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Committee Chair: Suzanne Bart
A series of uranium benzyl compounds supported by two hydrotris(3,5dimethylpyrazolyl) borate (Tp*) ligands has been synthesized and characterized. In
addition to the previously reported Tp*2U(CH2Ph) (2-Bn), examinations of both steric
(tert-butyl, iso-propyl) and electronic (methoxy, picolyl) changes on the aromatic ring led
to the formula Tp*2U(CH2Ar) (Ar = 4-tert-butylphenyl (2-tBu), 4-isopropyl (2-iPr), 2picolyl (2-pyr), 3-methoxyphenyl (2-OMe). Treatment of the entire series of benzyl
compounds with azidotrimethylsilane results in the formation of a neutral, monomeric
U(III) compound, Tp*2U(N3) (3-N3), and substituted benzyltrimethylsilane. While there
was no observed change in reactivity among the benzyl compounds and Me3SiN3,
treatment of these compounds with triphenylphosphine oxide saw unique carbon-carbon
coupling occur for three of the substituted benzyl compounds. With a single equivalent of
OPPh3, the following products were isolated: Tp*2U[OP(C6H5)(C6H5CH2C6H5)] (4-Ph),
Tp*2U[OP(C6H5)(C6H5-p-iPrC6H4)] (4-iPr), Tp*2U[OP(C6H5)(C6H5-p-tBuC6H4)] (4-tBu),
Tp*2U[OP(C6H5)(C6H5-m-OCH3C6H4)] (4-OMe).
A family of uranium(IV) imido complexes of the form Tp*2U(NR) (R =
benzyl (7-Bn), para-tolyl (7-Tol), para-methoxyphenyl (7-OMe), 2,6-diethylphenyl (7detp), 2,6-diisopropylphenyl (7-dipp)) have been generated by bibenzyl extrusion from 2Bn. When 7-Bn and 7-Tol, along with previously reported Tp*2U(N-Ph) (7-Ph) and
Tp*2U(N-Ad) (7-Ad), are treated with isocyanates or isothiocyanates, they readily undergo
[2π+2π]-cycloaddition to generate κ2-ureato and κ2-thioureato derivatives, respectively.
Use of phenylisoselenocyanate with 7-Tol and 7-Ph generates a rare κ2-selenoureato
complex. Treating 7-Tol and 7-OMe with benzonitrile or 4-cyanopryidine results in
unusual products of multiple bond metathesis, namely κ1-amidinate U(IV) complexes.
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A family of dinuclear bis(Tp*) (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate)
uranium compounds with conjugated organic linkers was synthesized to explore possible
electronic communication between uranium ions. Trivalent diuranium phenyl alkynyl
compounds, Tp*2UCC(1,3-C6H4)CCUTp*2 (14-meta) or Tp*2UCC(1,4-C6H4)CCUTp*2
(14-para), and tetravalent diuranium phenylimido compounds, Tp*2U(N-1,3-C6H4N)UTp*2 (15-meta) and Tp*2U(N-1,4-C6H4-N)UTp*2 (15-para), were generated from
trivalent Tp*2UCH2Ph. All compounds were fully characterized both spectroscopically and
structurally. The electronic structures of all derivatives were interrogated using magnetic
measurements, electrochemistry, and were the subject of computational analyses. All of
this data combined established that little electronic communication exists between the
uranium centers in these trivalent and tetravalent diuranium molecules.
Uranium

mono(imido)

species

have

been

prepared

via

oxidation

of

Cp*U(MesPDIMe)(THF) (16-Cp*) and [CpPU(MesPDIMe)]2 (16-CpP) (Cp* = η5-1,2,3,4,5pentamethylcyclopentadienide;

CpP

=

1-(7,7-dimethylbenzyl)cyclopentadienide;

Mes

PDIMe = 2,6-((Mes)N=CMe)2C5H3N, Mes = 2,4,6-trimethylphenyl) with organoazides.

Treating

either

with

N3DIPP

formed

uranium(IV)

mono(imido)

complexes,

CpPU(NDIPP)(MesPDIMe) (17-CpP) and Cp*U(NDIPP)(MesPDIMe) (17-Cp*), featuring
reduced [MesPDIMe]1-. Addition of electron-donating 1-azidoadamantane (N3Ad) to 16-Cp*
generated a dimeric product, [Cp*U(NAd)(MesHPDIMe)]2 (18), from radical coupling at the
para-pyridine position of the pyridine(diimine) ligand and H-atom abstraction, formed
through a monomeric intermediate that was observed in solution but could not be isolated.
To support this, Cp*U(tBu-MesPDIMe)(THF) (16-tBu), which has a tert-butyl group
protecting the para-position, was also treated with N3Ad, and the monomeric product,
Cp*U(NAd)(tBu-MesPDIMe) (17-tBu), was isolated. All isolated complexes were analyzed
spectroscopically and structurally, and dynamic solution behavior was examined using
electronic absorption spectroscopy.
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SYNTHESIS AND REACTIVITY OF
URANIUM(III) BENZYL COMPOUNDS

Reprinted (adapted) with permission from Tatebe, C.J., Johnson, S.A., Zeller, M., Bart,
S.C., Journal of Organometallic Chemistry, 2018, 857, 152-158. Copyright 2018, Elsevier.
Reprinted (adapted) with permission from Tatebe, C.J., Tong, Z., Kiernicki, J.J., Coughlin,
E.J., Zeller, M., Bart, S.C., Organometallics, 2018, 37, 934-940. Copyright 2018,
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1.1

Abstract

A series of uranium benzyl compounds supported by two hydrotris(3,5-dimethylpyrazolyl)
borate (Tp*) ligands has been synthesized and characterized. In addition to the previously
reported Tp*2U(CH2Ph) (2-Bn), examinations of both steric (tert-butyl, iso-propyl) and
electronic (methoxy, picolyl) changes on the aromatic ring led to the formula
Tp*2U(CH2Ar) (Ar = 4-tert-butylphenyl (2-tBu), 4-isopropyl (2-iPr), 2-picolyl (2-pyr), 3methoxyphenyl (2-OMe). This family of compounds were prepared via salt metathesis
between Tp*2UI (1-I) and their respective substituted benzyl potassium compounds.
Treatment of the entire series of benzyl compounds with azidotrimethylsilane results in the
formation of a neutral, monomeric U(III) compound, Tp*2U(N3) (3-N3), and substituted
benzyltrimethylsilane. While there was no observed change in reactivity among the benzyl
compounds and Me3SiN3, treatment of these compounds with triphenylphosphine oxide
saw unique carbon-carbon coupling occur for three of the substituted benzyl compounds.
With a single equivalent of OPPh3, the following products were isolated:
Tp*2U[OP(C6H5)(C6H5CH2C6H5)] (4-Ph), Tp*2U[OP(C6H5)(C6H5-p-iPrC6H4)] (4-iPr),
Tp*2U[OP(C6H5)(C6H5-p-tBuC6H4)] (4-tBu), Tp*2U[OP(C6H5)(C6H5-m-OCH3C6H4)] (4OMe). Using different phosphine oxide starting materials, namely tris(p-tolyl)phosphine
oxide,

affords

a

similar

carbon-carbon

coupled

product,

Tp*2U[OP(p-

tolyl)(C6H4(CH3)CH2C6H5)] (4-tolyl). All complexes have been characterized by 1H, 11B
NMR, IR, and electronic absorption spectroscopies. Structural parameters for compounds
were determined using X-ray crystallography.
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1.2

Introduction

The field of organouranium chemistry has been of interest since the mid-twentieth century,
when such compounds were predicted to be useful for isotope separation due to their
presumed increased volatility.1, 2 While uranium alkyls did not prove their versatility in this
realm, these species have been of fundamental interest for comparison to their transition
metal counterparts, with most of the strides being made for uranium(IV) derivatives.3-7
More recently, new synthetic methodologies have allowed access to tri-, penta-, and
hexavalent analogues.8
The actinides are suitable elements to activate inert molecules such as triphenylphosphine
oxide, as they are highly reducing and oxophilic metals. Early actinides in particular
regularly perform one electron chemistry, driven by their available redox couples. This is
especially true for uranium, the most studied of all the actinides in organometallic
chemistry,9,

10

which has been shown to routinely reduce small, oxygenated organic

molecules. Low-valent uranium species in particular have routinely been observed to
generate and/or support organic radicals in solution.11-14 For instance, Meyer and
coworkers have demonstrated that treating [((AdArO)3tacn)UIII] ((AdArO)3tacn = 1,4,7tris(3-adamantyl-2-hydroxy-5-tert-butylbenzyl)-1,4,7-triazacyclononane)

with

benzophenone generates a fleeting ketyl radical complex, [((AdArO)3tacn)UIV(OC•Ph2)],
that

head-to-tail

para-couples,

forming

the

Gomberg

dimer

derivative

[((AdArO)3tacn)UIV(OCPhPh−CPh2O)UIV((AdArO)3tacn)].12 More recently, the Schelter
group reported activation of N,N-dimethylbenzamide by U(N(SiMe3)2)3, which forms
tetravalent, charge separated U[OC(Ph)(NMe2)][N(SiMe3)2]3, which features the first
stabilized amide radical.15
Efforts in our group have focused on the synthesis, characterization and reactivity of
organouranium species in the +316-18 and +419, 20 oxidation states. In regard to the former,
we

have

demonstrated

that

utilizing

sterically

demanding

hydrotris(3,5-

dimethylpyrazolyl)borate (Tp*) ligands allows divergence from the bulky –CH(SiMe3)2
group,4,

21-23

which is typically used for U(III), effectively supporting benzyl,17,

24

neosilyl,17 and methyl17 substituents. In the latter case, we have shown that when
uranium(IV) centers are benzylated, such species are stable in their homoleptic form, with
no bulky ancillary ligands required due to the increased hapticity (4) of the benzyl group,

19
which saturates the coordination sphere.19, 25, 26 These homoleptic compounds are even
tolerant to ring substitution, facilitating isolation of the p-iPr, p-tBu, m-OMe, o-OMe, and
o-picoline derivatives.19 In this study, we sought to combine these systems to determine if
the bis(Tp*) uranium(III) derivatives were also tolerant to the same ring substitution, given
that uranium(III) is more electron rich and alkyl ligands are generally more reactive
towards decomposition pathways. To this end, we employed substituted benzylpotassium
salts, KCH2Ph’ (Ph’ = p-iPrPh, p-tBuPh, m-OMePh, o-picolyl),19 to generate this new
family. These trivalent derivatives were stable and resulted in useful synthons, as treating
these members with N3SiMe3 afforded Tp*2UN3, which is the first monomeric, neutral,
trivalent azide derivative for the actinides.
The Tp* ligand framework has been useful in isolating uranium(III) complexes featuring
ligand radicals.13 Treating trivalent Tp*2U(CH2Ph) (2-Bn), which serves as a source of
[Tp*2U], with an equivalent of benzophenone forms Tp*2U(OCPh2),27 which was
characterized to contain a uranium(III) ion with one-electron reduced benzophenone.
Formation of this species is attributed to the oxophilicity and reducing nature of uranium,
which performs an electron transfer after initial benzophenone coordination creating a
strong, anionic U-O bond.27 The large bis(Tp*) framework prevents further coupling
chemistry at the ligand radical, which is in contrast to the observation by Meyer. Based on
this exciting result, we hypothesized that other oxygenated substrates could be activated in
a one-electron process. We report the reactivity of a series of trivalent uranium benzyl
species, both with and without para-substitution, with triphenylphosphine oxides. Rather
than an isolable ligand radical, coupling of the benzyl group with the para-carbon of
triphenylphosphine oxide was noted, contrasting our previous results with benzophenone
in which the benzyl radical was extruded as bibenzyl. Full spectroscopic and structural
characterization has been used to elucidate these interesting new structures from this
unusual activation of OPPh3.
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1.3
1.3.1

Experimental
General Considerations

Air- and moisture-sensitive manipulations were carried out using standard Schlenk
techniques or in an MBraun inert atmosphere drybox with an atmosphere of purified
nitrogen. The MBraun drybox is equipped with a cold well designed for freezing samples
as low as liquid nitrogen, as well as two -35 °C freezers for sample storage and
crystallizations. Solvents (THF, pentane, toluene, diethyl ether) were dried and
deoxygenated based on literature procedures using a Seca solvent purification system.28
Benzene-d6 was purchased from Cambridge Isotope Laboratories, dried with molecular
sieves and sodium, and degassed by three freeze-pump-thaw cycles. Azidotrimethylsilane
(Acros Organics), 1,4-cyclohexadiene (Sigma-Aldrich), 9,10-dihydroanthracene (SigmaAldrich), triphenylborane (Alfa Aesar), and triphenylphosphine oxide (Sigma-Aldrich)
were purchased from commercial sources. Azidotrimethylsilane and 1,4-cyclohexadiene
were degassed by three freeze-pump-thaw cycles and passed over an alumina plug before
use.

9,10-dihydroanthracene

was

sublimed

before

use.

Triphenylborane

and

triphenylphosphine oxide were dried before use. Benzylpotassium salts,19 substituted
tris(aryl)phosphine oxides,29 UI3(THF)4,30 Tp*2UI (1-I),31 and Tp*2UBn (2-Bn)24 were
prepared using literature methods.
1

H, and 11B NMR spectra were recorded on a Varian Inova 300 spectrometer operating at

frequencies of 299.992 and 96.24 MHz, respectively. 31P NMR spectra were recorded on a
Mercury 300 spectrometer operating at a frequency of 121.43 MHz. All chemical shifts are
reported relative to the peak for SiMe4, using 1H residual chemical shifts of C6D6 (7.16
ppm) as a secondary standard.

11

B chemical shifts are reported relative to the peak for

BF3·(Et2O) (0.0 ppm). 31P chemical shifts are reported relative to the peak for 85% H3PO4
in C6D6 (0.0 ppm). Spectra for paramagnetic molecules were obtained by using an
acquisition time of 0.5 s, thus the peak widths reported have an error of ±2 Hz. For
paramagnetic molecules, the 1H NMR data are reported with the chemical shift, peak width
at half-height (in Hz), integration value, and where possible, the peak assignment. Pulsefield gradient COSY spectra were obtained using a Bruker AV-III-HD spectrometer with
a 5mm Z-gradient BBFO probe with an operating frequency at 400.17 MHz. Spectra were
acquired using 20000 Hz sweep widths in both dimensions. In F2, 4 scans per increment
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using 4096 data points and a relaxation delay of 1 second. In F1, 8 increments were
acquired. The raw data were Fourier transformed into a final data matrix consisting of 4K
points in F2 and 2K points in F1. Elemental analyses were performed by Midwest-Microlab,
LLC (Indianapolis, Indiana). Solid-state infrared spectra were recorded using a Thermo
Nicolet 6700 spectrophotometer with samples made by crushing the solids, mixing with
dried KBr, and pressing into a pellet. Electronic absorption spectroscopic measurements
were recorded at ambient temperature in dry solvent using sealed 1 cm quartz cuvettes with
a Cary 6000i UV-Vis-NIR spectrophotometer.
Single crystals of 5-THF suitable for X-ray diffraction were coated with
poly(isobutylene) oil in a glovebox and quickly transferred to the goniometer head of a
Rigaku Rapid II image plate diffractometer equipped with a MicroMax002+ high intensity
copper X-ray source with confocal optics. Preliminary examination and data collection
were performed with Cu K radiation (λ = 1.54184 Å). Single crystals of 2-iPr, 2-tBu × 1I, and 2-pyr were transferred to the goniometer head of a Bruker AXS D8 Quest
diffractometer and analyzed at 100 K using monochromatic Mo K radiation ( = 0.71073
Å) with the omega scan technique. Crystals of 2-OMe, 3-N3, 4-OMe, and 4-iPr were
transferred to the goniometer head of a Bruker AXS D8 Quest diffractometer and analyzed
at 100 K using monochromatic Cu K radiation ( = 1.54184 Å) with the omega scan
technique. Crystals of 4-Ph were transferred to the goniometer head of a Bruker AXS
ApexII CCD diffractometer with a sealed tube fine focus X-ray tube and an Oxford
Cryosystems low temperature device. Examination and data collection were performed
with Mo Kα radiation (λ = 0.71073 Å). Data were collected, unit cells determined, and the
data integrated and corrected for absorption and other systematic errors using the Apex2
or Apex3 suites of programs. The space groups were assigned and the structures were
solved by direct methods using XPREP within the SHELXTL suite of programs and refined
by full matrix least squares against F2 with all reflections using Shelxl 2014 or Shelxl
201732 and the graphical interface Shelxle. Complete crystallographic data, in CIF format,
have been deposited with the Cambridge Crystallographic Data Centre.
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1.3.2

General synthesis for Tp*2U(III) alkyl compounds.
A 20 mL scintillation vial was charged with Tp*2UI (1-I) (0.500 g, 0.521 mmol) in

10 mL THF. To this stirring purple solution, an excess of substituted benzyl potassium salt
(KCH2-p-iPrPh: 0.112 g, 0.652 mmol; KCH2-p-tBuPh: 0.121 g, 0.652 mmol; KCH2-mOMePh: 0.104 g, 0.652 mmol; KCH2pyr: 0.085 g, 0.652 mmol) was added. The color of
the solution became dark green after 2 h, the green solution was filtered over Celite, and
volatiles were subsequently removed in vacuo. The resulting green powders were then
washed with n-pentane (2 × 5 mL) and dried to afford dark green solids identified as 2-pi

Pr (0.458 g, 0.474 mmol, 91% yield), 2-p-tBu (0.434 g, 0.443 mmol 85% yield), 2-m-

OMe (0.417 g, 0.438 mmol, 84% yield), or 2-o-Picolyl (0.424 g, 0.459 mmol, 88% yield).
Single crystals suitable for X-ray analysis were grown from a concentrated THF solution
(2-p-iPr) or diffusion of a concentrated diethyl ether solution into toluene (2-p-tBu ,2-mOMe, 2-o-Picolyl) stored at -35 °C.
2-p-iPr: Elemental analysis of C40H57B2N12U, Calculated: C, 49.75; H, 5.95; N,
17.41. Found: C, 49.86; H, 5.93; N, 17.02. 1H NMR (C6D6, 25 ºC): δ (ppm) = -11.19 (24,
18H, Tp*-CH3), -2.77 (5, 18H, Tp*-CH3), 0.30 (23, 2H, B-H), 5.70 (4, 6H, iPr-CH3), 7.25
(5, 6H, Tp*-CH), 9.93 (6, 1H, iPr-CH), 17.82 (17, 2H, meta-CH), 24.42 (4, 2H, -CH2),
26.59 (24, 2H, ortho-CH). 11B NMR (C6D6, 25 ºC): δ (ppm) = -15.6. IR (KBr): νB-H = 2544,
2521 cm-1.
2-p-tBu: Elemental analysis of C41H59B2N12U was not performed due to cocrystallization of 1-I. 1H NMR (C6D6, 25 ºC): δ (ppm) = -11.29 (23, 18H, Tp*-CH3), -2.88
(4, 18H, Tp*-CH3), -0.03 (3, 2H, B-H), 5.69 (2, 9H, C(CH3)3), 7.13 (4, 6H, Tp*-CH), 17.89
(71, 2H, o-/m-CH), 24.72 (3, 2H, -CH2), 26.48 (26, 1H, m-/o-CH). 11B NMR (C6D6, 25 ºC):
δ (ppm) = -15.4. IR (KBr): 2545, 2523 νB-H = cm-1.
2-m-OMe: Elemental analysis of C38H53B2N12OU, Calculated: C, 47.86; H, 5.60; N,
17.63. Found: C, 47.37; H, 5.58; N, 17.42. 1H NMR (C6D6, 25 ºC): δ (ppm) = -11.31 (23,
18H, Tp*-CH3), -2.79 (14, 18H, Tp*-CH3), -0.07 (3, 2H, B-H), 7.15 (6, 6H, Tp*-CH), 7.86
(4, 3H, -OCH3), 10.49 (5, 1H, o-/p-CH), 17.37 (8, 1H, o-/p-CH), 20.98 (1, 2H, -CH2), 24.90
(24, 1H, m-/o-CH), 27.29 (26, 1H, m-/o-CH). 11B NMR (C6D6, 25 ºC): δ (ppm) = -14.0. IR
(KBr): νB-H = 2556, 2522 cm-1.
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2-o-Picolyl: Elemental analysis of C36H50B2N13U, Calculated: C, 46.77; H, 5.45; N,
19.70. Found: C, 46.71; H, 5.42; N, 19.06. 1H NMR (C6D6, 25 ºC): δ (ppm) = -27.65 (19,
3H, Tp*-CH3), -23.68 (21, 3H, Tp*-CH3), -11.78 (14, 3H, Tp*-CH3), -11.33 (13, 3H, Tp*CH3), -5.56 (3, 2H, -CH2pyr), -3.84 (7, 3H, Tp*-CH3), -2.22 (22, 3H, Tp*-CH3), -0.10 (7,
3H, Tp*-CH3), 0.02 (7, 1H, Tp*-CH), 0.33 (7, 3H, Tp*-CH3), 1.31 (7, 3H, Tp*-CH3), 1.40
(16, 1H, Tp*-CH), 2.71 (7, 3H, Tp*-CH3), 3.58 (15, 1H, p-CH), 3.87 (16, 3H, Tp*-CH3),
4.37 (8, 1H, Tp*-CH), 7.45 (8, 1H, Tp*-CH), 8.58 (16, 1H, Tp*-CH), 10.86 (8, 1H, Tp*CH), 10.98 (18, 3H, Tp*-CH3), 11.47 (8, 1H, Tp*-CH), 15.53 (8, 1H, m-CH), 16.35 (8, 1H,
m-CH), 17.43 (35, 1H, o-CH), 39.71 (26, 1H, Tp*-CH). 11B NMR (C6D6, 25 ºC): δ (ppm)
= -13.1, 2.9. IR (KBr): νB-H = 2555, 2519 cm-1.

1.3.3

Synthesis of Tp*2U(N3) (3-N3).
A 20 mL scintillation vial was charged with 2-CH2Ph’ (2-CH2Ph: 0.300 g, 0.325

mmol; 2-p-iPr: 0.345 g, 0.357 mmol; 2-p-tBu: 0.200 g, 0.204 mmol; 2-m-OMe: 0.200 g,
0.210 mmol; 2-o-Picolyl: 0.200 g, 0.216 mmol) in 8 mL THF. To this dark green solution,
azidotrimethylsilane (2-CH2Ph: 32.5 μL; 2-p-iPr: 35.7 μL; 2-p-tBu: 20.4 μL; 2-m-OMe:
21.0 μL; 2-o-Picolyl: 21.6 μL) was added via μsyringe and the solution immediately
became blue-green. After 30 min, volatiles were removed in vacuo, affording a blue
powder. This crude product was washed with n-pentane (4 × 5 mL) and dried again. This
resulted in a blue powder (2-CH2Ph: 0.236 g, 0.270 mmol, 83% yield; 2-p-iPr: 0.242 g,
0.275 mmol, 77%; 2-p-tBu: 0.112 g, 0.128 mmol, 63%; 2-m-OMe: 0.166 g, 0.190 mmol,
91%; 2-o-Picolyl: 0.152 g, 0.174 mmol, 80%) assigned as Tp*2UN3 (3-N3).
Elemental analysis of C59H74B2N15U, Calculated: C, 57.25; H, 6.03; N, 13.58. Found
C, 56.82; H, 5.93; N, 13.58. 1H NMR (C6D6, 25 ºC): δ (ppm) = -15.00 (43, 18H, Tp*-CH3),
1.28 (17, 18H, Tp*-CH3), 7.67 (20, 6H, Tp*-CH), 10.12 (5, 2H, B-H). 11B NMR (C6D6, 25
ºC): δ (ppm) = 10.6. IR (KBr): νB-H = 2558, 2523 cm-1; νN3 = 2073 cm-1.
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1.3.4

Synthesis of Tp*2U[OP(C6H5)2(C6H5CH2R)] (4-R).
A 20 mL scintillation vial was charged with Tp*2U alkyl (2-Bn: 0.300 g, 0.325

mmol; 2-iPr: 0.351 g, 0.363 mmol; 2-tBu: 0.100 g, 0.102 mmol; 2-OMe: 0.200 g, 0.208
mmol) in 7 mL THF. In a separate vial, one equivalent OPPh3 (2-Bn: 0.090 g, 0.324 mmol;
2-iPr: 0.101 g, 0.363 mmol; 2-tBu: 0.028 g, 0.102 mmol; 2-OMe: 0.058 g, 0.208 mmol)
was dissolved in 3 mL THF. The OPPh3 solution was added to the stirring alkyl solution.
A color change from green to brown was observed (2-Ph: 5 min; 2-iPr: 15 min; 2-tBu: 30
min; 2-OMe: 5 min). After additional stirring (2-Ph: 40 min; 2-iPr: 35 min; 2-tBu: 60 min;
2-OMe: 35 min), volatiles were removed in vacuo, leaving a brown powder. Washing with
n-pentane (3 × 5 mL) and drying afforded brown powders identified as
Tp*2U[OP(C6H5)2(C6H5CH2C6H5)]

(4-Ph)

Tp*2U[OP(C6H5)2(C6H5CH2-p-iPrC6H4)]

(0.368

(4-iPr)

g,

(0.397

0.306
g,

0.319

mmol,
mmol,

94%),
87%),

Tp*2U[OP(C6H5)2(C6H5CH2-p-tBuC6H4)] (4-tBu) (0.102 g, 0.080 mmol, 80%) and
Tp*2U[OP(C6H5)2(C6H5CH2-m-OCH3C6H4)] (4-OMe) (0.249 g, 0.202 mmol, 96%).
Single X-ray-quality crystals of 4-Ph and 4-iPr were obtained from a concentrated toluene
solution layered with pentane stored at -35 ºC. Single X-ray quality crystals of 4-OMe
were obtained from the diffusion of hexamethyldisiloxane into a concentrated toluene
solution.
4-Ph: Elemental analysis of C55H66B2N12OPU, Calculated: C, 54.97; H, 5.54; N,
13.99. Found: C, 54.59; H, 5.52; N, 13.89. 1H NMR (C6D6, 25 ºC): δ (ppm) = -16.06 (58,
18H, Tp*-CH3), 0.61 (6, 18H, Tp*-CH3), 1.91 (6, d, 2H, benzyl-CH2), 5.40 (16, 2H,
cyclohexadiene-CH), 6.16 (d, 2H, benzyl-o/m-CH, J =5.8 Hz), 6.37 (d, 2H, benzyl-o/mCH, J = 6.4 Hz), 7.01 (19, 1H, p-phenyl-CH), 7.45 (10, 6H, Tp*-CH), 7.75 (33, 1H,
cyclohexadiene-CH), 8.37 (840, 2H, Tp*-BH), 10.51 (t, 2H, p-phenyl-CH, J = 6.2 Hz),
10.78 (14, 4H, o/m-phenyl-CH), 15.15 (104, 2H, cyclohexadiene-CH), 21.72 (39, 4H, o/mphenyl-CH). 11B NMR (C6D6, 25 ºC): δ (ppm) = 7.2. 31P NMR (C6D6, 25 ºC): δ (ppm) =
84.77. IR (KBr): νB−H = 2553, 2526 cm−1.
4-iPr: Elemental analysis of C58H72B2N12OPU, Calculated: C, 56.00; H, 5.83; N,
13.51. Found: C, 55.52; H, 5.81; N, 13.89. 1H NMR (C6D6, 25 ºC): δ (ppm) = -16.12 (63,
18H, Tp*-CH3), 0.62 (6, 24H, Tp*-CH3+iPr-CH3), 1.94 (8, d, 2H, benzyl CH2, J = 5.6
Hz), 2.16 (m, 1H, iPr-CH), 5.42 (16, 2H, cyclohexadiene-CH), 6.12 (d, 2H, benzyl-m-CH,
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J = 8.0 Hz), 6.24 (6, 2H, benzyl-o-CH, J = 8.1 Hz), 7.45 (12, 6H, Tp*-CH), 7.73 (23, 1H,
cyclohexadiene-CH), 8.51 (130, 2H, Tp*-BH), 10.54 (t, 2H, p-phenyl-CH, J = 6.3 Hz),
10.81 (d, 4H, o/m-phenyl-CH, J = 6.0 Hz), 15.20 (99, 2H, cyclohexadiene-CH), 21.80 (53,
4H, o/m-phenyl-CH). 11B NMR (C6D6, 25 ºC): δ (ppm) = 7.1. 31P NMR (C6D6, 25 ºC): δ
(ppm) = 83.78. IR (KBr): νB−H =2552, 2524 cm−1.
4-tBu: Due to the presence of small amounts Tp*2UI in this compound, reliable
elemental analysis was not possible. This species does not affect the overall outcome of
the reaction. 1H NMR (C6D6, 25 ºC): δ (ppm) = -16.06 (65, 18H, Tp*-CH3), 0.62 (7, 18H,
Tp*-CH3), 0.72 (s, 9H, tBu-CH3), 1.98 (d, 2H, benzyl-CH2, J = 6.4 Hz ), 5.41 (12, 2H,
cyclohexadiene-CH), 6.18 (12, 2H, benzyl-o/m-CH, J = 8.2 Hz), 6.42 (d, 2H, benzyl-o/mCH, J = 8.2 Hz), 7.44 (44, 6H, Tp*-CH), 8.42 (5, Tp*-BH), 10.53 (17, 2H, p-phenyl-CH,
J = 6.3 Hz), 10.80 (d, 4H, o/m-phenyl-CH, J = 6.0 Hz), 15.18 (60, 2H, cyclohexadieneCH), 21.75 (184, 4H, o/m-phenyl-CH). 11B NMR (C6D6, 25 ºC): δ (ppm) = 6.8. 31P NMR
(C6D6, 25 ºC): δ (ppm) = 83.28. IR (KBr): νB−H = 2550, 2519 cm-1.
4-OMe: Elemental analysis of C56H68B2N12OPU, Calculated: C, 55.32; H, 5.64, N,
13.82. Found: C, 53.9; H, 5.77; N, 13.31. Reliable elemental analysis of this compounds
was not possible, likely a result of incomplete combustion.. 1H NMR (C6D6, 25 ºC): δ
(ppm) = -16.04 (548, 18H, Tp*-CH3), 0.61 (6, 18H, Tp*-CH3) 1.99 (12, d, 2H, benzylCH2), 2.64 (2, 3H, benzyl-m-OCH3), 5.44 (399, 2H, cyclohexadiene-CH), 5.84 (6, 2H,
benzyl-m-CH), 6.08 (6, 2H, benzyl-o-CH + benzyl-o/p-CH), 6.17 (15, 1H, cyclohexadieneCH), 6.30 (t, 1H, benzyl-m-CH, J = 8.1 Hz) 7.44 (10, 6H, Tp*-CH), 8.43 (1306, 2H, Tp*BH), 10.50 (t, 2H, p-phenyl-CH, J = 6.3 Hz), 10.76 (d, 4H, o/m-phenyl-CH, J = 6.0 Hz),
15.16 (49, 2H, cyclohexadiene-CH), 21.68 (39, 4H, o/m-phenyl-CH ). 11B NMR (C6D6, 25
ºC): δ (ppm) = 7.4. 31P NMR (C6D6, 25 ºC): δ (ppm) = 84.71. IR (KBr): νB−H =2552, 2524
cm−1.
1.3.5

