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ABSTRACT: New uranyl derivatives featuring the amide ligand,
—N(SiHMe,)'Bu, were synthesized and characterized by X-ray
crystallography, multinuclear NMR spectroscopy, and absorption
spectroscopies. Steric properties of these complexes were also
quantified using the computational program Solid-G. The
increased basicity of the free ligand —N(SiHMe,)'Bu was
demonstrated by direct comparison to —N(SiMe,),, a popular
supporting ligand for uranyl. Substitutional lability on a uranyl
center was also demonstrated by exchange with the —N(SiMe;),
ligand. The increased basicity of this ligand and diverse
characterization handles discussed here will make these

compounds useful synthons for future reactivity.

B INTRODUCTION

The uranyl moiety, UO,*, which features strongly bonded
trans-oxo ligands, dominates the coordination chemistry of high
valent uranium.' In the environment, such compounds are
found as inorganic salts that are highly soluble in water." The
low solubility of this form in common organic solvents makes
its nonaqueous coordination chemistry difficult to study, which
is necessary for future design of organic ligand extractants.” To
circumvent this issue, neutral organometallic derivatives have
been developed, with amide congeners being particularly
advantageous due to their steric and electronic modularity.
One example, UO,(N(SiMe,),),(THF),, originally reported by
Andersen,” has risen to popularity because of its ease of
synthesis, stability, and solubility. Furthermore, the crystallinity
imparted by the bis(trimethylsilyl)amide ligands facilitates the
structural characterization, typically as Lewis base deriva-
tives."™” More recently, Arnold and co-workers reported a
variation of this compound where one methyl is replaced by a
phenyl on each silyl substituent, UO,(N(SiMe,Ph),),.” Despite
these positive attributes of amide ligands, there have been few
developments in the realm of neutral amide derivatives of
uranyl in recent years.

Although UO,(N(SiMe;),),(THEF), is a useful high-valent
uranyl starting material for nonaqueous chemistry, less bulky,
more basic alternatives are desirable due to the increased
lability. The tert-butyl dimethyl silyl amide (—N(SiHMe,)'Bu)
is attractive in this regard, as it is more substitutionally labile as
well as being sterically less demanding and has the potential to
facilitate new chemistry. Furthermore, the —N(SiHMe,)Bu
ligand has more spectroscopic handles than its predecessor.
While derivatives of the —N(SiMe;), ligand only display a
singlet in the "H NMR spectrum and lack diagnostic infrared
(IR) absorptions, the chemical shift, multiplicity and coupling
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constant of the Si—H moiety in —N(SiHMe,)'Bu can probe
protonation of the ligand (] coupling with NH) or the
presence of a secondary Si—H interaction ('Jgy;), both of which
can also be confirmed using IR spectroscopy.

Despite being well-studied on the d-block,”™" less is known
about the use of the —N(SiHMe,)Bu ligand to frame f-block
metals.'*™*' Recent work from the Sadow group highlights that
this ligand effectively supports several rare earth elements,
forming RE(N(SiHMe,)Bu), (RE =Y, S, and Lu)."” In these
cases, three Si—H functionalities participate in secondary
interactions with the rare earth center, and their exchange
rate is determined spectroscopically. Similarly, the erbium
analogue, Er(N(SiHMe,)'Bu),, is proposed to contain
secondary Si—H interactions based on the fact that the tert-
butyl groups all point away from the erbium in the molecular
structure.”’ Livinghouse showed that complexes [Li][RE(N-
(SiMe,H)'Bu),] (RE = Y and La) were useful synthons to
generate amide precatalysts for enantioselective hydroamina-
tion/cyclization,” and recently, Andersen also demonstrated
the synthesis of the organocerium compound, Cp*,CeN-
(SiHMe,)'Bu.'® Surprisingly, there are no reports of this amide
ligand supporting actinide elements.

This —N(SiHMe,)Bu ligand is thus an attractive choice for
uranyl chemistry, as it would facilitate ligand substitution
chemistry due to its increased lability. It also has the potential
to form an Si—H secondary interaction with uranium not
typically noted for actinide elements. Uranyl compounds
featuring this ligand would be a rare example of those
containing a nonchelating alkylated amide, which are often
challenging to isolate due to unwanted uranyl reduction.””
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Herein, we present our initial findings on the coordination
chemistry of the —N(SiHMe,)'Bu ligand with uranyl
derivatives, including the synthesis and spectroscopic and
structural characterization of three new derivatives. Reactivity
studies are also included that highlight the relative basicity and
lability of this amide ligand.

