� QRQ�LQYROYHPHQW� RI� WKH� �f electrons in 
chemical bonding, some computational results 
emphasize the importance of the 5d and 6p 
orbitals in lanthanide-nitrogen bonds [93]. 

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 1+�DQG�31P NMR spectra were 
obtained for Ce[OP(p-anisyl)3][N(SiMe3)2]3, 
Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-anisyl)3]
[N(SiMe3)2]3, along with other substituted aryl- 
and alkyl-derivatives. Derivatives other than 
Ce[OP(p-anisyl)3][N(SiMe3)2]3, Ce[OPPh3]
[N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3 

 

LnIII[N(SiMe3)2]3
1H NMR 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]

AnIII[N(SiMe3)2]3

U -11 [14] 2.320(4) [75]
Np 3.01 [14]
Pu 0.74 [14] 2.315(10) [76]

Table 4. Mf
III[N(SiMe3)2]3Table 4. Mf

III[N(SiMe3)2]3



119Stewart B. Younger-Mertz & Donna J. Nelson

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

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[OPPh3][N(SiMe3)2]3, 
as well as all the NMR data available in the 
literature for M[OPPh3][N(SiMe3)2]3complexes. 
Table 3 features the NMR data for Ce[OP(p-
anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, 
and U[OP(p-anisyl)3][N(SiMe3)2]3, 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[OPPh3][N(SiMe3)2]3. 
No NMR data was previously reported for 
this complex, though its crystal structure 
ZDV� UHSRUWHG� LQ� 6WHZDUW¶V� ����� GLVVHUWDWLRQ��
6\QWKHWLF� GL൶FXOWLHV� ZHUH� HQFRXQWHUHG� LQ� WKLV�
work while trying to reproduce the U[OPPh3]
[N(SiMe3)2]3 FRPSOH[��VLPLODU�WR�WKH�GL൶FXOWLHV�
6WHZDUW� UHSRUWHG� LQ� KHU� ����� GLVVHUWDWLRQ��
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 
ZHUH� REWDLQHG� WKDW� ZHUH� GL൶FXOW� WR� DVVLJQ��
+RZHYHU�� V\QWKHVLV� RI� 8>233K3][N(SiMe3)2]3 
directly from UI3�����GLR[DQH�1.5 (described 
in the experimental section for the alternative 
synthesis U[OP(p-anisyl)3][N(SiMe3)2]3), 
yielded NMR spectra that could be assigned with 
D�UHODWLYHO\�KLJK�GHJUHH�RI�FRQ¿GHQFH��2QH�RI�WKH�
more interesting results of this work is that the 
para-methoxy-substituted aryl-phosphine oxide 
complex, U[OP(p-anisyl)3][N(SiMe3)2]3, seems 
to be more stable than U[N(SiMe3)2]3[OPPh3]. 
U[OP(p-anisyl)3][N(SiMe3)2]3 repeatedly 
gave clear, easily assignable NMR spectra. 
The alternative route directly from UI3�����
dioxane)1.5 gave cleaner, reproducible results for 
the synthesis of U[OP(p-anisyl)3][N(SiMe3)2]3 

and the other aryl- and alkyl-substituted 
phosphine oxide complexes shown in Table 3.

The NMR spectra obtained for Ce[OP(p-
anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, 
and U[OP(p-anisyl)3][N(SiMe3)2]3, and other 
less characterized systems, exhibited large 
paramagnetic shifts in both the 1+� DQG� 31P 
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 f3� FRQ¿JXUDWLRQ� FRPSDUHG� WR� FHULXP�
with an f1� FRQ¿JXUDWLRQ�� 7KH� SVHXGRFRQWDFW�
FRQWULEXWLRQ� LV� WKH� SULPDU\� LQÀXHQFH� RQ� WKH�
NMR spectra of f�HOHPHQWV� >�������������@��
and the large shifts caused by the interactions 
between unpaired f-electrons and ligand nuclei 
in Ce[OP(p-anisyl)3][N(SiMe3)2]3, Ce[OPPh3]
[N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3 
DUH�PDLQO\� GLSRODU� LQ� RULJLQ� >����@�� 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 
QXFOHL� DUH� ³WKURXJK�VSDFH´� LQWHUDFWLRQV� >����@��
These “through-space” interactions require the 
f-metal ion to have an anisotropic distribution of 
f�HOHFWURQV�>��@��7KH�IROORZLQJ�HTXDWLRQ�SUHGLFWV�
the relative variation in dipolar shifts for the 
lanthanide series (assuming axial symmetry):