Synthesis of of Tp*2U[OP(p-tolyl)2(C6H4(CH3)CH2C6H5)] (4-tolyl).
To a 20 mL scintillation vial, 2-Bn (0.300 g, 0.325 mmol) was dissolved in 7 mL

THF. In a separate vial, OP(p-tolyl)3 (0.104 g, 0.325 mmol) was dissolved in 3 mL THF.
The phosphine oxide was added to the stirring green benzyl solution and a color change
was seen within 25 minutes to brown. After an additional 60 minutes, volatiles were
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removed in vacuo, affording a brown powder. The crude product was washed with npentane (3 × 2 mL) and dried yielding brown powder (0.387 g, 0.314 mmol, 97%) assigned
as Tp*2U[OP(p-tolyl)2(C6H4(CH3)CH2C6H5)] (4-tolyl).
1

H NMR (C6D6, 25 ºC): δ (ppm) = -16.19 (89, 18H, Tp*-CH3), 0.76 (7, 18H, Tp*-

CH3), 0.79 (d, 6H, tolyl-CH3, J = 7.6 Hz), 1.94 (2, 2H, benzyl CH2), 4.26 (d, 6H, tolylCH3), 5.33 (d, 2H, cyclohexadiene-CH, J = 6.8 Hz), 6.50 (m, 3H, benzyl-o/m-CH &
benzyl-p-CH), 6.70 (d, 2H, benzyl-o/m-CH, J = 5.9 Hz), 7.45 (12, 6H, Tp*-CH), 8.77 (2,
Tp*-BH), 10.70 (8, 2H, p-phenyl-CH), 10.71 (14, 4H, o/m-phenyl-CH), 15.27 (21, 2H,
cyclohexadiene-CH), 21.56 (42, 4H, o/m-phenyl-CH). 11B NMR (C6D6, 25 ºC): δ (ppm) =
7.76. 31P NMR (C6D6, 25 ºC): δ (ppm) = 86.52. Elemental analysis of C58H72B2N12OUP,
Calculated: C 56.00; H 5.83; N 13.51. Found: 54.97; H 5.67; N 12.37. Reliable elemental
analysis of this compounds was not possible, likely a result of incomplete combustion.
1.3.6

Synthesis of Tp*2U[THF][BnBPh3] (5-THF).
A 20 mL scintillation vial was charged with 2-Bn (0.200 g, 0.217 mmol) in 4 mL

THF. To this dark green solution, triphenylborane (0.026 g, 0.217 mmol) was added by
difference and the solution immediately became translucent blue. After 30 min, volatiles
were removed in vacuo, affording a blue oil. This oil was washed with n-pentane (5 × 5
mL) and dried again. This resulted in a blue powder (0.241 g, 0.195 mmol, 90% yield)
assigned as Tp*2U(THF)(BnBPh3) (5-THF).
Elemental analysis of C59H73B3N12OU, Calculated: C 57.00; H 5.95; N 13.59. Found:
56.82; H 5.93; N 13.58. 1H NMR (C6D6, 25 ºC): δ (ppm) = -11.95 (36, 18H, Tp*-CH3),
0.32 (10, 18H, Tp*-CH3), 1.42 (4, 4H, THF-CH2), 3.58 (9, 4H, THF-CH2), 7.42 (8, 6H,
Tp*-CH). IR (KBr): νB−H =2552, 2520 cm−1.

1.4
1.4.1

Results and Discussion
Synthesis of U(III) Benzyl Complexes
In an effort to better understand the limits of uncommon U(III) alkyl compounds,

the use of substituted benzyl potassium salts from our group’s previous report was
targeted.19 Using an adapted approach from the synthesis of Tp*2UBn (2-Bn), an excess
(1.2 equiv) of substituted benzyl potassium salts, KCH2Ar (Ar = p-iPrPh, p-tBuPh, m-
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OMePh, o-picolyl), were added to a THF solution of Tp*2UI (1-I). For each instance, a
color change from dark purple to dark green was observed within minutes of KCH2Ar
addition (Figure 1.1).

Figure 1.1. Synthesis of 2-CH2Ar from 1-I.
The reaction mixture was worked up after two hours of stirring and green powders
were isolated and assigned as Tp*2U(CH2Ar) (Ar = 4-iPrPh (2-iPr), 4-tBuPh (2-tBu), 3OMePh (2-OMe), 2-picolyl (2-pyr)) by 1H NMR spectroscopy. Interestingly, 2-iPr, 2-tBu,
and 2-OMe all have a paramagnetically broadened spectrum, with the appropriate number
of resonances and their corresponding integration values for C2v symmetry. Using the
reported 1H NMR spectrum as a guide, the diagnostic peak for the newly-prepared benzyl
compounds is the methylene resonances, as they are the closest protons to the metal center
(2-iPr: 24.42 ppm; 2-tBu: 24.72 ppm; 2-OMe: 20.98 ppm). Assessment by

11

B NMR

spectroscopy displays a single chemical shift (2-iPr = -15.6 ppm; 2-tBu = -15.4 ppm; 2OMe = -14.0 ppm) which is consistent with the previously reported shift for 2-Bn (-15.4
ppm).33 The 1H NMR spectrum of 2-pyr was a more complicated, C1 symmetric spectrum,
unlike the others in the family. This difference can be attributed to the coordination of the
nitrogen atom of the picoline ring, which is similar bonding to the U(IV) homoleptic
complex. Each of the 12 methyl groups of Tp* are inequivalent and therefore appear as 12
singlets (3H each). In addition, the C-H pyrazole shifts also are unique environments
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represented by six (1H each) resonances. Continued analysis of this spectrum led to the
assignment of four singlets between 3.58-17.43 ppm to be the four protons of the picolyl
ring. A broad singlet at -5.56 ppm (2H) is assigned as the methylene protons for 2-pyr.
Interestingly, two distinct shifts (-13.1, 2.9 ppm) are seen in the 11B NMR spectrum of 2pyr, likely due to the nitrogen-coordination to uranium. In addition to the multinuclear
NMR spectra, the series of U(III) benzyl compounds were evaluated by IR spectroscopy
(KBr pellet, room temp), which revealed two νB-H stretches (2-iPr = 2544, 2521 cm-1; 2Bu = 2545, 2523 cm-1; 2-OMe = 2556, 2522 cm-1; 2-pyr = 2555, 2519 cm-1), which is

t

reported with other bis(Tp*)U complexes.

Figure 1.2. Molecular structures of 2-iPr, 2-tBu × 1-I, 2-OMe, and 2-pyr shown as 30%
probability ellipsoids. Co-crystallized solvent molecules, selected hydrogen atoms, and
disorder have been omitted for clarity.
To evaluate the structural properties of these compounds, single crystals of all
compounds were grown for analysis by X-ray diffraction (Figure 1.2). Unfortunately,
suitable crystals of pure 2-tBu were not obtainable; analysis revealed that it was in fact a
0.95:0.05 co-crystal of 2-tBu and 1-I. In each case, refinement of the data showed the
expected Tp*2U(III) benzyl complex with two κ3-Tp* ligands per uranium center (2-iPr –
U-Npyrazolyl: 2.528(3)-2.690(3) Å; 2-tBu – U-Npyrazole: 2.517(2)-2.703(2) Å; 2-OMe – UNpyrazolyl: 2.524(5)-2.706(5) Å); 2-pyr – U-Npyrazolyl: 2.580(3)-2.736(3) Å) (Table 1.1). The
U-C bonds for the series (2-iPr = 2.629(4) Å; 2-tBu = 2.632(4) Å; 2-OMe = 2.675(15) Å;
2-pyr = 2.747(4) Å) are within the range of other reported uranium(III) alkyl bond
distances, including 2-Bn (2.57(2) Å),24 Tp*2U(CH2SiMe3) (2.601(9) Å),34 Tp*U(CH2Ph)2
(2.615(7), 2.604(9) Å),17 U(CH(SiMe3)2)3 (2.48(2) Å),21 and TpTp*U(CH2Ph) (Tp =
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hydrotris(pyrazolyl)borate) (2.56(2) Å).18 Consistent with the solution 1H NMR spectrum,
the solid state molecular structure of 2-pyr shows pyridine coordination taking on the azaallyl coordination mode observed for U(CH2o-Picolyl)4.19

Table 1.1. Selected bond lengths of 2-iPr, 2-tBu × Tp*2UI, 2-OMe, 2-pyr, and 3-N3.
2-iPr

2-tBu

2-OMe

2-pyr

3-N3

U1-N2

2.540(3) Å

2.675(2) Å

2.673(4) Å

2.736(3) Å

2.673(3) Å

U1-N4

2.528(3) Å

2.589(2) Å

2.524(5) Å

2.580(3) Å

2.530(3) Å

U1-N6

2.690(3) Å

2.585(2) Å

2.560(5) Å

2.709(3) Å

2.632(3) Å

U1-N8

2.652(3) Å

2.703(2) Å

2.612(5) Å

2.593(3) Å

2.655(3) Å

U1-N10

2.590(3) Å

2.517(2) Å

2.592(5) Å

2.621(3) Å

2.648(3) Å

U1-N12

2.589(3) Å

2.544(2) Å

2.706(5) Å

2.703(3) Å

2.558(3) Å

U1-N13

-

-

-

2.491(3) Å

2.321(4) Å

U1-C31

2.629(4) Å

2.632(4) Å

2.675(15) Å

2.747(4) Å

-

Further characterization by electronic absorption spectroscopy was performed on
the family of uranium benzyl derivatives to confirm the +3 oxidation state of its members.
All compounds have similar features in the near-infrared (NIR) region, characterized by a
relatively intense absorption near 1250 nm (ca. 150 M-1cm-1) with additional broad features
up through 1650 nm, consistent for U(III) ions (Figure 1.3).35,

36

Across repeated

measurements, 2-OMe gave absorbances with lower molar absorptivities than the other
benzyl complexes, possibly due to the electron donating effects from the methoxy
substituent. The UV-visible region displays characteristic spectra similar to 2-Bn’s
previously reported spectra.24
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Figure 1.3. Electronic absorption spectra of 1-o-Picolyl (red), 1-m-OMe (green), 1-p-tBu
(orange), and 1-p-iPr (blue) recorded from 300 to 1650 nm in THF at ambient
temperature.

1.4.2

Reactivity With Azide
As expected based on our previous work, this new family of benzyl derivatives, 2-

CH2Ar, are useful synthons to develop new uranium(III) derivatives. One target was a
monomeric, neutral trivalent uranium azide, as previous examples have oxidation states
ranging from +4 to +6 or are trivalent anions stabilized by a counteraction ([Na(18-crown6)][Cp’3UN3] (Cp’ = C5H4SiMe3)).37 Treating dark green THF solutions of 2-CH2Ar with
one equivalent of azidotrimethylsilane (SiMe3N3) caused an immediate change to bluegreen. After 30 min, volatiles were removed, and the resulting oil was washed with npentane to remove Me3SiCH2Ar,38-40 affording a blue-green powder assigned as Tp*2UN3
(3-N3) (Fig 1.4). Analysis by 1H NMR spectroscopy revealed four resonances, consistent
with C2v symmetry. Two signals (18H) corresponding to the endo-(-15.00 ppm) and exomethyl (1.28 ppm) groups were also observed for Tp*, with a singlet (6H) at 7.67 ppm for
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the Tp*-CH. In this case, a very broad singlet (10.12 ppm) was also found for the Tp*-BH. A single boron resonance is observable in the 11B NMR spectrum (10.6 ppm), which is
expected for the proposed symmetry. This is shifted from the uranium alkyl starting
materials33 and is consistent with other trivalent uranium complexes.18, 35, 41 Two B-H
stretches are visible by IR spectroscopy (KBr pellet) (2558, 2523 cm-1), as noted for the 2CH2Ar family. An asymmetric stretch for the terminal azide (2073 cm-1) is consistent with
other uranium-bound azide complexes (2055-2086 cm-1).[30–32] As for the bis(Tp*)U
alkyl compounds, the electronic absorption spectrum of 3-N3 has an absorption at 1250 nm
(ca. 200 M-1cm-1) and broad U(III)-like features in the NIR region. In the UV-visible region,
there is a strong color-producing band at λmax = 641 nm (996.8 M-1cm-1) (Figure 1.3).

Figure 1.4. Reaction to prepare 3-N3.
Single, X-ray quality crystals of 3-N3 were obtainable by cooling a concentrated
toluene solution to -35 °C. Analysis revealed two κ3-Tp* ligands on the seven-coordinate
uranium center (Figure 1.5), with U-Npyrazole bond distances (2.530(6)-2.673(3) Å) (Table
1) consistent with other bis(Tp*) uranium compounds.13, 42 The U-Nazide bond length of
2.321(4) Å is significantly shorter than the U-Npyrazole distances, which is expected for a
monodentate, monoanionic ligand. There have been U(IV),43-56 U(V),57 and U(VI)58-61
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terminal azide complexes reported and bridging U(III) azide complexes,37, 62 but to our
knowledge, 3-N3 is the first report of a monomeric, terminal U(III) azide complex. The U1N13-N14 bond angle (166.0(3)°) is slightly bent, likely due to the crowded bis(Tp*) ligand
framework. This U-Nazide angle is similar to those observed in other U-N3 complexes
(Cp*2U(N(SiMe3)2)(N3)

=

163.5(17)°;49

((AdArO)3tacn)UN3

=

177.2(5)°,

((AdArOH)3tacn=1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydroxybenzyl)1,4,7triazacyclonone);45

U(N3)(TrenTIPS)

=

176.0(3)°,

(TrenTIPS

=

tris(triisopropylsilylamidomethyl)amine)).53 The linearity of the azide fragment (N13N14-N15, 178.1(5)°) is expected and consistent with previously reported uranium azide
complexes (Cp*2U[N(Ph)(SiMe3)](N3) = 177.9(10)°;51 U(N(SiMe3)2)3(N3)2 = 179.5(4)°).57
The intraligand bond distances (N13-N14 = 1.201(6) Å; N14-N15 = 1.154(6) Å) are similar
to those in other reported azide complexes (Cp*2U(O-2,6-iPr2C6H3)(N3) – N-N = 1.197(10),
1.172(11) Å)50 and suggest that any charge is delocalized across all the nitrogen atoms
within the azide fragment.

Figure 1.5. Molecular structure of 3-N3 shown as 30% probability ellipsoids. Selected
hydrogen atoms and co-crystallized solvent molecules omitted for clarity.
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After isolation and characterization of 3-N3, attempts were made to induce
dinitrogen loss to form the corresponding uranium(V) nitrido species. Photolysis using
both UV or compact fluorescent lamps produced intractable mixtures of products, with the
same result observed after prolonged heating as well. Addition of BPh3 to 3-N3 also
appeared to result in immediate decomposition, giving a complicated NMR spectrum. In
each case, there was not an obvious sign of effervescence which would indicate N2 loss.
Compound 3-N3 is the latest entry into an established family of bis(Tp*) uranium(III)
compounds bearing monoanionic ligands, including Tp*2UX, where X = CH3, F, Cl, I.
Examining crystallographic data for these species affords an opportunity for a direct
comparison of sterics, which can be modeled in a quantitative way using the Solid-G
program.63 This analysis uses “numerically calculated ligand steric parameters” from
experimentally determined molecular structures to calculate the extent of the uranium
coordination sphere that is blocked by its ligands (Table 1.2). The reported G(complex)
value represents the sum of all ligands minus any overlap to give an absolute value for
shielding. The percentage of the coordination sphere blocked by the Tp* and X ligands is
also given. Based on the G(complex) for this system, we can see an expected trend for the
halide series (F, Cl, I), in that the larger the halide substituent, the more of the coordination
sphere that is blocked. Furthermore, the respective G(complex) values of 85.64% and 85.57%
for 3-N3 and Tp*2UCH3 show these derivatives are very similar in their degrees of
coordinative saturation, and that this is on par with what is observed for 1-I. Individually,
however, the steric influence of the azide substituent on the uranium(III) ion is the same as
for a fluoride substituent due to the affinity of the electropositive uranium for this electron
withdrawing ligand.

Table 1.2. Solid angle parameters obtained from crystallographic data using Solid-G.
3-N3

Tp*2UCH334

Tp*2UF41

Tp*2UCl64

1-I65

38.61

37.60

37.73

37.51

38.42

38.06

39.40

38.37

37.99

38.64

G(X), %

12.24

10.24

12.25

9.74

10.30

G(complex), %

85.64

85.57

84.72

85.20

85.78

G(Tp*), %
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1.4.3

Reactivity With Phosphine Oxides
To begin our studies, a solution of 2-Bn was charged with an equivalent of OPPh3,

causing an immediate color change from green to brown to ensue. After 45 min, workup
and analysis of the dark brown powder by 1H NMR spectroscopy (25 °C, C6D6) revealed a
complex, paramagnetically shifted spectrum, with no resonances for either starting material,
indicating complete conversion to a new compound.
Due to the complexity of this 1H NMR spectrum, structural assignment of this
brown compound by X-ray diffraction was sought. Analysis of crystals obtained by slow
diffusion of n-pentane into a concentrated toluene solution at -35 °C revealed the product
as Tp*2U[OP(C6H5)2(C6H5CH2C6H5)] (4-Ph) (Figure 1.6, left; Figure 1.7; Figure 1.9),
which features a carbon-carbon bond between the benzyl group and the carbon at the paraposition of one of the phenyl rings of OPPh3. In addition to the new C-C bond, an
elongation of the P=O bond and a new U-O bond are observed. The U-Npyrazole bond lengths
for the pair of κ3-Tp* ligands range from 2.529(3)-2.744(3) Å, which is consistent with
other U-Npyrazole bond lengths for bis(Tp*)U(III) compounds.31, 64, 66 The U-O bond distance
(2.358(2) Å) is significantly longer than other anionic U(III)-O bond lengths (2.144-2.271
Å, Table 1.3) and is closer to that of dative U-O bond distances (2.350-2.584 Å, Table 1.3).
We postulate this is an anionic bonding interaction but extreme steric hindrance at the
uranium center creates the observed elongation.

Figure 1.6. Molecular structures of 4-Ph, 4-iPr, and 4-OMe (left to right) shown as 30%
probability ellipsoids. Selected hydrogen atoms, disorder, and co-crystallized solvent
molecules omitted for clarity.
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To investigate this hypothesis, we sought to synthesize a similarly crowded
uranium center with a dative U-O bond. Treating a THF solution of 2-Bn with BPh3 affords
a blue powder assigned as [Tp*2U(THF)][BnBPh3] (5-THF). The molecular structure of
5-THF as determined by X-ray diffraction of single crystals revealed a bis(Tp*)U cation
with a datively-bound THF molecule, as well as a BnBPh3 counteranion (Figure 1.8). The
U-O bond distance of 2.609(3) Å is significantly longer than that for 4-Ph, confirming
assignment of the latter as an anionic U-O interaction.

Figure 1.7. Reactions of 2-CH2Ar with phosphine oxides.
Further analysis of the structural parameters of 4-Ph (Figure 1.9) highlight
distortions in the triphenylphosphine oxide ligand. Comparison of the O-P bond length
(1.548(2) Å) in 4-Ph to those of datively coordinated phosphine oxide ligands in low-valent
uranium complexes shows clear P=O bond reduction, (Tp*UCl3(OP(OC2H5)3) = 1.44(1)
Å;67 Cp’3U(OPPh3) = 1.492(6) Å).68 Examination of the P-C bond lengths shows two
distinct bonding modes. For the phenyl ring that has undergone para-carbon coupling, the
distance is shortened (P1-C31 = 1.718(4) Å) compared to the other two (P1-C44 = 1.816(3),
P1-C50 = 1.813(4) Å). The latter distances are similar to that observed for Cp’3U(OPPh3)
(1.794(6)-1.799(8) Å)68, which has a neutral OPPh3 datively coordinated to a trivalent
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uranium center. This shortened P-C bond distance results from reduction of the adjacent
O-P bond and has not been previously observed for uranium compounds.

Figure 1.8. Reaction scheme for the synthesis of 5-THF (left). Molecular structure of 5THF displayed at 30% probability ellipsoids with select hydrogen atoms, co-crystallized
solvent molecules, and counter ions omitted for clarity (right).
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Table 1.3. U-O bond comparison for U(III) complexes.
Compound (red = anionic; Bond Length (Å)
blue = dative)
2.358(2)
4-Ph
U(ODtbp)3
(ODtbp = OC6H3-But2-2,6)
U(OArAd,Ad,Me)3
(OArAd,Ad,Me = O-C6H2-2,6Ad-4-Me
[Cp*[2,6-(Me3C)2-4-MeC6H2O]U]2(C6H6)
((ArO3)tacn)U(NCCH3)
(ArO3(tacn) = 1,4,7-tris(3,5di-tert- butyl-2hydroxybenzyl)-1,4,7triazacyclononane)
Tp*2U[OC(CH3)CH2]
TpPhUI(OPh)(THF)2
(TpPh
=
hydrotris(3phenylpyrazolyl) borate)
Tp*2U(O-C6H3-2,4,6-Me)
TpiPr2UI2(OPPh3)
(TpiPr2 = hydrotris(3,5-di-isopropyl-pyrazolyl)borate)
Tp*UCl3[OP(OC2H5)3]
Cp’3U(OPPh3)
(Cp’
=
MeC5H4)
UI2[H(μ-H)B(3-tBu,5-Mepz)2](OPPh3)2
5-THF

2.151(3)-2.164(3)69
2.151(3)-2.177(3)70

2.144(8)71
2.258(5)-2.271(5)46

2.198(9)16
2.184(2)35

2.159(10)64
2.350(11)72

2.373(7)67
2.389(6)68
2.584(12)73
2.609(3)

With these distortions noted in the O-P-C bonds for 4-Ph, similarly the adjacent
phenyl ring also displays unusual parameters; most notably, the ring has undergone a loss
of aromaticity. The C-C bond distances display a pattern indicative of a cyclohexadienyl
fragment (Figure 1.9) rather than an aromatic system. A recent report by Schelter et al
shows this same loss of aromaticity from dimeric coupling of a uranium tris(amide)
complex featuring a benzophenone radical to afford [N(SiMe3)2]3U(OCPhPh-CPhCPh2O)U[N(SiMe3)2]3.15 Keay reports loss of aromaticity in a phenyl ring of a
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triphenylphosphine oxide derivative can be facilitated by LDA (LDA = lithium
diisopropylamide), forming a bicyclic triene.74

Figure 1.9. Selected bond metrics for 4-Ph, 4-iPr, and 4-OMe.
The structural assignment of 4-Ph provided insight into the complex solution 1H
NMR spectrum (Table 1.3). Thirteen resonances were observed ranging from -16 to 22
ppm, consistent with a Cs symmetric spectrum. Three resonances were observed for Tp*
ligands, assignable to the endo- and exo-methyl groups and the pyrazole CH consistent
with this symmetry assignment. The unmodified phenyl rings on the triphenylphosphine
ligand show three resonances for the para, meta, and ortho protons (10.51, 21.72, 10.78
ppm, respectively). For the modified phenyl ring, two singlets (2H each) are assigned as
the cyclohexadienyl resonances, and this was additionally confirmed by 2D 1H correlation
spectroscopy (COSY) (Appendix). The protons for the benzyl substituent for 4-Ph are not
paramagnetically shifted, likely due to their distance from the uranium. A broad singlet
appearing at 8.37 ppm is assigned as the B-H of Tp*. There is a corresponding resonance
at 7.2 ppm in the 11B NMR spectrum, which is within the range of other bis(Tp*) U(III)
complexes.18, 41 A single resonance appears in the 31P NMR spectrum at 84.77 ppm, which
is significantly shifted from OPPh3 (25.74 ppm, Appendix). The coordination of two κ3-
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Tp* ligands was also confirmed by IR spectroscopy (KBr pellet) with two B-H stretches
(2553, 2526 cm-1), common for bis(Tp*)U complexes.16, 27, 75
Electronic absorption spectroscopy was utilized to further characterize the
oxidation state and color of 4-Ph (Figure 1.10). The near infrared (NIR) region shows
features characteristic of trivalent uranium at 1200 nm (200 M-1cm-1) (Figure 1.10), which
are also observed for 2-Bn.24 An absorbance in the UV-visible region with λmax at 565 nm
(905 M-1cm-1) is responsible for the brown color observed for 4-Ph.

Figure 1.10. Electronic absorption spectra of 4-Ph, 4-iPr, 4-OMe, 4-tBu, and 4-tolyl
recorded from 350-1800 nm in THF at ambient temperature.
With full characterization of 4-Ph, we sought to understand how steric and
electronic variation of the benzyl substituents influenced the observed coupling chemistry.
To this end, we employed previously discussed 2-CH2Ar family. Following the same
procedure to make 4-Ph, treating a stirring solution of either 2-iPr, 2-tBu, or 2-OMe with
OPPh3

forms

Tp*2U[OP(C6H5)2(C6H5CH2-p-CH(CH3)2Ph)]

(4-iPr),

Tp*2U[OP(C6H5)2(C6H5CH2-p-C(CH3)3Ph)] (4-tBu), and Tp*2U[OP(C6H5)2(C6H5CH2-m-
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OCH3Ph)] (4-OMe) (Figure 1.7), respectively, as brown powders.

Overall, para-

substitution slows the reaction rate, but does not prevent the C-C coupling.
All three of these compounds show 1H NMR spectra that are analogous to 4-Ph.
Diagnostic peaks corresponding to the Tp* ligands and phenyl rings appear in the range
from -16.06 to 21.80 ppm (Table 1.4). The cyclohexadienyl peaks were confirmed by
COSY and the chemical shifts are akin to those observed for 4-Ph (Appendix). Similar to
4-Ph, the protons for the coupled phenyl ring all appear in the diamagnetic region of the
1

H NMR spectrum as expected. For 4-iPr and 4-tBu, two resonances (2H each) for the meta

and ortho protons of the coupled benzyl fragment are seen (4-iPr: 6.12, 6.24 ppm; 4-tBu:
6.18, 6.42 ppm), whereas four are observed for 4-OMe (5.84, 6.08, 6.17, 6.30 ppm; 1H
each). The substituted functional groups of 4-iPr (CH(CH3)2 = 0.62 ppm; CH(CH3)2 = 2.16
ppm), 4-tBu (C(CH3)3 = 0.72 ppm), and 4-OMe (OCH3 = 2.64 ppm) show little shift as
compared to their diamagnetic reference value in their respective 1H NMR spectra, likely
due to their distance from the paramagnetic uranium center. Continued analysis by
heteroatom NMR spectroscopy and infrared spectroscopy of this series is consistent with
what was observed for 4-Ph (Table 1.4). Two B-H stretches are observed by IR
spectroscopy (KBr pellet), which is also seen with 4-Ph (Table 1.4).