B EXPERIMENTAL SECTION

General Considerations. All air- and moisture-sensitive manip-
ulations were performed using standard Schlenk techniques or in an
MBraun inert atmosphere drybox with an atmosphere of purified
nitrogen. The MBraun drybox was equipped with two —35 °C freezers
for cooling samples and crystallizations. Solvents for sensitive
manipulations were dried and deoxygenated using literature
procedures with a Seca solvent purification system.”> Benzene-d, was
purchased from Cambridge Isotope Laboratories, dried with molecular
sieves and sodium, and degassed by three freeze—pump—thaw cycles.
THEF-dg; was purchased from Cambridge Isotope Laboratories in a
sealed ampule and dried over an alumina plug before it was dried
additionally with sodium. Chloroform-d was purchased from Cam-
bridge Isotope Laboratories and used without further purification.
‘BuNH,, SiHMe,Cl, "BuLi, and ‘Bu,bipy (‘Bu,bipy = 4,4’-di-tert-butyl-
2,2'-dipyridine) were purchased from Sigma-Aldrich and used without
farther purification. [UO,CL,(THF),], was prepared according to
literature procedures™ using UO; obtained from IBI Inc. Caution: U-
238 is a weak a-emitter with a halflife of t,,, = 4 X 10° years. All
manipulations were performed in an inert atmosphere glovebox in a
laboratory equipped with proper detection equipment.

"H NMR spectra were recorded at 25 °C on a Varian Inova 300,
Bruker AV-III-400-HD, or Bruker AV-III-500-HD spectrometer
operating at 299.96, 400.13, and 500.23 MHz, respectively. All
chemical shifts are reported relative to the peak for SiMe,, using 'H
(residual) chemical shifts of the solvent as a secondary standard. "Li
NMR spectra were recorded on a Bruker AV-III-400-HD spectrometer
operating at 155.51 MHz. *C(*H) NMR spectra were recorded on a
Bruker AV-III-400-HD or Bruker AV-III-500-HD spectrometer
operating at 100.62 and 125.80 MHz, respectively. 2Si NMR spectra
were recorded on a Bruker AV-1II-400-HD or Bruker AV-III-500-HD
spectrometer operating at 79.49 and 99.37 MHz, respectively. *Si(*H)
NMR spectra were recorded on a Bruker AV-III-500-HD spectrometer
operating at 99.37 MHz. For all molecules, the NMR data are reported
with the chemical shift, followed by the multiplicity, any relevant
coupling constants, the integration value, and the peak assignment.

Infrared spectra were recorded using a Thermo Nicolet 6700
spectrometer; samples were prepared by evaporating C¢Dy solutions of
the desired compound onto KBr salt plates. Electronic absorption
measurements were recorded at 25 °C in sealed 1 cm quartz cuvettes
with Cary 6000i UV-vis-NIR spectrophotometer. Elemental analyses
were performed by Midwest Microlab (Indianapolis, IN).

Single crystals of 1, 1-crown, 2, and 3 suitable for X-ray diffraction,
were coated with poly(isobutylene) oil in a glovebox and quickly
transferred to the goniometer head of a Bruker Quest diffractometer
with a fixed chi angle, a sealed fine-focus X-ray tube, single-crystal
curved graphite incident beam monochromator and a Photon100
CMOS area detector. Examination and data collection were performed
with Mo Ka radiation (4 = 0.71073 A). See the Supporting
Information for details on single-crystal structure determination.

Synthesis of HN(SiHMe,)Bu. Following a modified literature
procedure,” in a fume hood, ‘BuNH, (75 mL, 0.71 mol) and Et,0
(75 mL) were added to a round-bottomed flask and cooled to —78 °C
in a dry ice and acetone bath. SiHMe,Cl (25 mL, 0.23 mol) and Et,0
(25 mL) were added to an addition funnel and slowly added to the
‘BuNH, solution over the course of 1 h. The resulting reaction mixture
was then allowed to warm to room temperature in the acetone bath for
4 h. Once warmed, the reaction mixture was vacuum filtered on a
Biichner funnel and washed with Et,O (2 X 10 mL). The filtrate was
carefully concentrated with the aid of a fractional distillation column
until all of the Et,O was removed, leaving a clear liquid assigned as
HN(SiHMe,)Bu (20.2 g, 0.154 mol, 68%).

'"H NMR (CDCl,;, 300 MHz, 25 °C): 6 0.05 (d, 3y = 3.1 Hz, 6 H,
SiH(CH,),), 0.48 (br s, 1 H, NH), 1.11 (s, 9 H, C(CHj,),), 449 (d
sept, Jgy = 192.4 Hz, 1 H, SiH(CH,),). '"H NMR (C¢Dy, 300 MHz,
25 °C): 6 0.13 (d, *Juy = 3.0 Hz, 6 H, SiH(CH,),), 1.11 (s, 9 H,
C(CHy)5), 4.83 (d sept, g = 192.1 Hz, 1 H, SiH(CH,),). IR (KBr,
cm™): 3391 m (vny), 2964 s, 2905 s, 2870 m, 2106 s br (vgy), 1465
m, 1376's, 1362 s, 12505, 12295, 1015 5,913 5, 888 5, 839 5, 774 5, 752
m, 698 m, 686 m, 625 m.