Cerium(III) has a 2F���� JURXQG� VWDWH� >����@��
therefore, the Landé factor (gJ�� LV�HTXDO� WR������
Uranium(III) has a �I����JURXQG�VWDWH�>����@��ZLWK�
a Landé factor (gJ��HTXDO� WR�������,Q�VRPH�UDUH�
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 
GHQVLW\� RQWR� WKH� OLJDQG� DWRPV� >�������@�� 7KH�

𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝 =
−𝜇𝜇0

4𝜋𝜋
𝑔𝑔𝐽𝐽

2𝜇𝜇𝐵𝐵 
2 𝐽𝐽(𝐽𝐽 + 1)(2𝐽𝐽 − 1)(2𝐽𝐽 + 3)

60(𝑘𝑘𝑘𝑘)2
𝐷𝐷𝑧𝑧(3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 − 1)

𝑟𝑟3  

where 

𝑔𝑔𝐽𝐽 = 1 +
𝐽𝐽(𝐽𝐽 + 1) − 𝐿𝐿(𝐿𝐿 + 1) + 𝑆𝑆(𝑆𝑆 + 1)

2𝐽𝐽(𝐽𝐽 + 1)
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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 
IURP��f�RUELWDOV�>��@�

NMR studies of Ln[N(SiMe3)2]3 and 
Ln[N(SiMe3)2]3[OPPh3] demonstrate the 
predominance of the pseudo-contact contribution 
WR�WKH�SDUDPDJQHWLF�VKLIWV�LQ�WKLV�VHULHV�>�����@��
however, some of the data suggest that a contact 
contribution is involved, and there is considerable 
HYLGHQFH�WKDW�ODQWKDQLGH�DPLGHV�KDYH�VLJQL¿FDQW�
contact contributions to their paramagnetic 
VKLIWV� >�����@�� 6HSDUDWLQJ� WKH� SVHXGRFRQWDFW�
and contact contributions for the shifts observed 
for Ce[OP(p-anisyl)3][N(SiMe3)2]3, Ce[OPPh3]
[N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3 
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 >�3@��

The X-ray emission spectrum for Ce[OPPh3]
[N(SiMe3)2]3 (obtained using a low-energy 
6''� GHWHFWRU�� LV� VKRZQ� LQ� )LJXUH� ��3�� 7KH�
characteristic X-ray lines for cerium, phosphorus, 

and silicon are present, and concentrations 
obtained from the Ce LĮ�������NH9�, P KĮ��������
keV), and Si KĮ�����3��NH9��SHDNV�DUH�FORVH�WR�
WKH�SUHGLFW�YDOXHV��&DOFXODWHG��&H�������3�3����
6L�����3��)RXQG��&H�������3������6L���������7KH�
relative FHULXP�VLOLFRQ� UDWLR� LV� DOPRVW� FRUUHFW��
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 
DOVR�SUHVHQW� LQ� WUDFH�DPRXQWV� ������SSP�������
ZW�����GXH� WR� WKH�SUHVHQFH�RI�XQUHPRYHG�.&O�
or unreacted K(SiMe3)2. This result shows that 
multiple sublimations are indeed necessary to 
remove the potassium salts, as has been done 
E\�VRPH�UHVHDUFKHUV�>��@��7KH�FHULXP�.Į�SHDN�
ZDV� DOVR� REVHUYHG� DW� 3������ NH9� LQ� WKH� KLJK�
energy X-ray emission spectrum with very low 
statistics. 