Table 1.4. Selected spectroscopic data for 4-Ph, 4-iPr, 4-tBu, and 4-OMe.
Tp*-CH3 (endo)
(ppm)
Tp*-CH3 (exo)
(ppm)
Tp*-CH (ppm)
CyclohexadienylCH (ppm)
Coupled-CH2
(ppm)
11
B (ppm)
31
P (ppm)
IR: BH (cm-1)

4-Ph

4-iPr

4-tBu

4-OMe

16.06

-16.12

-16.06

-16.04

0.61

0.62

0.62

0.61

7.45
5.40,
15.15
1.91

7.45
5.42,
15.20
1.94

7.44
5.41,
15.48
1.98

7.44
5.44,
15.16
1.99

7.2
84.77
2553,
2526

7.1
83.78
2552,
2524

6.8
83.28
2550,
2519

7.4
84.71
2552,
2524
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Further characterization of 4-iPr, 4-tBu, or 4-OMe by electronic absorption
spectroscopy (Figure 1.10) showed weak absorbances near 1200 nm (ca 200 M-1cm-1), as
with the spectrum of 4-Ph. The UV-visible region for the substituted family of products
displays a broad absorbance in the region 475-600 nm.
To examine the unique coupled products further, a structural comparison of 4-iPr
and 4-OMe was made using single crystal X-ray crystallography (Figure 1.6, Figure 1.9).
Similar to 4-Ph, these compounds show 7-coordinate uranium centers with pentagonal
bipyramidal geometries. Both display U-Npyrazole distances in the same range as 4-Ph (2i

Pr: 2.541(5)-2.699(5) Å; 4-OMe: 2.531(6)-2.728(6) Å). The U-O bond lengths (4-iPr:

2.338(4) Å; 4-OMe: 2.351 (4) Å) are on the order of those of 4-Ph, influenced by the steric
pressure of the Tp* ligands. The P-O distance (4-iPr = 1.552(4) Å; 4-OMe: 1.548(5) Å) is
within error of that in 4-Ph. A similar trend in bonding is seen for the P-C bonds in these
two compounds, where the P-Ccyclohexadienyl bond lengths (4-iPr = 1.748(11) Å; 4-OMe:
1.711(8) Å) are shorter than the P-CPh bond lengths (4-iPr = 1.801(7), 1.823(6) Å; 4-OMe:
1.808(8), 1.817(8) Å). The distances in the cyclohexadienyl fragment in 4-iPr and 4-OMe
are similar to those in 4-Ph, with alternating long-short bond distances (Figure 1.8).
Attempts to extend the chemistry beyond benzyl groups were unsuccessful. Treating 2pyr, with OPPh3 did not result in the desired coupling chemistry. This is likely due to the
aza-allyl coordination mode that does not facilitate benzyl radical formation and
dissociation. Similarly, subjecting Tp*2U(CH2SiMe3)34 to the same reaction conditions that
generated 4-Ph yielded no coupled product, but rather decomposition due to the lack of
radical stabilization from the neosilyl group.
Next, the reactivity of OPPh3 was explored for bis(Tp*)U compounds that are
established to contain ligand radicals. Surprisingly, no coupled products were observed
when treating either Tp*2U(2,2’-bpy)13 or Tp*2U(OCPh2)27 with OPPh3. In either case,
no reaction was observed.
To study the effects of altering the electronics of the phosphine oxide, compound
2-Bn was treated with a family of tris(aryl)phosphine oxides. Using tris(p-tolyl)phosphine
oxide under the same experimental conditions afforded a brown powder with a
paramagnetically-shifted 1H NMR spectrum similar to 4-Ph. This compound was isolated,
characterized, and assigned as Tp*2U[OP(p-CH3C6H4)2p-CH3C6H4CH2C6H5] (4-tolyl).
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Multinuclear NMR and IR spectroscopies were also consistent with 4-Ph. The electronic
absorption spectrum of 4-tolyl trends well with the previously discussed compounds in
both the NIR and UV-visible regions (Figure 1.10). This reaction was markedly slower
than the initial benzyl reaction to give 4-Ph; a color change was not seen until 25 minutes
of stirring with a total reaction time of 85 minutes.
Variation of the para-substituent on the triphenylphosphine oxide with heteroatom
containing groups, including –CF3 and –OMe, led to mixtures of products resulting from
C-F41 and C-O activation, respectively, pointing to the fluoro- and oxophilicity of lowvalent uranium. Likewise using DMSO, Ph2SO, or OAsPh3 in lieu of triphenylphosphine
oxides causes instantaneous conversion to previously reported Tp*2UO.42 The sulfur
analogue of OPPh3, SPPh3, does not react with 2-Bn at all. These reactions highlight that
the oxophilicities of both phosphorus and uranium are driving forces for the coupling
reaction.76 When tris(p-N(Me)2C6H4)phosphine oxide is stirred with 2-Bn, a complicated
mixture of paramagnetic products is seen by 1H NMR spectroscopy, with no evidence for
the characteristic coupling product. No reaction between HMPA (HMPA =
Hexamethylphosphoramide) and 2-Bn occurs, which may be due to the difference in
reduction potentials or the lack of a location to stabilize a ligand radical to promote
coupling.
Experiments were performed to gain insight into the potential mechanism of the
observed coupling chemistry.

Using an excess of the hydrogen atom donors

cyclohexadiene or dihydroanthracene in the synthesis of 4-Ph produced no alteration in the
1

H NMR spectra, indicating no H-atom radical abstraction had occurred in either case. Next,

the synthesis of 4-Ph was performed at low temperature (-35 °C), which suspended its
formation; production of 4-Ph is seen upon warming to room temperature. Importantly,
during the synthesis of 4-Ph under any conditions, neither toluene nor bibenzyl was
observed by 1H NMR spectroscopy. This supports that benzyl radical coupling to the paracarbon of triphenylphosphine oxide is faster than respective H-atom abstraction or
homocoupling.
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Figure 1.11. Proposed mechanism for carbon-carbon coupling.
With these experimental outcomes, a hypothesis for the mechanism of this reaction
is presented in Figure 1.11. We propose that upon addition of OPPh3 to a solution of 2-Bn,
OPPh3 association with the uranium(III) center aides benzyl radical loss due to steric
congestion. In concert, a putative [Tp*2U] fragment reduces OPPh3 by one electron, which
resonates around the phenyl ring to the para-position, where it reacts with the extruded
benzyl radical, forming the coupled product. Reduction of the P=O bond converts the U-O
bond from dative to anionic, allowing for the formation of the thermodynamically favored
U-O bond. If benzyl radical loss happened prior to phosphine oxide coordination, it would
be expected to observe decomposition of 2-Bn in the presence of no substrate, which is not
substantiated in a control experiment. The lack of bibenzyl or toluene formation from the
reactions support that the benzyl radical is closely associated to the uranium species at all
times, not leaving the coordination sphere during the course of the reaction.
An alternative reaction pathway (not pictured) is that homolytic scission of U-C
takes place after the U-O anionic bond formation with incoming OPPh3. This step would
give rise to a transient U(IV) intermediate, Tp*2U(CH2Ph)OPPh3, which would get reduced
back to U(III) after U-C homolytic scission. The reaction proceeds quickly enough that any
benzyl radical could not exit the coordination sphere. While this cannot be eliminated as a
possibility, there are currently no examples of Tp*2U(IV) complexes being reduced to
Tp*2U(III) in the absence of strong alkali metal reductant known. Furthermore, previously
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reported Tp*U(NMes)(CH2Ph)(THF), which features a uranium(IV)-benzyl bond, is stable
and fully characterized, showing no proclivity for a homolytic U-C scission and reduction
back to uranium(III).17
1.4.4

Reactions with other reagents
In an effort to prepare uranium-element bonds which are less commonly reported,

such as U-Si and U-P, the U(III) benzyl family was targeted for protonolysis reactivity.
Reactions with various primary and secondary silanes resulted in the generation of desired
substituted toluene, by 1H NMR spectroscopy, but the paramagnetic products of these
experiments were intractable mixtures. Stirring 2-OMe with phenylphosphine led to
decomposition

of

any

paramagnetic

complex,

however

when

trimethylsilyldiphenylphosphine was used, conversion of 2-OMe was seen by 1H NMR
spectroscopy, as well as a slight shift in the shade of green after 1 hr stirring (Figure 1.12).
After this time, volatiles were removed in vacuo and a green powder was isolated. Analysis
by 1H NMR spectroscopy revealed the presence of the trimethylsilylated-benzyl species in
the diamagnetic region with a single, paramagnetically-shifted species. Work-up using npentane allows for the isolation of the paramagnetic compound from any of the organic byproduct, indicating conversion of 2-OMe to the methoxy-substituted trimethylsilylbenzyl
compound.

Figure 1.12. Preparation of 6 from 2-OMe.
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In order to better evaluate the isolated powder, crystals were grown from a solution
of concentrated diethyl ether and analyzed using X-ray crystallography. The molecular
structure revealed a seven-coordinate uranium center, but instead of a U-P bond, a new UO bond (2.145(3) Å) is present (Figure 1.13); with this structure, the powder is assigned as
Tp*2U(O(CH2)4P(Ph)) (6). Along with two κ3-Tp* ligands, it appears that a THF molecule
has been gone through ring-opening during the reaction, with a new C-P bond formed at
the opposite end of the U-O bond. The observed U-Npyrazolyl bond lengths (2.569(3)-2.736(4)
Å) are in a range consistent with the other reported complexes in this chapter.

Figure 1.13. Molecular structure of 6 shown as 30% probability ellipsoids. Cocrystallized solvent molecules and selected hydrogen atoms omitted for clarity.
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1.5

Conclusion
Overall, we have demonstrated that U(III) alkyl compounds, which are traditionally

difficult to prepare, can be stabilized with the aid of the Tp*2U framework. The use of
substituted benzyl potassium salts in preparation of Tp*2UCH2Ar compounds shows that
U(III) can tolerate bulky substitution (tBu, iPr), different electronic functional groups
(methoxy), and heteroatom coordination (pyridyl). This family of compounds has provided
a novel route to the preparation of the first monomeric, neutral U(III) azide.
Further radical chemistry with the U(III) benzyl compounds is seen in the reactions
featuring triphenylphosphine oxide, which results in rare carbon-carbon coupling at the 4position of one of the aryl rings. Through steric and electronic variation of the benzyl
compounds, this coupling reaction was not affected. This coupling reaction persists with
alterations made at the para-position of the triphenylphosphine rings, albeit with a slower
rate.
Even with the surprising carbon-carbon coupling reaction, the idealized mechanism is
comprised of fundamental steps which are typically observed for bis(Tp*) U framework.
Beginning with single electron transfer, formation of a strong U-O bond, and extrusion of
benzyl radicals. In this set of reactions, specifically, the benzyl radical has an accessible
place to couple [with the reduced triphenyl phosphine], rather than its more common
homocoupling. The reactivity of triphenylphosphine oxide is noteworthy, as a result of this
being seen as an inert ligand in coordination chemistry. Additionally, a coupling reaction
of this nature has not be observed for any metals, emphasizing the unparalleled reactivity
of actinides in organometallic chemistry.
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SYNTHESIS AND REACTIVITY OF U(IV) IMIDO
COMPOUNDS

Reprinted (adapted) with permission from Tatebe, C.J., Zeller, M., Bart, S.C., Inorganic
Chemistry, 2017, 56, 1956-1965. Copyright 2017, American Chemical Society. Reprinted
(adapted) with permission from Tatebe, C.J., Collins, T.S., Barnett, G.R., Zeller, M., Bart,
S.C., Polyhedron, 2019, 158, 1-7. Copyright 2019, Elsevier.
2.1

Abstract

A family of uranium(IV) imido complexes of the form Tp*2U(NR) (R = benzyl (7-Bn),
para-tolyl (7-Tol), para-methoxyphenyl (7-OMe), 2,6-diethylphenyl (7-detp), 2,6diisopropylphenyl (7-dipp)) have been generated by bibenzyl extrusion from 2-Bn. When
7-Bn and 7-Tol, along with previously reported Tp*2U(N-Ph) (7-Ph) and Tp*2U(N-Ad)
(7-Ad), are treated with isocyanates or isothiocyanates, they readily undergo [2π+2π]cycloaddition to generate κ2-ureato and κ2-thioureato derivatives, respectively. Use of
phenylisoselenocyanate with 7-Tol and 7-Ph generates a rare κ2-selenoureato complex.
Treating 7-Tol and 7-OMe with benzonitrile or 4-cyanopryidine results in unusual
products of multiple bond metathesis, namely κ1-amidinate U(IV) complexes. All
compounds were characterized using 1H and 11B NMR, infrared, and electronic absorption
spectroscopies, and where possible, X-ray crystallography. The steric demands of the
ligands were quantitatively assessed using computation modeling.

2.2

Introduction
Small molecule activation has been extensively studied within the actinide community

due to the highly reducing nature of these elements.10, 77, 78 Making use of actinide-element
multiple bonds is a strategy with diverse reaction pathways dictated by the steric
environment.79, 80 Like early transition metal counterparts, actinide-element multiple bonds
can undergo [2π+2π]-cycloaddition chemistry, facilitating a direct comparison of d- vs. fblock reactivity. Cycloaddition to transition metal-nitrogen multiple bonds is a key
transformation that has broad applications across organic synthesis,81 dinitrogen
activation,82 polymerization,83, 84 and small molecule formation.85 This process can be
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more specifically applied to the synthesis of urea derivatives, which are fairly common
based on the variety of κ2-ureato complexes of niobium,86 rhenium,87 ruthenium,88
titanium,89,

90

tungsten,91 and zirconium92 synthesized via [2+2] cycloadditions of

isocyanates.87, 90, 91, 93-99
Urea derivatives of uranium complexes fashioned from cycloaddition are much less
common. In 2008, Boncella invoked formation of a uranium(VI) κ2-ureato derivative from
cycloaddition as an intermediate in imido exchange chemistry.100 Computational
comparison of the N,N- and N,O-bound isomers indicated that the former is actually lower
in energy, a surprising result given the oxophilicity of uranium. This finding was
corroborated by Meyer later that year with the report of the first solid state characterization
of a κ2-ureato ligand on uranium(V) in ((tBuArO)3tacn)U(κ2-N,N’-diphenylureato)
((tBuArOH)3tacn = 1,4,7-tris(3,5-tert-butyl-2- hydroxybenzylate)-1,4,7-diazacyclononane),
which is symmetrically coordinated through both nitrogen atoms after proposed
isomerization from the N,O-bound isomer.101 In subsequent studies in 2014, Boncella and
co-workers reported the tetravalent κ2-ureato complex, (κ2-N,N’-1-Mes-3-dippureato)U(Cl)2(OPPh3)2 (Mes = 2,4,6-trimethylphenyl), which was formed from
cycloaddition

of

dipp

isocyanate

(dipp

=

2,6-diisopropylphenyl)

to

U(Ndipp)Cl2(OPPh3)3.102
Nitrile reactivity has been studied for the early actinides – an important example of
actinide (uranium, thorium) cycloaddition was reported by Eisen and co-workers103, 104,
who proposed this as an intermediate step during catalytic alkyne hydroamination. The κ2enamine ligands were later isolated by Andersen (U)105 and Zi et al (Th)106, 107, as the
product of alkyne addition to An(IV) imido compounds, respectively. Boncella102 and
Meyer101 have shown [2π+2π]-cycloaddition of uranium imidos with aryl isocyanates
results in κ2-ureato ligands for both U(IV) and U(V) compounds. Similar examples of κ2bound ligands have been isolated for Th imidos when treated with azides,108
carbodiimides,109 and nitriles.110
In recent studies, we have demonstrated [2+2] cycloaddition chemistry by a family of
uranium(IV) imido species supported by the bulky bis-Tp* (Tp* = hydrotris(3,5dimethylpyrazolyl)borate) ligand framework, including tetravalent imido derivatives,
Tp*2U(NR) (R = Ph, Mes, Ad) (Ad = 1-adamantyl),111 as well as the fleeting uranium(IV)
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hydrazido intermediate, Tp*2U[η1-(N)=N-N=CHSiMe3].112 These compounds all feature
reactive uranium-nitrogen multiple bonds that are sterically accessible to react with a
variety of substrates.112 For instance, Tp*2U[η1-(N)=N-N=CHSiMe3] is trapped as the
uranium(IV) metallacycle, Tp*2UN(N=CHSiMe3)CH=CPh, by cycloaddition with the
alkyne in phenylacetylene, rather than protonation chemistry from the terminal C-H bond
in this substrate. Using Tp*2U(N-R) (Tp* = hydrotris(3,5-dimethylpyrazolyl) borate; R =
Ph, Mes, Ad), the corresponding U(IV) oxo, Tp*2UO, can be prepared via treatment with
p-tolualdehyde with simultaneous release of the substituted imine.111 This exciting result
let us to hypothesize that [2+2] cycloaddition chemistry could be expanded to a variety
of substrates, including isocyanate and nitriles derivatives.

2.3

Experimental

2.3.1

General Considerations
Air- and moisture-sensitive manipulations were carried out using standard Schlenk

techniques or in an MBraun inert atmosphere drybox with an atmosphere of purified
nitrogen. The MBraun drybox is equipped with a cold well designed for freezing samples
as low as liquid nitrogen, as well as two -35 °C freezers for sample storage and
crystallizations. Solvents (THF, pentane, toluene, diethyl ether) were dried and
deoxygenated based on literature procedures using a Seca solvent purification system.28
Benzene-d6 was purchased from Cambridge Isotope Laboratories, dried with molecular
sieves

and

sodium,

and

degassed

by

three

freeze-pump-thaw

cycles.

2,6-

Diisopropylphenylisocyanate (Alfa Aesar), phenylisocyanate (Sigma-Aldrich), and
phenylisothiocyanate (Sigma-Aldrich) were purchased from commercial sources and
distilled from CaH2 before use. 1-Azidoadamantane (Sigma-Aldrich), 4-cyanopyridine
(Acros Organics), and terephthalonitrile (Acros Organics) were purchased from
commercial sources and used as received. Tp*2UBn (2-Bn),24 Tp*2UI (1-I),31 Tp*2U(NPh) (7-Ph),111 Tp*2UNAd (7-Ad),111 phenylisoselenocyanate,113 para-tolylazide,114 and
benzyl azide115 were made using previously reported methods. Other azides (azidobenzene,
2,6-diethylphenylazide,

2,6-diisopropylphenylazide,

prepared using a modified literature procedure.116

4-methoxyphenylazide)

were
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1

H, and

11

B NMR spectra were recorded on a Varian Inova 300 spectrometer

operating at frequencies of 299.992 and 96.24 MHz, respectively. 31P NMR spectra were
recorded on a Mercury 300 spectrometer operating at a frequency of 121.43 MHz. All
chemical shifts are reported relative to the peak for SiMe4, using 1H residual chemical shifts
of C6D6 (7.16 ppm) as a secondary standard. 11B chemical shifts are reported relative to
the peak for BF3·(Et2O) (0.0 ppm). Spectra for paramagnetic molecules were obtained by
using an acquisition time of 0.5 s, thus the peak widths reported have an error of ±2 Hz.
For paramagnetic molecules, the 1H NMR data are reported with the chemical shift, peak
width at half-height (in Hz), integration value, and where possible, the peak assignment.
Elemental analyses were performed by Midwest-Microlab, LLC (Indianapolis, Indiana).
Solid-state infrared spectra were recorded using a Thermo Nicolet 6700 spectrophotometer
with samples made by crushing the solids, mixing with dried KBr, and pressing into a pellet.
Electronic absorption spectroscopic measurements were recorded at ambient temperature
in dry solvent using sealed 1 cm quartz cuvettes with a Cary 6000i UV-Vis-NIR
spectrophotometer.
Single crystals of 7-detp, 7-pTol, 8-Ph, 9-Ph, and 10-Ph suitable for X-ray
diffraction were coated with poly(isobutylene) oil in a glovebox and quickly transferred to
the goniometer head of a Rigaku Rapid II image plate diffractometer equipped with a
MicroMax002+ high intensity copper X-ray source with confocal optics. Preliminary
examination and data collection were performed with Cu K radiation (λ = 1.54184 Å).
Crystals of 7-Bn and 7-dipp were transferred to the goniometer head of a Nonius
KappaCCD diffractometer equipped with a graphite crystal and incident beam
monochromator and examined with Mo Kα radiation (λ = 0.71073 Å). Single crystals of
11-Ph, 11-pyr, 12-pyr, and 13-Tol were transferred to the goniometer head of a Bruker
AXS D8 Quest diffractometer and analyzed at 100 K using monochromatic Mo K
radiation ( = 0.71073 Å) with the omega scan technique. Crystals of 13-OMe were
transferred to the goniometer head of a Bruker AXS D8 Quest diffractometer and analyzed
at 100 K using monochromatic Cu K radiation ( = 1.54184 Å) with the omega scan
technique. Data were collected, unit cells determined, and the data integrated and corrected
for absorption and other systematic errors using the Apex2 or Apex3 suites of programs.
The space groups were assigned and the structures were solved by direct methods using
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XPREP within the SHELXTL suite of programs and refined by full matrix least squares
against F2 with all reflections using Shelxl 2014 or Shelxl 201732 and the graphical
interface Shelxle. Complete crystallographic data, in CIF format, have been deposited with
the Cambridge Crystallographic Data Centre.
2.3.2

General synthesis for Tp*2U(IV) imido compounds (7):

A 20 mL scintillation vial was charged with 2-Bn (0.100 g, 0.108 mmol) and 5 mL
toluene. To this green solution, one equivalent RN3 (R = Bn, pOMePh, detp, dipp, pTol)
(0.108 mmol; Bn = 0.014 g; OMe = 0.16 g; detp = 0.019 g; dipp = 0.022 g; pTol = 0.017
g) was added, followed by an immediate evolution of nitrogen gas and color change from
deep green to red-violet. Volatiles were removed in vacuo. The product mixtures were
washed with pentane (2 × 5 mL) and dried to afford powders assigned as imido products
Tp*2U(N-Bn) (7-Bn), Tp*2U(N-pOMePh) (7-OMe), Tp*2U(N-detp) (7-detp), Tp*2U(Ndipp) (7-dipp), and Tp*2U(N-pTol) (x-pTol) (x-Bn = purple, 0.077 g, 0.082 mmol, 76%
yield; 7-OMe = red, 0.099 g, 0.102 mmol, 94% yield; 7-detp = purple, 0.079 g, 0.080
mmol, 74% yield; 7-dipp = deep purple, 0.088 g, 0.088 mmol, 81% yield; 7-pTol = redpurple, 0.066 g, 0.070 mmol, 65% yield). Single crystals of 7-Bn, 7-pTol and 7-detp were
obtained by outward diffusion of a concentrated diethyl ether solution into a toluene
solution at -35 ºC, and crystals of 7-dipp were obtained from a concentrated solution of
diethyl ether at -35 ºC.
7-Bn: Elemental analysis of C37H51B2N13U, Calculated: C, 47.40; H, 5.48; N, 19.42.
Found: C, 46.87; H, 5.33; N, 18.95. 1H NMR (C6D6, 25 °C): δ (ppm) = -20.58 (11, B-H), 6.79 (11, 18H, Tp*-CH3), 1.50 (72, 18H, Tp*-CH3), 5.28 (4, 6H, Tp*-CH), 16.91 (t, 1H,
p-CH, J = 6.71 Hz), 19.87 (14, 2H, m/o-CH), 59.95 (84, 2H, m/o-CH).11B NMR (C6D6,
25 °C): δ (ppm) = -64.75. IR (KBr) νB-H = 2560, 2515 cm-1.
7-OMe: Elemental analysis of C37H51B2N13OU: Calculated: C, 46.61; H, 5.39; N, 19.10.
Experimental: C, 46.00; H, 5.42; N, 17.88. 1H NMR (C6D6, 25 °C): δ (ppm) =-20.98 (3,
2H, Tp* B-H), -6.80 (4, 18H, Tp*-CH3), 2.85 (30, 18H, Tp*-CH3), 5.48 (8, 6H, Tp*-CH),
21.18 (2, 3H, -OCH3), 52.80 (21, 2H, Ar-H), 77.82 (21, 2H, Ar-H). 11B NMR (C6D6, 25 °C):
δ (ppm) = -66. IR (KBr pellet): νB-H = 2556, 2525 cm-1.
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7-detp: Reliable elemental analysis could not be obtained due to incomplete combustion:
Elemental analysis of C40H57B2N13U, Calculated: C, 49.04; H, 5.87; N, 18.59. Found: C,
46.43; H, 5.63; N, 17.44. 1H NMR (C6D6, 25 °C): δ (ppm) = -81.03 (11, 6H, Tp*-CH3), 25.44 (7, B-H), -20.03 (2, 2H, Tp*-CH), -18.24 (5, 6H, Tp*-CH3), -13.40 (4, 6H, Tp*CH3), -7.42 (5, 2H, Tp*-CH), 7.03 (4, 6H, -PhCH2CH3), 11.12 (21, 6H, Tp*-CH3) 20.84
(24, 6H, Tp*-CH3), 27.95 (13, 1H, p-CH), 41.88 (3, 2H, Tp*-CH), 53.87 (248, 2H, PhCH2CH3) 54.83 (176, 2H, -PhCH2CH3), 55.90 (3, 2H, m/o-CH), 68.76 (15, 6H, Tp*CH3). 11B NMR (C6D6, 25 °C): δ (ppm) = -76.92. IR (KBr) νB-H = 2550, 2521 cm-1.
7-dipp: Elemental analysis of C42H61B2N13U, Calculated: C, 49.76; H, 6.66; N, 17.69.
Found: C, 49.98; H, 6.02; N, 17.89. 1H NMR (C6D6, 25 °C): δ (ppm) = -82.00 (10, 6H,
Tp*-CH3), -25.24 (4.75, B-H), -21.19 (10, 2H, Tp*-CH), -18.03 (7, 6H, Tp*-CH3), -14.53
(4, 6H, Tp*-CH3), -9.12, (4, 2H, Tp*-CH), 8.08 (90, 6H, Tp*-CH3), 11.61 (7, 6H, CH3),
12.42 (7, 6H, CH3), 21.39 (583, 6H, Tp*-CH3), 28.02 (3, 1H, p-CH), 43.25 (3, 2H, Tp*CH), 55.69 (4, 2H, m/o-CH), 65.87 (61, 1H, iPr-CH), 67.64 (41, 6H, Tp*-CH3). 11B NMR
(C6D6, 25 °C): δ (ppm) = -75.35. IR (KBr) νB-H = 2553, 2521 cm-1.
7-pTol: Elemental analysis of C37H51B2N13U, Calculated: C, 47.40; H, 5.48; N, 19.42.
Found: C, 47.02; H, 5.25; N, 18.68. 1H NMR (C6D6, 25 °C): δ -21.21, (0.25, B-H), -6.89
(4, 18H, Tp*-CH3), 2.81 (22, 18H, Tp*-CH3), 5.48 (7, 6H, Tp*-CH), 38.50 (5, 3H, CH3),
53.82 (8, 2H, m-CH), 78.69 (16, 2H, o-CH). 11B NMR (C6D6, 25 °C): δ (ppm) = -66.60. IR
(KBr) νB-H = 2553, 2528 cm-1.
2.3.3

Alternate preparation of Tp*2U(IV) imido compounds:

A 20 mL scintillation vial was charged with 1-I (0.060 g, 0.063 mmol) and 5 mL THF.
To this deep blue solution, one equivalent (0.063 mmol) of corresponding azide (Bn =
0.008 g; pOMePh = 0.009 g; detp = 0.011 g; dipp = 0.013 g; pTol = 0.009 g) was added.
An excess of potassium graphite (0.011 g, 0.079 mmol) was introduced and the reaction
was allowed to stir for 1.5 h. After stirring, the resulting graphite and KI were removed via
filtration. The filtrate was concentrated under reduced pressure. Crude products were
washed with pentane (2 × 10 mL) to give 7-Bn (0.049 g, 0.052 mmol, 82% yield), 7-OMe
(0.050 g, 0.052 mmol, 83% yield), 7-detp (0.051g, 0.053 mmol, 84% yield), 7-dipp (0.054
g, 0.053 mmol, 85% yield) or 7-pTol (0.051 g, 0.054 mmol, 87% yield).
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2.3.4

Synthesis of κ2-ureato compounds (8):

In a 20 mL scintillation vial, Tp*2UNR (R = Ad: 0.060 g, 0.061 mmol; Bn: 0.060 g,
0.064 mmol; Ph: 0.052 g, 0.056 mmol; pTol: 0.057 g, 0.061 mmol) was dissolved in 10
mL THF. To the deep red solution, one equivalent phenyl isocyanate (R = Ad: 0.007 mL,
0.061 mmol; Bn: 0.008 mL, 0.064 mmol; Ph: 0.006 mL, 0.056 mmol; pTol: 0.007 mL,
0.061 mmol) was injected via microsyringe, and the reaction mixture was allowed to stir
for 15 minutes, creating a red-orange solution. Volatiles were removed in vacuo. The crude
products were washed with pentane (2 × 10 mL) to afford orange powders, assigned as
Tp*2U[κ2-N,N’-1-phenyl-3-adamantylurea]

(8-Ad),

Tp*2U[κ2-(N,N'-1-phenyl-3-

benzylureato)] (8-Bn), Tp*2U[κ2-(N,N'-diphenylureato)] (8-Ph), or Tp*2U[κ2-(N,N'-1phenyl-3-p-tolylureato)] (8-pTol) (8-Ad: 0.049 g, 0.045 mmol 73% yield; 8-Bn: 0.061 g,
0.058 mmol, 90% yield; 8-Ph: 0.048 g, 0.046 mmol, 82% yield; 8-pTol: 0.102 g, 0.097
mmol, 89% yield).
8-Ad: Reliable elemental analysis could not be obtained due to incomplete combustion:
Elemental analysis of C47H64B2N14OU, Calculated, C, 51.28; H, 5.86; N, 17.81. Found, C
47.39; H, 4.90; N, 16.16 1H NMR (C6D6, 25 ºC): δ = -37.26 (33, 3H, Tp*-CH3), -30.25 (25,
3H, Tp*-CH3), -16.81 (9, 3H, Tp*-CH3), -12.96 (137, H, B-H), -8.90 (3, 3H, Tp*-CH3), 7.78 (2, 3H, Tp*-CH3), -5.29 (5, 1H, Tp*-CH), -3.45 (12, 3H, Tp*-CH3), -2.17 (3, 1H,
Tp*-CH), -1.93 (4, 3H, Tp*-CH3), -0.55 (5, 1H, Tp*-CH), -0.02 (22, 3H, Ad-CH), 0.30 (5,
3H, Ad-CH), 1.04 (d, 3H, Ad-CH, J = 10.64 Hz), 1.60 (d, 3H, Ad-CH, J = 11.41 Hz), 2.01
(9, 3H, Tp*-CH3), 2.88 (12, 3H, Tp*-CH3), 3.67 (11, 3H, Ad-CH), 4.18 (3, 3H, Tp*-CH3),
7.95 (3, 1H, Tp*-CH), 9.98 (t, 1H, Ph: p-CH, J = 7.48 Hz), 14.01 (13, 5H, Tp*-CH3/Ph:
o/m-CH), 17.68 (2, 1H, Tp*-CH), 18.47 (2, 1H, Tp*-CH), 21.21 (17, 2H, Ph: o/m-CH),
42.89 (17, 3H, Tp*-CH3). 11B NMR (C6D6, 25 °C): δ (ppm) = -51.48, -19.31. IR (KBr): νBH

= 2559, 2515 cm-1; νC=O = 1696 cm-1
8-Bn: Reliable elemental analysis could not be obtained due to incomplete combustion:

Elemental analysis of C44H56B2N14OU, Calculated, C, 50.01; H, 5.34; N, 18.56. Found, C
48.69; H, 5.34; N, 17.82 1H NMR (C6D6, 25 °C): δ = -38.94 (6, 3H, Tp*-CH3), -24.69 (9,
3H, Tp*-CH3), -18.84 (182, B-H), -17.18 (131, 3H, Tp*-CH3), -11.02 (10, 3H, Tp*-CH3),
-8.92 (4, 3H, Tp*-CH3), -8.83 (2, 3H, Tp*-CH3), -6.30 (3 3H, Tp*-CH3), -3.81 (4, 3H, Tp*CH3), -3.76 (4, 1H, Tp*-CH), -3.58 (5, 1H, Tp*-CH), -1.41 (12, 1H, Tp*-CH), 2.23 (5, 2H,
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Bn: m/o-CH), 2.51 (7, 3H, Tp*-CH3), 4.19 (26, 2H, -CH2Ph), 4.59 (6, 3H, Tp*-CH3), 8.77
(32, 1H, Bn: p-CH), 10.23 (t, 1H, Ph: p-CH, J = 7.32 Hz), 12.22 (t, 2H, Ph: m-CH, J = 7.70
Hz), 12.24 (21, 2H, Ph: o-CH), 17.11 (8, 1H, Tp*-CH), 20.55 (8, 1H, Tp*-CH), 27.32 (32,
2H, Bn: m/o-CH), 55.96 (13, 3H, Tp*-CH3), 75.66 (4, 1H, Tp*-CH).