Synthesis of LiN(SiHMe,)'Bu. Modified from a literature
procedure.”® In a glovebox, a 250 mL round-bottomed flask was
charged with HN(SiHMe,)'Bu (4.500 g, 34.28 mmol) and pentane
(100 mL). This clear, colorless solution was frozen in the coldwell.
Upon thawing, "BuLi (2.5 M in hexanes, 13.5 mL, 33.8 mmol) was
added dropwise over S min. This solution was stirred as it warmed to
ambient temperature over the course of 3 h. After concentration of the
solution in vacuo, a white solid was collected and assigned as
LiN(SiHMe,)'Bu (4.607 g, 33.57 mmol, 98%).

'"H NMR (C¢Dg, 400 MHz, 25 °C): 6 0.35 (d, *Jyy = 2.8 Hz, 6 H,
SiH(CHj;),), 1.26 (s, 9 H, C(CH;);), 4.86 (br m, YJgy = 169 Hz, 1 H,
SiH(CHs,),). 'Li NMR (C¢Dy, 155 MHz, 25 °C): § 2.14 (Li). *C("H)
NMR (C¢Ds, 100 MHz, 25 °C): § 540 (SiH(CH;),), 37.44
(C(CH;);), 52.61 (C(CH;); ¥Si(*H) NMR (C/Dy, 80 MHz, 25
°C): —=23.27 (SIH(CHS,),). IR (KBr, cm™): 2953 s, 2852 m, 2043 s br
(Vgyr), 1465 m, 1354 m, 1244 m, 1188 m, 1037 m, 1015 m, 914 m, 884
m, 830 m, 767 m, 748 m, 692 m.

Synthesis of [Li(THF);]J[UO,(N(SiHMe,)Bu);] (1). A 20 mL
scintillation vial was charged with [UO,ClL,(THF),], (0.100 g, 0.103
mmol) and THF (4 mL), creating a bright yellow suspension. After
stirring for 10 min, the solid fully dissolved, forming a light yellow
solution, which was then frozen in the coldwell. In a separate 20 mL
vial, LiN(SiHMe,)'Bu (0.085 g, 0.62 mmol) was dissolved in THF (2
mL), forming a clear, colorless solution that was also frozen in the
coldwell. While thawing, the LiN(SiHMe,)'Bu solution was added
dropwise to the thawing uranyl chloride solution. After complete
addition, the resulting solution gradually darkened to red-orange over
the course of 1 min. The reaction mixture was stirred for 1 h as it
warmed to ambient temperature. This red-orange solution was then
concentrated to a dark residue in vacuo. This residue was dissolved in
Et,0 (6 mL), filtered to remove LiCl, and concentrated to a red-
orange powder assigned as [Li(THF);][UO,(N(SiHMe,)Bu);] (1)
(0.155 g, 0.175 mmol, 85%). Red crystalline needles suitable for X-ray
analysis were grown from a dilute pentane solution overnight at —35
°C. Elemental analysis was attempted twice for compound 1. Results
regularly showed low C and H values, consistent with some degree of
THEF desolvation from the lithium cation.

'"H NMR (C¢Dy, 400 MHz, 25 °C): § 0.66 (d, *Jyy = 3.3 Hz, 18 H,
SiH(CH,;),), 1.28 (br s, 12 H, THF—CH,), 1.89 (s, 27 H, C(CHj;)5),
3.40 (br s, 12 H, THF—CH,), 6.84 (sept, *Jyy = 3.3 Hz, gy = 164.5
Hz, 3 H, SiH(CHj;),). 'Li NMR (CDy, 155 MHz, 25 °C): § 0.77
(Li(THF);). BC(*H) NMR (C¢Dg, 100 MHz, 25 °C): § 4.86
(SiH(CH,;),), 25.54 (THF-CH,), 38.07 (C(CH,);), 56.96 (C(CH,),),
68.13 (THF—CH,). ¥Si("H) NMR (C(D4 100 MHz, 25 °C): §
—21.86 (SiH(CH3;),). ¥’Si NMR (C¢Dg, 100 MHz, 25 °C): § —21.89
(d sept, Y = 165.1 Hz, gy = 5.9 Hz, SiH(CH,),). IR (KBr, cm™):
2959 s, 2901 m, 2091 s br (vgy), 1464 w, 1356 w, 1246 m, 1187 m,
1033 m, 902 s br, 836 s, 781 m.