,Q�DGGLWLRQ�WR�WKH�FHULXP�/Į1 X-ray emission, 
WKH� /ȕ1�� /ȕ2,15�� /Ȗ1, Ll emissions were also 
REVHUYHG��)LJXUHV���3�DQG��������7KH������NH9�
/Į1 X-ray emission is a M5 ĺ�L3 , (3d����ĺ��p3/2) 
HOHFWURQLF� WUDQVLWLRQ�� 7KH� ��3� NH9� /O� ;�UD\�
emission is a M1 ĺ�L3  (3s����ĺ��p3/2) electronic 
WUDQVLWLRQ��7KH�������NH9�/ȕ1 X-ray emission is 
a M4 ĺ�L2  (3d3���ĺ��p1/2) electronic transition. 
7KH�/ȕ2�DQG�/ȕ15 X-ray emissions at ca. 5.7 keV 
are N5 ĺ�L3 and N4 ĺ�L3 ���d����ĺ��p3/2 DQG��d3�� 
ĺ��p3/2) electronic transitions, respectively. The 

 

f n M R M[N(SiMe3)2]3[OPR3] [OPR3] ȴɷ ref
f 1 Ce t -Bu 91.77 41 50.77
f 1 Ce MePh 54.55 29.88 24.67
f 1 Ce MeOPh 54.39 29.3 25.09
f 1 Ce Ph 53.57 29.65 23.92
f 3 U t -Bu 368.58 41 327.6
f 3 U MePh 98.34 29.88 68.46
f 3 U MeOPh 102.6 29.3 73.3
f 3 U Ph2(tolyl) 104.48 27.71 76.77
f 3 U Ph 105.19 29.65 75.54
f 0 La Ph 39 29.65 9.35 [49]

NMR data (ppm)
Table 5.  31P NMR Chemical Shifts for M[N(SiMe3)2]3[OPR3]Table 5.  31P NMR Chemical Shifts for M[N(SiMe3)2]3[OPR3]  NMR data (ppm)
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����NH9�/Ȗ1 X-ray emission is a N4 ĺ�L2 ���d3�� 
ĺ� �p1/2) electronic transition. The 6.33 keV 
/Ȗ3 X-ray emission is a N3 ĺ�L1 ���p3���ĺ��s1/2) 
HOHFWURQLF� WUDQVLWLRQ�� 7KH� ���3� NH9� /Ȗ� X-ray 
emission is a O3 ĺ�L1  (5p3���ĺ��s1/2) electronic 
WUDQVLWLRQ�� $� IDLU� GHJUHH� RI� ¿QH� VWUXFWXUH� FDQ�
also be seen in the LȖ� HPLVVLRQV. TD-DFT 
calculations could potentially be used to analyze 
WKH� ¿QH� VWUXFWXUH� REVHUYHG�� 7KH� 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 
RI� UDUH�HDUWK� FDWLRQV� >�����@�� &RPSDULVRQ� RI�
the L emissions for a variety of CeIII and CeIV 
compounds should be the subject of future work.

In addition to the silicon and phosphorus 
.Į�;�UD\�HPLVVLRQV�SHDNV� �L2,3�ĺ�K or 2p�ĺ�
1s� WUDQVLWLRQV��� WKH� SKRVSKRUXV� .ȕ� HPLVVLRQ�
ZDV� DOVR� REVHUYHG� �)LJXUH� ���3��� DOEHLW� ZLWK�
YHU\� ORZ� VWDWLVWLFV��7KH�SKRVSKRUXV�.ȕ1 X-ray 
emission is a M3�ĺ�K, or 3p3/2�ĺ��s, electronic 
transition. This transition is highly sensitive to 
the chemical environment of the phosphorus 
atom because it is a valence-to-core transition. 
+RZHYHU��KLJK�UHVROXWLRQ�ZDYHOHQJWK�GLVSHUVLYH�
X-ray emission using a crystal monochromator 
is required in order to achieve high enough 

UHVROXWLRQ�WR�FDUU\�RXW�SKRVSKRUXV�.ȕ�DQDO\VLV��
Recent studies have shown that small ion 
accelerators can be used to perform wavelength-
GLVSHUVLYH� SKRVSKRUXV� .ȕ� ;�UD\� HPLVVLRQ�
VSHFWURVFRS\� �:'�3,;(�� >��@�� 7KHVH� VWXGLHV�
demonstrated that WD-PIXE yields results 
comparable to those obtained from advanced 
V\QFKURWURQ� OLJKW� VRXUFHV� >��@�� 3KRVSKRUXV�
X-ray emission studies from other groups over 
WKH�SDVW�VHYHUDO�GHFDGHV�>�����@�KDYH�PRWLYDWHG�
XV� WR� XVH� :'�3,;(� IRU� SKRVSKRUXV� .ȕ�
analysis for a variety of lanthanide and actinide 
compounds with phosphorus-based ligands. The 
SKRVSKRUXV�.ȕ�;�UD\�HPLVVLRQ�IURP�SKRVSKLQH�
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 
105� VSHFWURVFRS\�� 7KLV� ;(6�105� DSSURDFK�
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[OPPh3][N(SiMe3)2]3 is shown is 
)LJXUH�������7KH�JDPPD�HPLVVLRQ�DW������NH9�

 

f n M R M[N(SiMe3)2]3[OPR3] Free M[N(SiMe3)2]3 ȴɷ ref
f 1 Ce t -Bu -1.17 -3.39 2.22
f 1 Ce MePh -0.74 -3.39 2.65
f 1 Ce MeOPh -0.77 -3.39 2.62
f 1 Ce Ph -0.78 -3.39 2.61
f 3 U t -Bu -3.16 -11 7.84
f 3 U MePh -5.53 -11 5.47
f 3 U MeOPh -5.68 -11 5.32
f 3 U Ph2(tolyl) -5.52 -11 5.48
f 3 U Ph -5.66 -11 5.34
f 0 La Ph 0.7 0.25 -0.45 [10,49]
f 0 Y Ph 0.3 0.28 -0.02 [10,49]
f 14 Lu Ph 0.1 0.3 0.2 [10,49]
f 6 Eu Ph -1.43 6.43 -7.86 [10,49]

NMR data (ppm)
Table 6. 1H NMR Chemical Shifts (SiMe3-54H)Table 6.  1H NMR Chemical Shifts (SiMe3-54H)  NMR data (ppm)
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Figure 11: External Ion Beam Analysis setup at AGLAE, Louvre Museum, Paris, France. a) 
Ce[OPPh3][N(SiMe3)2]3 in sample holder, b) low-energy SDD X-ray detector, c) high-energy 
SDD X-ray detectors, d) HPGe Gamma detector, e) 3 MV Tandem Accelerator, f) 3 MeV 
proton beam exit window (Si3N4).
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corresponds to the non-resonant 313�S�� SȖ�31P 
nuclear reaction. The e+e- annihilation peak was 
also observed at 511 keV. The observation of the 
emission resulting from the 31P3���ĺ�31P��� nuclear 
transition has inspired us to use this signal for 
QXFOHDU� HOHFWULF� ¿HOG� JUDGLHQW� VWXGLHV� f-metal 
complexes, similar to NQR (nuclear quadrupole 
UHVRQDQFH�� HOHFWULF� ¿HOG� JUDGLHQW� VWXGLHV� WKDW�
KDYH� EHHQ� FRQGXFWHG� RQ�PHWDO� ÀXRULGHV� XVLQJ�
WLPH�GL൵HUHQWLDO� SHUWXUEHG� DQJXODU� GLVWULEXWLRQ�
analysis (TD-PAD), which involves using an 
0H9� SURWRQ� EHDP� WR� LQGXFH� ÀXRULQH� JDPPD�
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)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, 
and U[OP(p-anisyl)3][N(SiMe3)2]3 are valuable 
contributions to f-element coordination 
chemistry. The X-ray crystal structures and 
paramagnetic NMR spectra for Ce[OP(p-
anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, 
and U[OP(p-anisyl)3][N(SiMe3)2]3 are reported 
in this work, along with X-ray and gamma 
emission spectra for Ce[OPPh3][N(SiMe3)2]3. 
The results were presented in the context of 
data available from the previous literature, 
which allowed further insight into the nature 
of monomeric cerium(III) and uranium(III) 
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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)3]
[N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and 
U[OP(p-anisyl)3][N(SiMe3)2]3 can be used to 
investigate the previously observed enhancement 
in protonolysis reactivity of phosphine oxide 
DGGXFWV� ZLWK� GLSKHQ\OSKRVSKLQH� �+33K2) 
compared to the base-free three-coordinate 
Ln[N(SiMe3)2]3 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 
�������ZKLFK�FRXOG�SHUKDSV�H[SODLQ�WKH�HQKDQFHG�
protonolysis reactivity observed for similar rare-
earth complexes decades ago [19].
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