11

B NMR (C6D6,

25 °C): δ (ppm) = -28.68. IR (KBr): νB-H = 2556, 2512 cm-1; νC=O = 1698 cm-1.
8-Ph: Elemental analysis of C43H54B2N14OU, Calculated, C, 49.53; H, 5.22; N, 18.81.
Found, C 48.67; H, 5.13; N, 17.37. 1H NMR (C6D6, 25 °C): δ = -32.97 (49, 6H, Tp*-CH3),
-11.32 (153, B-H), -9.67 (17, 6H, Tp*-CH3), -3.12 (5, 6H, Tp*-CH3), -2.25 (8, 6H, Tp*CH3), -1.10 (13, 2H, Tp*-CH), 0.27 (3, 6H, Tp*-CH3), 0.54 (7, 2H, Tp*-CH), 6.94 (t, 2H,
p-CH, J = 6.88 Hz), 9.51 (17, 4H, m-CH), 10.53 (173, 4H, o-CH), 19.51 (16, 2H, Tp*-CH),
32.05 (20, 6H, Tp*-CH3).
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B NMR (C6D6, 25 °C): δ (ppm) = -49.62. IR (KBr): νB-H =

2557, 2521 cm-1; νC=O = 1707 cm-1.
8-pTol: Elemental analysis of C44H56B2N14OU, Calculated, C, 50.01; H, 5.34; N, 18.56.
Found, C 49.23; H, 5.00; N, 18.86 1H NMR (C6D6, 25 °C): δ = -33.88 (8, 3H, Tp*-CH3), 32.52 (46, 3H, Tp*-CH3), -11.13 (23, B-H), -10.73 (21, B-H), -9.57 (75, 3H, Tp*-CH3), 9.35 (28, 3H, Tp*-CH3), -3.05 (53, 3H, Tp*-CH3), -2.88 (7, 3H, Tp*-CH3), -2.45 (9, 3H,
Tp*-CH3), -1.34 (5, 1H, Tp*-CH), -1.12 (152, 3H, Tp*-CH3), 0.09 (4, 3H, Tp*-CH3), 0.41
(6, 1H, Tp*-CH), 0.78 (6, 3H, Tp*-CH3), 1.87 (3, 1H, Tp*-CH), 2.74 (3, 1H, Tp*-CH),
4.78 (6, 3H, -CH3), 6.57 (t, 1H, Ph: p-CH, J = 7.07 Hz), 8.83 (d, 2H, Ph: m-CH, J = 6.23
Hz), 9.03 (d, 2H, Ph: o-CH, J = 7.29 Hz), 10.13 (d, 2H, pTol: m-CH, J = 6.30 Hz), 11.90
(d, 2H, pTol: o-CH, J = 7.20 Hz), 19.26 (15, 1H, Tp*-CH), 19.44 (38, 1H, Tp*-CH), 29.34
(72, 3H, Tp*-CH3), 33.34 (1552, 3H, Tp*-CH3). 11B NMR (C6D6, 25 °C): δ (ppm) = -48.41.
IR (KBr): νB-H = 2561, 2507 cm-1; νC=O = 1711 cm-1.
2.3.5

Synthesis of κ2-thioureato compounds (9):

A 20 mL scintillation vial was charged with Tp*2UNR (R = Bn: 0.060 g, 0.064 mmol;
Ph: 0.067 g, 0.073 mmol; pTol: 0.100 g, 0.107 mmol) and 10 mL THF. To the deep red
solution, one equivalent of phenylisothiocyanate (R = Bn: 0.011 mL, 0.064 mmol; Ph:
0.010 mL, 0.073 mmol; pTol: 0.013 mL, 0.11 mmol) was added via microsyringe, and the
reaction mixture was stirred for 15 minutes, creating a red-orange solution. Volatiles were
removed in vacuo. The crude mixtures were washed with pentane (2 × 10 mL) to afford
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orange powders assigned as Tp*2U[κ2-(N,N'-1-phenyl-3-benzylthioureato)] (9-Bn),
Tp*2U[κ2-(N,N'-diphenylthioureato)]

(9-Ph),

or

Tp*2U[κ2-(N,N'-1-phenyl-3-para-

tolylthioureato)] (9-pTol) (9-Bn: 0.062 g, 0.058 mmol, 90% yield; 9-Ph: 0.073 g, 0.069
mmol, 96% yield; 9-pTol: 0.102 g, 0.095 mmol, 89% yield). Red single crystals of 9-Ph,
which were suitable for X-ray diffraction, were grown from a concentrated benzene
solution at room temperature.
9-Bn: Reliable elemental analysis could not be obtained due to incomplete combustion:
Elemental analysis of C44H56N14B2SU, Calculated C, 49.26; H, 5.26; N, 18. 28, Found, C,
45.41; H, 5.18; N, 16.96. 1H NMR (C6D6, 25 °C): δ = -37.47 (19, 3H, Tp*-CH3), -29.04
(19, 3H, Tp*-CH3), -16.47 (204, B-H), -10.71 (16, 3H, Tp*-CH3), -10.26 (15, 3H, Tp*CH3), -9.46 (77, 3H, Tp*-CH3), -5.25 (15, 3H, Tp*-CH3), -3.77 (26, 3H, Tp*-CH3), -3.51
(17, 1H, Tp*-CH), -3.42 (77, 1H, Tp*-CH), -2.08 (15, 1H, Tp*-CH), -1.65 (16, 3H, Tp*CH3), -1.25 (15, 3H, Tp*-CH3), 3.86 (29, 2H, -CH2Ph), 4.69 (18, 2H, Bn: m/o-CH), 6.70
(28, 1H, Ph: p-CH), 7.42 (19, 3H, Tp*-CH3), 7.78 (27, 2H, Ph: m/o-CH), 9.21 (25, 2H, Ph:
m/o-CH), 15.27 (18, 3H, Tp*-CH3), 18.71 (14, 1H, Tp*-CH), 22.05 (66, 1H, Bn: p-CH),
22.21 (24, 2H, Bn: m/o-CH), 49.66 (20, 3H, Tp*-CH3),) 61.95 (35, 1H, Tp*-CH), 77.78
(36, 1H, Tp*-CH). 11B NMR (C6D6, 25 °C): δ = -49.47. IR (KBr): νB-H = 2561, 2525 cm1

, νC=S = 1542 cm-1.
9-Ph: Elemental analysis of C43H54N14B2SU, Calculated C, 48.78; H, 5.14; N, 18.52,

Found, C, 47.48; H, 4.97; N, 17.42. 1H NMR (C6D6, 25 °C): δ = -34.67 (6, 6H, Tp*-CH3),
-12.30 (133, B-H), -10.32 (9, 6H, Tp*-CH3), -3.76 (3, 6H, Tp*-CH3), -2.61 (6, 6H, Tp*CH3), -2.57 (4, 2H, Tp*-CH), 0.10 (1, 2H, Tp*-CH), 0.31 (3, 6H, Tp*-CH3), 6.66 (t, 2H,
p-CH, J = 7.27 Hz), 8.90 (t, 4H, m-CH, J = 7.07 Hz), 11.09 (d, 4H, o-CH, J = 7.12 Hz),
20.45 (3, 2H, Tp*-CH), 34.34 (17, 6H, Tp*-CH3). 11B NMR (C6D6, 25 °C): δ = -48.31. IR
(KBr) = νB-H 2565, 2519 cm-1; νC=S 1542 cm-1.
9-pTol: Elemental analysis of C44H56N14B2SU, Calculated C, 49.26; H, 5.26; N, 18. 28,
Found, C, 48.45; H, 5.39; N, 17.64. 1H NMR (C6D6, 25 °C): δ = -35.25 (6, 3H, Tp*-CH3),
-34.05 (14, 3H, Tp*-CH3), -12.73 (152, B-H), -11.87 (138, B-H), -10.37 (5, 3H, Tp*-CH3),
-10.25 (9, 3H, Tp*-CH3), -3.95 (4, 3H, Tp*-CH3), -3.48 (3, 3H, Tp*-CH3), -3.44 (10, 3H,
Tp*-CH3), -2.62 (8, 2H, Tp*-CH), -1.83 (5, 3H, Tp*-CH3), 0.07 (2, 1H, Tp*-CH), 0.13 (3,
3H, Tp*-CH3), 0.60 (3, 3H, Tp*-CH3), 0.77 (2, 1H, Tp*-CH), 4.16 (3, 3H, -CH3), 6.40 (t,
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1H, Ph: p-CH, J = 7.45 Hz), 8.60 (t, 2H, Ph: m-CH, J = 7.48 Hz), 9.13 (d, 2H, Ph: o-CH, J
= 7.44 Hz), 10.05 (d, 2H, pTol: m-CH, J = 7.58 Hz), 11.83 (2H, pTol: o-CH, J = 7.76 Hz),
20.34 (3, 1H, Tp*-CH), 20.49 (3, 1H, Tp*-CH), 32.84 (11, 3H, Tp*-CH3), 35.73 (14, 3H,
Tp*-CH3).

11

B NMR (C6D6, 25 °C): δ = -51.34. IR (KBr) νB-H = 2563, 2517 cm-1; νC=S

1542 cm-1.
2.3.6

Synthesis of κ2-selenoureato compounds (10):

A 20 mL scintillation vial was charged with Tp*2UNR (R = Ph: 0.080 g, 0.087 mmol;
pTol: 0.07 g, 0.075 mmol) and 10 mL THF. To the deep red solution, one equivalent of
phenyl isoselenocyanate (R = Ph: 0.016 g, 0.087 mmol; 0.014 g pTol, 0.075 mmol) was
added via microsyringe, and the reaction mixture was allowed to stir for 8 hours, creating
a red-orange solution. Volatiles were removed in vacuo, and crude products were washed
with pentane (4 × 10 mL) to yield orange powders, assigned as Tp*2U[κ2-(N,N'diphenylselenoureato)] (10-Ph) or Tp*2U[κ2-(N,N'-1-phenyl-3-para-tolylselenoureato)]
(10-pTol) (10-Ph: 0.077 g, 0.070 mmol, 80% yield; 10-pTol: 0.062 g, 0.055 mmol, 74%
yield). Single crystals of 10-Ph, suitable for X-ray diffraction were obtained from a
concentrated benzene solution at room temperature.
10-Ph: Reliable elemental analysis could not be obtained due to the instability of
compound x-Ph. 1H NMR (C6D6, 25 °C): δ -34.93 (5, 6H, Tp*-CH3), -12.70 (137, B-H), 10.52 (2, 6H, Tp*-CH3), -3.75 (4, 6H, Tp*-CH3), -2.91 (2, 2H, Tp*-CH), -2.83 (47, 6H,
Tp*-CH3), 0.31 (2, 6H, Tp*-CH3), 0.46 (2, 2H, Tp*-CH), 6.68 (t, 2H, p-CH, J = 7.49 Hz),
8.87 (t, 4H, m-CH, J = 7.54 Hz), 11.46 (d, 4H, o-CH, J = 7.63 Hz), 20.63 (52, 2H, Tp*CH), 34.94 (19, 6H, Tp*-CH3). 11B NMR (C6D6, 25 °C): δ = -51.62. IR (KBr): νB-H = 2566,
2508 cm-1; νC=Se = 1542 cm-1.
10-pTol: Reliable elemental analysis could not be obtained due to the instability of
compound x-pTol. 1H NMR (C6D6, 25 °C): δ -35.44 (17, 3H, Tp*-CH3), -34.42 (8, 3H,
Tp*-CH3), -14.10 (19, B-H), -10.58 (2, 3H, Tp*-CH3), -10.48 (18, 3H, Tp*-CH3), -4.00 (2,
3H, Tp*-CH3), -3.58 (2, 3H, Tp*-CH3), -3.48 (3, 3H, Tp*-CH3), -2.97 (2, 1H, Tp*-CH), 2.96 (3, 1H, Tp*-CH), -2.15 (3, 3H, Tp*-CH3), 0.10 (2, 3H, Tp*-CH3), 0.17 (2, 1H, Tp*CH), 0.50 (2, 3H, Tp*-CH3), 0.76 (2, 1H, Tp*-CH), 4.07 (2, 3H, -CH3), 6.46 (t, 1H, Ph: pCH, J = 7.47 Hz), 8.59 (t, 2H, Ph: m-CH, J = 7.59 Hz), 9.00 (d, 2H, Ph: o-CH, J = 7.55
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Hz), 10.58 (d, 2H, pTol: m-CH, J = 7.84 Hz), 12.07 (d, 2H, pTol: o-CH, J = 7.56 Hz),
20.53 (2, 1H, Tp*-CH), 20.66 (28, 1H, Tp*-CH), 33.66 (7, 3H, Tp*-CH3), 36.17 (9, 3H,
Tp*-CH3).

11

B NMR (C6D6, 25 ºC): δ = -52.78. IR(KBr) νB-H = 2564, 2522 cm-1; νC=Se

=1542 cm-1.
2.3.7

Synthesis of Tp*2U[κ2-(N,N’-1-phenyl-3-dippureato)] (8-dipp):

A 20 mL scintillation vial was charged with 7-Ph (0.085 g, 0.092 mmol) and 10 mL THF.
To the deep red solution, one equivalent of dipp isocyanate (0.020 mL, 0.092 mmol) was
added via microsyringe, and the reaction mixture was allowed to stir for 10 minutes,
creating a red-orange solution. Volatiles were removed in vacuo, and the crude products
were washed with pentane (4 × 10 mL) to yield an orange powder, assigned as Tp*2U[κ2(N,N'-1-phenyl-3-dippureato)] (8-dipp) (0.084 g, 0.075 mmol, 81% yield).
Reliable elemental analysis could not be obtained due to the instability of compound 8dipp. 1H NMR (C6D6, 25 °C): δ = -43.81 (6, 3H, Tp*-CH3), -28.72 (9, 3H, Tp*-CH3), 24.80 (160, B-H), -17.21 (4, 3H, Tp*-CH3), -15.71 (6, 3H, Tp*-CH3), -14.60 (3, 1H, dipp:
i-PrCH), -13.63 (4, 3H, Tp*-CH3), -10.82 (3, 3H, Tp*-CH3), -9.89 (d, 2H, dipp: m-CH, J
= 8 Hz), -7.84 (3, 1H, Tp*-CH), -7.59 (3, 3H, Tp*-CH3), -7.52 (3, 1H, Tp*-CH), -2.33 (4,
1H, Tp*-CH), -1.56 (4, 3H, dipp-CH3), -1.11 (3, 3H, dipp-CH3), 1.98 (3, 3H, Tp*-CH3),
3.57 (8, 3H, Tp*-CH3), 5.11 (5, 1H, Tp*-CH), 5.67 (3, 1H, Tp*-CH), 10.86 (29, 3H, dippCH3), 11.24 (38, 5H, Ph: m/o-CH + dipp-CH3), 13.30 (9, 3H, Tp*-CH3), 17.80 (7, 3H, Tp*CH3), 17.90 (t, 1H, dipp: p-CH, J = 8 Hz), 19.06 (3, 1H, Tp*-CH), 21.71 (4, 1H, dipp: iPrCH), 30.26 (5, 1H, Tp*-CH), 73.20 (11, 3H, Tp*-CH3). 11B NMR (C6D6, 25 ºC): δ = 43.72. IR (KBr) νB-H = 2563, 2519 cm-1; νC=O = 1695 cm-1.
2.3.8

Synthesis of Tp*2U[=N-C(=N(pRPh)(Ar)] (11-12):

In a 20 mL scintillation vial, Tp*2U(N-p-RPh) (R = OMe: 0.120 g, 0.126 mmol; CH3: 0.120
g, 0.128 mmol) was dissolved in 8 mL THF. To this deep red solution, one equivalent of
nitrile (R = OMe: benzonitrile:13.0 μL; 4-cyanopyridine: 0.013 g, 0.126 mmol; R = CH3:
benzonitrile: 13.2 μL; 4-cyanopyridine: 0.013 g) was added. Within five minutes of stirring,
the solutions became a red-orange color, at which point, volatiles were removed in vacuo.
The resulting orange powders were washed with n-pentane (2 × 5 mL) and subsequently
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dried affording in orange powders assigned as Tp*2U[=NC(NpRPh)-Ar] (R = OMe, Ar =
Ph (11-Ph) 0.105 g, 0.099 mmol, 79% yield; py (11-py), 0.111 g, 0.104 mmol, 83% yield;
R = CH3, Ar = Ph (12-Ph), 0.100 g, 0.096 mmol, 75% yield; py (12-py), 0.104 g, 0.100
mmol, 78% yield). Single crystals were obtained at -35 °C by layering n-pentane into a
concentrated diethyl ether solution (5:1 ratio) (12-py), vapor diffusion of diethyl ether into
toluene (12-Ph), or concentrated solution of diethyl ether (11-py).
11-Ph: Elemental Analysis of C44H56B2N14OU: Calculated: C, 50.01; H, 5.34; N,
18.56. Experimental: C, 49.87; H, 5.77; N, 18.58. 1H NMR (benzene-d6, ambient
temperature): δ = -81.54 (50, 3H, Tp*-CH3), -77.93 (15, 3H, Tp*-CH3), -28.85 (5, 1H, Tp*
B-H), -24.96 (3, 1H, Tp* B-H), -20.71 (22, 1H, Tp*-CH), -19.92 (8, 1H, Tp*-CH), -18.81
(7, 3H, Tp*-CH3), -18.85 (10, 3H, Tp*-CH3), -14.66 (19, 3H, Tp*-CH3), -12.43 (9, 3H,
Tp*-CH3), -6.91 (9, 1H, Tp*-CH), -6.83 (4, 1H, Tp*-CH), -5.32 (8, 1H, Tp*-CH), -3.25
(3, 3H, Tp*-CH3), -2.57 (48, 2H, Ar-H), 5.36 (9, 3H, pOCH3), 7.35 (6, 3H, Tp*-CH3),
16.82 (25, 2H, Ar-H), 18.98 (53, 3H, Tp*-CH3), 22.43 (70, 3H, Tp*-CH3), 37.70 (23, 2H,
Ar-H), 41.64 (7, 1H, Tp*-CH), 41.75 (7, 1H, Tp*-CH), 49.30 (25, 2H, Ar-H), 64.95 (75,
3H, Tp*-CH3), 73.16 (19, 3H, Tp*-CH3). 11B NMR (benzene-d6, ambient temperature): δ
= -86, -76. IR (KBr pellet): νB-H = 2553, 2521 cm-1.
11-py: Elemental Analysis of C43H55B2N15OU: Calculated: C, 48.83; H, 5.24; N,
19.86. Experimental: C, 49.91; H, 5.80; N, 20.18. 1H NMR (benzene-d6, ambient
temperature): δ = -81.41 (17, 3H, Tp*-CH3, -77.81 (18, 3H, Tp*-CH3), -28.79 (4, 1H, Tp*
B-H), -24.88 (3, 1H, Tp* B-H), -20.70 (12, 1H, Tp*-CH), -19.90 (8, 1H, Tp*-CH), -18.80
(10, 3H, Tp*-CH3), -18.54 (13, 3H, Tp*-CH3), -14.66 (13, 3H, Tp*-CH3), -12.43 (9, 3H,
Tp*-CH3), -6.92 (10, 1H, Tp*-CH), -5.32 (12, 1H, Tp*-CH), -3.25 (6, 3H, Tp*-CH3), -2.56
(17, 2H, Ar-CH), 5.32 (10, 3H, OCH3), 7.31 (11, 3H, Tp*-CH3), 16.81 (24, 2H, Ar-CH),
18.94 (21, 3H, Tp*-CH3), 22.38 (23, 3H, Tp*-CH3), 37.65 (29, 2H, Ar-CH), 41.54 (13, 1H,
Tp*-CH), 41.65 (27, 1H, Tp*-CH), 49.31 (13, 2H, Ar-CH), 64.79 (42, 3H, Tp*-CH3),
73.00 (22, 3H, Tp*-CH3). 11B NMR (benzene-d6, ambient temperature): δ = -86, -75. IR
(KBr pellet): νB-H = 2551, 2517 cm-1.
12-Ph: Elemental Analysis of C44H56B2N14U: Calculated: C, 50.78; H, 5.42; N,
18.84. Experimental: C, 49.66; H, 5.53; N, 19.34. 1H NMR (benzene-d6, ambient
temperature): δ = -81.31 (15, 3H, Tp*-CH3), -77.72 (16, 3H, Tp*-CH3), -28.68 (5, 1H, Tp*
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B-H), -24.84 (4, 1H, Tp* B-H), -20.67 (12, 1H, Tp*-CH), -19.86 (12, 1H, Tp*-CH), -18.77
(9, 3H, Tp*-CH3), -18.51 (12, 3H, Tp*-CH3), -14.64 (11, 3H, Tp*-CH3), -12.41 (9, 3H,
Tp*-CH3), -6.89 (24, 1H, Tp*-CH), -5.29 (11, 1H, Tp*-CH), -3.22 (6, 3H, Tp*-CH3), -2.54
(14, 2H, Ar-CH), 5.32 (9, 3H, para-CH3), 7.32 (9, 3H, Tp*-CH3), 16.81 (22, 3H, Tp*CH3), 18.91 (16, 2H, Ari-CH), 37.62 (10, 1H, Tp*-CH), 41.51 (10, 1H, Tp*-CH), 41.63
(9, 1H, Tp*-CH), 49.17 (22, 2H, Ar-CH), 64.73 (51, 3H, Tp*-CH3), 72.96 (19, 3H, Tp*CH3). 11B NMR (benzene-d6, ambient temperature): δ = -82, -76. IR (KBr pellet): νB-H =
2550, 2522 cm-1.
12-py: Elemental Analysis of C43H55B2N15U: Calculated: C, 49.58; H, 5.32; N,
20.17. Experimental: C, 49.05; H, 5.52; N, 19.71. 1H NMR (benzene-d6, ambient
temperature): δ = -82.66 (12, 3H, Tp*-CH3), -77.25 (13, 3H, Tp*-CH3), -27.82 (2, 1H, Tp*
B-H), -25.63 (3, 1H, Tp* B-H), -20.44 (8, 4H, Tp*-CH3 + Tp*-CH), -18.75 (7, 3H, Tp*CH3), -18.61 (37, 3H, Tp*-CH3), -14.17 (9, 3H, Tp*-CH3), -12.84 (19, 3H, Tp*-CH3), 7.08 (73, 1H, Tp*-CH), -5.66 (8, 1H, Tp*-CH), -3.99 (47, 3H, Tp*-CH3), -2.50 (89, 2H,
Ar-CH), 5.89 (7, 3H, pTol-CH3), 6.36 (3, 1H, Tp*-CH), 8.11 (20, 1H, Tp*-CH), 17.20 (18,
2H, Ar-CH), 20.01 (98, 3H, Tp*-CH3), 21.76 (16, 3H, Tp*-CH3), 37.43 (21, 2H, Ar-CH),
41.74 (6, 1H, Tp*-CH), 41.89 (6, 1H, Tp*-CH), 49.97 (6, 2H, Ar-CH), 66.45 (73, 3H, Tp*CH3), 70.73 (16, 3H, Tp*-CH3). 11B NMR (benzene-d6, ambient temperature): δ = -83, 76. IR (KBr pellet): νB-H = 2551, 2519 cm-1.
2.3.9

Synthesis of Tp*2U[NC(=N-4-R-para-cyanobenzene] (13-R).

A 20 mL scintillation vial was charged with Tp*2U(N-pRPh) (R = CH3: 0.225 g, 0.240
mmol; OCH3: 0.225 g, 0.240 mmol) in 8 mL THF. To this red solution, an equivalent of
terephthalonitrile (R = CH3: 0.031 g, 0.210 mmol; R= OCH3: 0.027 g, 0.240 mmol) was
added and a slight color change to red-orange was noted. After 30 minutes, volatiles were
removed in vacuo which resulted in an orange powder. This powder was washed with npentane (2 5 mL) and dried, affording a pale orange powder (R = CH3: 0.219 g, 0.203 mmol,
85% yield; R = OCH3: 0.184 g, 0.168 mmol, 80% yield) assigned as Tp*2U[NC(=NpRPh)-p-cyanobenzene] (R = CH3 = 13-Tol; OCH3 = 13-OMe). Single crystals suitable
for X-ray crystallographic analysis were obtained from vapor diffusion of concentrated
diethyl ether solution into toluene at -35 °C.
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13-Tol: 1H NMR (benzene-d6, ambient temperature): δ = -82.78 (12, 3H, Tp*-CH3),
-77.41 (7, 3H, Tp*-CH3), -27.28 (1, 1H, B-H), -25.06 (6, 1H, B-H), -20.38 (3, 1H, Tp*CH), -20.31 (3, 1H, Tp*-CH), -18.71 (4, 3H, Tp*-CH3), -18.57 (12, 3H, Tp*-CH3), -13.88
(11, 3H, Tp*-CH3), -12.67 (10, 3H, Tp*-CH3), -7.10 (8, 1H, Tp*-CH), -5.87 (9, 1H, Tp*CH), -4.32 (4, 3H, p-tolyl-CH3), -2.99 (11, 1H, Tp*-CH), 6.05 (4, 3H, Tp*-CH3), 7.35 (5,
3H, Tp*-CH3), 15.57 (9, 2H, CH), 20.09 (43, 3H, Tp*-CH3), 22.04 (10, 3H, Tp*-CH3),
36.37 (11, 2H, CH), 41.86, (10, 1H, Tp*-CH), 41.96 (3, 1H, Tp*-CH), 53.61 (20, 2H, CH),
65.81 (51, 3H, Tp*-CH3), 70.66 (222, 3H, Tp*-CH3).

11

B NMR (benzene-d6, ambient

temperature): δ = -83, -76. IR (KBr pellet). Elemental analysis of C46H58N15B2U1:
Calculated, C, 51.12; H, 5.41; N, 19.44. Found, C, 50.79; H, 5.20; N, 19.17.
13-OMe: 1H NMR (benzene-d6, ambient temperature): δ = -81.73 (25, 3H, Tp*-CH3),
-78.07 (9, 3H, Tp*-CH3), -28.48 (3, 1H, Tp*-BH), -24.70 (7, 1H, Tp*-BH), -20.64 (5, 1H,
Tp*-CH), -19.91 (4, 1H, Tp*-CH), -18.80 (5, 3H, Tp*-CH3), -14.41 (9, 3H, Tp*-CH3), 12.31 (4, 3H, Tp*-CH3), -6.99 (5, 1H, Tp*-CH), -5.54 (5, 1H, Tp*-CH), -3.50 (3, Tp*CH3), 5.46 (5, 3H, -OCH3), 6.46 (3, 2H, Ar-CH), 7.50 (5, 3H, Tp*-CH3), 15.22 (13, 2H,
Ar-CH), 19.05 (11, 3H, Tp*-CH3), 22.70 (11, 3H, Tp*-CH3), 36.61 (63, 2H, Ar-CH), 41.71
(6, 1H, Tp*-CH), 41.81 (4, 1H, Tp*-CH), 53.06 (81, 2H, Ar-CH), 64.32 (742, 3H, Tp*CH3), 73.01 (11, 3H, Tp*-CH3). 11B NMR (benzene-d6, ambient temperature): δ = -85, 76. IR (KBr pellet): νB-H = 2561, 2520 cm-1; νCN = 2230 cm-1. Elemental analysis of
C46H58N15B2OU: Calculated, C, 50.38; H, 5.33; N, 19.16. Found, C, 50.28; H, 5.14; N,
19.03.

2.4
2.4.1

Results and Discussion
Preparation of U(IV) Imido Compounds
Building on our previous family of U(IV) imido compounds, including Tp*2U(N-

Ph) (7-Ph), Tp*2U(N-Mes), and Tp*2(N-Ad) (7-Ad),111 we prepared more imidos of this
formula to study variation in their steric and electronic differences with respect to their
reactivity. Therefore, 2-Bn was treated with organoazides, N3R (R = Bn, pTol, pOMePh,
detp, dipp), which caused immediate bubbling of the solution indicative of nitrogen gas
evolution (Fig 2.1) As with formation of 7-Ph and 7-Mes, one-half equivalent of bibenzyl
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was observed by 1H NMR spectroscopy, supporting oxidation to the corresponding
uranium(IV) imido compounds, Tp*2UNR (R = Bn (7-Bn), p-Tol (7-pTol), pOMePh (7OMe), detp (7-detp), dipp (7-dipp)) had occurred. This process gave products as purple
(7-Bn, 7-detp, 7-dipp) or red-violet (7-pTol, 7-OMe) solids in good yields (65% - 82%).
Alternatively, the series can be synthesized from Tp*2UI and N3R with subsequent addition
of KC8 (82-87%).