Synthesis of [Li(12-crown-4),][UO,(N(SiHMe,)Bu);] (1-
crown). A 20 mL scintillation vial was charged with [Li(THF),]-
[UO,(N(SiHMe,)Bu);] (0.150 g, 0.170 mmol) and THF (10 mL).
Then, 12-crown-4 (0.060 g, 0.34 mmol) was added neat, causing no
change to the solution color. The resulting red-orange reaction
mixture was stirred for 1 h before it was concentrated in vacuo to an
orange residue. This residue was triturated with pentane and
concentrated in vacuo to ensure complete removal of residual THEF.
An orange powder assigned as [Li(12-crown-4),][UO,(N-
(SiHMe,)'Bu);] (1-crown) was isolated in quantitative yield. Red
crystalline blocks suitable for X-ray analysis were grown from a dilute
benzene solution overnight at 25 °C.

'H NMR (C4D¢, 300 MHz, 25 °C): 5 0.80 (d, ¥y = 3.3 Hz, 18 H,
SiH(CHs;),), 2.07 (s, 27 H, C(CH,),), 3.42 (br s, 32 H, 12-crown-4),
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6.45 (sept, *Jyy = 3.2 Hz, 3 H, SiH(CH,),). '"H NMR (THF-dg, 500
MHz, 25 °C): § 025 (br s, 18 H, SiH(CH,),), 1.58 (br s, 27 H,
C(CH,),), 3.66 (brs, 32 H, 12-crown-4), 5.77 (br m, ‘Jgy = 175.8 Hz,
3 H, SiH(CH;),). 'Li NMR (C¢Ds, 155 MHz, 25 °C): § —3.12
(Li(12-crown-4),). BC(*"H) NMR (THF-dg, 125 MHz, 25 °C): § 4.55
(SiH(CHj;),), 37.10 (C(CHs;),), 56.52 (C(CHs,),), 68.66 (12-crown-
4). ¥Si('H) NMR (THF-dg, 100 MHz, 25 °C): § —28.07
(SiH(CH,),).”Si NMR (THF-ds, 100 MHz, 25 °C): § —28.08 (d
sept, Jou = 176.0 Hz, ¥gpy = 6.5 Hz, SiH(CH,),). IR (KBr, cm™):
2942 m, 2899 m, 2865 m, 2034 m br (vgyy), 1445 m, 1364 m, 1347 m,
1303 w, 1288 m, 1243 m, 1229 m, 1188 m, 1134 5, 1095 s, 1024 5, 976
m, 917 s, 893 s, 824 s, 773 s, 751 s, 687 m, 637 m. Analysis for
C;3,HgoN30,0Si;LiU: Caled C, 40.03; H, 7.90; N, 4.12. Found C,
39.74; H, 7.69; N, 3.91.

Synthesis of (‘Bu,bipy)UO,(N(SiHMe,)'Bu), (2). A 20 mL
scintillation vial was charged with [UO,CL,(THF),], (0.300 g, 0.309
mmol) and THF (5 mL), creating a bright yellow suspension. After
stirring for 10 min, the solid fully dissolved, forming a light yellow
solution. A solution of ‘Bu,bipy (0.166 g, 0.618 mmol) in THF (2 mL)
was added dropwise to the uranyl chloride solution, causing a color
change from yellow to orange. After stirring for 10 min, this solution
was frozen in the coldwell. In a separate 20 mL vial, LIN(SiHMe,)'Bu
(0.170 g, 1.236 mmol) was dissolved in THF (2 mL), forming a clear,
colorless solution that was also frozen in the coldwell. While thawing,
the LiN(SiHMe,)'Bu solution was added dropwise to the thawing
uranyl chloride solution. After complete addition, the resulting
solution gradually darkened to red-orange over the course of 1 min.
The reaction mixture was stirred for 30 min as it warmed to ambient
temperature. This red-orange solution was then concentrated to a dark
residue in vacuo. This residue was dissolved in Et,0 (10 mL), filtered
to remove LiCl, and concentrated to a red powder assigned as
(‘Bu,bipy)UO,(N(SiHMe,)Bu), (2) (0.476 g, 0.596 mmol, 96%).
Red crystalline blocks suitable for X-ray analysis were grown from a
dilute pentane solution overnight at —35 °C.

"H NMR (C4Dy, 400 MHz, 25 °C): 6 0.85 (d, *Jyy = 3.4 Hz, 12 H,
SiH(CH,),), 0.96 (s, 18 H, CC(CHS,)), 2.26 (s, 18 H, NC(CH,),),
6.80 (sept, *Jyy = 3.4 Hz, 3 H, SiH(CH,),), 7.14 (dd, *Jyy = 5.8 Hz,
un = 1.8 Hz, 2 H, bipy—CH), 7.73 (d, ¥y = 1.7 Hz, 2 H, bipy—
CH), 9.83 (d, ¥y = 5.7 Hz, 2 H, bipy—CH). “C(*H) NMR (C¢Ds,
100 MHz, 25 °C): 6 5.61 (SiH(CHj;),), 30.06 (bipy—C(CHj)5), 35.03
(bipy—C(CHj);), 38.18 (NC(CH,);), 5838 (NC(CH,);), 119.49
(bipy—C), 122.14 (bipy—C), 151.90 (bipy—C), 156.80 (bipy—C),
163.69 (bipy—C). ¥Si('"H) NMR (C¢D, 100 MHz, 25 °C): § —21.35
(SiH(CH;),). Si NMR (C¢Dy, 100 MHz, 25 °C): § —21.36 (d sept,
Vs = 182.0 Hz, *Jgyy = 6.7 Hz, SIH(CH3),). IR (KBr, cm™): 2964 s,
2902 m, 2081 s br (vgy), 1611 s, 1545 m, 1478 m, 1463 m, 1403 m,
1377 w, 1366 m, 1354 w, 1246 m, 1187 m, 1016 w, 993 w, 954 m, 899
s, 846 m, 773 m, 714 w, 692 m, 607 m. Analysis for C;,Hs,N,0,Si,U:
Caled C, 45.10; H, 7.06; N, 7.01. Found C, 44.67; H, 6.75; N, 6.81.

B RESULTS AND DISCUSSION

As an entry into this work, the parent amine, HN(SiHMe,)'Bu,
was generated using a modified literature procedure, in which
Me,SiHCl is slowly added to a cold solution of excess NH,'Bu
(Scheme 1).”° Following workup, analysis by 'H NMR
spectroscopy (CgDg, 25 °C) shows a diagnostic resonance at
4.83 ppm as a doublet of septets with an Si—H coupling of 192
Hz (Figure 1).

In order to generate uranyl derivatives using salt metathesis,
the lithium amide derivative, LIN(SiHMe,)'Bu, was synthesized
according to a modified literature procedure, furnishing the
desired product in high yield* Subjecting 0.5 equiv of
[UO,CL,(THF),], to 2 equiv of LiN(SiHMe,)'Bu, in
anticipation of generating “UO,(N(SiHMe,)'Bu),”, instead
produced in poor yield [Li(THF);][UO,(N(SiHMe,)'Bu);]
(1), as determined by X-ray crystallography (vide infra).
However, when the appropriate equivalents of LiN-

Scheme 1. Synthesis of Uranyl Silylamide Complexes 1, 1-
crown, and 2
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Figure 1. Comparison of "H NMR spectroscopic data (C¢Dg, 25 °C)
for the Si—H resonance and IR data for the Si—H stretch in
H(NSiHMe,)Bu and 1, highlighting the utility of the Si—H group as a
characterization handle.

(SiHMe,)'Bu were used, based on the stoichiometric ratio,
[Li(THF),][UO,(N(SiHMe,)'Bu),] (1) was obtained in high
yield as an orange-red powder.

Single crystals of 1, formed as red needles, were obtained
from a dilute pentane solution cooled to —35 °C. From
refinement of the data, the resulting molecular structure shows
a C;, symmetric molecule with a trigonal bipyramidal uranium
center featuring the characteristic trans-oxo ligands in the axial
positions (Figure 2, structural parameters in Table 1). The
structure was modeled with exact 1:1 disorder about a
crystallographic mirror plane (Table S1, Figure S29). The
three amide ligands are situated in the equatorial plane with
115.6(4)—123.8(4)° angles with respect to each other. The U—
N distances of 2.304(6), 2.274(10), and 2.348(11) A and the
U-O distance of 1.785(4) A are all on the order of those
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Figure 2. Molecular structures of [Li(THF);][UO,(N(SiHMe,)Bu);] (1), [Li(12-crown-4),][UO,(N(SiHMe,)Bu);] (1-crown), and (‘Bu,bipy)-
UO,(N(SiHMe,)'Bu), (2) shown at 30% probability ellipsoids. Disorder, cocrystallized solvent molecules, selected hydrogen atoms, selected ‘Bu
methyl groups on the amide ligands, and the Li(12-crown-4), countercation in 1-crown have been omitted for clarity.