Figure 2.1. Synthesis of U(IV) imido compounds from 2-Bn.
As previously reported for 7-Ph, infrared spectroscopic data for 7-Bn, 7-pTol, 7OMe, 7-detp, and 7-dipp show two νB-H stretches (2518-2560 cm-1), confirming the
presence of two Tp* ligands. Analysis of these species by 1H NMR spectroscopy shows
paramagnetically broadened and shifted spectra with the number of resonances and their
integration values consistent for C2v symmetry. 11B NMR spectroscopy shows resonances
for 7-Bn, 7-pTol, 7-OMe, 7-detp, and 7-dipp (-65, -67, -66, -77, -75 ppm, respectively)
consistent with previously reported Tp* uranium(IV) compounds41 and analogous to 7-Ph
(-67 ppm). These resonances are shifted significantly from the corresponding precursor
uranium(III) complexes (2-Bn = -15 ppm; 1-I = 4 ppm), which indicates that oxidation of
the uranium(III) ion has taken place.
In an effort to evaluate the structural properties of these new entries in the
uranium(IV) imido family, single crystals of each were obtained from either diffusion of
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diethyl ether into a solution of toluene at -35 ºC (7-Bn, 7-pTol, 7-detp) or from a
concentrated solution of diethyl ether at -35 ºC (7-dipp) and analyzed by X-ray
crystallography (Figure 2.2). Refinement of data collected for 7-Bn, 7-pTol, 7-detp, and
7-dipp displayed a series of analogous distorted pentagonal bipyramidal uranium(IV)
imido species that feature two 3-Tp* ligands per uranium center (7-Bn - U-Npyrazole:
2.533(2)-2.737(2) Å; 7-pTol - U-Npyrazole: 2.526(6)-2.786(6) Å; 7-detp - 2.511(9)2.727(10) Å; 7-dipp (2.533(6)-2.681(6) Å). The U=Nimido distances (7-Bn - U=Nimido:
1.972(2) Å; 7-pTol - U=Nimido: 2.011(9) Å, 7-detp - U=Nimido: 2.004(12) Å; 7-dipp U=Nimido: 2.003(7) Å) are consistent with other uranium(IV) imido complexes, including
Cp*2UNMes* (Cp* = [η5-C5Me5], Mes* = 2,4,6-tBu3C6H2) (1.952(12) Å),117 Tp*2UNMes
(1.976(3) Å),111 Cp’2UNpTol (Cp’ = η5-1,2,4-(Me3C)3C5H2) (1.988(5) Å),48 and
(OPPh3)3U(NMes*)Cl2 (2.009(3) Å).118 The U1-Nimido-Cimido bond angles for 7-Bn
(165.7(2)º), 7-detp (173.8(9)º), 7-dipp (180.0º), and 7-pTol (163.6(9)º) are on the order of
bond angles observed for other uranium(IV) imido complexes, including Cp*2UNdipp
(172.6(5)º),119 Cp’2UNpTol (172.3(5)º),48 Tp*U(NMes)(Bn)(THF) (177.7(5)º),17 and
U(Ndipp)(I)2(THF)4 (178.9(2)º).120

Figure 2.2. Molecular structures of 7-Bn, 7-pTol, 7-detp, and 7-dipp (left to right)
displayed at 30% probability ellipsoids. Selected hydrogen atoms and solvent molecules
omitted for clarity.
The optical properties of complexes 7-Bn, 7-pTol, 7-OMe, 7-detp, and 7-dipp
were examined by electronic absorption spectroscopy. Data for the series were recorded in
THF over the range of 300-1800 nm at ambient temperature. The spectra exhibited
analogous weak, but sharp f-f transitions in the near-infrared range (800-1800 nm),
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consistent with previously reported Tp*2-U(IV) compounds,111 as well as bands in the
visible region (7-Bn: 518 nm (884 M-1cm-1); 7-pTol: 514 nm (1103 M-1cm-1); 7-detp: 544
nm (514 M-1 cm-1); 7-dipp: 549 nm (2500 M-1cm-1)) (Figure 2.3) that are responsible for
their reddish purple appearance.

Figure 2.3. Electronic absorption spectrum of 7-pTol, 7-OMe, 7-Bn, 7-detp, and 7-dipp
recorded from 325-1800 nm in THF at ambient temperatures.
A computational analysis of the extent of steric crowding of the uranium center for
the new imido series was possible using Solid-G,63 which calculates the percentage of a
metal’s coordination sphere that is blocked by its ligand(s) based on parameters obtained
from experimental molecular structures. This analysis was performed to compare the
relative size of the imido substituent for 7-pTol, 7-detp, and 7-dipp and the results
obtained as the G(imido) value are presented in Table 2.1, along with the uranium-imido
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multiple bond distances. The results show that for the aryl imido series, in moving from 7pTol, 7-detp, and 7-dipp, the percentage of shielding increases steadily as expected for the
respective ortho-H, -Et, and -iPr groups. The G(complex) value represents the sum of all
ligands, and takes absolute sphere shielding into account by shielding of any ligands.63
Thus, this value also trends similarly to the G(imido), where there is a steady increase in
the shielding percentage from 7-pTol, 7-detp, 7-dipp as expected.

Table 2.1. Solid angle parameters obtained from crystallographic data using Solid-G.
Experimental uranium-nitrogen multiple bond distances are presented for comparison.
U=N dist (Å)
G(imido), %
G(Tp*), %
G(complex), %

2.4.2

7-pTol
2.011(9)
17.44
38.00
38.23
87.98

7-detp
2.004(12)
19.93
38.20
37.94
90.58

7-dipp
2.003(7)
22.20
37.85
37.86
91.66

[2+2] Cycloaddition with Tp*2UNR Family
With an understanding of the relative steric demands of these new entries in the

uranium(IV) imido family, their reactivity for [2+2] cycloaddition chemistry was probed.
The first study was performed by treating 7-Ph with PhNCE (E = O, S, Se), as this should
produce a series of symmetric phenyl urea cycloaddition products. Upon addition of
PhNCO to 7-Ph, rapid reaction was observed signified by a color change from red to orange
in only fifteen minutes (Figure 2.4). Following work-up, analysis of the obtained product
by 1H NMR spectroscopy revealed thirteen broad resonances ranging from -32.97 to 32.05
ppm, consistent with C2 symmetry. Six resonances assignable as Tp*-CH3 protons and
three resonances for Tp*-CH are observed, as well as one broad signal for the B-H protons
(-11.32 ppm). Analysis by 11B NMR spectroscopy gives a spectrum that displays a single
resonance at -49.62 ppm for symmetric Tp* ligands in solution. Infrared spectroscopy in
the solid state (KBr pellet) confirmed the presence of two Tp* ligands (νB-H = 2557 cm-1;
2521 cm-1), and provided evidence for a carbonyl moiety (νC=O = 1708 cm-1), leading to the
assignment of the orange powder as the κ2-ureato complex Tp*2U[κ2-(N,N’diphenylureato)] (8-Ph).
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Figure 2.4. Products of [2+2] cycloaddition with isocyanates.
The next experiments were aimed at exploring analogous reactivity with
phenylisothiocyanate, as the thione should be less nucleophilic and potentially less
reactive. Thioureato complexes displaying various coordination modes121, 122 have been
synthesized previously by salt metathesis123 and [2+2] cycloaddition.98 Treating 7-Ph
with PhNCS afforded C2 symmetric Tp*2U[κ2-(N,N’-diphenylthioureato)] (9-Ph) as an
orange powder (82%). The 1H and

11

B NMR spectra reveal peak distributions and

symmetries that are analogous to the oxygen analogue, 8-Ph. Infrared spectroscopy
confirms retention of Tp* by similar νB-H stretches (2565, 2519 cm-1) to 8-Ph, while the
νC=S stretch at 1542 cm-1 supports formation of the cycloaddition product.124
Due to the scarcity of κ2-selenourato as ligands in organometallic chemistry,
formation of the uranium(IV) κ2-selenoureate was targeted by the same method. Treating
7-Ph with phenylisoselenocyanate (PhNCSe) produced the desired κ2-selenoureato
complex, Tp*2U[κ2-(N,N’-diphenyselenoureato)] (10-Ph), albeit with a slightly longer
reaction time (8 hours). Analyses by 1H and

11

B NMR spectroscopy confirmed the

formation of 10-Ph by analogy to complexes 8-Ph and 9-Ph based on the peak distribution
and their integration values. Retention of bound Tp* ligands was supported by IR
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spectroscopy, which showed similar B-H stretches (10-Ph = 2566, 2508 cm-1) to 8-Ph and
9-Ph. The stretch for C=Se (νC=Se: 10-Ph = 1542 cm-1) is consistent with previous reports
of carbon-selenium multiple bonds (νC=Se: 1529-1570 cm-1).113, 124, 125 The longer reaction
times required for PhNCSe as compared to PhNCO or PhNCS for 7-Ph may be attributed
to either the decreased nucleophilicity of the C=Se or the increased size of selenium as
compared to oxygen and sulfur. Complex 10-Ph represents the first reported crystal
structure of a selenoureato ligand in the κ2-coordination mode, although one example has
been reported as an oil126 and another in the gas phase.127 Such ligands have been reported
with binding through selenium in an end-on (κ1) fashion with antimony,128 cobalt,129
gold,130, 131 mercury,132 palladium,133 and platinum.133
A comparison of the 1H NMR spectra across the series of compounds, 8-Ph - 10Ph, is presented in Figure 2.5. As discussed, C2 symmetry is retained in solution across the
series, with 6 resonances (6H each) for the endo- and exo-Tp* methyl groups and three
resonances (2H each) for the CH protons of Tp*. For each compound, the phenyl protons
are visible as three resonances between 6 and 12 ppm, including a doublet (4H), triplet
(4H), and triplet (2H) for the ortho, meta, and para protons, respectively. While previous
studies across chalcogenide series generally show a trend in chemical shift as the column
is descended (i.e. Cp*2U(EPh)2, (E = S, Se, Te)),134 a smooth progression is not noted in
this case, as the data for 10-Ph seems to lie in between that of 8-Ph and 9-Ph.
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Figure 2.5. Comparison of 1H NMR spectra for 8-Ph, 9-Ph, and 10-Ph recorded in C6D6
at ambient temperature.
To compare structural parameters among the symmetric diphenylureato series, the
molecular structures of 8-Ph, 9-Ph, and 10-Ph were elucidated using single crystal X-ray
crystallography (Figure 2.6). All three compounds show analogous structures, each
exhibiting square antiprismatic geometries. As is commonly observed for bis(Tp*)
uranium complexes, each ligand features two long U-Npyrazole distances (2.565-2.673 Å)
and one short U-Npyrazole distance (2.460-2.485 Å).18 The κ2-ureato ligands have two U-N
bond distances that are in the range of 2.301-2.394 Å, showing a significant bond
elongation as compared to typical uranium(IV) imidos, which is expected based on the
cleavage of the π-bonds. The C=E double bond distance increases (8-Ph = 1.231(13) Å; 9Ph = 1.699(7) Å; 10-Ph = 1.840(6) Å) and the N-C-N bond angles decrease (8-Ph
=59.4(5)º; 9-Ph = 56.26(16)º; 10-Ph = 56.6(2)º) as the chalcogenide group is descended,
corresponding to the increase in the atomic radius.
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Figure 2.6. Molecular structures of 8-Ph, 9-Ph, and 10-Ph (left to right) shown as 30%
probability ellipsoids. Selected hydrogen atoms and co-crystallized solvent molecules
omitted for clarity.
The structural parameters of 8-Ph are best compared with (κ2-1-Mes-3-dippNC(O)N)U(Cl)2(OPPh3)2,101 since both species have U(IV) ions. In the latter case, the UN ureato distances of 2.259(4) and 2.263(4) Å are on the order of those in 8-Ph (cf
2.340(17) Å). However, the symmetric uranium(V) ureato, ((tBuArO)3tacn])U(κ2-N,Ndiphenylurea),102 shows U-Nureato bond distances (2.310(4) and 2.329(4) Å) that are
remarkably similar to 8-Ph. When examining metrical parameters of both literature
examples, it appears that a sterically encumbered uranium center produces longer bond
distances and a smaller bond angle in order to accommodate the bulky κ2-coordinated
ligand. The longer ureato bond lengths observed for the sterically crowded tacn compound
are similar to that for 8-Ph, despite the smaller ionic radius of the uranium(V) ion,
indicating that sterics play a significant role in urea ligand binding.

The thiourea

derivative, 9-Ph, is the second entry of a κ2-thioureato ligand that has been characterized
in the solid state. The other example features a molybdenum complex with a κ2-thioureato
ligand (Mo[κ2-(N,N’(1-phenyl-3-dipp)thioureato)](Ndipp)(OBut)2), formed as a result of
cycloaddition of an isothiocyanate with a molybdenum bis-imido compound.98
Similar reactivity with PhNCO was observed for the rest of the imido family,
specifically 7-Ad, 7-Bn, and 7-pTol, resulting in asymmetric ureato ligands, generating
Tp*2U[κ2-(N,N’(1-phenyl-3-adamantylureato))]

(8-Ad),

Tp*2U[κ2-(N,N’(1-phenyl-3-
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benzylureato))] (8-Bn), and Tp*2U[κ2-(N,N’(1-phenyl-3-(p-tolyl)ureato))] (8-pTol). As
expected, based on the asymmetry of the ureato ligand, Cs symmetric 1H NMR spectra are
observed. Analysis by 11B NMR spectroscopy shows resonances similar to 8-Ph (-29 ppm
(8-Bn); -48 ppm (8-pTol)), supporting analogous cycloaddition chemistry occurred.
Infrared spectroscopic data for 8-Ad (νC=O = 1696 cm-1, νB-H = 2559, 2515 cm-1), 8-Bn
(νC=O = 1698 cm-1, νB-H = 2556, 2512 cm-1), and 8-pTol (νC=O = 1711 cm-1, νB-H = 2561,
2507 cm-1) are analogous to those recorded for 8-Ph. The IR analysis also confirmed that
both Tp* ligands revert to their typical κ3-bonding modes upon cycloaddition with 7-Ad to
form 8-Ad, consistent with our previous studies.111
To expand the family of known thiourea derivatives, 7-pTol and 7-Bn were also
treated with PhNCS, which afforded asymmetric Tp*2U[κ2-(N,N’-(1-phenyl-3-(ptolyl)thioureato))] (9-pTol) and Tp*2U[κ2-(N,N’(1-phenyl-3-benzyl)thioureato)] (9-Bn).
As for 8-pTol and 8-Bn, the 1H NMR spectra are complicated by the asymmetry in the
thiourea ligand, but the chemical shifts in the 11B NMR spectra are as expected based on
9-Ph. Infrared data confirms the presence of two Tp* ligands in each case, with similar
νB-H stretches (9-pTol: 2563, 2517 cm-1; 9-Bn: 2561, 2525 cm-1) to 8. Both compounds also
display νC=S stretches at 1542 cm-1 that are consistent with previously reported values.124
Cycloaddition of PhNCSe to 7-pTol furnished the asymmetric κ2-selenoureato complex
Tp*2U[κ2-(N,N’-(1-phenyl-3-(p-tolyl)selenoureato))] (10-pTol). As in the formation of 10Ph, cycloaddition with PhNCSe required longer reaction times (up to 8 hours) to reach
conversion. Analysis by 1H and

11

B NMR spectroscopy confirmed the formation of 10-

pTol in analogy to complex 10-Ph, while the retention of bound Tp* ligands was aided by
IR spectroscopy (νB-H : 10-pTol = 2564, 2522 cm-1). The absorption for the C=Se double
bond in 10-pTol was found at 1542 cm-1 and is consistent with previous reports (νC=Se:
1529-1570 cm-1).113, 124, 125
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Figure 2.7. Electronic absorption spectroscopy of 8, 9, and 10 recorded in THF at
ambient temperature from 325-1800 nm.
The orange THF solutions of all cycloaddition products were studied by electronic
absorption spectroscopy at ambient temperature from 300-1800 nm, and the data for 8-Ph,
8-Ad, 8-Bn, 8-pTol, 9-Ph, 9- pTol, 9-Bn, 10-Ph, and 10-pTol are presented in Figure 2.6.
Overall, the entire family displays minimal variations regardless of the identity of the
chalcogen, indicating analogous electronic structures. Examination of the near infrared
region (800-1800 nm) revealed sharp, weakly intense f-f transitions for all eight
compounds, consistent with a U(IV), f2 configuration (Figure 2.7).135 All complexes
display weak visible absorbances or shoulders ranging from 410-415 nm, which are likely
responsible for the orange appearance of all of the products.
The [2+2] cycloaddition reaction likely proceeds through one of two possible
pathways (Figure 2.8). As shown in Path A, the isocyanate fragment could approach
uranium in an end-on fashion leading with the chalcogen, which would be the sterically
preferred configuration. Following cycloaddition, isomerization of the new κ2-N,E-ureate
ligand could occur, generating the observed κ2-N,N-ureato species. In the sterically less
preferred scenario, Path B, the isocyanate could line up with the hydrocarbon pointed
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towards the uranium, with cycloaddition proceeding to directly generate the κ2-N,N-ureato
complexes without the need for isomerization. Based on the steric accessibility of the
uranium center in the family of imido derivatives, as well as the literature precedent for
ligand isomerization,101, 102 we hypothesize that Path A is the more likely mechanism for
the [2+2] cycloaddition reaction studied here.

Figure 2.8. Depiction of mechanistic pathways possible for [2+2] cycloaddition.
To further our mechanistic inquiry, the reactivity of the last member, 7-dipp,
towards PhNCO was also examined. In this case, the anticipated κ2-ureato derivative was
not produced; instead, no reaction was observed even after prolonged heating at 110 ºC for
12 hours. Minimal (<5%) decomposition of 7-dipp was noted. We hypothesized this lack
of reactivity was likely due to the sterically encumbered 2,6-diisopropyl substituent on the
imido nitrogen, which precludes approach of the isocyanate for the desired cycloaddition
process. This is corroborated by examining the G(complex) values obtained from Solid G,
which show respective values of 88.73% and 87.98% for 7-Bn and 7-pTol, whereas the
calculated value of 91.66% obtained for 7-dipp is higher, indicating an inaccessible
uranium center. As an illustration of this correlation, it was found that treating sterically
accessible 7-Ph with the bulky isocyanate, 2,6-diisopropylphenyl isocyanate, resulted in
an immediate reaction, producing an orange powder after workup assigned as Tp*2U[κ2(N,N'-1-phenyl,3-dippureato] (8-dipp). The spectroscopic features of 8-dipp trend with
other asymmetric κ2-ureato compounds as expected and its formation highlights the ability
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of the [Tp*2U] system to support very large ligands such as 1-phenyl, 3-dippureato. Thus,
the lack of reactivity observed for 7-dipp is likely due to the inability of the isocyanate to
approach the uranium-nitrogen multiple bond, supporting the mechanistic proposal
depicted in Path A.
2.4.3

Reactions with nitriles
The addition of benzonitrile to 7-OMe led to a color change from red-violet to red-

orange within five minutes; work-up of the reaction mixture afforded an orange powder
(Figure 2.9). Analysis of a benzene-d6 solution of this powder by 1H NMR spectroscopy
revealed a Cs symmetric spectrum with chemical shifts in the range from −85 to 72 ppm.
Twelve chemical shifts corresponding to the methyl group of the two Tp* ligands (3H
each) and six shifts (1H each) for the C-H of the pyrazolyl rings were noted, as well. Two
broad resonances for the B-H of the Tp* ligands are observed at −28.85 and −24.96 ppm.
Four chemical shifts equating to two protons each are assigned as aryl protons. A chemical
shift worth three protons is also observed at 5.36 ppm, which is attributed to
the para methoxy group. Two chemical shifts were seen by 11B NMR spectroscopy (−86,
−76 ppm), neither of which corresponded to 7-OMe, suggesting full conversion of the
starting material.

Figure 2.9. Synthetic scheme for the preparation of amidinate compounds 11-R, and 12R from 7-R.
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To ascertain the identity and coordination mode of the isolated orange powder (79%
yield), its molecular structure was elucidated using X-ray crystallography. Analysis
of single crystals confirmed the retention of two κ3-Tp* ligands to a seven-coordinate
uranium with U-Npyrazolyl bond distances (2.518(10)–2.701(3) Å) which are similar to other
reported bis(Tp*)U compounds (Fig. 2.10; Table 2.1) (Tp*2U(CH3) = 2.542(9)–2.700(8)
Å;34 Tp*2U(S-Ph) = 2.496(4)–2.674(5) Å;16 Tp*2U(O-Mes) = 2.506(12)–2.697(14) Å).64 In
contrast to prior [2π + 2π] cycloaddition chemistry with actinide imido compounds, the
reaction of 7-OMe with benzonitrile does not result in a κ2-bound ligand, rather a κ1-bound
amidinate with a new U=N bond is observed, and the previous N-pOMePh fragment has a
newly formed C=N bond. The bond distance of the new U–N bond (2.004(3) Å) is
consistent with reported U(IV) imido bond lengths, including (tBu2bpy)UI2(NtBu)(THF)2 = 1.931(5)

Å;120

CpPU(MesPDIMe)(N-dipp)

(CpP = 1-(7,7-

dimethylbenzyl)cyclopentadienide; MesPDIMe = 2,6-((Mes)N = CMe)2C5H3N) = 1.984(4)
Å;136 7-pTol = 2.011(9) Å).33 The U-N-C bond angle (178.1(2)°) is nearly linear, which is
consistent with bisTp*U(IV) imido compounds (7-Bn = 165.7(2)°; 7-detp = 173.8(9)°).33
The bond lengths corresponding to the remainder of the amidinate fragment show
inequivalent N

C bond distances, where N13–C31 (1.357(4) Å) is slightly longer than

N14–C31 (1.305(5) Å), which can be assigned to the η1-amidinate ligand, N-C(=NpOMePh)Ph. Overall, the product of 7-OMe with benzonitrile is assigned as Tp*2U[=NC(=N-pOMePh)Ph (11-Ph).

Figure 2.10. Molecular structures of 11-pyr, 11-Ph, and 12-pyr (left to right) shown as
30% probability ellipsoids. Selected hydrogen atoms and co-crystallized solvent
molecules omitted for clarity.
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A previous example of benzonitrile reacting with an actinide imido was reported
by Zi and co-workers. Treatment of [η5-1,2,4-(Me3C)3C5H2]2Th(N-pTol) with benzonitrile
resulted in a κ2-binding mode to a Th(IV) center.110 Amidinate ligands have been employed
with actinide complexes before, but those reported have bound through both nitrogen
atoms of the ligand.137 At the time of submission, there were no other reported compounds
with such a κ1-binding motif as seen with 11-Ph.

Table 2.2. Selected bond metrics for 11-Ph, 11-pyr, 12-pyr, 13-Tol, and 13-OMe.
11-Ph

11-pyr

12-pyr

13-Tol

13-OMe

U1-

2.518(3)-

2.524(2)-

2.510(4)-

2.512(6)-

2.515(4)-

Npyrazolyl

2.701(3) Å

2.690(2) Å

2.687(4) Å

2.776(5) Å

2.674(4) Å

U1-N13

2.004(3) Å

2.012(2) Å

2.013(4) Å

2.019(6) Å

2.047(5) Å

N13-C31

1.357(4) Å

1.354(3) Å

1.362(6) Å

1.346(8) Å

1.300(7) Å

C31-C32

1.494(5) Å

1.507(4) Å

1.528(7) Å

1.503(9) Å

1.522(7) Å

C31-N14

1.305(5) Å

1.302(3) Å

1.296(7) Å

1.318(8) Å

1.314(7) Å

U1-N13-

178.1(2)°

175.92(17)° 177.6(4)°

174.8(4)°

175.9(4)°

C31
To study any effect of any heteroatom incorporation, 7-OMe was treated with 4cyanopyridine, which also produced a color change to red-orange. The pale orange powder
obtained from work-up (83% yield) was analyzed by 1H NMR spectroscopy as a benzened6 solution, and showing similar resonance distribution with chemical shifts in the range of
−81–73 ppm and pattern to 11-Ph. This similar compound is assigned as 11-py, which also
features two chemical shifts in its 11B NMR spectrum (−86, −75 ppm) in the same region
as 11-Ph. Molecular structure of orange 11-py was confirmed by X-ray diffraction,
showing a seven-coordinate uranium ion with the same η1-bonding of the amidinate as 11Ph (Fig. 2.10, left; Table 2.2). The molecular structure of 7-py has U–Npyrazolyl distances
(2.524(2)–2.690(2) Å) in a range similar to 11-Ph. An imido fragment, identified as κ1amidinate N-C(=N-pOMePh)pyr, is κ1-bound through a nitrogen atom with a short U-N
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bond distance of 2.012(2) Å, which signifies a U(IV) imido. Additionally, 11-py features
a linear U-N-C bond angle (175.92(17)°) within its amidinate fragment.
To determine if electronic changes in uranium imido play any role in product formation,
the methyl-substituted aryl imido, 7-pTol, was treated with benzonitrile and 4cyanopyridine. Both reagents gave a color change from red-violet to red-orange. Upon
work-up, orange powders were isolated and assigned as 12-Ph (75% yield) and 12py (78% yield) (Figure 2.9). Both iterations have 1H and 11B NMR and IR spectra similar
to their p-OMe substituted counterparts. For confirmation of the molecular structure, 12py was analyzed using X-ray diffraction (Fig. 2.10, right). Data refinement shows a sevencoordinate uranium center with two κ3-Tp* ligands with U-N bond distances that are similar
to 11-py and 11-Ph (Table 2.2), as well as formation of a κ1-amidinate with the formula NC(=N-p-Tol)pyr. This U-N bond length (2.013(4) Å) is similar to the other discussed UN bond lengths in this report.
Compounds 11-Ph, 11-py, 12-Ph, and 12-py display similar features in their electronic
absorption spectroscopic profiles (Fig. 2.11). The near-infrared (NIR) region has low molar
absorptivity f-f transitions throughout, which are consistent with U(IV), f2 configuration.135
All four of these compounds also display a local λmax (about 500 nm) that corresponds to
their pale orange color.
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Figure 2.11. Electronic absorption spectrum of 11, 12, and 13 recorded from 325-1800
nm in a THF solution at ambient temperature.
The formation of dinuclear species was attempted by adding one-half an equivalent of 1,4dicyanobenzene to a stirring solution of 7-pTol in THF, which caused a slight color change
from red to red-orange (Figure 2.12). After work-up, an orange powder was isolated (85%
yield) and analyzed as a C6D6 solution by 1H NMR spectroscopy. As noted with the
other nitrile reactions, a CS symmetric NMR spectrum with resonances in the range of
−83–71 ppm was observed. Further analysis of the orange powder by infrared spectroscopy
(KBr) showed two absorptions assignable to the B-H stretches (2517, 2557 cm−1) of the
Tp* ligands. A strong absorption at 2227 cm−1 was also present, indicating a nitrile
functional group was still intact, inconsistent with formation of a dinuclear species.
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Figure 2.12. Synthetic scheme for reactions of 7 with 1,4-dicyanobenzene.
To further probe the molecular structure of this orange powder, crystals grown from
vapor diffusion of a concentrated diethyl ether solution into toluene and analyzed by X-ray
diffraction. This technique provided confirmation that two Tp* ligands were coordinated
to a pentagonal bipyramid uranium center (Fig. 2.13, left). The U-Npyrazole bond lengths
(2.512(6)–2.776(5) Å) are similar to the previously discussed compounds (Table
2.2). Crystallography also revealed formation of a κ1-amidinate ligand, with a short U-N
bond length of 2.019(6) Å, which is in the range of other U=N multiple bond lengths
presented here. The U-Namidinate-C bond angle is nearly linear at 174.8(4)°. When
examining bond distances further, N13–C31 (1.346(8) Å) and N15–C31 (1.318(8) Å) are
within range for the other compounds (Table 2.2). The C=N bond length (1.147(10) Å)
indicates that there has not been any reduction or activation of the second nitrile group.
This confirmation allows for the assignment as Tp*2U(=N-C(=N-pTol)-p-cyanobenzene
(13-Tol). Compound 13-Tol was also probed by electronic absorption spectroscopy, which
displayed characteristic weak absorbances in the NIR region (Fig. 2.11) similar to those
present for compounds 11 and 12. The UV–Vis region displays an absorbance at 515 nm,
which likely gives 13-Tol its red-orange color. This result contrasts work from Kiplinger
and co-workers who used 1,4-dicyanobenzene to prepare bimetallic actinide complexes
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through nitrile insertion chemistry, which gave a bridging diketimide product.
[(C5H4Et)2(Cl)U]2(μ-[N=C-(CH3)-C6H4-(CH3)C=N]).138

Figure 2.13. Molecular structures of 13-Tol (left) and 13-OMe (right) displayed at 30%
probability ellipsoids. Selected hydrogen atoms and co-crystallized solvent molecules
omitted for clarity.
Studying 1,4-dicyanobenzene with 7-OMe provides another opportunity to track reactivity
using different electronic groups. Similar to the reaction to yield 13-Tol, an orange powder
is isolated upon workup (80% yield), which has a CS symmetric 1H NMR spectrum (C6D6,
ambient temperature) with 24 resonances ranging from −82 to 72 ppm. This orange powder
also displays three notable stretches by IR spectroscopy; two absorbances correspond with
the B–H of Tp* (2561, 2520 cm−1) and a strong stretch (2230 cm−1) is assigned to a nitrile
functional group. The similar spectroscopic data gives the assignment of the orange
powder as Tp*2U[NC(=N-pOMePh)-p-cyanobenzene] (13-OMe).
An examination of 13-OMe’s molecular structure was studied using X-ray crystallography
(grown from a concentrated diethyl ether solution at −35 °C) (Fig. 2.13, right). A
pentagonal bipyramid uranium ion with two bound κ2-Tp*ligands with U-Npyrazolyl bond
lengths (2.515(4)–2.674(4) Å) that are similar to 13-Tol (Table 2.2). Confirmation of the
same

κ1-amidinate

ligand

was

also

observed

by

crystallography,

with

U-
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Namidinate (2.047(5) Å) and U-N-C (175.9(4)°) within range of the four κ1-amidinate
complexes presented (Table 2.2). The C-Nnitrile bond length (1.143(9) Å) shows no
activation at the second nitrile, just like 13-Tol.