Table 1. Bond Distances (A) for Compounds 1, 1-crown, 2,
and 3

1 1-crown 2/ 3

U—O0 a1 1.785(4) 1.787(6) 1.748(5) 1.786(4)
U—Oanyi 1.853(5) 1.787(6) 1.803(S) 1.841(4)
U—N.mide 2.304(6) 2.315(7) 2.297(S) 2.292(4)
U—N,mide 2.274(10) 2.315(7) 2.332(6) 2.298(4)
U=N,nide 2.348(11) 2.352(11) 2.308(4)
U—Niipy 2.636(4)

U—N,, 2.559(5)

observed for UO,(N(SiMe;),),(THF),’ and UO,(N-
(SiMe,Ph),),.* The other U—O bond shows elongation to
1.853(5) A, which is likely due to capping by the lithium
countercation. A more appropriate comparison is to the uranyl
tris(amide), [Na(THF),][UO,(N(SiMe,),);].>° In this case,
the U—N distances range from 2.305(4) to 2.318(4) A, while
the U—O distances are 1.781(5) and 1.810(5) A. Again,
elongation of the latter U—O distance is due to the association
with the sodium cation to a uranyl oxygen, similar to
compound 1.

Further characterization of 1 by 'H NMR spectroscopy
(C¢Dg, 25 °C) showed a C;, symmetric spectrum in solution,
with the largest resonances at 0.66 (SiH(CHj3),) and 1.89 ppm
(C(CHs;);). The other notable resonance is that for the Si—H,
appearing as a septet at 6.84 ppm with 'Jg; = 165 Hz, which is
substantially shifted downfield compared to the value of the
parent amine (4.83 ppm, 192 Hz) (Figure 1). The **Si NMR
(C¢Dg, 25 °C) spectrum shows a doublet of septets at —21.89
ppm (Ygu = 165.1 Hz) for the silyl group, whereas the Li
NMR (C¢Dg, 25 °C) shows a singlet at § 0.77 (Li(THF),). The
strong Si—H coupling constant indicates that despite the
proximity of the Si—H bonds to the uranium center, no
secondary Si—H interactions are noted in this case. This is
surprising, given the observation of Si—H secondary
interactions on lanthanide derivatives of this ligand,lg’20 as
well as of C—H agostic bonds of —N(SiMe;), on low-valent
uranium,”” both of which give insight into unique f-orbital
participation in bonding.”*

To remove the lithium countercation from the coordination
sphere, 1 was treated with 12-crown-4, which produced [Li(12-
crown-4),][UO,(N(SiHMe,)'Bu);] (l-crown) as an orange
solid in quantitative yield. Red block crystals that deposited
from a concentrated benzene solution at room temperature
were analyzed by X-ray diffraction, showing a disordered amide

ligand around a 2-fold rotation axis (Table S2, Figure S30). The
molecular structure was very similar to that of 1, but showed
that the lithium was indeed encapsulated and removed from the
primary coordination sphere (Figure 2, Table 1). Again, the
uranium appears to be in a trigonal bipyramidal geometry, with
two of the amides and both oxygen atoms related by a mirror
plane. The U—N bond distances (2.315(7) and 2.352(11) A) in
the equatorial plane are within error of those in parent
compound 1. Significantly, the U—O distances of 1.787(6) A
are now equivalent. The structural parameters for 1-crown are
similar to those noted for [Cp*,Co][UO,(N(SiMe;),);],
which features an outer sphere pentamethylcobaltocenium
cation.” In this case, the U-N distances average 2.32 A, while
the U—O distances of 1.811(5) and 1.788(5) A are signature
for uranyls. The inequivalence in these distances is surprising,
given that the cobaltocenium is not associated with a uranyl
oxygen. In solution, the behavior of 1-crown is also very similar
to that of 1, with little shift (~0.2 ppm or less) in the
resonances of the "H NMR spectrum (C4Dg, 25 °C). Again,
there is no indication of the presence of any secondary Si—H
interactions to the uranium ion.

Formation of uranyl tris(amide) derivative 1 likely results
from addition of 1 equiv of LiN(SiHMe,)Bu to transient
“[UO,(N(SiHMe,)'Bu),]”. We hypothesized that this inter-
mediate could be stabilized by the use of a bulky Lewis base,
furnishing the neutral uranyl bis(amide) species, rather than an
additional equivalent of the lithium amide salt, which produced
the “-ate” complex. Pretreating half an equiv of
[UO,CL(THF),], with 1 equiv of 4,4’'-di-tert-butyl-2,2’-
bipyridine followed by addition of LiN(SiHMe,)Bu at low
temperature resulted in a red-orange solution that was dried to
a red powder after workup.

X-ray quality crystals of this product were obtained by
cooling a concentrated pentane solution to —35 °C. The
structure was modeled with disorder around a crystallographic
mirror plane (Table S3, Figure S31). Analysis confirmed the
identity of the product as (‘Bu,bipy)UO,(N(SiHMe,)Bu), (2),
featuring a pseudo-octahedral uranium center with trans-oxo
ligands and cis-amides (Figure 2, Table 1). Notable features of
this molecule include the O—U—O angle, which is slightly bent
at 175.8(2)°, likely due to the steric pressure imparted by the
cis-amides. Interestingly, the U—O distances are significantly
different from each other at 1.748(5) and 1.803(5) A, despite
the lack of any countercations.
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As expected, the U—N distances of 2.297(5) and 2.332(6) A
are within error of those in 1 and 1-crown, and the dative U-N
bond lengths for the bipyridine are much longer at 2.636(4)
and 2.559(5) A. Compound 2 is reminiscent of
UO,(Ar,nacnac)(bipy) (Arynacnac = ((2,6-PryC4H;)NC-
(Me)),CH), reported by Hayton and co-workers, which
features both a 2,2'-bipyridine and a Ar,nacnac ligand in the
equatorial plane.®® In this case, the U—Ny, distances of
(2.643(6) and 2.636(6) A) point toward dative bonds,
confirming the coordination mode in 2. By comparison, the
U—O bonds of 1.833(5) and 1.821(5) A in UO,(Ar,nacnac)-
(bipy) are both longer and more similar to each other than
those in compound 2.

Analysis of compound 2 by "H NMR spectroscopy (C4Dg, 25
°C) shows very similar parameters to the tris(amide)
derivatives, with not more than a difference in chemical shift
of ~0.3 ppm for the amide ligand resonances. Additional
resonances for the 4,4'-di-tert-butyl-2,2"-bipyridine ligand are
found at 0.96 ppm for the symmetric tert-butyl groups and in
the range of 7.14—9.83 ppm for the aromatic protons.

As demonstrated here, use of the bulky 2,2'-bipyridine ligand
blocks two coordination sites in the equatorial plane of the
uranyl ion, preventing ligand rearrangement and formation of
the “-ate” complex. The result is isolation of a neutral, six-
coordinate uranyl bis(amide) complex similar to UO,(N-
(SiMe;),),(THE), and UO,(N(SiMe,Ph),),. Unavoidable
formation of uranyl “-ate” complexes with the —N(SiMe;),
ligand is highly dependent on the alkali metal used in the
synthesis.”® For compound 2, addition of a chelating Lewis base
allows for a smaller, harder ion (Li) to be used, while avoiding
the apparent driving force for “-ate” complex formation, evident
in the preferable formation for 1 (vide supra).

The infrared spectra for compounds 1, 1-crown, and 2 each
display a single band for the Si—H stretch in a narrow range.
Compound 1 has the highest energy stretch (vgy) at 2091
cm™!, while compound 1-crown has the lowest energy stretch
at 2034 cm ™. The absorption for 2 is between the others with a
band at 2081 cm™'. The Si—H stretching modes in the
—N(SiHMe,)Bu ligands have been shown to trend to much
lower energies (<2000 cm™) upon formation of an interaction
with a metal."” The vg;; energies for the uranyl complexes are
shifted only slightly from HN(SiHMe,)'Bu (2106 cm™) or
LiN(SiHMe,)Bu (2043 cm™), supporting our conclusions
from Si—H NMR coupling constants that there are no
secondary interactions with uranium in these complexes.

Electronic absorption spectroscopy was used to evaluate the
—N(SiHMe,)'Bu series in the ultraviolet (UV), visible, and
near-infrared (NIR) regions (Figure 3). No absorbances are
observed in the NIR region for 1, 1-crown, or 2, consistent
with an f° configuration of the assigned U(VI) centers. Broad
absorbances at the edge of the UV region are observed for 1
(A = 360 nm, 4640 M~' cm™), 1-crown (4., = 362 nm,
3721 M~ em™), and 2 (A = 339 nm, 2576 M~ ecm™).
These absorbances extend into the visible region and are
consistent with the orange or red colors observed for each
complex. Additional absorbances are observed in the UV region
for 2 (A, = 283 nm, 17030 M~! em™; 4., = 240 nm, 16319
M™' cm™), which are likely due to electronic transitions
associated with the ‘Bu,bipy ligand.

To put the electronic properties of the —N(SiHMe,)Bu
ligand into perspective with those of known uranyl ligands, a
direct comparison of the basicity of [~N(SiHMe,)Bu]'~ and
[-N(SiMe;),]'~ was probed (Scheme 2). Dissolution of
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Figure 3. UV—vis plot (as THF solutions at ambient temperature) for
compounds 1, 1-crown, and 2.

Scheme 2. Direct Basicity Comparison of —N(SiHMe,)'Bu
and —N(SiMe;),

\ i \ i
/Si:H Me3S|\ CeDs /Si:H Me3S|\ .