Figure 2.14. Proposed mechanistic pathway for product formation.
Formation of the new amidinate ligands for 11-Ph, 11-py, 12-Ph, 12-py, 13-OMe, and
13-Tol likely occurs from a [2π+2π] cycloaddition event between the imido fragment and
the incoming nitrile (I in Figure 2.14), which leads to a metalacyclic product, II. From
here, [2π+2π]-cycloreversion of the C=N bond of the added nitrile fragment and the U-N
bond of the starting imido continues, generating the κ1-amidinate products. Thus, the work
in this article diverges from previous examples, such as Boncella’s imido group
switching100 or Zi’s Th example leading to a κ2-bound ligand.110

2.5

Conclusions
New U(IV) imido compounds were synthesized and fully characterized through

spectroscopic and structural methods. A computational analysis of this family
demonstrated that the imido substituents have varying degrees of steric influence on the
uranium center. To test this idea, [2π+2π]-cycloaddition chemistry with PhNCE (E = O, S,
Se) was carried out to afford a full series of symmetric and asymmetric κ2-ureato
complexes bearing their respective functional groups. Reactions featuring 7-detp or 7dipp, which contain large imido substituents, show no evidence of cycloaddition chemistry
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taking place. Therefore, these studies correlate a quantitative measure of ligand sterics with
cycloaddition reactivity.
To further explore multiple bond metathesis, we have demonstrated that bisTp*U(IV) amidinate compounds can be synthesized from multiple bond metathesis of
uranium(IV) imido compounds with nitriles. This is successful regardless of electronic
changes (methyl vs. methoxy) in the imido group or the type of nitrile employed. Full
characterization of these compounds using multinuclear NMR, infrared, and electronic
absorption spectroscopies, with the aid of X-ray crystallography, confirmed the
unanticipated κ1-coordination of the amidinate ligands as well as their tetravalent nature.
Interestingly, the imido reactivity observed here diverges from what has been
reported. Using nitriles sees these imidos undergo consecutive multiple bond metathesis
pathways, rather than just one, yielding new sterically hindered amidinates not typically
observed in cycloaddition chemistry.
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ARYL-BRIDGED DINUCLEAR U(III) AND U(IV)
COMPOUNDS

Reprinted (adapted) with permission from Tatebe, C.J., Kiernicki, J.J., Higgins, R.F., Ward,
R.J., Natoli, S.N., Langford, J.C., Clark, C.L., Zeller, M., Wenthold, P., Shores, M.P.,
Walensky, J.R., Bart, S.C., Organometallics, 2019, 38, 1031-1040. Copyright 2019,
American Chemical Society.
3.1

Abstract

A family of dinuclear bis(Tp*) (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate) uranium
compounds with conjugated organic linkers was synthesized to explore possible electronic
communication between uranium ions. Trivalent diuranium phenyl alkynyl compounds,
Tp*2UCC(1,3-C6H4)CCUTp*2 (14-meta) or Tp*2UCC(1,4-C6H4)CCUTp*2 (14-para), and
tetravalent diuranium phenylimido compounds, Tp*2U(N-1,3-C6H4-N)UTp*2 (15-meta)
and Tp*2U(N-1,4-C6H4-N)UTp*2 (15-para), were generated from trivalent Tp*2UCH2Ph.
All compounds were fully characterized both spectroscopically and structurally. The
electronic structures of all derivatives were interrogated using magnetic measurements,
electrochemistry, and were the subject of computational analyses. All of this data combined
established that little electronic communication exists between the uranium centers in these
trivalent and tetravalent diuranium molecules.

3.2

Introduction
Transition metal (TM) species of the type [TM]-(Linker)-[TM] have been

extensively studied139,

140

for their fascinating electron transfer properties.141 Such

molecules have potential applicability to serve as molecular wires142 and photovoltaic
materials.143 Diuranium complexes have not undergone such thorough study, but are
gaining in popularity due to their interesting magnetic properties,144, 145 ability to support
surprising bonding motifs,146-151 and unprecedented reactivity.152-156
Few examples of uranium complexes linked by conjugated carbon-based or multiplybonded bridging organic frameworks currently exist.11, 138, 145, 157-159 Andersen and coworkers reported diuranium(V) compounds, Cp′3U=NC6H4N=UCp′3 (Cp′ = 5-C5H4Me),
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as both the meta and para isomers. However, only the para-isomer displayed significant
antiferromagnetic coupling of the 5f1 centers, as measured by SQUID magnetometry.157
Another reported dinuclear U(V) complex from Walensky and co-workers exhibits some
coupling between the two uranium centers.160 Di- and tri-nuclear U(IV) alkynyl
compounds have been reported by Shores to show weak magnetic communication between
the uranium centers,158 while benzoquinoid-bridged U(IV) centers did not exhibit any
appreciable

communication.159

Electronic

communication

between

1,4-

phenylenediketimide linked U(IV) centers was observed electrochemically by
Kiplinger.138 Notably rare in this research area is the study of U(III) ions for electronic
delocalization and magnetic coupling, presumably because of limitations in the synthesis
of U(III)-(linker)-U(III) platforms. Some exceptions to this include inverse sandwich
complexes reported by Cummins and Diaconescu149 as well as Liddle,161 which all feature
two uranium(III) centers with bridging dianionic arenes. Mazzanti has just recently
described a unique nitrido bridged uranium(III) variant that is stabilized by the bulky
siloxide ligand, -OSiOtBu162.
Given that the hydrotris(3,5-dimethylpyrazolyl)borate (Tp*) ligand enables access to
low-valent uranium alkyl complexes24, 163 their reactivity,16, 17, 36, 75, 111, 112 and is an ideal
system to study electronic communication in dinuclear molecules of the form [Tp*2U](Linker)-[UTp*2]. Herein, we report the synthesis of a family of diuranium complexes
bridged by either alkynyl (U(III) derivatives) or imido (U(IV) derivatives) linkers. Full
structural and spectroscopic characterization of these species is reported. Analysis of
electrochemical and magnetic properties as well as computational modelling are used to
assess the electronic structures of these unique species.

3.3
3.3.1

Results and Discussion
General Considerations

All air- and moisture-sensitive manipulations were performed using standard Schlenk
techniques or in an MBraun inert atmosphere drybox with an atmosphere of purified
nitrogen. The MBraun drybox is equipped with a cold well designed for freezing samples
in liquid nitrogen as well as two -35 °C freezers for cooling samples and crystallizations.
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Solvents for sensitive manipulations were dried and deoxygenated using literature
procedures with a Seca solvent purification system.28 Deuterated solvents were purchased
from Cambridge Isotope Laboratories. Benzene-d6 was dried with molecular sieves and
sodium, and degassed by three freeze–pump–thaw cycles. Acetonitrile-d3 was distilled
from CaH2 prior to use. THF-d8 was filtered over alumina and stored on Na0. Tp*2U(CH2Ph)
(2-Bn),24 Tp*2UCCPh,16 1,4-diethynylbenzene,164 1,4-diazidobenzene,165,
diazidobenzene166,

167

166

and 1,3-

were prepared according to literature procedures. 1,3-

diethynylbenzene (Sigma), and KBPh4 (Alfa Aesar) were purchased from commercial
sources. 1,3-Diethynylbenzene was degassed by three freeze-pump-thaw-cycles and
filtered over dry alumina before use.
1

H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 299.992

MHz. 11B NMR spectra were recorded on a Varian Inova 300 spectrometer operating at
96.24 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H
(residual) chemical shifts of the solvent (C6D6 = 7.16 ppm; CD3CN = 1.94 ppm; C4H8O =
3.58, 1.73 ppm) as a secondary standard. The spectra for paramagnetic molecules were
obtained by using an acquisition time of 0.5 s, thus the peak widths reported have an error
of ±2 Hz. For paramagnetic molecules, the 1H NMR data are reported with the chemical
shift, followed by the peak width at half height in Hertz, the integration value, and, where
possible, the peak assignment. 11B chemical shifts are reported relative to the peak for BF3·
Et2O (0.0 ppm). All voltammetric data were obtained under inert atmosphere conditions
using external electrical ports of the MBraun inert drybox. All data were obtained using a
Gamry Instruments Interface 1000 model potentiostat using the Gamry Instruments
Laboratory software. All samples were collected in THF with 1.0 mM [Bu4N][OTf] in 4
mL of dry THF. Solutions were analyzed in 10 mL beakers, consisting of a 3 mm glassy
carbon working electrode, a Pt wire counter electrode, and an Ag wire quasi-reference
electrode. Potentials were corrected using a ferrocene standard at the end of runs. Elemental
analyses were performed by the UIUC Microanalysis Laboratory or Midwest-Microlab,
LLC. Electronic absorption spectroscopic measurements were recorded at ambient
temperature in sealed 1 cm quartz cuvettes with a Cary 6000i UV-Vis-NIR
spectrophotometer. Infrared spectra were recorded using a Thermo Nicolet iS5 FT-IR
spectrometer. Samples were mixed with dry KBr and recorded.
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Magnetic susceptibility data were collected using a Quantum Design MPMS XL SQUID
magnetometer. All sample preparations were performed inside a dinitrogen-filled glovebox
(MBRAUN Labmaster 130). Powdered microcrystalline samples were loaded into
polyethylene bags and sealed in the glovebox. The bags that contained compounds 14-meta
and 14-para, and Tp*2UCCPh were subsequently sealed in an additional polyethylene bag
to ensure inert conditions as these complexes showed heightened air-sensitivity. After
sealing in the bags, the samples were inserted into a straw and transported to the
magnetometer under dinitrogen. Ferromagnetic impurities were checked through a variable
field analysis (0 to 10 kOe) of the magnetization at 100 K (Figures S24-S29), which showed
that for 14-para, 15-meta and 15-para major ferromagnetic impurities were likely not
present. As a precaution, the variable temperature magnetic susceptibility data for 14-meta,
Tp*2UCCPh, and Tp*2U(N-pTolyl) were collected at 5000 Oe due to non-linearity in the
low field magnetization data collected at 100 K. Magnetic susceptibility data were
collected at temperatures ranging from 2 to 300 K (Figure 5). Reproducibility of magnetic
susceptibility data was assessed through measurements on two different batches for all
compounds (with the exception of Tp*2UCCPh). Relative consistency at all temperatures
was observed for all samples (Figures S30-S34). Magnetization measurements were
collected at 1.8 K while varying the applied field up to 50 kOe (Figures S41-S42). Fits
acquired with the program PHI168 to determine a potential coupling constant for 14-meta,
̂=
14-para, 15-meta, and 15-para used spin Hamiltonians with the general form: 𝐻
−2𝐽𝑆̂1 ∙ 𝑆̂2 Data were corrected for the diamagnetic contributions of the sample holder and
bag by subtracting empty containers; diamagnetic corrections for the sample were
calculated using Pascal’s constants.169
The electronic structures of complexes 14-15 were examined using the Gaussian16 suite
of software170 at the B3LYP171 (Becke-3172 exchange and Lee-Yang-Parr173 correlation
functional) level. All structures were truncated by replacing methyl substituents with
hydrogen atoms, and stationary points were determined to be global minima using
analytical frequency calculations with the Stuttgart/Dresden triple-ζ quality basis set174 and
the corresponding effective core potential (ECP) for uranium. The Pople double-ζ quality
basis set, 6-31G, was used for all remaining atoms. Bader’s Atoms in Molecules (AIM)
analysis was performed using Multiwfn.
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Single crystals of 14-para and 15-para suitable for X-ray diffraction were coated with
poly(isobutylene) oil in a glovebox and quickly transferred to the goniometer head of a
Rigaku Rapid II image plate diffractometer equipped with a MicroMax002+ high intensity
copper X-ray source with confocal optics. Preliminary examination and data collection
were performed with Cu K radiation (λ = 1.54184 Å). Crystals of 15-meta were
transferred to the goniometer head of a Bruker APEX II CCD diffractometer and analyzed
at 100 K using monochromatic Mo K radiation ( = 0.71073 Å) with the omega scan
technique. Single crystals of 5-MeCN and 14-meta were transferred to the goniometer head
of a Bruker Quest diffractometer equipped with a single crystal curved graphite incident
beam monochromator and a Photon100 CMOS area detector. Examination and data
collection were performed with Mo Kα radiation (λ = 0.71073 Å). Data were collected,
unit cells determined, and the data integrated and corrected for absorption and other
systematic errors using the Apex2 or Apex3 suites of programs. The space groups were
assigned and the structures were solved by direct methods using XPREP within the
SHELXTL suite of programs and refined by full matrix least squares against F2 with all
reflections using Shelxl 2014 or Shelxl 201732 and the graphical interface Shelxle.
Complete crystallographic data, in CIF format, have been deposited with the Cambridge
Crystallographic Data Centre.
3.3.2

Synthesis of Tp*2UCCPhCCUTp*2 (14-meta, 14-para)

A 20 mL scintillation vial was charged with Tp*2UCH2Ph (2-Bn) (0.250 g, 0.271 mmol)
and 5 mL of THF and cooled to -35 °C. A separate vial was charged with half an equivalent
of 1,3-diethynylbenzene (0.017 g, 0.135 mmol) or 1,4-diethynylbenzene (0.017 g, 0.135
mmol) in 5 mL of THF and cooled to -35 °C. The solution of diethynylbenzene was added
to the thawing solution of 2-Bn and allowed to warm to room temperature. After 30 min,
volatiles were removed in vacuo. The resulting solid was washed with cold n-pentane (2 ×
10 mL), and dried to afford green powder assigned as Tp*2UCC(1,3-C6H4)CCUTp*2 (14meta) (0.206 g, 0.115 mmol, 85%) or Tp*2UCC(1,4-C6H4)CCUTp*2 (14-para) (0.218 g,
0.122 mmol, 90%). Single, X-ray quality crystals were obtained from a concentrated THF
solution stored at -35 °C (14-meta) or from a concentrated 1,2-dimethoxyethane solution
stored at -35 °C (14-para).
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14-meta: 1H NMR (benzene-d6, 25 °C): δ = -14.84 (4, 2H, B-H), -13.64 (6, 2H, BH), -12.58 (19, 36H, Tp*-CH3), 0.83 (4, 36H, Tp*-CH3), 7.97 (11, 12H, Tp*-CH), 13.40
(t, 1H, aryl-CH, J = 6 Hz), 27.29 (d, 2H, aryl-CH, J = 7 Hz), 34.62 (9, 1H, aryl-CH). 11B
NMR (benzene-d6, ambient temperature) δ = 5.47. IR (KBr pellet) ν (B-H) = 2547, 2523
cm-1. Elemental analysis of C70H92N24B4U2: Calculated, C, 47.00; H, 5.18; N, 18.79.
Found, C, 46.62; H, 5.34; N, 18.01.
14-para: 1H NMR (benzene-d6, 25 °C): δ = -14.88 (3, 4H, B-H), -12.49 (25, 36H,
Tp*-CH3), 1.00 (11, 36H, Tp*-CH3), 8.15 (11, 12H, Tp*-CH), 23.99 (11, 4H, aryl-CH).
11

B NMR (benzene-d6, ambient temperature) δ = -3.67, -2.56. IR (KBr pellet) ν (B-H) =

2559, 2524, 2046 (CC) cm-1. Elemental analysis of C70H92N24B4U2: Calculated, C, 47.00;
H, 5.18; N, 18.79. Found, C, 47.08; H, 5.36; N, 18.55.
3.3.3

Synthesis of Tp*2UNPhNUTp*2 (15-meta, 15-para).

A 20 mL scintillation vial was charged with 2-Bn (0.325 g, 0.352 mmol) and 5 mL of THF
and frozen. A separate vial was charged with half an equivalent of 1,3-diazidobenzene
(0.028 g, 0.175 mmol) or 1,4-diazidobenzene (0.028 g, 0.175 mmol) in 5 mL of THF and
frozen. On thawing, the solution of azide was added to the thawing solution of 2-Bn
resulting in an immediate color change from green to deep red-purple. After 15 min,
volatiles were removed in vacuo. The resulting solid was washed with n-pentane and dried
to afford red-purple powder assigned as Tp*2UN(1,3-C6H4)NUTp*2 (15-meta) (0.298 g,
0.168 mmol, 95%) or Tp*2UN(1,4-C6H4)NUTp*2 (15-para) (0.289 g, 0.163 mmol, 93%).
Single, X-ray quality crystals of either 15-meta or 15-para were obtained by slow diffusion
of diethyl ether into a concentrated THF solution at -35 °C.
15-meta: 1H NMR (benzene-d6, ambient temperature): δ = -18.59 (120, 4H, B-H),
-6.60 (19, 36H, Tp*-CH3), 7.00 (57, 12H, Tp*-CH), 11.75 (163, 36H, Tp*-CH3), 98.36 (22,
2H, 4,6-Ph-CH), 98.82 (11, 1H, 5-Ph-CH), 153.63 (51, 1H, 2-Ph-CH).

11

B NMR (benzene-

d6, ambient temperature) δ = -61.02. IR (KBr pellet) ν = 2554, 2528 cm-1 (B-H). Elemental
analysis of C66H92N26B4U2: Calculated, C, 44.81; H, 5.24; N, 20.59. Found, C, 45.33; H,
5.31; N, 19.78.
15-para: 1H NMR (benzene-d6, ambient temperature): δ = -15.64 (140, 4H, B-H),
-3.48 (7, 36H, Tp*-CH3), 10.04 (17, 12H, Tp*-CH), 12.31 (62, 36H, Tp*-CH3), 121.23 (27,
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4H, Ph-CH).

11

B NMR (benzene-d6, ambient temperature) δ = -58.84. IR (KBr pellet) ν =

2554, 2527 cm-1 (B-H). Elemental analysis of C66H92N26B4U2: Calculated, C, 44.81; H,
5.24; N, 20.59. Found, C, 44.88; H, 4.99; N, 19.61.
3.3.4

Synthesis of [Tp*2U(THF)][BPh4] (5-THFb).

A 20 mL scintillation vial was charged with Tp*2UI (1-I) (0.500 g, 0.521 mmol) and 10
mL of THF. While stirring, potassium tetraphenylborate (0.186 g, 0.521 mmol) was added
and stirred for 3 hr. The solution was filtered over Celite and dried in vacuo. The resulting
solid was washed with toluene to afford a blue powder (0.470 g, 0.384 mmol, 74%)
assigned as [Tp*2U(THF)][BPh4] (5-THFb). Single, X-ray quality crystals were obtained
from a concentrated THF solution stored at -35 °C.
1

H NMR (benzene-d6, ambient temperature): δ = -11.95 (36, 18H, Tp*-CH3), 0.32 (10,

18H, Tp*-CH3), 1.43 (16, 4H, THF), 3.58 (14, 4H, THF), 7.42 (8, 6H, Tp*-CH).

11

B NMR

(benzene-d6, ambient temperature) δ = 4.66. IR (KBr pellet) υ (B-H) = 2553, 2518 cm-1.
Elemental analysis of C58H72N12B3OU: Calculated, C, 56.93; H, 5.93; N, 13.74. Found, C,
56.59; H, 5.85; N, 13.69.
3.3.5

Synthesis of [Tp*2U(MeCN)2][BPh4] (5-MeCN).

A 20 mL scintillation vial was charged with Tp*2UI (1-I) (0.525 g, 0.547 mmol) in 12 mL
acetonitrile. Addition of KBPh4 (0.196 g, 0.547 mmol) rapidly produced a green solution.
After 3 hr, the green suspension was filtered over Celite and concentrated under reduced
pressure, affording a green solid. This solid was washed with diethyl ether (5 mL) and npentane (2 × 5 mL) and dried in vacuo. The resulting green powder (0.574 g, 460 mmol,
84% yield) was assigned as [Tp*2U(MeCN)2][BPh4] (5-MeCN). Single, X-ray quality
crystals were obtained from a concentrated acetonitrile solution stored at -35 °C. Continued
attempts at elemental analysis were unsuccessful.
1

H NMR (CD3CN, ambient temperature): δ = -11.04 (12, 18H, Tp*-CH3), 2.07 (4, 18H,

Tp*-CH3), 6.86 (t, J = 9, 4H, p-BPh4-CH), 7.01 (t, J = 9, 8H, m-BPh4-CH), 7.29 (m, 8H,
o-BPh4-CH), 8.06 (4, 6H, Tp*-CH).

11

B NMR (CD3CN, ambient temperature) δ = 6.0

(Tp*), -5.9 (BPh4). IR (KBr pellet): υ (B-H) = 2561, 2518 (B-H); 2263 (CN) cm-1.
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Elemental analysis of C58H70N14B3U: Calculated, C, 56.45; H, 5.72; N, 15.89. Found, C,
53.40; H, 5.35; N, 14.37.
Alternate synthesis of 5-MeCN. A 20 mL scintillation vial was charged with
[Tp*2U(THF)][BPh4] (5-THFb) (0.550 g, 0.573 mmol). Addition of acetonitrile (12 mL)
rapidly produced a green solution. Removal of volatiles in vacuo quantitatively produced
a green solid that was taken up in 5 mL acetonitrile. After 4 hr, volatiles were removed in
vacuo and the resulting green powder was washed with n-pentane (2 × 5 mL), affording
(5-MeCN) (0.515 g, 0.412 mmol, 72% yield).
3.3.6

Synthesis of [Tp*2UNCPhCN]n[BPh4]n (5-n).

A 20 mL scintillation vial was charged with [Tp*2U(THF)][BPh4] (5-THFb) (0.214 g,
0.175 mmol) and 5 mL of THF. While stirring, terephthalonitrile (0.024 g, 0.187 mmol)
was added and stirred for 1 hr. The solution was then layered with 10 mL of n-pentane and
stored at -35 °C for 16 hr resulting in the precipitation of a blue solid (0.179 g, 0.073 mmol,
84%) assigned as [Tp*2UNCPhCN]n[BPh4]n (5-n). Single, X-ray quality crystals were
obtained from a concentrated THF/n-pentane (5:1) solution stored at -35 °C. These crystals
were green, and when redissolved in THF produced a bright blue solution. Reliable
elemental analysis of this extended structure was not possible.
IR (KBr pellet) of green single crystals: υ = 2554 (B-H), 2528 (B-H), 2239 (CN) cm-1
Elemental analysis of C68H74N15B3U: Calculated, C, 59.53; H, 5.44; N, 15.31. Found, C,
46.97; H, 5.07; N, 15.00.

3.4
3.4.1

Results and Discussion
Preparation of Diuranium Bridging Complexes
In order to synthesize low-valent diuranium complexes with an organic linker, we

expanded on our modified preparation of Takats’ Tp*2UCCPh.16, 64 A cold solution (-35 °C)
of Tp*2U(CH2Ph) (2-Bn)24 was treated with one-half an equivalent of cold 1,3diethynylbenzene (meta-DEB) or 1,4-diethynylbenzene (para-DEB). Although no color
change is noted, a difference in solubility is apparent upon workup. The starting material
is readily soluble in diethyl ether, aromatic solvents, and n-pentane, but the green powder
isolated in this reaction is insoluble in diethyl ether and n-pentane (Figure 3.1, top).
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Analyses

of

C6D6

solutions

of

Tp*2UCC(1,3-C6H4)CCUTp*2

(14-meta)

and

Tp*2UCC(1,4-C6H4)CCUTp*2 (14-para) by 1H NMR spectroscopy (25 C) revealed eight
or five paramagnetically shifted resonances, respectively. Two singlets (36H each) are
assigned to the endo-(14-meta: -13.64 ppm; 14-para: -12.49 ppm) and exo-Tp* methyl
groups (14-meta: 0.83 ppm; 14-para: 1.00 ppm). The pyrazolyl CH is assigned as a singlet
(12H: 14-meta: 7.97 ppm; 14-para: 8.15 ppm) while a broad singlet appears for the B-H
proton of the Tp* ligands at -14.84 or -14.88 ppm for 14-meta and 14-para, respectively.
In the 1H NMR spectrum for 2-meta, three resonances are observed for the aryl bridge,
including a triplet corresponding to one proton (13.40 ppm), a doublet (27.29 ppm)
assigned to protons in positions 4 and 6, and a singlet (1H, 34.62 ppm) for the proton in
the alpha position from the two alkynyl carbons (position 2). In the 1H NMR spectrum for
14-para, a singlet at 23.99 ppm corresponds to the four meta- and ortho-protons on the aryl
linker. Infrared spectroscopy (KBr pellet) revealed characteristic B-H stretches (14-meta:
2554, 2523 cm-1; 14-para: 2559, 2524 cm-1) and a single CC absorption (14-para: 2046
cm-1), which are consistent with those reported for Tp*2UCCPh.64 Across repeated attempts,
the analogous absorption was not observed for 14-meta.

Figure 3.1. Preparation of 14-para, 14-meta, 15-para, and 15-meta from 2-Bn.
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Single crystals of 14-meta and 14-para, were grown from concentrated DME (14para) or diethyl ether (14-meta) solutions and analyzed using X-ray diffraction to probe
the coordination mode. Data refinement revealed that both compounds consisted of two
Tp*2U units tethered by a DEB unit (Figure 3.2, Table 1). The range of U-Npyrazolyl bond
distances (14-meta: 2.546(8)-2.708(9) Å; 14-para: 2.422(18)-2.73(3) Å) falls within the
range of previously reported trivalent bis(Tp*)U complexes (2.496-2.764 Å).18, 24, 34 The
U-C bonds (14-meta: 2.486(10), 2.551(8) Å; 14-para: 2.48(2), 2.47(3) Å) for both
compounds are similar to other trivalent uranium alkyls, including U[CH(SiMe3)2]3
(2.48(2) Å)21 and TpTp*UCH2Ph (Tp = hydrotris(pyrazolyl)borate; 2.56(2) Å18). The
CCalkynyl bonds for 14-meta (1.208(10), 1.206(10) Å) and 14-para (1.29(3), 1.34(4) Å) do
not differ from each other. The bis(Tp*)U units in 14-para are aligned in a perpendicular
fashion (angle between planes defined by B1-U1-B1i and B2-U2-B2i = 89.23°) with the
uranium centers separated by 9.064(4) Å. The molecular structure of 14-para is highly
disordered, making further discussion of the organic linker not feasible.

Figure 3.2. Molecular structures of 14-para (top) and 14-meta (bottom) displayed with
30% probability ellipsoids. Selected hydrogen atoms and co-crystallized solvent
molecules have been omitted for clarity.
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Both alkynyl compounds were studied by electronic absorption spectroscopy.
Analysis of THF solutions of 14-para and 14-meta at ambient temperature revealed
features that are consistent with trivalent U(III) complexes75, 163 around 1250 nm (400 M1

cm-1), including broad features up to 1650 nm (Figure 3.3, green). The UV-visible regions

(Figure 2, inset) for both alkynyl dimers display characteristic absorbances similar to
Tp*2UBn and its derivatives, which are all dark green, U(III) alkyl compounds.24, 163 This
is highlighted by a broad absorption around ~680 nm, which is responsible for the observed
green color. Absorbances around ~500-800 nm are established to be color-giving d-f
transitions in U(III) systems.135

Figure 3.3. Electronic absorption spectra of 14-meta (green, dashed), 14-para (green,
solid), 15-meta (maroon, dashed), and 15-para (maroon, solid) recorded from 300-1800
nm in THF at ambient temperature.
Generation of dinuclear imido U(IV) derivatives was accomplished using oxidizing
azides. One-half of an equivalent of 1,4- or 1,3-diazidobenzene was added to a solution of
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2-Bn, causing a rapid color change from dark green to red-purple. Effervescence of N2 was
also noted, as is typically observed for azide activation, concurrent with formation of
uranium imido complexes (Scheme 1, bottom). The isolated bright red-pink powders were
assigned as Tp*2U(N-1,3-C6H4-N)UTp*2 (15-meta) and Tp*2U(N-1,4-C6H4-N)UTp*2 (15para), respectively. Product characterization by 1H NMR spectroscopy (C6D6, 25 C)
revealed seven and five paramagnetically shifted resonances, for 15-meta and 15-para,
respectively. The resonances assigned to the aryl bridge are significantly shifted downfield
(15-para: 121.63 ppm; 15-meta: 97.07, 97.54, 151.57 ppm). Both compounds have
diagnostic B-H absorptions in their corresponding IR spectra (15-meta: 2554, 2528 cm-1;
15-para: 2554, 2527 cm-1).
Structural confirmation of the dinuclear nature of 15-meta and 15-para was
possible using X-ray crystallography (Figure 3.4). The U-Npyrazolyl ranges (15-meta:
2.531(7)-2.759(7) Å; 15-para: 2.508(7)-2.753(8) Å) are similar to reported tetravalent U
compounds with the bis(Tp*) framework (Table 3.1).36, 42 The U-Nimido bond lengths (15meta: 1.971(7), 1.980(7) Å; 15-para: 1.973(9) Å) are within the range of previously
reported U(IV) imido complexes, including 7-detp = 2.004(12) Å,33 Cp*2U(NMes*)
(Mes* = 2,4,6-tri-tert-butylphenyl) = 1.952(12) Å,117 and (OPPh3)2U(NMes*)Cl2 =
2.009(3) Å.118 The U-N-C angle of 15-para is closer to linearity at 168.5(8)°, as compared
to 15-meta. This is notable since the ligand environment of 15-meta is more crowded, and
the imido fragments are only slightly more bent (166.1(6), 163.9(7)°). The change in
substitution can be quantified by the distance between the two uranium atoms; 15-meta
(8.165 Å) has a closer U-U distance than 15-para (9.525 Å). Another quantifiable metric
for the two imido compounds is that 15-para features parallel bis(Tp*)U fragments, but
those of 15-meta have a twist angle of 38.47°.
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Figure 3.4. Molecular structures of 15-para (top) and 15-meta (bottom) shown as 30%
probability ellipsoids. Selected hydrogen atoms and co-crystallized solvent molecules
have been omitted for clarity.