\NLi + '\\__NH EEE— _NH + .\C_NLI
By Me;Si By Me;Si

equimolar amounts of LiN(SiHMe,)Bu and HN(SiMe;), in
CgDyg resulted in complete conversion to HN(SiHMe,)'Bu and
LiN(SiMe,), as determined by multinuclear NMR spectrosco-
py (Figures S23 and S24). Analysis of this reaction by "H NMR
spectroscopy validates the uility of the Si—H moiety as a
characterization handle. Although it is not possible to
definitively distinguish HN(SiMe;), (0.10 ppm) from LiN-
(SiMe;), (broad 0.13 ppm), the presence of HN(SiHMe,)Bu
is clearly evident based on the observation of a doublet of
septets at 4.79 ppm with a 'Jg;; coupling constant of 192 Hz.
Resonances for LiN(SiHMe,)Bu are not observed, which
would appear as a broad resonance at 4.86 ppm with a 'Jgy
coupling constant of 169 Hz. "Li NMR spectroscopy confirms
the presence of LiN(SiMe,), with only one resonance at 1.04
ppm, whereas LiN(SiHMe,)'Bu would be observed at 2.14
ppm. The same product distribution is obtained when
equimolar amounts of HN(SiHMe,)'Bu and LiN(SiMe,), are
mixed (Figures $25—526).

With the understanding that —N(SiHMe,)'Bu has increased
basicity over that of —N(SiMe;),, we sought to demonstrate
the subsequent increase in reactivity with the new uranyl
complexes. Addition of 3 equiv of HN(SiMe;), to compound 1
in THF slowly results in conversion to [Li(THF),][UO,(N-
(SiMe;),);] (3) over the course of 48 h (Scheme 3; Figure
$27). Compound 3 was characterized by 'H NMR spectros-
copy, which showed a singlet at 0.65 ppm, along with
resonances for lithium-bound THF observed at 1.18 and 3.24
ppm.

Orange needle crystals of 3 suitable for X-ray crystallography
were grown directly from a benzene solution at room
temperature in a sealed tube. Analysis of one of these crystals
revealed the expected trigonal bipyramidal uranium center with
the expected axial oxo ligands and three equatorial amide
ligands (Figure 4, select bond distances in Table 1). Similar to
compound 1, one oxo ligand is capped by a lithium cation.
Again, this is evident in the uranyl bond distances as the
uncapped oxo ligand has a U—O distance of 1.786(4) A, and
the lithium capped oxo ligand has a longer distance of 1.841(4)
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Scheme 3. Synthesis of Compound 3
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Figure 4. Molecular structure of [Li(THF),][UO,(N(SiMe;),);] (3)
shown at 30% probability ellipsoids. Disorder, hydrogen atoms, and
‘Bu methyl groups have been omitted for clarity.

A. The U—N distances for the —N(SiMej), ligands range from
2.292(4) to 2.308(4) A, similar to the U—N distances observed
in 1. Interestingly, the lithium cation in 3 has only two solvate
THF molecules coordinated, similar to the known pyridine
solvate [Li(py),][UO,(N(SiMe;),);].° This is in contrast to
the three lithium-coordinated THF molecules in 1, a difference
that could potentially be an artifact of the differing steric
environments of —N(SiMe,), and —N(SiHMe,)'Bu.

To analyze the steric profile of the —N(SiHMe,)'Bu ligand,
computational analysis via Solid-G was conducted.>"** This
model quantifies the steric environment imparted by ligands
based on the percentage of the metal sphere that is blocked by
each ligand. Compound 1 was chosen for analysis based on the
structural similarity to both [Li(py),][UO,(N(SiMe;),);] (py
= pyridine) and [Li(THF),][UO,(N(SiMe;),);] (3).” Table 2
shows the results for each of these three complexes. While the
uranjum—amide bond distances do not change significantly
between the three complexes, a clear trend emerges in the
G(amide) values. Compound 1 has consistently smaller
G(amide) values that range from 21.30 to 22.51%, while the
—N(SiMe;),); compounds range between 24.85 and 25.55%.
This difference indicates that —N(SiHMe,)'Bu occupies about

3% less of the uranium coordination sphere compared to
—N(SiMe;),.

H CONCLUSION

In summary, we report the synthesis and characterization of
three new uranyl complexes featuring the —N(SiHMe,)Bu
ligand, which are the first actinide derivatives of this amide.
Successful synthesis was achieved by salt metathesis with
LiN(SiHMe,)'Bu, forming compounds that were readily soluble
in nonaqueous conditions. Spectroscopic and structural
characterization did not reveal any Si—H secondary interactions
with the uranium center, contrary to previous examples for rare
earth elements. Reactivity studies established that —N-
(SiHMe,)Bu is more basic and labile than the established
—N(SiMe,), derivative. These compounds represent versatile,
soluble starting materials for nonaqueous uranyl coordination
chemistry. Future work will be aimed at examining the lability
of these amides in ligand substitution chemistry and exploring
the benefits of the increased basicity associated with this amide
ligand.
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