Table 3.1. Selected Bond Lengths of 14-meta, 14-para, 15-meta, and 15-para.
Bond Metric 14-meta
U=Nlinker
--

14-para
--

U-Clinker

2.48(2),
2.47(3) Å
1.29(3),
1.34(4) Å

CCalkynyl

2.486(10),
2.551(8) Å
1.208(10),
1.206(10) Å

15-meta
1.971(7),
1.980(7) Å
--

15-para
1.973(9) Å

--

--

--

Examination of the electronic absorption spectra for complexes 15 show distinct
features as compared to what was observed for 14. Both 15-meta and 15-para display sharp,
weak f-f transitions in the near-IR region from ca. 880-1550 nm, which are characteristic
of uranium(IV) ions (Figure 3.3, maroon). This is in contrast to U(III) ions, where these

94
absorptions are much more broad. Complexes 3 display absorbances at ~549 nm that are
of slightly lower energy than the monomeric species Tp*2UNR (R = benzyl, p-tolyl, 2,6diethylphenyl),33 but are responsible for the red-violet color of these powders.
With the structural characterization of dinuclear U(III) and U(IV) compounds
completed, we sought to expand the library to include a bridged U(III) species with a
datively-bound linker for structural comparisons. Stirring 1,4-dicyanobenzene with a
solution of [Tp*2U(THF)][BPh4] (5-THFb) produced a color change from purple to blue.
Upon work-up, a blue solid was isolated (Figure 3.5), but was largely insoluble in aromatic
solvents. Characterization of this blue compound by IR spectroscopy (KBr pellet) revealed
B-H (2554, 2528 cm-1) and nitrile (2239 cm-1) absorptions. Interestingly, analysis by X-ray
crystallography did not show a dinuclear uranium complex bridged through a single
dicyanobenzene unit as expected, but instead, an extended structure where each uranium
atom is bound to two dicyanobenzene ligands (Figure 3.6), [Tp*2U(NCPhCN)]n[BPh4]n (5n).

Figure 3.5. Equilibrium of 5-n.
Upon dissolution of 5-n in acetonitrile-d3, a color change to green is noted, and 1H
NMR spectroscopy shows dissociated 1,4-dicyanobenzene and paramagnetically-shifted
resonances assigned as [Tp*2U(MeCN)2][BPh4] (5-MeCN). Independent preparation of 5MeCN was accomplished by treating an acetonitrile solution of Tp*2UI with an equivalent
of KBPh4.
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Figure 3.6. Molecular structure of 5-n displayed with 30% probability ellipsoids. Selected
hydrogen atoms, counter ions, and co-crystallized solvent molecules have been omitted
for clarity.

Table 3.2. Selected bond lengths of 5-THFb, 5-MeCN, and 5-n.
Selected Bond (dist in Å)
U1-N2
U1-N4
U1-N6
U1-N8
U1-N10
U1-N12
U1-O1
U1-N13
N1-N14

5-THFb
2.523(4)
2.587(4)
2.598(4)
2.587(4)
2.563(4)
2.544(4)
2.600(4)
-

5-MeCN
2.576(5)
2.675(6)
2.643(6)
2.662(5)
2.533(5)
2.679(6)
2.705(7)
2.693(7)

5-n
2.529(4)
2.629(4)
2.599(4)
2.635(4)
2.532(4)
2.600(4)
2.696(4)
2.677(4)

To compare the binding modes of 5-n and 5-MeCN, single crystals were obtained
from a concentrated acetonitrile solution (5-MeCN) or by layering THF and n-pentane (5:1)
(5-n) (-35 °C for both) (Figures 3.6, 3.7). Both molecular structures feature eightcoordinate uranium ions with two Tp* ligands with U-Npyrazolyl distances (5-MeCN:
2.533(5)-2.675(6) Å; 5-n: 2.529(4)-2.635(4) Å) that fall into the range of the bond lengths
for 13 and 14 (Table 3.2). Both compounds feature one tetraphenylborate anion per
uranium ion and two neutrally bound acetonitrile molecules to uranium forming a square
antiprismatic geometry. The U-Nnitrile bond lengths (5-MeCN: 2.693(7), 2.705(7) Å; 5-n:

96
2.677(4), 2.696(4) Å) are indicative of neutral interactions and consistent with reported
distances for nitrile coordination (Tp*UI3(NCMe) = 2.557(6) Å).175 The molecular
structure of 5-MeCN proves to be unique as an extended structure is observed for 5-n.

Figure 3.7. Molecular structure of 5-MeCN shown as 30% probability ellipsoids.
Selected hydrogen atoms, counter ions, and co-crystallized acetonitrile omitted for
clarity.
3.4.2

Computation
Elucidation of the electronic structures of 14-para, 14-meta, 15-meta, and 15-para

was aided using Density Functional Theory (DFT) at the B3LYP level, which has been
used effectively for examining orbital interactions in actinide complexes.119, 176 For ease in
computing, the crystal structures were truncated by replacing the methyl groups on Tp* to
hydrogen atoms. The agreement between experimental and computational bond distances
is good with all distances within 0.05 Å. The calculated bond distances are slightly shorter
due to the truncation which diminishes steric factors in these complexes. For uranium(III)
alkynyl complexes, 14-para and 14-meta, the septet state was found to be the lowest in
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energy. Little covalent character is observed as evidenced by the spin density of 2.99 for
both compounds. Uranium(III), f3 complexes should display a spin density of 3.00 (having
three unpaired electrons), but since no deviation was found, this supports negligible metalligand covalent interaction. We can also compare this spin density to that of 2-Bn, for
which no metal-ligand multiple bonding should be present. Indeed, the spin density for 2Bn is 3.00. Uranium(IV), f2 imido complexes 15-para and 15-meta, should exhibit spin
densities of 2.00 (having two unpaired electrons); however, spin densities of 2.18 are
observed for both compounds, indicating a higher degree, albeit very slight, of metal-ligand
covalent interaction due to the uranium-nitrogen multiple bond. This result is expected,
given that the corresponding U(IV) terminal oxo, Tp*2U(O), has a calculated spin density
of 2.13.42
The lowest energy conformation for 15-para was found to be a quintet ground state
with C2-symmetry, therefore the molecular orbitals are degenerate. The HOMO-5, HOMO6, and HOMO-34 are shown in Figure 3.8 which represent the two π bonds and σ bond,
respectively, that comprise the uranium-imido bond (Appendix).
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Figure 3.8. One  (bottom, HOMO-34) and two  (top, HOMO-5, and middle, HOMO-6)
orbitals that comprise the uranium-nitrogen triple bond in 15-para are shown (isolevel =
0.02).

3.4.3

Magnetometry
In order to gain insight into the possibility of electronic communication between

uranium ions in 14-meta/para and 15-meta/para, the magnetic properties of these species
were probed by collecting variable temperature magnetic susceptibility data in the solid
state (Figure 3.9). Previous examples have demonstrated that bridged actinide ions can
show magnetic superexchange coupling through conjugated linkers, such as those from
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Andersen,157 Long,177 and Shores.158 However, this is not always the case,159,

178

thus

potential communication was evaluated for this system.
Compound 14-para shows a room temperature χMT value of 2.93 cm3Kmol-1 (μeff =
4.84), which decreases monotonically across all temperatures until 2 K, where the χMT
value reaches 0.87 cm3Kmol-1 (μeff = 2.64). These data are consistent with the presence of
two U(III) ions, as the expected room temperature χMT value for two non-interacting 4I9/2
ground states is 3.29 cm3Kmol-1 (μeff = 5.13).179 A magnetic saturation experiment (1.8 K)
shows near-saturation at 1.61 μB with an applied field of 50 kOe (Table 3.3 and Appendix),
further suggesting the presence of two U(III) ions in 14-para.145 Meanwhile, 14-meta
shows analogous data over the applied temperature range; magnetization data collected at
1.8 K also support the presence of two U(III) ions.

Figure 3.9. Temperature-dependent magnetic susceptibility data. Compound 14-para (red
circle) and 15-meta (blue diamond) and 15-para (green ×) collected at 1000 Oe:
compound 14-meta (black square) collected at 5000 Oe.
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Table 3.3. Selected magnetic properties for the dinuclear complexes 14-meta/para and
15-meta/para.
Complex

χMT
per ion χMT χMT
per ion χMT M (μB) 50
(cm3Kmol-1) (cm3Kmol-1) (cm3Kmol-1) (cm3Kmol-1) kOe, 1.8 K
300 K, (μeff) 300 K, (μeff) 2 K, (μeff)
2 K, (μeff)

14-para
14-meta
15-para
15-meta

2.93 (4.84)
3.00 (4.90)
2.32 (4.31)
2.47 (4.44)

1.47 (3.43)
1.50 (3.46)
1.66 (3.64)
1.24 (3.15)

0.87 (2.64)
0.93 (2.73)
0.12 (0.98)
0.11 (0.93)

0.44 (1.88)
0.47 (1.94)
0.06 (0.69)
0.06 (0.69)

1.61
1.73
0.33
0.35

Given temperature dependent magnetic behaviors are similar to free ions, we would
expect that the ions in 14-para and 14-meta are magnetically non-interacting. However,
since the interactions can result in subtle effects on magnetic susceptibility values, a
subtraction method reported by Rinehart et al. was applied to further investigate the
potential for magnetic exchange coupling in the dinuclear species.158 As part of this
analysis, magnetic data were collected for the corresponding mononuclear species,
Tp*2UCCPh:16 as expected, they show magnetic properties typical for mononuclear U(III)
complexes (Appendix).179 After subtraction of the mononuclear data from those obtained
for 14-para or 14-meta, the remaining susceptibility data do not indicate significant
interactions between the U(III) ions for either 14-para or 14-meta (Appendix). In addition,
no reasonable fits are obtained when using PHI168 to fit the subtracted data to extract an
intramolecular coupling constant (J) value. The closest intermolecular U···U distances are
9.064(4) and 9.9665(6) Å for 14-para and 14-meta, respectively, which are likely far
enough separated to preclude through-space magnetic interactions between ions. The
molecular structure obtained in the solid state does not display obvious H-bonding or πstacking interactions, eliminating other communication pathways between U(III) ions in
these alkynyl-bridged species.
The magnetic data for 15-para and 15-meta show typical trends for dinuclear U(IV)
complexes with redox-innocent ligands that have multiple bonding character.158, 179 At
room temperature, the susceptibility products give values of 2.32 and 2.46 cm3Kmol-1 (μeff
= 4.31 and 4.44), respectively (Figure 3.9, Table 3.3). Upon cooling, values for 15-para
and 15-meta decrease gradually until around 100 K where the downturn becomes
pronounced, reaching respective values of 0.12 and 0.11 cm3Kmol-1 (μeff = 0.98 and 0.94)
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at 2 K. To further confirm the ground states for 15-para and 15-meta, magnetization data
were collected (1.8 K) up to an applied field of 50 kOe. Consistent with U(IV) ions, these
data are small in magnitude (0.35 and 0.33 μB for 15-para and 15-meta, respectively) and
do not saturate. Typically, magnetization values for a U(IV), 5f2 ion approach 0 μB at low
temperature due to thermal depopulation, but generally show some occupation of magnetic
excited states at higher temperatures.
To address the question of possible magnetic exchange for 15-para and 15-meta,
the same subtraction method used for 15-para and 15-meta was applied using 7-Tol33 as
the mononuclear surrogate (Appendix).177 Attempts to fit these data with PHI168 were
unsuccessful using a J tensor in the applied Hamiltonian. Furthermore, no obvious
inflection point is observed in a plot of the χM vs T data (Appendix), indicating no long
range magnetic ordering. Thus, we conclude that the uranium ions in dinuclear 15meta/para are likely magnetically non-interacting.
3.4.4

Electrochemistry
The potential for electronic communication in dinuclear 14-meta/para and 15-

meta/para was also probed using electrochemistry (Figure 3.10). For trivalent 14-para and
14-meta, the cyclic voltammograms display a single, two-electron oxidation process A (UIII
to UIV) within the potential solvent window (potentials provided in Table 3.4). The two
potentials are similar and are comparable to results reported by Shores and co-workers for
para- and meta-diethynylbenzene bridged U(IV) (N(CH2CH2NSitBuMe2)3) complexes.158
The oxidation potentials of 14-para and 14-meta compared to 2-Bn are anodically shifted,
which is indicative of decreased electron density around the U(III) ion, likely due to the
replacement of the strong σ-donor benzyl ligand with the π-accepting alkynyl linker.
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Figure 3.10. Cyclic voltammograms (CV’s) recorded for compounds 14 - 15 in 0.1 M
THF solution of Bu4NOTf at a scan rate of 0.10 Vs-1.
The tetravalent imido derivatives, 15-para and 15-meta, were analyzed
analogously. The CV for 15-para possesses a single two-electron quasi-reversible
oxidation B (UIV to UV), whereas that for 15-meta shows two stepwise one electron events
- a reversible couple at B and an irreversible couple at C (UIV to UV). Thus, the general
trend in electron density at the uranium ion is: 14-meta/para ˃ 2-Bn ˃ 15-meta/para.
Similar trends in electron density were reported by Kiplinger and co-workers for a series
of mononuclear UV complexes, [(Cp*)2U(=N−Ar)(X)] (X = Cl, Me, C2Ph, N=CPh2; Ar =
dipp, Mes*).180, 181 Variation of electrolytes, solvents, and working electrodes lead only to
ill-defined waves or had little effect on the voltammograms of 2-Bn (Appendix), 5-THFb
(Appendix), 14-meta/para, and 15-meta/para.
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Table 3.4. Redox potentials (V, vs Fc/Fc+) for 2-Bn, 14-para, 14-meta, 15-para, and 15meta.
Compound

(A) U(IV/III)
-0.31a
-0.07a

(B) U(V/IV)
(Ep,a-Ep,c, ic/ia)
-

(C) U(V/IV)
(Ep,a-Ep,c, ic/ia)
-

2-Bn
14-para
14-meta

-0.14a

-

b

15-para

-

-0.60 (0.20, 0.60)

-

15-meta

-

-0.46 (0.19,0.86)

-0.15b (0.19,0.68)

The higher valent metal centers of 15-meta and 15-para are more oxidized than 14meta and 14-para, and are stabilized by their metal-ligand multiple bonding
environments,180 therefore have access to a greater range of oxidation states under
electrochemical conditions. Measurements using varying scan rates were taken for 15-meta
and 15-para (Appendix). For 15-meta, the peak current (ip) increases linearly with the
square root of the scan rate ν (Vs-1), while the peak-to-peak separation increases. This
behavior is consistent with a non-surface bound, quasi-reversible electrochemical process.
Furthermore, after rinsing and transferring the working electrode to a fresh electrolyte
solution, no detectable electrochemical features appear in the CVs of any U(Tp*)
compounds, suggesting that there are no strongly adsorbed surface species,182, 183 and that
the analyte solution remains homogeneous throughout voltammetry experiments. The
second oxidation (C) of 15-meta is likely the result of a reversible electron transfer
followed by a slow chemical reaction involving the loss of a co-ligand, or a conformational
change of the Tp* ligand on uranium. At scan rates approaching 0.5 V s-1, the second
reduction of 15-meta becomes chemically reversible, indicating moderate stability of
higher oxidation states under electrochemical conditions (Appendix). Varying scan rate
measurements for 15-para did not lead to improved reversibility, suggesting an accelerated
rate of decomposition occurs upon oxidation.
Based on its voltammogram, the first oxidation of 14-para is broader than expected
for a single-electron process and as compared to that for 14-meta. This broadening of the
Ep,a potential in 14-para may be attributed to a weak degree of charge transfer between
both uranium centers. The stepwise potential observed for 15-meta is a clear indication of
a stronger electrostatic contribution than electronic resonance. The distance between
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uranium ions (15-para U1–U2 9.524(3) Å and 15-meta U1–U2 8.165(1) Å) overpowers
any resonance advantage gained from structural connectivity (i.e. para vs. meta). Similar
observations were reported for a series of bimolecular U(IV/IV) tris(amide) complexes,
where enhanced coupling was observed across the meta diethynylbenzene bridge over the
para isomer.159 In a recent report by J. Arnold and co-workers involving bimolecular
U(IV/IV) quinoid complexes, stepwise potentials were noted, and proposed to be the result
of geometrical changes at the uranium rather than electronic resonance contributions.184

3.5

Conclusions
In summary, dinuclear U(III) and U(IV) compounds were successfully prepared

using organic linkers and Tp*2U as a supporting scaffold. Two uranium(III) alkynylbridged compounds (14-meta and 14-para) were synthesized via protonation chemistry,
and join other examples of low-valent bridging uranium species.147, 150, 156 The dinuclear
U(IV) imido compounds (15-meta and 15-para) were synthesized using aryldiazides,
which furnished the desired bridging species in high yields. Magnetic studies and electronic
absorption spectroscopy were integral to this study, as they were able to support the
oxidation state assignments in all compounds. Overall, spectroscopic, structural,
computational, magnetic, and electrochemical characterization established the noninteracting nature of the uranium ions in these systems and demonstrated that there is little
electronic communication between uranium ions in all bridged species reported here.
The results of this study are in contrast to those for dinuclear U(V), f1 compounds,
such as those reported by Andersen,157 Boncella,185 and Mazzanti156, which do show
interaction between uranium ions. While no electronic communication was noted in the
cases of the trivalent and tetravalent compounds reported here, these observations are
consistent with other U(IV) examples.186, 187 Future studies will be aimed at exploring the
possibility of magnetic resonance in these systems.
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TAILORING THE ELECTRONIC STRUCTURE
OF URANIUM MONO(IMIDO) SPECIES THROUGH LIGAND
VARIATION

Reprinted (adapted) with permission from Kiernicki, J.J., Tatebe, C.J., Zeller, M., Bart,
S.C., Inorganic Chemistry, 2018, 57, 1870-1879. Copyright 2018, American Chemical
Society.
4.1

Abstract

Uranium mono(imido) species have been prepared via oxidation of Cp*U(MesPDIMe)(THF)
(16-Cp*)

and

[CpPU(MesPDIMe)]2

pentamethylcyclopentadienide;

CpP

(16-CpP)
=

(Cp*

=

η5-1,2,3,4,5-

1-(7,7-dimethylbenzyl)cyclopentadienide;

Mes

PDIMe = 2,6-((Mes)N=CMe)2C5H3N, Mes = 2,4,6-trimethylphenyl) with organoazides.

Treating

either

with

N3DIPP

formed

uranium(IV)

mono(imido)

complexes,

CpPU(NDIPP)(MesPDIMe) (17-CpP) and Cp*U(NDIPP)(MesPDIMe) (17-Cp*), featuring
reduced [MesPDIMe]1-. Addition of electron-donating 1-azidoadamantane (N3Ad) to 16-Cp*
generated a dimeric product, [Cp*U(NAd)(MesHPDIMe)]2 (18), from radical coupling at the
para-pyridine position of the pyridine(diimine) ligand and H-atom abstraction, formed
through a monomeric intermediate that was observed in solution but could not be isolated.
To support this, Cp*U(tBu-MesPDIMe)(THF) (16-tBu), which has a tert-butyl group
protecting the para-position, was also treated with N3Ad, and the monomeric product,
Cp*U(NAd)(tBu-MesPDIMe) (17-tBu), was isolated. All isolated complexes were analyzed
spectroscopically and structurally, and dynamic solution behavior was examined using
electronic absorption spectroscopy.

4.2

Introduction
At the bottom of the periodic table, the actinide elements have long been explored to

understand how their chemistry compares to their transition metal counterparts.1 One such
area of interest is uranium-element multiple bonds,79, 80 with many elusive targets being
discovered in recent years.42, 49, 52, 188-192 The electronic structures,193-195 bonding trends,36,
42

and reaction mechanisms48, 112 that occur for these multiply-bonded actinide species are
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unique and can only be studied when paired with synthetic efforts to access such moieties.
A focus for many groups,103, 106, 108, 117, 119, 192, 196-199 including ours,33, 111, 193, 200-202 has been
the synthesis of uranium-nitrogen multiple bonds in the form of imido ligands, as these
substituents are more versatile than oxo ligands due to their steric and electronic modularity,
but are oxidizing enough to stabilize interesting electronic structures.
The synthesis of imido complexes from azide activation involves a two-electron
oxidation process, which can be challenging since actinides generally undergo one-electron
redox processes.15, 46, 135, 191, 203, 204 As a result, alternate synthetic pathways have been
developed.117, 205 One such way that has become popular recently is the use of redox-active
ligands, those that store electron density in their conjugated π-system, as these electrons
are easily accessed in subsequent chemistry.206-208 Recently, imido moieties have been
installed on actinides using reduced forms of 2,2-bipyridine,48, 209, 210 pyridine(diimine),193
and N,N-dimethylbenzamide.15
In 2016, we reported the synthesis of a family of novel uranium trans-bis(imido)
complexes,

CpXU(NAr)2(MesPDIMe)

(CpX

=

Cp*

(Cp*

=

η5-1,2,3,4,5-

pentamethylcyclopentadienide), CpP (CpP = 1-(7,7-dimethylbenzyl)cyclopentadienide); Ar
= phenyl, p-tolyl;

Mes

PDIMe = 2,6-((Mes)N=CMe)2C5H3N, Mes = 2,4,6-trimethylphenyl),

formed from arylazide (N3Ar) or diazene reduction by Cp*U(MesPDIMe)(THF) (16-Cp*)
and [CpPU(MesPDIMe)]2 (16-CpP) (Figure 4.1).195 Tetravalent 16-Cp* and 16-CpP both
contain [MesPDIMe]3- chelates,211 thus these ligand-based electrons, in concert with those
from uranium, are removed by oxidation to generate derivatives with differing electronic
structures. Interestingly, mono(imido) intermediates were never observed, even when
single equivalents of N3Ar were added. Instead, rapid formation of half an equivalent of
the uranium trans-bis(imido) species were always noted, consistent with the
thermodynamic driving force of the inverse trans influence (ITI).195
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Figure 4.1. Previously reported uranium(V) bis(imido) species.195
We hypothesized that employing bulkier azides could facilitate isolation of these
mono(imido) species by sterically saturating the uranium center, preventing addition of a
second imido substituent. Herein, we present our efforts toward the formation of uranium
mono(imido) complexes by variation of the Cp,

Mes

PDIMe, and imido ligands, along with

their full spectroscopic and structural characterization. These derivatives represent the first
examples of uranium(IV) imido species featuring ligand radicals.
4.2.1

General considerations
All air- and moisture-sensitive manipulations were performed using standard

Schlenk techniques or in an MBraun inert atmosphere drybox with an atmosphere of
purified nitrogen. The MBraun drybox is equipped with a cold well designed for freezing
samples in liquid nitrogen as well as 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.28 Deuterated solvents were
purchased from Cambridge Isotope Laboratories. Benzene-d6 was dried with molecular
sieves and sodium, and degassed by three freeze–pump–thaw cycles. 1-Azidoadamantane
was

purchased

from

commercial

sources.

Cp*U(MesPDIMe)(THF)

(16-Cp*),211

[CpPU(MesPDIMe)]2 (16-CpP),14 Cp*U(tBu-MesPDIMe)(THF),194 UI3(THF)4,30 KC8,212
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potassium

1-(7,7-dimethylbenzyl)cyclopentadienide

(KCpP),213

and

2,6-

diisopropylphenylazide116 were prepared according to literature procedures.
1

H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at

299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H
(residual) chemical shifts of the solvent (C6D6: 7.16 ppm; C7H8: 2.09 ppm) as a secondary
standard. The spectra for paramagnetic molecules were obtained by using an acquisition
time of 0.5 s, thus the peak widths reported have an error of ±2 Hz. For paramagnetic
molecules, the 1H NMR data are reported with the chemical shift, followed by the peak
width at half height in Hertz, the integration value, and, where possible, the peak
assignment. Elemental analyses were performed by Complete Analysis Laboratories, Inc
or Midwest Microlab, LLC. Electronic absorption spectroscopic measurements were
recorded at ambient temperature, unless stated otherwise, in sealed 1 cm quartz cuvettes
with either a Cary 6000i UV-Vis-NIR spectrophotometer or Jasco V-6700
spectrophotometer.
Single crystals of 18, and 17-tBu suitable for X-ray diffraction were coated with
poly(isobutylene) oil in a glovebox and quickly transferred to the goniometer head of a
Rigaku Rapid II image plate diffractometer equipped with a MicroMax002+ high intensity
copper X-ray source with confocal optics. Examination and data collection were performed
with Cu K radiation (λ = 1.54184 Å). In a similar fashion, single crystals of 19-I2 suitable
for X-ray diffraction, were transferred to the goniometer head of a Nonius KappaCCD
diffractometer equipped with a single crystal, incident beam monochromator. Single
crystals of 17-CpP and 17-Cp* were transferred to the goniometer head of a Bruker Quest
diffractometer equipped with a single crystal curved graphite incident beam
monochromator and a Photon100 CMOS area detector. More information regarding data
processing and refinement is available in the Supporting Information. Complete
crystallographic data, in CIF format (CCDC 1554590, 1554591, 1554593, 1554594,
1582610) have been deposited with the Cambridge Crystallographic Data Centre.
4.2.2

Synthesis of CpPU(NDIPP)(MesPDIMe) (17-CpP)

A 20 mL scintillation vial was charged with 0.269 g (0.165 mmol) of [CpPU(MesPDIMe)]2
(16-CpP) and 5 mL of toluene and frozen in the cold well. Upon thawing, 0.067 g (0.330
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mmol) of 2,6-diisopropylphenylazide was added resulting in N2(g) evolution as evidenced
by effervescence of the solution. After 1 hr, volatiles were removed in vacuo. The resulting
solid was washed with cold pentane (~10 mL, -35 °C) to afford dark brown solid (0.228 g,
0.229 mmol, 70%) assigned as CpPU(NDIPP)(MesPDIMe) (17-CpP). Single, X-ray quality,
crystals were obtained from a saturated toluene solution at -35 °C. Elemental analysis of
C54H63N4U: Calculated, C, 64.46; H, 6.31; N, 5.57. Found, C, 64.64; H, 6.56; N, 5.61. 1H
NMR (C6D6, 25 °C): δ = -251.50 (200, 1H, para-pyr-CH), -54.20 (139, 2H, meta-pyr-CH),
-11.43 (13, 6H, CH3), -6.84 (30, 6H, CH3), -4.11 (4, 6H, CpP-CH3), -2.19 (6, 2H, Ar-CH),
0.68 (d, J = 6, 3H, iPr-CH3), 1.37 (d, J = 6, 3H, iPr-CH3), 1.47 (d, J = 8, 3H, iPr-CH3), 1.71
(6, 1H, Ar-CH), 1.99 (6, 3H, iPr-CH3), 2.13 (6, 1H, Ar-CH), 3.81 (sept, J = 6, 1H, iPr-CH),
4.19 (sept, J = 8, 1H, iPr-CH), 4.62 (19, 2H, Ar-CH), 6.75 (6, 1H, Ar-CH), 7.31 (6, 2H,
Ar-CH), 13.82 (17, 1H, Ar-CH), 19.88 (12, 2H, Ar-CH), 25.32 (70, 2H, Ar-CH), 31.56 (65,
6H, CH3), 47.41 (60, 2H, Ar-CH), 164.93 (152, 6H, imine-CH3).
4.2.3

Synthesis of Cp*U(NDIPP)(MesPDIMe) (17-Cp*)

A 20 mL scintillation vial was charged with 0.150 g (0.177 mmol) of
Cp*U(MesPDIMe)(THF) (16-Cp*) and 5 mL of toluene. While stirring, 0.036 g (0.177 mmol)
of 2,6-diisopropylphenylazide was added resulting in an immediate color change to dark
green with N2(g) evolution as evidenced by effervescence of the solution. After 15 min,
volatiles were removed in vacuo. The resulting solid was washed with cold diethyl ether
(10 mL, -35 °C) to afford dark green solid (0.103 g, 0.109 mmol, 62%) assigned as
Cp*U(NDIPP)(MesPDIMe) (17-Cp*). Single, X-ray quality, crystals were obtained from a
concentrated diethyl ether solution at -35 °C. Elemental analysis of C49H63N4U: Calculated,
C, 62.21; H, 6.71; N, 5.92. Found, C, 62.26; H, 6.59; N, 5.80. 1H NMR (C7D8, -80 °C): δ
= -60.73 (245, 1H, Ar-CH), -57.56 (240, 1H, Ar-CH), -47.37 (121, 6H, CH3), -41.92 (121,
6H, CH3), -29.64 (241, 2H, Ar-CH), -28.10 (236, 2H, Ar-CH), -24.26 (121, 6H, CH3), 23.59 (238, 6H, CH3), -12.73 (171, 6H x 2, o-Mes-CH3), -9.21 (140, 2H, Ar-CH), 10.89
(94, 2H, Ar-CH), 21.07 (280, 15H, Cp*), 32.47 (61, 2H, Ar-CH). UV-Vis (THF; λmax,
molar abs.): 665 nm 11,372 M-1cm-1.
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4.2.4

Synthesis of [Cp*U(NAd)(MesHPDIMe)]2 (18)

A 20 mL scintillation vial was charged with 0.400 g (0.475 mmol) Cp*U(MesPDIMe)(THF)
(16-Cp*) and 8 mL toluene. While stirring, 1-azidoadamantane (0.085 g, 0.480 mmol) was
added resulting in an immediate color change to dark green with N2(g) evolution as
evidenced by effervescence of the solution. After stirring for 5 min, the color gradually
darkened to dark brown, and over the next 16 hr became dark brown-purple. After 16 hr,
volatiles were removed in vacuo. The resulting mixture was washed with 40 mL pentane
and dried to afford dark brown-purple powder (0.092 g, 0.050 mmol, 21%) assigned as
[Cp*U(NAd)(MesHPDIMe)]2 (18). Single, X-ray quality, crystals were obtained from a
benzene solution stored at room temperature. Elemental analysis of C94H124N8U2: Calc. C,
61.29; H, 6.78; N, 6.08. Found C, 61.74; H, 6.60; N, 5.84. 1H NMR (C6D6, 23 °C):  = 16.00 (76, 3H, CH3), -7.05 (77, 3H, CH3), -5.92 (58, 3H, CH3), -5.54 (50, 3H, CH3), 1.02
(109, 15H Cp*), 1.41 (27, 1H, CH), 1.78 (6, 3H, CH3), 2.41 (6, 3H, CH3), 3.57 (19, 1H,
CH), 3.69 (13, 1H, CH), 4.64 (11, 1H, CH), 5.57 (13, 1H, CH), 6.85 (58, 3H, CH3), 7.03
(21, 1H, CH), 8.36 (25, 3H, CH3), 10.33 (39, 3H, CH3), 13.55, (85, 1H, CH), 13.89 (33,
3H, CH3), 20.47 (311, 3H x 2, CH3), 23.77 (108, 1H, CH), 26.83 (137, 1H, CH), 44.84
(251, 3H, CH3).
4.2.5

Synthesis of Cp*U(NAd)(tBu-MesPDIMe) (17-tBu)

A 20 mL scintillation vial was charged with 0.282 g Cp*U(tBu-MesPDIMe)(THF) (16-tBu)
(0.314 mmol) and 5 mL of toluene. While stirring, 1-azidoadamantane (0.055 g, 0.310
mmol) was added resulting in an immediate color change to dark green with N2(g) evolution
as evidenced by effervescence of the solution. After stirring for 5 min, volatiles were
removed in vacuo. The resulting mixture was washed with 10 mL of cold (-35 °C) pentane
and dried to afford black powder (0.242 g, 0.250 mmol, 80%) assigned as Cp*U(NAd)(tBuMes

PDIMe) (17-tBu). Single, X-ray quality, crystals were obtained from a concentrated

diethyl ether/hexamethyldisiloxane solution (5:1) stored at -35 °C. Elemental analysis of
C51H69N4U: Calc. C, 63.33; H, 7.20; N, 5.79. Found C, 62.35; H, 7.14; N, 5.91. 1H NMR
(C6D6, 23 °C):  = -17.53 (10, 12H, Ar-o-CH3), -5.15 (11, 6H, CpP-CH3), -3.07 (4, 6H, Arp-CH3), -3.03 (6, 4H, Ar-m-CH), 5.65 (4, 9H, C(CH3)3), 9.06 (61, 6H, N=CCH3), 10.97 (t,
J = 7, 1H, p-Ph-CH), 11.71 (50, 2H, Cp-CH), 12.62 (t, J = 7, 2H, m-Ph-CH), 14.44 (7, 2H,
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pyr-CH), 17.19 (51, 2H, Cp-CH), 21.05 (d, J = 6, 2H, o-Ph-CH).UV-Vis (THF; λmax, molar
abs.): 669 nm 4487 M-1cm-1.
4.2.6

Synthesis of CpPUI2(tBu-MesPDIMe) (19-I2)

A 20 mL scintillation vial was charged with 0.300 g (0.331 mmol) of UI3(THF)4, 0.150 g
(0.331 mmol) of (tBu-MesPDIMe), and 10 mL of toluene and stirred for 15 min. Volatiles
were removed affording a brown solid. The solid was redissolved in 15 mL of toluene.
While stirring, 0.074 g (0.333 mmol) of KCpP was added and allowed to stir for 30 min.
The brown suspension was filtered over Celite and volatiles were removed in vacuo to
yield brown solid that was washed with cold (-35 °C) n-pentane affording CpPUI2(tBuMes

PDIMe) (19-I2) (0.344 g, 0.305 mmol, 92%). Single, X-ray quality, crystals were

obtained from a concentrated toluene/pentane (1:1) solution at -35 ºC. Elemental analysis
of C45H54N3I2U: Calculated, C, 47.88; H, 4.82; N, 3.72. Found, C, 47.79; H, 5.00; N, 3.80.
1

H NMR (C6D6, 23 °C): δ = -17.53 (10, 12H, Ar-o-CH3), -5.15 (11, 6H, CpP-CH3), -3.07

(4, 6H, Ar-p-CH3), -3.03 (6, 4H, Ar-m-CH), 5.65 (4, 9H, C(CH3)3), 9.06 (61, 6H, N=CCH3),
10.97 (t, J = 7, 1H, p-Ph-CH), 11.71 (50, 2H, Cp-CH), 12.62 (t, J = 7, 2H, m-Ph-CH), 14.44
(7, 2H, pyr-CH), 17.19 (51, 2H, Cp-CH), 21.05 (d, J = 6, 2H, o-Ph-CH).
4.2.7

Synthesis of CpPUI(tBu-MesPDIMe) (19-I)

A 20 mL scintillation vial was charged with 0.141 g (0.125 mmol) of 19-I2 and 5 mL of
toluene. While stirring, one equivalent of sodium triethylborohydride (1.0 M in toluene)
was added via volumetric pipet resulting in release of hydrogen as evidenced by
effervescence of the solution. After 5 min, volatiles were removed in vacuo. The product
was extracted with diethyl ether and filtered over Celite. Evaporation of solvent from the
filtrate afforded brown powder (0.103 g, 0.103 g, 82%) assigned as CpPUI(tBu-MesPDIMe)
(19-I). Elemental analysis of C45H54N3IU: Calculated, C, 53.95; H, 5.43; N, 4.19. Found,
C, 53.95; H, 5.55; N, 4.20. 1H NMR (C6D6, 23 °C): δ = -60.69 (28, 6H, CH3), -46.75 (56,
6H, CH3), -20.63 (280, 2H, Ar-CH), -8.16 (10, 2H, Ar-CH), -7.37 (10, 2H, Ar-CH), -3.45
(5, 6H, CH3), 3.08 (15, 6H, CH3), 8.19 (225, 4H, o,m-Ph-CH), 17.82 (24, 1H, p-Ph-CH),
21.48 (26, 2H, Ar-CH), 22.38 (10, 9H, tert-butyl CH3), 45.98 (42, 2H, Ar-CH), 65.42 (25,
3H, CpP-CH3), 71.56 (44, 3H, CpP-CH3).
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4.3

Results and Discussions
We postulated that using sterically demanding aryl azides could form mono(imido)

species that would be large enough to prevent addition of a second imido ligand. This was
tested by adding one equivalent of N3DIPP (DIPP = 2,6-diisopropylphenyl) to toluene
solutions of one-half equivalent of dimeric 16-CpP and one equivalent of monomeric 16Cp*, which resulted in immediate color changes to light brown and dark green,
respectively. Upon addition, effervescence of the solution was noted, consistent with N2
loss and suggesting formation of imido products (Figure 4.2). Analysis by 1H NMR
spectroscopy was consistent with complete conversion to the desired uranium mono(imido)
complexes, CpPU(NDIPP)(MesPDIMe) (17-CpP) and Cp*U(NDIPP)(MesPDIMe) (17-Cp*),
respectively. If trans-bis(imido) species had been generated as observed for smaller
azides,195 one half equivalent of starting material, 16-CpP or 16-Cp*, would remain;
however, this was not observed by 1H NMR spectroscopy in these cases.
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Figure 4.2. Synthesis of mono(imido) complexes 17-CpP, 17-Cp*, 18, and 17-tBu.
Dative (blue) and ionic (red) bonds are shown to indicate electronic structures. The
electronic structures shown represent results from characterization by solution NMR
spectra (25 C) and X-ray crystallography.
To confirm mono(imido) formation, single, X-ray quality crystals of 17-CpP and
17-Cp* were analyzed. Data refinement of each compound showed η5-Cp ligands (U-Ct =
2.562 (17-CpP) and 2.510 Å (17-Cp*); Ct = centroid) coordinated to

Mes

PDIMe uranium

mono(imido) complexes (Fig 4.3 and Fig 4.4). The U-Nimido distances are similar to one
another (17-CpP = 1.984(4); 17-Cp* = 1.9926(17) Å) as well as to those in tetravalent
(MesPDIMe)UI2(NMes)(THF)193 (1.984 Å) and Cp*2U(NDIPP)(THF)21 (2.006 Å). However,
differences between 17-CpP and 17-Cp* are noted when comparing bond metrics
involving the

Mes

PDIMe chelate (Fig 4.4).14 For 17-CpP, the U-NPDI linkages of 2.535(4),

2.480(4), and 2.477(4) Å suggest significant delocalization of the anionic charge of the
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[MesPDIMe]1- ligand. Additionally, ligand reduction is apparent by inspecting the C=Nimine
and Cimine-Cpyr distances. Elongation of the imine bond (N3-C8 = 1.340(6) Å) and
contraction of the Cimine-Cpyr bond (1.473(7) Å) supports population of the ligand *
orbitals.214 In contrast, 17-Cp* displays three U-NPDI distances (U1-N1 = 2.5737(19); U1N2 = 2.4979(17); U1-N3 = 2.5688(18) Å) that are significantly longer than in 17-CpP,
suggesting three dative interactions. However, inspection of the MesPDIMe intraligand bond
distances shows loss of aromaticity in the pyridine ring, as evidenced by the elongated C3C4 (1.469(3) Å) and C6-C7 (1.470(3) Å) bonds, both of which are on the order of single
bonds and support ligand reduction (Figure 4.4). This dichotomy of electronic structure, as
compared to 17-CpP, is similar to the reported uranium pinacolate complexes,
CpPU(O2C2Ph4)(MesPDIMe) and

Cp*U(O2C2Ph2H2)(MesPDIMe).14 As established for

Cp*U(O2C2Ph2H2)(MesPDIMe), 17-Cp* is best described as a zwitterionic uranium(IV)
complex with a monoanionic [MesPDIMe]1- ligand by X-ray crystallography.

Figure 4.3. Molecular structures of 17-CpP (left) and 17-Cp* (right) displayed with 30%
probability ellipsoids. Hydrogen atoms, mesityl moieties, and co-crystallized solvent
molecules have been omitted for clarity.
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Figure 4.4. Comparison of pyridine(diimine) bond distances (Å).
This dichotomy in electronic structure is evident from electronic absorption
spectroscopic analysis of THF solutions of 17-CpP and 17-Cp* (300-2100 nm, 25 C) (Fig
4.5). The spectrum of green 17-Cp* displays an intense absorption at 665 nm (11,300 M1

cm-1). In comparison, the absorption spectrum of 17-CpP shows broadened features

throughout the visible region. A striking difference between 17-CpP and 17-Cp* is clear
in the near-infrared region; 17-Cp* displays low intensity (30-65 M-1cm-1) f-f transitions,
whereas 17-CpP displays an ill-defined, more intense transition (λmax = 1865 nm, 870 M1

cm-1) assigned as an intramolecular electron transfer band. This band has been noted in

uranium(IV) complexes with the same electronic structure.14 The lack of this band for 17Cp* along with the UV-Vis absorptions support localized charge on MesPDIMe.14
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Figure 4.5. Electronic absorption spectra of complexes 17-CpP (blue) and 17-Cp* (red)
collected in THF at ambient temperature (solvent overtones from 1670-1760 nm were
removed for clarity).
To further characterize 17-CpP and 17-Cp*in solution, 1H NMR spectroscopy was used.
Analysis of 17-CpP (C6D6, 25 C) revealed a paramagnetically broadened spectrum (-252
to 165 ppm) consistent with Cs symmetry in solution. Those signals furthest upfield (251.50 ppm, 1H; -54.20 ppm, 2H) and downfield (164.93 ppm, 6H) are assigned to the
Mes

PDIMe pyridine-CH and imine-CH3 protons, respectively, consistent with unpaired

electron density in the pyridine(diimine) plane. For uranium complexes bearing redoxactive supporting ligands, wide-ranging chemical shifts have been observed due to radical
character localized on the ligand as in CpPU(X)2(MesPDIMe) (X = I, Cl, SPh, SePh, TePh),215
CpPU(O2C2Ph4)(MesPDIMe)14,

Cp*2U(2,2’-bipyridyl),216

and

(DOPOsq)UI2(THF)2217

(DOPO = 2,4,6,8-tetra-tert-butyl-1-oxo-1H-phenoxazin-9-olate). In contrast, the 1H NMR
spectrum of 17-Cp* (C6D6, 25 C) displays a complicated paramagnetic spectrum with
resonances consistent with a major and minor species (-40 to 47 ppm). While assignment
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was not possible at this stage, no significant shift in product ratio was observed at room
temperature when solvent polarity was varied (C6D6 vs. C5D5N).
The dynamic behavior of 17-Cp* was probed by employing variable temperature
1

H NMR spectroscopy and electronic absorption spectroscopy. The 1H NMR spectroscopic

data (Appendix) acquired at -80 °C (toluene-d8) shows a broad spectrum with resonances
indicating symmetry in the molecule. Heating to 80 °C causes the resonances to increase
in number, indicating an equilibrium process at high temperature. Due to the
paramagnetism and peak resolution in the sample, reliable integration values that would
allow extraction of meaningful Van’t Hoff parameters was not possible. Data from variable
temperature electronic absorption spectroscopy was collected over the same temperature
range in toluene (Figure 4.6). At -80 °C, the λmax of the visible region (683 nm) gradually
hypsochromically shifts to 654 nm (Δ = 29 nm) upon warming to 80 °C, suggesting a
conformation change consistent with the 1H NMR spectroscopic data. Compound 17-Cp*
also displays negative solvatochromism at 20 °C from toluene to tetrahydrofuran (Δ = 11
nm) (Appendix). In THF, 17-Cp* does not display as significant of changes in its
absorption spectrum upon cooling to -80 °C (Appendix). Given the visible absorption is
assigned to the ligand radical character of 17-Cp*, we hypothesize the dynamic process is
a temperature dependent equilibrium involving the conjugated portion of the

Mes

PDIMe

(vide infra), although attempts to isolate either equilibrium species for characterization
have thus far been unsuccessful.
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Figure 4.6. Variable temperature electronic absorption spectrum of 17-Cp* recorded in
toluene from 320-900 nm in the temperature range of -80 °C to 80 °C. The red trace
represents 80 °C and the blue trace represents -80 °C. The intermittent grey lines
represent 10 °C increments. Each scan was normalized to an absorbance of zero at 900
nm.
Variable temperature EPR studies were also used to provide insight into the identity
of the two equilibrium species, to potentially confirm ligand radical involvement.
Examination of a toluene solution of 17-Cp* at room temperature displayed a broadened
isotropic signal (giso = 1.974) consistent with the presence of a radical containing species
at room temperature (Figure 4.7, Appendix). The observed hyperfine coupling, although
poorly resolved, as well as the resonating field are both consistent with pyridyl-based
radicals195, 218 and radicals associated with uranium,194, 219 respectively. Data collection at
10 K under analogous conditions did not reveal a signal, suggesting quenching of the ligand
radical. These data support that at low temperature 17-Cp* exists as a dimeric species
derived from radical coupling at the para-pyridine, while at elevated temperature the
monomeric ligand radical complex is present.
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Figure 4.7. EPR spectrum of 17-CpP recorded in toluene (2.10 mM) at ambient
temperature. Conditions: power = 1.00 mW; modulation = 0.10 mT/100 kHz.
Considering all of the structural and variable temperature spectroscopic data
together, formation of 17-CpP and 17-Cp* proceeds by reduction of N3DIPP with electrons
derived solely from [MesPDIMe]3-. Thus, the uranium(IV) oxidation state is maintained while
double oxidation of the ligand to [MesPDIMe]1- occurs. Significantly, 17-CpP and 17-Cp*
represent the first examples of uranium(IV) imido complexes with stored radical electron
density on the supporting ligand. Typically, uranium mono(imido) formation by redoxactive ligand oxidation has resulted in complete bankrupting of the electron cache,193
sometimes accompanied by ligand loss.48 Overall, distinct electronic structures for 17-CpP
and 17-Cp* are observed, which is supported by characterization data acquired both in
solution and in the solid state. While in these cases, the solution and solid state data for
electronic structure assignment is consistent, it should be noted that several recent
examples highlight that electronic structures observed in both solution and solid states may
not necessarily correlate when redox-active ligands are used.220, 221 The dichotomy likely
stems from the electron-donating Cp* ligand, which produces an electron-rich uranium
center that stabilizes the zwitterionic resonance form via a formal backbonding interaction
to the pyridine(diimine) ligand. Such an interaction has been noted previously for this
ligand on uranium.222 This contrasts the dimethylbenzyl substituted CpP, which is a poorer
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electron donor, generating an electron deficient uranium, reducing backbonding and
preventing formation of the zwitterion.14, 194
With the unique electronic structure afforded 17-Cp* by the electron-donating Cp*
(vs. CpP) established, we sought to investigate if a more strongly electron-donating imido
substituent would have the same effect. Analogous reactivity with 16-Cp* was therefore
attempted with 1-azidoadamantane (N3Ad). Addition of one equiv of N3Ad to a toluene
solution of 16-Cp* results in a rapid color change from brown to dark green—similar to
17-Cp* (Scheme 1). However, the green color gradually dissipates to afford a dark brownpurple product, isolated as [Cp*U(NAd)(MesHPDIMe)]2 (18) in low yield. 1H NMR
spectroscopic analysis of 18 revealed a paramagnetically shifted spectrum (-16 to 45 ppm)
that is significantly broader and absent of signs of the equilibrium observed for 17-Cp*.
To unambiguously determine the structure of 18, single crystals were analyzed by
X-ray crystallography. Surprisingly, 18 is a dimeric Cp*-uranium mono(imido) complex
in which coupling occurred at the para-position of the pyridine concomitant with H-atom
abstraction by the adjacent carbon (Fig 4.8, left). This coupling is reminiscent of that
observed for the uranium(IV) η2-hydrazido, [Cp*U(BCC)(MesHPDIMe)]2 (BCC =
benzo[c]cinnoline).219 In that instance, the

Mes

PDIMe adopts a closed-shell dianionic

configuration where a pyridine C-C double bond is disrupted by para-coupling and
concomitant H-atom abstraction by the adjacent carbon. Similarly in 18, closed shell
[MesPDIMe]2- is evident by two short U-N distances (2.241(2), 2.247(2) Å) and one dative
interaction (U1-N3 = 2.812(3) Å) as well as alternating single and double bonds (save the
C4-C5 positions) also observed in arene-bound iron(II) pyridine(diimine) complexes
(Figure 4.4).57 The U-Nimido bond of 1.950(3) Å is significantly shorter than in 17-CpP and
17-Cp*—consistent with increased donicity of the 1-adamantyl versus 2,6diispropylphenyl substituent, but is comparable to uranium(V) mono(imido) species of the
series Cp*2U(NDIPP)(EPh) (E = O, S, Se, Te).223 Thus, by charge balance considerations,
18 is best described as a uranium(V) mono(imido) with a pyridine(diimine) dianion.
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Figure 4.8. Molecular structures of 18 (left) and 17-tBu (right) displayed with 30%
probability ellipsoids. Selected hydrogen atoms, mesityl substituents, and co-crystallized
solvents have been omitted for clarity.
In the synthesis of 18, a rapid color change to green was noted before gradually
changing to dark brown-purple. To probe the similarity of the green intermediate species
to 17-Cp*, the reaction progress was monitored by electronic absorption spectroscopy
(Figure 4.9). Upon addition of N3Ad, a green, color producing band at 663 nm rapidly
forms, comparable to that of 17-Cp* (Δλmax = 8 nm). Unlike 17-Cp*, the band gradually
dissipates as complex 18 is formed.
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Figure 4.9. Electronic absorption spectra monitoring the reaction between 16-Cp* and
N3Ad (toluene, ambient temperature). Displayed at top is the reaction scheme. The red
line denotes 16-Cp* (prior to addition). The green line denotes the second data point
(immediately after N3Ad addition). Subsequent data points (grey lines) were recorded
every 90 seconds.
Preparation of 18 was performed in toluene-d8 in order to determine if the
abstracted H atom was derived from solvent or from cannibalization of the compound.
Analysis of the reaction product using 2H NMR spectroscopy showed no deuterium
incorporation into the ligand of 18 (Figure 4.10), suggesting that H atom abstraction from
the reaction medium does not occur. Instead, the source of the H-atom must be derived
from either 16-Cp* or 18, ultimately contributing to the overall low yield of the reaction
(21%).

123

Figure 4.10. 2H NMR spectrum (C6H6, 23 °C) of 18 from a sample that was synthesized
in toluene-d8.
The intermediate green color noted in the synthesis of 8 was probed further using
Cp*U(tBu-MesPDIMe)(THF) (16-tBu), which features a tert-butyl moiety at the parapyridine position that should preclude para-pyridine coupling.195 Treating a toluene
solution of 16-tBu with one equiv of N3Ad resulted in effervescence, presumably of N2,
along with a rapid color change from brown to dark green that persisted, suggesting a stable
product, Cp*U(NAd)(tBu-MesPDIMe) (17-tBu). Attempts to prepare the analogous CpP
species, CpPU(NAd)(tBu-MesPDIMe), were unsuccessful. 1H NMR analysis of 17-tBu
revealed thirteen paramagnetically shifted resonances (-46 to 51 ppm), consistent with Cs
symmetry lacking signs of an equilibrium process.
To determine if 17-tBu is a monomer, X-ray diffraction of single crystals was
performed. Analysis revealed a monomeric uranium mono(imido) akin to 17-CpP (Fig 4.8,
right) with a U-Nimido distance of 1.941(6) Å that is within error of 8, and similar to other
uranium(IV) mono(alkylimido) complexes including (tBu2bpy)U(NtBu)I2(THF)2.120 The
uranium-chelate and intraligand distances for MesPDIMe are nearly identical to those of 17Cp*, suggesting a monoanionic [MesPDIMe]1- ligand (Fig 4.4).195
Although 17-tBu was confirmed to be the monomeric relative of 18, the MesPDIMe
oxidation state renders the complexes inherently different: uranium(IV) vs. uranium(V).
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To confirm differences in electronic structure, both 17-tBu and 18 were investigated by
electronic absorption spectroscopy (THF, 25 C) (Fig 4.11). For 17-tBu, the near-infrared
region is comprised of weak transitions, whereas the visible region is dominated by an
intense (4487 M-1cm-1) color-producing band at 669 nm—red shifted 4 nm from that of 17Cp* at this temperature. Conversely, the near-infrared region of 18 displays a typical
uranium(V) spectrum180 with a sharp absorbance at 1634 nm (221 M-1cm-1) similar to the
uranium(V) bis(imido) complexes, CpXU(NPh)2(MesPDIMe) (CpX = CpP, Cp*).195 Despite
the closed shell [MesPDIMe]2-, 18 does not contain a notable far-visible/near-infrared
absorbance like in tetravalent Cp*U(BCC)(tBu-MesPDIMe),53 Cp*UI(MesPDIMe),46 and
CpPUI(tBu-MesPDIMe) (Appendix)

Figure 4.11. Electronic absorption spectra of complexes 18 (orange) and 17-tBu (green)
collected in THF at ambient temperature (solvent overtones from 1670-1760 nm are
omitted for clarity).
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Spectroscopic and structural characterization of 18 and 17-tBu gives insight into
the equilibrium process noted in the NMR spectroscopic data for 17-Cp*that was
previously discussed. The dimeric structure of 18, formed from coupling of pyridine ligand
radicals, supports the equilibrium noted in the spectrum of 2-Cp* is likely due to an
analogous ligand radical. The ligand radical would likely be stabilized by the polar THF
solvent, facilitating further reactivity of this moiety via a) para-pyridine coupling, b)
radical H-atom abstraction, or c) both (by analogy to 18).
To determine which process was operative, the reaction to generate 17-Cp* was
performed neat in the H-atom donor 1,4-cyclohexadiene. No change in the reaction or the
1

H NMR spectrum was noted, thus it is hypothesized that the equilibrium process is

reversible para-pyridine C-C coupling with no H-atom abstraction. Thus, at elevated
temperature, both the monomer and dimer are present, which is consistent with the
complicated 1H NMR spectrum recorded at 25 C discussed earlier. In the case of 18, the
electron-donating adamantyl substituent serves to increase electron density on

Mes

PDIMe,

favoring para-pyridine C-C coupling with subsequent H-atom abstraction. As the dimeric
uranium(V) structure is not observed for 17-Cp*, it is proposed that subsequent H-atom
abstraction must be slow in comparison to the C-C coupling equilibrium, facilitating the
reverse process. Isolation of 17-tBu, which is established to contain a para-pyridine radical,
also corroborates that H-atom abstraction/oxidation to U(V) for 18 must occur after
dimerization since this is not noted for 17-tBu. H-atom abstraction has been noted in related
uranium systems.219 Thus, while the zwitterion is the prevalent resonance structure for 17Cp* as observed from spectroscopic and structural characterization, another resonance
structure, one that has a stabilized radical, must also contribute to the overall electronic
structure (Figure 4.2). This alternate structure can be formed from resonating the radical
around the pyridine ring, generating a radical at the para-carbon which would directly
precede dimerization to form the coupled product.
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Figure 4.12. Summary of complexes in the Cp*-mono(imido) series.
For all of the monoimido species reported here, their U-Nimido distances range from
1.941(6) to 1.9926(17) Å. As compared to the related uranium bis(imido) compounds
reported previously,195 these distances are slightly elongated, due to the fact that the
uranium(IV) ion has a larger ionic radius than uranium(V) or (VI) ions in those molecules.
The more interesting comparison here is with ancillary ligand free uranium species with
multiple imido groups. Neutral, hexavalent U(NDIPP)3(THF)3 displays U-N distances of
1.986(14), 2.000(16), and 2.010(15) Å,201 which are in the range of those of 17-Cp*, 17CpP, 18, and 17-tBu, despite the fact that the ionic radius of U(VI) is approximately 0.2 Å
smaller. Even more interesting is the fact that the distances for 17-Cp*, 17-CpP, 18, and
17-tBu are shorter than those for the tetrahedral tetrakis(imido) uranate dianion,
[U(NDIPP)4]2–, which has U–N bonds of 2.064(3) and 2.060(3) Å,200 despite the small
U(VI) ion. Elongation and activation of the U-N bonds in the latter species is established
to result from competition of imido substituents for f-electron density due to the presence
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of four substituents. Thus, characterization of the monoimido species, 17-Cp*, 17-CpP, 18,
and 17-tBu, supports that when only one imido substituent is present, shorter U-Nimido
distances are observed compared to the tris- and tetrakis(imido) species.

4.4

Conclusions
Overall, this work highlights that bulky organoazides facilitate the isolation of

elusive mono(imido) intermediates in the Cp/MesPDIMe system. It is clear that slight
variation in these compounds, derived through 1) choice of ancillary ligand, 2) electron
donicity of the imido substituent, and 3) steric factors of the redox active ligand all create
drastic changes in the resulting uranium mono(imido) complexes. Changing the Cp ligand,
CpP vs. Cp*, has a profound effect on the electronics of the molecule, in particular whether
the redox-active

Mes

PDIMe participates in para-pyridine C-C coupling. The steric and

electronic-donating considerations of the imido substituent help to build up charge on the
Mes

PDIMe ligand. Further, use of the tert-butyl substituent in the para-pyridine position

blocks undesirable side-reactivity (H-atom abstraction and dimerization). With the insights
gained from this family of mono(imido) species, further studies are underway to evaluate
the effects of ancillary ligands and imido electron donicity on bis- and tris(imido) systems.
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APPENDIX

ADDITIONAL DATA

1

H correlation spectroscopy (COSY) spectrum (C6D6, 25 °C) of 4-Ph.
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P NMR spectrum (C6D6, 25 °C) of OPPh3.
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1

1

H correlation spectroscopy (COSY) spectrum (C6D6, 25 °C) of 4-iPr.

H correlation spectroscopy (COSY) spectrum (C6D6, 25 °C) of 4-OMe.
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Sigma bonds (top left, HOMO-62 and top right, HOMO-63) and π-bonds (bottom left,
HOMO-16 and bottom right, HOMO-17) that comprise the uranium-nitrogen triple bond
in 15-meta are shown.
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Temperature dependence of the magnetic susceptibility for Tp*2UCCPh collected at 5000
Oe.

Field dependence of magnetization for 15-para collected at 1.8 K.
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Temperature magnetic susceptibility data for the dinuclear complexes 14-meta (black
square)/para (red circle) and 15-meta (blue diamond)/para (green x) collected at 1000 Oe
except for 14-meta, where the data were collected at 5000 Oe.

Temperature dependence of the magnetic susceptibility for two different batches of 14meta, both collected at 5000 Oe.
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Temperature dependence of the magnetic susceptibility for 15-meta, both collected at
1000 Oe.

Cyclic voltammogram (CV) recorded for compound 2-Bn in a 0.1 M THF solution of
Bu4NOTf at a scan rate of 0.10 Vs-1 referenced against Ag/Ag+.
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Variable temperature 1H NMR spectrum (C7D8) of Cp*U(NDIPP)(MesPDIMe) (17-Cp*).

Variable temperature electronic absorption spectrum of 17-Cp* recorded in
tetrahydrofuran from 320-900 nm in the temperature range of -80 °C to 20 °C. The red
trace represents 20 °C while the blue trace represents -80 °C. The intermittent grey lines
represent 10 °C increments. Each scan was normalized to an absorbance of zero at 900
nm.
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Electronic absorption spectra of 17-Cp* in various solvents at ambient temperature.

EPR spectrum of 17-Cp* recorded in toluene (2.15 mM) at ambient temperature.
Conditions: power = 1.00 mW; modulation = 0.15 mT/100 kHz. Asterisk (*) denotes a
radical impurity not associated with the complex.
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EPR spectrum of 17-Cp* recorded in toluene (2.15 mM) at 10 K. Conditions: power =
1.00 mW; modulation = 0.15 mT/100 kHz.

Electronic absorption spectra of CpPUI2(tBu-MesPDIMe) (19-I2) (black) and CpPUI(tBuMes
PDIMe) (19-I) (purple) recorded in THF at ambient temperature from 300-2100 nm.
Solvent overtones from 1670-1760 nm have been omitted for improved clarity.
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Molecular structure of CpPUI2(tBu-MesPDIMe) (19-I2) displayed with 30% probability
ellipsoids. Co-crystallized solvent molecules and hydrogen atoms have been omitted for
clarity.
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